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ABSTRACT

SUSTAINABLE IMPACT EVALUATION OF ENERGY RETROFITS FOR
SCHOOL BUILDINGS IN DIFFERENT CLIMATE REGIONS

Ulugay, Jiilide Arzu
Master of Science, Building Science in Architecture
Supervisor: Assist. Prof. Dr. Mehmet Koray Pekerigli

June 2019, 176 pages

Due to increasing importance of the concepts of energy efficiency and sustainability,
retrofits for a large portion of existing buildings have become an immediate necessity.
In this respect, different retrofit strategies are employed for increasing the efficiency
of existing building envelopes, energy sources, electrical and mechanical systems.

Among the existing building types for efficiency retrofit are the school buildings,
which differ from the rest due to their special function - education. The activities
taking place in the schools require well established environmental conditions for
effectiveness. In Turkey, a large number of high school and elementary school
buildings (a total of about 66000 units) have been constructed by repeating a prototype
design project to decrease costs and increase speed. Due to the variance of climatic
conditions across the country, these buildings have varying environmental
performance. Therefore, retrofit of existing school buildings in Turkey has become a
necessity and the retrofit strategies that will be produced for these buildings are very

important for future generations.

The aim of this study is to evaluate the effect of different energy retrofit measures on
the sustainability of the schools in different climatic zones. In other words, it is aimed
to emphasize that the energy retrofits to be implemented to prototype school projects



does not have the same economic, environmental, and social sustainability impacts

across different climatic regions.

In this study, for the evaluation of four prototype school building in different climate
regions and four different retrofit measures, 16 cases were generated. The impact of
each case on environmental, economic and social sustainability was evaluated and the
sustainability impacts of 16 different cases were calculated as the sum of these three
values. As a result of all calculations, a three-dimensional matrix was created to
demonstrate the impact of different retrofit types on sustainability in different climatic

regions.

Keywords: Sustainability Impact, Sustainability in School Buildings, Energy Retrofit

Measures, Climate-Based Retrofit Measures
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0z

FARKLI 11_(LjM BOLGELERINDEKI OKUL BiN__ALARINA YAPILAN
ENERJI iYILESTIRME CALISMALARININ SURDUREBILIRLIK
ETKIiSININ DEGERLENDIRILMESI

Ulugay, Jilide Arzu
Yﬁksek.‘Lisalzs, Yap1 Bilimleri
Tez Danismant: Dr. Ogr. Uyesi Mehmet Koray Pekerigli

Haziran 2019, 176 sayfa

Glintimiizde 6nemi giderek artan enerji verimliligi ve siirdiirebilirlik kavramlart ile,
tadilat ve iyilestirme caligmalar1 mevcut yapilar icin bir ihtiya¢ haline gelmistir. Bu
baglamda, mevcut yapilarin bina kabugu, enerji kaynaklari, elektrik ve mekanik

sistemleri ile ilgili farkl tadilat ve iyilestirme stratejileri uygulanmaktadir.

Mevcut yapi tiplerinden biri de yap1 6zel fonksiyonu, egitim, geregi diger mevcut yap1
tiplerinden ayrilan okul yapilaridir. Okul yapilarindaki kullanicilarin verimliligi
saglamak icin 1yi diizeyde c¢evresel kosullarin saglanmasi gerekmektedir. Tiirkiye’de
yaklagsik olarak 66000 adet oldugu bilinen ilkokul ve lise yapilarinin bir 6zelligi de
hizli ve diisiik maliyetli yapi iiretmenin bir yontemi olan tip proje yontemi ile tilkenin
dort bir tarafinda iiretilmis olmalaridir. Fakat, iilke genelindeki iklim kosullarinin
farkliligindan dolay1, bu binalar degisken c¢evresel performansa sahiptir. Ayrica,
tadilat ve 1yilestirme c¢aligmalart Tirkiye’deki mevcut okul yapilart igin bir
gerekliliktir ve bu okul yapilari igin gelistirilecek olan stratejiler gelecek nesiller igin

de biiylik 6nem tagimaktadir.

Bu calismada amag farkli iklim bolgelerindeki tip okul yapilarinda 6nerilebilecek olan

yenileme ve tadilat ¢aligmalarmin  siirdiirebilirlik  tizerindeki  etkisinin

vii



degerlendirilmesidir. Baska bir deyisle, bu ¢alismada farkli iklim bdlgelerindeki tip
okul projelerine uygulanan ayni tadilat ve iyilestirme c¢alismalarinin ekonomik,
ekolojik ve sosyal siirdiirebilirligi ayn1 sekilde etkilemeyecegini vurgulamak

amaglanmstir.

Bu c¢alismada, farkli iklim bolgelerindeki dort tip okul projesinin ve dort farkl tadilat
yenileme ¢aligmasinin degerlendirilmesi i¢in on alt1 farkli durum olusturulmustur. Her
bir durumun ekolojik, ekonomik ve sosyal siirdiirebilirlige olan etkisi degerlendirilmis
ve bu ii¢ degerin toplami olarak 16 farkli durumun siirdiirebilirlik etkisi
hesaplanmistir. Tiim hesaplamalar sonucunda, farkli iklim boélgelerindeki farkl
yenileme ¢alismalarinin siirdiirebilirlik {izerindeki etkisini ortaya koyan ti¢ boyutlu bir

matris olusturulmustur.

Anahtar Kelimeler: Siirdiirebilirlik Etkisi, Okul Yapilarinda Siirdiirebilirlik, Enerji

Iyilestirme Calismalari, iklim Bazl1 Enerji Iyilstirme Calismalari
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CHAPTER 1

INTRODUCTION

In this introduction chapter, background information about the identified problem is

explained. Contribution of this research study and the study content is outlined.

1.1. Background Information

In recent years, negative impacts of growing construction industry have been
increased. In parallel, the concern about the sustainability of buildings has also
increased (Saraiva et al., 2018). For example, protection of the resources and
ecosystem is main focus of the environmental sustainability, while purpose of
economical sustainability is to provide long term resource productivity and, low
maintenance and operational cost. In addition, social sustainability covers social and

cultural aspects that directly associated with human and culture (Kohler, 1999).

In Turkey, 33.74% of the total generated energy was obtained from fossil fuels that is
the primary source of the CO (Figure 1.1). Therefore, reducing energy consumption
is important for reducing amount of the greenhouse gas emission (Development
Directorate of Strategy, 2018).



Coal
33,74%

Natural Gas+ LNG
32,10%

Figure 1.1. Electricity production rates by source at the end of 2016 (Development Directorate of
Strategy, 2018)

According to TEDC report of 2017 (TETAS, 2017), government buildings’ energy
consumption constituted 3.9 % of the total energy consumption of Turkey, while total
energy consumption was equal to 231,234 GWh. Among the government buildings,
school buildings that are highly in number, have consumed a large amount of energy.
Existing physical conditions of the buildings, low performance building materials, old
technology mechanical and electrical systems and unconsciousness of the building
users about energy efficiency are the main reasons of the high energy consumption in
them. In addition, architectural design decisions, project site features, building
orientation and differences in climatic regions also directly affect the building

performance.

In addition to these issues, employment of standardized (prototype/type) school
projects that is generally preferred for rapid school building production is inefficient
in terms of sustainability. In this type project applications, coincidental decision about
orientation, project site plan, material selection, etc. directly affect the building energy



performance and sustainability of the buildings. Moreover, regulations about school

buildings in Turkey do not address about these problematic issues.

Moreover, it should be considered that school buildings have a very high occupancy
rate compared to other building types and students spend about 25% of their time in
school building (Saraiva et al., 2018). Therefore, school building physical condition
is also critical for students’ health and productivity. Moreover, sustainable school
itself is directly a learning source for students in early ages and it increases awareness

about sustainability.

As a result, existing school building have great improvement potential in terms of
sustainability and retrofits of existing school building is essential for increasing
sustainability. Building retrofit has different direct and indirect benefits on building
users and society, respectively. While building retrofits enable the decrease of energy
load of the buildings, living conditions of the building users can also be improved at

the same time.

In addition to all these topics, local climatic condition is one of the critical factors that
directly affect the building performance and that should be considered for deciding
energy retrofit types. Defining retrofit strategies in accordance with climate
characteristics is a requirement to increase environmental, social, and economic
sustainability of school buildings. It should be noted that energy retrofit measures do

not have the same impact on sustainability in different climate regions

1.2. Aim and Objectives

The aim of the research is to evaluate sustainable impact of energy retrofit measures
that proposed for type school buildings in different climate regions. To achieve this

aim following objectives were fulfilled;

*To analyze existing school building problems in terms of sustainability in Turkey.



*To investigate retrofit measures for school buildings

*To evaluate the energy retrofit measures in terms of sustainability criteria: ecological,

economic and social sustainability
*To evaluate the effect of the climate on performance of retrofit measures

*To investigate sustainability impact of retrofit measures in different climate regions.

1.3. Contribution

There are many researches in the literature that analyze school buildings in terms of
energy efficiency and sustainability and there are various studies that investigate the
energy efficiency of buildings in specific climates. In other words, these studies are
generally based on a certain project and certain climate zone. However, there is no
general framework that covers energy retrofit strategies for school buildings in
different climate zones and their impact on sustainability. Therefore, this research
presents the sustainability impacts of the energy retrofit measures in different climate
regions, as a contribution to school building retrofit projects as a guide.

1.4. Disposition

This thesis includes five chapters. While the first chapter is introduction part, second
is literature review chapter that gives information from literature on sustainability,
school building sustainability, sustainability assessment methods and energy retrofit

measures.

In third chapter, material and method of the study is explained and this part starts with

the general information about sustainability assessment methods and selected



assessment techniques. After that, selected materials of this study that are the selected
type school project, proposed retrofit types and climates characteristics, are presented
in material selection part. In data collection section, these materials are described in
detail and proposed case studies and analysis methods to be used for evaluation of
these in terms of sustainability are described in data analysis section. In addition, the
parameters in the process of sustainability impact assessment and related hypothesis

are outlined.

In fourth chapter, analysis that is defined in the third chapter is completed and the
result of these analysis are presented with comparative graphs and tables. According

to given data, the parameters of these analysis are discussed.

In the conclusion chapter, summary of the research study is explained. In addition, the
results of the analysis are interpreted and concluded. Finally, limitation of the study

and recommendations for future studies are stated.






CHAPTER 2

LITERATURE REVIEW

In this chapter, the literature related to thesis topic is reviewed and information from
literature are grouped under four main headings: Sustainability, Sustainability
Assessment Methods, Energy Retrofit Measurements for School Buildings, and

Effects of the Climate Characteristics on Sustainability.

In the ‘Sustainability’ part, sustainability, the subjects that are school buildings
sustainability and sustainability of existing school buildings in Turkey, are explained.
In the second part, sustainability assessment methods are presented and in the third
part, information related to energy retrofit types are given. In the final part, the effect
of climate factor on sustainability is explained based on the related research studies.

At the end of this chapter, the literature on thesis subject is critically reviewed.

2.1. Sustainability

Sustainability is described as the ability to maintain, support and continue an action
or activity for a long-term with sempiternity approach. It also aims to meet today’s
needs with considering the needs of future generations and without compromising on
the capability of meeting their requirements (Vatalis et al., 2011). Sustainability
concept includes the impact of the building about the environment and energy
production and utilization. Moreover, it considers comfort of the occupants of the

building and also has an economic viewpoint (Bruni et al., 2013).

ISO 15392 standards define three primary aspects of sustainability (2008). These three

domains in a common framework of sustainability that covers human comfort and



health, resource consumption, cost; are ecological sustainability, economic

sustainability and social sustainability (Kohler, 1999).

protection of
resources

Ecological
sustainability

protection of the
ecosystem

long term resource
productivity

Sustainable 1 Economic
building sustainability

low running costs

protection of comfort
and health

Social and cultural
sustainability

preservation of social
and cultural values

Figure 2.1. Three dimensions of sustainability and some related objectives for buildings

While ecological sustainability focusses on two main topics that are protection of
resources and the protection of the ecosystem, economic sustainability aims to provide
long term resource productivity and low running cost. Therefore, economically
sustainable solutions proposed minimum maintenance and operational cost and,
maximum durability and reusability (Figure 2.1). In this respect, initial cost is not the
only parameter of the economic sustainability and, for providing economically
sustainable building, life cycle cost should be also considered. In addition to economic
and environmental sustainability, social sustainability involves social and cultural

aspects that are directly related to human health and comfort, and cultural resources.



When considered from cultural sustainability point of view, conservation of the
heritage of the city in terms of architectural, city planning, and landscape architecture

came into prominence (Kohler, 1999).

Since the 1970s, the concerns of architecture have been gradually increasing in terms
of local climate, human comfort and the environmental impact of buildings. Based on
these concerns, bio-climatic architecture has come to the forefront. With this concept,
architecture is responsible for providing the visual, cultural, emotional, ergonomic,
acoustic and hydrothermal satisfaction of the users by providing the relationship
between the local climate and indoor conditions. In recent years, the negative impacts
on the environment have been increased by growing construction industry and public

concern about the sustainability of buildings has increased (Saraiva et al., 2018).

For the evaluation of the sustainability, there are various certification protocols that
are suggested by independent and international associations and aimed to evaluate the
building in terms of energy efficiency, health and comfort. Among some are
Leadership in Energy and Environmental Design (LEED), Building Research
Establishment Environmental Assessment Method (BREEAM) and Comprehensive
Assessment System for Built Environment Efficiency (CASBEE) (Bruni et al., 2013).

2.1.1. Sustainability in School Building

School buildings are one of the most important types in built environment considering
that students spend about 25% of their time in class. In addition, school buildings have
a very high occupancy rate when compared to all other building types. Therefore, level
of sustainability is very important for supporting students’ health and intellectual

performance (Saraiva et al., 2018).

Sustainability is a necessity for school buildings because of the contribution to

environmental protection, improving quality of life, lowering the cost and increasing



success of the students and teachers. The subject of environmental education at the
United Nations Conference on Human Environment held in Stockholm in 1972 has
gained an international dimension. In the declaration; the importance of the attitudes
and behaviors of people towards their environment was highlighted, with the words
that” Humanity must protect and improve the environment for the present and future
generations.” In addition, the declaration of the conference organized with the
cooperation of UNESCO and UNEP in 1977 is a turning point as it provides an
understanding of the place of environmental education in human education (as cited
in Kocabas & Bademcioglu, 2016).

Based on the interview with Ministry of National Education on November 1, 2018,
school buildings have an important position when compared with other building types
due to the fact that users that are young and children. Moreover, the fact that they are
the buildings aiming at education and learning, increases the importance of these
buildings. However, due to the increasing need for school buildings, lack of time and
financial resources, type project applications have been widely preferred in production
of school buildings.

Following the foundation of the Turkish Republic in 1923, a centralized and unified
education system was proposed as a solution to a very fragmented and non-standard
school landscape across the country that was inherited from the Ottoman Empire. The
Ministry of Education was given the responsibility for planning, design, and
construction of public-school buildings. In the early years of the republic, private or
foundation initiatives for provision of schools were very limited due to lack of wealth
across the country. Some minority and foreign private schools were among few

examples of non-governmental education facilities (Pekerigli, 2018).

Like other governmental policies, a centralized management approach was chosen for
delivering the duties of Ministry of Education. While this approach ensured
standardization and strict compliance with the policies and goals of the state, it has

overwhelmingly increased the workload of the government units. Throughout the
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second half of 20™ century the increasing number of populations led to the need for
constructing many large high schools. Since the ministry could not give up its duties
as the central decision maker and executer of the school projects, it had to streamline
the process. For that reason, a prototype architectural design was prepared in 1955 to
be used for all secondary and high school projects across the country. This approach
was chosen to simplify the tendering process, contracts, commissioning and control
of construction quality for a limited team of civil servants at the Ministry of Education,
and their representatives at the local directorate offices. The same prototype
architectural design (aka type 735) was used to build thousands of schools spread
across the country between years 1960 and 2000. There are varying quality of
workmanship and small changes occurring throughout years, but these are negligible.
After using the same project for half a century, the government commissioned new
architectural prototype designs for schools between years 1998 and 2000, and also
around 2008 (Pekerigli, 2018).

While the standardized building projects streamlined the duties of the centralized
government bodies, the ignorance of the vast geography, cultural diversity, and
climatic zones of Turkey led to many operational problems during their use (Pekerigli,
2018).

In addition, according to interview with Ministry of Education, school buildings show
similarities with other public buildings in terms of working hours. They are usually

used between 8 AM and 6 PM. Also, evening classes are offered in some schools.

School buildings have great improvement potentials about energy efficiency. Alajami
(2012) stated that electrical and mechanical system retrofits of educational building
provide up to 52% energy saving opportunity in Kuwait. In addition, with using proper
thermal insulation, HVAC devices and shading equipment, 35.3% energy
consumption can be achieved (Sait, 2013). Not only the retrofit of the electrical and
mechanical devices, but also the utilization of control technologies helps to increase

energy performance and decrease energy consumption (Bernardo et al., 2017).
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Providing sustainability criteria and especially decreasing energy consumption is
important issue for existing buildings (Dumciuviene et al., 2018). However,
sustainability of school buildings is differentiated from other building types in terms
of building function, users and owner. Since, school buildings offer living spaces for
learning activity to students/children (Bruni et al., 2013) and school buildings shaped

by the principles of the sustainability should be used as learning resource for students.

Therefore, it is important and beneficial to give a priority to the design of school
building in terms of providing public consciousness about sustainability. 1t will be
possible to introduce sustainability awareness to the designer and engineers of the
future at a young age with various ways such as creation of guidelines for sustainable
school design and development of sample projects for school. Thus, this should be
considered because of the significant contribution of the sustainability (Sahin &
Dostoglu, 2015).

In addition, learning environment quality is very important for increasing the
productivity of students. Therefore, providing thermal comfort, increasing indoor air
quality, proper lighting environment and proper quiet atmosphere is very crucial for
both learning and teaching facility (Bernardo et al., 2017). It can be said that for school
building, developing indoor environmental quality is a necessity that support students’
health and intellectual development. In order to improve the indoor environment
quality, it is necessary to provide indoor air quality, visual comfort, acoustic and

ergonomic comfort (Saraiva et al., 2018).

Moreover, according to REHVA (as cited in Bernardo et al., 2017) children consume
huge part of time in school and they are susceptible to low school indoor air quality.
It is important that children get high quality air for their healthy growth. (Bernardo et
al., 2017) In this respect, environmental parameter such as pollutant and CO:
concentration, air humidity and air temperature should be controlled (Saraiva et al.,
2018).
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Educational buildings express the values of individuals who are part of the society in
different ways. The conditions and needs of educational buildings built in urban or
rural areas are different. In addition to that, the messages they give to society are also
different. For this reason, it is very important to design and analyze the conditions and
needs of the school in detail (Kocabas & Bademcioglu, 2016). According to Sahin and
Dostoglu natural lighting, heating and cooling methods, indoor air quality, wind
energy, water saving, and material selection are also important criteria for
sustainability (Sahin & Dostoglu, 2015).

Lighting

Light is an environmental factor affecting body functions such as blood pressure, heart
rate, brain activity and biorhythm. In addition, Barker states that good lighting,
students and teachers make an important contribution to the preservation of eye health
and visual acuity and, education under optimal conditions (Kocabas & Bademcioglu,
2016).

The use of daylight in schools is important for children who spend most of their time
in school, in terms of mental activity and psychology. Furthermore, Edwards and
Torcellini (2002) suggest that sunlight, the natural light source, is the main source of
vitamin D. For this reason, students should benefit from these rays as possible
(Edwards & Torcellini, 2002).

Considering the positive effect of natural light on learning, various studies have
examined the ideal ratio between space and window dimensions. For example,
according to Prakash and Fielding (2007), the class depth should be 1.5 times the
window height (Figure 2) (Sahin & Dostoglu, 2015).

In addition, different details should be considered to increase daylight intake. While
the ceiling reflection can be used thanks to the light shelf adapted to the windows,

controlled solar light can be provided to the interior with the movable fagade panels.
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Moreover, glare control, which is an important requirement for the training

environment, can be provided with curtains or blinds (Sahin & Dostoglu, 2015).

Although schools that have enough daylight affect students positively in many ways,
Marenne and Semidor (as cited in Kocabas & Bademcioglu, 2016) state that a class
cannot be illuminated with only natural light during the entire academic year.
Therefore, it can be stated that lighting should be combined with artificial lighting
when natural light is not effective during the day. In other words, it is more appropriate
that natural and artificial light is not considered separately. Abdelatia et al., (as cited
in Kocabas & Bademcioglu, 2016) also indicate the necessity to know about the
changes in daylight (movements related to the day and the season) to determine the

need for artificial light (Kocabas & Bademcioglu, 2016).
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Figure 2.2. Proportions for class and ideal light intake (as cited in Sahin & Dostoglu, 2015)

In the selection of lighting element, the impact on the energy consumption connection
and health is evaluated. There are various lighting technology alternatives in terms of

visual comfort conditions and lighting energy efficiency (Sener Yilmaz, 2016).While
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common lighting such as incandescent, fluorescent and halogen lamps have low
efficiency, LED (light-emitting diode) solid-state lights that has long life-time and low

maintenance can be more efficient lighting alternative (Koh et al., 2011).

Heating and Cooling Methods

Another factor that affects the student physically and psychologically is the
temperature of the classroom environment. Extremely hot environments cause
distraction and carelessness, while extreme cold environments cause attention and
energy to warm up. Thermal comfort is considered as an important factor for the
quality of the interior environment. According to ASHRAE 55 Standards, thermal
comfort is the state of thought that is satisfied with the thermal environment. Thermal
environmental properties are the determinants of thermal comfort. Although thermal
environmental properties can be measured, thermal comfort is not a measurable value.
For example, the temperature of the walls, floor and ceiling, glass and door surfaces
constitute thermal environment that can be measured (Kocabas & Bademcioglu,
2016).

Environmental and individual factors are effective in determining thermal comfort.
Environmental factors are defined as humidity, temperature and air movement, while
individual factors are defined as clothing and activity levels. In this respect, according
to Murphy and Thorne (as cited in Sahin & Dostoglu, 2015), it is appropriate to have
at least 18°C temperature in the school departments with a normal activity level,
whereas the temperature is at least 15°C in places where students are more active

(Sahin & Dostoglu, 2015).

According to Ekici (as cited in Kocabas & Bademcioglu, 2016), based on an equation
called mean thermal sensation, an indicator chart was created on how thermal values
are perceived by the individual. If the individual does not complain about the thermal

conditions of the environment in which he / she is located, this status is represented as
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0, i.e., neutral. According to this chart translated from Turkish, it is accepted that an

environment between + 0.5 values is comfortable (Kocabas & Bademcioglu, 2016).

Table 2.1. Thermal sensation indicator chart (Kocabas &Bademcioglu, 2016)

PMYV Value Meaning Comment
3 Too hot Sweating and flushing begin
2 Hot Heat discomfort and sweating begins
1 Slightly warm Less disturbed by heat
0 Neutral No complaints of heat or cold
-1 Slightly cool Less disturbed by cold
-2 Cool

Heat disturbance and tremor begin

-3 Cold Some organs come to the point of freezing

The issue that needs to be considered in terms of design is to reduce the overall energy
demand to the lowest level by using passive systems. In passive systems, it is
considered how to minimize the heating requirement of the building envelope, how
best to use the context (adaptation, infrastructure, layout and micro-climate), selecting
the least pollutant as fuel and minimizing the heat requirement (Sahin & Dostoglu,
2015).

Figure 2.3. Graphical representation of the channel system providing preheating and cooling (as cited
in Sahin & Dostoglu, 2015)
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In this respect, geothermal heating and cooling solutions that is using soil heat for
preheating or cooling effect of the air passing through the channels created under the
ground are recommended for winter and summer usage. Thanks to these alternative
solutions, students are educated in a suitable environment as well as energy savings
(Sahin & Dostoglu, 2015).

Indoor Air Quality

According to Fanger, indoor air quality; it is considered as a measure of how good or
bad the air in the indoor environment is (as cited in Kocabas & Bademcioglu, 2016)
Following the oil crisis in the early 1970s, the increase in oil prices caused energy
savings to gain importance. In order to save money, the buildings were covered with
a shell with almost no permeability and the windows were kept closed (Kocabas &
Bademcioglu, 2016).

Today, people often spend most of the day in closed spaces and crowded places. In
addition, the use of natural products decreased in these areas. Wood, marble and
natural fibers are replaced by petroleum products that have the ability to dissipate in
indoor air such as fiberboard, synthetic fibers and plastics (Kocabas & Bademcioglu,
2016). In poorly ventilated environments, there is an increase in indoor pollutants
(Sahin & Dostoglu, 2015).

The low quality of the air in these environments also negatively affects the health of
the people living in it. Besides, it can be stated that the use of natural building materials
in order to increase indoor air quality is effective in solving environmental problems
as well as on student and teacher health and efficiency (Kocabas & Bademcioglu,
2016).

There are many different factors in the buildings that will negatively affect the indoor
air quality. Poor ventilation, high temperature and humidity are some of these factors.

Due to insufficient ventilation, organic and inorganic contaminant concentrations in
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particulate and gas phase cannot be diluted, while high temperature and humidity can
also lead to condensation of some indoor air pollutants (Kocabas & Bademcioglu,
2016). In this respect, volatile organic compounds, carbon dioxide, ozone and carbon
monoxide can be kept at the desired level by means of ventilation in schools (Sahin &
Dostoglu, 2015).

These factors also affect human health negatively. Moreover, in the study of
Yurtseven (as cited in Kocabas & Bademcioglu, 2016) states that indoor air quality
has a significant impact not only on health but also on productivity. In addition,
students and teachers exposed to indoor air pollutants decreases. Besides; Bulgurcu,
[lten and Cosgun (as cited in Kocabas & Bademcioglu, 2016) emphasize that problems
such as the lack of crowded classes, short breaks, unfavorable ceiling heights, and lack
of mechanical ventilation cause problems in health and efficiency in schools (Kocabas
& Bademcioglu, 2016).

Renewable Energy

Wind energy is one of the renewable energy sources that are important for
sustainability and wind energy can be used independently or integrated into a building
(Sahin & Dostoglu, 2015). According to Yudelson (as cited in Kocabas &
Bademcioglu, 2016) there are three major benefits of systems utilizing wind energy.
First, these applications enable the building users to be aware of renewable energy
sources. Secondly, it is highly demanded by architects and owners due to the
remarkable appearance of wind turbines. The third is the use of wind turbines as a
learning tool in order to create sustainability awareness in schools and environmental

education centers (Kocabas & Bademcioglu, 2016).

In addition, solar energy is also another renewable energy source that can be used for
school building energy consumptions. Photovoltaic (PV) panels are devices that
generate electrical energy from sunlight (Hafiz et al., 2018). They can be easily

applied on rooftops and sun facing surfaces.

18



Water Saving

Water conservation has an important place in the school buildings within the
framework of sustainability. Different applications such as the accumulation of rain
water, the use of a pool to provide air conditioning, and the use of gray water in the
toilet can be employed in school buildings. In addition, dry urinals used to reduce the
flow of water spent in toilet bowls may also be an alternative. It is very important for
the children to be seen and included in the activities related to water conservation in
order to gain awareness of environmental protection (Kocabas & Bademcioglu, 2016).

2.1.2. Sustainability of Existing School Building in Turkey

According to the Ministry of National Education Statistics (2018), the total number of
educational institutions in Turkey is 65,568. 53,870 of them are public institutions
and 11,694 of them are private institutions. In addition, according to the interview
with Ministry of Education, there is no information about existing school projects
conditions, number of type plan school projects and their locations. However, it is
known that huge part of the school buildings is based on type plan project and they
were constructed with some major or minor changes such as thermal insulation,

window glazing, building envelope, building material etc. in different time.

It is seen that type school projects are implemented in school buildings as a method
of producing fast and suitable school buildings in Turkey. However, these applications
are appropriate at first glance in terms of cost. The significant shortcoming of the
applications causes the school to be deprived of their architectural features. Land use
and site plan settlements are the common negative aspect of the type projects (Kose
& Barkul, 2012).
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In addition, important changes have been made in type plans due to difficulties in
finding urban land and rapid population growth and during adaptation of the project

to the environmental conditions, additional cost occurs (K6se & Barkul, 2012).

Since public institutions and planning organizations responsible for planning and
implementation do not have any model or decision for the spatial distribution of
educational buildings, the choice of place for educational buildings is incidental (Kose
& Barkul, 2012).

Rule and regulations are important guide for both existing and new projects in terms
of achieving sustainable project. However, like in other developing countries, the
importance of the sustainable school building has only recently been accepted and
sustainability topic has not been adequately included in laws and regulations (Arslan,
2017).

In Turkey’s building law and regulations; building location, form, sun and natural
ventilation control systems are not specified. However, these factors directly affect the
building energy performance according to climate region. In addition, material
selection and thermal permeability coefficient that is also not included in regulations,

is very important and critical for building energy performance (Tuna, 2009).

In recent years, the importance given to the concept of sustainability in design and
construction process has increased in Turkey. For healthy generations in Turkey,
where high ratio of young population, more healthy building design should be carried
out in schools (Kose & Barkul, 2012). Although Turkey does not have a sustainability
evaluation system such as LEED (Leadership in Energy and Environmental Design)
and BREAM (Building Research Establishment’s Environmental Report), these
institutions are applied to obtain a certificate for the projects realized in Turkey.
According to research of Sahin and Dostoglu (2015), 24 projects which have different
functions have been certified by BREAM. Piri Reis University, Automotive Industry
Exporters Union Technical and Industrial VVocational High School and Erkut Soyak

High School are the educational buildings with BREAM certificate from Turkey. In
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addition, some of the buildings belonging to TED Ronesans Collage, Acibadem
University Faculty of Medicine and Ozyegin University are certified by LEED.
Therefore, it is demonstrated that the awareness about importance of sustainability for

educational buildings is developing in Turkey (Sahin & Dostoglu, 2015).

2.2. Sustainability Assessment Methods

Determining building sustainability level is not simple issue that can be evaluated
easily. Therefore, the performance of the buildings in terms of environmental, social,
socio-cultural and economic criteria indicates the level of sustainability. According to
Hawkes et al. (as cited in Waer & Sibley, 2005), at first, ‘selective environmental
design’ principles that is related to climate, location, user comfort, material
preferences, building components and energy sources is described for assisting
architects and planners. Furthermore, the concept of ‘green’ was associated with
building that utilize renewable energy sources such as solar energy and rainwater and
use environment-friendly materials. The ‘green’ buildings, which have additional
features compared to standard buildings, have a high market value and at the same
time they have a high cost. Considering the operating costs and investment costs,
structures made based on sustainability principles were found to be more reasonable
than green structures. Therefore, unlike ‘green’ assessment models, which focus on
the performance of buildings at the regional and local scale, sustainability assessment
methods that address the national and international scale and include a wider concept
have emerged. It can be said that sustainable development concept is an
environmentally friendly want to meet people’s needs, while considering the social
and economic aspects of these needs. Sustainable developments propose a continuous
idea development cycle that targets the optimal result by providing balance between
systems which are economy, environment and society (Figure 2.4.) (Waer & Sibley,
2005).
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Economy

Figure 2.4. Idea development cycle for sustainable development (as cited in Waer & Sibley, 2005)

Benefits of the sustainable developments can be classified into three main benefits:
economic, environmental and social benefits. For the sustainability assessment, the
buildings can be examined in terms of these three categories (Jafari & Valentin, 2018).
However, it should be also considered that sustainability indicators that measure the
performance of the systems in the decision-making mechanism gain importance.
Therefore, effective indicators in terms of economic, environmental and social issues
should be based on accessible data and easy to understand while being relevant and
reliable (Figure 2.5.) (Waer & Sibley, 2005).

| Relevant |

Easy to understand Based on accessible data

I Reliable l

Figure 2.5. Effective sustainability indicators’ characteristics (as cited in Waer & Sibley, 2005)
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In the literature, there are many researches about the sustainability assessment of the
building retrofit. Especially, economic benefits and environmental benefits of the
retrofit projects were investigated many times. There are many studies in the literature
about life-cycle cost (LCC) and life-cycle cost analysis (LCCA), payback period
analysis, amount of greenhouse gases emissions, etc. However, in terms of social
benefits, only a few studies are well improved and address this issue systematically
(Jafari & Valentin, 2018).

2.2.1. Economic Sustainability Assessment

Sustainability in buildings have great potential in terms of economic benefits and, also
environmental and social benefits. However, there is a misunderstanding that
sustainable designs are expensive, and stakeholders such as owners, the public and
operators have a lack of information on this issue. It is thought that sustainable
solutions in terms of maintenance and procurement causes raising capital cost and
decreasing market attractiveness by adapting innovation. Therefore, rather than in
terms of sustainability, the stakeholders are primarily concerned with economic

benefits and economic sustainability of the buildings (Vatalis et al., 2011).

Economic sustainability can be measure in different ways and in different detail levels.
It should be considered that project location, taxes, fees, permits, local and national
conditions are project’s features differ from project to project and in accordance with
these features, the economy of each project is unique. Therefore, it is very hard to
generalize sustainable solutions. In addition, it is difficult to determine potential
benefits in terms of economy before the end of the projects. Since, building retrofits

have positive impact on returns of investment in operation and maintenance phases.
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In this respect, there are some assessment technics used to economically evaluate the
buildings and investments (Vatalis et al., 2011).

Payback period (PAY) is one of the economic measures used for the analysis of the
building investment. It can be defined as the amount of time that is required for the
recovery of the extra investment. Therefore, it can also be formulated as the ratio of
the additional cost (PC) to the amount of annual reduced operating cost (OC)
(Equation 1) (Mahlia et al., 2011).

PAY
APC + Zaoq -0
1

(1)

In addition, if the annual reduced operation cost is constant value, the formula of the

payback period can be simplified as Equation 2:

APC

PAY = - 36¢

)

The fact that PAY is more than the product’s lifetime is denoted that the additional

cost is not recovered in decreased operating saving (Mahlia et al., 2011).

According to Russell (2009), payback analysis is not a measurement related to
profitability and it does not associate with interest rate or cost of money. Payback
analysis is a risk assessment tool. Therefore, by making inferences from the payback
analysis, it can be said that the investments with a short payback period are better than

those with a long payback period (Russell, 2009).

Life-cycle cost (LCC) that is defined as total cost of the building in given period, can
be a guide for the economic sustainability and useful in decision making process for
construction (Jafari & Valentin, 2018). LLC technique comes into prominence with
raising awareness on importance operational and maintenance cost of the projects and

‘value for money’ trend (Gundes, 2016).
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Life-cycle costing is an important method for analysis of the sum of ownership cost
from cradle to grave (Gundes, 2016). The differences in the total cost before and after

retrofit are indicators of economic sustainability (Jafari & Valentin, 2018).

However, building LCC breakdown structure is very complicated and long-term
uncertainties of the project in the future should be also well defined. LLCA constitutes
of main cost components of the building in the process from construction to
destruction. There cost components are: initial investment cost, operation and
maintenance cost, repairs and replacement costs, energy cost, renovation cost,
administration cost, taxation cost and finally disposal cost. In addition, inflation rate
that effects the interest rate also should be considered for analysis of LCC (Jafari &
Valentin, 2018).

Briefly, LLC includes various cost elements such as ‘project, utility and maintenance’
in different phases of the project’s life cycle. Project costs divided into ‘hard’ and
‘soft’ costs. While, hard costs are associated with construction costs, soft ones are the
costs arising from design and permit prices. On the other hand, the cost of utility is
related with the operational costs that is caused by the utilization of water, energy and
sewerage. In addition, maintenance cost is changed with the selected maintenance
strategies such as the routine preventive maintenance, reactive or planned
maintenance. In planned maintenance strategy, it is assumed that the sub-systems will
be renewed every five years and the cost of these renewals is involved in LCC.
Moreover, while preventive maintenance is a strategy for minimize the maintenance

cost, reactive maintenance is attempted after any problems happen (Gundes, 2016).

Briefly, there are also variable economic analysis methods for the building retrofitting
investment assessment such as net present value (NPV), overall rate of return (ORR),
internal rate of return (IRR), benefit-cost ratio (BCR), discounted payback period
(DPP). According to the information to be obtained at the end of the analysis, one of
these methods can also be preferred (Wang et al., 2014).
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2.2.2. Environmental Sustainability Assessment

Providing energy efficiency in buildings has many benefits in terms of environmental
such as CO2 emissions, reduction of damage to nature and decreasing pollution loads.
39% of CO- emission is caused by building sector in United States. Heating, cooling,
lighting equipment and other electrical equipment consume fossil fuels that cause CO>
emissions due to combustion. Therefore, increasing energy efficiency of the building
is important to decrease the threat of climate change by reducing CO2 emission.
Energy efficiency of the building provides to decrease the impact of the building to
the environment during life-cycle. In addition, fossil fuel that is non-renewable energy
resources is consistently generated via natural processes that take millions of years.
Thus, conservation of fossil fuels such as coal, natural gas and oil and using renewable
energy resources is also needed for conservation existing reserves are being depleted
(Jafari & Valentin, 2018).

For assessing the environmental sustainability, green building rating systems are
widely preferred method. In addition, there are many tools available for this purpose
such as LEED, Green Globes, LBC, BREAM, CASBE, etc. While LEED, BREAM
and LBC are international rating systems, CASBEE and Green Globes are used in

Japan and; The United States and Canada respectively (Kamali et al.,2018).

In these rating systems, there are many categories such as sustainable site, energy
efficiency, water efficiency, material and resources, indoor environmental quality,
waste and pollution. In addition, each rating systems concentrate on these categories
in different weights. For example, in the research of Magrini and Franco about
environmental sustainability assessment of the historical buildings in lItaly, the
comparison of some rating systems in different categories is shown in the Figure 2.6.
(Magrini & Franco, 2016).
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Figure 2.6. Sustainability assessment categories weight comparison (Magrini & Franco, 2016)

In order to evaluate environmental sustainability performance of the building, these
rating systems defines a variable range of performance criteria and graded each project
based on these performance criteria. Thanks to these systems, both current
performance of the building and the expected performance can be analyzed, and it also
enables to compare different building projects. Although these rating systems have
many advantages, there are also some deficiencies of the rating systems such as
complexity and variety of criteria, bureaucratic process of evaluation and cost factors

related to certification (Kamali et al.,2018).

Another important method for assessing the environmental sustainability is Life-Cycle
Analysis (LCA) and LCA-based tools. ATHENA (Canada, US), Eco-Quantum
(Netherlands), BEES (US), EcoEffect (Sweden) and ENVEST (UK) are examples of
LSA tools (Kamali et al., 2018). LCA is also a method for evaluation of environmental
performance by calculating of consumption of natural sources and amount of emission
in production process (Asdrubali et al., 2019). This method has a bottom-up approach

and it means examining the effect of the whole building on the environment starting

27



from the environmental impact of materials and building components (Kamali et
al.,2018).

LCA has become popular with utilizing a functional tool to evaluating sustainability
of the process or product from cradle to grave. Over years, it has been used for
assessing cost and environmental impact of building components with the purpose of

decision making and decision support (Gencturk et al., 2016).

However, it is a very difficult and detailed process to handle sustainability in all
dimensions including social dimension and integrate it into LCA (Gundes, 2016).
LCA method is not only related to energy use impact such as climate change and fossil
fuel depletion; but also associate with the factors such as land use, ozone depletion,
eutrophication, acidification of water and land, human toxicity and water depletion.
Therefore, LCA is very proper analysis method that can be used in retrofit early
evaluation for the decreasing global environmental impact in whole building life
(Asdrubali et al., 2019).
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LCA is a complex analysis method that includes many uncertainties and a long time.
In this process, there can be a lot of changes in many aspects, from the function of the
building to the technology and the performance of the materials. For example, eco-
profile of the building materials can be changed in time or retrofit applications enable
to decrease the energy consumption caused by air conditioning, lighting, domestic hot
water and equipment. However, LCA provide to analysis resulting load changes and
environmental process control. In LCA, the materials are considered from the process
of the extraction to the installation in detail. It provides a subjective assessment of the
quality of the data used in the LCA analysis with the indicators listed in Figure 2.7.
(Asdrubali et al., 2019).

2.2.3. Social Sustainability Assessment

Sustainable buildings have not only environmental and economic impact or benefits,
but also a great social impact in terms of health, efficiency, user satisfaction and
comfort. However, Labuschange and Brent (Zuo et al., 2012) has been defined the
social sustainability as ‘weakest pillar of sustainable development’ because of the lack
of supportive elements in terms of analytical and theoretical. There are deficiencies in

defining the guidelines of social sustainability measures (Zuo et al., 2012).

Social Impact Assessment (SIA) is a methodology developed to evaluate the social
impacts of intervention projects. The International Association for Impact Assessment
clarified the SIA methodology in its 2015 guidance document. According to The
International Principle for Social Impact Assessment, SIA is described as “the process
of analyzing, monitoring and managing the intended and unintended social
consequences, both positive and negative, of planned interventions (policies,
programs, plans, projects) and any social change processes invoked by those
interventions”. In addition, social impacts cover all the subjects related with a project

(intervention) that directly or indirectly interest people (Vanclay et al., 2015).
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Measuring and evaluating these social impacts is also important about assessing the
level of sustainability of the building. To evaluate the social impact of the projects,
the social benefits can be categorized into three levels: society levels, community
levels and building levels. For example, energy efficient buildings contribute to the
improvement of health by reducing the CO2 emissions; it also creates a new job
position for society (society level). In addition, energy efficient buildings ensure
public awareness about sustainability and encourage public about energy retrofit
application (community level). Moreover, energy retrofitting practice increasing
building occupants’ health and comfort (building level). According to Jafari and
Valentin (2018) social effects of energy retrofitting can be categorized into four main
topics (building level): health, comfort and satisfaction, productivity and security
(Jafari & Valentin, 2018).

For example, while improving indoor air quality affects the health of the users
positively, appropriate indoor temperature is important for the comfort and
satisfaction of the users. In addition, appropriate temperature, light and air quality have
great impact on productivity of the users. In this regard, Jafari and Valentine (2018)
pointed out the importance of the use of renewable energy sources about ensuring the
safety of power and onsite power systems are exemplified related to this subject by
them. Furthermore, the actions related to sustainability is a source of pride and
satisfaction for the users by considering the positive contribution to the future (Jafari
& Valentin, 2018)

Consequently, there are many criteria that should be consider while evaluating
sustainability of the buildings in terms of economic, environmental and social.
According to Kamali et al. primary potential sustainability criteria that is proposed in
his/her research, is shown in the Table 2.2. in terms of environmental, economic and
social (Kamali et al., 2018).
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Table 2.2. Sustainability performance criteria (Kamali et al., 2018)

Environmental $PCs Economic SPCs Social SPCs

Site selection (SS) Design and construction time (DCT) Health, comfort, and well-being of occupants (HO)
Alternative transportation (AT) Design and construction costs (DCC) Influence on the local economy (ILE)

Site disruption and appropriate strategies (SD) Operational costs (OC) Functionality and usability of the physical space (FU)
Renewable energy use (RE) Maintenance costs (MC) Aesthetic options and beauty of building (AB)
Energy performance and efficiency strategies (EP) End of life costs (EC) Workforce health and safety (WHS)

Embodied energy (EE) Durability of building (DB) Community disturbance (CD)

Water and wastewater efficiency strategies (WE) Investment and related risks (IR) Influence on local social development (ISD)
Regional (local) materials (RM) Flexibility of building (FB) Cultural and heritage conservation (CHC)
Renewable and environmentally preferable products (REP) Integrated management (IM) Affordability (A)

Waste management (WM) Safety and security of building (SSB)

Greenhouse gas emissions (GE) User acceptance and satisfaction (UAS)

Material consumption in construction (MC) Neighborhood accessibility and amenities (NAA)

2.3. Energy Retrofit Measures for School Buildings

Sustainability of school buildings can be measured by the effect of the ecosystem and
near environment. Retrofit of school buildings that constitute an important part of the
existing building stock is very critical. Sustainable school buildings have low
construction and operational costs and they provide social and ecological efficiency
(Arslan, 2017).

Building retrofit has various direct benefits for building users and indirect benefits for
society. While it helps to reduce building heating and cooling loads, it also increases
indoor air quality and improves living conditions of the occupants. In addition, social
benefits of the building retrofits are ‘non-tradeable goods’ of the building retrofit
(Friedman et al., 2014).

With state of art technologies, upgrading of building components with high
performance ones and utilizing building control strategies provides optimized energy
performance. Therefore, retrofit strategies designed with a holistic approach have a
significant impact on the efficiency of the whole system (Sweetser, 2012).
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In addition, not only the energy performance of the building components, but also the
convenience of these with climatic conditions of the building location should be
focused while deciding proper retrofit strategy (Liu & Ren, 2018). Moreover, demand
and supply measures should be taken into consideration at the same time. Thus,
achieving optimal energy retrofit solutions in terms of sustainability, is a major
concern and it is possible with appropriate retrofit measure choices (Donnarumma &
Fiore, 2017).

According to studies in the literature about school building retrofits are examined in
different categories such as building envelope, mechanical system, electrical system,

architectural solutions, renewable energy sources.

2.3.1. Building Envelope

Building envelope is the main factor that prevent energy flowing into and out of the
building. With decreasing heating and cooling loads cause, energy use of the building
can be reduced (Fan & Xia, 2017). Building envelopes can be categorized into three
main topics: walls and roofs insulation and, window and door replacement (Friedman
etal., 2014).

For increasing air tightness and decreasing thermal conductivity of walls, thermal
insulation materials is required with various thickness and types. In the application of
these materials, there are some extra labor and materials. For example, for external
walls insulation application, stucco rendering, painting ad scaffolding works are
involved and for internal insulation application, gypsum boards on metal frame, new

window frames and painting are also included (Friedman et al., 2014).

Thermal insulation thickness is also important for providing economical
sustainability. According thickness of the insulation layer, thermal efficiency and also

cost of the insulation material change. Therefore, proper thickness insulation material
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is should be considered for maximizing energy and minimizing payback period
(Friedman et al., 2014).

External wall thermal insulation helps to eliminate thermal bridges, while internal wall
insulation has difficulties about reduction of thermal bridges. In addition, internal wall
insulation can affect the internal net floor area. However, external wall insulation has
no impact about internal net floor area. Moreover, internal acoustic can be improved

by using internal wall insulation (Sauchelli et al., 2014).

For roof part of the building, using thermal insulation and using high albedo paint is
main preferences of the energy retrofit. Building roof retrofit improves roof thermal
performance without reduction of internal net area. In addition, it also provides

reduction and resolution of most of thermal bridges (Sauchelli et al., 2014).

White color roofs are useful especially in warm climates, helping to reduce cooling
energy loads. In addition, this cost-effective method that needs to be renewed in 5
years makes contribution to urban waring and global climate change. For insulation
of the roof insulation panels like extrude polystyrene panels can be preferred with
water proofing layers and gravel ballast in flat roofs. Green roofs also contribute to
urban warming, but it should be considered that maintenance of the green roofs cannot
be cost effective in every climate region (Friedman et al., 2014).

For the window parts of the building, decreasing thermal conductivity, providing air
tightness and sunlight control are the main parameters. While double glaze windows
help to reduce heat loads in winter, it also reduces heat gain in summer (Friedman et
al., 2014).

Likewise, double ventilated windows also decrease energy demand by preventing heat
losses because of ventilation and preheating ventilation air. According to case study
on school building, up to 1000 kWh/year of additional energy gain from preheating
ventilation air can be achieved with utilizing double ventilated windows (Carlos &
Corvacho, 2010).

33



In addition, film coated window provide sunlight control in warm and hot climate
regions. Moreover, utilizing overhang, vertical fins and operable blinds are also

reduced heat gain in warm and hot climate (Friedman et al., 2014).

Figure 2.8. Composition of wall with ETICS: (1) lime plaster (15 mm); (2) hollow brick (220 mm);
(3) concrete (200 mm); (4) adhesive mortar (1.5 mm); (5) mineral wool (35 mm); (6) lime plaster (25
mm) (Urban et al., 2018)

With development of technology, External Thermal Insulation Composite Systems
(ETICS) Technology was developed. ETICS is a multilayer complex system that has
various advantageous features. Multilayer structure satisfies the needs of specific
performance standards and application methods (Sulakatko & Vogdt, 2018). ETICS
contains thermal insulation layer, thin solid layer of plaster like material layer and
finishing layers from inside to the outside (Figure 2.8.). While ETICS increase the
thermal performance of the building, it also provides moisture infiltration. The main

difficulty of the ETICS to develops the thermal insulation properties of the building
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while developing other necessary building physic parameters and appearance of

architectural aesthetic (Urban et al., 2018).

According to study of Sauchhelli et al. (2014), effect of the building envelope retrofit
on heating energy demand clearly shown in Figure 2.9. Adapting new windows
reduced energy requirement for heating by 39.6% compared to the baseline model. In
addition, reduction of the heating energy demand increases to 61.3% compared to
baseline model by adding thermal insulation with new window. In addition, when
these retrofits are supported with heat recovery systems, heating energy demand is

decreased by 70.8% according to baseline model heating energy demand (Sauchelli et

al., 2014).
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Figure 2.9. Heating energy demands of different scenarios compared to baseline model (Sauchelli et
al., 2014)
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2.3.2. Mechanical System

According to Sauchelli et al. (2014), integration of passive solution and active
strategies such as upgrading mechanical systems and controls decrease the building

energy demand up to 70% (Sauchelli et al., 2014).

Heating and ventilation are the most energy consuming system in the building.
Outdated equipment and inappropriate operational systems consume more energy than
necessary (Wang et al., 2017). Thus, mechanical system retrofit can be categorized

into two parts: ventilation system and heating system.

Ventilation

Energy recovery is the method of the reducing energy consumption of the system by
transferring the energy between sub-systems Figure (2.10.). With this method one
output energy of one sub-system can be used as input energy of another subsystem.
Therefore, total energy consumption of the system is reduced due to waste energy
utilization (Kassai, 2017).

SYSTEM

Figure 2.10. Energy recovery principle
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According to Perez-Lombard (as cited in Ribe et al.,2019), total energy consumed and
wasted by HVAC systems constitutes 50% of the total energy consumption of the
building. In air conditioning process, thermally conditioned air removed from building
through exhaust ducts and windows without recovery. Since, important part of the
energy exhausted from the building due to ventilation (Ribe et al., 2019).
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Fig. 1. Schematic of an energy recovery device.

Figure 2.11. Schematic of an energy recovery device (Ribe et al., 2019)

In air conditioning systems, to decrease total energy consumption air to air heat
exchanger can be used. Thereby, energy inside exhaust air is transferred to supply air
by heat exchanger (Figure 2.11.). There are two types of heat exchanger: heat recovery
ventilation (HRVs) and energy (enthalpic) recovery ventilation (ERVs) (Al-Zubaydi
& Hong, 2018). While in HVRs systems, only sensible heat is recovered; in ERV
systems, sensible heat and latent heat recovery is provided. In ERVS, sensible heat
inside preconditioned indoor air is conveyed to fresh outdoor air. In addition, ERVs
not only used for transfer of the sensible heat, but also latent heat that comes from

humidity in exhaust air (Ribe et al., 2019).

Thus, in air conditioning systems, requirement of the heat recovery units is not only

for the heat energy recovery, but also condensation problems of indoor air can be
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eliminated by using energy recovery units. According to season (warmer and cooler)
energy recovery units can be used to dehumidify or to humidify indoor air (Kassali,
2017). In addition, climatic condition is also important parameter for the efficiency of
the ERVs and HVRs (Ribe et al., 2019).

Heating

According to research of the Minister of Natural Resources Canada (as cited in Kose
& Petlenkov, 2016), Earth absorbed 46% of the Sun’s energy. Due to high storage
capacity and slow heat exchange characteristic of the ground, Ground Source Heat
Pump (GSHP) systems use the renewable source of energy in earth and groundwater
(Kose & Petlenkov, 2016). Ground heat exchangers (GHE) part of the GSHP systems

provides using earth temperature as ‘heat source or heat sink’ (Kim et al., 2012).

While in cooling seasons, this energy can be used for providing low temperature heat;
in heating seasons, for opposite purpose. While, GSHP systems have economic
advantages because of reduced heating and cooling demand, it also has environmental
benefits due to reduced CO, emission (Kose & Petlenkov, 2016). In addition,
compared with air source heat pump (ASHP), GSHP has high energy efficiency. In
heating season, ASHP systems utilize the higher temperature atmosphere; while
GSHP systems use lower temperature of ground. Hence, energy efficiency of the
GHSP is higher than ASHP systems (Kim et al., 2012).

Annual temperature balance of the ground should be considered in GSHP systems. If
there is a short-term change in ground temperature, GSHP systems cannot achieve

successful results (Androulakis et al.,2018).

GSHP system can be integrated with solar thermal energy and these combined systems
are called as solar-assisted ground source heat pump systems (SAGSHPS). Heat
energy comes from solar thermal equipment’s is charged to boreholes of the GSHP

systems and it enables to increase soil temperature. Therefore, GSHP used as heat
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sinks that can be reduced heating energy demand in long term. According to study of
Androulakis et al. (2018), utilizing SAGSHPS systems in school building decrease
the primary energy consumptions. However, area of the solar collectors should be
considered as it increases the installation cost significantly (Androulakis et al., 2018).
Therefore, utilizing GSHP systems has recently increased (Kose & Petlenkov, 2016).
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Figure 5. Layout of the hybrid SAGSHP system.

Figure 2.12. Layout of the hybrid SAGSHP system (Androulakis et al.,2018)

Cooling

Because of the high energy consumption of the traditional air conditioning system,
environmental-friendly and economically sustainable air conditioning methods

become more important. Evaporative air conditioning system is an example of them
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and according to contact type it is separated into two categories: direct evaporative
coolers (DEC) and indirect evaporative coolers (IEC) (Sohani & Sayyaadi, 2017).

DEC contains four main part that are wetted pads, a water sump, an electric motor
with fan and water pump system (Figure 2.13.). Supply air passing through the wetted
pads, some part of the water is evaporated and amount of sensible heat of the supply

air decreased. Therefore, while dry bulb temperature of the supply air is reduced and

humidity of it is increased (Jaber & Ajib, 2011).

In IEC systems, heat exchanger is adapted into the system instead of wetted pads and
there is no direct contact between cooled humid and supply air. While this process

improves the comfort level of air, humidity ratio remains constant (Jaber & Ajib,

2011).
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Figure 2.13. Schematic of the investigated direct evaporative cooler (Sohani et al., 2017)
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Figure 2.14. Direct evaporating cooling process on the psychrometric chart (Sohani et al., 2017)

Evaporative air conditioning systems are cost effective methods that decrease peak
energy demand and have less initial and operational cost (Sohani & Sayyaadi, 2017).
Moreover, these environment friendly systems enhance indoor air quality by
prevention of pollution emission and humidifying supply air according to indoor air
moisture saturation. However, there are also some deficiencies of this system. To
control precisely indoor air temperature and ratio of humidity is very difficult in
evaporative air conditioning systems. Therefore, it can be appropriate in hot and low
humidity climates. In addition, noise is one another problem of it (Jaber & Ajib, 2011).

HVAC

According to study of the National Center for Education statistics about public schools
in U.S., indoor air quality is the one of the reported issues for approximately 50% of
the public schools. For the productivity of the occupants of the schools, physical
comfort should be provided. In order to increase indoor air quality, upgrading is one

of the solutions for outdated HVAC systems. According to HVAC system retrofit
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study of West Hernando Middle School, 40% of energy saving was noted in one-
month monitoring. In addition, it is possible to monitor and to analyze data from the

buildings with web-based dashboard systems (Thorne, 2018).

2.3.3. Electrical System

Lighting

Lighting consume one-third of electricity consumption of the building. Thus, rational
use of electricity is extremely significant (Mahlia et al., 2011). Lighting design is also
come into prominence because of the role about reducing energy consumption and
CO2 emissions in building and lighting retrofit in building is frequently focused on
minimizing the lighting energy consumption. As a result, selection of the proper lamp
and luminaries and applying lighting control strategies is indispensable (Sener
Yilmaz, 2016). In this respect, although in the lighting market, there are various types
of lighting system, choice of lamp that is changed according to task, will be achieve
by the lamp and properties of the lamp (Mahlia et al., 2011).

Lighting retrofit is defined as replacing inefficient lamps with efficient ones (Ye et al.,
2015) and it is also defined as an opportunity for utilizing new technology and
techniques to upgrade and redesign the existing lighting system in order to develop
lighting condition and decreasing energy consumption (Kromer et al., 1992).
Moreover, in case of limited financial conditions, it also effective method for
improving energy efficiency and quality of lighting without redesign the entire system
(Ciobanu & Pentiuc, 2016).

Dilouie (2011) indicated that although labor and equipment cost remained
comparatively stable, the average annual increase in energy price has passed the

average rate of inflation over the past 10 years. As a result, the project that not

42



organized for investment about energy efficiency can be changed the periodic

evaluations by qualifying in later years (DilLouie, 2011).

The lighting is a business asset that is very critical both built environment and the
organization. In addition, this asset is often ignored in the existing building. Upgrading
existing lighting system to efficient lighting standard, provide up to 50% cost saving
about lighting energy according to National Lighting Bureau. Thus, building owner
focused on changing their building lighting system with more energy efficient
technologies to accomplish maximum benefit. However, the aim of the lighting is not
to obtain minimum wattage and according to its application, lighting should improve
task performance, provide visual comfort, reveal form and architecture and attract
interest (DilLouie, 2011).

Department of Energy (DOE) indicated that (as cited in Delgoshaei et al., 2017)
development of energy efficient lighting fixture and including control strategies such
as occupancy and vacancy sensors provides an opportunity to save up 75% and The
U.S. Department of Energy (DOE) is promoting research projects for providing high
quality and energy efficient generation of Light-Emitting Diode (LED) and Organic
Light Emitting Diode (OLED) lighting product. In addition, Interior Lighting
Campaign for Better Buildings design to save over $2 billion USD electricity cost
annually by upgrading the efficiency of existing lighting fixture (Delgoshaei et al.,
2017).

There are many alternatives that include various types of lighting technology are
measured in terms of visual comfort conditions and lighting energy efficiency (Sener
Yilmaz, 2016). In addition, because of the inefficiency of the common lightings such
as incandescent, fluorescent and halogen lamps, existing lighting retrofit enables to
achieve high efficiency in terms of energy by preferring LED solid-state lighting that
has long life-time and low maintenance (Ko et al., 2011).

Before the retrofit application, project qualification is significant phase to achieve

successful retrofit project. For the initial assessment of retrofit potential, a preliminary

43



screening is used decide if a detailed lighting audit. This preliminary study composes
of a quick walkthrough of building for defining the predominant type of lighting
equipment and making lighting level measures at some part of the building. In
addition, if there is accurate plan and photographs of the building, they also provide
quick determination of retrofit project (Benya & Leban, 2011).

In some conditions, it is obvious that retrofit is worthwhile. These conditions are:
othe facility has long hours of operation

+old lighting system that installed before 1990

sthe facility has high electricity demand

othe facility has excessive illuminance

sthe facility has incandescent lighting

After deciding that retrofit is beneficial for existing lighting system, type of retrofit
should be decided. There is various type of retrofit application from simple
replacement of light bulbs to changing whole lighting system that includes electrical

wiring, socket (Benya & Leban, 2011).

Table 2.3. Table of lighting retrofit strategies

Lighting System Components

Type of Retrofit Strategies
Electricity Wiring Controller Socket Outlet Light Fixture
Type 1/ Lighting Fixture Replacement Constant Constant Constant Renewed
Type 2/ Partial Change of Equipment Constant Constant Renewed Renewed
Type 3/Partial Change of Equipment Constant or/and Renewed | or/and Renewed | or/and Renewed
Smart Metering
. Control
Type 4/ Complete Change of Equipment Renewed Renewed Renewed Renewed .
Communication
Wireless
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According to retrofit examples in the literature, retrofit strategies can be categorized
into four main types (Table 2.4.).

Type 1: It is based on simple lighting fixture replacement.

Type 2: It includes renewing lighting system equipment partially. Socket outlets and
light fixtures are the changing components of the lighting system. Especially, in office
examples, with the change of the suspending ceiling, both sockets and light fixtures is

renewed.

Type 3: It is also partial change of equipment. Different type of lighting components
can be renewed according to lighting system needs. Utilizing motion sensor in the
residential building corridors is an example for Type 3.

Type 4: It includes complete change of equipment. Smart lighting application that
controls the energy efficient lighting fixture with intelligent sensors is an example for
this type of retrofit, variety of sensors and control technologies integration provide to
achieve higher energy efficiency lighting system. Wireless sensors and actuator

networks can be used for sensor based intelligent lighting system.

There are many advantages of the lighting retrofit for building owners and the building
users. While the direct benefits are related to reducing electricity demand, energy
saving and decreasing building operational cost, improved lighting quality, potential
increases in productivity are less quantifiable advantages of it (Benya & Leban, 2011).

2.3.4. Architectural Solutions

Design of the physical characteristics of the buildings in terms of form, orientation,
envelopes materials and types (such as transparent or solid material), color of the
fagade and architectural elements for sun protection such as overhangs, blinds, vertical

fins, is one of the factors that affect the building energy consumption. In this respect,
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compactness that can be defined as the suitable proportional relation between building
volume, useful area and envelope (compactness direct quotation ‘an ability of a
building volume to fit as much useful area into the external envelope (the totality of
external walls, windows, roof and lower heated floor areas) as possible) is important
parameter that should be consider for energy efficiency of the building. Moreover,
compactness is not only affecting the energy demand in operational phase, but also
the efficiency of the construction and demolition process of the building in terms of
energy requirements such as extraction, processing, recycling etc. and material

quantity.

Although the buildings have the same shapes and volumes, architectural layout
characteristics such as number of floors, location and proportion of the heated spaces
etc. can altered the energy efficiency. In addition, window area and solar transmittance
abilities are the other factor that should be considered in terms of compactness due to

the effect on energy flow between facility and exterior (Parasonis et al., 2012).

2.3.5. Renewable Energy Sources

On demand side, building envelope, electrical system and mechanical system retrofits
come into prominence in terms of increasing indoor air quality, proving thermal
comfort and reduce energy demand. On the supply side, cutting edge energy
conversion and storage technologies like heat pumps and combined heat and power
system and renewable energy resources like solar, wind geothermal and biomass

technologies become crucial (Donnarumma & Fiore, 2017).

Solar Thermal Energy Systems

Solar Thermal Energy (STE) Systems are one of the renewable energy sources that

transforms solar energy into heat energy. With development of the technology,

46



efficiency of the STE systems is improved while reducing cost. In other words, heat

storage capacity and durability of the systems are enhanced (Raccurt & Disdier, 2017).

There are two main types of collectors: flat-plate collector and evacuated tube
collector. Flat-plate collectors are composed of collectors, flow channels (pipes),
circulation pumps and water tanks. In terms of heat loss, flat-plate collectors have
some deficiencies because of the gap between the glass cover and heat collecting
panel. Significant amount of heat is lost due to the convection and the conduction of
air in the gap. Especially in winter season, system can be damaged because of freezing.
Unlike flat-plate collectors, tube collectors are well insulated. In addition, tube

collectors are highly efficiency in terms of heat collecting (Zhou et al., 2018).

Although, STE systems are available in daytimes, heating energy demand can reach
the peak point in the evening. Mismatch between energy source and demand can be
solved with seasonal solar thermal energy storage (SSTES) systems (Ma et al., 2019).
In addition, phase change materials (PCM) such as organic paraffins and inorganic
salts can store the latent heat during daytime (Touati et al., 2017). PCM also provide
temperature balance of the water in tube collectors by storing excess heat. Therefore,
thermal storage capacity of the system can be increased without any extra storage
volume (Zhou et al., 2018).

Solar Electricity Equipment

Energy demand is increasing day by day due to many reasons such as population
growth, technological developments, industrialization, comfort of people etc. and the
difference between production and consumption is opened day by day. Therefore,
solar energy is one of the renewable energy sources that the buildings can benefit from.
The buildings designed to benefit from the sun can be used with passive methods and
it is also possible to use sun energy with active systems that are added or integrated
into the building. Photovoltaic (PV) solar cell, one of active systems, is device that

convert sunlight directly into electrical energy. The word "photovoltaic" comes from
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the combination of the word "photos” and "voltaic" from Alessandro Volto, the

pioneer of electricity (Saymn & Kog, 2011).

PV system consist of five main components: PV modules, inverters (converters),
battery, charge control units and other system components. PV modules are the most
important part of the system. PV cells are produced from semiconductor materials that
generate electricity with the energy they receive from the sun. These cells, which are
thin enough to be measured by micrometer, are generally square, rectangular or

circular and their area is around 100cm? (Sayin & Kog, 2011).
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Figure 2.15. Photovoltaic cell, module, panel and solar array (Celebi, 2002)

The energy obtained from a single PV cell is relatively small. For this reason, the cells
have connected each other in order to create modules. The panels are also generated
by the combining of the modules. To generate large amounts of electricity, the panels
are connected to each other to form a solar PV array as show in Figure 2.15. that is
translated from Turkish (Celebi, 2002). Typical PV module consist of three main
layers from back to front respectively: PET (poly ethylene terephthalate) film, PV cell
and PET film or glass (Figure 2.16.) (Sayin & Kog, 2011).

PV panels, one of the clean energy sources, is increasing with development of the

technology and increasing efficiency of the systems. However, energy demand is not
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only during daytime, but also peak energy load is generally generated in evening
period for some types of buildings. Thus, combination of PV system with battery
storage is the requirement to meet the energy need in evening. However, high-capacity
battery storage generates additional cost for hybrid PV systems. Therefore, hybrid
energy storage systems, which are designed to meet the daily energy needs, can reach

the optimum level in terms of performance and cost (Hafiz et al., 2018).

Tempered Glass
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PET Film
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Figure 2.16. A typical PV module structure (as cited in Sayin & Kog, 2011)

Monitoring of produced energy is very critical issue for increasing number and size of
PV panels. Because, the performance of the same panels can vary considerably due to
many factors. For example, geographical location and position of panels are the main
factors that affect amount of energy produced due to the variation of the irradiance. In
addition, local weather condition like cloud intensity can cause unpredictable amount
of energy production. Even if the PV panels are the same location or side by side,
elements such as trees, buildings etc. in the nearby environment are other factors that
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affect the energy production performance (Huuhtanen & Jung, 2018). Another factor
that reduces the efficiency of PV panels is surface contamination. The effect of this
pollution, which is due to environmental factors, decreased the performance of the
module by 3.5% in a study (as cited in Saymn & Kog, 2011). Therefore, the location
where the PV module is installed should be suitable for cleaning its surface (Sayin &
Kog, 2011). In addition, roofs are preferred as the place for the installation of PV
panels. However, in the literature, there are researches about the PV panels that can

be installed on south-facing facades (Zogou & Stapountzis, 2011).

Because of the energy performance variation of PV panels, electrical power
production is generally monitored based on data from the sensors connected to the PV
panels. In typical monitoring systems, time-power curves of electrical power
production can be generated and visualized. Thus, in the literature, there are some

studies related to predictive maintenance of PV panels (Huuhtanen & Jung, 2018).

Utilizing renewable energy systems has been growing recently. Installation of this
non-polluting energy resources is promoted by government agencies with funding and
tax reduction. Thus, decision about PV panels energy production capacity and
installation location is important decisions that should be analyzed in detail (Karoui et
al., 2018).

2.4. Effects of the Climate Characteristics on Sustainability

Climate is one of the main factors affecting the energy performance of buildings. As
the weather conditions directly affects the indoor environment and increasing or
decreasing this temperature to the comfort conditions lead the amount of energy
consumed for the heating requirement. Therefore, the climate characteristics should
be analyzed in detail and the result of this analysis should be considered in decision

making process of energy retrofit strategies to be applied (AlFaris et al., 2016).
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The proposed technologies and solutions for energy efficiency of the building differ
according to the climate type. For example, low thermal transmittance of doors and
windows is proper for cold climate regions and it is recommended to use sun shading
devices on building facades for hot-humid climate. In other words, the compatibility
of proposed systems and technologies to climate of building should be considered for

achieving energy efficiency (Liu & Ren, 2018).

For example, there are many studies in the literature that the optimum thickness is
different for each climate type (Ozkan & Onan, 2011) (Comakli & Yiiksel, 2003)
(Golcti et al., 2006). In addition, Aktemur and Atikol (2017) have been carried out to
determine the optimum insulation thickness, which varies according to climate
characteristics, material types and energy resources. According to these studies, it is
noted that climate and the amount of energy consumption affects the optimum
thickness of insulation (Aktemur & Atikol, 2017).

In the literature, there is also research of Mutlu on the sustainability of the systems
chosen for heating requirement in different climates. According to this study, it has
been determined that AC systems are more effective in high temperate climates,
whereas in cold regions, natural gas is more sustainable than heat pump. In addition,
it is stated that outdoor air temperature affects the performance of the coefficient and
climate has a significant impact on the sustainability of buildings (Mutlu, 2018).

Energy retrofit is one of the approaches required to ensure energy efficiency of
buildings and reduce CO emissions. It is possible to use the potentials of the buildings
in terms of energy efficiency with a correct retrofit plan. However, the same retrofit
plan does not show the same energy performance in different climates. As a result,
climate specific retrofit scenarios need to be created and the feasibility of these
scenarios should be studied. Thus, potential energy savings of retrofit plans are better
understood and guided by decision makers (Yao et al., 2016).

The suggestion of feasible retrofit measures is a priority for type building project and

it will guide the decision makers in the retrofits, which will be done in large numbers.
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Retrofit strategies specific to climate type can be encouraging for investors because of
their high energy saving potential and, cost-optimal level of building can be defined
according to climates. In addition, it is very important that standards such as TS825,
the guide for buildings, meet the requirements of cost-optimality. According to
climates, there should be a consistency between building standards and energy
performances. In addition, according to Ashrafian Touraj et al (2016) studies, the
standards proposed by TS 825 for cold climate are weak and provide low energy and

cost performance (Ashrafian et al., 2016).

2.5. Critical Analysis of Literature Review

Proving sustainability in school building has great importance in the reviewed
literature. There are many studies in the literature related to energy efficiency,
sustainability, energy retrofit measures, existing buildings and school buildings

renovation projects. In this study, a detailed research has been done in the scope.

Many sources have been found in the literature regarding the importance of the
sustainability of school buildings and general information about techniques that can
be applied to improve sustainability in school building. In these studies, specific
projects were studied, and analysis results of these projects were presented.

In the literature, the importance of sustainability and energy efficiency is underlined.
It stated that energy efficiency and sustainability should be provided not only in new
buildings, but also in existing buildings. In addition, it is also reported that energy
retrofitting for many existing buildings is a requirement to increase sustainability.
Moreover, there are numerous studies in the literature to determine the appropriate
retrofit strategy for buildings and to ensure an optimum relationship between energy
efficiency and cost.
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Existing approaches include analyzes based on specific climates for specific buildings.
In the literature, only a few studies focus on the retrofit scenarios that can be applied

in different climates. However, only energy efficiency is emphasized in these studies.

In addition, sustainable impact of retrofit measures is studied only in the study of Jafari
and Valentine (Jafari & Valentin, 2017). However, in this study, it is not stated that

these retrofits have different sustainability effects in different climates.

In other words, there is no study in the literature that retrofits have an impact not only
on energy efficiency but also on sustainability and this sustainability effect can vary

in different climatic regions.

In this study, it is aimed to study the sustainability effect of retrofits in different
climates considering these gaps in the literature. As a case study, type school project
that were built in different climatic regions across the country with low energy
performance, is selected. Thus, a study that evaluate the sustainability effect and

climate parameters for retrofit types was aimed.
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CHAPTER 3

MATERIAL AND METHOD

In this chapter, the materials and methods of thesis are explained. Firstly, proposed
sustainability assessment technique is explained. After, materials of this study are
determined, and detail information related to selected materials are given in the data
collection section. In addition, case studies that are necessary for evaluation of the
hypothesis, are defined. At the end of this section, general overview related to case

studies and the research hypothesis are generated.

3.1. Sustainability Assessment Techniques

There are many different sustainability assessment techniques as mentioned in

previous chapters in terms of economic, environmental and social aspects.

In the research study of Jafari and Valentine, while the amount of greenhouse gases
emission is used to measure the effect of energy retrofit measures on ecological
sustainability, the effect on economic sustainability is calculated with payback period
analysis. In addition, with the survey on building academic researchers, social

sustainability of retrofit measures is evaluated.

In this study, to measure the sustainability effect of retrofit types implemented to
school building in different climates, sustainability measurement methods in the study
of Jafari and Valentine are used, and it is aimed to evaluate the relationship between

the concepts of climate, retrofit measures and sustainability (Jafari & Valentin, 2017).
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Therefore, economic sustainability is measured with payback analysis based on
product cost, labor costs and discount rate. Ecological sustainability is evaluated by
decreasing the released amount of CO>. At the same time, the effects of retrofit studies
on productivity, health and comfort factors were evaluated and social sustainability is
assessed with the survey on educators about social sustainability of retrofit measures.
Consequently, the sustainability effect is defined as the sum of economic,

environmental and social sustainability.

3.2. Material Selection

In this part, because of the purpose of this study, information related to type 735 school
project, the proposed energy retrofit measures and climate types in Turkey are given.

3.2.1. Type 735 School Building

In this research, type 735 school buildings that has been built many times before the

year 2000 with some minor changes all over the country, was selected as a case study.

Based on the interview it became clear that an energy retrofit strategy for type 735
school building was proven to be very important as it would serve as an example for
schools across the country. In addition, how the Ministry has proceeded to improve
the existing school structures was better understood. According to the information
provided in this meeting, currently two different types of retrofit are conducted at
schools in Turkey: ‘maintenance and repair’ (‘bakim onarim’ in Turkish) and ‘large

repair’ (‘biliylik onarim’ in Turkish).

The maintenance and repair expenses cover the small-scale activities such as paint,

whitewash etc. which are required to be done annually. Large repair costs are long-
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term modifications. Such as exterior thermal sheathing and insulation works,

renovation the mechanical systems of school buildings, structural reinforcement etc.

The Ministry of Education has a limited budget for large repair costs. Therefore,
deciding for which retrofit types this budget will be spent is another problem in large
scale repair planning. In addition, according to another information received from the
Ministry, it is stated that the works carried out within the scope of large repairs are
similar for the type projects and the same type of retrofits are applied to same type
school projects. However, it was stated that the location of the school building,
building orientation and climate type were not taken into consideration and no
feasibility study based on the location was made in the determination of these
retrofitting plan. Furthermore, it has been stated that the Ministry of Education
attaches importance to energy efficiency through pilot projects carried out in recent

years.

As a result, energy retrofit is a necessity for school projects built between 1950 and
2000 throughout the country. In retrofit projects that are planned to be implemented
for such type school buildings, it is important to consider the location of the project
and the climate zone of project location in terms of energy efficiency and
sustainability. Therefore, it is necessary to prepare retrofit plan according to the
climate region of the project location, since the same types of retrofits that can be
proposed for each climate region will have different impact on energy efficiency and

sustainability.

Therefore, proposed retrofit strategies according to climate characteristic provide to
maximize the potential impact of overall energy saving. To examine potential of the
energy retrofits in different climate, four cities in four climatic regions determined by
TSE (Figure 3.1.) (Turkish Standards Institute, 2009) and type 735 school projects in
these provinces were decided. These schools, and their climate zones are listed below
and shown in the (Figure 3.1.):
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e Climate Region I: Aydin, Adnan Menderes Anatolian High School (Figure
3.2)

e Climate Region Il: Tekirdag, Silleyman Pasa Kadriye Nazif Golge Vocatonal
and Technical Anatolian High School (Figure 3.3.)

e Climate Region Ill: Ankara, Ayranci Anatolian High School or Ayranci
Anatolian High School (Figure 3.4.)

e Climate Region IV: Erzincan, Erzincan Atatiirk Vocational and Technical
Anatolian High School (Figure 3.5.)

Tekirdag

- 1. Region - 2. Region - 3. Region | 4. Region

01- ADANA' 10- BALIKESIR 19- CORUM 28- GIRESUN 37- KASTAMONU 46- KMARAS 55- SAMSUN 64- USAK 73- SIRNAK
02- ADIYAMAN 11- BILECIK 20- DENIZLI 29- GUMUSHANE 38- KAYSERI 47- MARDIN 56- SIIRT 65- VAN 74- BARTIN
03- AFYON 12- BINGOL 21- DIYARBAKIR 30- HAKKARI 39- KIRKLARELI 48- MUGLA 57- SINOP 66- YOZGAT 75- ARDAHAN
04- AGRI 13- BITLIS 22- EDIRNE 31- HATAY 40- KIRSEHIR 49- MUS 58- SIVAS 67- ZONGULDAK 76- IGDIR

05- AMASYA 14- BOLU 23. ELAZIG 32- ISPARTA 41- KOCAELI 50- NEVSEHIR 59- TEKIRDAG 68- AKSARAY 77- YALOVA
06- ANKARA 15- BURDUR 24- ERZINCAN 33- ICEL. 42- KONYA 51- NIGDE 60- TOKAT 69- BAYBURT 78- KARABUK
07- ANTALYA 16- BURSA 25- 34- ISTANBUL 43- KUTAHYA 52- ORDU 61- TRABZON 70- 79- KiLis

08- ARTVIN 17- KALE 26- 35- iZMIR 44- MALATYA 53- RIZE 62- TUNCELI 71- KIRIKKALE 80- OSMANIYE
09- AYDIN 18- CANKIRI 27- GAZIANTEP 36- KARS 45- MANISA 54- SAKARYA 63- SANLIURFA 72- BATMAN 81- DUZCE

Figure 3.1. HDD regions identified by TS 825 in Turkey (Turkish Standards Institute, 2009)
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Figure 3.2. Aerial view, location and orientation of Aydin Adnan Menderes Anatolian High School
(Source: “Aydin, Adnan Menderes Anatolian High School”, 37°50°43.41°°N, 27°49°48.57"’E.
Google Earth. 07/27/2018. Accessed: 03/20/2019.))

Figure 3.3. Aerial view, location and orientation of Tekirdag Siileyman Pasa Kadriye Nazif Golge
Vocational and Technical Anatolian High School (Source: “Tekirdag Siileyman Paga Kadriye Nazif
Golge Vocational and Technical Anatolian High School”,40°57°41.71°°N, 27°29°19.92”°E. Google

Earth. 08/04/2017. Accessed: 03/20/2019.)
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Figure 3.4. Aerial view, location and orientation of Ayranci Anatolian High School (Source:
“Ayranci Anatolian High School”, 39°53°18.33"°N, 32°50°51.04"’E. Google Earth. 09/24/2018
Accessed: 28/04/2019.)

Figure 3.5. Aerial view, location and orientation of Erzincan Atatiirk Vocational and Technical
Anatolian High School (Source: “Erzincan Atatiirk Vocational and Technical Anatolian High
School”, 39°44°30.05°N, 39°30°19.55”’E. Google Earth. 09/24/2018. Accessed: 03/20/2019.)
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The selected high schools in Ankara and Aydin were established in 1996 and 1992
respectively. However, the date of establishment of high schools in Tekirdag and
Erzincan is not clear, but it is known to be before 2000 based on the interview with

Ministry of Education.

In this research study, Ayranci Anatolian High School in Ankara, was selected as a
case study and a site trip was organized on March 14, 2019. Ayranci Anatolian High
School was built on public land in Hosdere Street No: 139 in Yukar1 Ayranci
neighborhood of Cankaya district, of Ankara province (Ankara Ayranct Anadolu

Lisesi, 2019). The school has a large garden on the front side.
Brief information about the school is listed below:

e The construction year of the school buildings is 1996;

e Current number of students is 698;

e Total number of classrooms is 24, including a computer laboratory and 2
laboratories;

e Total area of the construction is 3240 m?;

e The building consists of two main blocks on different levels that connected to
each other with core containing a staircase and sanitary facilities. Each of block
has 4 main floors (including the basement floor);

e The school also includes of a library and cafeteria.
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Figure 3.6. Typical floor plan with marked two blocks: B1 and B2

Figure 3.7. West facade of Ayranci Anatolian High School in Ankara
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Figure 3.8. North fagade of the school building

External Walls and Structure of the Building

According to plan and site photographs, East-West elevations of the building and
South-North elevations has a substantially equal number of windows openings. In
addition, South-North elevation of the building has only a few openings.

According to site visit, it is detected that the school building has been constructed as
concrete frame building with block infills. Moreover, on the short facades of the
building (North and South facades), there are shear walls. (Figure 3.8.) In addition,
external walls of the building have no thermal insulation layer and base of the ground

wall is concrete without any thermal and waterproofing layer.
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Roof and Floors

The building has pitched roof that forms a cold and unoccupied roof space. Top of the
roof is covered with board and tiles. In addition, at the top of the concrete slab of the
unoccupied roof space and there is no insulation layer.

According to observation and measures, the building consists of 20cm thick concrete
slabs. While in wet spaces, floor finish is tile; in other space, floor finish is terrazzo.
In addition, at the ground floor slab, it is expected that there is also no thermal

insulation.
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Figure 3.9. Section of the school building
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Doors and Windows

In the building, there are two external doors on West fagade. They provide the entrance
for B1 and B2 blocks. Doors are metal framed doors with single glazing. Windows of
the building is PVC framed with double glazing. At West and East fagades, windows
have same dimensions and was placed in groups of three (Figure 3.10.). Although, the
longest fagades of the building are west and east fagade, there are no sun shading

devices or glare control on these facades.

Figure 3.10. PVC framed double glazed window group
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Lighting

Lighting system constitutes major part of the electrical energy consumption of the
school. In the existing lighting system of the school surface mounted fluorescent lamps
were preferred. Each classroom has 8 fluorescent lamp fixtures. Technical

specification of the lighting equipment is shown in Table 3.1.

Table 3.1. Existing Lighting Fixture Specifications

Existing Fixture
Power (W) 36
Lumen Output (Im) 2500

Heating and Ventilation

The school heated by boiler fired with natural gas. In addition, in heating system

tubular radiators was installed and heating distribution pipes partially insulated.

Each classroom in the school have 6 windows in two groups of 3. All the window can

be opened for ventilation.

In the school building, there is no a central hot water system. Therefore, in WCs and
other spaces, cold water is supplied. In the Kitchen of the canteen, electric kettle is

used for hot water

Energy Modelling

In this study, in order to evaluate the impact of retrofit types applied to existing school
buildings on sustainability, baseline energy model of existing four school buildings in
different climatic regions were prepared and the physical characteristics of Ayranci
Anatolian High School building were taken as basis for these energy models. It was
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assumed that this school building have the same physical conditions and orientation

in each climatic region.

A field trip to the aforementioned school was conducted to gather a relevant data from
from the existing school. In the light of the information obtained during the field trip,
the baseline energy model of the existing Type school project in Ankara was prepared
using the Design Builder software. (Figure 3.11.) Design Builder is an Energy Plus
based software tool designed to measure and control performance in terms of energy,
carbon, lighting and comfort. Energy Plus is a building energy simulation program
developed by the US Department of Energy to model building heating, cooling,
lighting, ventilation and other energy flows. In addition, Design Builder allows to
combine three-dimensional building modeling with dynamic energy simulation
(Design Builder, 2019).

Figure 3.11. Existing building energy model in Design Builder Software
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[ Location Template
*;Template ESENBOGA
- Site Location ¥
Latitude (%) 40,12
Longitude () 33,00
ASHRAE climate zone 4B -

Figure 3.12. Energy model location data of buildings in Ankara

While preparing the energy model of the existing type school building in Ankara, 4B
ASHRAE climate zone and ‘Esenboga’ location template was selected for defining of

location data. (Figure 3.12.)

The energy model layout of the existing building was modelled in accordance with
the information obtained during the field trip. In this baseline energy model, the
exterior walls of the building were defined as 25cm thick brick wall and 3cm thick
cement-based plaster layer is defined on the inside and outside of this wall. In addition,
the interior slabs and flat roof slab were defined as uninsulated 20cm cast in place
concrete and interior slabs also have 7cm thick screed and 3cm terrazzo covering
layers. The building roof type was assigned as an unoccupied pitched roof. Since, there
is no detailed material information about the roof structure, template that is named
pitched roof with wooden structure was assigned for the roof. According to this
template, the roof layers were assumed to be 25mm thickness clay tiles on 20mm air
gap and 5mm roofing felt materials.

During the field trip, it was observed that the existing building had double glazed PVC
framed windows. Therefore, PVC framed windows with 6mm clear glasses were

defined as existing building energy model openings.

While the lighting system of the existing structure was defined in the energy model,
T5 Fluorescent lamp (25mm diam, 36W) was chosen as existing lighting fixture.
There are 8 units in each classroom (46m?) and 300Lux light levels is targeted

according to ASHRAE 90.1 standards in the classrooms. Based on this information,
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the normalized power density is calculated as 2.0869W/m?2-100lux and this

information is transferred to the energy model.

As the heating system of this energy model, a template named radiator heating and
boiler fired with natural gas, was assigned. In terms of heating requirement, the school
building was categorized into three main area types: classrooms and offices (1),
circulation areas (2) and unused spaces (3). The heating set point was fixed at 21°C
for the classrooms and offices and 15°C for the circulation areas. Unused areas such
as storage and technical areas are defined as unheated areas. (TMMOB, 2015)

In addition, natural ventilation template was assigned as a ventilation system. Thus, it
is assumed that users open windows every day at certain time intervals. The air flow
rate within this period was assumed to be 5.00 (ac/h). The occupancy period assigned
according to the user period was determined to be between 8 AM and 6 PM on

weekdays, excluding holidays.

As a result, the energy model of the existing school building in Ankara has been
completed. After that, the location and climatic information of the prepared energy
model were changed to Aydin-3A Climate Zone, Tekirdag-3C Climate Zone and
Erzincan-5A Climate Zone and these models are recorded separately to prepare the
energy models of the existing school buildings in Climate Region I, II, 11l and IV.

Table 3.2. The amount of existing building energy consumption in different climate regions

i . Heating | Lighting Energy Consumption Per m?
Climate Regions (KWh) (kwh) (KWh/m2)
1.Region-Aydin 60,885 13,600 23
2.Region-Tekirdag 107,027 14,211 37
3.Region-Ankara 191,937 13,680 63
4.Region-Erzincan 214,585 13,760 70
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The energy analysis of the energy models of the existing school buildings in the four
different climatic regions was prepared and the calculated energy consumption

amounts are shown in the table below. (Table 3.2.)

According to these calculations, the energy consumption required for the maximum
heating is in the Climate Region IV and at least in the Climate Region I. The amount
of energy spent for heating requirement from Climate Region | to Climate Region IV
Is increasing. The minimum energy requirement for lighting is in the Climate Region
I where the amount of average sunshine duration is the highest. The highest lighting
requirement is calculated for the Climate Region Il, where the amount of average

sunshine duration is the least. (Table 3.18)

In addition, based on the energy analysis, the ratio of energy consumption in school
buildings is shown in the Figure 3.13. According to this figure, heating energy

consumption for each climate zone is more than lighting energy consumption.

Existing School Buildings Energy Consumption

1. Climate Region 2. Climate Region 3. Climate Region 4. Climate Region
Aydm Tekirdas Ankara Erzincan
b 6.69% 6,03%

11 1

® Heating Energy Consumption u Lighting Energy Consumption

Figure 3.13. Existing school building energy load profile
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In addition, to ensure the accuracy and reliability of the calculated energy consumption
amounts, a comparison was made with the energy consumption amounts of another
school project in Kirikkale in the GIZ report. (G1Z, 2018) In this report, the amount
of energy consumption per m? in the school project is calculated as 82 kWh / m?a. As
a result, it was found that the calculated energy consumption amounts were close to

similar school projects. (Table 3.2.)

3.2.2. Proposed Energy Retrofit Strategy

There are many retrofit strategies that can be applied to reduce energy consumption
and to improve sustainability of buildings. In addition, there are many sources in the
literature that evaluate the retrofit strategies in terms of economic sustainability and
environmental sustainability. In this study, considering the advantages and
disadvantages of the existing school buildings, retrofit types that are implemented to

the type 735 school project was decided.

Retrofit Type 1: Envelope Insulation

Based on the interview with Ministry of Education about the school buildings, it was
stated that the main energy consumption of the existing school buildings is caused by
the heating requirement. Therefore, building envelope insulation is proper retrofit type
enables to decrease the amount of energy consumption for heating requirement.

Based on the interview with Ministry of Education, prototype 735 project is built in
1990s and there is no thermal insulation layer used for external envelope. In addition,
according to information received during the interview, it has been understood that the
same type of retrofit was recommended for type school buildings across the country.

During this interview, it was also stated that XPS insulation boards are generally used
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in the school buildings for exterior wall insulation and blanket type rockwool

insulation materials are preferred for the pitched roofs.

In recent years, building envelope insulation has been implemented to school building.
According to information received during the site trip organized on March 14, 2019
to Ayranci Anatolian High School, it is determined that there is no thermal insulation
on the exterior facades of the building. Therefore, building envelope retrofit is a
necessity for minimizing the heating energy consumption. Moreover, performance
evaluation of this retrofit type in different climate regions can be important guide in
determining the retrofit types to be preferred according to climate. For this reason, it
has been decided to implement thermal insulation to the external wall of the buildings
and on top of roof slab in the unused roof space. Considering the isolation materials
preferred by the Ministry of Education for schools, while XPS insulation boards with
5 cm thickness is selected as insulation material of the external walls, blanket type
rockwool is also preferred for the roof part. In the Table 3.3. and Table 3.4., technical

specifications of the selected material are presented.

Table 3.3. Proposed exterior wall insulation material characteristics-XPS Foamboard (Source:
http://www.izocam.com.tr/. Accessed: 10/05/2019.)

XPS Foamboard
Thickness(mm) 50
Width (mm) 600
Length (mm) 1200
Heat Conductivity Factor (W/mK) 0.3

Table 3.4. Proposed roof floor insulation material characteristics-Rockwool Blanket (Source:
http://www.izocam.com.tr/. Accessed: 10/05/2019.)

Rockwool Blanket
Thickness(mm) 100
Width (mm) 1200
Length (mm) 6000
Heat Conductivity Factor (W/mK) 0.35
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In order to evaluate the performance of envelope insulation in each climate region, the
above-mentioned envelope isolations were applied to the energy models of the
existing structures prepared for four different climate zones. In the preparation of these
energy models, XPS insulation (5cm thickness, 0.3 W/mK heat conductivity value)
and rockwool blanket (10cm thickness, 0.35 W/mK heat conductivity value) layers
were added to the outer surface of the exterior walls of the building model and the

upper surface of the roof slab, respectively.

Energy analysis of the school buildings energy models in which envelope insulation
was adapted was carried out by Energy Plus that is the energy simulation engine of
the Design builder program. The values obtained as a result of these energy analysis
are shown in the Table 3.5 below in comparison with the energy values of the existing
buildings. According to this table, in the Climate Region IV where the average annual
temperature is the lowest among the climatic zones, the annual energy saving amount
provided by envelope insulation is the highest (74,975 kWh), while the energy saving
amount is the least in Climate Region | which has the highest annual average
temperature (19,301 kwh). (Table 3.5.)

Table 3.5. The energy consumption of envelope insulated energy models in different climate regions

Energy Consumption (kWh)
Existing | Proposed | Saving
1.Region-Aydin 60,885 41,584 | 19,301
2.Region-Tekirdag | 107,027 | 68,949 | 38,078
3.Region-Ankara 191,937 | 125,624 | 66,313
4.Region-Erzincan 214585 | 139,610 | 74,975

Climate Regions

In addition, according to TSE, the maximum recommended thermal conductivity
values (U value) are given in the Table 3.6. According to Design Builder energy model

data, while the U value of the existing school building external walls is 1.7 W/m?K,
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the U value of the insulated exterior wall with 5¢cm thickness XPS board is equal to
0.44 W/m?K. (Turkish Standards Institute, 2009)

Table 3.6. U values recommended to be accepted as maximum value in climate regions (Turkish
Standardization Institute, 2009)

Climate Regions | Uw (W/m?K)
1. Region 0.70
2. Region 0.60
3. Region 0.50
4. Region 0.40

According to Table 3.6., U value of the external wall with 5 cm thick XPS insulation
is enough for the Climate Regions I, 1l and Ill. However, it is not proper for the
Climate Region IV. Since, the recommended value for Climate Region IV is 0.40
W/m?K and it is below 0.44 W/m?K. In addition, the recommended U values for the
Climate Regions I, Il and 111 respectively are 0.70, 0.60 and 0.50 W/m?2K, and these
values are above 0.44 W/m?2K. Therefore, 5 cm thick XPS insulation is suitable in the
Climate Regions I, 1l and Il according to TSE for type 735 school building. (Turkish
Standards Institute, 2009)

According to the calculations, 1681 m? XPS foamboard and 823 m? rockwool blanket
type insulation are needed for envelope insulation of the existing school building. The
minimum, maximum and most likely cost information obtained from the related
companies are as follows respectively: 75,505 TL, 110,806 TL and 95,677 TL.
(Table3.7.)
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Table 3.7. Envelope Insulation Cost

Retrofit 1- Envelope
Insulation Cost (TL)

Minimum Cost 75,505
Most Likely Cost | 95,677
Maximum Cost 110,806

Retrofit Type 2: Lighting Retrofit

One of the important conditions that should be provided in terms of efficiency and
health in schools is to provide appropriate lighting. Daylight sometimes does not
enough for providing proper lighting environment for learning activity and in these
cases, daylight should be supported by artificial lighting. In this respect, lighting
system preferences is extremely important in terms of lighting environment quality

and energy efficiency.

In this study, it has been proposed to replace the existing lighting fixture with energy

efficient and higher luminous flux. Selected lighting fixture and its specifications are

presented in Figure 3.14. and Table 3.8.

Figure 3.14. Proposed T8 Led Tube Lighting Fixture

75




Table 3.8. Proposed T8 Led Tube Fixture Characteristics

T8 LED Tube Fixture
Power (W) 21.5
Lumen Output (Im) 3,700
Lifetime (hrs) 70,000
Energy Label A++

In order to evaluate the performance of the lighting retrofit in four different climatic
regions, the existing T5 lighting fixtures were replaced with T8 LED tube fixture in
Design Builder energy model. The lumen value of the T8 LED tube is 3700 Im, while
the lifetime of this illumination is 70000hrs. Furthermore, the power of this lighting
device is 21.5 W. Although it consumes less energy than the existing lighting (Existing
lighting fixture power 36 W; lumen output 2500 Im), the amount of luminous flux of
proposed lighting fixture is higher. (Table 3.8.)

In addition, the normalized power density value required for Design builder software
to perform energy analysis was calculated. In this calculation, the power of T8 lamps
(36 W), the number of lighting fixture (8), areas of the classes (46 m?), and the
luminous flux required in these classes (300 lux) were taken into consideration and
normalized power density calculated as 1.2400 W / m2-100 lux. After the calculation,

this data was transferred to the Design Builder energy model. (Figure 3.15)

Layout || Activity | Construction | Openings || Lighting || HVAC || Generation | Outputs | CFD

[ Lighting Template

) Template T8 (25mm diam) Fluorescent - triphosphor - with L

= General Lighting
On

Normalised power density (W/m2-100 lux)  1.2400
[y4 Schedule D1_Edu_ClassFm_Light

Figure 3.15. Proposed model lighting data
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After preparing the energy models of four schools where lighting retrofit is proposed,
energy analysis was performed with the help of Energy Plus energy simulation engine.
The results obtained are presented in the Table 3.9 with the amount of existing school

building energy consumptions.

According to this information, it is observed that the amount of lighting energy
consumption and energy saving in the four climate regions are close to each other. At
the same time, these data were directly related to the average sunshine duration of
climate regions that is specified in Table 3.18.

According to the meteorological data, the average sunshine duration is in Climate
Region I, followed by 111, 1V and I1. Climatic Regions, respectively. (Table 3.18.) For
this reason, energy saving is the highest in Climate Region Il, which has the highest
energy consumption. This region is followed by Climate Region IV, Climate Region

I11 and Climate Region I, respectively. (Table 3.9.)

Table 3.9. The energy consumption of lighting retrofit energy models in different climate regions

Energy Consumption (kWh)
Existing | Proposed | Saving
1.Region-Aydin 13,600 8,172 5,428
2.Region-Tekirdag 14,211 8,443 5,768
3.Region-Ankara 13,680 8,176 5,504
4.Region-Erzincan 13,760 8,176 5,584

Climate Regions

In addition, according to the price information obtained from the manufacturer
companies for the T8 LED Tube lamps, which have been used in a total of 228 fixtures
in the school buildings, the minimum cost of this lighting is 13TL, the maximum cost
iIs 51TL and the most likely value is 37TL. In line with these prices, Total cost
information is also given in the Table 3.10 and according to table the total cost varies
between 2,964 TL and 11,628 TL. (Table 3.10.)
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Table 3.10. Lighting retrofit cost

Retrofit 2- Lighting Retrofit

Cost (TL)
Minimum Cost 2,964
Most Likely Cost | 8,436
Maximum Cost 11,628

Retrofit Type 3: PV Panel Installation

The use of renewable energy sources is vital for sustainability. In the existing school
building, the amount of electrical energy consumption is very small compared to the
amount of natural gas consumption (Figure 3.13.). However, meeting this energy with
solar energy is not only important in terms of environmental, economic aspects, but

also important in terms of social aspects. Since, using solar energy creates and increase

the awareness about sustainability.

In addition, the performance values of the PV panels producing electricity by using
solar energy expected to be various in different climate regions. Therefore, utilizing
PV panels is proposed to evaluate the sustainability of it for the type school projects

in different climate regions. The selected PV panels and their technical features are

shown in Table 3.11.
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Table 3.11. Proposed PV panel technical specification

Mechanical Characteristics

Solar Cell Polycrystalline 156mmx156mm
square, 6x12 pieces in series
Length: 1956 mm

Dimension Width: 992 mm

Height: 45 mm
Electrical Typical Values

Rated Power 330 W

Rated Current 8.65 A

Rated Voltage 37.0V

Short Circuit Current 8.95A

Open Circuit Voltage 46.4V

Module Efficiency 16.49%

Temperature Characteristics

NOCT 45°C £ 2°C

Voltage Temperature Coefficient -0.31%/k

Current Temperature Coefficient +0.06 % / k

Power Temperature Coefficient -0.40% / Kk

In order to evaluate the performance of the PV panel installation in different climate
regions, roof type solar panels were adapted to the energy models of the existing

school buildings in four climate regions.

In this research, in total, 15 PV panels with 320W electric power capacity were
proposed for the type school building in each climate regions. These panels are placed
on top of the roof of the building with 35° angle recommended for the city of Ankara.
(Koger, Sevik, & Giingér, 2016) (Figure 3.16.)
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Figure 3.16. PV panel installation on the roof of school building

In the energy generation section of the Design Builder software, which allows the
modeling of specific types of PV panels, proposed PV panel technical specification
that is given in Table 3.11. are assigned. (Figure 3.17.) At the same time, temperature
coefficient of open circuit voltage value which is not in the Table 3.4 is equal to the
ratio of open circuit voltage to voltage temperature coefficient. Therefore, this value
was also calculated. In the calculation, open circuit voltage value is 46.4V and voltage
temperature coefficient value is 0.31% k. As s result, the temperature coefficient of
open circuit voltage was calculated as 0.144 V / K and this value is also assigned to

the energy model data. (Figure 3.17)
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Edit Photovoltaic Generator - One-Diode - PV_PROPOSED 330W

Photovoltaic Generator - One-Diode

Performance Model

General v
Name
Celltype 1-Crystalline Silicon \d
Cells in series 36
Active area (m2) 1,75
Transmittance absorptance product 0.9000
Semiconductor bandgap (eV) 112
Shunt resistance (ohms) 1000000,00
Reference temperature ('C) 25,00
Reference insolation (W/m2) 1000,00
Module heat loss coefficient (W/m2-K) 30,00
Total heat capacity (J/m2-K) 50000,00
Rated electric power output per module (W) 320,00
[i4 Availahility schedule PV panel efficiency: Always 0.15

Current | |
Short circuit current (&) 8,95
Module current at max power (A) 8,65
Temperature coefficient of short circuit current (A/K) 000537

Vaoltage ¥
Open circuit voltage (V) 46.4
Module voltage at max power (V) 37.0
Temperature coefficient of open circuit valtage (v/K) -0.144

Nominal Operating Cell Temperature ¥
NOCT ambienttemperature (°C) 20,00
NOCT cell temperature (°C) 46,00
NOCT insolation (W/m2) 800

Figure 3.17. Design Builder model energy generation data of PV panels

After completion of PV panel model, the energy models prepared in the design builder
program was simulated by Energy Plus simulation engine and the amount of energy
generated by PV panels are given in the Table 3.12 below.

It has been observed that these values change in direct proportion to the average
sunshine duration of climate types. (Table 3.18.) The lowest energy production is in
the Climate Region Il with the least average sunshine duration, while the highest

energy production is in Climate Region I. (Table 3.12.)
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Table 3.12. The energy consumption of lighting retrofit energy models in different climate regions

. . Existing Energy Energy Generation
Climate Regions | e mntion (kWh) (kWh)
1.Region-Aydin 13,600 8,866

2.Region-Tekirdag 14,211 6,449
3.Region-Ankara 13,680 7,163
4.Region-Erzincan 13,760 6,900

The price information obtained from the manufacturers for the system which includes
15 PV panels with 330W power capacity and an inverter with a capacity of 5 kW, is
shown in the Table 3.13 below. According to table, the minimum, most likely and
maximum cost information of this system is 12,250 TL, 19,750 TL and 22,525 TL
respectively. (Table 3.13.)

Table 3.13. PV panels and installation cost

Retrofit 3- PV Panel Installation
Cost (TL)

Minimum Cost 12,250
Most Likely Cost 19,750
Maximum Cost 22,525

Retrofit Type 4: Heat Recovery Unit Implementation

Another factor that increases the heating energy consumption of school building is the
amount of heat lost during natural ventilation. In the natural ventilation process, some
of the produced heat energy inside indoor air is thrown out of the windows in the body
of the polluted air. The previously mentioned HRV devices are technologies that
minimize the heating energy loss caused by natural ventilation (Ribe et al., 2019) (Al-
Zubaydi & Hong, 2018) (Kassai, 2017).
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In type 735 school buildings and many other school buildings, ventilation is provided
by natural ventilation. At the same time, indoor air quality has a huge impact on not
only occupant’s health but also on learning performance of the students. In other
words, as mentioned before in the literature review section, indoor air quality has a
significant impacts on student health, productivity and comfort in school building, and
restriction of natural ventilation due to heat loss in school buildings will have a
negative impact on health, comfort and productivity of the children (Sahin &
Dostoglu, 2015) (Kocabas & Bademcioglu, 2016).

Therefore, it is suggested to utilize decentralized/independent HRV devices which
provide continuity of ventilation with minimizing heat loss and the evaluation of this
retrofit type is exemplary for all other naturally ventilated schools. With these devices,
it is aimed to increase the indoor air quality by providing continuity of ventilation in
school buildings where there is no mechanical ventilation. The basic operating
principle and energy recovery principles of these devices was mentioned in the

literature review part. (Figure 3.19.)

In this project, the proposed HRV device has 2 connections in total, namely inlet and
outlet. While the fan inside these devices blows the air inside for 70 seconds, it runs
in reverse direction and blows the outside air inside. During the blowing of the heated
and dirty air inside, the heat energy inside the air is transferred to the air to air heat
exchanger of the device and the dirty air which has lost a significant part of its energy
is discharged. In the other 70 second period, the heat energy stored in the air to air
heat exchanger is transferred to the fresh and cold air taken from outside. Thus, the
cold and fresh air taken from outside is heated before being fed to the interior space.
Consequently, as a principle of energy recovery, energy in a system can be transferred

to another system and this minimizes the heating energy load. (Figure 3.18.)
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Figure 3.18. Proposed sample of decentralized HRV units (Source:
“https://www.dampprevention.ie/en/vrt. Accessed: 10/05/2019.)

In accordance with the information received from the companies that manufacture,
sell and install HRV devices, independent heat recovery devices shown in Figure 3.18.
are proposed for the school buildings. At the same time, expert opinions and methods
were used in the selection of the required HRV device and calculation of the number
of devices required. These experts recommend 6 independent HRV devices for classes
with 3.40m story height and 46 m? in existing school buildings. At the same time, this
recommendation was confirmed by minimum ventilation rates according to ASHRAE
standards. As shown in the Table 3.14. below, the minimum ventilation rate of the
classes is 5 L/s.person. This value is equal to 9 m® fresh air per person per hour. At
the same time, since the recommended HRV devices circulate 45 m2 of air per hour,
it is confirmed that one device should be proposed for every five people. According
to this information, 6 HRV devices are recommended for each 30-person standard
classes. As a result of these calculations, considering the total number of classes and

84



sizes, it was found appropriate to propose 154 HRV devices to the type school

structure.
Table 3.14. Minimum ventilation rates in breathing zone (ASHRAE, 2015)
People Outdoor Area Outdoor Defanit Values
Occupancy .-\erRale .-\erRnte Occupant Density  Combined Ou‘ldoor Air
Galepory P a Notes (see Note 4) Air Rate (see Note 5) S
p'::zn p:;,ssf;n cfm/f’ Lism? ot/l]i? 100‘:)[::12 p::l:)ln Lipersen
Correctional Facilities
Cell 5 25 0.12 0.6 25 10 49 2
Dayroom 5 25 0.06 03 30 7 35 1
Guard stations 5 25 0.06 03 15 9 45 1
Booking/waiting 715 38 0.06 03 50 9 44 2
Educational Facilities
Daycare (through age 4) 10 5 0.18 0.9 25 17 8.6 2
Daycare sickroom 10 5 0.18 0.9 25 17 8.6 3
Classrooms (ages 5-8) 10 5 0.12 0.6 25 15 74 1
IClassrooms (age 9 plus) 10 5 0.12 0.6 35 13 6.7 1 I
Lecture classroom S 38 0.06 03 H 65 8 43 1
Lecture hall (fixed seats) 75 38 0.06 0.3 H 150 8 4.0 1
Art classroom 10 5 0.18 0.9 20 19 9.5 2
Science laboratories 10 5 0.18 0.9 25 17 8.6 2
:‘fl"bo“r:’[;‘r’l‘t:“l'“‘ 10 s 018 09 25 17 86 2
Wood/metal shop 10 5 0.18 0.9 20 19 9.5 2
Computer lab 10 5 0.12 0.6 25 15 74 1
Media center 10 5 0.12 0.6 A 25 15 74 1
Music/theater/dance 10 5 0.06 03 H 35 12 59 1
Multiuse assembly 75 38 0.06 0.3 H 100 8 4.1 1
Food and Beverage Service
Restaurant dining rooms 7.5 38 0.18 0.9 70 10 5.1 2
Cafeteria/fast-food dining 75 38 0.18 0.9 100 9 4.7 2
Bars, cocktail lounges 75 38 0.18 0.9 100 9 47 2
Kitchen (cooking) 7.5 38 0.12 0.6 20 14 7.0 2
General
Break rooms 5 25 0.06 0.3 H 25 7 35 1

In addition, one of these devices consumes 3 W/h energy. This value is neglected in
the energy calculations since the electricity consumption of this device is very low
compared to the total electricity consumption.
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Design builder energy model, which was prepared according to the capacity
calculations and performance values, was analyzed with Energy Plus simulation
engine. The energy saving amounts obtained as a result of the analyzes are as in the
Table 3.15. According to the energy analysis, the energy saving amount is the most in
Climate Region IV where the heating energy load is high, while the energy saving
amount is the least in Climate Region | where the heating energy load is the least.
(Table 3.15.)

Table 3.15. The energy consumption of HRV unit implemented energy models in different climate

regions

Energy Consumption (kWh)
Existing | Proposed | Saving
1.Region-Aydin 60,885 51,396 | 9,489
2.Region-Tekirdag | 107,027 | 86,550 | 20,477
3.Region-Ankara 191,937 | 162,809 | 29,128
4.Region-Erzincan 214,585 | 180,541 | 34,044

Climate Regions

At the same time, according to the price information obtained from the manufacturer
companies, the device and installation value of one of these devices ranged between
450 Euro and 650 Euro and the most likely value was 500 Euro. Based on these prices,
the minimum, maximum and most probably cost values of this retrofit type are
calculated and given in the Table 3.16. HRV unit implementation cost ranges from
487,179TL to 703,703TL. In this calculation, the value of 1 Euro was calculated as
7.03 TL. When these values are compared with other retrofit types, the initial

investment cost of HRV devices is very high.
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Table 3.16. HRV units and installation cost

Retrofit 4- HRV Unit Implementation
Cost (TL)
Minimum Cost 487,179
Most Likely Cost 541,310
Maximum Cost 703,703

Consequently, it was decided to evaluate four different retrofits about building
envelope, mechanical system, electrical system and renewable energy sources in this

study and these retrofit types are summarized in Table 3.17.

Table 3.17. Proposed retrofit types

Type Retrofit Measures Energy-Related Activities

Insulate Walls

Retrofit 1 Building Envelope -
Insulate Attic Space

Replace existing lighting with energy efficient

Retrofit 2 Electrical System LED lightings
Retrofit 3 | Renewable Energy Sources PV Installation
Retrofit 4 Mechanical System Heat Recovery Units Installation

3.2.3. Characteristics of Climate Regions in Turkey

In Turkey, there are four climate regions according to TSE report (Turkish Standards

Institute, 2009). The schools in the research are exemplified from these climate
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regions. However, these climate types do not directly correspond to the climate zones

in international standards.

Design Builder program that is preferred for energy modeling offers an energy
analysis based on ASHRAE climate types. For this reason, ASHRAE climate zones,

which were defined according to the selected cities, were evaluated.

According to the Design Builder program, Ankara and Erzincan are in the 5A and 4B
climate regions, respectively. However, according to the data published by the General
Directorate of Meteorology, the annual temperature values of Erzurum are lower than
Ankara and Erzurum have a cooler climate (General Directorate of Meteorology,
2019).

Due to this problem, the literature about this subject was examined and it was seen
that Ankara was in the 4th climate zone according to ASHRAE standard (Ab, 2007).

Moreover, in the research of Oztiirk et al., Turkey's climate zones have been studied

according to the Képpen-Geiger climate types (Figure 3.19.) (Oztiirk et al., 2017).

Karadeniz

%;”ﬂm Akdeniz

Figure 3.19. Koppen-Geiger Climate Zone in Turkey (Oztiirk et al., 2017)
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When, the climate zone map determined by TSE superposed with this map, the new

climate map is generated in Figure 3.20.

According to the Koppen-Geiger Climate Zone, selected climate zones Csa, Cfa, Bsk
and Dsb correspond to the TSE climate regions I, 11, 111 and IV respectively (Figure
3.9).

Based on this information, ASHRAE climate types corresponding to Koppen-Geiger
climate zones were determined and 3A, 3C, 4B and 5A climate types are determined

for the climate regions I, 11, 11l and 1V, respectively (Table 3.18.).

As a result, Table 3.18., which includes the heating and cooling degree days, altitude,
latitude and longitude values of the provinces by using the information obtained from
the General Directorate of Meteorology, was formed. In this research study, it was
emphasized that the values of the simulation model and the values in the above
prepared table are consistent and parallel during the energy modelling and analysis
process.

36°E
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Figure 3.20. Superposition of TSE climate Zone and Kopper-Geiger Climate Zone Map

89



Table 3.18. Climate Regions Characteristics
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2. Region | 3C Cfa | Tekirdag | 3 27:31E | 40:59 N | 1582 | 273 69
. 32:52 )
3. Region | 4B Bsk | Ankara | 870 E 39:56 N | 1951 | 211 82
. . . 39:44
4. Region 5A Dsb | Erzincan | 1214 | 39:29 E N 2166 | 155 79

3.3. Research Approach - Sustainability Assessment of Retrofit Measures

Energy retrofit strategies are very important in terms of energy efficiency and

sustainability. However, these strategies have different effects on energy efficiency

and sustainability due to climatic differences in type projects.

In this research, the analysis of the sustainability of the energy retrofit strategies for

the type 735 structure, which is a case study project, in different climates, and the

retrofit studies were evaluated with a climate-based approach. Therefore, in

‘Sustainability Assessment Model” section, it is explained how case studies are

designed to evaluate the effect of different retrofit types on sustainability in different

climates.
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In the research of Jafari and Valentin (Jafari & Valentin, 2017) about assessing the
sustainability impact of proposed energy retrofit, sustainability was defined as the sum

of economic, environmental and social sustainability.

However, these three sustainability criteria should not be considered equally important
for each project and the weight of these three criteria can be different for different
cases. For some projects, while social sustainability is considered more important,
economic sustainability may be prominent for some. In this research study, it is
assumed that three sustainability criteria - economic, environmental and social - are
equally important. In addition, the other scenarios-economic, environmental and

social scenarios were also evaluated.

In this study, sustainability impact assessment methods are used in the research study
of Jafari and Valentin (2017) and these methods are explained in detail in
‘Sustainability Assessment Methods’ section. In addition, it is aimed to investigate the
relationship between the sustainability of retrofit types and climate types with the
proposed case studies. In these examinations, while the impact of the proposed retrofit
measures on the ecological and economic sustainability were reached by using the
energy simulations and cost analysis, the impact on the social sustainability was

reached through a survey conducted on educators.

3.3.1. Sustainability Assessment Model

In this section, in accordance with the purpose of this study, cases are described.
Production of these cases with different types of climate and retrofit types is shown in

the following diagram (Figure 3.21.) and this process explained with three steps.

After the explanation of case study process, the methods to be used in the evaluation

of economic, ecological and social sustainability impact factors are presented in four
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sub-headings: economic sustainability assessment, environmental sustainability

assessment, social sustainability assessment, sustainability assessment.

1.STEP 2.STEP 3.STEP
EXISTING BUILDING EXISTING BUILDING IN EXISTING BUILDING IN DIFFERENT CLIMATE REGIONS
DIFFERENT CLIMATE WITH PROPOSED RETROFIT TYPES
REGIONS
RETROFIT TYPES

1.Retrofit Building Envelope Insulation

2.Retrofit

Electrical-Lighting Retrofit
CLIMATE REGIONS

AND CITIES 3.Retrofit Renewable Energy-PV Panel Installation
4.Retrofit Mechanical-HR Unit Installation
— 1. Region:Aydin

1.Retrofit

i

2.Retrofit

2. Region:Tekirdag 3.Retrofit

L.

4 Retrofit

Type 735 School

Building =
1.Retrofit
3. Region: Ankara = 2 Retrofit

3.Retrofit

4 Retrofit

i

4. Region: Erzincan
L 1.Retrofit

2.Retrofit

3.Retrofit

4 Retrofit

Figure 3.21. Diagram of analysis cases

Step 1

In this research study, according to the information obtained from the site visit the
Ayranci Anatolian High School building in Ankara, which is known to be the

prototype 735 school project is modelled by using Design Builder software.
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In design period, energy modelling is very important for the defining energy
consumption of the building. There are various parameters that effect the energy
simulation results such as material types, energy sources, environmental factors,
regional parameters etc. However, for optimum realization of the energy simulations,
energy model of the building should be simplified. Otherwise, simulation time that is
required for the analysis is extended. In addition, the performance of the technical
equipment to be used for this analysis may not be enough and the performance of these
may need to be improved. In this respect, zoning strategy can be adapted for
simplifying of the energy model. Zoning is an alternative to defining volumes of the
model. Since, building is composed of many volumes that have various micro climatic
conditions because of the sizes, functions, HVAC system characteristics, lighting,

occupants, orientations and material characteristics (Bayraktar et al., 2013).

Transferring the microclimatic data of each volume that forms the energy to the model
may not be reasonable due to the simulation time and technical equipment
performance. In addition, At the same time, some software allows only energy analysis
of structures with a certain number of zones. For these reasons, the zoning strategy,
which divides the building into regions by categorizing volumes with similar
characteristics, enables to faster and easier results. In the research of Bayraktar et al.
(2013), energy models made with different zoning strategies were subjected to
analysis (Figure 3.22.). According to the results of this analysis, it is stated that the
differences in the total amount of energy consumption of the energy models are
negligible (Bayraktar et al., 2013).

As a result, in this research adjacent units that have same function were combined and
modeled as a single zone (Figure 3.23.). By reducing the number of zones, the time

required for energy simulation is reduced to the optimum level.

93



ALTI-Zono1 ALTH-Zone1

Alternative 4 -Previous model considered with existing partition wall to obtain each space
of building

ALT2-Zone3

2 based on the p. each floor Reference alternative 5- Zoning each space as seperate thermal zone

ALTI-Zone3

Alternative3- Zoning with the distrib fspaces and their

Reference zone in the 1. Floor |

Figure 3.22. Alternative zoning strategies (Bayraktar et al., 2013)

Teaching Areas

Circulation area (corridors and stairways)
Office and consulting areas

Toilet

e s

Figure 3.23. Zoning strategy at typical floor plan of school building
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Step 2

In this research, energy model of the cases in the four climatic regions of the prototype
735 school project was prepared to reveal the relationship between climate and energy
retrofit studies. However, due to the orientations of these school buildings in four
climate regions are different, the actual orientations of the school buildings were
neglected in this study and models were prepared assuming that the orientation of the
schools in each region is the same as the Ayranci Anatolian High School building in
Ankara. (Figure 2.24.)

D

Figure 3.24. North-south orientation of Ankara Ayranci Anatolian High School

However, before the assumption was made regarding the orientation subject, the
following studies were done. After the modeling of the school building in Ankara
(north-south orientation), energy model and energy analysis in different orientations
such as east-west, northeast-southwest, northwest-southeast orientation of the building
were performed. Because of these analyzes, there is no significant difference in energy
load between the orientation alternatives. The biggest difference was found between
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east-west and north-south orientation. When the building in the North-South
orientation is placed according to East-West orientation, the total energy load
decreases by 2%. Therefore, to better analyze the relationship between climate and
retrofit, orientation of the school projects in the other three climate regions was
neglected.

Another assumption in the prepared energy model is the duration of artificial light
usage. In the prepared energy model, the average illuminance of daylight is analyzed
to define the duration of the use of artificial light for the current model. The average
illuminance distribution because of daylight analysis for Aydin province which has
the highest number of sunny days among 4 provinces is as shown in Figure 3.25. It is
seen that the light distribution is not equal, and it is below the recommended value
(300lux) in some places (Bruin-Hordijk & Groot, 2005). Based on this analysis, it has
been assumed that artificial lighting is used in cases where daylight is insufficient in
energy model. In other words, it is assumed that artificial lighting is used in cases
where the illumination value of the point at the geometric center of the spaces falls
below 300 lux.

Figure 3.25. Daylight illuminance distribution of school building in Aydin
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Step 3

After analyzing the existing school building in 4 climatic zones, another step is to
implement the previously mentioned retrofit types to these building models. With
these 16 different cases, it is possible to calculate the sustainability impact of different

retrofit types implemented in different climate zones.

The economic, environmental and social sustainability assessment of each case should
be carried out to evaluate the sustainability impact of proposed retrofit types. In other
words, the sum of these values obtained as a result of these analyzes formed the

sustainability impact (Figure 3.26.).
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Figure 3.26. Sustainability impact assessment model

The analysis methods to be applied for these 16 cases are explained below under four

sub-headings.
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3.3.2. Sustainability Assessment Methods

Economic Sustainability Assessment

Economic sustainability can be evaluated by using different methods that was
mentioned before (Vatalis et al., 2011) and payback period is one of the economic
measurements for analyzing of investment. It can be defined as the time that is

required for the recovery of the additional investment (Mahlia et al., 2011).

In this study, payback period is enables to measure the economic sustainability impact
of the retrofit measures. In their research paper, Jafari and Valentin states that payback
period that is an indicator of economic impact is measure with the time value money
(Equation 3) (Jafari & Valentin, 2017).

1-(1+d)™ Ic
IIC = AECS X [?J or n= -loguml‘(mx d)

©)
In this formula, n represents the payback period, while initial investment cost of

retrofit types and expected annual energy cost saving are defined as 11C and AECS. In

addition, discount rate is described with d.

I1C is the sum of material, equipment and labor cost spent for retrofitting measure.
AECS is the expected cost saving provided by these retrofitting measure in the amount

of annual energy expenditure of the building (Jafari & Valentin, 2017).

In this study, AECS is evaluated by Energy Plus that is energy simulation tool offered
by Design Builder software. While only the first investment cost and energy
consumption cost are considered in the payback period calculation, other cost types
such as maintenance cost, tax rebate and operational costs have been neglected. In
addition, the cost estimation of 11C and AECS is made by using PERT distribution that
is preferred for completion time and cost estimation. PERT distribution called the

beta-PERT is a three-point estimation technique that uses minimum (optimistic),
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maximum (pessimistic) and most probable values of expected costs. By using this
technique, PERT probability distribution of the AECS and IIC are established.

After estimation process, the probability distribution of retrofit measures in different
climate regions is calculated by using RiskAMP software that is Monte Carlo

Simulation engine for Microsoft Excel.

The calculated payback periods are an indicator of the economic sustainability of
retrofit types and the retrofit type with a lower payback period is economically more
sustainable. There is an inverse relationship between the economic sustainability
impact and the payback periods of each retrofit types. Therefore, economic impacts
(ECI) factor of each retrofit types are calculated by the following equation (Equation
4).

1
?3;.

zkl

i=ly
.

ECI, =

(4)

In this Equation 4, i represents the type of retrofitting measure and payback period
of i defined as ni. k is the total number of proposed energy retrofitting measures. For
example, in this study k is equal to 4. According to this equation, ECI is a normalized

value ranging from 0 to 1.

In the Figure 3.27, assessment of economic sustainability impact of 1. Retrofit Type
that is proposed in Climate Region | is presented with a diagram. In this diagram, it is
shown that average payback period is calculated by using the amount of annual energy
cost saving and, minimum, maximum and most probable cost of Retrofit 1. According
to different retrofit cost options, PERT probability distribution of payback period, is
calculated by using Monte Carlo Simulation engine and average payback period value

is obtained. In addition, it shown that the economic impact (ECI) of Retrofit 1
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calculated by considering the payback periods of other retrofit (ECI) types in the same
climate region. (Figure 3.27.)

1.CLIMATE REGION

Retrofit 1 Minimum
Initial Investment Cost (IIC) Cost
Most

Probable Cost

Maximum
Cost

Retrofit 1
Annual Energy Cost Saving (AECS)

Discount Rate (d)

v v l

11C
n= _log(”f/)l_[AECS xd
PERT Distribution
Monte Carlo Simulation
Retrofit 1
Average
Payback Period
1
Retrofit 1 ECI. = .
Economic Impact B £ 1 Retrofit 1.2.5:4
g B {— Average
=1y
Factor % Payback Period
Figure 3.27.

Diagram of economic sustainability assessment

For example, the economic sustainability calculation of envelope insulation for the

school building in Ankara is shown in Figure 3.28. According to this figure, the
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payback period was calculated as 3.16 years and the economic impact factor was
calculated as 0.41. In addition, calculations for different climate regions and different

retrofit types are included in the Appendix F.

ANKARA
1.RETROFIT-ENVELOPE INSULATION kWh FLE

Ankara Annual Energy Saving 66,313 35643,768
Three Point Estimation [ AECS | PaybackP. (n)
minimum value 75,505 35,644 2,461
most likely value 95,677 35,644 3.219
maximum value 110,806 35,644 3.823
[PERT Distribuiton [ 90007.81] 35643.77]
[Discount Rate [  0.0915]

o[ 1=(1+d)™") HEG ..o
IIC=.-IEC.SX[#J or n=—log_w.l—[/”_.CSX/{)

Payback Period Distribuiton Function(n) 3,000
Payback Period Average(n)
1

n

£ l

In

|Economic Impact of A Retrofit(n) -

ECI =

Figure 3.28. Economic sustainability assessment of envelope insulation in Ankara
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Environmental Sustainability Assessment

Providing energy efficiency in building enables to decrease impact of the building to
the environment during life-cycle. Energy efficiency in building has many
environmental benefits such as reduction of greenhouse gases emissions, preventing

damages to the nature and decreasing pollutants loads (Jafari & Valentin, 2017).

There are various methods for assessing the environmental sustainability of measures.
In this study, the amount of greenhouse gas emissions caused by electricity generation
from the combustion of fossil fuels is an indicator for measuring the ecological impact
of retrofitting measures. Therefore, power emissions factor depending on which

sources are consumed, is also critical in terms of greenhouse gases emissions.

Jafari and Valentin (2017) are used the term of CO2-equivalent reduction for defining
greenhouse gases as a common unit to evaluate environmental impact of retrofit
measures. They defined the term of CO2-equivalent as the amount of CO»-equivalent
for CO2, NOx and SOz that is not generated because of the retrofit measures’ energy
saving. In their study, CO.-equivalent reduction equation is presented as Equation 5
(Jafari & Valentin, 2017).

CO,-Eq = 0 AES X Eg, + AGSX Gy, )

+B(AES X Eyy + AGSX Gy, |+ Y[ AES X Ey, + AGSX Gy, |
(®)

In this equation, AES and AGS are the expected annual energy saving in Kwh and the
expected gas saving in MBtu respectively. Ei is the amount of air emission release to
generated 1Kwh of electricity and Gi is the amount of the air emission releases to
consume 1MBtu of natural gas. In addition, «, S, y are the conversion factors for CO»,
SOz and NOx.

However, the amount of CO> emissions caused by the consumption of different fuel
types in Turkey are provided in TEIAS report (TEIAS General Directorate, 2019) and

there is no information is available about the amount of other greenhouse gases
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emissions such as SOz and NOx. Table 3.8. summarizes the air emission quantities
caused by electricity and natural gas generation for Turkey. As a result, the CO2-
equivalent reduction equation is partially revised according to available information
about energy emission factors (Equation 6). The conversion factor that is used for CO>

(o) is equal to 1.

CO,-Eq = o AES X Epy + AGSX G |
) - (6)

Table 3.19. Energy emission factors (TEIAS General Directorate, 2015)

Fuel Type GHG emission indicator
(kg eg. CO2/kWh)

Electricity 0.618

Natural Gas 0.819

The amount of saving energy as electricity and natural gas (AES and AGS) is
calculated by energy simulation tool Energy Plus and Design Builder Software. After
these calculations, the annual CO»-Eq reduction is calculated by using Equation 6. The

retrofit measure which saves more CO»-Eq, is more preferred environmentally.

COZ — £y,
){3 T
Y. CO,-Eq,

ENI, =

()

The equation that is given above (Equation 7) is used for calculation of the
environmental impact of retrofit measures. ENI; defines the environmental impact
factor of i retrofit measure. Moreover, ENI; is the normalized environmental impact

factor ranging from O to 1.
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1.CLIMATE REGION

Retrofit 1 GHG Emission Indicator
Annual Energy Saving (AES) (kg eq. CO2/kWh)
Electrici Natural G
C - ; ‘a ura’ as Electricity Natural Gas
onsumption Consumption
3 VL

CO,-Eq= ot AES X E,, + AGS X Gy, )

Retrofit 1
CO2-Equivalent Reduction

l

C 02 — Eq(. Retrofit 1,2,3,4

ENT 5 = g CO2-Equivalent
Z,‘:I(’Ol - Eq, ‘_ Reduction

Retrofit 1

Environmental

Impact Factor

Figure 3.29. Diagram of environmental sustainability assessment

In the Figure 3.29, the evaluation of environmental sustainability impact of Retrofit 1
proposed in Climate Region | is explained with a diagram. As illustrated in this
diagram, the environmental sustainability assessment is based on the amount of energy
savings provided by Retrofit 1. Based on the current energy emission factor in Turkey,
COz-equivalent reduction is calculated. After, the ratio of calculated CO2-equivalent
to the sum of the other CO»-equivalent reduction values provided by other retrofit

types in the same climate region is equal to the environmental impact factor (ENI) of

Retrofit 1 in Climate Region I. (Figure 3.29.)
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For example, the environmental sustainability calculation of the envelope insulation
made for school building in Aydin are shown in the Figure 3.30. According to this
figure, the amount of energy saving of envelope insulation is 19301 kWh in Aydin
and according to calculated amount of CO2-equivalent reduction, environmental
impact was calculated as 0.486. (Figure 3.30) Moreover, calculations for different

climate regions and different retrofit types are included in the Appendix F.

AYDIN
Expected Annual
Energy Savin
Energy Units ef 8
1.R-Envelope
Insulation
Electricity kWh 19,301
CO,-Eq = AES X Ep, + AGSX G, )
CO2-Eq kg esd. CO2/kWh 15,807.519
. CO,— Eq
ENI, = = i
Y ' CO,-Eq
i=1 2 i
ENI (Environmental Impact) 0.486

Figure 3.30. Environmental sustainability assessment of envelope insulation in Aydin

Social Sustainability Assessment

Evaluating the social sustainability is important for assessing the level of sustainability
of the building. According to Jafari and Valentine (2018), social benefits can be
categorized into three level: society level, community level and building level. In this

study, to evaluate the social impact of the energy retrofit measures, it is concentrated
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on the occupants of the school building at the building level. According to
characteristics of the school buildings, positive effect of the retrofitting measures is

categorized into three main topics:

*Health: Development of indoor air quality have positive outcome on occupant’s
health (Jafari & Valentin, 2017) and students’ health growth in school building
(Bernardo et al., 2017). To increase indoor air quality in school, ventilation and

humidity rates should be considered (Saraiva et al., 2018).

*Comfort: Indoor temperature, indoor air quality and lighting environment affects the
occupants’ comfort. To improve the indoor environment quality, it is necessary to

provide thermal, visual and acoustic comfort (Saraiva et al., 2018).

*Productivity: Productivity of students and teachers is directly depended on the
learning environment quality. Providing thermal comfort, developing indoor air
quality, creating proper lighting environment and quiet atmosphere support learning
facilities by increasing productivity (Bernardo et al., 2017).

In this study, survey is decided as method for evaluating the impact of the proposed
retrofitting measure on school building occupants. A questionnaire is proposed
according to energy retrofit measures and their positive impacts. It has basically three

parts: Introduction, Question 1 and Question 2 Group.

Introduction: The participants are informed about the subject, purpose, number of

questions and type of the questionnaire.

*Question 1: Participants are asked to decide the level of importance of social benefits
(health, comfort and productivity) of energy retrofits. Question 1 is prepared as five
points Likert scale: (5) very high importance, (4) high importance, (3) moderate
importance, (2) low importance, (1) very low importance. With the answers of this

questions, it is aimed to calculate the relative importance index of social benefits.
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*Question 2 (group of questions): Participants are asked to decide the level of impact
of each energy retrofit measures on defined social benefits (health, comfort and

productivity)

This question group consists of four question that are also prepared as five points likert
scale: (5) very high impact, (4) high impact, (3) moderate impact, (2) low impact, (1)

very low impact.

In this study, relative importance index (R11) method that have been used to evaluate

the relative importance of different factors in some researches (Heravi & Jarafi, 2014)

(Jafari & Valentin, 2017) is preferred to decide RIl of defined social benefits of
energy retrofitting measure (Equation 8).

~AXN
(8)
In Equation 8, RII defines the relative importance factor of social benefits and W1 is
each response that is given for the level of importance of each social benefit ranges

from (1) to (5). A represents the highest weight of importance (which is five for this

study) and N describes total number of survey respondents.

The Question 2 prepared to evaluate how different retrofit studies affect the defined

social benefits is used in the Impact Factor calculation (Equation 9).

IF — ZM/Z

AXN
©9)

In Equation 9, while IF represents the impact factor, level of impact that ranges from
(1) to (5) is described with Wo.
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After impact factor calculation, social impact of a retrofitting measure can be defined

as Equation 10:

D, RILXIF,

SII =
M

(10)

In this equation, while social impact index described with SlII for a retrofitting
measure, i is the social benefits of retrofitting measure. RIli represents the relative
importance index of the i social benefits and IFi is the impact factor of the energy
retrofitting measure i social benefits. M is the number of social benefits categories

that is three for this study.

According to SlII equation, the retrofitting measure that have higher SII is more
preferred one in terms of social sustainability. For evaluating social impact of each

retrofitting measure, social impact equation can be used (Equation 11).

(11)

In this equation, SO; represent the social impact of i retrofitting measure and the
social impact of index of the i" energy retrofitting measure described as Sll;. As a

result, SOi is the normalized SlI ranging from 0 to 1.

In addition, assessment of the social sustainability impact of Retrofit 1 is explained in
Figure 3.31. In this diagram, firstly, the level of importance index of the social benefits
provided by the retrofits in the school buildings is calculated with the responses of the
participants to the first question of the survey. The ratio of the sum of the values of all
answers to the total possible maximum weight is equal to the level of importance index
(RIT).
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Secondly, the level of impacts of the retrofits is evaluated with the answers given to
the 2., 3., 4. and 5. questions of the survey. The ratio of the total responses of the
participants to the total possible highest weight gives the impact factor (IF) of the

Retrofit 1 on health, comfort and productivity factors.

1.CLIMATE REGION
Question 1 Question 2, 3,4, 5
Participant Answers Participant Answers
Level of Tmportance of B frofit
I.cvel of Impact on
Health ([ Productivity [[ Comfort Health | Productivity || Comfort
l 1 | Y | Total Responses of Y -
: - The Participants
Relative Sw, P Retrofit | Sw.
Importance  RJJ = 1 Tmpact IF = 2
Index AXN | Total Possible Factor AXN
Il T Highest Weight L L
il
DRI XIF,
Sir==45__°__¢
M
Retrofit 1
Social Impact
Index
SIT,
Retrofit 1 SO, = —F—
Social s Z oo ¢ Retrofit 1,2,3,4
i . Y9ty
Impact Factor =1 : Social Impact
Index

Figure 3.31. Diagram of social sustainability assessment
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Finally, the ratio of the multiplication of the level of impacts of Retrofit 1 and the
relative importance indexes (RI1) to the number of social benefits categories (3) gave
the social impact index (SII). The ratio of the social impact index to the sum of the
social impact index found for all retrofit types in the same climate region is equal to

social impact factor (SOI).

1.RETROFIT-ENVELOPE INSULATION
LEVEL OF IMPORTANCE LEVEL OF IMPACT
PARTICIPANT |Health Comfort Productivity Health Comfort |Productivity
Sum of Responses 154 132 152 137 134 135
Total Possible
Heighest Weight 155 155 155 155 155 155
>, S
RIT == \‘( JEF = &2
x4 AXN
Relative Importance Index (RIl) Impact Factor (IF)
0.994| 0.852 0.981] 0.884]  0.865] 0.871
> RII. % IF.
SII = !
M
Social Impact Index(Sll)
0.823
SII,

SO =g
> s
i=1 :
Social Impact of Retrofit Type 1 (SOI)
0.256

Figure 3.32. Social sustainability assessment of envelope insulation

For example, the impact of envelope insulation on social sustainability is calculated
in the Figure 3.32. According to this calculation, relative importance indexes of health,
comfort and productivity factors were calculated. According to this calculation, the

relative importance index of the health factor is the highest and this value is 0.994. In
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addition, the impact level of envelope insulation on these factors was calculated
separately and according to this calculation, it has the most impact on health. As a
result, the social impact of the envelope isolation was calculated by using the

equations shown in the figure and it was calculated as 0.256. (Figure 3.32)

Sustainability Assessment

The sustainable impact of the proposed energy retrofitting measures is equal to sum
of economic impact, environmental impact and social impact and it is also described
with Equation 12 (Jafari & Valentin, 2017):

SUI, =(ax ECI, )+(bx ENI, )+(cx SOI, )
(12)

In this equation, SU; represents the sustainable impact of i" retrofitting measure and
ECIi, ENI;, SOI; are economic, environmental and social impacts respectively. In
addition, a, b and c are the importance weight factor of the impact categories.
According to decision maker preferences, one of the scenarios can be selected from
the Table 3.9. and by using these factors sustainable impact of energy retrofit scenarios
can be evaluated and ranked. The energy retrofitting measure which have higher
sustainable impact is more preferred in terms of sustainability. Jafari and Valentin
discussed four different scenarios in their study and stated that these scenarios will
calculate the sustainability according to different scenarios according to which criteria

the projects attach importance to. (Table 3.9.)
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Table 3.20. Different importance weight factor for different scenario (Jafari & Valentine, 2017)

. Importance Factor
Scenario
a b c
Equal Impc_)rta_nce to All 33% 33% 33%
Criteria
Economic Scenario 80% 10% 10%
Environmental Scenario 10% 80% 10%
Social Scenario 10% 10% 80%

In this study, equal importance scenario that all the criteria are rated with equal
importance (%33) is selected scenario for evaluation of sustainable impact. In
addition, economic, ecological and social scenarios are scenarios where their own
impact factors are higher than others. The effect factors were determined as 80% for
the higher effect and 10% for others.

3.4. Parameters in the Process of Sustainability Impact Assessment

Sustainability is equal to the sum of economic, environmental and social sustainability
as explained in the ‘Data Analysis’ section. Therefore, all parameters affecting these
three factors directly affect the sustainability impact of retrofits. These can be
summarized as follows: retrofit measures payback period (that is calculated by using
initial investment cost and annual energy cost), CO. equivalent reduction (that is
directly related with annual energy saving) and retrofits impact level on social benefits

of sustainability (health, comfort and productivity)

In addition, climate characteristics of project location and existing school building
energy load profile are the other factors affecting the sustainability impact assessment

of proposed 16 case studies.
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3.4.1. Climate Characteristics

TSE suggests 4 climatic regions in Turkey where the set has different climatic
characteristics of each other: temperature, humidity, precipitation etc.  (Turkish
Standardization Institute, 2009)

It is also known that outdoor condition directly affects the indoor environment
condition and the amount of energy consumed for providing comfort conditions in the
interior environment varies for each climate regions (AlFaris et al., 2016). Therefore,
heating and lighting energy loads of the existing school building in each climate
regions are different (Figure 3.6.). In the literature, it is also stated that the
performance of retrofit measure is affected by climate factor (Liu & Ren, 2018)
(Aktemur & Atikol, 2017) (Yao et al., 2016) (Ashrafian et al., 2016).

Hypothesis I:
Null Hypothesis:

There is no relationship between economic sustainability impact of retrofit measures

and climate characteristics.
Alternative Hypothesis:

Climates characteristics affects economic sustainability impact of retrofit measure.

Hypothesis I1:
Null Hypothesis:

There is no relationship between environmental sustainability impact of retrofit

measures and climate characteristics.
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Alternative Hypothesis:

Climates characteristics affects environmental sustainability impact of retrofit

measures.

3.4.2. School Buildings Energy Load Profile

According to the initial energy analysis, the energy load profile of the existing school
buildings in each climate regions was mentioned in the ‘Materials’ section and shown
in Figure 3.6. According to this analysis, the heating energy load is much more than
the lighting energy load in school buildings. Therefore, school buildings have a
specific energy load profile.

In addition, it is also known that each type of retrofit measure has an effect on different
energy loads. For example, envelope insulation and heat recovery unit installation
decrease the amount of energy consumed for heating; PV panel installation and

lighting retrofit enables to reduces the need for electricity.

Hypothesis 111:
Null Hypothesis:

There is no relationship between economic sustainability impact of retrofit measures

and energy load profile of the school buildings.
Alternative Hypothesis:

Energy load profile of existing school buildings affects the economic sustainability

impact of retrofits.
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Hypothesis 1V:
Null Hypothesis:

There is no relationship between environmental sustainability impact of retrofit

measures and energy load profile of the school buildings.
Alternative Hypothesis:

Energy load profile of existing school buildings affects the environmental

sustainability impact of retrofits.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the results of the analysis are obtained according to the methods
mentioned in the material and method chapter. The results are presented with
comparable tables and graphs. According to results, the parameters affecting these
results are discussed.

4.1. Economic Impact

To calculate of payback period, initial investment cost and expected annual energy

cost saving are the necessary cost categories.

In the initial investment cost calculation of implemented retrofit measure, the sources
that were used are ‘General Price Analyzes of Construction Repot 2019’ and ‘2019
Construction and Installation Unit Prices Report’ (TR Ministry of Environment and
Urbanisation, 2019); and cost estimator experts working in companies related to
retrofitting measures. In addition, for the annual energy cost saving calculations,
Energy Plus energy simulation engine available within the Design Builder Software.
As a result, to implement the beta-PERT distribution method, 3 different costs
(minimum, maximum and most probable costs) were obtained for the initial

investment cost and energy saving cost by using these sources.

Another variable in the payback analysis account is the discount rate given in Equation
3. Discount rate is a continuously changing value depending on the economic situation
of the countries. According to the CEIC data (CEIC, 2019), when we look at the

discount rate of the last 5 years, we see that it is generally between 8% and 10%.
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However, the discount rate in 2018 increased to 18,5% more than other years. For this

reason, the average of the discount rate values between 2017 and 2012 is used in the

Equation 3 of the payback analysis calculations and it is calculated as 9,15 %.

Table 4.1. Normalized ECI of each retrofit measure

Payback Period (Year)

X — —
< - O O
To} Lo '§, 3 'u; 'u;
° & > @ @
Activites = < @ 5SS = N
c D e 2D O [s8] [s]
z s 3 i~ g £
5 S Sa S S
o o < z z
1 Retrofit 12523 | 21209 | 43226 | 21635 | 0085 | 3
Envelope Insulation
2.Retrofit
.§ Lighting Retrofit 1.082 3.397 5.002 3.263 0.561 1
> "
< 3.Retrofit
PV Installation 3.063 5.445 6.470 5.165 0.354 2
4 Retrofit . . . . .
. undefined | undefined | undefined | undefined | undefined | -
Heat Recovery Units
1 Retrofit 4.704 6.375 7.812 6.308 0262 | 2
Envelope Insulation
50 2.Retrofit
§ Lighting Retrofit 1.046 3.270 4.801 3.112 0.531 1
=z 3.Retrofit
o
et PV/ Installation 4.461 8.415 10.312 7.969 0.207 3
4.Retrofit . undefined | undefined | undefined | undefined | undefined | -
Heat Recovery Units
1Retrofit 2.461 3.219 3.823 3.164 0415 | 1
Envelope Insulation
2.Retrofit
g Lighting Retrofit 1.082 3.396 4,999 3.313 0.396 2
S 3.Retrofit
<
PV Installation 3.930 7.238 8.753 6.934 0.189 3
4 Retrofit . . . . .
. undefined | undefined | undefined | undefined | undefined | -
Heat Recovery Units
1Retrofit 2.148 2.797 3.310 2.775 0448 | 1
Envelope Insulation
- 2.Retrofit
§ Lighting Retrofit 1.082 3.396 4,999 3.249 0.382 2
N 3.Retrofit
L PV Installation 4,110 7.629 9.266 7.322 0.170 3
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Heat Recovery Units
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Based on the result of the analyzes, Table 4.1. shows the average payback period and
normalized ECI values in the last two columns, respectively. According to these
values, while lighting retrofit has the highest economic impact in the first and second
climate regions, envelope insulation has the highest economic impact in the third and

fourth climate regions with lower average temperature.

Normalized Economic Impact
0.600 0.561
0.531
0,500
0.448
0415
0.400 o 0382
0.354
G 0.262
Ty 0.189
0,200 : 0.170
0,100 0.085
I 0.000 0.000 0.000 0.000
0,000
Aydm Tekirdag Ankara Erzincan
m 1 Retrofit-Envelope Insulation m 2 Retrofit-Lighting Retrofit
m 3 Retrofit-PV Installation m 4 Retrofit-Heat Recovery Units Installation

Figure 4.1. Normalized ECI of each retrofit measure

Since, the lighting retrofit implementation is cost-effective and provides high amount
of energy saving. However, for the third and fourth climate regions where the heating
load is higher, the envelope insulation implementation in these regions provides

significant energy saving in terms of heating loads. Therefore, null hypothesis in
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Hypothesis 111 is not accepted. As a result, envelope insulation implementation has the
most economic impact for the third and fourth climate regions which are colder

climate zones.

On the other hand, the economic impact of heat recovery devices is defined as
undefined in the Table 4.4 and it means that there is no positive effect on economic
sustainability. Since, the initial investment costs of heat recovery devices are very high
compared to other retrofit types. For this reason, considering the ratio of initial
investment cost to expected annual energy saving cost (11IC / AECS) and assumed
discount rate factor of 9,15%, The result of the payback period equation defined as n
in Equation 3 is mathematically undefined. As a result, heat recovery devices have no
effect on economic sustainability in each climate regions in Turkey and it can be
considered as the weakest retrofit type in terms of economic sustainability among the

retrofit types.

In conclusion, it can be understood from the Figure 4.1, climates characteristics affects
economic sustainability impact of retrofit measures and alternative hypothesis in

Hypothesis | is accepted.

4.2. Environmental Impact

Each proposed retrofit type provides a reduction in greenhouse gas emissions as well
as energy savings. Equation 5 was used to calculate CO»-equivalent reduction for each
retrofit type. In the Table 4.2., CO2-equivalent saving and Normalized ECI values
were given. In addition, the average energy saving rate provided by the retrofit types
in Table 4.2. is summarized. According to this summary table, envelope insulation
reduces heating energy load by 34 % while HR device saves around 16 %. Lighting
retrofit reduces lighting energy by 40 %. At the same time, the proposed PV panels
for this project can meet 53 % of the lighting energy load.
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Table 4.2. Normalized ENI of each retrofit measure

Z
Average emission 1'-';
iti iviti saving, o x
cittes Activities CO2-Eq Saving (kg = R
eq. CO/Year) %
Z
1.Retrofit _ 15,807 0486 | 1
Envelope Insulation
2.Retrofit
£ Lighting Retrofit 3,449 0.106 | 4
>\ -
< 3.Retrofit
PV Installation 5,479 0.169 | 3
4 Retrofit
Heat Recovery Units 9,488 0239 | 2
1.Retrofit _ 31185 0562 | 1
Envelope Insulation
2.Retrofit
on
S Lighting Retrofit 3,564 0.064 | 4
e -
o 3.Retrofit
a PV Installation 3,985 0.072 | 3
4.Retrofit
Heat Recovery Units 16,770 0302 | 2
1.Retrofit _ 61404 063l | 1
Envelope Insulation
2.Retrofit
_% Lighting Retrofit 3,450 0.040 | 4
[ -
< 3.Retrofit
PV Installation 4,426 0.051 | 3
4 Retrofit
Heat Recovery Units 23,855 0.277 | 2
1.Retrofit _ 61.404 0633 | 1
Envelope Insulation
2.Retrofit
c
S Lighting Retrofit 3,450 0.036 | 4
N 3.Retrofit
" PV Installation 4,264 0.044 | 3
4 Retrofit 27 882 0287 | 3

Heat Recovery Units
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As shown in the Table 4.2., the rank of each retrofit types is the same for each climate
regions. In all climate regions, envelope insulation is the retrofit type that has the most
environmental sustainability impact. This retrofit type is followed by heat recovery
unit implementation, PV installation and lighting retrofit respectively in terms of CO»-
equivalent saving.

Heating energy consumption constitutes the largest part of the energy consumption in
school buildings. For this reason, envelope insulation and heat recovery unit
installation which affect the heating load and provide savings in the heating energy
consumption are the retrofit types that has more environmental sustainability impact.

Therefore, null hypothesis in Hypothesis IV is not accepted.

Normalized Environmental Impact
0.700
0.631 0.633

0.600
0.500 0.486
0.400
0.302
0,300 0.287
0.239
0.200 0.169
0,100 0. 064 0.072
0. 040 0.051 0.036 0-044
0.000 - .

A} din Te klrdag Erzincan

B 1 Retrofit-Envelope Insulation B 2 Retrofit-Lighting Retrofit
m 3 Retrofit-PV Installation 4 Retrofit-Heat Recovery Unit Installation

Figure 4.2. Normalized ENI of each retrofit measure
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In addition, the electrical load of this building is less than the heating load and the
electricity generation capacity of the PV panels is determined according to the
electrical demand of the building. Therefore, although it is known that PV panels
have a great contribution in terms of renewable energy sources and environmental
sustainability, the environmental sustainability effect of PV panel installation for this

project is lower than envelope isolation and heat recovery unit installation.

Although the lighting retrofit provides considerable energy savings proportionally, the
CO2-Eq saving is minimal compared to the other retrofit types because of the low
electrical energy load for lighting system. As a result, retrofit type lighting retrofit

which has the least environmental sustainability effect.

In conclusion, it can be understood from the Figure 4.4., there is a direct relation
between climate types and environmental sustainability of retrofit measures. Thus,
climates characteristics affects environmental sustainability impact of retrofit measure

and alternative hypothesis in Hypothesis 11 is accepted.

4.3. Social Impact

Proposed retrofit measures have also impact on sustainability and for evaluation of the
sustainability assessment of each retrofitting measure, survey is proper a method
(Jafari & Valentin, 2017). In this research, the target population of this survey study
is the educators who are active users of the school buildings. For this reason, METU
Faculty of Education Faculty Members and Research Assistants and, Teachers of the
METU Development Foundation School were sent survey invitation by e-mail. A total
of 219 people was sent an e-mail and 31 of these participated and answered the survey

questions.

With the Question 1 of the survey, Equation 6 was used and RII of the social benefits

were calculated. According to these measures, the health is the most important social
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benefits of the energy retrofit measure (RII health=0,994). Productivity is the second
(RII productivity =0,981) and comfort & satisfaction is the third important social

benefit of the retrofitting measure (RIl comfort & satisfaction =0,981).

Table 4.3. Normalized SOI of each retrofit measure

s 2
s 28] £ | =
g |E£| 8| e
T 188 8| 8|3
(5 (%] ()] o e}
5 £ = ? Y,
o 2 Relative Importance | g N S
= 2 Index (RIN) S g o
- (@)
0.994 | 0.852 | 0.981 < P4
(&S]
Social Impact Factor A
(IF)
1.Retrofit
Envelope Envelope 0.884 | 0.865 | 0.871 | 0.823 | 0.256 | 2
Insulation
. 2.Retrofit
Electrical Lighting Retrofit 0.800 | 0.858 | 0.890 | 0.800 | 0.249 | 3
Renewable | 3.Retrofit 149141 755 | 0,613 | 0.716 | 0.223 | 4
Energy PV Installation
4 Retrofit
Mechanical Heat Recovery | 0.968 | 0.890 | 0.935 | 0.879 | 0.273 | 1
Units

For assessing the energy retrofitting impact on social benefits, Equation 9 was
calculated according to participants answers of Question 2. As shown in the Table
4.3., IF of each retrofit on social benefits are defined. According to the results,
envelope insulation, heat recovery units and PV panel installation are most effective

on health factor, while lighting retrofit affects the productivity.
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Normalized Social Impact
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Figure 4.3. Normalized SOI of each retrofit measure

After calculation of the social IF, by using Equation 11, SII and normalized SOI was
calculated. According to results, while heat recovery unit installation has the highest
social impact and it is followed by envelope insulation installation, lighting retrofit
and PV panel installation respectively.

4.4, Sustainability Impact

According to Equation 12, the normalized impact factors of each retrofitting measure
in terms of economic, environmental and social criteria was multiplied with the weight
factors of different scenario (Table 3.9.). Sustainable impact of each retrofitting
measure was calculated for each scenario: scenario giving equal importance to all
criteria (1), economic scenario (2), environmental scenario (3) and, social scenario (4)

and results are shown in the Table 4.4.
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Table 4.4. Sustainability impact of each retrofit measure

Equal Economic Environmental Social

Importance . . .

Scenario Scenario Scenario Scenario
Measure

Index | Rank | Index | Rank | Index | Rank | Index | Rank
1.Retrofit

g | Envelope Insulation | 0273 | 2 |0442| 3 | 0423 | 1 |0.262 2
4 2.Retrofit

g Lighting Retrofit | 0302 | 1 |0484| 1 | 0166 | 4 |0.266 1
go 3.Retrofit

2 PVnstallation | 0246 | 3 0323 2 [0193| 3 |0230| 3
- 4.Retrofit

Heat Recovery Units | 0169 | 4 |0051| 4 | 0219 | 2 |0.242 4
1.Retrofit

4 Envelope Insulation | 0356 | 1 [0291| 2 | 0501 | 1 |[0.287 1
g 2.Retrofit

f Lighting Retrofit | 0278 | 2 |0456| 1 | 0129 | 3 [0258| 2
.go 3.Retrofit_

) PV Installation 10166 | 4 [0195| 3 [0100| 4 |0.206| 4
3\ 4 Retrofit Heat

Recovery Units 0190| 3 |0058| 4 |0269| 2 |0.249 3
1.Retrofit

o | Envelope Insulation | 0430 | 1 |0420| 1 | 0572 | 1 |0309| 1
-‘g" 2.Retrofit

< | Lighting Retrofit | 0226 | 2 |0346| 2 | 0097 | 3 |0242| 2
2 3.Retrofit

& PV Installation 0153 | 4 0179 3 | 0082 | 4 |0202| 4
o 4 Retrofit Heat

Recovery Units 0.182| 3 |0.055| 4 | 0.249 2 |0.246 3
1.Retrofit

£ | Envelope Insulation | 0441 | 1 |0447| 1 | 0577 | 1 |0313| 1
S 2.Retrofit

L Lighting Retrofit | 0220 | 2 |0334| 2 |0092| 3 |0.241 2
g 3.Retrofit

£ PV Installation 0144| 4 |0162| 3 |0074| 4 |0199| 4
< 4 Retrofit

Heat Recovery Units | 0185 | 3 [0.056| 4 | 0257 | 2 |0.247 3
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Figure 4.4. Sustainability impact matrices according to equal importance scenario

According to scenario giving equal importance to all criteria, while lighting retrofit
has the highest sustainability impact for first climate region; envelope insulation has
the highest sustainability impact for the other climate types. At the same time, it is
seen that the order of sustainability impact of retrofit measures is the same in these 3
climate regions when compared in terms of ranking. In this order, the envelope
insulation is followed by lighting retrofit, heat recovery unit installation and PV

installation.

In the first climate region, lighting retrofit is followed by envelope insulation, PV
panel installation and heat recovery unit installation respectively. It is important to
note that the sustainability impact of PV panel installation and envelope insulation is
different from the other climate regions in first climate region. While the sustainability
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impact of PV panel installation increased in the first climate region, the sustainability

impact of the envelope insulation was lost in the first climate region.

According to the economic scenario, the most sustainable effect has the lighting
retrofit in the first and second climate regions, while in the third and fourth climate
regions envelope insulation has the most sustainability impact. Although lighting
retrofit has the most sustainability impact in the first and second climate region, the
rank of the other retrofit types is different in these climate regions. While lighting
retrofit in first climate region followed by PV panel installation, envelope insulation
and heat recovery unit installation; in second climate region lighting retrofit is
followed by envelope insulation, PV panels installation and heat recovery unit

installation.

In the environmental scenario, the two types of retrofits, which have the most
sustainability effect for all regions, are respectively building envelope insulation and
heat recovery unit installation. Furthermore, unlike other regions, PV panel
installation has more sustainability effect than lighting retrofit in Climate Region I.

The results in social scenario are parallel to the scenario giving equal importance to
all criteria. Since, the social sustainability impact of each retrofit measures are
assumed to be the same for all regions and the climate factor could not be considered

in the social survey
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CHAPTER 5

CONCLUSION

In this chapter, summary of this research study presented initially. After that main
results and discussions are stated and the limitation of this study is also explained.
Finally, the recommendation for further studies about sustainability impact assessment

is also examined.

5.1. Research Summary

Considering the existing building conditions, the importance of sustainability and
energy efficiency for these buildings is increasing day by day. One of the existing
building types is school buildings and the school buildings are special buildings where
future generations are educated in. In Turkey, there are many types of school projects
made before the 2000s and a large part of these school buildings need to be improved

in terms of sustainability and energy efficiency.

There are many studies in the literature about sustainability and sustainability
assessment. Most of these studies focus on economic and environmental
sustainability, and there are only a few studies on social sustainability. An important
part of the studies on sustainability and energy efficiency is on energy retrofit
strategies. However, in the literature there is no study related to sustainability impact

of retrofit measure in different climate regions.

Considering the necessity of a study that demonstrates the sustainability impact of
retrofit types in different climates, this study is aimed to evaluate sustainability impact

of the proposed retrofit measures on type school projects in four different climate types
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of Turkey. Therefore, information was collected about Ayranci Anatolian High School
in Ankara (Climate Region I11) which is an example of the type 735 school project

and the samples of the type 735 project in other climate regions were determined.

Based on the case project, the potentials and shortcomings of these school buildings
were determined, and 4 different retrofitting measure were proposed: (1) building
envelope insulation, (2) lighting retrofit, (3) PV panel installation and (4) heat

recovery unit installation.

In order to evaluate four different retrofit studies and four different climate types, 16
different cases were created in this research study. These cases were evaluated in terms
of economic, environmental and social sustainability based on the guidelines outlined
by Jafari and Valentine (Jafari & Valentin, 2017). At the end, the results of the
sustainability effect of retrofit types in different climates are presented and examined

comparatively.

5.2. Main Results and Discussion

The main purpose of this study is to evaluate the sustainability effect of proposed
retrofit types in different climates and in this respect, it is concluded that retrofit types
have different sustainability effects in different climates as a result of analyzes and

calculations on case studies. The main results of this study are listed below:

. Economic Sustainability Impact: The ratio between the initial investment cost
of retrofit measure and the energy savings that it provides is very important in terms
of economic sustainability. In this respect, for each climate zone, heat recovery unit
installation is not economically sustainable because of the high initial investment cost.
At the same time, lighting retrofit is the retrofit type that has the lowest payback period
in Climate Region | and Il. Therefore, in Climate Regions I and Il, lighting retrofit has

the highest economical sustainability impact. (Figure 4.1.)
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In addition, envelope insulation has the most economic sustainability effect in climate

regions 111 and 1V where the heating load is more than the other regions.

. Environmental Sustainability: Environmental sustainability is directly related
to amount of energy saving that is provided by energy retrofit types. Retrofit types
affect heating load that is highest energy load, saves more energy. Therefore, envelope
insulation has the most environmental sustainability impact. Considering the climate
types, envelope insulation has the most environmental impact in each climate regions.
At the same time, heat recovery unit installation has much more impact than lighting
retrofit and PV panel installation on environmental sustainability in each climatic

region.

. Social Sustainability Impact: According to survey result, health is the most
important social benefits of the energy retrofit measures for school buildings and it is
followed by productivity and comfort & satisfaction respectively. In addition, while
lighting retrofit affects the productivity, envelope insulation, heat recovery units and
PV panel installation are most effective on health factor. Envelope insulation has the
highest social impact and it is followed by heat recovery unit installation, lighting

retrofit and PV panel installation respectively.

. Sustainability Impact: According to equal importance scenario, except the
Climate Region |, envelope insulation is the retrofit hat the highest sustainability
impact. As a result, it can be said that envelope insulation is very critical to develop
sustainability for school building and envelope insulation is primary retrofit type for
Climate Regions Il, 111 and 1V. In addition to this lighting retrofit is very reasonable
and appropriate retrofit type for each climate regions. Using renewable energy
resources is very important for increasing sustainability and increasing awareness
about sustainability. However, according to numeric values of the Table 4.4 and
Figure 4.4, sustainability impact rank of the PV panel installation is 3 or 4. It means
that because of the lower electrical energy consumption and high initial investment

cost, renewable energy sources is not the primary retrofit types for school buildings.
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Although, it is known that the heat recovery units are important for the improvement
of the indoor air quality; in terms of sustainability impact, HR is not a primary or

secondary priority for any climate zone. (Figure 4.4)

5.3. Limitation of The Study

This study has some limitations in the process of sustainability assessment.

Firstly, to provide more accurate comparison of climate types, it was assumed that
type 735 school project in Climate Region I, 11 and IV has the same orientation (north-
east) of Ayranct Anatolian High School in Ankara (case study-Climate Region II).
Orientation of schools and its effect on sustainability impact of retrofit may be

considered for examining real case studies.

Secondly, some cost inputs such as maintenance cost, operational cost and tax rebate
have been neglected in the calculation method used for evaluating of economic
sustainability impact. Therefore, neglected values should be considered for a more

accurate and more precise payback analysis.

Thirdly, in this study, retrofit types that is required for four climate regions were
selected. Retrofits related to cooling requirement were not included in this study since

the cooling requirement is not required for all climatic zones.

Finally, in the survey study on social sustainability impact of retrofit types, the climate
impact was neglected. Since, this survey is not conducted for participants in different
climatic zones and the questions were focused on the retrofit types impact on social
sustainability.
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5.4. Recommendation for Further Studies

The purpose of this study is to assess the sustainability impact of the retrofit measures
implemented to the existing type school buildings in different climatic zones.
However, in this evaluation process, only proposed energy retrofit studies such as
envelope insulation, lighting retrofit, PV installation and heat recovery unit

installation have been evaluated.

For this reason, in future studies, potentials and deficiencies of such school buildings
can be examined in more detail. As a result of these investigations, the range of retrofit
studies can be extended and retrofit strategies can be made more comprehensive.

At the same time, different project types with different orientations can also be
analyzed as case studies. As a result, a research framework can be extended in which

alternatives are increased and orientation factor is also considered.

Considering the limitation in this study, retrofit types can be increased for the type
school project and a comprehensive climate-based retrofit guideline can be created,

where orientation factors are evaluated with more precise measurements.
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APPENDICES
A. Survey Questions in English

Survey on The Effect of Energy Retrofit Measurements on Social Sustainability

in School Building

The school buildings, which the educators and students spend in a very large part of
the day, differentiate from other building types in terms of user profile and function.
In this study, the effects of actions to improve energy efficiency in school buildings

on social sustainability factors (health, comfort and efficiency) will be analyzed.
Section Al:

1) Educators and students spend most of their days in class. What is your expectation
from the classroom environment as users of a classroom environment? Rate the
significance level of the following sequential factors for you from 1 to 5. (5: very

important, 4: important, 3: moderately important, 2: less important, 1: very important)

-Classroom environment provides a

healthy working environment

-Comfortable classroom environment

-Increasing the working efficiency of

L1 .1 -
I I I R I
N O T O

L[] L1 [1=
I I N

the classroom environment
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Section A2:

1) How much the effect of appropriate temperature in the classroom environment on
your health, comfort and working efficiency has? Mark. (5: has very strong effect 4:
has strong effect 3: has moderate effect 2: has little effect 1: has very little effect)

-Impact on your health

-Impact on your comfort

(1 L1 O]~
L1 01 L] -
I I I

(1 L1 L1~
(1 L1 L~

-Impact on your productivity

2) How much the effect of appropriate lighting in the classroom environment on your
health, comfort and productivity has? Mark. (5: has very strong effect 4. has strong

effect 3: has moderate effect 2: has little effect 1: has very little effect)

-Impact on your health

-Impact on your comfort

(1 L1 O]~
L1 LT L] -
I I

(1 L1 L1~
(1 L1 L~

-Impact on your productivity

3) How much the effect of air quality in the classroom environment on your health,
comfort and productivity has? Mark. (5: has very strong effect 4: has strong effect 3:

has moderate effect 2: has little effect 1: has very little effect)
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-Impact on your health

-Impact on your comfort

(1 L1 [ -
L1 L)L
(1 ) L1~
I I R
I

-Impact on your productivity

4) How much impact do you have on health, comfort and productivity factors when
evaluating the use of solar energy in school buildings from a social and global
perspective? (5: has very large effect, 4: has great effect, 3: has moderate effect, 2:
less has the effect, 1: has little effect)

-Impact on your health

-Impact on your comfort

L1 LT L -
L1 LT L~
I I A

1 L] L]~
[ I I

-Impact on your productivity
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B. Survey Questions in Turkish

Okul Yapilarinda Enerji Iyilestirmesine Yonelik Calismalarin  Sosyal

Siirdiirebilirlik Uzerine Etkisi Konulu Anket Calismasi

Egitimcilerin ve d6grencilerin giiniiniin ¢ok biiyiik bir kismini igerisinde gecirdigi okul
yapilari, slirdiirebilirlik agisindan degerlendirildiginde kullanici profili ve fonksiyonu
yoniiyle diger yap1 tiirlerinden ayrigsmaktadir. Bu calismada okul yapilarinda enerji
verimliligini saglamak amaciyla yapilan enerji iyilestirmesine yonelik eylemlerin
sosyal siirdiirebilirlik faktorleri (saglik, konfor ve verimlilik) {izerindeki etkisi analiz

edilecektir.

Bolim Al:

1) Egitimciler ve 6grenciler giinlerinin ¢ok biiyiik bir kismini sinifta gegirmekteler.
Bu dogrultuda bir sinif ortaminin kullanicilar olarak sinif ortamindan beklentiniz ne
yondedir? Sizin i¢in agagidaki sirali faktorlerin dnemlilik derecesini 1 ile 5 arasinda
derecelendiriniz. (5: ¢ok onemli, 4: 6nemli, 3: orta derecede 6nemli, 2:az 6nemli, 1:

cok az dnemli)

-Smif ortaminin saglikli bir calisma

L]~
[]
L] -
[]

ortami saglamasi
-Sinif ortaminin konforlu olmasi

-Smif ortammin ¢alisma verimini

00 0-
40
I
1
I

L]
L]
L]
[]

arttirict olmasi
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Boliim A2:

1) Simif ortaminda uygun sicakligin saglanmasinin sagligiizin, konforunuzun ve
caligma verimliliginizin {izerinde ne kadar etkisi vardir, isaretleyiniz. (5: ¢ok biiylik
etkisi vardir 4: biiyiik etkisi vardir 3: orta derecede etkisi vardir 2: az etkisi vardir 1:

cok az etkisi vardir)

2 : 4
] ] ] D
- Sagliginiz lizerindeki etkisi L L -

- Konforunuz tizerindeki etkisi

00 -
=
=
=

- Calisma veriminiz lizerindeki etkisi D D D D

2) Siuf ortaminda uygun 15181n saglanmasinin sagliginizin, konforunuzun ve ¢aligma
veriminizin lizerinde ne kadar etkisi vardir? (5: ¢ok biiytik etkisi vardir, 4: biiyiik etkisi

vardir, 3: orta derecede etkisi vardir, 2: az etkisi vardir, 1: ¢ok az etkisi vardir)

1 2 :
D ] ]

- Sagligiiz lizerindeki etkisi L L

- Konforunuz iizerindeki etkisi DD """"""" D """"""" D """"""" D

- Caligma veriminiz lizerindeki etkisi D D D D D

L] -
[]

3) Simif ortaminda uygun hava kalitesinin saglanmasinin sagliginizin, konforunuzun
ve ¢alisma veriminizin tizerinde ne kadar etkisi vardir? (5: ¢ok biiyiik etkisi vardir, 4:
biiylik etkisi vardir, 3: orta derecede etkisi vardir, 2: az etkisi vardir, 1: ¢ok az etkisi

vardir)
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- Sagliginiz lizerindeki etkisi

- Konforunuz tizerindeki etkisi

miiw -
-

I
I O I

- Calisma veriminiz iizerindeki etkisi

4) Okul yapilarinda giines enerjisinin kullanilmasini toplumsal ve kiiresel agidan
degerlendirdiginizde saglik, konfor ve verimlilik faktorleri lizerinde ne kadar etkisi
vardir? (5: ¢ok biiylik etkisi vardir, 4: biiyiik etkisi vardir, 3: orta derecede etkisi vardir,

2: az etkisi vardir, 1: ¢ok az etkisi vardir)

- Sagliginiz tizerindeki etkisi
- Konforunuz tizerindeki etkisi

- Calisma veriminiz tizerindeki etkisi

I

[
B

L] -
[]

I

000
L
il

[ ]
[]
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C. Survey Results

Table A.1. Survey Results
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D. METU Applied Ethics Research Center Survey Approval
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Figure A.1. Certificate of approval from The Applied Ethics Research Center

157






E. Design Builder Energy Models Data

Location
 Location Template -

‘i Template AYDIN
< Site Location v
Latitude (%) 37.85
Longitude (7) 27,85
ASHRAE climate zone 3A 3
¥ Site Details ¥
Elevation above sea level (m) 56,0
Exposure to wind 2-Normal -

Site orientation () 270,0
Site Height \Variation
Ground
Sky
Horizon
Water Mains Temperature
Precipitation
Site Green Roof Irrigation
Outdoor Air CO2 and Contaminants
2% Time and Daylight Saving

25 Time zone (GMT+02:00) Bucharest, Sofija

Use daylight saving

Start of YWinter Oct 2

End of Winter Mar -

Start of Summer Apr -

End of Summer Sep > i
a Simulation Weather Data.

4 Hourly weather data. TUR_IZMIR_IWEC [

Day of week for start day 8-Use weather file -

Use weather file snow and rain indicators l
& \\inter Design Weather Data

@® Heating 99.6% coverage [
Outside design temperature (°C) -0.6
Wind speed (m/s) 5.0
Wind direction () 0.0

O Heating 99% coverage ‘

Sizing Period
* Summer Design YWeather Data

Solar model indicator 1-ASHRAE Clear Sky -
Sky cleamess 0,980

‘Weather Data Modifiers
Dry-bulb temperature range modifier type 1-Default multipliers sl

#* Summer Design Weather Data

Solar model indicator 1-ASHRAE Clear Sky -
Sky cleamess 0.980 [
‘Weather Data Modifiers ¥
Dry-bulb temperature range modifier type 1-Default multipliers =
Hurmidity condition type 1-Wet bulb 2]
Wind Data Y
Wind speed (m/s) 0.0
Wind direction () 0.0 |
Sizing Period »
Design Temperature Period Y
Design temperature period 2-Multiple design months -

Figure A.2. Model location data of buildings in Aydin
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T e

*;Template TEKIRDAG

Latitude () 40,98

Longitude () 27.55

ASHPRAE climate zone 3C 2
Elevation above sea level (m) 0 =

Exposure to wind 2-Normal =
Site orientation (*) 2700
Site Height Variation

Ground

Sky

Horizon

‘Water Mains Temperature

Precipitation

Site Green Roof Irrigation

Outdoor Air CO2 and Contaminants

% Time and Daylight Saving

2aTime zone (GMT+02:00) Bucharest, Sofija

Use daylight saving

Start of Winter Oct -

End of Winter Mar -

Start of Summer Apr -

End of Summer Sep N
a Simulation Weather Data A

74 Hourly weather data TUR_ISTANBUL_IWEC '

Day of week for start day 8-Use weather file -

M Use weather file snow and rain indicators
& \\inter Design Weather Data

@® Heating 99.6% coverage
Outside design temperature ('C) -4 T
Wind speed (m/s) 95
Wind direction () 0.0

O Heating 99% coverage

Sizing Period
#* Summer Design Weather Data.

Solar model indicator 1-ASHRAE Clear Sky -

Sky cleamess 0,980 ‘
‘Weather Data Modifiers ¥

Dry-bulb temperature range maodifier type 1-Default multipliers =

Humidity condition type 1-Wet bulb -
Wind Data ¥

Wind speed (m/s) 0.0

Wind direction () 0.0

Sizing Period

Design Temperature Period
Design temperature period 2-Multiple design months v

Figure A.3. Model location data of buildings in Tekirdag
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 Location Template
%3 Template

- Site Location

Latitude ()
Longitude (7)
ASHRAE climate zone
1 Site Details
Elevation above sea level (m)
Exposure to wind
Site orientation (%)
Site Height Variation
Ground
Sky
Harizon
‘Water Mains Temperature
Precipitation
Site Green Roof Irrigation
Outdoor Air CO2 and Contaminants
2% Time and Daylight Saving
2aTime zone
[¥] Use daylight saving
Start of Winter
End of Winter
Start of Summer
End of Summer
2 Simulation Weather Data
74 Hourly weather data
Day of week for start day
Use weather file snow and rain indicators

& ‘Ainter Design Weather Data

@® Heating 99.6% coverage

Outside design temperature ('C)
Wind speed (m/s)
Wind direction ()

O Heating 93% coverage

Sizing Period
# Summer Design Weather Data

Solar model indicator

Sky clearmess
‘Weather Data Modifiers
Dry-bulb temperature range modifier type
Humidity condition type
Wind Data
Wind speed (m/s)

Wind direction ()
Sizing Period

Design Temperature Period

Design temperature period
Monthly Design Temperatures

«
»

ESENBOGA

<«

40,12
33,00
4B -

949,0 —
2-Normal =
2700

(GMT+02:00) Bucharest, Sofija

Oct -
Mar -
Apr Y.
Sep v

TUR_ANKARA_IWEC
8-Use weather file =

-14.8
10,1
0.0

1-ASHRAE Clear Sky &
0,960

1-Default multipliers &
1-Wet bulb v
0.0

0.0

2-Multiple design months bl

Figure A.4. Model location data of buildings in Ankara
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Layout | Location | Region

 Location Template A
%3 Template ERZINCAN
Latitude () 39,70
Longitude (7) 39,52
ASHRAE climate zone 5A v

1} Site Details v
Elevation above sealevel (m) 11540 )=
Exposure to wind 2-Normal -

Site orientation () 270,0
Site Height Variation

Ground

Sky

Horizon

Water Mains Temperature

Precipitation

Site Green Roof Irrigation

Outdoor Air CO2 and Contaminants

2% Time and Daylight Saving

2aTime zone (GMT+02:00) Bucharest Sofija

Use daylight saving

Start of Winter Oct -
End of Winter Mar -
Start of Summer Apr v
End of Summpr Sep

;ﬁgHuurIyweather data. TUR_ANKARA_IWEC

Day of week for start day 8-Use weather file - |

[¥] Use weather file snow and rain indicators
& '\inter Design YWeather Data

® Heating 99.6% coverage
Outside design temperature ('C) =Y 12 1
Wind speed (m/s) 95
Wind direction () 0.0

O Heating 99% coverage

Sizing Period
Autosize method 1-Design day
#* Summer Design Weather Data

Solar model indicator 1-ASHRAE Clear Sky - |

Sky cleamess 0,980
‘Weather Data Modifiers

Dry-bulb temperature range modifier type 1-Default multipliers

Humidity condition type 1-Wet bulb I
‘Wind Data

Wind speed (m/s) }\

Wind direction () 0,0 |
Sizing Period
Design Temperature Period

Design temperature period 2-Multiple design months el
Monthly Design Temperatures ¥ ;'

Figure A.5. Model location data of buildings in Erzincan
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EXISTING, Existing_Aydyn

Layout | Activity | Construction

& Template Teaching Areas

.Sedor D1 Mon-residential Institutions - Education
Zaone multiplier 1

Includle zone in thermal calculations

Building rotation (7 n.a

Occupied floor area (m2) 32401

Occupied volume (m3) 11006.4

Unoccupied floor area (m2) n.a

Unoccupied volume (m3) n.a

Occupancy density (people/mz) 0.5623

(4 Schedule 01_Edu_ClassPEm_Occ

abaolic

A Activity Standingfwalking
Factor (Men=1.00, Warnen=0.85, Children=0.75) 0.40
CO2 generation rate (m3/s-A) 0.0000000382
Clothing
Clothing schedule definition 1-Generic summer and winter clothing ©
Winter clothing (clo) 1.a0
Surnmer clathing (clo) .50

Comfort Radiant Temperature Weighting

Calculation type 1-Zane averaged -
ation and Fem

[ Contarminant generation/remaonval
r Holidays

[# On

Power density (W/mz) 470
(4 Schedule D1_Edu_ClassRrm_Equip
Radiant fraction 0,200

Figure A.6. Model activity data of existing buildings
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Construction || Openings | Lighting

HVAC || Generstion

Qutputs

CFD

ction
“pExternal walls
“pBelow grade walls
=pFlat roof
=y Fitched roof (occupied)
=yPitched roof {unoccupied)
~pInternal partitions
mi-Exp d

~pSemi-exposed walls
~pSemi-exposed ceiling
~pSemi-exposed floor
Floors

Uninsulated, Medium weight

brick wall with cement base plaster inner-outer
Below grade concrete wall

flat roof cast concrete

Fitched roof - Uninsulated - Medium weight (data modif
Clay tiles (25mm) on air gap (20mm) on roofing
Internal Wall_Brick+Flaster

Semi exposed wall-brick+plaster
Semi exposed ceiling- concrete+plaster
Semi Exposed Floor-concrete+plaster

=pGround floor
~yExternal floor
Internal floor

—piiialls
“pinternal

—pFoot
~yExternal door
=pinternal door

Internal Thermal

Ground Floor-Screed+Terrazzo
External Floor-Screed+Terrazzo
Internal Floor-Screed+Terrazzo

100mm concrete slab

100mm concrete slak
100mm concrete slak
Metal door
YWooden door

=pConstruction
Zone capacitance multiplier

100mm concrete slab
1.00

Companent Block.
Shades and reflects
Lewel
Sphaterial
Flat surface pasition

Maxirmum transmittance
(34 Transmittance schedule

Performance type
O Performance model

Heat transfer integration mode
Yolumes

todel infiltration
Constant rate (ac/h)

1-Building ©
Froject component block material

2-Lower surface M
0.000

On 247

1-Simple ©
FY Constant Efficiency = 015

1-Decoupled ©

1.000

Figure A.7. Model construction data of existing buildings
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Layout || Activity | Construction || Openings || Lighting | HVAC || Genergtion || Outputs | CFD

Double glazing. clear. no shading

(1) Glazing type Dbl Clr Brm 1 3mim Air

|flLayout Preferred height 1.5m. 30% glazed
Type 5-Fill surface (100%) -
Outside resvesl depth (m) n.aaa

FRight

Sgl Clr 3mm
No glazing

Has aframe/dividers?

~pConstruction UPYC window frame
Haorizontal dividers 1

Yartical dividers 1

Frame wiclth (m) 0.0400

Divider witth (m) 0.0z200

Operation

Contral option 1-Control by schedule b
[i4 Operation scheduls D1_Edu_ClassFim_Light

Figure A.8. Model openings data of existing buildings
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Layout | Activity | Construction | Openings | Lighting | HVAC | Generation | Outputs | CFD

[ Lighting Template

 Template (25mm diam) Fluorescent, halophosphate. low
& General Lighting
On
Normalised power density (W/m2-100 lux)  2.0863
(4 Schedule D1_Edu_ClassRm_Light
Luminaire type 3-Fecesszed -
Fieturn air fraction 0.000a
Fadiant fraction 0.370
“isible fraction 0180
Corvective fraction 0.450

Figure A.9. Model lightings data of existing buildings

Layout || Activity | Construction | Openings | Lighting | HVAC || Generation | Outputs | CFD

Radiator heating. Boiler HW. Nat Vent

Pump etc energy (Wim?2) 0.0000
(y4 Schedule 01_Edu_ClassFm_Occ
\ Heating
Heated
Fuel 2-Matural Gas -

Heating system seasonal CoP 0,850

Zone Equipment

n
(y4 Schedule 01_Edu_ClassFm_Heat

= Cooling
[ Cooled
yHumidit,

O On
.~ Natural Ventilation
COn
Cutside air definiion method 1-By zone -
Outside air (acih) 5.000

Operatian

(y4 Schedule 01_Edu_ClassFm_Occ

rature Distribution

Figure A.10. Model HVAC data of existing buildings
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Construction i ighti HVAC || Generation

Uninsulated, Medium weight

brick wall +XPS insulation with cement base pl

~pBelow grade walls Below grade wall-concrete

~pFlat roof flat roof cast concrete+stonewool10 cm insulati
=pPitched raaf (occupied) Uninsulated Pitched roof, Medium weight

=yPitched roof {(unoccupied) Clay tiles (25mm) on air gap (20mm) on roofing
~ylnternal partitions Internal YWall_Brick+Plaster

11| ed

“pSemi-exposed walls Semi exposed wall-brick+plaster
~pSemi-exposed ceiling Semi exposed ceiling- concrete+plaster

~pSemi-exposed floor Semi Exposed Floor-concrete+plaster

Ground floor Ground Floor-+Terrazzo
=yExternal floor External Floor-Screed+Terrazzo
~plnternal floor Internal Floor-Screed+Terrazzo

Airtight

Model infiltration
Constant rate (ac/h) 1.000 B
(4 Schedule On 24/7

Figure A.11. Model construction data of proposed retrofit type 1

Layout | Activity | Construction HVAC | Generation
1
- . 4 b =™ € Lighting Template
=] @ EXISTING S o Tempat T8 (25mm diam) Fluorescent - triphosphor - with L
- Existingt_Apdin eneral Lighting
=5 1KatB11 On
&-EJ circulation i i
& classtooms Normalised power density (W/m2-100 lwg  1.2400
#-631 physics chy [t Schedule D1 _Edlu_ClassRrm_Light
) teachers ro Luminaire type IPecessed -
& technical 1 Return air fraction 0,000
@ WC men
=591 1 KatB2 1 Radiant fraction 0.370
@ circulation Yisible fraction 0,180
E-E7 circulation Convective fraction 0,450
g :f'““’" of g Lighting Control
irectors ra
) storage On
7 wc women Working plane height (m) 0.80
-RD 2KatB1 1 Control type 3-Stepped -
B8 archive Number of steps 1

@ circulation
£) classiooms
) computers
) library

) presentatio
) teachers ra
-6 we men
=50 2KatB2 1

) circulation
@ eirculation
) classrooms
) classiooms
-6 we women
=50 3KatB11

Figure A.12. Model construction data of proposed retrofit type 2
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ction
alar Collector

Solar collector type

Flat surface paosition

Photovoltaic Options

Ferdarmance type
) Ferformance model

2-Photovoltaic

Diepth (m) 0.025

Cost (GER/mz) 600000

Shades and reflects
Lewvel 1-Building -
yMaterial Bitumen Felt

2+ ower surface

2-Equivalent One-Diode
PY_PROPOSED 3304/

Heat transter integration mode 1-Decoupled M
Modules in series b
Series strings in parallel 1

Figure A.13. Model construction data of proposed retrofit type 3

Edit Photovoltaic Generator - One-Diode - PV_PROPOSED 330W

Photovoltaic Generator - One-Diode

Performance Model

Genetral

MName

PV_PRDPOSED 330W

Cell type

Cells in series

Active area (mZ)

Transmittance absorptance product
Semiconductor bandgap ()

Shunt resistance (ohms)

RFeference temperature (°C)
Feference insolation MMm2)

todule heat loss coefficient (W/m2-K)
Total heat capacity (Jfme2-K)

Rated electric power output per module (W)
[+ Awailability schedule

Current
Short circuit current (A)
Maodule current at meax power (A)
Temperature coefficient of shart circuit current (AFK)

Yoltage

Dpen circuitwvoltage V)
tModule voltage at max power ()
Temperature coefficient of open circuit voltage (v/K)

Maorminal Operating Cell Temperature
MNOCT ambientternperature ("C)
MNOCT cell termperature ["C)

NOCT insolation (W/m2)

1-Crystalline Silicon =
36

1.75

0,9000

112

1000000.00

25,00

1000.00

30,00

50000.00

320,00

F panel efficiency: Always 015

.95
.65
0.00537

46,4
320
0,144

20,00
46.00
a0

Figure A.14. Model construction data of proposed retrofit type 3
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EXISTING, Existingt_Ankara

Layout || Activity || Construction

C Template
Radiator heating. Boiler HW. Mech vent Suppl

u

4-Min fresh air (Sum per person + per area)
01_Edu_ClassRm_Occ
Type 2-Differential dry bulk -
150
1-Sensible M

0.700

0,0000

ms:hedule 01_Edu_ClassRm_Occ
A Heating
Heated
Fuel 2-Matural Gas -

0.850

Heating swstem seasonal CoF
ing Zone Equipment

(14 Schedule D1_Edu_ClassRm_Heat

[ Cooled ~|

Figure A.15. Model construction data of proposed retrofit type 4
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F. Sustainability Assessment Results

Table A.2. Economic sustainability assessment results-Aydin

AYDIN
[ 1.RETROFIT-ENVELOPE INSULATION [kwh | [ 2.RETROFIT-LIGHTING RETROFIT [kwh [Tl |
[Aydm Annual Energy Saving | 19301] 10374,442| [Aydln Annual Energy Saving [ 5428 ] 2917,593 |
1.RETROFIT-ENVELOPE INSULATION 2.RETROFIT-LIGHTING RETROFIT
Three Point Estimati Ic AECS | Payback P. (n) Three Point Estimati lc AECS | Payback P. (n)
value 75505 10374 12,523 minimum value 2964| 2917,593 1,082,
most likely value 95677| 10374 21,209 most likely value 8436| 2917,593 3,397
value 110806] 10374 43,226) value 11628] 2917,593) 5,002
[PERTD [ 96071,98] 10374,44) [PErTD [ 10779,39] 3000,37]
|Discount Rate | 0,0915] |Discount Rate | 0,0915]
e = '(.1\')([‘;&;—&—“] or n=-log,, (> m 1c -AM'\'x[%] or n—*lng“‘“lfl%xd] 0]
[Payback Period T F (n) | 21,46683 [Payback Period I F (n) 4,552509
|Payback Period Average(n) 0,046221] |Payback Period Average(n) 0,306443|
! i
Ecl, o @
[ Impact of A ) - [ Impact of A Retrofit(n) -
[ 3.RETROFIT-PV INSTALLATION [kwh i 4.RETROFIT-HEAT RECOVERY [kwh [t
|Aydin_Annual Energy Saving | 8866] 4765,546)| |Aydin_Annual Energy Saving | 9489 5029,043|
3.RETROFIT-PV INSTALLATION 4.RETROFIT-HEAT RECOVERY
Three Point ion Ic AECS | Payback P. (n) Three Point Inc AECS Payback P. (n)
minimum value 12250 4766 3,063 value 487179 5029|undefined
most likely value 19750 4766 5,445 most likely value 541310 5029|undefined
value 22525/ 4766 6,470 value 703703] 5029|undefined
[PERT | 21116,84] 4765,546] [PERT DI | 580671,1] 5029,043]
[Discount Rate [ 0,0915] [Discount Rate [ 00915
HC = AECS x 7“ or ,X(/) 1 II(':J.‘(‘JX[M‘ )
) (T 4
[Payback Period F [Payback Period F

[ 5,938702]
0,1936]

lPayback Period Average(n)

Impact of A Retrofit(n)

IPayback Period Average(n)

Impact of A
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Table A.3. Economic sustainability asssessment results-Tekirdag

TEKIRDAG
[ 1.RETROFIT-ENVELOPE INSULATION [kwh I8 2.RETROFIT-LIGHTING RETROFIT [kwh [Tl
|Tekirdag Annual Energy Saving | 38078]  20467,230] |Tekirdag Annual Energy Saving [ s768 [ 3100346 |
1.RETROFIT-ENVELOPE_INSULATION 2.RETROFIT-LIGHTING RETROFIT
Three Point Estimati: I1c AECS | Payback P. (n) Three Point Estimati Inc AECS Payback P. (n)
i value 75505 20467 4,704 i value 2964/ 3100,346| 1,046
most likely value 95677 20467 6,375 most likely value 8436/ 3100,346 3,270
value 110806] 20467 7,812] value 11628] 3100,346 4,801
PERT Di! | 83519,15] 20467,23] PERT Di | 8532,318] 3100,346
[ Rate [ 00915 [ Rate [ 00915
= } or n:*log””‘lf[. m 1IC = AECS % ':@:,i{i"‘j - ":’“’“““I’I ”‘:\,,d] m
[Payback Period (n) [ 5,338612 [Payback Period (n) 3,31345
|Payback Period Average(n) 0,15852] |Payback Period 0,321378]
1 4.
Ecl, ' ( % T 2)
Impact of A Retrofit(n) - [ Impact of A R -
3.RETROFIT-PV INSTALLATION [kwh [L 4.RETROFIT-HEAT RECOVERY [kwh i
|Tekirdag Annual Energy Saving | 6aa9 3466,389) |Tekirdag Annual Energy Saving | 20477] 10852,829)
3.RETROFIT-PV INSTALLATION 4.RETROFIT-HEAT RECOVERY
Three Point i Iic AECS | Payback P. (n) Three Point Estimati 1c AECS Payback P. (n)
value 12250 3466 4,461 i value 487179] 10852,829|undefined
most likely value 19750 3466 8,415 most likely value 541310 10853|undefined
value 22525 3466 10,312] value 703703]  10853[undefined

[PERT Di [ 17184,1] 3466,389]
[piscount Rate [ o0,0915]
1 *.ll'('\x[l “"/’”": or n=—log,, 1 _llu';\xd] )]
[Payback Period Function(n) | 6,903247
|Payback Period 0,125485]
'
o o
ic Impact of A Retrofit(n) [0.207282]

[PERT [ 537144,4] 10852,83]
[Discount Rate | 0,0915]
. e f1=04d)*) (e
11C = AECS % (¢+J or u’*loglhhlfl‘mxd] )
[Payback Period Function(n) HSAYI!
|Payback Period o

[Economic Impact of A Retrofit(n)

172



Table A.4. Economic sustainability asssessment results-Ankara

ANKARA
[ 1.RETROFIT-ENVELOPE INSULATION [kwh i [ 2.RETROFIT-LIGHTING RETROFIT [kwh | i
|Ankara Annual Energy Saving | 66313 35643,768) |Ankara Annual Energy Saving | ssoa [ 2958444 |
1.RETROFIT-ENVELOPE INSULATION 2.RETROFIT-LIGHTING RETROFIT
Three Point Inc AECS | Payback P. (n) Three Point 1C AECS | Payback P. (n)
value 75505 35644 2,461 value 2964 2958,444 1,082
most likely value 95677 35644 3,219 most likely value 8436 2958,444] 3,396
value 110806] 35644 3,823 value 11628| 2958,444 4,999
[PERT | 90007,81] 35643,77] PERT | 9707,977] 3001,445]
[Discount Rate [ 00915 [ Rate [ _o,0915]
e [1-0+d)) uc - e [1=(144d)") uc
¢ = agcs x( =% ) o n=—logy 1~ g Xd W ¢ = agcsx( = | o n=tog, - (pesxd) )
[Payback Period 3,000899) [Payback Period F 4,007943|
|Payback Period (n) 0,316033] |Payback Period ) 0,301799]
) 1
Ecl, @ Eal, 2
[Economic Impact of A - [Economic Impact of A Retrofit(n) -
[ 3.RETROFIT-PV INSTALLATION [kwh [TL | 4.RETROFIT-HEAT RECOVERY [kwh i
|Ankara Annual Energy Saving | 7163] 3850,170)| [Ankara Annual Energy Saving | 29128]  15437,904|
3.RETROFIT-PV INSTALLATION 4.RETROFIT-HEAT RECOVERY
Three Point Ic AECS | Payback P. (n) Three Point Inc AECS Payback P. (n)
value 12250 3850 3,930 value 487179 15438|undefined
most likely value 19750 3850 7,238 most likely value 541310 15438|undefined
maximum value 22525 3850 8,753 imaximum value 703703 15438|undefined
[PERT | 18247,07] 3850,17] [PERT Distribuiton | 639555,7] 154379
[Discount Rate [ 00915 [Discount Rate [ 00915]
HC = AECS % %L) or n:flng‘.flf[v d} a HC = AECS % '"“;ﬂ) or n=~log,, 1~ )
[Payback Period Function(n) | 6,493608 [Payback Period F
: y Period 0,14421| |Payback Period Average(n) 0|
' \
Ecl, Z’,‘ 5 2 EcI, 2
[ ic Impact of A Retr [0.189243] : Impact of A Retrofit(, [undefined |
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Table A.5. Economic sustainability asssessment results-Erzincan

ERZINCAN
[ 1.RETROFIT-ENVELOPE INSULATION [kwh [TL | 2.RETROFIT-LIGHTING RETROFIT |kvsssa4  [TL3001,445 |
|Erzincan Annual Energy Saving | 74975] 40299,662 |Erzincan Annual Energy Saving | sseq 3001,445)
1.RETROFIT-ENVELOPE INSULATION 2.RETROFIT-LIGHTING RETROFIT
Three Point 1c AECS | Payback P. (n) Three Point nc 3001,445| Payback P. (n)
value 75505 40300 2,148 value 2964| 3001,445 1,082
most likely value 95677 40300 2,797, most likely value 8436 3001,445) 3,396
value 110806] 40300 3,310) value 11628] 3001] 4,999
[PERT | 94148,56] 40299,66] PERT | 8076,772] 3001,445]
[Discount Rate [ 00915] [ Rate [ 00915
ne= ,II-,(,.\’x[l or n=-lo ‘.“1-[ 4’;‘“ xd) m IIC = AECS x #J or n=—logy,1~( Sre= m
[Payback Period F (n) [ 2,746883] [Payback Period F (n) [ 3,228433]
|Payback Period 0,360415] |Payback Period 0,307834|
i !
EcI, @
|E:onoml|: Impact of A - Impact of A Retrofit(n) -
[ 3.RETROFIT-PV INSTALLATION [kwh |i8 4.RETROFIT-HEAT RECOVERY [kwh i
|Erzincan Annual Energy Saving | 6900| 3708,805| |Erzincan Annual Energy Saving | 34044 18043,408|
3.RETROFIT-PV INSTALLATION 4.RETROFIT-HEAT RECOVERY
Three Point Inc AECS | Payback P. (n) Three Point Inc AECS Payback P. (n)
value 12250) 3709 4,110 value 487179 18043[undefined
most likely value 19750 3709 7,629 most likely value 541310 18043|undefined
value 22525 3709 9,266 value 703703 18043|undefined
[PERT ] 20695,11] 3708,805] [PERT Distribui | 566079,5] 18043,41]
[Discount Rate [ 00915] [Discount Rate [ 00915

ic= .u‘.r.:xx[l;“;—"l: or n=-log,,, 1»{ 7 (
[Payback Period ) | 8,160927]
|Payback Period 0,136568
\
kcr Zj : )
| Impact of A Retrofit(n) -

it _“:{"\vx[’;ﬂl’#] or m=-log,,

[Payback Period [

|Payback Period Average(n)

I( #SAYI!

]

Impact of A Re
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Table A.6. Environmantal sustainability asssessment results

AYDIN TEKIRDAG
Expected Annual Energy Saving Expected Annual Energy Saving
Energy Units Energy Units
1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
Insulation Retrofit Installation Recovery Insulation Retrofit Ir ion Recovery
Electricity kWh 19301 5582 8866 9489 Electricity kWh 38078 5768 6449 20477
CO,-Eg = a AES X E,, + AGSX G, ) CO,-Eq = o AES X E, + AGS X Gy )
1.R-Envelope | 1.R-Lighting 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
Insulation Retrofit Installation Recovery Insulation Retrofit Installation Recovery
CO2-Eq kg esd. CO2/kWh 15807,519 3449,676 5479,188 7771,294557 CO2-Eq kg esd. CO2/kWh 31185,882 3564,624 3985,482 16770,69197
. CO, - Eq
ENI = —+—%—
C0, — Eq,
1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
ENI (Environmental Impact) Insulation Retrofit Installation Recovery ENI (Environmental Impact) Insulation Retrofit Installation Recovery
0,486 0,106 0,169 0,239 0,562 0,064 0,072 0,302
ANKARA ERZINCAN
Expected Annual Energy Saving
Energy Units Expected Annual Energy Saving Energy Units
1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
Insulation Retrofit Installation Recovery Insulation Retrofit Installation Recovery
Electricity kWh 66313 5584 7163 29128 Electricity kwWh 74975 5584 6900 34044
CO,-Eq = o AES X E, + AGS X G, ) CO,-Eq = AES X E, + AGS %G, )
1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
Insulation Retrofit Installation Recovery Insulation Retrofit Installation Recovery
CO2-Eq kg esd. CO2/kWh 54310,347 3450,912 4426,734 23855,93039 CO2-Eq kg esd. CO2/kWh 61404,525 3450,912 4264,2 27882,17171
€O, - E; 0 0 CO, - E 0
ENI =20 0 0 ENI=—72—L 9
Y...CO,— Eg, .CO, — Eg,
1.R-Envelope 1.R-Lighting. 3.R-PV 4.R-Heat 1.R-Envelope 1.R-Lighting 3.R-PV 4.R-Heat
ENI (Environmental Impact) Retrofit i Recovery ENI (Environmental Impact) Insulation Retrofit Installation Recovery
0,040 0,051 0,277 0,633 0,036 0,044 0,287
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Table A.7. Social sustainability asssessment results

Y s,

> S

> s,

1.RETROFIT-ENVELOPE INSULATION 2.RETROFIT-LIGHTING RETROFIT 3.RETROFIT-PV INSTALLATION 4.RETROFIT-HEAT RECOVERY
LEVEL OF IMPORTANCE LEVEL OF IMPACT LEVEL OF IIMPACT LEVEL OF IMPACT LEVEL OF IIMPACT
PARTICIPANT  [Health Comfort Productivity Health Comfort |Productivity Health Comfort |Productivity Health Comfort |Productivity Health Comfort |Productivity
T 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
1t 5] 5 5 3 7 7] 3 3 T 7 3 3 T T 7
IE 5 7 5 5 7 5 5 3 5 5 5 5| 5 7 5
T2 5 7 7 5 7 7] 5 7 7 7] 7 7 5 5 5
TS 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
6 5 5 5 5 3 5 5 7 5 5 5 5 5 5 5
T7 5 5 5 5 7 5 7 5 5 5 7 3 5 5 5
8 5 7 5 3 3 7 3 7 7 7 7 7 3 7 7
1E] 5 5 5 5 5 5 5 5 5 5 5 B 5 5 5
T10 5 3 5 5 7 5 5 7 5 5 3 3 5 5 5
TIT 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
T2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
TI3 5 5 5 7 7 7 3 7 5 5 3 7 5 5 5
LELS 5 5 5 5 5 7 3 p) 3 7 3 E] 5 5 5
TS 5 5 5 5 5 7] 3 7 3 7 3 3 7 5 3
TT6 5 5 5 7 7 3 7 7 3 7 7 3 7 7 3
T17 5 T 5 5 5 5 5 T 5 5 5 5 5 5
T8 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
LEE] 5 3 7 3 5 7] El T 7 5 7 T 5 7 7
20 T 7 5 7 5 7] 7 7 5 7] 5 7 5 T 3
TIT 5 3 5 7 7 5 7 3 5 7 3 7 5 3 5
22 5 3 T 3 5 5 3 7 5 5 3 T 5 T 5
23 5 7 5 7 5 7] 3 5 5 7 3 7 5 3 7
LEZS 5 5 5 5 7 7 3 7 5 5 3 1 T 7 5
25 5 7 5 5 7 7] 3 5 7 5 3 7 5 7 5
776 5 7 5 5 7 3 7 5 5 7 3 7 5 7 5
T27 5 5 5 7 7 7 5 5 L 5 3 T 5 T 5
128 5 7 5 7 5 5 5 7 5 5 7 T 5 5 5
LEE] 5 5 5 5 7 7 3 5 7 7 E] 7 5 7 5
T30 5 7 5 5 7 3 7 5 3 7 7 7 5 T 5
T3T 5 7 5 7 7 7 7 5 7 5 7 1 5 5 5
TOTAL. 154 132 152 137 133 135) 123 133 38| a1 117 55] T50] 138 45
Total Possible
Heighest Weight 155 155 155 155 155 155 155, 155 155 155 155 155 155, 155 155
TOTAL. 154 132 152 137 134] 135 124 133 138 141 117 95 150 138 145
Total Possible
Heighest Weight 155 155 155 155 155 155 155, 155 155 155 155 155, 155 155, 155
i 2, 2, 2 2V
RII = MMH% IF =42 IF =42 [P =2 IF = &2
AXN AXN AXN AXN
_ Relative Importance Index (RIl) _ Impact Factor (IF) _ _ Impact Factor (IF) _ _ Impact Factor (IF) _ Impact Factor (IF) _
[ 0,994 0,852] 0,981] [ o884 0,865 0,871] [ o800 0,858 0,890] [ o910 0,755 0,613 [ o968 0,890 0,935
> RII, x IF, Y RII xIF, Y RIIXIF, > R, x IF,
Sl ==——— SH=—"——— S[[=—"—unx-—— S[fM=—"——\——
M M M M
[ Social Impact | [ Social Impact | [ Social Impact | [ Social Impact |
[ 0,823 | [ 0,800 | [ 0,716 | [ 0,879 |
S1I SII, AY/4 SII
SOL =& SOL = sor, = - SOI, = =7

> s,

— Social Impact of Retrofit Type A (SOI) _

_wonmn_ Impact of Retrofit Type B (SOI, _

_monmm_ Impact of Retrofit Type C GO:_

_mnn_m_ Impact of Retrofit Type C Hwo_:

[ 0,256 |

| 0,249 |

_ 0,223 |

_ 0,273 |
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