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Abstract
This dissertation was written as a part of the MSc in Energy Building Design at the International Hellenic University. Aim of this thesis is assessing the energy performance
and proposing retrofitting strategies for one of the highest energy consumers of the built
environment, office buildings. The need for rational energy consumption and measured
use of natural resources dictates a new way of thinking about the design, construction,
and renovation of buildings. There are reduced strategies available for renewable energy
generation in dense urban environments, with multi-storey buildings and limited roof
space. Facades, however, offer another surface with great potential of generating electricity. For the scope of this thesis, facade redesigning will be considered as a central
issue in exploring the possibility of covering the building’s energy demand by renewable energy sources – mainly by solar energy.
The thesis will focus on assessing the energy performance and the proposal of retrofitting strategies for a typical eight-storey office building in the center of Thessaloniki,
Greece. The knowledge acquired from the review of relevant studies and real case applications will play a significant role in choosing and designing the proposals. In order
to achieve better energy performance and energy cost savings, the energy efficiency
scenarios will encompass higher performance building envelope and HVAC systems.
The retrofit will be based mainly on the installation of Building Integrated Photovoltaics
(BIPV) on the facades and roof. An energy simulation model will be developed, in order to evaluate the existing building and to estimate energy savings and electricity production through the proposed design options.
I would like to thank my supervisor, Dr. Georgios Martinopoulos, for his valuable
guidance and support during the writing of this dissertation and throughout my studies
at the International Hellenic University, and my family and friends for their constant
encouragement.
Anna Serasidou
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1 Introduction
1.1 The building stock and its environmental behavior
The built environment occupies a significant place in every aspect of everyday life.
From protecting human life to housing every economic and technological development,
buildings have become an integral part of modern civilization, especially in the developed countries. Yet, their environmental impact is immense, and their energy performance is so poor that it is placing the built environment among the most significant CO2
emitters in Europe. More specifically, the building sector is responsible for approximately 40% of the EU's total final energy consumption and CO2 emissions [1].
Since the beginning of the 21st century there has been a change in the public’s perception of environmental issues. There are great expectations for stronger environmental protection and sense of responsibility. The observed rising of global average temperature, increase in extreme meteorological phenomena, and microclimate changes mandated a better understanding of the environment and the effects of human behavior on it.
The detailed scrutiny of the building industry that followed, has prompted a research for
new approaches and practices towards a more environmentally friendly design, construction and operation of buildings [2].
The “Energy Performance of Buildings Directive”, widely known as EPBD, and its
recast were a crucial step towards this direction. Since it was initially put in force in
January 2003, it helped promote the necessary policies and measures needed to improve
the energy performance of the building stock in all EU Member States [3]. The recast,
in 2010, introduced an even more comprehensive climate and energy package, setting
targets for 20% reduction of energy consumption and greenhouse gas emissions, and
20% increase in the share of renewables by 2020 [1]. Furthermore, it introduced the requirement for Nearly Zero Energy Buildings (nZEBs), namely buildings whose annual
energy consumption is equal or close to zero.
The EPBD is nowadays the main legislative tool in the EU that provides a holistic
approach towards energy efficiency in the buildings sector. One of its main advantages
is that it does not focus only on energy performance requirements for new buildings, but
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also for the vast majority of existing ones, that are in an acute need of refurbishment. It
aims to provide guidelines and measures for cost-effective renovations, compatible with
each building’s function and character, and substantial energy savings [3].

1.2 Scope of the thesis
The need for rational energy consumption and measured use of natural resources dictates a new way of thinking about the design, construction, and renovation of buildings.
Scope of this thesis, is on one of the highest energy consumers of the built environment,
office buildings.
Commercial buildings and more specifically office buildings are, nowadays, an integral part of the building stock of urban areas in most of the developed countries all
over the world. Compared to other building types, office buildings are responsible for
one of the highest energy consumption rates. Along with the technological development
and the extended computerization of the workplace, came an immense growth in their
energy demand. It is estimated that the annual consumption in office buildings in the
European Union ranges between 100 and 1,000 kWh / m2 [4]. The exact consumption
depends mainly on the building’s location, envelope design, HVAC systems, operational schedules, office equipment, and lighting fixtures.
In order for this type of buildings to comply with the EPBD and the 2020 targets,
there is a great need for refurbishment and extended use of renewable energy technologies for covering their energy demand. Undoubtedly, there are reduced strategies available for renewable energy generation in a dense urban environment, with multi-storey
buildings and limited roof space. Facades offer, however, another surface with great potential of generating electricity. For the scope of this thesis, the facade redesigning is
considered as a central issue in exploring the possibility of covering office buildings’
energy demand by renewable energy sources – mainly by solar energy – and trying to
transform them into nZEBs.
The thesis focuses on assessing the energy performance of a typical nine-storey office building in the center of Thessaloniki, Greece and the proposal of retrofitting
measures. Energy efficiency strategies are employed, in order to achieve better energy
performance and energy cost savings, encompassing higher performance building envelope and HVAC systems. An energy simulation model is developed, with the simulation
software EnergyPlus, in order to evaluate the existing building’s performance and esti-2-

mate energy savings and electricity production through the proposed design options.
The retrofitting proposal is mainly based on the installation of Building Integrated Photovoltaics (BIPV) on the facades and roof. The potential for electricity production
through the BIPV systems is estimated with the use of the System Advisor Model
(SAM) software. Moreover, various orientation scenarios are evaluated through the
software, in order to achieve a better understanding of the behavior and retrofitting potential of other similar office buildings scattered throughout the urban environment.
The integration of photovoltaic systems in the building envelope is a matter of research for more than two decades. The BIPV systems offer solutions that enhance the
versatile function of the envelope in new and existing structures. With the technological
development, BIPV systems can not only produce electricity but also be used in various
ways to produce heat and upgrade the aesthetical and architectural form of a building as
a whole [5].

1.3 Thesis structure
The thesis is organized into seven chapters. This first chapter is a brief introduction
about the building stock and its energy behavior. It includes the scope of the thesis and
its structure, setting the main parameters upon which the thesis is based. Chapter two
delves into the challenges the urban European environment faces regarding energy consumption. It focuses on the requirement for more energy efficient office buildings and
the need for integration of renewable energy sources.
In chapter three, the retrofitting options for office buildings are analyzed with respect to environmental, economic and social sustainability. It focuses on NZEBs, and
the wide range of retrofitting case studies encompassing facade refurbishment possibilities and renewable energy generation with the aim of energy efficient upgrading.
Chapter four presents the energy characteristics of the Greek building stock and examines the case of a typical high-rise office building in Thessaloniki, Greece. It highlights the important location, envelope, and constructional characteristics of the building, and an assessment of its energy performance. The next chapter continues with design retrofitting proposals for the facade and the HVAC systems, based on both energy
simulations and data collected from the building.
Chapter six notes the energy simulation results and a comparison of the examined
retrofitting scenarios along with a cost-benefit analysis and calculations on the resulting
-3-

energy savings. The thesis concludes with chapter seven, which describes the importance of energy efficiency practices and retrofitting of urban office buildings, the
added benefits of BIPV technology on buildings and their occupants, and the barriers it
needs to overcome related to environmental and cost-efficiency factors.
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2 Energy behavior of buildings in
the urban environment
The European building stock consists of a unique mix of historical and contemporary
architecture scattered across the plethora of European cities. Effective policies and
schemes to reduce the environmental footprint of buildings, and mitigate the effects of
climate change require a solid understanding of the significant opportunities, but also
the challenges the existing building stock provides.

2.1 Challenges for European cities with respect to energy
consumption
Europe is a notably urbanized continent. Over 75% of Europeans work and reside in
urban areas, and this figure is expected to rise to over 80% by 2020 [6]. Thus, cities
play an important role as engines of national economic and social development [7]. European cities face, however, various challenges regarding their energy consumption profiles that influence their economic growth and development.
The extended urban sprawl, combined with the technological development, result in
an increased energy use across the continent. As we diverge from the notion of compact
cities, there is greater demand for natural resources, new infrastructure, more transportation, and certainly more energy. The urban heat island effect, aggravated by the human
activity, the lack of green spaces and heat sinks, and the extended use of concrete and
asphalt as land covering materials, further increases the energy demand. It is estimated
that an increase of the urban population by 1% can increase the overall energy consumption by 2.2% [8].
Climate change is also a central issue amongst the challenges of European cities, as
it has direct implications on urban processes [9]. The global temperature increase and
the more frequent extreme weather conditions, that are observed, are a matter of great
concern. The magnitude of the increase in cooling needs outweighs the modest reduction in heating demand caused by the increase in mean temperature; this is especially
the case in south European countries where building energy use is dominated by cooling
-5-

requirements [10]. The concentration of greenhouse gases in urban areas, and especially
of carbon dioxide, should also be examined cautiously. Nowadays, greenhouse gases
frequently reach alarming levels of concentration due to the extensive use of fossil fuels
in transportation and inefficient heating systems in buildings. The health problems they
cause and the environmental degradation, such as ozone layer depletion and global
warming, make the effort for better energy efficiency and energy conservation an absolute necessity.
The increasing energy demands are also a result of the overall population growth
and the demographic problem. Although, the better quality of life offered nowadays,
increases life expectancy, combined with the economic uncertainty and change in family forms and values, it tends to create a reduction in birth rates and thus, an ageing population. Unfortunately, the consequent impact on the energy consumption and the energy management is not the desired one. Elder people adapt less easily to temperature
fluctuations and peaks; thus, they are more sensitive to extreme and unstable weather
conditions, having greater heating and cooling demands. Moreover, they are less inclined to renovate their buildings due to their reduced income and insufficient scope for
energy and environmental improvements [11].
Energy poverty, i.e. the lack of affordability to modern energy services according to
the European Commission [12], is another major challenge in urban areas. Its prevalence and severity are further enhanced due to the global economic crisis combined with
the obsolete and thermally inefficient building stock. According to Eurostat, around
24% of the European population was at risk of energy poverty or social exclusion during the last 5 years [13].
Furthermore, the change in everyday life and tendency of both younger and older
population to spend more time inside the build environment, either in residences, offices
or other commercial buildings, increase the energy demand. People are estimated to
spend more than 80% of their lifetime either inside their home or in their workplace
[14]. The extended use of computers, and other work or leisure related services and
technologies significantly affect the energy profile of today’s society.
The existing obsolete building stock also causes a significant energy consumption
challenge for European cities. Given that demolition rates are reaching only 0.1% annually, more than 70% of the existing buildings in the EU will still be standing and occupied by 2050 [15]. Their operating energy varies considerably depending on climate and
-6-

weather conditions, building use, and the overall efficiency of the building and its systems, as the age and state of the existing building stock are directly linked to fuel expenditure [2], [11].
Last but not least, although, retrofitting presents, according to studies ([16], [17]), a
unique solution to the increased energy consumption problem of urban areas, there are
barriers in its implementation; one of the major ones being the lack of funding and incentives. The economic uncertainty usually prevents owners from investing in energy
efficiency. Some of the available types of incentives and financial programs on the energy performance of buildings are presented in Figure 1.

Figure 1: Types of financial programs and incentives on building energy performance in Europe

But even when the financial barriers are overcome, there are further institutional and
administrative challenges that hinder the retrofitting process. Alternative investments
are, in many cases, preferred instead of energy saving retrofits due to the lack of awareness, interest or ‘attractiveness’ of energy efficiency as an investment option. Valid and
appropriate information to possible investors is crucial for the retrofitting market to operate correctly, along with a simplified legal framework. Ambitious renovations comprise a major decision and can only be successful if the right advice and choices are
available for the public. In addition, energy efficiency service industries should be more
advanced and fully capable of delivering the required sufficient satisfaction levels for
their customers [16].
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2.2 Energy challenges for office buildings
In most European countries, offices act as the basic unit for the contemporary working
environment. They are widely distributed across urban areas; alone or mixed with residential and other uses. Office buildings are, however, visually outdated, energy intensive and in acute need of refurbishment and integration of RES.
Residential and commercial buildings consume about one-third of EU's primary energy budget. According to Eurostat, the energy consumption of non-residential buildings have ranged around 150 Mtoe annually, during the past 5 years [13]. Commercial
buildings, and mainly office buildings, are classified among the buildings with the highest energy consumption [18], making them prime candidates for meeting the EU’s 2020
targets.

Figure 2: Annual energy consumption in non-residential buildings per m²

Based on data collected across the EU, it is estimated that the average energy consumption in the non-residential sector is 250 kWh/m2 for all end-uses (Figure 2). This
consumption is about 40% larger than the respective value for the residential sector.
Undoubtedly, variations exist from one country to another and from building type to
building type, but office buildings, while not being as energy intensive as hospitals or
hotels, represent more than 26% of the energy use in the non-residential sector (Figure
3) [16].
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Figure 3: Energy use in non-residential buildings

Design decisions taken in the early construction phases of an office building can
have a large impact on its energy performance. Appropriate building form, orientation,
type of materials used, room dimensioning, and walls to windows ratio are some of the
factors that can affect the building’s energy consumption and equally significantly affect the occupants’ productivity [19]. A great example is the current architectural trend
to replace the previously compact, thermal mass elements with, often poorly shaded,
glass facades (Figure 4). This, now common phenomenon in most European and Greek
cities, in both private and public buildings, along with the extra heat gains from electrical equipment and lighting, and the extended use of false ceilings to encompass electromechanical installations, greatly increases the chances of overheating; hence, increasing the energy demands.
-9-

Figure 4: Office buildings with glass facades in Europe (upper) and Thessaloniki (below)

The amount of energy consumed, however, in modern office buildings, is a more
complex issue. Most of the energy in the non-residential sector and, more specifically in
office buildings, is used for heating, lighting, computing, and hot water [20]. Thus, office buildings have the tendency to be internal load-dominated. Their operating energy
depends less on the thermal characteristics of their envelope and more on the internal
activities [2]. Four important elements that affect the operating energy are: a) policies of
the company/organization for the building’s energy management, b) the type and
amount of electric appliances and equipment installed in the office building (e.g. heating system, air conditioning units, lighting, computers, etc.), c) any energy management
technologies installed (e.g. for energy metering, monitoring, automations), and d) the
users’ energy behavior in operating the electric equipment and appliances of the building [20].
In spite of the development of energy efficient systems and policies in Europe however, energy consumption in the commercial sector continues to grow and radical improvements need to be made [21]. Nowadays, retrofitting is more widely accepted to be
of major importance to improve the sustainability and reduce the energy consumption of
a building. The use and integration of Renewable Energy Systems (RES) can play an
-10-

important role towards this direction. Changes in an office building’s energy management policy or electric equipment are also, straightforward interventions in order to improve its energy performance; always with the motivation of minimizing the energy
costs and improving the building’s environmental performance.

2.3 Overcoming the challenges
A first step towards overcoming the energy challenges the European building stock
faces, could be, according to researchers [16], well-organized and validated data collection systems regarding building energy performance. The Building Performance Institute Europe (BPIE) is at the forefront of this goal, being a not-for-profit think tank, aiming to gather information and data in the field of energy performance of buildings.
Through thorough research and analysis, researchers analyze data and disseminate the
gained knowledge on all aspects of energy efficiency and renewable energy sources
throughout the European countries, focusing on policy analysis and advice [22].
Reliable and continuous data are the cornerstone for any policy making. Harmonization of the existing national data and application of the same categorization and ranking
for buildings all over Europe could give both designers and manufacturers a background
for evaluating retrofitting techniques, and enable them to follow good examples and
avoid mistakes.
Moreover, the renovation processes could be boosted by a strengthening of the existing legislation and its integration in the national law of each member state, incorporating binding measures and efficiency targets. Monitoring agencies should be established in order to ensure the compliance with the efficiency targets and enforce quality
control processes to all renovation projects. An organized implementation of energy
certification and audit schemes could also, further increase the asset value of energy efficient buildings and prompt the real-estate market towards ‘greener’ investments [23].
The legislative work should, however, be accompanied by sufficient funding and
incentives for retrofitting initiatives. National financing schemes should be provided for
different building types, offering flexibility and additional confidence to possible investors, while enabling them to invest and work at cost-optimal levels. State funding should
be proportionally distributed among the different groups of beneficiaries and result in
reduced pay-back periods for the consumers and in a steady growth of high-quality installations and buildings. The public sector should be at the forefront of the energy effi-11-

ciency renovations, by taking a leading role in the retrofitting of its building stock and
helping in the reduction of costs for residences and businesses.
Apart from financing, the member states should offer long-term, educational and
promotional programs, addressing the need to educate the public and the market about
the importance of energy efficiency and renovations. Moreover, these educational processes could provide, especially young people, with all the necessary technical
knowledge and skills to ensure innovative and more environmentally friendly results
and services.
A great example of such an approach is the PURE program [24]. Its aim is the promotion of BIPV technologies, mainly focused on their integration into urban environments. The program focuses particularly on member states with great solar potential but
rather limited installed capacity. It proceeded with the installation of five information
points, called PV Demo Relay Nodes (PV-DRN), one of which was located in the premises of the Technical University of Crete in the city of Chania, and a permanent exhibition. Through a wide range of dissemination activities in the PV-DRN, PURE aimed at
disseminating essential information about both the technical and economic feasibility of
RES integration in buildings. The targeted audience was namely stakeholders and manufacturers, able to fund, facilitate, or promote actual PV integration projects in the 5
countries (Spain, Portugal, Greece, Slovakia, and Italy). Special attention was also given to end-users, and also public bodies, such as architect and engineering associations,
and building industry professionals, which could play an important role in promoting
BIPV technologies [24].

-12-

3 Retrofitting options for office
buildings in densely built urban
environments
Due to the great diversity of the European building stock, there cannot be one simple
strategy to tackle the various energy challenges of the urban environment. Numerous
studies are carried out in order to evaluate the parameters that affect a building’s energy
performance and possible measures to improve it. These studies involve all the relevant
parties that affect and are affected by such measures, from the governance institutions to
the final building occupant, and link the economic, social, and environmental aspects
affected by energy efficiency policies [25].

3.1 Overview of the evolution of office buildings
The construction of a building creates a microcosm with close relation to its surroundings. The goal of any design or renovation process should be for this relation to be harmonious and not a burden to either the building occupants or its surrounding environment [19]. Nowadays there is an increasing demand for higher quality office buildings
offering stimulating and healthy working environment, with better energy and environmental performance.
The Buildings Performance Institute Europe (BPIE) estimates that there are nowadays about 25 billion m2 of useful floor space in the EU-27, Switzerland and Norway.
Non-residential buildings account for 25% of the total European stock, but they comprise a complex and heterogeneous mixture compared to the residential buildings. Office buildings are the second biggest sector, with floor space corresponding to 26% of
the total non-residential floor space. Variations in usage patterns, energy intensity, and
construction materials and techniques are some of the factors adding to the complexity
of the sector [16].
Following the chronological evolution of the energy consumption in office buildings, a great increase in energy use can be observed over the past fifty years. One of the
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first efforts to improve the building stock was made during the 1970’s, when researchers tried to tackle the impact of the two oil crises by proposing policies for reducing the
energy consumption for heating. The initial method used to achieve the goal for reduction in energy costs, was the improvement of the building envelopes by adding extra
insulation layers and reducing the involuntary ventilation losses and ventilation rates.
The results of those interventions were quantitatively acceptable in reducing energy
needs, but they had negative impacts in the everyday quality of life of the occupants.
Some of the major problems observed, were inadequate natural lighting, visual discomfort due to glare, and most importantly, poor air quality [26].
The importance of those problems, and especially of poor air quality, was emphasized by the acknowledgment by the World Health Organization of the Sick Building
Syndrome. SBS is defined, since 1986, as “a syndrome of complaints covering nonspecific feelings of malaise, the onset of which is associated with occupancy of certain
modern buildings” [27]. Most researchers agree that SBS describes symptoms with no
clear etiology, but attributable to exposure for an extended period of time to a specific
building environment [27].
In the 80’s, the development in building technologies focused on low energy consumption buildings, with bioclimatic design that took into account environmental factors, such as insolation, natural ventilation, and the heat capacity of materials. The extended urbanization and the subsequent changes in the urban microclimate, such as the
appearance of urban heat island, significantly affected those designs. The results were
not, however, always the expected ones. The replacement of compact, thermal mass elements, with often poorly shaded glass, in facades, or the over-dimensioning of windows, greatly increased the cooling demands. This proved that shading, utilization of
the building’s thermal mass, and insulation, are elements which are difficult to be replaced or can be replaced only with great energy cost and doubtful results regarding
thermal comfort [26].
During the 90’s, the environmental design started to mature, providing more environmentally friendly building technologies and materials. The use of simulation programs allowed for better mapping of the behavior of the various building components
and thus, allowed for better choice of materials and more efficient integration in buildings. The next step was, after 2000, the integration of “smart” technologies and intelli-
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gent systems in buildings, such as building automation systems, to ensure thermal comfort and energy savings.
In spite of all these advancements however, it is estimated that the electricity demand in European non-residential buildings has increased by a remarkable 74% – c.f.
absolute difference in electricity consumption between 1990 and 2009 – mainly due to
the technological advances and the increasing penetration of air conditioning systems
and IT equipment [16].

3.2 NZEB definition
Retrofitting of existing buildings presents a great potential for solving the energy problems by incorporating energy efficiency measures and integrating renewable energy
technologies into buildings [4], transforming them into nZEBs.
The definition of a nearly Zero Energy Building, according to article 2 of the EPBD
[1], is that it is a building with very high energy performance. The energy performance
is evaluated based on the building’s annual energy consumption for covering its heating,
cooling and hot water needs. The nearly zero or low amount of energy needed should be
covered to a significant extend by renewable energy produced on-site or nearby the
building.
The Directive states that each Member State should define the specific minimum
requirements for a building to be accepted as a nZEB, always based on cost-effective
criteria over the building’s estimated lifecycle. Despite the tight time schedule, no uniform or comprehensive definition of nZEB exists, but it varies depending on each country’s location and climate, energy and environmental targets. Many countries across the
EU have defined the energy requirements for a building to be certified as nZEB and integrated the EPBD into their national laws. Ιn Greece however, the respective legislation is still expected.
According to the Directive all new buildings owned or even occupied by public authorities should be nearly zero-energy by 2018, and the same applies for new buildings
of all types after the end of 2020. This timeline forces national legislation to set a specific value, “close” to zero, for a building's energy consumption at a “per square meter
per year” base, for it to be considered as nZEB. Although, one can find more detailed
specifications and guidelines for residential buildings, e.g. the Passivhaus Standard [28],
there are no specific definitions for nZEB criteria regarding office buildings.
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3.3 The advantages of office retrofitting
Both the design and construction phases are the first step for optimum building energy
consumption. Another essential step however, is the actual use and operation of the
building by its users. The materials used, the equipment installed, and the energy management are pivotal factors that affect energy consumption in office buildings. And
while the orientation or location of an existing building cannot be changed, the facade
materials and the equipment are elements more easily upgraded in order to achieve better energy efficiency results. The benefits of retrofitting are economic, environmental
and social.
There are multiple economic advantages associated with increased energy retrofitting rates. The stimulation of the building industry and the creation of new jobs in sectors related to building renovation are at the forefront. Furthermore, organized retrofitting efforts result in increased asset values and a general acceleration of national economic growth. It should be noted that the U.S. Environmental Protection Agency, estimates that the implementation of thermal efficiency measures in buildings and other retrofitting projects could result in 1.5 times higher total value of economic benefits than
the value of the savings in energy costs [29]. This means, that there is increased annual
turnover not only for the construction sector but for the economy in general. BPIE states
that in Germany, the state’s support for thermal modernization of existing buildings and
the construction of new passive houses led to 340,000 newly created jobs, and investments of 1.4 billion €, returned a profit of about 7.2 billion € [29].
The benefit for the environment from the retrofitting of office buildings is most importantly the reduction of greenhouse gas emissions, and especially CO2 and thus, mitigation of climate change impacts. Office buildings are, as it is already mentioned, one
of the biggest energy consumers, hence, energy consumption reduction in them can lead
to a limitation of fossil fuel depletion and a decrease in air pollutants in urban areas, and
thus, healthier people working with better thermal and visual comfort.
The benefits for the society are primarily the limitation of energy poverty and social
exclusion. Energy retrofitting could decrease the heating and cooling costs and contribute to improving the quality of life and thermal comfort of occupants in the office premises. It is worth highlighting the role of the occupants in an office’s energy consumption. Occupants are the center of a building’s design; maximizing their productivity and
caring for their wellbeing should be the cornerstone of office building design. At the
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same time, occupants’ behavior determines the operation of a building and it is important for the energy management to make them understand their role in producing the
desirable results in minimizing energy consumption and act accordingly.
Therefore, it is apparent that it is not enough to make only new buildings energy efficient or even nZEBs. The current, almost non-existent renovation rate of about 1.2%
annually [15] should be greatly increased. For all these benefits to become a reality
however, investors along with engineers should always explore whether a retrofit solution can offer sufficient results in a cost-effective way. Upgrading building facades with
the use of climate adaptive or smart features, better energy management schemes or integrating renewable energy sources, can be a huge advantage for a building, only when
designed and implemented correctly.

3.4 Case studies towards achieving the nZEB goals
In order to better understand the energy challenges the existing building stock faces, and
the available technologies for overcoming them through retrofitting, a thorough literature research is necessary. Both case studies and real case applications are examined
with the aim to assess common retrofitting strategies and review the innovative technologies currently available.
Several energy efficiency strategies have been employed during the past decades,
with main goals of improving the buildings’ energy performance and achieving energy
cost savings. The retrofitting proposals most commonly encompass high performance
building envelope, lighting system, and HVAC systems, combined with the use of RES
for on-site energy production. However, retrofitting a building to reduce its energy consumption and, subsequently, the energy costs should always be studied in a way that
improves the aesthetics and increase the value of the asset, providing at the same time
better living or working conditions for the users [16].
One of the first approaches in literature for energy retrofitting was the study and review of facade design and construction technologies. Case studies examine building envelopes with improvements to their thermal characteristics, replacement of windows or
addition of reflective coatings to existing windows, increased air-tightness, use of solar
shading systems, and active cooling measures, such as natural and night ventilation
[30].

-17-

Wigginton and Harris [31] set out the principles for the design of an intelligent
building envelope, making a biological analogy of a building fabric responding and
adapting to both internal demands and external changes. Johansson, and Wahlgren [32]
also deal with the building envelope by organizing a thorough multi-disciplinary study
in which physicists, architects and building antiquarians develop a holistic retrofitting
approach for Swedish buildings, built before 1945 and thus, in acute need of refurbishment. Aim of the research was to provide correct retrofitting guidelines to owners and
professionals.
Initially, the researchers created inventories for the 640 under-study buildings, including information about various envelope characteristics, such as thermal insulation,
moisture resistance, and durability, but also thermal comfort data and energy performance evaluations. They proceeded by using the gathered data to investigate alternative
and improved solutions for renovation (or second renovation wherever a first one had
taken place). The purpose was to restore the architectural value of the buildings, by recreating architectural details or giving prominence to cultural historical characteristics,
always with the goal of covering the current demands for function and aesthetics and
achieve reduced energy consumption.
It is worth noting that the research confirmed the importance of insulation in buildings and its correct positioning. More specifically, it presented, among other results, the
effect of the existence of an air gap between the exterior walls and their external insulation. As in most of the examined cases there was no air gap between the exterior walls
and the insulation, there were vapor condensation problems in the walls. Moreover,
many buildings, which were already renovated, had only partial insulation, allowing for
many thermal bridges. The insulation layer was most commonly 9 or 10 cm of mineral
wool or expanded polystyrene (EPS). In cases however, of listed buildings of cultural or
architectural importance, highly efficient materials were selected, such as vacuum insulation panels, in order to achieve minimum wall thickness and preserve the aesthetics
[32].
Another noteworthy research examines various energy retrofitting measures for
Swedish households taking into account the effect of prospective climate change [33].
Among the considered retrofitting measures were an improvement of the envelope by
addition of thermal insulation and thus, lowering of the mean overall thermal transmittance (U-value) of the walls and roof, replacement of windows with better framing and
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new low-e glazing, installation of new mechanical ventilation systems with heat recovery, improvement of the lighting and equipment efficiencies and thus, reduction in the
electricity consumption, and last but not least installation of thermostats with set points
of 20◦C for the heating period. After the assessment of the retrofitting measures and
their combinations, the most effective one is proven to be a combination of improved
thermal insulation of the building envelope with energy efficient windows. Setting the
thermostat set-point to 20◦C could also result in significant energy savings by lowering
the space heating demand.
Other researchers examine double skin facades, consisting of two, often glazed, surfaces with a ventilated air gap between them as another common design proposal. These
facades often incorporate solar control devices, such as vertical or horizontal blinds.
The air cavity acts as a buffer zone that reduces the heat gains during summer time and
the heat losses during winter respectively. Combined with the solar control devices they
maximize visual comfort by reducing glare and enabling natural daylight penetration
[34]. One of the most important elements in this kind of facades is ventilation. Researchers examined various air flow patterns and the respective energy transmittance in
the glass double skin facades through Computational Fluid Dynamic (CFD) models,
showing that orientation of the facade is one of the most important factors, along with
the glazing type, implementation of night ventilation and the existence of a shading system during daytime [35], [36].
The incorporation of smart materials in facades is also a current trend in retrofitting
studies. Smart materials are considered materials with the ability to sense external stimulus and respond to them, according to predefined and controlled ways [37]. Smart materials commonly examined are Phase Change Materials (PCMs), with the ability to
store latent heat and be used as substitute of thermal mass [38], [39], and state of the art
Smart Glazing, with low-e coatings, electrochromic, liquid crystal or electrophoretic
technologies, with the ability to reduce heating and cooling loads and lighting demands
[40], [41].
Furthermore, nowadays, that there is great interest in energy efficient and costeffective building system technology for nZEBs, the goal of recent case studies is also
to optimize the utilization of RES, especially in urban areas. These technologies can act
as an alternative for reducing fossil fuel dependency and thus, carbon emissions, and
promote the construction of ‘greener’ buildings, especially for the non-residential sec-
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tors [17]. Emphasis is also given on climatically sensitive facades, adaptable to local
climate by integrating innovative and smart technologies to further enhance the building’s performance [42].
Researchers analyze all the existing RES technologies for their possible contribution
in covering the buildings’ energy needs. Geothermal systems can contribute to reduction of a building’s energy demand between 25-75%, making them an appealing solution, most commonly in northern and central European countries [43]. Geothermal energy, however, both from low temperature installations and deep ground, high temperature ones, is the hardest of the available RES to be utilized in dense urban environments.
The technology of ground heat exchangers continues to evolve, but they still require, in
order to be installed, a great amount of available land to be installed, specific ground
attributes and of course special licensing, which is not yet sufficiently organized in most
countries. Case studies examined however, their possible application in university campuses or office buildings [43], [44], with very promising results.
Wind energy is also barely utilized in urban environments, due to technical, environmental and most importantly economic issues. The low and turbulent wind speed in
the city centers creates challenges in the design process and the potential energy yield.
This fact, along with the noise and vibration problems, caused by the wind turbines,
complicate the use of wind energy in city centers [45]. Nowadays, however, with the
technological developments especially in computer science and CFD simulation tools,
these problems are gradually being solved, in order for the wind energy potential to be
exploitable in the built environment and not only in rural areas [46]. Researchers review
the energy production potential for roof mounted wind turbines [47], or the potential of
different designs of horizontal or vertical axis wind turbines [45].
Most researchers focus, though, on the incorporation of BIPV technologies. Solar
power is the logical winner among the existing RES technologies available, as rooftops
and facades offer ideal fields for solar energy exploitation. PVs are a suitable choice as
the vast majority of non-residential, and more specifically office buildings, operate during daytime, when energy production by solar radiation is at its maximum. A noteworthy research [48] showcasing a PV retrofitting of a building in Greece, states that the
successful integration of BIPV into a building, requires both technical and architectural
expertise. Most of the systems currently in use are roof mounted, thus, failing to take
advantage of the design opportunities offered by BIPV systems nowadays. Although,
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thorough evaluation of the available technologies and design methods can lead to better
integration of BIPVs, the financing hurdles are always prominent.
BIPVs in facades or roofs have a lot of advantages compared to big scale photovoltaic facilities, such as photovoltaic parks. The extended application of such integrated
systems in the urban areas drastically reduces the land that would be otherwise needed.
Furthermore, in facade renovation scenarios BIPVs are a great choice, since they can
substitute common cladding materials, offering smaller amortization periods and giving
a differentiated architectural character in the buildings [5].
The evolution of BIPV systems can be divided into three generations of products
[49]. The first generation was panels that were not designed to be integrated in building
envelopes, but were selected by designers due to the lack of choices in the market.
Thus, when integrated their efficiency was rather low and the architectural result was
not of high standards. The second generation was characterized by panels designed to
become part of the envelope by substituting other cladding materials. They offered
many integration choices to the designers, especially those that were able to allow the
sunlight to pass through. The current generation is thin film BIPV panels, which have
the maximum amount of flexibility and are rather low cost. Although their efficiencies
are not yet at the desired levels, they are multi-functional and are widely used, especially in non-residential applications, as they provide the designers with morphological
freedoms.
In recent case studies, researchers highlight the benefits offered by the application of
semitransparent PV modules in transparent or translucent solar facades [50], [51]. Both
for the environmental and energy savings from the installation of semitransparent PV
modules in the facade of an office building [51] are very promising. The evaluation of
different typologies reveals how the specific photovoltaic material and the manufacturing process to achieve semitransparency are the most significant parameters to take into
consideration, along with the cost.
Although BIPV technologies offer great potential for buildings to transform into
nZEBs, researchers often neglect to examine the techno-economic feasibility of their
proposals. Quesada et al [50] state that many researchers focus on the predicted energy
production and the advantages for the energy performance and they do not deal with
how the retrofitting measures can be realized or with the duration of their payback period. Future studies should address this issue more thoroughly.
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Another case study for retrofitting a high-rise office building in Cairo [17] simulates
different PV integration scenarios, in order to determine the energy production possibilities. The results show that PV integrated in roof and in south elevations have high
energy production levels, closely followed by PV integrated in shading devices installed
in west elevations with an inclination angle of 30°. PV modules can, thus, significantly
contribute to covering the electricity consumption in office buildings by choosing appropriate orientation, tilt angles, and module types.
Addition of shading devices is a common intervention with the aim of decreasing
solar gains and daylight dimming in order to avoid glare problems. This kind of retrofitting option improves the indoors thermal comfort conditions during the cooling period
by decreasing the cooling load [4]. Studies note the possibility of reducing the cooling
load, by utilizing more efficient shading, by approximately 7% [18].
A further step is the case of PVs integrated into shading devices, which is thoroughly examined in studies [52]. Various configurations of external shading devices with
integrated PVs were evaluated for the cities of Athens and Chania, according to the energy they were able to produce and the indoor visual and thermal comfort conditions
they created. The results revealed that the Surrounding shading (Figure 5) performed
best for both latitude points. The systems of Brise–Soleil full facade, Canopy inclined
double and Canopy inclined single are considered to be energy efficient as well. It
should be noted that the most common shading devices used in office buildings, the rather small, fixed, horizontal louvers, do not perform the best in terms of low energy
consumption. This is a point that should be taken into account for future new building
developments or energy renovations [52].

Figure 5: Types of shading devices (from left to right): a) Horizontal louvres, b) Canopy inclined double c) Canopy inclined single, d) Surrounding shading, and e) Brise–Soleil full facade
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The study encourages companies involved in the PV manufacturing industry to focus on the integration of PV panels on shading devices. At the same time, it highlights
however, the need for further research on the subjects of the effect of shading devices
with BIPV on the building’s energy balance, the quality of the internal environment and
last but not least the cost – benefit analysis of such interventions [52].
Kalogirou [53] and other researchers deal with designing and modelling hybrid photovoltaic-thermal (PV/T) solar energy systems. These systems combine normal BIPV
panels with a heat exchanger with fins embedded on their back sides. The improvement
in this kind of solution is the decrease in the operating temperature of the panels, which
enables them to be more efficient. Moreover, both electricity and hot water are produced simultaneously, enabling the multi-functionality of the system. The study determined that this type of hybrid systems have an increased annual efficiency between
2.8% and 7.7%. Additionally, when installed in residential buildings, they cover up to
49% of the hot water needs, therefore increasing the mean annual efficiency of the system up to 31.7% [53].
Another paper proposes an improved retrofitting concept for integrating PV modules to the south facades of office buildings [54]. The main proposal is to increase the
building’s energy efficiency by exploiting both the electricity produced and the heat rejected by the module. The PV panels are integrated to the external walls as a double facade, enabling an air gap between them and the facade, in which ducts are incorporated
for ventilation purposes. These ducts, are pre-heating outdoor air, which is employed to
cover the ventilation needs of the building, along with a portion of the heating loads,
with the utilization of small fans. Moreover, the airflow created in the air gap and the
ducts by buoyancy effects cools down the PV panels, increasing their efficiency [54].
On the other hand, measures regarding the HVAC systems can combine improvements on heating, cooling, and ventilation systems. Common heating system improvements suggested in literature include the use of more efficient boiler systems, heat recovery, and improvements on the distribution systems [30]. The HVAC systems upgrading is rather important also in historical buildings, where possible interventions on
the facades are very limited. A noteworthy study [55] examines the case of retrofitting
historical hotel buildings in the Mediterranean only with energy effective HVAC installations. Since hotels have increased needs for heating, cooling, ventilation and domestic
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hot water, the proposed interventions included a polyvalent heat pump, and variable
flow fans and pumps to reduce the energy consumption.
Another noteworthy approach, nowadays, is the combination of both energy efficiency and on-site energy production technologies with the use of heat pumps. Heat
pumps are promising systems, due to their high-performance values with low loads, enabling low supply temperature and operating with the electricity produced by BIPV onsite. Therefore, heat pumps have been thoroughly investigated by the International Energy Agency in the Annex 40 of the Heat Pumping Technologies Program (HPT), both
in simulation case-studies and field monitoring across different countries, towards
achieving the nZEB goals [56].
The focus of the research was on integration options, as well as design and control
of heat pumps in nZEBs, along with an update in the state-of-the-art of the definitions
and technologies used in nZEBs. The archetype for an nZEB is good envelope performance combined with solar PV systems and a heat pump. The research shows that for
cost-effective nZEBs, both self-consumption and storage of the produced electricity are
important. The results reveal that, despite the various climatic and financial conditions,
heat pumps range among the most energy-efficient and cost-effective systems for
nZEBs, but also great optimization potential exists.
Due to the growing interest in nZEB system technologies, the research will be continued in order to deliver more thorough analysis of heat pumps for nZEB until the end
of 2019, in line with the time schedule of the EPBD. Furthermore, since the existing results are limited to residential buildings, research will be expanded for other building
uses, such as office buildings, where the requirement of PV area may be greater, making
storage a necessity in order to meet the requirements due to a more restricted building
surface.

3.5 Evaluating retrofitting proposals through energy
simulations
Selecting the correct and suitable retrofitting measures for every building can prove to
be a very challenging task. Assessing the benefits and drawbacks of the wide range of
available retrofitting options from an environmental, technical, and economic point of
view, requires a vast amount of information to be processed. Therefore, building energy
simulation software are, nowadays, an indispensable tool for designers, engineers and
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manufacturers, in order to decide upon and complete a retrofitting project, and deal with
any uncertainty or risk that may arise during their assessment.
Several simulation programs are available and utilized in research studies and real
case applications. An energy simulation program can model the wide range of variables
dynamically affecting energy performance and calculate energy, cost and environmental
factors, by taking into account both external and internal conditions, materials, systems,
thermal and visual comfort criteria [57]. Some of the most common features are predicting the thermal behavior of the building envelope, modeling the impact of the climatic
conditions, occupancy, lighting, equipment and daylight, simulating ventilation and infiltration, sizing HVAC systems, and reporting about the energy performance [58].
Each simulation program has a different user interface and utilizes a different simulation engine in order to analyze the data inserted. In order for a retrofitting project to be
implemented correctly, it is important for the designers to understand the limitations and
reliability of these programs and choose the correct one accordingly. Some of the most
important criteria upon assessing and selecting a simulation program should be the ease
of use, the amount of time needed for training and familiarizing with the program, the
available functional features, the speed of data processing, the available documentation
and technical support and last but not least the pricing [57].
The DOE-2 software was one of the first Building Energy Use and Cost Analysis
Software available [59]. Developed by James J. Hirsch & Associates in collaboration
with Lawrence Berkeley National Laboratory, under funding from the United States
Department of Energy, DOE-2 is a widely used freeware predicting hourly energy use
and analyzing costs of interventions for all building types, but is currently outdated. It
has been greatly used for more than two decades, for building design or analysis of retrofitting scenarios [60], [61]. It is, however, a “Command Prompt” program, thus not
user friendly, and requiring an extended learning process in order to use it effectively.
eQUEST, however, which is the evolution of DOE – 2, is a more interactive Windows
implementation of the DOE-2 program, with graphic displays for ease of use. One of its
main advantages is the speed of calculations, even for large buildings [57].
TRNSYS is a more powerful, transient system simulation program. It incorporates a
modular structure, designed for solving complex energy system problems by breaking
them down into smaller components [58]. The input data, as well as the components
configuration, is done in a fully integrated visual interface [62]. Researchers that deal
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with complex and dynamic energy system designs utilize TRNSYS, e.g. for modelling a
PV/T solar energy system [53], [54], or high rise apartments in Hong Kong [63]. The
modular features of TRNSYS facilitate the input of mathematical models to the program and the potential to create components in any programming language, or directly
embed components implemented using other software, e.g. Matlab, or Excel [58]. The
software is, however, rather costly.
EnergyPlus is another new generation energy simulation program developed by the
US Department of Energy. It performs sub-hourly calculations and integrates the load
and system dynamic performance into the whole building energy balance calculations
[64]. Heating and cooling loads are calculated by the software, on an hourly basis, by
the heat balance method. This method takes into account all heat balances on both external and internal surfaces, and the transient heat conduction through the building envelope. Moreover, it allows the variation of properties with time steps, thus, being a more
accurate method than the weighting factor method, which was used in precedent thermal
loads calculation software, such as DOE-2 [65]. This integrated solution provides a very
accurate space temperature prediction, a feature critical for both system sizing and occupant comfort calculations. Moreover, modules from other software, such as TRNSYS,
can be imported into EnergyPlus to combine different aspects of building energy simulation. Researchers utilize EnergyPlus in a variety of projects for energy demand calculations and system design [43], [55], [66].
The EnergyPlus simulation engine is mainly based on input and output from text
files. This luck of a user-friendly interface increases the effort to define all necessary
input data compared to engines with graphical user interfaces such as TRNSYS. Some
user interfaces are currently under development, the most advanced of them being
DesignBuilder, Open Studio, and Euclid. Since however, they are not yet fully - developed as a front end for EnergyPlus, some of the file editing is required to be done using
the IDF Editor, a utility in which any EnergyPlus object can be edited using a spreadsheet-like grid. The geometry of the buildings is most commonly designed in SketchUp
[67] with the use of the free extension Euclid. Euclid is as open-source extension for
SketchUp, which enables easy creation and modification of the geometry inputs for
building energy models [68]. It builds on the previously used Legacy OpenStudio extension, originally developed by the National Renewable Energy Laboratory (NREL),
which is no longer supported.
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Another category of energy simulation software is the simulation of the electricity
production by the PV or BIPV panels. A rather recognized PV simulation software is
the System Advisor Model (SAM), which was developed by the National Renewable
Energy Laboratory (NREL) with funds from the U.S. Department of Energy [69]. SAM
is based on the dynamic simulation engines of TRNSYS [70] and uses hourly climatic
data in the form of a Typical Meteorological Year (TMY). By providing the software
with the geometrical characteristics of the PV panels, orientation, efficiency and cost
data of the whole installation, the annual electricity production is calculated, along with
the energy savings and the respective amortization period. The software has a free user
license and is used world-widely by students and professionals analyzing, designing,
and installing RES [71], [72], [70], [73], [74].

-27-

4 Greek building stock
According to the Hellenic Statistical Authority the Greek building stock comprises of
4,105,637 buildings, the vast majority of which – approximately 80% – are single floor
residences [75]. The first legislation in Greece regarding building energy efficiency was
the Thermal Insulation Regulation of buildings, introduced in 1979 [76]. The majority
of buildings, almost 60% [75], was however, constructed before 1980, resulting in them
having a very poor energy performance. Additionally, the implementation of the EPBD
was rather delayed, as it became part of the national legislation with the LAW
2661/2008 in 2008. There was an even further delay as the regulatory and administrative measures were finalized in the summer of 2010, with the signing of the new Regulation for the Energy Performance of Buildings and the respective Technical Guidelines
[77].
Therefore, the vast majority of buildings are uninsulated, experience high energy
losses through their envelopes, and lack in the utilization of state of the art HVAC
equipment. During their lifetime, these buildings need several minor or major retrofits,
along with regular maintenance, as they experience degradation by aging, unexpected
damages, or have outdated building components and techniques [32]. Unfortunately,
usually the needed care is neglected.
According to data gathered by the Ministry of Environment, Energy and Climate
Change through the Energy Performance Certificates (EPC), approximately 40% of the
buildings examined are in the energy efficiency bands F and G, while only 3% of the
audited buildings are in bands A+ to B+ [78]. The average energy demand of a building
that was built before 1980 is almost 162 kWh/m2,yr [79]. These buildings have, however, nowadays a significant potential for large scale retrofitting, in order to achieve reduced energy consumption and better living conditions for the occupants. In order for
the renovation programs to be effective though, in terms of both energy efficiency and
economic viability, a deep understanding and recording of their existing condition is
crucial [80].
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The main building typology that prevails in Greek urban areas, regardless climatic
conditions, is the high-rise building, called in Greek Polykatoikia (Greek: poly: many +
katoikia: dwelling) [81]. Although high-rise office buildings are dominating in most city
centers across the world, most buildings in the Greek city centers have a residential use.
According to the official data, mixed use high-rise buildings in the Municipality of Athens and Thessaloniki with dominating office usage are approximately 8% [82].
Typical construction materials, in almost 65% of the cases, is reinforced concrete.
The building envelopes consist of brick masonries with double brick cavity walls and
extended glazing surfaces, where office use is dominant. Greek urban buildings present
thus, a great heat storage capacity, which combined with increased external and internal
loads during the cooling period, can lead to overheating of the interior, as heat cannot be
easily dissipated. Another noteworthy fact is that 40.4% of the high – rise urban buildings have flat roofs [75], with great solar and wind access. Although this allows for
higher energy consumption and poorer comfort conditions for top floors throughout the
year, it creates ideal spaces for RES integration.
The building stock spread across the Greek territory is divided into four Climatic
Zones according to the current Building Regulation [77]. This thesis focuses on Climatic Zone C and, more specifically, on the city of Thessaloniki (as displayed in Figure 38
in the Appendix). Although the city’s climate is not typical for Zone C, due to the high
humidity levels, which increase the cooling demand, the office buildings of Thessaloniki account for more than 70% of the total number of buildings in the Zone [83].

4.1 Case study – High-rise office building
The thesis focuses on assessing the energy performance of a typical nine-storey office
building in the center of Thessaloniki and the proposal of retrofitting measures, encompassing higher performance building envelope with the integration of BIPV systems.
The selection of the case study building was based on the requirement for a building,
presenting a variety of typical features related to building typology, construction materials, location, thermal qualities of the envelope, occupancy requirements, type of utilized energy sources, and energy consumption. The selected building possesses all those
characteristics by being constructed with the typical materials, at a period when most of
the buildings throughout the city were built, utilizing typical energy sources, i.e. natural
gas and electricity, and operating at a typical 8hour work schedule.
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A crucial step before considering a retrofitting proposal and choosing measures for
upgrading, is evaluating the current condition of the building. A comprehensive energy
audit needs to be made, thus a systematic procedure to record and assess the existing
condition and the energy consumption profile of the building, and identify and quantify
cost-effective energy saving opportunities [84].
Subsequently, an energy simulation model is developed, with the simulation software EnergyPlus, in order to evaluate the existing building’s performance and afterwards estimate energy savings through the proposed design options. The potential for
electricity production through the BIPV systems is estimated with the use of SAM.
Moreover, in order to achieve a better understanding of the behavior and retrofitting potential of other office buildings in the city, various orientation scenarios for the reference building are evaluated through the software.

4.2 Description of the building
In order to thoroughly examine the building’s energy performance and discover the
most suitable retrofitting measures, the following information has been collected:
a) General information about the building and its owners, including the building’s
regular occupants, construction year, heated/unheated surface, volume, and the
daily building operation schedule.
b) Building plans and envelope characteristics, including orientation, envelope materials, wall to window ratio, shading devices and interior materials
c) Information about the HVAC and lighting systems, including their nominal
power, efficiency characteristics, operating schedules, set points and control
types.
d) Report on the main office equipment used, including the various appliances and
computers; their power and energy management characteristics.
e) Information about the energy consumption of the building, including all fuel
types consumed on an annual base and the electricity consumption based on the
respective bills of the office building.
The reference office building is located in the dense center of Thessaloniki and it
was constructed in 1968. It is a semi-detached building with a net surface of 1,488 m2
and a volume of 4,300 m3. It consists of a basement with storage spaces, a ground floor
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with a reception area, storage spaces and a server room, eight upper levels with offices,
and a ninth mechanical and storage floor. It is the administration building of a constructional company, housing 30 employees and approximately 10 guests daily.
The shape of the building is an irregular pentagon, elongated along the N-S axis. It
occupies a corner plot and is adjacent to two other office buildings on its north and
northeast sides, while being detached in the three remaining facades, as seen in Figure
6. Each level is 3m-high, making the total height of the building 30 m. The surrounding
buildings are mostly of the same height, except for the building opposite the northeast
side, which is only five floors tall, enabling better insolation in this side.

Figure 6: Site plan

The total heated surface of the building is 1,000 m2, split among the 1st to 8th floor,
as presented in Table 1. The unheated surface of the building is 488 m2, split among the
basement, the ground floor, the 9th floor, and the staircase and elevator area in each of
the 8 office floors of the building.
Table 1: Breakdown of the building’s surfaces
Heated Surface
(m2)

Unheated surface
(m2)

Basement

-

170

Ground Floor

-

142

125

17

-

40

1000 m2

488 m2

Typical Floors (1st to 8th)
9th Floor
TOTAL
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4.2.1 Building envelope and materials
The building was constructed based on the, then current, building standards and regulation, i.e. the National General Building Regulation of 1955 [85]. By the time the current
owners purchased the building, in 2002, they proceeded to a refurbishment of the building’s interior, in order for it to better cover the company’s needs, and a renovation of
the facades. The floor plan of a typical level is presented in Figure 7.

Figure 7: Floor plan of typical levels (1 to 8)

The materials used for the construction of the building were the typical ones used in
Greece for high-rise buildings during its construction era. The bearing structure is of
reinforced concrete and the outer walls are double brick masonries with no insulation.
The flat roof slabs have no insulation either, and are only water-proofed. During the
renovation in 2002, the facades were externally cladded with composite panels, in order
to achieve a more elegant appeal of the building. Views of the building before and after
the facade renovation are presented in Figure 8. The panels consist of aluminium sheets
with a total thickness of 3 mm and are supported by a metallic structure allowing a gap
of approximately 5 cm between the external wall and the cladding.
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Figure 8: Southeast views of the building before (left) and after (right) the renovation

The building is equipped with sliding aluminum windows with double glazing and
no thermal or sound insulation. Windows cover approximately 65% of the building’s
facade. The shading of the glazing is achieved only internally; by horizontal wooden
blinds in 75% of the offices and by curtains in the rest. The interior materials of the offices are also typical, with painted, single brick interior walls and laminate flooring. The
specific building element characteristics are summarized in Table 2, followed by their
typical sections in Figure 9.
Table 2 Building elements characteristics
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Building elements

U-values (W/m2K)

Double brick wall with metal sheet outer layer
(no insulation)

1.049

Concrete slab with tiled floor with no insulation
(Ground floor)

2.5

Concrete slab with laminate flooring with no
insulation (offices)

2.10

Flat roof

3.3

Doors/Windows

3.1

Figure 9: Sections of typical building elements

4.2.2 HVAC systems
The heating of the office building is achieved with a centralized, natural-gas-fired boiler, with a nominal capacity of 349 kW and an efficiency of 109%. The boiler is coupled
with radiators distributed among the offices. The heating system operation schedule is
from Monday to Friday, 07:00 – 19:00, based on the daily office operation schedule,
which is from Monday to Friday, 07:30 – 19:00. The heating system is connected to a
central thermostat for its optimal operation.
For cooling the offices, air-conditioning, split-type units are utilized, mounted on
the walls of each office. Most of the units have a cooling capacity of 5 kW and an EER
3.23. These units are manually operated by the occupants of each office, thus, there are
no standard set points. There is, however, a general recommendation to the employees
by the administration, to not set the temperature below 26oC. There is no mechanical
ventilation system in the office building, as per usual practice in Greek buildings. Natural ventilation through the building’s windows enables the fresh external air to enter the
building.
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4.2.3 Lighting system and office equipment
The type of devices used for lighting and equipping the office building determines its
corresponding energy consumption.
The lighting of the offices and the hallways is achieved by fluorescent ceiling lights.
A limited amount of LED lighting is used for the external lighting of the East facade of
the building. All lighting fixtures are manually operated since there are no automations
installed depending on occupancy or illuminance.
Continuously operating appliances, such as fridges, burglar alarms, and modems,
require constant amount of electricity throughout the day. On the other hand, active appliances, such as lighting fixtures, or computers, which are actively switched on or off
by users have a flexible consumption [20]. The studied office building, as office buildings in general, is equipped with both categories.
Regarding the office equipment, the building is moderately computerized. Each typical floor is equipped with 5 computers and 3 printers. Moreover, the office building
houses a kitchen area for the employees, equipped with coffee machines, water heaters
and three fridges.
An empirical survey was conducted, through observation and interviews with the
staff, in order to analyze the electricity consumption behavior of the users and the operating hours of the equipment during working days. The results of this small-scale survey
revealed that the operating hours of the active appliances conform with the building operating schedule. Almost 90% of the employees switch off their computers when leaving office, along with the lighting fixtures in each floor. Only the external LED lighting
of the facade remains switched on during the night.

4.2.4 Electricity consumption
Based on historical data collected from the building’s electricity bills from the past 5
years, from 2012 until 2016, the average annual electricity consumption is 92,310 kWh.
The consumption presents a declining rate through the years (Figure 10). This can be
partially attributed to a few upgrades in the building’s equipment during 2014, with the
purchase of some more energy efficient air conditioning units and use of energy efficient lighting equipment. However, the declining rate also reflects an effort of the administration to reduce the energy costs, which conforms to a general tendency in both
Greece and the EU, during the previous years, for reduction in electricity consumption
due to the economic crisis [86].
-36-

The office building has no meters available in order to determine the amount of
electricity consumed for cooling, lighting or equipment separately. The mean annual
energy consumption for all of them is approximately 62.03 kWh/m2. The respective
value per heated area, in each of the 8 typical heated floors, is 92.31 kWh/m2.

Figure 10 Evolution of the building’s annual electricity consumption (2012-2016)

4.2.5 Energy performance
The energy performance of the office building in its current condition, as well as after
the retrofit, is assessed with the use of EnergyPlus [64]. Since, however, the user interface is not very user-friendly, as explained in previous chapters, the geometry of the
building is created in the software SketchUp, with the use of the Euclid add-on. The rest
of the file editing is still done using the IDF Editor, a utility in which any EnergyPlus
object can be edited using a spreadsheet-like grid.

4.2.6 Assumptions
The building is simulated for a period of a whole year, from 01/01 until 31/12 taking
into account some design assumptions.
Since the reference building is located in Thessaloniki, the International Weather for
Energy Calculations (IWEC) of Thessaloniki is used in the simulation. The IWEC data
files are ‘typical’ weather files suitable for use with building energy simulation pro-
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grams for 2,100 locations all over the world [64]. The EPW file is used for the simulation of the model.
The zoning of the building is done according to the use of each level. The model
consists of 11 zones. Each heated level has 4 offices (104 m2), one reception area (38
m2) and the staircase area (17 m2). All the internal doors of the office level remain open
throughout the day; thus, each level is considered to be one separate thermal zone, in
order to better study their energy behavior. However, the staircase area is separated
from the office zones in each level, as it is an unheated space and is simulated as a separate unconditioned Zone. Ground floor (Zone_0) and the 9th floor (Zone_9) are also unconditioned spaces.
The Zones, as the actual building itself, are exposed to the outside air on the East,
South and Southwest sides and are adiabatically in contact with the adjacent buildings
on the North and Northwest sides. The 1st floor (Zone_1) is adjacent on its lower side to
the unheated ground floor and 8th floor (Zone_8) to the external air. All the other intermediate levels (Zone_2 to Zone_7) have almost identical characteristics and are adiabatically connected with the other heated zones through their floor and ceiling.
The occupancy schedule of the office building is from Monday to Friday, 07:00 –
19:00, during week days. The office building is simulated as closed during weekends
and the official Greek holidays (as displayed in Table 6 in the Appendix). The lighting
fixtures and the equipment are considered switched on during occupancy hours. Their
operating profiles is presented in Figure 11 and Figure 12 respectively.

Figure 11: Lighting operation profile
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Figure 12: Equipment operation profile

The mean installed power of the office equipment and appliances is simulated as 17
W/m2 for the heated zones. The respective power for the lighting fixtures is 12 W/m2
for the heated zones and 10 W/m2 for the unconditioned zones. The values were calculated based on the existing fixtures and equipment of the building.
The forty people occupying the office building on a daily basis are evenly distributed among the heated levels. Therefore, 5 people are occupying each of the heated Zones
during the operating hours in the simulation. All of them are considered sited, thus with
a low activity level.
Since the building is located in a dense city center, all the neighboring buildings are
considered as shading objects in the simulation for a more realistic result, taking into
account their respective heights and the widths of the surrounding roads and pavements
(Figure 13, Figure 14).
Although EnergyPlus is capable of simulating detailed HVAC systems, the systems
of the office building were not modeled in detail since their study is not a primary objective of the thesis. An ideal system is simulated, considering a heating period from
01/01 until 30/04 and 20/10 until 31/12 and a cooling period from 01/05 until 19/10.
The set temperature points in the typical office level zones are 26°C for cooling
(with a tolerance of ±1°C) and 22°C for heating (with a tolerance of ±1°C). No thermostats are set in the unheated zones.
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Figure 13: Building model with the constructive elements of the envelope and the surrounding
shading surfaces (SketchUp – Euclid)

Figure 14: Building model with the constructive elements of the envelope and the surrounding
shading surfaces (SketchUp – Euclid)
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4.2.7 Energy Consumption
The simulation calculates the total annual energy demand for the office building at
159,074 kWh. Therefore, the energy demand per conditioned building area is 159.07
kWh/m2. The demand for heating is 46,282 kWh, for cooling 59,277 kWh and the respective value for lighting and equipment is 53,515 kWh, as presented in Figure 15. The
cooling demand is almost 25% higher than the respective heating one, as it is expected
in an office building dominated by internal loads.

Figure 15: Monthly energy demand in kWh calculated by EnergyPlus

It should be noted that the cumulative demand for cooling, lighting and equipment,
which is the total electricity demand, is 112,792 kWh. This result deviates only 18%
from the actual, historical mean value of 92,310 kWh. Thus, the actual value from the
building’s energy bills will be used as a reference for the following design retrofitting
scenarios.
The most energy intensive months are July and August, reaching a peak cooling
demand of 1,094.50 kWh on 07/08. The evolution of the energy demand does not have
smooth fluctuations throughout the operating hours of the offices, as displayed in Figure
16. It increases abruptly at 07:00, in order for the offices to reach the set point of 26°C,
and continues to fluctuate, so that the system can maintain the standards of thermal
comfort for the employees. The demand reaches a peak at 15:00 and has a rapid declin-
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ing rate after that, until the closing of the office at 19:00. Similar fluctuations are observed in most days during the cooling period.

Figure 16: Evolution of the energy demand throughout the Peak Cooling Demand day

It is worth examining the temperature fluctuations of the different zones throughout
the peak cooling demand day. As it was expected, the more exposed 8th floor, which has
the uninsulated flat roof as a ceiling, experiences the greatest fluctuations. It reaches
even up to almost 36°C during the hours the office is closed (Figure 17). The temperature of the zone, as of all the other zones as well, remains, of course, at the set point of
26°C throughout the operating hours, when the air conditioning units are operating.

Figure 17: Evolution of mean air temperature per Zone during Peak Cooling Demand day
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The intermediate zones experience less intense temperature fluctuations, which become even smaller as we descend to the lower levels, up to the point of only 4°C temperature difference for Zone_1.
December and January are the most energy intensive months with respect to heating,
reaching a peak demand of 942 kWh on 27/12. The heating demand has a rather sharp
increase rate at the start of the day, when the heating system starts operating in order for
the offices to reach the set point temperature (Figure 18). The demand peaks at 08:00
and starts a rather smooth declining course afterwards. A sharp decrease can be noticed
between 16:00 and 17:00, when the external temperature and the respective solar heat
gains are at their maximum. Afterwards, between 17:00 and 19:00 the demand remains
even before turning zero at the end of the work day.

Figure 18: Evolution of the energy demand throughout the Peak Heating Demand day

The temperature fluctuations of the zones show slightly different results during the
heating period compared to the cooling period. The top level, Zone_8, remains the most
vulnerable one. While it remains at the set point temperature of the 22°C throughout the
operating hours, as all the conditioned zones do, it greatly responds to the fluctuations
of the outside air during the rest of the day (Figure 19). It even reaches a temperature of
lower than 10°C at 06:00, just before the start of the heating system’s operation on the
peak heating demand day. The intermediate levels, from Zone_2 to Zone_7, experience
smoother temperature fluctuations, as they are less exposed, but they also follow the
outside temperature fluctuations.

-43-

Figure 19: Evolution of mean air temperature per Zone during Peak Heating Demand day

It can be observed that, as there is no insulation in the building, the envelope responds quickly to fluctuations of the outside air when the HVAC systems and the lighting and equipment are not in operation. Figure 20 and Figure 21 display the mean air
temperature of each zone at a daily basis, in comparison with the outside temperature,
for the most energy intensive months, January and July. It can be observed, that during
the heating period the office building maintains a mean temperature of approximately
19°C during the week days (Figure 20). The mean temperature during weekends follows
the fluctuations of the outside weather, with Zone_8 being the most volatile and susceptible to temperature changes.

Figure 20: Evolution of daily mean air temperature per Zone during January
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Similar results emerge during the cooling period as well. The mean temperature of
the office building is approximately 29°C during week days, while being prone to dramatic changes, depending on the outside temperature, during holidays and weekends
(Figure 21).

Figure 21: Evolution of daily mean air temperature per Zone during July
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5 Design retrofitting scenarios
Following the thorough literature research and the evaluation of the existing condition
of the office building, a couple of design proposals are investigated in order to improve
the building’s energy performance. The main goal is to cover most of its energy needs
through RES and achieve energy cost savings.
Since geothermal and wind energy are not an option in the dense urban environment
of Thessaloniki, the installation of BIPVs seem to be the best fitted solution for RES
integration in the case study. The large available surface on the facades and the roof of
the office building, along with the great amount of isolation available in the city, signify
promising results. Moreover, the age of the building and the fact that no major renovations were made, suggest that an upgrading of the heating system along with the installation of insulation could greatly influence the performance of the building in the moderate and humid climate of Thessaloniki.

Since the building possesses various typical attributes of office buildings in the city
of Thessaloniki, and Greece in general, a parametric analysis of these scenarios is conducted with respect to the building’s orientation. Therefore, the energy simulation models

are developed respectively, with two extra orientation scenarios which are examined
and compared with the baseline case. Thus, valuable results are deduced for the effect
such interventions could have, not only on the examined building, but on other similar
office buildings throughout the city.

5.1 Facade redesigning with BIPV
The first proposal is a facade retrofitting with the installation of Building Integrated
Photovoltaics on the three detached facades of the building and its roof. The BIPV systems offer solutions that enhance the versatile function of the envelope. With the technological development, BIPV systems do not only offer great potential for generating
electricity, but also upgrade the aesthetical and architectural form of a building as a
whole [5].
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The building has big window areas which, on one hand reduce the artificial lighting
requirement, but at the same time decrease the available facade area for PV electricity
production. Larger windows also cause greater heat losses during winter and increase
the cooling load during the summer [87]. However, the window area and the window to
wall ratio of the building will remain the same for the scope of this scenario. The proposal involves the installation of the PVs on the opaque parts of the facade by substituting the existing composite aluminum cladding panels.
Mounting the arrays of PV modules onto the facades could be achieved by using the
existing support structure of the composite panels in order to minimize the installation
cost. The structure consists of metallic hollow beams (50 x 100 x 5 mm) which would
be able to bear the loads of the PV modules. The roof panels could be supported by new
metallic bases attached to the flat roof, which will allow for the required tilt of the modules.
Since the efficiency of the panels is approximately inversely proportional to the cell
temperature [88], the facade modules should be placed at a distance from the outer wall.
High cell temperatures due to overheating could more easily occur for BIPVs compared
to a free standing installation, because of the low wind cooling effect [88]. Therefore, it
is important to provide an adequate air gap behind the modules to allow for air circulation and cooling. More specifically, in this scenario the air gap of the 5 cm behind the
existing cladding is considered to remain on the back of the modules as well, facilitating
better the heat rejection process and avoiding efficiency losses.

5.1.1 PV modules
The PV modules are incorporated in the East, South and Southwest facades, and the two
free parts of the flat roofs of the 8th and 9th floor. Each facade installation could incorporate 8 horizontal bands of modules, one for each level, placed underneath the window
area, as displayed in Figure 22. They cover a total area of approximately 280 m2 – more
specifically, 140 m2 in the East, 38 m2 in the South, and 102 m2 in the Southwest facade.
The morphology of the South facade allows for a greater surface for PV integration,
as it has smaller window areas. This linear placement underneath the windows was selected however for aesthetical reasons, in order to maintain the harmony of the architec-
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tural characteristics in all facades. Thus, eight linear bands, of three PV panels each, are
designed to be installed.

Figure 22: Elevations incorporating the PV modules

Depending on the dimensions of each facade a total of 176 Monocrystalline panels
could be installed in the building, having the technical characteristics of Table 3 (and
Figure 39 in the Appendix), with a total maximum power of approximately 58,000
kWp.
Table 3: Technical characteristics of the PV panels

Monocrystalline Panels
Maximum Power (Pmax)

330

Max Power Voltage (Vmpp)

33.7

Max Power Current (Impp)

9.8

Open circuit Voltage (Voc)

40.9

Closed circuit Current (Isc)

10.45

Module efficiency

19.3%

Dimensions (Χ x Υ x Ζ mm)
Operating Temperature

1,000 x 1,590 x 50
-40°C to +90°C

The East facade has a string of 88 modules spread on the eight floors, with a tilt of 90°
and an azimuth of 90° (North being 0°). The South facade has a string of 24 modules with a
tilt of 90° and an azimuth of 180° and the Southwest facade has respectively a string of 64
modules with a tilt of 90° and an azimuth of 240°.
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The roof installation is split between the 8th and 9th floor roofs. The flat roof of the
8th floor is approximately 100 m2 and the respective of the 9th floor is 40 m2. Because of
the limited space available, the panels are proposed to be installed horizontally on the
flat roof, with a tilt of 0° and an azimuth of 180°, in order to avoid any self-shading, and
maximize the number of panels that can be installed. As Figure 23 shows, 40 panels can
be installed on the roof of the 8th floor and 19 more above the 9th floor. The design allows for paths between the panels for easier access in case of maintenance or repairs.
The lower arrays can be immediately accessed through the 9th floor and the top ones via
an outer ladder from the 9th level.

Figure 23: Plan of the flat roofs with PV panels installed

The proposed panels have the technical characteristics presented in Table 3, with a
total maximum power of approximately 19,500 kWp. All of them are designed to be
fixed to their bases or to the facade, so there is no need for a tracking system to be installed. Additionally, it is worth mentioning, that eight of the panels installed on the roof
of the 8th floor are partially shaded during the day by the 9th floor. This shading effect is
taken into account in the SAM simulation calculating the energy yield of the panels
(Figure 24).
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Figure 24: 3D model of the PV array calculating shading by the 9th floor (SAM)

5.1.2 Inverters
According to the existing legal framework in Greece [89], the PV arrays should be connected to the utility grid via inverters and operate under the net-metering scheme. Since
the modules are designed to be integrated in various orientations, the use of multiple
string inverters was selected. Thus, they can be more resilient to mismatch effects that
might occur, and they could guarantee a higher energy yield as each string can be operated independently at its Maximum Power Point.
The selected inverters have a maximum capacity of 4,000 W and efficiency of about
95% (as displayed in Figure 40 in the Appendix). The arrays on the East facade require
5 inverters, while the ones on the South and Southwest facade 2 and 3 respectively. The
upper roof arrays require 2 similar inverters and the lower ones 3 more, making a total
requirement of 15 inverters for all the building installations.

5.2 External insulation and HVAC system upgrade
The second retrofitting scenario builds upon the first one and takes the extra step of reducing the heat transmission through the building envelope and upgrading the building’s heating system. More specifically, the scenario proposes the addition of an external layer of insulation, before the installation of the BIPVs on the facades and roof, and
the installation of an air to water heat pump, able to cover the heating demand of the
building.
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Using the same assumptions as for the existing baseline building, the building model
is simulated anew in EnergyPlus, with the addition of an extra insulation layer of 10 cm
of XPS in the external walls and roofs. The insulation layer allows for a better performance of the envelope, especially during the heating period, as it reduces the U-values
of the external walls to 0.251 W/m2K and of the flat roof to 0.3 W/m2K. Compared to
the initial values of 1.049 W/m2K and 3.3 W/m2K respectively, the improvement is significant. Moreover, the insulation layer could protect the interior of the building from
overheating by the PV modules’ operation, especially during the summer.
For covering the building’s heating demand a solar assisted, air to water heat pump
is selected. Heat pump water systems are a promising technology in both residential and
commercial applications, due to their high-performance values with low loads, and the
ability to operate with the electricity produced by the BIPVs on-site. Based on heating
demand a typical heat pump is chosen with a nominal heating capacity of 35 kW and
COP 3 [90]. The working fluid in the heat pump is R-410A. In order to minimize the
installation cost, the heat pump will be coupled with the existing distribution system.

5.3 Impact of orientation on the nZEB aspect of the
building
Since the selected office building is a typical example for the city of Thessaloniki, having the typical construction and envelope characteristics, two alternative orientation
scenarios are investigated. Through rotating the office building, along with its surroundings, cases of office buildings in other parts of the city can be simulated. Thus, the results could help in examining the effect an extended application of the proposed interventions could have in other similar office buildings.
Moreover, the fact that the examined building is located on a corner plot makes it an
even better candidate for research purposes. By being exposed from three sides, it has a
worse energy performance than other buildings positioned in intermediate building
blocks, being exposed from only two sides. Therefore, if the proposed scenarios are
productive and viable in the case-study building, they could be more easily applied in
other buildings that experience less losses through the envelope, but also have slightly
less surface for PV integration.
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The first alternative orientation scenario emerges by rotating the existing, baseline
building by 90° clockwise and the second one by rotating the building 45° clockwise
(Figure 25).

Figure 25: Alternative orientation scenarios: a) baseline, b) 90°, and c) 45°

The first scenario serves in allowing the largest facade of the building to face absolutely towards the South, while the second one allows all three of the detached facades
to have better solar access. By applying such rotations, the electricity yield of the PV
installations is obviously altered. Minor deviations between the scenarios are also expected in the overall energy performance of the building, regarding the heating and
cooling demands. In both cases all the other intervention parameters, such as the number of PV panels installed or the thickness of the insulation layers, and their respective
cost analysis remain the same.
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6 Results
The impact of the retrofitting scenarios on the energy performance of the building examined in the thesis are assessed through simulations, always taking into consideration
their respective cost and viability.

6.1 Facade redesigning with BIPV
The energy production by the BIPVs is calculated with SAM [69]. The hourly climatic
data of Thessaloniki selected are the same ones used for the office simulation in EnergyPlus [91], in the form of EPW.
The irradiance available in the city of Thessaloniki is presented in Figure 26. By
providing the software with the geometrical characteristics of the panels, orientation,
efficiency and cost data of the whole installation, the annual electricity production is
calculated, along with the energy savings and the amortization period.

Figure 26: Irradiance GHI in Thessaloniki (W/m2)
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6.1.1 Energy Production
In order to achieve more realistic results a different simulation was run for each different system orientation. The results, presented in Figure 27, reveal that the modules in
the East facade could be able to produce, according to the SAM, 19,474 kWh of energy
annually, those in the South 7,300 kWh, and those in the Southwest 17,359 kWh. The
production of the modules in the lower roof is 16,255 kWh and the respective production from the upper roof is 8,376 kWh.

Figure 27: Monthly electricity production by the BIPV

Therefore, the total amount of energy produced by the modules is 68,764 kWh. This
production could cover up to 81% of the total electricity needs of the building, which
according to the electricity bills, were 84,298 kWh during 2016. It should be mentioned
again, that this energy accounts for covering the building’s lighting, equipment and
cooling needs.

6.1.2 Economic analysis of Scenario A
It is cost effective for an installation when the utility load and the renewable energy
generated are well matched. This is particularly beneficial in the net metering scheme
under which the examined building would operate.
The total cost for the BIPV installation on the facades and roofs is calculated at
128,865€, which corresponds to 1.66 €/Wdc. The individual costs for all the system
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parts are noted in Table 4 based on current market prices. It is worth mentioning, that
the installation cost includes the initial dismantling of the existing cladding panels. The
cost for the metallic rails for the roof modules is also included in the ‘Other parts’. No
cost is calculated for the facade bearing substructure, as the existing one would be only
locally reinforced, as previously mentioned.
Table 4: System costs – BIPV (facades and roofs)

System

Unitary Cost

PV panel

389€

Inverter (4000 W)

1860€

Net connection cost

550€

Other parts (wiring, meters, system balance, etc.)

4000€

Installation Cost

5000€

The cost effectiveness of the proposal is determined with the Simple Payback Period
Method. The current electricity rates of the Public Power Corporation (P.P.C.) for companies is 0.10153 €/kWh [92]. Based on this price, the annual cost savings could be up
to 6,982€. Taking into account an amount of about 400€ needed annually for the
maintenance of the BIPV installation, the amortization period of the intervention is approximately 19 years.

6.2 External insulation and HVAC system upgrade
With the addition of the extra XPS insulation layer in the external walls and the roof the
simulation reveals that the total annual energy demand for the office building is reduced
to 151,560 kWh, 7,514 kWh less than for the initial reference scenario. Therefore, the
energy demand per conditioned building area is 151.56 kWh/m2.
The demand for heating is significantly reduced to 35,144 kWh, whereas the cooling
demand is increased to 62,900 kWh, as presented in Figure 28. Since no changes were
applied to the lighting and the equipment, the respective value for their energy demand
remains, as it was expected, the same at 53,515 kWh.
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Figure 28: Monthly energy demand in kWh calculated by EnergyPlus (Scenario B)

The results are similar regarding the most energy intensive months, which continue
to be July and August during the cooling period and January for the heating period. It is
worth mentioning that the effect of the insulation layer is most prominent in the temperature fluctuations of the Zones during the heating period. The insulation of the flat roof
transforms the behavior of Zone_8, whose temperature does not drop below 15.8°C
throughout the day (Figure 29). This number is very significant, especially in comparison with the baseline scenario, in which Zone_8 was at lower than 10°C at the start of
the heating system’s operation. The intermediate levels, also, experience smoother temperature fluctuations and their temperature does not drop below 14°C at any point during the day.

Figure 29: Comparison of the evolution of mean air temperature per Zone during Peak Heating
Demand day (Left: Baseline Scenario, Right: Scenario B)
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The addition of insulation in the building, allows for a much better envelope behavior during the heating period. The building responds less quickly to fluctuations of the
outside air when the HVAC systems and the lighting and equipment are not in operation. Figure 30 displays that a mean temperature of approximately 20°C is achieved during the week days, thus about one degree more than in the baseline building.

Figure 30: Evolution of daily mean air temperature per Zone during January (Scenario B)

On the other hand, the results that emerge for the cooling period are not as dramatically improved, as it was expected from the increase in the cooling demand. The mean
temperature of the office building remains at approximately 29°C during week days,
with a great improvement to be observed only for Zone_8, which stops being so prone
to temperature fluctuations during holidays and weekends (Figure 31).

Figure 31: Evolution of daily mean air temperature per Zone during July (Scenario B)
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Since the energy demand covered through RES, by the BIPV installed, is 68,764
kWh, approximately 45% of the total annual energy demand of 157,689 kWh is covered
by RES (Table 5).
Table 5: Analysis of energy demand covered by RES production

Use

Predicted Demand
(kWh)

Heating

45,701

Electricity
(incl. Cooling, Lighting & Equipment)

104,693

Total

157,689

Energy production
by BIPV (kWh)
68,764
68,764

While these interventions are not enough to transform the building into an nZEB,
significant energy savings can be expected. In order for better results to arise, a deeper
renovation of the building is needed, encompassing an upgrade in the Cooling System,
as well as an improvement in the efficiency of the lighting and equipment of the offices,
which would reduce the respective demands.

6.2.1 Economic analysis of Scenario B
The estimated cost for the addition of external insulation is 45 €/m2. Thus, for covering
the approximately 945 m2 of external wall and roof surface, the total cost is 42,525€.
The fund needed for transforming the heating system and the installation of the heat
pump is calculated at approximately 8,400€. Therefore, the initial investment for both
interventions is 50,925€. Taking into account the previous cost of the BIPV installation,
which is 128,865€, the total cost of this scenario (Scenario B) reaches 179,790€.
Apart from the energy savings gained from the BIPV installation, which is estimated
at a net price of 6,582€ annually, the operational cost for heating is reduced accordingly.
Considering the operational cost of the existing natural gas boiler is estimated at 0.089
€/kWh [90], and the respective cost of the proposed heat pump is 0.063 €/kWh [90], the
savings are 914€. Thus, the annual cost savings from all the interventions are an amount
of approximately 7,496€. The amortization period is approximately 24 years.
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6.3 Alternative orientation scenarios
6.3.1 Rotation 90°
In this orientation scenario the modules in the South facade are able to produce, according to SAM, 26,670 kWh of energy annually, those in the West 5,355 kWh, and those in
the Northwest 8,275 kWh (Figure 32). The production of the modules from the roofs
remain unaltered - 16,255 kWh from the lower roof and 8,376 kWh from the upper roof.
Therefore, the total amount of energy produced by the modules is 64,932 kWh, covering up to 77% of the total electricity needs of the building. This production is lower
than the one of the baseline scenario, revealing that although the most elongated facade
faces the south, the worse orientation the other two facades have affects them more.

Figure 32: Monthly electricity production by the BIPV (rotation: 90°)

The breakdown of the energy demand in this scenario reveals 45,701 kWh needed
for heating, 45,048 kWh for cooling, and 59,645 kWh for lighting and equipment
(Figure 33). Although the total energy demand is significantly lower at 150,394 kWh,
still 44% of can be covered by RES, due to the reduction in the production of the PV
panels.
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Figure 33: Monthly energy demand in kWh calculated by EnergyPlus (Rotation 90°)

6.3.2 Rotation 45°
By rotating the building 45°, the modules in the Southeast facade can produce 24,983
kWh of energy annually, those in the Southwest 6,901 kWh, and those in the Northwest
12,674 kWh (Figure 34). The production of the modules from the roofs again remains
the same. Therefore, the total amount of energy produced by the modules is 69,189
kWh, covering up to 82% of the total electricity needs of the building. This production
is slightly higher than the one of the baseline scenario.

Figure 34: Monthly electricity production by the BIPV (rotation: 45°)
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The total energy demand in this scenario is 158,674 kWh, divided into 41,707 kWh
for heating, 57,322 kWh for cooling, and the steady 59,645 kWh for lighting and
equipment needs (Figure 35). Although the total energy demand is significantly lower at
150,394 kWh, still 44% of can be covered by RES, due to the reduction in the production of the PV panels.

Figure 35: Monthly energy demand in kWh calculated by EnergyPlus (Rotation 45°)

6.4 Comparisons
The investigation of the various interventions applied in the selected building revealed
some noteworthy results.
Regarding the electricity production of the BIPV systems, small differences can be
observed between the examined scenarios. The greatest production, of 69,189 kWh, is
achieved for the 45° rotation scenario. However, the energy yield is only slightly improved compared to the Scenario B (Figure 36). A bigger reduction can be observed in
the load of the 90° rotation, reaching 64,932 kWh.
Since, the photovoltaic panels incorporated into the opaque elements of the facades
are vertically integrated, with a tilt of 90°, the South orientation is not ideal, whereas the
East and West ones are better suited. This explains the better energy yield of Scenario B
and the 45° rotation, in which most facades face, either directly or with an angle, in
those orientations.
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Figure 36: Comparison between the monthly electricity production by the BIPV

The energy demand of the building experiences important differentiations between
the scenarios. The most energy intensive is, naturally, the baseline building, with a total
energy demand of 159,074 kWh. As Figure 37 displays, the rotation of 45° and the Scenario B are the ones that follow with a small deviation of about 1000 kWh between
them (158,674 and 157,689 kWh respectively). The best scenario in terms of the energy
demand is the 90° rotation, with approximately 15,000 kWh reduced demand compared
to the baseline scenario.

Figure 37: Comparison between the annual energy demand of the scenarios
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To sum up, although the scenarios provide promising results, regarding the potential
for electricity production, for all the examined orientations, the amount of electricity
produced is not enough to cover the whole energy demand of the office building. Even
with the further retrofit of the facade, with the addition of insulation, and the upgrade of
the heating system, the production is able to cover approximately 45% of the demand.
The retrofitting should be more extensive in order for the energy consumption to be further reduced. Possible available measures could be an extended upgrading of the building’s HVAC systems, and a modernization of the lighting fixtures and equipment.
Such retrofitting projects could have significant benefits for the society, the economy and the environment. For all the benefits to become a reality however, investors,
along with the designers and engineers, should always explore whether a retrofit solution can offer sufficient results in a cost-effective way. Since the cost of such interventions is significant, they have extended amortization periods, which renders them unaffordable for many owners.
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7 Conclusions
The built environment plays a significant role in every aspect of everyday life, affecting
the social, economic and technological development. As the human intelligence and
technology evolve however, so does the human environmental footprint. The energy
performance of the existing building stock is very poor, making it responsible for approximately 40% of the EU's total final energy consumption and CO2 emissions [1].
Since the beginning of the 21st century, a greater effort for environmental protection
and sense of responsibility have been observed, as the prospect of significant climate
change brought the conversation about sustainability and the welfare of the humanity
into sharp focus.
Numerous studies and legislative initiatives, such as the EPBD, are proposing
measures to improve the energy performance of the building sector, taking into account
the effort for mitigation of the effects of climate change, the use of renewable energy
sources, and cost-effectiveness. They propose a holistic approach towards energy efficiency for both new and existing buildings. Nowadays, retrofitting is more widely accepted to be of major importance to achieve sustainability and reduce the energy consumption of a building. In many EU countries there is significantly higher activity in the
sector of retrofitting, than in the construction of new buildings [4]. The use and integration of RES can play an important role towards this direction.
This thesis has focused on the retrofitting of one of the highest energy consumers of
the building sector, office buildings. In most European countries, offices act as the basic
unit for the contemporary working environment. Office buildings represent more than
26% of the energy use in the non-residential sector [16], with their energy mainly consumed for heating, cooling, and lighting and equipment. They have however, a significant potential for energy refurbishment in order to achieve energy savings.
Several energy efficiency strategies have been studied and employed during the past
decades, with the main goals of improving the buildings’ energy performance and
achieving energy cost savings. The retrofitting proposals most commonly encompass
high performance building envelope and HVAC systems. Priority is given to strategies
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that promote the use of renewable energy technologies for covering the energy demand,
always with respect to the building’s architectural, structural and operational characteristics.
BIPVs are one of the most promising technologies for energy production in dense
urban environments. Facades and flat roofs offer a great canvas for utilization of solar
energy. The BIPV systems offer solutions that enhance the versatile function of the envelope by not only producing electricity, but also by producing heat, which can be exploited, and upgrading the aesthetical and architectural form of a building as a whole
[5].
This thesis focuses on the proposal of retrofitting measures, encompassing higher
performance building envelope and systems, with the integration of BIPV systems. By
assessing the energy performance of a typical nine-storey office building in the center of
Thessaloniki, it investigates the possibility of covering the energy demand of such
buildings by solar energy. The evaluation of the building’s existing condition and the
potential of energy production and energy cost savings of the retrofitting scenarios proposed is achieved via energy simulations.
The scenarios provide promising results, regarding the potential for electricity production by BIPV incorporated in facades and flat roofs, even in dense city centers, for
buildings with a variety of typical orientations encountered in Thessaloniki. Although
the respective production can cover only approximately 45% of the buildings’ energy
demand, if it is accompanied by an extended upgrading of the building’s HVAC systems, lighting and equipment, the percentage could be significantly increased. Additionally, the extended application of such interventions and the energy consumption reduction it will cause, can lead to a limitation of fossil fuel depletion and a decrease in air
pollutants in urban areas, and thus, to healthier people living and working with better
thermal and visual comfort.
The cost of such interventions however, could render the implementation of retrofitting very challenging. The proposed retrofitting measures require a rather costly initial
investment from the owners, and need an extended amortization period, especially compared to the most common, nowadays, retrofitting option of simple installation of external insulation or replacement of the windows. They show however, a great production
potential.
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To sum up, the results of this research revealed that achieving an nZEB status for
existing office buildings by only retrofitting the facade and part of the HVAC systems is
not possible. It deduces, however, some very promising results. Further investigation of
more case studies and more thorough simulation models, incorporating detailed HVAC
systems, could, of course, produce more reliable results. There is not, however a single,
simple retrofitting solution for the energy and environmental problems that existing office buildings face.
Moreover, this thesis helped in understanding the importance of office retrofitting,
and it may be helpful to future researchers of BIPV integration scenarios for energy performance retrofitting. A step forward should be the systematic data collection on the
energy performance of existing office buildings, and the simulation of the effectiveness
of potential retrofits. The Energy Performance Certification legislation is an important
step towards this direction.
Although there are significant barriers to be overcome in order to facilitate and accelerate BIPV technologies, especially regarding their cost-efficiency ratio, future studies should continue to address this issue of office retrofitting with the incorporation of
BIPV. The more extended and thorough the studies become, the more effective and
helpful the proposals could become for designers, manufacturers, and end users, and the
greater potential they could have to inspire more buildings to be retrofitted and upgraded. Other fields very prominent for research are the utilization of the rejected heat of the PV
modules, semi-transparent PV elements to provide natural lighting and electricity by being

incorporated in the transparent parts of the facade, and the integration of PV modules in
shading devices.
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Appendix
Table 6: Official Greek holidays considered in the simulation
Holiday
New Year’s Day

Date
01/01 – 02/01

Epiphany

06/01

Clean Monday

27/02

Greek Independence Day

25/03

Easter

14/04 – 17/04

1st May

01/05

Pentecost

4/06

Dormition of the Theotokos
“Ohi Day” (No day)
Christmas

15/08 – 17/08
28/10
25/12 – 27/12

Figure 38: Climatic Zones of Greece [93]
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Figure 39: Module characteristics at reference conditions (SAM)
(Total Irradiance = 1000 W/m2, Cell temp = 25°C)

Figure 40: Efficiency curve of the selected inverter (SAM)
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