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Preface

The topic of energy efficiency – focusing on the contribution of the design, compo-
nents, and materials that define the building  – is currently approached, so why 
another book? What does this book bring new in the field?

One answer is that with every year (and with every book), the scientific knowl-
edge increases and the same principles can be – and are – studied from different 
angles, perspectives, and points of view, as well as from different parts of the world: 
contributions, both theoretical and case studies, come from Romania, Bulgaria, 
Greece, Italy, Turkey, and the United Arab Emirates, in other words, from a territo-
rial area that spans from the Mediterranean Sea to the Persian Gulf and from South 
and South Eastern Europe to the Middle East.

Different perspectives are also the step toward innovation: after all, who could 
have imagined, two centuries ago, where would the observations made in 1839 by 
French Physicist Edmund Becquerel on the photovoltaic effect lead to? Or that the 
romantic vines that climb on fences and walls can have, in the same time, a benefi-
cial and a destructive effect on the building and the environment? Or that bale and 
mud can represent today – as they did throughout the entire history of mankind, 
which is also a history of the building concepts and processes – reinvented or rein-
terpreted building materials? Or that the sun, apart from how Architect Louis Kahn 
described it “does not realize how wonderful it is until after a room is made,” is also 
an ever-lasting means of energy for the building (and not only). In fact, it is Le 
Corbusier’s definition of architecture that is maybe the most well-known in the 
world of architects, which brings together two keywords: light and volume (space): 
“Architecture is the masterly, correct and magnificent game of the volumes brought 
together under the light.”

This book aims also to put more light on the link between fundamental scientific 
research and practical research – considering that designing a building represents an 
integrated, innovative, interdisciplinary research on materials and technologies. The 
sun is not only the one who gives value to a space, as Kahn said, or to a volume, as 
Le Corbusier said, but is also used by physicists, chemists, and engineers who trans-
formed the solar energy and encapsulated it in integrated panels that provide energy 
or hot water while serving as building materials as well.
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The building principles are mainly the same, as they are the responses to the rules 
of nature. How to integrate them in order to accomplish a finalized product – the 
building and the space surrounding it to the scale of the territory – is what makes the 
difference. The concept is unique; the tools are mainly the same and deal with the 
local conditions. The targets in the contemporary building industry, from concept to 
the final product, are the same everywhere in the world: to provide a comfortable 
shelter while preserving the natural and built heritage to the next generations. 
Therefore, the case studies represent the integration of the principles in practice; 
from the analysis of the residential architectural program to the hospital or sports 
arena examples, each study case emphasizes the interdisciplinarity of the design of 
a building.

We often joke that the architect’s worst enemy is the engineer, and vice-versa. 
But, architects and engineers know that when dealing with materialized ideas that 
cast shadows on Earth, interdisciplinarity and scientific professional dialogue are 
the keys to a safe and healthy environment. The building and the built environment 
are the joint effort of teams of professionals of different specializations. Innovative 
materials and products are shaped and find their place as building products, contrib-
uting to a landmark of our epoch. Therefore, today, when engineering research 
results are integrated into building products, Walter Gropius’s definition is so fresh: 
“Architecture begins where engineering ends.”

Last but not least, we hereby gratefully thank the scientific committee who pro-
vided the peer-review process:

Prof. Dr. Fani Vavili, Architect
Prof. Dr. Radu Petrovici, Engineer
Lecturer Dr. Vasilis Vasiliadis, Engineer
Prof. Dr. Nikos Tsinikas, Architect
Prof. Dr. Laurențiu Fara, Physicist
Prof. Dr. Anca Duță, Engineer
Associate Professor Dr. Macedon Moldovan, Engineer
Associate Prof. Dr. Bogdan-Gabriel Burduhos, Engineer
Prof. Dr. Ion Vișa, Engineer

București, Romania�   Ana-Maria Dabija  
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Chapter 1
A Review of the Significance 
and Challenges of Building Integrated 
Photovoltaics

Daniel Efurosibina Attoye and Kheira Anissa Tabet Aoul

1.1  �Introduction

The growth and development of solar photovoltaic (PV) technology represent one 
of several current fields of interest which have significant impact across multiple 
disciplines. From engineering, to science, to environmental advocacy and architec-
ture, solar PV has evolved into a very dynamic topic of discourse and debate, initiat-
ing much academic research and technological innovation. This introductory section 
reviews the importance of building-integrated solar PV; it also underscores its chal-
lenges as areas of research opportunities and future investigation. As a working defi-
nition, ‘building-integrated photovoltaics (BIPV) is a renewable, solar PV 
technology that is integrated into buildings. It refers to solar PV components/mod-
ules that function as conventional building materials in the building envelope, such 
as the roof, skylights or façade elements [1]. This implies that without the BIPV 
component, the building envelope is exposed to external thermal conditions and will 
not be able to perform certain functions. For example, a BIPV roof, if removed, 
opens the built space to precipitation or dust. This definition distinguishes BIPV 
from building-applied photovoltaics (BAPV) which applies to solar PV modules 
attached to an existing roof or wall. BIPV implies that the solar PV module is a 
functional and integral part of the building which ‘generates electricity for the build-
ing to reduce the energy needs and, at the same time, bear external loads and keep 
the safety and integrality of the building’ [2]. Figure 1.1 illustrates a possible appli-
cation of BIPV on a conventional building.

The significant advantages of this technology lie in its multifunctionality, a com-
bination of energy, architectural, aesthetic, economic and environmental advantages 
which will be discussed later in this chapter. As an innovative PV technology, BIPV 
has grown into an interdisciplinary field with aspects of innovation relating to cell 
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efficiency and performance [3], energy generation [4, 5], thermal management [5], 
hybrid technologies [6, 7], building integration [8, 9] and customisation [10]. One 
unique aspect of the technology is its adaptability and scalability to various building 
prototypes and forms in any geographical location. This however requires sufficient 
technical know-how in the design process to enhance solar capture and optimise 
performance for maximum energy output [11]. To achieve this, the use of mathe-
matical models, generic algorithms, parametricism and simulations has been used 
by several researchers. These studies aimed at investigating and optimising BIPV 
performance while accounting for shading, orientation and building integration 
complexities [12–14].

1.1.1  �Justification

The global environmental conditions of the twenty-first century are perceived to be 
a direct and indirect result of the nineteenth-century Industrial Revolution. Global 
use of fossil fuels such as coal, oil and gas for automobiles and industries, for exam-
ple, has not only dominated our energy mix since the revolution but also caused a 
rapid increase in harmful carbon dioxide emissions [15]. Literature shows that the 
increase in gaseous pollution is linked to globalisation and industrialisation, with its 
associated energy demands [16]. Although the intention of these developments is 
positive, negative impacts on health [17], local vegetation [16] and air quality [18] 
have been reported. It has been argued that unless checked by effective mitigation, 
‘the risks of dangerous climate change, already significant, will soon rise to danger-
ously high levels’ [19]. Mitigation in various dimensions is therefore a key factor to 
improving the environment for present and future generations [20, 21]. Alternative 

Fig. 1.1  Application of BIPV in transition. (Source: Authors)

D. E. Attoye and K. A. T. Aoul
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sources of energy have been suggested to stem the rate of pollution due to the 
observed links with the use of non-renewable sources [22]. The focus on BIPV as a 
renewable energy option which applies solar energy represents an innovative, tech-
nological, mitigation strategy. Adoption of renewables such as solar and wind has 
been frequently discussed as potential solutions based on their aggregated effective-
ness in this regard. Indeed, if future projections hold, renewables will account for 
over 50% of CO2 emission reduction by 2050 [23]. They also contribute to eco-
nomic development via an increase in gross domestic product [24], energy access, 
secure energy supply, and the reduction of negative impacts on the environment and 
health [15].

In line with the above, ‘renewable energy development and utilization of renew-
able energy in other sectors have become the priority of many governments that are 
reflected in relevant public policies. Building sector is no exception’ [25]. Beyond 
its vital role as a mitigation strategy, BIPV falls into a category of building-integrated 
renewable technologies which have become a part of international, regulatory build-
ing rating systems. With specific reference to green building rating systems (GBRS), 
energy efficiency and carbon emission reduction, renewable energy credits are con-
sidered a top priority when it comes to the energy category [26]. Indeed, adopting 
renewable energy technological innovations is critical towards meeting green build-
ing objectives and accreditation [27]. The crucial issue is, therefore, to advocate 
BIPV (and other renewable strategies) by advancing both mitigation towards envi-
ronmental accountability and adoption towards green accreditation as complement-
ing goals. A study comparing LEED, BREEAM and Estidama building rating 
systems [26] reports the following figures: three points can be earned under LEED 
for 10% renewable energy generation and a maximum of three points for 30% con-
tribution under BREEAM.  Comparatively, eight points can be earned under 
Estidama for 20% renewable energy generation. The study notes that the point vari-
ations could be related to the local environment challenges, smart grid provisions 
and government subsidies. It is sufficient to say that there is an international regula-
tory drive to support building-integrated renewables.

Contrary to expectation, the environmental, regulatory and accountability drives 
did not result in a remarkable global acceptance of BIPV as a renewable energy 
strategy in building design as evidenced from existing literature [10]. As of 2016, 
the global energy capacity added by solar PV to the world energy mix was about 
303 GW, and BIPV contributed only 1% of that amount, that is 3.4GW [28–30]. 
Literature shows that there are barriers related to information and cost, for example, 
which are discussed later in this chapter. However, contrasting the slow uptake in 
BIPV despite three decades of application, with the global uptake of renewables in 
general, is perplexing. Indeed, many countries have set up governmental policies, 
government-supported programs, tax credits and other incentives to simply advance 
a shift towards renewable energy sources and highly efficient green sustainable 
energy systems [31, 32]. One study carried out a survey of 38 countries; authors 
boldly assert that renewable sources can be a significant driver of national economic 
growth [31], with the data showing that at least 16 EU countries are on that list. 
Although the study reports that, in some other cases, renewable energy usage had a 

1  A Review of the Significance and Challenges of Building Integrated Photovoltaics
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negative and an unidentifiable economic impact, it surmises that unique country 
economics and an ineffective production process may be responsible.

BIPV is a type of renewable energy system, and based on the foregoing, it stands 
to reason that the necessary policy and mechanism for its uptake is in place—at least 
at some level. The question therefore is ‘what has stifled global BIPV adoption?’ 
The position of the authors is that a clear understanding of the importance and chal-
lenges of BIPV is a crucial first step to accepting it as a mitigation strategy, to 
redress the status quo and increase its adoption potential.

1.2  �Background

BIPV systems represent a nexus of several technological and design-related aspects 
which have significant relevance to the architectural practice. From a broad perspec-
tive, the following are some of the core areas of current interest: the PV technology 
and system design, climatic issues, performance and optimisation and energy gen-
eration. Other areas are architectural integration and customisation, market, policy 
and cost issues and environmental impact concerns. Figure 1.2 shows these areas 
and some related subareas. Several researchers have reviewed key aspects of BIPV 
relating to the holistic BIPV ecosystem and life-cycle assessment [33, 34]. Few 
other core areas have focused on recent product advancements [35, 36], passive 
intelligence strategies [37], double-skin BIPV façades [38], research pathways [39] 
and knowledge/technological transfer criteria [40]. In these reviews, the solar tech-
nology, BIPV product, architectural integration and functionality have frequently 
been discussed.

In a clear distinction between PV and BIPV, the building-integrated system 
requires an adaptation of the PV technology to meet basic architectural component 
design requirements such as functionality, stability and aesthetics as well as energy 
generation [10]. For a BIPV project design, further emphasis should be given to the 
set goal for each of these targets. For example, Ref. [41] suggests a parametric 
method for ensuring optimum PV production using tilt angle, orientation and archi-
tectural integration to achieve the goals of energy generation and aesthetics. Ref. 
[11] designed a dynamic BIPV shading which tracks the sun, optimises energy gen-
eration and savings and prioritises architectural integration. Earlier reference to 
these BIPV customisation strategies has been referenced as a key means of resolv-
ing the conflict between PV energy generation and BIPV architectural integration 
[10]. These multilayered considerations, driven by the design goal, are crucial con-
siderations in BIPV design. Indeed, some researchers have argued that achieving 
the target and deliverables of ‘PV integration’ in the envelope design is required 
from the early design phase (EDP) [37, 38, 40]. Ref. [40] made the argument for a 
synergic approach which ultimately unifies building and energy knowledge with 
specific consideration for the PV technology, aesthetics, physical and performance, 
construction as well as standards and warranties.

D. E. Attoye and K. A. T. Aoul
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From the client brief/program, to design conceptualisation in the schematic 
design stage, BIPV requires creativity and innovation. As an important response in 
line with this requirement, it is logical to expect that the system should maintain a 
high level of adaptability to suit multiple client requirements. In view of this essen-
tial requirement, some level of BIPV variety is intrinsically needed to meet the 
prime building objective of creating architectural designs which meet individual 
clients’ expectations. In specific terms, this entails customisation of the BIPV sys-
tem at the product and building integration levels [42], as well as the design and 
fabrication, and proper architectural integration of innovative products for the con-
struction industry [10]. Potentially, BIPV customisation can achieve 2–80% 
improvement in power output and performance [41, 43, 44] compared with basic 
BAPV integration. This is however based on the kind of design as other studies have 
reported reduction in a range of 4–70% [45, 46]. These relationships and the result-
ing findings have been reviewed elsewhere in literature [10]. Table 1.1 shows mul-
tiple opportunities for customising BIPV to achieve the needed flexibility and 
variability for building integration; it highlights components, subcomponents and 
various variables for parametric design and fabrication, as well as architectural 
integration.

Fig. 1.2  General aspects of BIPV. (Source: by Authors)

1  A Review of the Significance and Challenges of Building Integrated Photovoltaics
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Beyond customisation of BIPV, it has been argued that a necessary effort must be 
made to communicate its’ potentials, advantages and related aspects [47]. This com-
munication is needed by potential clients, researchers and investors, as well as pol-
icy- and decision-makers. Providing education and information to aid BIPV 
proposals made to clients or aid to research programmes requires a systematic com-
munication approach [47]. Research surveys on public educational barriers state 
various reasons for the status quo such as a general lack of sufficient knowledge and 
poor understanding of cost perceptions of BIPV and financial benefit understanding 

Table 1.1  BIPV customisation levels and potentials

Component Subcomponent First-level variable Second-level variable

Design and 
fabrication

Cell technology Mono-Si
Poly-Si
a-Si
CIGS
Organic

Cell shape Square
Hexagonal

Module design Packing factor Option #1: Close
Option #2: Far

Glass/sheet material Transparent
Coloured
Opaque

Frame colour Option #1: Dark
Option #2: Light

Cell arrangement Option #1: 
Conventional
Option #2: Patterns

Module 
arrangement

Option #1: Conventional
Option #2: Unique (e.g. 
diagonal)

Architectural 
integration

Location Roof Flat
Pitched
Curved

Façade Wall
Window

Exterior devices Option #1: Shading
Option #2: Balconies

Advanced systems Double-skin Façade
Sun-tracking façades

Products Tiles
Foil
Module
Glazing

Source: Adapted from [10], used with permission

D. E. Attoye and K. A. T. Aoul
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[48–50]. Also reported is a highly negative perception of the system price and costs 
associated with aesthetic BIPV options [49]. It has been reported that ‘the success-
ful design and realization of solar architecture—in general, relies upon the effective 
communication of its qualities in the development of a project’ [49]. In a previous 
study [47], a communication matrix was developed to clearly present BIPV as a 
renewable solar PV technology, as well as its related environmental, economic, 
social and design-related benefits. Figure 1.3 shows the developed ‘BIPV-3P Matrix’ 
which represents this communication approach. Cells 1–16 were used to present 
intersecting discussion starters as a guide. For example, cells 1–4, respectively, con-
tain environmental, economic, social and design-related benefits of renewables 
related to the specific project or proposal. Cells 5–8 would contain similar informa-
tion but focus on solar energy, while cells 9–12 focus on PV specifically. Cells 
13–16 are divided into two parts to communicate BIPV benefits as an energy source 
and a building component. Details of the justification, development process, matrix 
contents and preliminary evaluation are presented in the referenced study [47].

1.3  �The Importance of BIPV

There are two broad aspects which underscore the importance of BIPV; these are 
the ‘energy dimension’ and the ‘building dimension’. This section argues that in 
both cases, BIPV takes on a ‘corrective’ role for the PV and construction industries, 
respectively, and this emphasises its importance. BIPV is both an energy source and 
a building component; this means it classically combines features from these erst-
while distinct industries, in both practice and research. Interestingly, modern trends, 
technological development and definitely contemporary building requirements have 
also brought these fields closer, leading to the rise of sustainable building 
technologies.

Fig. 1.3  BIPV-3P Matrix. (Source: Ref. [47], used with permission)

1  A Review of the Significance and Challenges of Building Integrated Photovoltaics
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1.3.1  �BIPV as an Energy Source: ‘The Energy Dimension’

The energy dimension considers BIPV as a technology which converts the building 
from an energy consumer to an energy generator [51], able to supply the local grid 
with clean, on-site solar energy as compared to conventional buildings which are 
100% dependent on the grid. On the one hand, some researchers assert the unique 
benefits of solar to provide, in 1 hour, more energy than the total global energy 
demand for 1 year [52–54] that potentially makes BIPV a very effective sustainable 
energy source. On the other hand, the argument against this may raise the intermit-
tency of solar radiation and issues with the geographical location, tilt angle and 
orientation. These opposing viewpoints suggest that there is ample opportunity for 
future research along these lines.

Over the past few decades, PV technology has emerged as a developing, yet lead-
ing, green technology which harnesses solar energy. PV cell efficiencies can reach 
about 26.5% for silicon-based types and 38.8% for multiple-junction terrestrial cells 
[55]. The cost of solar has dropped from $76.67 per watt in 1977 to $4.12 per watt 
in 2008 (Q2), to 22 cents per watt in 2018 (Q4) [56]. Unlike utility-scale PV plants, 
BIPV provides energy at the point of use, removing the need for the long-distance 
transmission of electricity with its associated transmission and distribution (T&D) 
costs as well as conversion/line losses [57–59]. Capital expenditure for land is also 
removed as the building envelope provides the needed base and support structure for 
the solar panels [57, 58, 60, 61].

From a social perspective, BIPV users are provided with a degree of energy 
autonomy as the technology potentially encourages owners’/operators’ load-shifting 
and reduced levels of energy consumption [62, 63] by encouraging personal 
accountability. This is because BIPV favours a psychological reorientation of the 
consumer as a ‘provider’ of energy to their own building. Also, this may raise 
awareness of energy-related issues and thus trigger behavioural changes in energy 
usage [62]. In addition, BIPV can, in this regard, help protect consumers from 
power outages, and it carries the potential to significantly reduce uncertainty in 
power delivery [63]. The cost benefits to the client accrue in combination with grid 
integration where clients can supply to the grid and receive financial returns. Feed-in 
tariffs (FITs) thus lower cumulative costs and improve cost savings such that the 
equivalent cost of electricity is closer to zero [61, 64, 65]. In summary, as an energy 
source, BIPV has reduced environmental impact and stands as a potential improve-
ment to existing utility-scale technology while providing social benefits and eco-
nomic savings.

1.3.2  �BIPV as a Building Component: ‘The 
Building Dimension’

Ref. [66] asserts that ‘the impact of buildings on the environment depends on their 
design, construction, use and location’. This could not be truer today two decades 
later: the building industry is deemed responsible for 30–40% of greenhouse gas 

D. E. Attoye and K. A. T. Aoul
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emissions, 30–40% of solid waste generated and 20% of all water consumption 
[67]. Over 40% of global energy consumption and 10% of all CO2 emissions are 
linked to the building industry [23, 68, 69]. The rapid expansion of construction 
activity can cause a variety of challenges in economic, spatial and environmental 
terms [70]. Some researchers boldly state that the construction sector has a ‘dark 
side’ [71] and describe this as the ‘intensification of environmental deterioration 
through pollution, urban sprawl and destruction of vegetation’ [71, 72]. These fig-
ures and assertions suggest that strategies are needed to address current trends in 
building design, energy demand and environmental impact. Options such as energy-
efficient and green building and passive design [73, 74] have been frequently inves-
tigated. In their practical application, these strategies tend to directly or indirectly 
advocate or apply renewable energy.

The import of these references resonates with the argument to convert buildings 
from consumers of energy to producers of renewable energy. This is ‘mitigation-
ary’, a substantial improvement as previously indicated, and generates good public-
ity for the client by earning green credit rating. In addition, it is also a corrective 
and responsible response to decades of ‘unsustainable building designs and prac-
tices’. BIPV satisfies this triple requirement and also brings a unique plethora of 
opportunities to the building industry. As a building material, BIPV replaces con-
ventional building components such as roofing, walls, glazing, cladding and fenes-
trations and other structures like shading devices, parapets and balconies. Each of 
these components provides opportunities for integrating PVs to the building and, 
by extension, for customisation [39, 75–79]. Here, the potential of multifunctional 
application is clearly emphasised. BIPV can be applied as safety glass [78], a pri-
vacy screen as a visual cover employing one-way mirroring [77, 78], or in transpar-
ent options using thin film for light transmission and visual contact with the exterior 
[78, 80, 81]. Other applications include sun protection/shading/lighting modulation 
[39, 75, 77, 78, 81] and noise protection—reaching up to 25 dB sound dumping 
[39, 75, 78, 81].

From a cost point of view, BIPV provides material and labour savings because it 
replaces other building materials that would have otherwise incurred their own 
assembly and mounting costs [39, 82]. In addition, BIPV can aid reduction of the 
ongoing costs of a building via operational cost savings and reduced embodied 
energy [83]. It is also a modern means of replacing conventional materials such as 
brickwork [75]. BIPV serves as a public demonstration of the owner’s green, eco-
logical and futurist persona [78], thus becoming a tool to make ‘a statement about 
one’s environmental consciousness’. As aesthetics is a huge consideration within 
the architectural parlance, innovative and customised BIPV options provide unique 
colour, size variations and flexibility [10, 39, 78, 84]. The BIPV market offers new 
products which can be curved, transparent, translucent or opaque, providing archi-
tects with a vast palette of options. Table 1.2 shows a categorised summary of BIPV 
benefits relating to design, cost and environmental aspects within the building 
dimension.

1  A Review of the Significance and Challenges of Building Integrated Photovoltaics



12

1.4  �BIPV Development and Challenges

The technological developments in BIPV technology have established the opportu-
nity to transform buildings into renewable energy-based generators. Consequently, 
this chapter has highlighted the ensuing challenge to meet both conventional archi-
tectural design objectives and optimum PV performance. This task becomes more 
complicated with the constantly evolving nature of both the construction and PV 
industries. Potentially, industry collaborations, continuous professional develop-
ment and training could help bridge the knowledge and the industrial gaps. Currently 
the PV market consists of a wide range of material and manufacturing processes 
leading to the need for knowledge transfer regarding the efficiency and suitability of 

Table 1.2  Benefits of BIPV

Aspect Reference

1. Design-related benefits
 � View and daylighting—semi-transparent options allow for light transmission and 

contact with exterior
[78, 80]

 � Aesthetic quality—integration in buildings as a design element [39, 78]
 � Sun protection/shadowing/shading modulation; used as fixed or movable shading 

devices
[39, 75]

 � Replacement of conventional materials such as brickwork [75]
 � Public demonstration of the owner’s green ecological and future-oriented image [78]
 � Safety—applied as safety glass [78]
 � Noise protection—reaching up to 25 dB sound dumping [39, 75]
 � Heat protection/thermal insulation (heating as well as cooling)—improvement in 

the efficiency of cells by cooling through rear ventilation
[39, 75]

 � Visual cover/refraction—one-way mirroring visual cover [77, 78]
2. Economic benefits
 � Removal of the need for the transmittance of electricity over long distances from 

power generation stations
[57, 58]

 � Reduction in capital expenditure for infrastructure and maintenance [57, 58]
 � Reduction in land use for the generation of electricity [60, 61]
 � Material and labour savings as well as electrical cost reductions [39]
 � Reduction in additional assembly and mounting costs; lowering of total building 

material costs and significant savings
[82]

 � Ongoing costs of a building are reduced via operational cost savings and reduced 
embodied energy

[83]

 � Combined with grid connection, FITs; cost savings equivalent to the rate the 
electricity is close to zero

[55, 61]

3. Environmental benefits
 � Reduction of carbon emissions [61]
 � Pollution-free benefit of solar energy [83]
 � Reduction of the social cost of carbon (SCC) relating to the health of the public 

and the environment
[61]

Source: Ref. [85], used with permission
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the available technologies [86]. Architecture on the other hand has birthed metro-
politan cities with skyscrapers and multi-storey buildings—in almost every country, 
which have less roof space and more façade area for BIPV installations. 
Consequently, façade integration of PV technology is one crucial area of BIPV 
development. Notwithstanding, BIPV components can be integrated into façades, 
roofs and other building areas such as balconies, parapets and shading devices.

Product development for building integration has evolved over the years. Several 
companies like Tesla and Onyx Solar now provide unique products with options for 
aesthetic architectural integration. Various product types include BIPV tiles, BIPV 
film which use thin-film technology, BIPV modules which is a weathertight PV 
application and other PV glazing technologies [82]. As BIPV products continue to 
develop, the salient goal to satisfy ‘architectural design requirements’ will unequiv-
ocally include, among other things, building aesthetics. An overview of state-of-the-
art BIPV products reveals that BIPV module layers (glass, polymers, PV-active 
layers) now have technical solutions for colour application [87]. Although there are 
still product limitations, BIPV products now come in a variety of colours and sizes 
and can match the other non-BIPV building components. This would ultimately suit 
design requirements and working practices in the construction industry [88].

On a broader scale, the International Energy Agency Photovoltaic Power System 
(IEA PVPS) Task 15 is a leading proponent for identifying the necessary mecha-
nisms for accelerating BIPV adoption. Authors of a Subtask E 2019 report [87] have 
extensively discussed the certain key developments in the BIPV field which relate 
to dissemination, business modelling, regulatory issues, environmental aspects and 
demonstration sites. To address the bottlenecks in the development of architectural-
friendly BIPV products, the report highlights cost as a barrier but also notes that ‘a 
lot of effort has been made to improve and optimize the relationship between colour 
and efficiency/power generation of BIPV elements’.

1.4.1  �BIPV Challenges

The challenge with BIPV design is that meeting architectural design objectives is 
sometimes in conflict with PV design requirements for maximum energy output. 
For example, consider a BIPV glazing design selection to ensure view and daylight 
versus maximum power output; transparency is key towards meeting the former, 
while conventionally, the latter is achieved by opaque solar panels. In innovative 
cases, the characteristics of conventional BIPV façades have been modified to 
address such conflicts through customisation as an emerging trend in BIPV façade 
design. In a previous study [10], the identification of six broad categories of chal-
lenges to BIPV adoption was presented. These relate to education/information, 
product, examples, cost/economy, industry and management. The secondary data 
for the study covered ten countries and represents the opinions of close to a thou-
sand international respondents and identified varying perspectives and issues of 
concern. For example, some studies highlight challenges related to various stages of 
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application [89], such as the design stage and installation stage. From a more gen-
eral perspective, other studies identified sociotechnical, management, economic, 
policy-related [48] as well as knowledge and information-related challenges [90]. 
Still others noted insufficient presentation of BIPV product and project databases, 
lack of adequate business models and insufficient dissemination of BIPV informa-
tion [70]. Figure 1.4 outlines several of these challenges and the key issues under 
each category. Beyond the scope of this chapter is the need to elucidate and catego-
rise a qualitative, quantitative or mixed-methodological consideration, each of these 
challenges as future research opportunities, for students and research institutions.

1.5  �Further Research

As with any innovative technology, it is expected that trends in research and devel-
opment will target current and emerging challenges, driving investigations, innova-
tions and inventions. The literature on BIPV is growing as aspects of PV efficiency 
and performance optimisation have driven the industry for years and will continue 

Fig. 1.4  An overview of identified BIPV challenges. (Source: Adapted from Ref. [10])
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to do so. However, there are other areas of research which are likely to spur interest 
within interdisciplinary research in the near future. One specific area of interest 
would be the development of simple and comprehensive BIPV design and commu-
nication tools. PV tools like PVWatts and PVSyst provide information for engineers 
about PV output. However, these need to seamlessly integrate with existing design 
software and also maximise digital technologies for client-designer communica-
tion. The need is for design requirements like colour, shape and size to be available 
for parametric and design iteration during early-stage BIPV design decisions and 
interactions. As an example, the PVSites BIPV simulation tool [91, 92] provides 
some of these functions. Further work is required to create, upgrade and integrate 
needed plugins with existing Building Information Modelling (BIM) functions for 
both technical design and presentation software and tools for designers. Another 
area of needed investigation is to use BIPV demonstration projects in new markets 
to drive research, innovation adoption and market diffusion. This is indeed a direct 
response to studies on drivers of BIPV adoption [10]. This expands and applies the 
work done by the IEA PVPS Task 15 on enabling and accelerating BIPV adoption 
[87, 90] with focus on demonstration projects. The need is to guide qualitative and 
quantitative evaluation of these built cases to improve our understanding of market 
trends, drivers, challenges and needed improvements. For example, how do users 
perceive the ‘interior and exterior’ BIPV spaces? Which products are key ‘market 
drivers’ in each market? What concerns do prospective clients have about their local 
architectural identity or heritage? And how well does the system perform over-
time—energy- and cost-wise, in relation with existing and changing energy poli-
cies? Yet many more technical and non-technical questions need to be regionally 
addressed by a construct critique of built examples.

Furthermore, curriculum development for students and continuing professional 
development (CPD) seminars and workshops are key needs from an educational 
perspective. With so much happening in the manufacturing and PV industries, there 
is the need to create, update and enhance course content on BIPV. Some studies 
have systematically identified and outlined knowledge, technological and educa-
tional needs [40, 93]. The next step may be to push for some international curricula 
standard with regional focus to address specific issues. On another hand, a global 
BIPV policy review will be crucial to facilitate professional practise. This will 
require the review of current policy examples across Europe and the rest of the 
world; research findings and lessons learnt from various models will be a necessary 
input in this process. The knowledge gap is the task here: connecting specialists and 
learners and bridging the gap between research, manufacture and practise to pro-
mote the market. These aspects mentioned will become the building blocks for 
online courses which have the needed flexibility and versatility needs to reach mul-
tiple learners, creating an online, one-stop platform of crucial information for the 
BIPV community.

Other aspects relating to grid integration, social incentives and new products, 
such as BIPV paint, BIPV glass blocks, BIPV plug and play components, will also 
need to go through design, testing, code compliance and market introduction. There 
are indeed so many areas of research; however, the key consideration should be to 
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maintain a balanced techno-social approach. This means developing the technology, 
not as an electrical device to be attached to the building form, but as a building 
material which expresses the designer’s creativity and meets the client’s demands 
with respect for regional codes and regulations.

1.6  �Conclusion

The future outlook for BIPV is tied to the global perception of the need to address 
environmental issues related to energy and building impacts. This chapter has pre-
sented a justification for BIPV from an environmental and building dimension while 
outlining its importance, development and associated adoption challenges. BIPV is 
a renewable energy-based technology which utilises solar energy applied as a 
decentralised, onsite energy generator while serving as a multifunctional building 
component. Here, where design meets technology is the future of BIPV, a consider-
ation of the multi-criteria demands needed for the evolution of both architectural 
and technological innovations.

Looking forward, Ref. [31] classically sums the ideal scenario where the deploy-
ment of renewables embraces cost-effectiveness, efficiency, infrastructure and being 
mindful of regulatory barriers and the institutional structure of any country. With 
growing global research and government interest, one wonders if BIPV will remain 
an alternative energy source. Buildings are getting more complex, integrated and 
smart and more fluid and multifunctional. As such, the materials we build with must 
match the emerging demands of energy efficiency, design innovation, environmen-
tal consciousness and the ever-crucial dimension of a people-focused, sustainable 
design ideology. Literature and practise prove that BIPV provides the architect with 
a perfect opportunity to meet these ever-evolving twenty-first-century building 
design requirements.
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Chapter 2
Design Opportunities and Building 
Integration of PV systems

Ludmil Stoyanov, Zahari Zarkov, Gilles Notton, and Vladimir Lazarov

2.1  �Introduction

The building integration of PV panels was considered an exotic idea because often 
the panels’ productivity is not optimal. However, in recent years, PV integration has 
become almost mandatory because of requirements for buildings with small or zero 
energy consumption and because of PV panel price reduction which increases the 
profit even if the production is not optimal [1, 2].

It is important to note that with a small compromise in a building’s shape, it is 
possible to increase significantly the PV system productivity. It is therefore impor-
tant to determine the productivity of integrated systems at the design stage to give 
directions to architects and civil engineers for the orientation, height, and shape of 
the building as well as for surfaces with PV modules. Also it is possible to resolve 
the inverse problem – to forecast the energy production of a given building.

Different researches over the years [3] show that most of the Earth’s population 
is situated in the Northern Hemisphere. The largest proportion is located at a lati-
tude of about 30° because it is in India, Indonesia, and China. A high population 
density is also observed in Europe and the USA, but it is located in higher latitudes. 
On the other hand, in the north latitudes, agriculture is very well developed – 8 
countries (EU included) in the top 10 countries with the largest agricultural output 
are located in the Northern Hemisphere. Thus, the use of agricultural terrains for 
installation of PV power plants is not suitable, and the use of building-integrated PV 
can be an appropriate solution. For these reasons, this research is oriented to Earth’s 
Northern Hemisphere.
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On the other hand, the duration of sunshine varies with the latitude. Figure 2.1 
shows the daylight duration over the year for different latitudes [4]. The daylight 
duration variation provides changes in the average daily solar radiation [5]. The 
changes on an annual basis are illustrated in Fig. 2.2a. We observe that the daily 
solar radiation decreases more than two times with the latitude increasing. However, 
in Fig. 2.2b, we can see that for the months from May to July, the daily solar radia-
tion is higher for high latitudes and higher solar electricity production is possible. 
Thus, the annual simulation of the PV installation is necessary to provide complete 
information about the installation’s energy yield. Figure  2.3 presents the annual 
variation of the average solar radiation on a daily basis over the year and illustrates 
the advantage of the high latitudes for some of the months around June [6]. It is 

Fig. 2.1  Daylight duration over the year for different latitudes [4]
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important to notice that Figs. 2.2 and 2.3 use the solar radiation outside the atmo-
sphere (given bellow) and show its theoretical variation.

To estimate the influence of the building shape on the obtained energy yield, the 
productivity is compared of two crystalline and three thin-film PV technologies – 
mono-, poly-, and microcrystalline silicon, copper indium gallium selenide (CIGS), 
and cadmium telluride (CdTe) for different orientations. Five PV technologies with 
different behavior are examined because of the variable influence of the solar radia-
tion and cell temperature on them. This is illustrated on Fig. 2.4 on the basis of 
calculations using the mathematical model of PV panel, described below. The solar 
radiation varies from 0 to 1000  W/m2, while the cell temperature changes from 
15 °C (highest curves) to 55 °C (lowest curves) with step of 10 °C. The influence of 
both meteorological variables on the PV panels’ efficiency is different for each tech-
nology. The two technologies differ – for the μSi the cell, temperature has smallest 
influence, while for CIGS, a positive influence of the solar radiation is observed.

2.2  �Methodology

To achieve the objective of this study, the annual energy yield of different panels’ 
technologies for variable orientations should be determined. The energy harvesting 
is estimated for every hour of the year using a model that provides the PV panels’ 
efficiency. This model uses as input variables the solar radiation and the ambient 
temperature. Those variables should be converted because the initial data is not 
appropriate. The variables’ conversion and the energy estimation are detailed below.
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2.2.1  �Adaptation of the Solar Radiation

The solar radiation is the most important factor in the estimation of the energy yield 
of PV panels. The measured values and the initial theoretical estimations are for 
horizontal surfaces. In this study, these are considered large number of surface’s 
orientations which differ by azimuth and inclination. Thus, it is necessary to trans-
form the initial data into correct input for the model. Two approaches are used in the 
study  – theoretical (idealized) and realistic (using real statistical meteorological 
data). In the first one, the solar radiation outside the atmosphere is used to avoid the 
influence of different factors such as shading by clouds, mountains, etc., which 
allows for general conclusions by civil engineers. In the second one, the use of mea-
sured real data for the solar radiation from a given site takes into account the 
neglected factors from the first approach, and the drawn conclusions are more defi-
nite and realistic. Moreover, the diffuse component of the solar radiation is also 
considered.

The solar radiation outside the atmosphere Gextβ on an arbitrary oriented surface 
depends on the solar constant CSC, the eccentricity correction factor of the Earth’s 
orbit E0, and the incidence angle θs [5]:

	
G C Eextβ θ= SC s0 cos 	

(2.1)

The solar constant represents the solar radiation that reaches the first layers of the 
atmosphere and is equal to 1367 W/m2 [5].

The eccentricity correction factor of the Earth’s orbit is the squared ratio between 
the average r0 and the actual r distance between the Earth and the Sun and is deter-
mined by [5]:

Fig. 2.4  Variation of the efficiency of five studied technologies for different solar radiations and 
cell temperatures (from 15 °C (highest curves) to 55 °C (lowest curves) with step of 10 °C)
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where Γ is the day angle that takes into account the day of the year and, respectively, 
the angle of the Earth’s orbit covered until this day.

The incidence angle with other characteristic angles for an arbitrary oriented 
surface is illustrated in Fig. 2.5. This is the angle between the surface normal and the 
Sun’s rays. As it is shown below, this angle depends on the site latitude φsite, the 
inclination angle β between the surface and the horizontal plane, the Sun declination 
δs for the considered day, the Sun’s hour angle ωs, and the azimuth angle γs:

cos sin cos cos sin cos sin cos sin sinθ ϕ β ϕ β γ δ δ β γs site site s s s s= −( ) + ssin

cos cos sin sin cos cos cos

ω
ϕ β ϕ β γ δ ω

s

site site s s s+ +( )
	

(2.3)

The Sun declination is the angle between the Earth’s equatorial plane and the line 
connecting the Earth and the Sun centers. It varies over the year and can be cal-
culated by

	

δs = − + −
+

0 006918 0 399912 0 070257 0 006758 2

0 0009

, , cos , sin , cos

,

Γ Γ Γ
007 2 0 002697 3 0 00148 3sin , cos , sinΓ Γ Γ− + 	

(2.4)

The Sun’s hour angle depends on the considered hour using the “true solar time.” It 
is zero at noon with positive values in the morning and, respectively, negative values 
in the evening. The azimuth angle is the angle between the South direction and the 
projection of the normal to the inclined surface on the horizontal plane. The sign of 
this angle takes positive values for deviations to the East and negative values for 
deviations to the West.

N

S

E

W

Normal to the inclined surface

θs
θz

β

+γs
–ωs

Projection of the normal to the inclined
surface on the horizontal plane

Projection of the solar ray
on the horizontal surface

Fig. 2.5  Different angles that characterize arbitrary oriented surface
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The solar radiation Gh in the meteorological stations is usually measured on a 
horizontal plane and also needs conversion to the solar radiation on inclined surface 
Gβ. This conversion passes through several steps combining specific methods and 
geometric approaches. The first step is the application of the CLIMED2 method [7] 
to determine the diffuse fraction fG of the measured solar radiation which is defined 
as the ratio between the diffuse solar radiation and the global one. This fraction is 
calculated by
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where MT is the clarity index, defined as the ratio between the measured solar radia-
tion on the Earth’s surface and the solar radiation outside the atmosphere.

Once the diffuse fraction is calculated, it is possible to determine the diffuse 
component Gd of the solar radiation on the horizontal plane and then the direct 
(beam) component of the solar radiation Gb [5]:

	 G f G G G Gd G h b h d= = − 	 (2.6)

The next step is to estimate the beam solar radiation on the inclined surface Gb,β 
using the following formula:

	
G Gb b

s

Z
,
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θ
θ

=
	

(2.7)

where θZ is the zenith angle (see Fig. 2.5), defined as the angle between the normal 
of horizontal surface and the Sun’s rays. This is the angle that complements to 90° 
the solar elevation and depends on the Sun’s hour angle, the Sun’s declination, and 
the site latitude.

The next determined component of the solar radiation on the inclined surface is 
the diffuse one. For this purpose is used the method proposed by Klucher [8], where 
the searched component is calculated by

	

G G fd d G, , cos sinβ
β β

= + 

























 + −( ) 











0 5 1

2
1 1

2
2 3







+ −( ) ( ) ( )



1 1 2 2 3fG s Zcos sinθ θ

	

(2.8)

The last component of the inclined solar radiation is the ground reflected one. It is 
calculated by

	
G Gr g h, cosβ ρ β= −( )1

2
1

	
(2.9)
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where ρg is the albedo coefficient that takes into account the ground properties to 
reflect the Sun’s rays. If there are no other information, its value can be taken to 0.2.

In the literature, it is possible to find another methodology for the conversion to 
inclined solar radiation, such as the artificial neuron networks, but usually they need 
a large number of measured data that limits their application.

It is important to notice that the presented conversion of the solar radiation takes 
into account the phenomenon that the sunrise and the sunset on an inclined surface 
have different Sun’s hour angles than those of horizontal surfaces. For surfaces with 
zero azimuth (South oriented), this phenomenon appears during the summer, while 
when the azimuth is different from zero, it can be presented during the full year.

2.2.2  �Temperature Adaptation

The meteorological data provides data for the ambient temperature Ta. In the physi-
cal model, the needed input data is the cell temperature of the panels Tc. The conver-
sion is performed using the formula proposed by Ross [9], where the cell temperature 
is linked to the ambient one and the solar radiation on the PV panels’ surface:

	
T T hGc a= + β 	

(2.10)

where h is an empirical parameter that is determined experimentally for the consid-
ered PV panel.

2.2.3  �Model of the PV Efficiency

The energy yield estimation passes through a calculation of the output power of the 
panels PPV, which depends on the solar radiation, the panels’ area A, and their effi-
ciency ηPV:

	
P G APV PV= β η

	
(2.11)

The PV panels’ efficiency can be determined by different approaches and models 
[9–11], but in this study, reduced model is used, developed by the authors, based on 
Durisch’s model [9] showing satisfying performance for less computations and 
input variables [12]. The used model is given by
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(2.12)

This model uses referent values for the solar radiation Gref = 1000 W/m2 and for the 
cell temperature Tref = 25 °C and four empirical parameters p, q, m, and r, which 
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vary for each panels’ technology and can be determined experimentally. The pres-
ence of the empirical parameters allows the estimation of the panel’s efficiency for 
different technology which is one of the main advantages of this model following its 
satisfying precision.

2.2.4  �Studied Orientations

The proposed methodology allows the estimation of the efficiency and energy pro-
duction of PV panels with arbitrary orientation. However, the aim of the chapter is 
to trace guidelines for the architects and civil engineers, and thus, the studied orien-
tations are limited to the combinations between 13 azimuths and 19 inclinations. 
The azimuth varies from 90° to −90° scilicet from East, to the South, to the West 
with step of 15°. The inclination changes from 0° (horizontal panels) to 90° (vertical 
panels). The variation step is 5°. Those combinations form large spectrum of orien-
tations, which covers one-fourth sphere (illustrated on Fig. 2.6).

2.3  �Computation Study

The described methodology is applied for 10 sites over the Northern Hemisphere. 
The sites’ names, coordinates, and their geographical position are summarized in 
Fig. 2.7. The sites are chosen because they have meteorological stations and provide 
real measured data for the solar radiation and the ambient temperature. The sites’ 
latitudes are with step of about 10° and cover the whole Northern Hemisphere. Two 
sites with latitude of about 40° (Sofia and Ajaccio) are considered because in these 
cities the authors’ affiliations are located.

In this study, as mentioned, five PV technologies are considered, mono-, poly-, 
and microcrystalline silicon (mSi, pSi, and μSi), copper indium gallium selenide 
(CIGS), and cadmium telluride (CdTe). The Technical University of Sofia has an 

Fig. 2.6  Spectrum of studied orientations
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Fig. 2.7  Studied sites’ information
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experimental platform, equipped with PV panels from those technologies. They are 
used in the experimental study, and their parameters are shown in the respective 
section. For the application of the model, the values of the empirical parameters are 
used that depend on the PV panels. Their values for the studied five technologies are 
shown in Table 2.1. Those parameters are determined using data from the experi-
mental platform in the Technical University of Sofia.

The presented above methodology is applied to the studied sites for all described 
orientations. Table  2.2 summarizes the maximal obtained values for the annual 
energy yield E and the respective orientation for all considered PV technologies 
when the solar radiation outside the atmosphere is used. The results when real mea-
sured data is used are shown in Table 2.3. The two crystalline technologies (mSi and 
pSi) have greater annual energy yield, followed by the CIGS technology, while the 
μSi and CdTe also have similar energy harvesting. The maximal energy harvesting 
for the crystalline technologies and CIGS is obtained for latitudes between 40° and 
60° because for those sites the temperature is lower and the daylight duration is 
good. The μSi and CdTe technologies are less sensitive to the temperature, and their 
energy yield is almost constant except for high latitudes. The optimal orientation 
with solar radiation outside the atmosphere is with inclination that corresponds to 
the site’s latitude for sites with latitude smaller than 45. For greater latitudes, the 
Sun’s declination plays a significant role and is summed with the panels’ inclination 
during the period with high daylight duration, and thus for those latitudes, the 

Table 2.1  Empirical parameters for the model

Technology

Parameter mSi pSi μSi CIGS CdTe

p 23.1 23.5 12.1 20.4 15.1
q −0.281 −0.291 −0.248 −0.251 −0.252
m 0.155 0.132 0.180 0.271 0.171
r −0.150 −0.149 −0.054 −0.152 −0.112
h 0.028 0.026 0.022 0.032 0.03

Fig. 2.7  (continued)
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optimal inclination is smaller than the latitude. The optimal azimuth corresponds to 
South-oriented panels except for the stations near the Equator – Entebbe (N0°03′) 
and Malakal (N9°33′) where the results show as optimal the orientations with East 
or Southeast azimuth. Only in the case of μSi the azimuth for Entebbe is without 
influence because of the horizontal inclination. Table 2.3 shows that the sites’ par-
ticularities discredit the conclusions above when real measured solar radiation is 
used for the energy yield calculations. The maximal energy yield for all technolo-
gies is obtained for Tamanrasset (N22°47′), while the previous leader was Sofia 
(N42°41′). The optimal inclination is different from the latitude. The azimuth is also 
very different – only four stations has South as optimal orientation of the panels. 
Most of the optimal azimuths are West or Southwest, and only one site has Southeast 
azimuth for the maximal energy yield.

The building conception cannot be strictly limited by the optimal orientation of 
the panels. Thus, it is interesting to consider how the annual energy yield varies 
when the orientation is not optimal. For this purpose, isoline figures are presented. 
The influence of the technology is considered first, and Fig. 2.8 shows the obtained 
isolines for all five technologies for Sofia using the solar radiation outside the atmo-
sphere. It is observed that μSi and CdTe are less sensitive to the deviation of the 

Table 2.2  Maximal annual energy yield and its orientation for five technologies with solar 
radiation outside the atmosphere

mSi pSi μSi

Site E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º

Entebbe 393.77 5 90 403.48 5 90 280.83 0 −90:90
Malakal 367.69 10 30 377.55 10 15 275.54 10 0
Tamanrasset 380.33 20 0 390.14 20 0 277.49 20 0
Giza 387.68 30 0 397.27 30 0 278.34 30 0
Ajaccio 402.47 40 0 411.8 40 0 279.27 40 0
Sofia 416.69 40 0 425.95 40 0 281.92 40 0
Paris 410.46 45 0 419.56 45 0 278.61 45 0
Borlaenge 411.38 55 0 419.76 50 0 269.6 55 0
Utsjoki 357.04 55 0 364.18 55 0 228.17 55 0
Krenkel Polar 319.75 55 0 325.86 55 0 193.61 60 0

CIGS CdTe

Site E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º

Entebbe 345.44 5 90 290.52 5 90
Malakal 320.98 10 30 277.28 10 15
Tamanrasset 332.67 20 0 283.47 20 0
Giza 340.19 30 0 286.98 30 0
Ajaccio 354.63 40 0 293.62 40 0
Sofia 367.98 40 0 300.79 40 0
Paris 362.64 45 0 296.71 45 0
Borlaenge 365.4 55 0 293.12 55 0
Utsjoki 316.96 55 0 251.79 55 0
Krenkel Polar 284.42 60 0 220.59 60 0

2  Design Opportunities and Building Integration of PV systems
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inclination angle and the orientation azimuth from the optimal panel’s orientation. 
However, it is necessary to notice that for those two technologies, the energy har-
vesting is lower. For the other three technologies, there is higher variation of the 
energy yield with orientation’s deviation.

Figure 2.9 shows the obtained isolines for all 10 sites when the technology is pSi 
and the solar radiation outside the atmosphere is used. The aim is to illustrate the 
influence of the latitude on the annual energy yield. For the sites with small latitude 
(less than 30°), we observe high influence of the inclination angle with its deviation 
from the optimal value. The reason is the negative influence of the Sun’s declination 
for those sites. The azimuth influence here is negligible except for inclinations near 
vertical one where the annual energy yield drop is significant for South orientation. 
With augmentation of the latitude, the inclination influence decreases at the expense 
of one of the azimuth. However, it is possible to consider that the range between 45° 
and − 45° has an acceptable deviation from the optimal azimuth. The sites near the 
polar circle are more sensitive to deviations of the inclination and of the azimuth, but 
we should notice that the energy yield for those sites is smaller, and thus, the orienta-
tion deviations cannot imply significant losses in the annual energy harvesting.

Table 2.3  Maximal annual energy yield and its orientation for five technologies with measured 
solar radiation

mSi pSi μSi

Site E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º

Entebbe 240.54 25 −90 247.57 25 −90 180.51 40 −90
Malakal 266.53 30 −75 275.33 30 −75 194.03 40 −75
Tamanrasset 338.65 35 60 347.57 35 60 241.45 40 60
Giza 312.77 40 −60 321.97 40 −60 219.82 45 −60
Ajaccio 225.23 30 0 233.76 30 0 142.21 30 0
Sofia 171.59 25 0 178.82 25 0 104.71 25 0
Paris 153.81 30 0 160.55 30 0 92.94 30 0
Borlaenge 167.02 45 0 174.01 40 0 98.51 45 0
Utsjoki 178.21 55 −75 183.42 50 −75 113.38 60 −75
Krenkel Polar 191.14 55 −90 196.15 55 −90 113.96 60 −90

CIGS CdTe

Site E, kWh/m2 β, º γs, º E, kWh/m2 β, º γs, º

Entebbe 207.29 30 −90 179.84 30 −90
Malakal 225.5 35 −75 198.16 35 −75
Tamanrasset 294.88 40 60 249.62 40 60
Giza 267.93 40 −60 229.12 40 −60
Ajaccio 183.82 30 0 157.72 30 0
Sofia 136.75 25 0 118.35 25 0
Paris 121.47 30 0 105.63 30 0
Borlaenge 133.1 45 0 113.59 45 0
Utsjoki 151.54 60 −75 124.97 55 −75
Krenkel Polar 163.87 60 −90 130.87 60 −90
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Figure 2.10 shows the isolines for all sites for the polycrystalline technology. As 
the figure illustrates, the isolines change significantly when the atmosphere influ-
ence is taken into account. It is impossible to obtain general conclusions because the 
particularities of each site influence on the isolines’ distribution. Only the sites 
Ajaccio, Sofia, Paris, and Borlaenge are with South as optimal azimuth. However, it 
is possible to make some conclusions. For example, the possibilities for deviation of 
the azimuth from the optimal value are much reduced for the sites with optimal 
azimuth different from South. Moreover, in those cases, the influence of the inclina-
tion is small for orientation with an appropriate azimuth. For the sites with South as 
optimal azimuth, the inclination has higher influence than the azimuth.

2.4  �Experimental Study

The Technical University of Sofia has an experimental platform composed of grid-
connected PV installations from the five technologies considered in this work  – 
mSi, pSi, μSi, CIGS, and CdTe. The five PV generators have approximately the 
same peak power and are mounted to three solar trackers. The trackers are con-
trolled on the basis of astronomical equations and allow two modes of operation – 
solar tracking and fixed orientation. The second possibility allows the orientation of 
the PV generator to arbitrary positions in the one-fourth sphere, considered in the 
computational study. Thus, it is possible to obtain experimental confirmation of the 
results. The connection to the grid of the PV installations is realized with inverters 

Fig. 2.8  Isolines of the annual energy yield for all considered technologies for Sofia with solar 
radiation outside the atmosphere
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Sunny Boy of SMA. The measurement of the solar radiation on the panels’ plane, 
the wind speed, and the ambient and cell’s temperature of the generators is realized 
with SensorBox of SMA, and for the data acquisition of all collected data by the 
measurement equipment and the inverters, the Sunny WebBox is used. The experi-
mental platform is shown on Fig. 2.11, while the characteristics of the PV panels 
and installations are summarized in Table 2.4 [12].

Experiments with fixed inclination and azimuth of panels for a period of 1 year 
require a very long time, so the studies have been conducted for limited periods of 
time with different orientations and azimuths of the PV panels. The experimental 
research was carried out for several years with different orientations of the panels 
and under different real meteorological conditions.

Fig. 2.9  Isolines of the annual energy yield for all considered sites for pSi with solar radiation 
outside the atmosphere
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The used mathematical model is validated by the authors in more detailed study 
[12]. Some of the results are shown in Table 2.5. Here, the theoretical productivity 
of the panels is calculated using the real (measured) values of the solar radiation and 
cell temperature by applying (12). As it can be seen, the calculated values are very 
close to the experimental ones (with differences under 3%).

In Fig. 2.12, graphs of the measured solar radiation in the panels’ surface for five 
azimuths of the panels and a fixed inclination angle of 60° are shown. The following 
orientations are studied: West, Southwest, South, Southeast, and East. The results 
are for sunny days without clouds, obtained on different dates. This is why the peak 
solar radiation (measured on the panels’ plane) varies significantly.

The measured daily energy production for each position and each technology of 
the PV panels is summarized in Table  2.6. In the same table, the theoretically 

Fig. 2.10  Isolines of the annual energy yield for all considered sites for pSi with measured solar 
radiation
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calculated productivity is also shown. It is calculated by using the developed 
approach using idealized solar radiation (outside the atmosphere) with the preci-
sions below. This methodology may give one first approximation for the energy 
yield of given PV installation on a given site. The precision of the approach can be 
increased using the maximal solar radiation on the considered site instead of the 
solar constant. In this case, the impact of the atmosphere is neglected, and the sky is 
assumed clear (without clouds). The measurements and the available meteorologi-
cal data show that the maximum direct radiation in the region of Sofia is about 
1000 W/m2 (see Fig. 2.12), and this value replaces the solar constant in the calcula-
tions. The results show a good level of overlap, which validates the proposed 
approach. It should be noted that the bigger differences in the comparison are due to 
the presence of vapors and air pollutions in the city of Sofia during the winter and 
spring. This is illustrated by the solar radiation for 17-02-19 characterized with 
maximal value of about 730 W/m2 despite the absence of clouds. Another possible 
reason for those differences is deviations in the ambient temperature.

The most precise estimation of the energy production of the building-integrated PV 
systems can be done by application of the realistic approach using statistical 

Fig. 2.11  Experimental platform at the Technical University of Sofia with five PV systems from 
five technologies, mounted on three solar trackers

Table 2.4  Parameters of the installed PV generators at the Technical University of Sofia

Technology
Parameter mSi pSi μSi CIGS CdTe

Panel peak power at STC, W 240 240 128 110 75
Installed peak power, Wp 1200 1200 1280 990 1125
Efficiency at STC η, % 14.81 14.63 9.01 11.70 10.42
Panel’s surface S, m2 1.62 1.64 1.42 0.94 0.72
Array area, m2 8.2 8.2 14.2 8.45 10.8

L. Stoyanov et al.
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Fig. 2.12  Experimentally measured solar radiation in the panels’ plane for five different orienta-
tions (azimuths) and fixed inclination angle of 60° for sunny days

Table 2.5  Comparison of the performance parameters of studied PV generators under different 
weather conditions

10.08.2014 Southwest, inclination 
30°, average cell temperature 28.3 °C

14.12.2014 South, inclination 30°, 
average cell temperature 2.7 °C

Module type mSi pSi μSi CIGS CdTe mSi pSi μSi CIGS CdTe

Experimental 
energy Ee 
[kWh/m2]

0.904 0.918 0.611 0.767 0.669 0.050 0.048 0.025 0.033 0.028

Theoretical 
energy Et [kWh/
m2]

0.891 0.906 0.600 0.767 0.651 0.050 0.048 0.024 0.032 0.028

Difference (Ee 
− Et)/ Ee [%]

1.47 1.37 1.80 0.02 2.76 0.00 −1.23 2.11 1.78 1.49

Experimental 
productivity 
[kWh/kWp]

6.18 6.28 6.95 6.55 6.42 0.344 0.326 0.284 0.281 0.269

Theoretical 
productivity 
[kWh/kWp]

6.09 6.19 6.82 6.55 6.25 0.344 0.330 0.278 0.276 0.265

Experimental 
daily efficiency 
[%]

12.05 12.33 8.20 10.30 9.00 14.47 15.35 7.30 9.49 9.03

Experimental 
performance 
ratio PR

0.895 0.930 1.010 0.984 0.955 0.989 1.049 0.809 0.810 0.867
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meteorological data with relatively small step (1 hour). The verification of this approach 
is done by comparison of the energy produced by the PV panels from the five technolo-
gies for whole month for different positions of the panels. The theoretical energy pro-
duction is calculated using the realistic approach. Those results are compared to the 
experimentally obtained ones for April and June 2019 for two orientations of the pan-
els – Southwest and Southeast and inclination of 60°, as it is shown in Table 2.7. The 
results for April are very close with differences up to 8.5%. The results for June are with 
bigger differences up to −18.9%. This difference may be explained by the fact that in 
June 2019, there were more sunny days than usual (considered in the meteorological 
data used for calculations), and the energy production is bigger than usual.

The experimental validation of the calculation results allows the proposal of the 
following recommendations for the architects and civil engineers. As first approxi-
mation of the energy yield, it should be calculated using idealized (outside the atmo-
sphere) solar radiation. As a second step, the precision can be improved using the 
maximal solar radiation for the considered site instead of the solar constant. The 
third step should be the use of statistical meteorological data, which gives realistic 
results for the energy production of the building-integrated PV system. In some 
cases, the study can start directly with the second step.

2.5  �Conclusions

The particularity of the building integration of PV panels consists in the fact that the 
panels’ orientation and inclination may be arbitrary depending on the buildings’ 
placement and shape. The chapter proposes a novel, complete, and experimentally 
validated approach in three steps for determination of the energy yield from 
building-integrated PV panels. It uses, developed by the authors, modified Durisch’s 
model with reduced number of parameters. This model provides the possibility to 
examine different PV technologies and has good precision. The energy production 
is calculated on the basis of the meteorological conditions (solar radiation and 

Table 2.6  Results from experimental study of PV panels’ energy production for different 
orientations

Sunny days pSi CIGS CdTe μcSi mSi

Date Orientation
kWh/m2 kWh/m2 kWh/m2 kWh/m2 kWh/m2

Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor.

14-
01-19

South, 60° 0.988 1.081 0.936 0.913 0.672 0.726 0.568 0.635 0.964 1.055

17-
02-19

East, 60° 0.493 0.562 0.391 0.453 0.291 0.370 0.236 0.320 0.487 0.544

08-
07-19

West, 60° 0.794 0.777 0.602 0.639 0.546 0.550 0.488 0.523 0.767 0.754

31-
03-19

Southwest, 
60°

0.791 0.876 0.671 0.724 0.523 0.603 0.481 0.552 0.792 0.851

13-
06-19

Southeast, 
60°

0.807 0.799 0.676 0.639 0.531 0.545 0.480 0.497 0.780 0.772

L. Stoyanov et al.
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ambient temperature), the geographical coordinates of the installation, and the pan-
els’ orientation and inclination as input variables. The proposed methodology is 
applied to different sites to the north of the equator using idealized and realistic 
meteorological data. In the first case, the solar radiation outside the atmosphere is 
used, while in the second case, statistical real data is used, and the atmosphere’s and 
the relief’s influences are taken into account. The annual energy yield for combina-
tions of 13 azimuths and 19 inclinations is calculated for five different PV technolo-
gies. The influence of a site’s latitude and the PV technology is estimated. The 
calculations show that it is difficult to trace universal guidelines for the PV orienta-
tion, because the particularities of each site have specific influence on the energy 
yield. The results are validated on an experimental platform at the Technical 
University of Sofia, Bulgaria, and show a good overlap on a daily and monthly 
basis. It can be considered that the methodology developed here provides a response 
of the question of how architectural decisions about building design influence the 
obtained energy yield.
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Chapter 3
Optimization of Performances 
and Reliability for Building-Integrated 
Photovoltaic (BIPV) Systems

Dan Crăciunescu, Laurent
ˊ
iu Fara, and Ana-Maria Dabija

3.1  �Introduction

The increasing electricity dependence of the current population has led to an 
increase in the produced electricity. The high demand in electricity supply also 
forced the concerns about the quality aspects of electricity, namely, the energy pro-
duction to be a reliable and stable one, thus increasing the consumer’s safety regard-
ing electricity supply. Unfortunately, the quality aspects of the electricity produced 
from renewable sources are not yet favorable to the energy system, raising compat-
ibility problems with the electricity grid.

There are a number of concerns about increasing the conversion efficiency of 
photovoltaic (PV) solar cells. So far, the maximum conversion efficiency of solar 
cells is about 47% under laboratory conditions [1–3]. Due to the fact that the con-
version rate is still low, different methods of improving the electrical efficiency for 
building-integrated photovoltaic systems (BIPV) are considered, such as using the 
maximum power point tracking (MPPT), the implementation of different techniques 
based on Fuzzy Logic Controllers (FLC), and the development of intelligent track-
ing systems for optimal point tracking and conversion of solar irradiance [4–7].
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3.2  �Standards Used for BIPV Systems

Strategic planning and standardization efforts are becoming increasingly challeng-
ing, due to the high levels of interdisciplinary complexity that encompass photovol-
taic systems and modern technologies. Given that standardization issues that are 
based on the large-scale approach to PV equipment and systems, it is necessary to 
implement a perspective on technological forecasting and innovation planning. This 
approach offers the possibility of acquiring collective information for mapping 
future innovation activities and developing new standardization strategies for pho-
tovoltaic systems and their applications.

The design of the each component of a photovoltaic system can be realized by 
means of mathematical calculations or by using dedicated software; nevertheless, 
there are certain protocols and standards in the selection of the Balance of System 
(BOS) components, which must be respected when installing and putting into oper-
ation a PV system. Although the problems may seem insignificant during the instal-
lation, they may ultimately affect the performance, efficiency, reliability, 
maintenance costs, and aesthetics of the system on the long term. In addition, the 
Underwriters Laboratories (ULs) offer the certification of BOS system equipment 
to the standards identified in the standardization strategic planning framework chart. 
The framework chart incorporates principles, structures, and perspectives on the 
main dimensions of the multi-life standardization of photovoltaic technology (with 
complexity levels in the evolution of PV systems and applications) [8–11].

Anticipating and prioritizing the technological fields in which more efforts and 
resources relevant to standardization, research, and development are needed, the 
complex innovation systems that involve various technical fields, including photo-
voltaic technology, can support. The sequence of PV innovation and standardization 
activities based on the temporal ordering of events is depicted in Fig.  3.1. This 
approach offers the possibility of purchasing collective information for mapping 
future innovation activities and developing new standardization strategies for pho-
tovoltaic systems and applications.

3.3  �State of the Art for BIPV Systems

The photovoltaic technology developed by one of the important companies in the 
field, namely, SunPower, has a major impact, contributing to the development of 
some of the most ambitious and futuristic projects in the world. Thus, the city of 
Masdar from Abu Dhabi, United Arab Emirates, represents a developing global 
technology cluster, with the aim of being one of the most sustainable urban areas in 
the world, powered by renewable energy. By 2017, over 6000 SunPower E19/315 W 
panels were installed in Masdar, both on the facades of the buildings, where shading 
and production of “green” energy is ensured, as well as on their roofs.

D. Crăciunescu et al.
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The sophisticated campus in this city offers an ideal framework for innovation 
and real development of new PV technologies. At the same time, the Masdar 
Institute, in collaboration with International Renewable Energy Agency (IRENA), 
aims to certify the Estidama Pearl Building Rating System, one of the strictest stan-
dards of energy efficiency and sustainability in the world [12–15]. The main objec-
tive of the PV program is for the city of Masdar to produce 7% renewable energy 
from the country’s energy potential by 2020 [16–18].

The Masdar Institute hosts both educational institutions and important actors in 
the energy field, such as Siemens Electric Company and the International Renewable 
Energy Agency (located in an Nearly Zero Energy Building (nZEB)), which con-
tributed to the development and implementation of pilot projects based on PV sys-
tems [19].

Residential buildings in Masdar City are governed by well-defined standards, 
which provide heights up to five floors for buildings built on narrow streets and 
which must be equipped with roofs covered with PV modules and solar tarpaulins 
at street level, which ensures both the shading of the sidewalk and the production of 
electricity (see Fig. 3.2).

There are also other challenges to the pilot project developed by the Masdar 
Institute, such as the sustainable development of photovoltaic technology (PV mod-
ules) for both land and air transport (see Fig. 3.3). In this respect, alternative smart 
buses (up to four people) that do not have manual operation (they are fully auto-
mated) have been developed and tested. The Masdar Institute also presents a daring 
project in relation to alternative airplanes using solar energy [20].

The energy strategy of Masdar City presented in Fig. 3.4 consists of the exclusive 
use of renewable energy and in particular the production of the city’s electricity 
demand using photovoltaic systems. The Abu Dhabi region, which also includes 
Masdar, uses 62% of the emirate’s electricity [21]. At the same time, a considerable 
amount of electricity produced in the town of Masdar will be directed and used in 

Fig. 3.2  Architecture of integrated photovoltaic systems in the structure of buildings located on 
the campus of the Masdar Institute, Abu Dhabi. (Photo taken by Dan Craciunescu, one of the 
authors of this work during his visit to the Masdar Institute, Abu Dhabi, on the occasion of the 
SWC2017 Congress)

D. Crăciunescu et al.
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the desalination of water and will be produced by the help of the central solar sys-
tems with concentrators (based on tower and heliostat field).

3.4  �Modeling, Numerical Simulation, and Optimization 
of BIPV Systems

3.4.1  �Modeling and Simulation Techniques for BIPV Systems

The design of the BIPV system was fully developed using MATLAB/Simulink soft-
ware in order to characterize the PV components, as well as the entire BIPV system. 
This section describes the procedure used to simulate the electrical characteristics 
of the PV generator, namely, the I-V and P-V characteristics, respectively, 

Fig. 3.3  Pilot project based on the sustainable development of transport means based on the use 
of photovoltaic technology developed by the Masdar Institute, Abu Dhabi. (Photo taken by Dan 
Craciunescu, one of the authors of this work during his visit to the Masdar Institute, Abu Dhabi, on 
the occasion of the SWC2017 Congress)

Fig. 3.4  Pilot project based on the sustainable development of a city/town based on the use of 
photovoltaic technology developed by the Masdar Institute, Abu Dhabi. (Photo taken by Dan 
Craciunescu, one of the authors of this work during his visit to the Masdar Institute, Abu Dhabi, on 
the occasion of the SWC2017 Congress)
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determining the maximum power point by implementing the Fuzzy Logic Controller. 
The block diagram specific to the BIPV system is shown in Fig. 3.5 and includes the 
following components: BOS elements (battery, controller, and inverter), PV genera-
tor, and electrical consumer. The modeling and simulation of the photovoltaic sys-
tem’s behavior is based on the block elements that form the BIPV system considered.

3.4.1.1  �MPPT Techniques

The nonlinear feature of the I-V characteristic for a PV module results in unequal 
power distribution during its operation. Figure 3.6 shows the relationship between 
power, voltage, and current for a PV module [22]. Figure 3.7 shows the changes in 
the maximum power point according to variations in solar irradiation for 25 °C.

It can be noticed that there is a point associated with certain values of voltage and 
current that have the highest power. When the PV module corresponds to the maxi-
mum power point, its maximum available power (Pmax) is provided. The current and 
voltage values at this point are called the maximum power point current (Imp) and the 
maximum power point voltage (Vmp). When operating conditions such as tempera-
ture or solar irradiance change, the Pmax, Vmp, and Imp values change as well. 
Maximum power point tracking (MPPT) techniques are algorithms that find the 
maximum power point for any PV module system/system state and represent inputs 
for a controller that connects to the rest of the system. The output signal of the con-
troller is directed to a modulation technique called pulse width modulation (PWM), 
which generates control pulses that allow the system to operate at maximum values 
[23, 24].

Fig. 3.5  Block diagram of the BIPV system

D. Crăciunescu et al.



47

3.4.1.2  �Fuzzy Logic Controller (FLC)

For a fuzzy system, the fuzzy input is described as being ui and its variable as ui
 , 

and for the fuzzy output as being yi and its variable as yi
 . After setting the input and 

output of the Fuzzy Logic Controller (FLC), a description of each of the variables 
will be made, namely, for ui

  and yi
 . Figure 3.8 shows the fuzzy block that converts 

the real number of fuzzy sets input values, and then through the inference mecha-
nism (which uses the specific fuzzy or base rules to produce the default fuzzy sets 
or fuzzy conclusions that ultimately serve to setting output values), FLC outputs are 
obtained.
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To create a FLC, we will repeat the following steps, namely, to fuse the two input 
variables using normalized fuzzy sets for each of the three triangular membership 
functions (MFs): small, medium, and big, as shown in Fig. 3.9.

In Fig. 3.9, the three triangular member functions signify the real power of the 
system (Cold) for three cases: (1) when Cold has small values, (2) when Cold has 
medium values, and (3) when Cold has high values. The real power has to coincide 
with the maximum estimated reference power (Sa), and if the real power were lower 
than the reference power, the control signal would trigger the increase of real power.

There are six fuzzy rules, three rules for each diagram, acording to Fig. 3.9a, b. 
The triangular membership functions can be written as follows:

	1.	 If Cold is small and Sa is small, then the control signal is small.
	2.	 If Cold is medium and Sa is small, then the control signal is medium.
	3.	 If Cold is medium and Sa is medium, then the control signal is small.
	4.	 If Cold is high and Sa is small, then the control signal is high.
	5.	 If Cold is high and Sa is medium, then the control signal is medium.
	6.	 If Cold is high and Sa is high, then the control signal is medium.

Depending on the absolute slope value, the P-V curve of the panel is divided into 
three regions, as shown in Fig.  3.10. Given the old disturbance stage Cold, the 

Fig. 3.8  Block diagram of fuzzification and defuzzification of an input size
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Fig. 3.9  (a) The first entry membership function (absolute value Sa); (b) the membership function 
of the second entry (Cold)
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controller could determine the change to the new step in order to reach the MPP, 
moving from one region to another one and respecting the membership functions.

3.4.2  �Implementation of the FLC-Based MPPT Algorithm 
for Numerical Modeling of BIPV Systems

Maximum power point tracking is implemented using a Perturb and Observe (P&O) 
algorithm and a FLC controller. The P&O algorithm compares the actual PV power 
(PPV) with an estimated maximum power (reference power) (Pr) value via the FLC 
at equal time intervals. The output of the FLC is used to direct the reference power 
to a new level, which is added to the previous value of each range. The highest value 
of power can be considered as the maximum power. The output signal from the FLC 
is directed to a PWM to control the duty cycle of the DC–DC voltage converter.

The DC–DC converter raises the voltage to the value at which the PV system can 
operate at full power. To implement the MPPT algorithm based on FLC, the Fuzzy 
tool in MATLAB Fuzzy is used to design the FLC. The first step in implementation 
the controller is to define the FLC design parameters (inputs, outputs, defuzzifica-
tion method) in the fuzzy inference system (FIS) editor as shown in Fig. 3.11, and 
then each member function is defined and named as shown in Figs. 3.12a, b, and c.

The last step is the controller implementation. The FLC is defining the basic 
rules to create the output entry maps, according to Fig. 3.13.

The proposed method of optimizing a BIPV system using the FLC-based MPPT 
algorithm has allowed to improve its overall efficiency. It is considered an applica-
tion of the BIPV system, represented by a residential complex building that allows 
the use of the present study for different existing residential complex buildings. The 
influence of the shading degree on the generated power (PV), respectively, on the 
performances determined by the FLC controller on the BIPV system is analyzed. 
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Fig. 3.10  Power voltage 
(P-V) characteristic with 
P&O based on FLC
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The minimum degree of shading is determined for the operational optimization of 
the BIPV system by using the MPPT algorithm (the conventional approach cannot 
meet this objective). The analysis allows a correct pre-sizing of BIPV systems that 
can be applied to all types of BIPV applications.

3.5  �Case Study: Results Obtained by Optimizing a BIPV 
System

It is considered a specific case study, representing a complex BIPV system of resi-
dential buildings with 30  kW power, located in the urban area of Bucharest, 
Romania. This BIPV system is analyzed to establish an optimized tool for pre-
sizing. Table 3.1 presents the input data for this BIPV system.

The following section presents the simulation results based on MATLAB/
Simulink software.

To improve the performance of BIPV systems, a numerical modeling/simulation 
is developed based on the following approaches: (1) the influence of shading on 
BIPV and (2) applying a method based on the MPPT algorithm.

Fig. 3.11  FIS window of the MATLAB/Simulink editor
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The power of the photovoltaic generator (the total of 120 photovoltaic modules) 
is obtained by numerical modeling over a 3-day period. The power of the studied 
BIPV system (30 kW power output) is analyzed from the point of view of photovol-
taic modules for different degrees of shading, namely, 50%, 40%, and 30% (see 
Fig. 3.14). As expected, the power variation is most affected by shading of 50%; in 
this case, an optimized operation of the BIPV system is achieved at a power 
of 12 kW.

Under 50% shading, the performance of the BIPV system decreases drastically, 
making virtually impossible to apply any optimization method. Also, the 30% shad-
ing value was considered as an average of the shading degree encountered by a 
BIPV system over a day, in order to improve BIPV performance.

Fig. 3.12  Membership function editor in MATLAB/Simulink: (a) Sa MF, (b) Cold MF, (c) ΔC MF
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In order to determine the behavior of the BIPV system, an analysis of the PV 
generator function for three cases (shading 30%, 40% and 50%) was considered, 
which was presented in Fig. 3.14. For each case, the MPPT algorithm was applied 
to improve the efficiency of the studied BIPV system.

The power variation of the BIPV system for a 50% shading degree is shown in 
Fig. 3.15.

The power generated is indicated by the blue line in the case without MPPT and 
the orange line in the case with MPPT. There is an increase in power of 4 kW when 
considering the MPPT algorithm; this approach achieves an optimized power value 
of 16 kW.

Figure 3.16 shows the operation of the BIPV system for a shading degree of 
40%. It is noted that although the BIPV power does not exceed 19 kW compared to 

Fig. 3.13  Rules editor from the MATLAB/Simulink window

Table. 3.1  BIPV system input data

BIPV system parameters
Nominal power of the PV generator kW 30

Nominal voltage V 380–400
Panel characteristics Type 250 W polycrystalline
Number of modules Quantity 120
Solar radiation W/m2 100–1000
Temperature °C 15–85
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the proposed target of 30 kW, there is an improvement in MPPT operation (a gain 
of approximately 6 kW) compared to the non-MPPT case.

Figure 3.17 is characterized by the lowest shading degree (30%) of the three 
analyzed cases. It is remarkable that the BIPV system has an important improve-
ment for the MPPT operation case, represented by the orange line, reaching a value 
of approximately 29 kW, which represents a 9 kW gain.
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Fig. 3.14  Behavior of the BIPV generator for different degrees of shading: conventional approach

Fig. 3.15  Power generated by BIPV at 50% shading operation: MPPT approach
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For a clearer understanding of the method based on the MPPT controller, that is, 
the influence of the MPPT method on the BIPV operation, the performance of the 
BIPV system is presented in Fig. 3.18. It is noted that the use of the MPPT algo-
rithm is a complementary method for obtaining a gain over the entire daytime oper-
ating time.

The modeling and simulation of the analyzed BIPV system is completed by 
determining its efficiency against the electrical consumer. It is noted that the use of 
the MPPT algorithm leads to a safety in the power supply of the electric consumer 
and a stabilization of the system. The efficiency of the BIPV system with respect to 
the electric consumer is shown in Fig. 3.19.

Thus, it is found that the FLC-based MPPT method is very efficient in the three 
considered situations (shading: 50%, 40%, and 30%), managing to determine as 
accurately as possible the maximum power of the BIPV system (by tracking the 
maximum power point), which contributes to its most accurate dimensioning, by 
fully satisfying the requirements of the electric consumer (stability, continuity, and 
high electrical parameters of the system).

This is all the more relevant in Nearly Zero Energy Building (nZEB) when it is 
necessary to extract all production capacity of the BIPV system.

Fig. 3.16  Power generated by BIPV at 40% shading operation: MPPT approach

D. Crăciunescu et al.



55

F
ig

. 3
.1

7 
Po

w
er

 g
en

er
at

ed
 b

y 
B

IP
V

 a
t 3

0%
 s

ha
di

ng
 o

pe
ra

tio
n:

 M
PP

T
 a

pp
ro

ac
h

3  Optimization of Performances and Reliability for Building-Integrated Photovoltaic…



56

Fig. 3.18  Performance of the BIPV system using the MPPT method

Fig. 3.19  BIPV system efficiency with respect to the electric consumer, based on MPPT/conven-
tional approach

3.6  �Reliability Analysis of the Studied BIPV System: 
Obtained Results

The analyzed PV system consists of a set of components, designed to achieve high 
performance if a reliability analysis is performed as accurately as possible. The 
implementation of the Reliability, Availability, Maintenance, and Safety (RAMS) 
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approach for the studied BIPV system was performed using a software platform for 
modeling and simulation of the system reliability, namely, Synthesis, developed by 
ReliaSoft [25]. For a thorough understanding of the RAMS approach required for 
the BIPV systems, we have highlighted the degradation of its components, as well 
as the determination of specific performance indicators, namely, Availability, 
Unreliability, Average Interruption Frequency Index, and Average Interruption 
Duration Index.

For the analysis of the BIPV system reliability, the BlockSim simulation module 
from the same platform was used. The simulation of the BIPV system is based on 
the reliability block diagram (RBD), as well as the types of components (repairable/
non-repairable) and the way they are arranged in the system.

The reliability characteristics of the BIPV system, respectively, of its compo-
nents have been processed using the RBD charts that highlight their possible fail-
ures (failures due to an incomplete analysis of failure risks).

The interpretation of the results is presented in Fig. 3.20 (the level of degradation 
for each component of the BIPV system), respectively, in Fig. 3.21 (the availability/
unavailability diagram for both each component and the entire BIPV system).

Fig. 3.20  Degradation mode of BIPV system components based on availability/unavailability 
diagram
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In conclusion, a reliable BIPV system is characterized by low fluctuations during 
the unavailability duration, which causes a functional degradation in accordance 
with the requirements of normal operation.

3.7  �Conclusion

The operational optimization of the BIPV system using MPPT techniques based on 
the Perturb and Observe (P&O) algorithm implemented in the FLC controller leads 
to the improvement of the system performance (high electrical parameters) while 
maintaining at the same time a stable output power under low solar irradiance 
conditions.

By optimizing different types of FLC algorithms, other than P&O (incremental 
conductance, neural networks, current sweep, ripple correlation control, load cur-
rent, or load voltage maximization), an interesting research direction can be realized 
in optimizing BIPV systems.
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Fig. 3.21  Availability/unavailability diagram of the BIPV system
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The reliability analysis developed is based on an original approach, which aimed 
to determine the reliability of the BIPV system, by using the RAMS approach, 
respectively, by adapting the up/down reliability block diagrams (RBD) in order to 
determine its functionality and availability and to establish the duration of unavail-
ability, that is, the duration of maintenance; indicators needed to be able to evaluate 
in real time the state of the BIPV system were determined.

The final goal of the reliability analysis is to use the up/down diagram for the 
development of a maintenance plan, which will contribute to minimizing spontane-
ous or even irreversible defects occurring in BIPV systems.
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Chapter 4
Inorganic, Coloured Thin Films for Solar 
Thermal Energy Convertors in Sustainable 
Buildings

Dana Perniu, Maria Covei, Cristina Bogatu, Luminita Isac,  
Ion Visa, and Anca Duta

4.1  �Introduction

The continuous development of the socio-economic system along with the popula-
tion growth has as direct consequence an increasing need for energy that causes 
unprecedented environmental unbalance. To cope with this problem, a promising 
alternative to fossil fuels is the use of renewable energy systems. Among renewable 
energy sources, solar energy is recognized as an attractive option, due to its wide 
availability, abundance and sustainability. Harnessing solar energy does not cause 
any harmful impact on ecosystems, being suitable in urban and rural areas, for resi-
dential and industrial applications [1].

The implementation of renewable energy sources, particularly in the building 
sector (that is responsible for 40% of the total primary energy consumption and for 
30% of the greenhouse gas emissions in OECD countries [2]), is dominated by the 
use of solar thermal systems that reach a conversion efficiency of about 70–80%. 
The integration of the solar thermal systems in the built environment has to meet 
prerequisites on functionality (in terms of efficiency) and affordability (in terms of 
costs). Because the landscape (natural or built) might be altered by the solar collec-
tors’ integration, an important issue is the social acceptance where visual impact 
plays a major role [3].

The work hereby reported focuses on two aspects of the solar thermal collectors’ 
integration in/on the buildings. As this integration is the result of a decision taken by 
individuals (building owner(s), architect(s), etc.), aspects related to the factors influ-
encing this decision are presented in the first part. The second part is dedicated to 

D. Perniu (*) · M. Covei · C. Bogatu · L. Isac · I. Visa · A. Duta 
Transilvania University of Brasov, Renewable Energy Systems  
and Recycling R&D Center (RES-REC), Brasov, Romania
e-mail: d.perniu@unitbv.ro; maria.covei@unitbv.ro;  
cristina.bogatu@unitbv.ro; isac.luminita@unitbv.ro; visaion@unitbv.ro; a.duta@unitbv.ro

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40671-4_4&domain=pdf
mailto:d.perniu@unitbv.ro
mailto:maria.covei@unitbv.ro
mailto:cristina.bogatu@unitbv.ro
mailto:cristina.bogatu@unitbv.ro
mailto:isac.luminita@unitbv.ro
mailto:visaion@unitbv.ro
mailto:a.duta@unitbv.ro


62

the coloured flat plate solar thermal collectors developed in the Transilvania 
University of Brasov, the Renewable Energy Systems and Recycling R&D Center (RES-REC).

4.2  �Driving Forces in Implementing Solar Thermal Systems

By far, the major driving force for the use of solar thermal systems (renewable 
energy systems, in general) in meeting the energy demand in residential applica-
tions is the environmental deterioration (in terms of pollution and resource deple-
tion), as a consequence of using traditional fossil fuels as energy source. 
Consequently, at different levels of the socio-economic systems, actions are taken in 
order to cope with the potential threats.

4.2.1  �Social System in Interaction with Environment

Interactions between the natural environment and the social system can be 
approached at three levels, and the behaviour towards energy consumption can be 
discussed in this frame:

	(a)	 The micro-level corresponds to individuals and their habitat, either natural eco-
system or built environment as living space in a building. At this level, the 
individuals’ habits and needs related to the quality of life directly influence the 
energy consumption. Consequently, the indoor environment and the natural 
environment in the building proximity are those mostly influenced. The actions 
taken to control (prevent) the natural environment disturbances are mostly at 
individual level and strongly depend on the individual biological status (age, 
gender) and acquired status (income, level of education): low-income groups 
are more dependent on domestic, fundamental energy products, while high(er)-
income groups rely more heavily on energy services [4].

	(b)	 The meso-level represents the community level, the living spaces in collectivi-
ties. In the context of this analysis, it addresses the urban-built environment, 
cities as predominant habitat for humans, accounting for more than half of the 
population. The energy demand at city level represents the energy used by the 
energy systems (with various efficiency values) and also depends on the behav-
iour of the users asking for energy services [5]. The answer, both to the energy 
demand and to the citizens’ requirements (in terms of health and well-being), 
can be translated into local strategies to support a functional and well-accepted 
urban design, preserving the natural environment and preventing its pollution. 
The implementation of the measures is strongly dependent on the perceived 
common aspirations, beliefs and values of the inhabitants. At this level, a driv-
ing force for solar energy conversion systems’ implementation is the quality of 
the architectural integration [3].
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	(c)	 The macro-level represents the global level. In this case, the energy demand is 
evaluated in terms of resource depletion and climate change. At national and/or 
international level, policies are formulated and implemented to limit the green-
house gas (GHG) emissions [4].

There is no doubt that the system functioning at a certain level influences the 
other levels, either in terms of energy production/consumption and related environ-
mental problems or in terms of measures formulated to cope with environmental 
imbalances.

4.2.2  �Environmental Perturbation as Consequence 
of Energy Consumption

At global level, for the almost 7.6 billion inhabitants (7,594,270.36 thousand in 
2018, 1.1% increase compared to 2017 [6]), the energy demand in 2018 compared 
to 2017 increased by 2.3%, of which the energy coming from fossil fuels represents 
70% [7]. The building sector has a major contribution to the primary global energy 
demand, which is 36% in 2018 [8]. A projection states that from 2017 to 2040, a 
yearly increase of 0.5% [9] is expected, as consequence of the increase in the floor 
area, nearly 3% per year [8]. The CO2 emissions related to the energy consumption 
increased by 1.7% in 2018 compared to 2017, leading to 33.1 Gt. This value corre-
sponds to 407.4 ppm in the atmosphere, a significant increase compared to the aver-
age value recorded in the pre-industrial era (180–280 ppm), the “normal” value in a 
naturally balanced environment [7]. Nearly 40% of the CO2 emissions come from 
the building and construction sectors [7]. The significant amount of CO2 in the 
atmosphere comes mainly from fossil fuel burning in the power sector (this account-
ing nearly two-thirds of the emissions growth) [7]. However, as result of the pres-
sures imposed by regulations and market that supported the implementation of 
renewable energy systems, in 2018, 215 Mt. of CO2 emissions were avoided at 
global level [7]; these savings can be attributed mainly to Europe and China.

More than half of the population (55% [6]) live in urban areas, accounting for 
67–76% of the energy use and 71–76% of the CO2 emissions [10]. Differences are 
encountered considering the geographical location and the socio-economic status. 
As example, the CO2 emissions of low-income households are primarily for essen-
tial needs (housing, transportation, etc.), while nearly 50% of the CO2 emissions of 
high-income households are from the consumption of nonenergy goods and ser-
vices [4].

People spend a substantial period in buildings; thus, the indoor air quality is 
recognized as a major risk factor for human health. The interiors are subject to pol-
lution from many sources, and one of the most important is the use of fossil fuels for 
space and/or water heating. Household air pollution, especially in developing coun-
tries, was responsible of 4.3 million premature deaths in 2016 [10] as a result of 
exposure to pollutants such as carbon monoxide, CO, particulate matters (PM10, 
PM2.5 and submicrometric ones) and polyaromatic hydrocarbons (PAH).
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To mitigate the energy and environment pressure caused by the household energy 
consumption, policy instruments are developed, and governments provide subsidies 
and grants for the development of renewable energy implementation [4]. Since 
1990, solar energy convertors have been widely implemented in/on the buildings; 
thus in 2017, the solar thermal installed capacity represented 472GW [11] as a 
cumulative result of various factors, such as increased efficiency of the systems, 
affordable costs and increased awareness towards environmental benefits.

4.3  �Coloured Solar Thermal Flat Plate Collectors

4.3.1  �Flat Plate Solar Thermal Collectors

With a history of almost 120 years, solar thermal collectors are used for water and 
space heating, in domestic or industrial applications. The flat plate solar thermal 
collectors (FPSTC) are by far the most used, accounting for 26.4% of the global 
installed solar thermal capacity and for 84.9% of the European installed capac-
ity [12].

Basically, a common flat plate solar thermal collector consists of an absorber 
plate, a tube array, a glazing and an insulated box. The solar radiation incident on 
the transparent glass cover is intercepted by the spectral selective absorber coating/
plate (that supports the absorption of the UV and VIS radiation of the solar spec-
trum and does not allow the emission of the long-wave, IR, converted radiation). 
The converted thermal energy is transferred to the tube array and then to the ther-
mal fluid inside the tubes (water, water–glycol mixture, phase-change materials, 
hydrocarbon oils, nano-fluids, and molten salts [13]) that further ensures the heat 
transport into the system. The assembly glazing–absorber plate–tube array is placed 
into a well-insulated box (to reduce the heat losses). The absorber plate represents 
the key component in the solar thermal flat plate collector, hosting the conversion 
(UV and VIS radiation to heat) and the convection (NIR) processes [14]. The 
absorber plates are usually black because of the high optical absorbance of the dark 
colours or dark blue when covered with a thin TiO2 antireflective coating with anti-
corrosion properties. These dark colours represent a serious drawback considering 
the limited architectural acceptance of these collectors, for example their façade 
implementation [15].

Thus, a quite recent challenge is to meet both functional criteria (water and space 
heating for residential applications) and the architectural integration in the (urban) 
built environment [16]. When speaking about architectural integration, the develop-
ment of coloured solar thermal collectors is intensively investigated [17–19]. It was 
proved that the efficiency of differently coloured collectors is lower compared to 
that of the black collectors; however, they are able to reach a reasonable efficiency 
in the solar thermal conversion [16]. The integration in façades also requires a flex-
ible design to ensure, beyond a pleasant view, a better coverage of the available 

D. Perniu et al.



65

(opaque) parts of the building. Thus, solar thermal collectors, with a lower surface 
area and with various shapes (e.g. trapeze and triangle), were proposed [20, 21] to 
cover the new solar façades.

4.3.2  �Materials for the Absorber Layer

More than 2000 years ago, in his Ten Books of Architecture, Vitruvius stated that ‘a 
machine is a continuous material system’ [22]. Today there is no doubt that materi-
als are expected to support the quest towards efficient, affordable, socially accept-
able systems based on the solar energy conversion in thermal energy for residential 
applications.

The paradigm from material to prototype drives the work of the groups in the 
Renewable Energy Systems and Recycling R&D Center (RES-REC). The develop-
ment of innovative solar thermal collectors as building blocks for Lego-type solar 
thermal arrays and/or façades followed complex design, modelling, development 
and testing steps [21] starting with the concept of non-rectangular (trapeze or trian-
gular) flat plate solar thermal collectors along with variously coloured materials 
used as spectral selective absorber coatings in the demonstrators.

Generally, the design and development of materials for a specific application 
require an integrated approach. A unified view has been developed by the US 
National Research Council [23] integrating four elements: synthesis/processing 
(aiming to ‘fit’ the atoms/substances and larger-scale components of a system into 
the targeted configuration), structure/composition (providing the understanding of 
the materials’ behaviour), properties (to support the underlying working mecha-
nisms of the targeted system) and performance (to assess the suitability for the 
targeted application). In Fig.  4.1, this concept is concretely formulated for the 
development of coloured flat plate solar thermal collectors.

Fig. 4.1  The materials’ tetrahedron applied to materials for coloured FPSTC
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When the materials’ design for solar thermal conversion in flat plate solar ther-
mal collectors represents the goal, the targeted performance is to ensure the sys-
tem’s functionality and, thus, a good energy conversion efficiency, where the 
absorber spectral selectivity has an essential role. Additionally, architectural inte-
gration represents an important focus, by ‘playing’ with the collectors’ features 
such as size, shape and colour.

The spectral selectivity (SS) of the absorber coating was introduced by Tabor in 
the middle of the twentieth century and opened a new era of high-performance 
solar-absorbing coatings [24]. It is understood as maximizing the energy collection 
and its conversion by layers with high absorption of the short-wave solar radiation 
and relatively non-absorption (transparency) of the long-wave thermal radiation 
[25]. The SS parameter depends on two material’s optical properties and is esti-
mated by the ratio of the solar absorptance (αsol, defined as the weighted fraction 
between the absorbed radiation and the incoming solar radiation in the wavelength 
interval 0.3–2.5 μm, corresponding mostly to the VIS and NIR region of the solar 
spectrum) and thermal emittance (εT defined as the ability of a surface to radiate 
thermal energy, corresponding to a wavelength larger than 2.5 μm, in the IR region 
of the solar spectrum). For an efficient flat plate solar thermal collector, the targeted 
performance expressed in terms of spectral selectivity is translated to a material that 
has low reflectance (less than 10%) and a high absorptance (over 90%), conse-
quently SS  >  9 [26]. Highly efficient solar thermal coatings have the SS higher 
than 13.

Since no intrinsic material reaches the ideal spectral selectivity, novel materials/
combinations of materials are developed to tailor the optical and structural proper-
ties to reach the targeted solar energy absorption and the low thermal emittance. The 
spectral selectivity control is done by adjusting various parameters of the (multi-)
materials such as composition, thickness, porosity, surface morphology and nano-
structure. Currently, widespread solar selective coatings are based on the 
semiconductor-metal tandems or on multilayered absorbers or on cermet-type com-
posites (metallic particles dispersed in ceramic matrices) [27]. Usually, the absorber 
material for flat plate solar collectors is deposited as thin film using physical or 
chemical methods, like magnetron sputtering, electrochemical deposition, physical 
or chemical spray deposition, sol-gel and spray pyrolysis [27].

4.3.3  �Coloured Materials for Absorber Coatings in FPSTC

Spray pyrolysis deposition (SPD) was used to develop the absorber coatings within 
the RES-REC Center, as this deposition technique allows a good and easy-to-
implement control; it involves small amount of chemicals, leads to non-toxic by-
products and has an acceptable cost. Moreover, the technique is up-scalable for 
industrial applications, allowing the deposition of large surfaces. Common SPD 
consists of the reaction, on a heated substrate, of the components in the liquid pre-
cursor system, dispersed in fine aerosol droplets using a slight over-pressured carrier 
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gas. The process is divided into three main steps: (a) atomization of the precursors’ 
solution generating the aerosol, (b) aerosol transport towards the heated substrate 
and (c) chemical reaction (usually thermal decomposition) of the precursor(s) on 
the substrate [28].

To be integrated in FPSTC, the absorber plate consists of the solar thermal multi-
material coating (characterized by high solar absorptance and low thermal emit-
tance to ensure the system functionality and colour to support the acceptance) 
deposited on the metallic substrate (e.g. copper or aluminium).

The research aimed at developing novel absorber coatings usually involves 
two phases:

	(a)	 Developing the absorber coating on lab-scale substrates (3 cm × 5 cm). This 
phase contains iterative steps of deposition and characterization aiming at opti-
mizing the materials in terms of composition, structure and morphology using 
as control properties the absorptance and the emittance. Correlations between 
the deposition parameters (temperature, duration, precursor, qualitative and 
quantitative composition) and materials’ properties are developed.

	(b)	 Deposition of the absorber coating on large surfaces, adapted to the FPSTC 
geometry, to develop the collector prototype. During this step, reiterations of 
the steps done during the absorber development may be required to optimize the 
output properties.

The absorbers developed in the RES-REC Center to be integrated in solar ther-
mal collectors with non-traditional colours and geometry are multilayers with the 
following structure Al/Al2O3/AM:

•	 Metallic substrate: aluminium plate (Al).
•	 Alumina matrix (Al2O3) to support the infiltration of the active material(s) (AM); 

this matrix has controlled morphology and is deposited by spray pyrolysis or is 
developed through chemical treatment of the Al plate [29].

•	 Active material (AM)—usually embedded in the alumina matrix. The AM can be 
of cermet type, for example, metallic nanoparticles dispersed in a semiconductor 
(oxide or sulphide) or inorganic semiconductors, acting as pigments (metallic 
oxides or sulphides).

There are mainly two routes to develop the active material as an inorganic com-
pound, obtained with minimal negative environmental impact:

	(a)	 By spray pyrolysis deposition (SPD) which involves spraying a precursors solu-
tion on a preheated substrate (300–500 °C). Usually the precursors are inor-
ganic salts that, through a chemical reaction, form the targeted compound along 
with volatile, non-toxic by-products. The high temperature required for the 
chemical reaction is the major drawback in the production of the large absorber 
surfaces in FPSTC [28].

	(b)	 By spraying a dispersion of the active material powder (previously prepared by, 
for example sol-gel synthesis), at low temperature (lower than 100 °C). One of 
the major challenges in this route is the stability of the dispersion, ensured by 
addition of stabilizers, usually surfactants or polymers [30].
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Table 4.1 gives a synthetic presentation of the absorbers developed at laboratory 
scale along with the output properties: solar absorptance (αsol), thermal emittance 
(εT) and spectral selectivity. The data in Table 4.1 outline promising materials that 
were integrated in the solar thermal collectors with non-traditional colour and shape. 
During the scaling-up process, several issues were considered. First of all, the mate-
rials (precursors) should be low cost. Thus, the use of Au nanoparticles was avoided, 
although spectral selectivity value was very good. Furthermore, the active material 
(pigment) deposition should be done at low(er) temperature to reduce the produc-
tion costs; thus, the synthesis was done based on the following steps:

	(a)	 Preparation of the active material (pigment) powder (using the sol-gel synthesis).
	(b)	 Preparation of the dispersion using the pigment powder and non-toxic continu-

ous medium along with additives for the dispersion stabilization.
	(c)	 Spraying the dispersion on the substrate at temperature lower than 100 °C.

Table 4.1  Coloured absorber materials and associated properties

Absorber 
material Absorber composition Colour αsol εT S Reference

Al/Al2O3/
Au-Fe2O3

Au nanoparticles dispersed in the 
oxide semiconductor infiltrated in the 
alumina matrix deposited on the Al 
substrate

Red 0.62 0.05 12.40 [32]

Al/Al2O3/
Au-V2O5

Au nanoparticles dispersed in the 
oxide semiconductor infiltrated in the 
alumina matrix deposited on the Al 
substrate

Yellow 0.52 0.17 3.06 [32]

Al/Al2O3/
Au-CuxS

Au nanoparticles dispersed in the 
sulphide semiconductor infiltrated in 
the alumina matrix deposited on the Al 
substrate (cermet type)

Green 0.75 0.23 3.26 [32]

Al/Al2O3/
Fe2O3

Ferric oxide infiltrated in the alumina 
matrix with controlled morphology

Red 0.51 0.15 4.07 [29]

Al/Al2O3/
CuxS

Copper sulphides (x = 1.8–2) 
infiltrated in the alumina matrix with 
controlled morphology

Grey-
green

0.61 0.24 2.79 [29]

Al/Al2O3/
NiSx

Nonstoichiometric nickel sulphides 
deposited on the alumina matrix at low 
temperature

Black 0.82 0.41 2.02 [31]

Al/Al2O3/
Fe2O3

Ferric oxide deposited on the alumina 
matrix at low temperature

Red 0.69 0.12 5.36 [31]

Al/Fe2O3 Ferric oxide deposited on the Al plate 
at low temperature

Red 0.64 0.05 12.8 [31]

Al/V2O5 Vanadium oxide deposited on the Al 
plate at low temperature

Yellow-
orange

0.63 0.33 1.91 Unpublished

Al/CuxS Copper sulphides (x = 1.8–2) 
deposited on alumina matrix at low 
temperature

Green 0.74 0.32 2.34 Unpublished
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Following this procedure, red coatings were developed to obtain trapeze solar 
collectors and yellow-orange and green coatings for the triangular ones.

For the development of the red coatings [31], the Fe2O3 powder was obtained 
using an aqueous-ethanolic ferric chloride (FeCl3

. 6H2O) 1 M solution and ammonia 
(10% solution), under magnetic stirring. The colloidal system was aged and then 
thermally treated to evaporate the continuous medium followed by drying, and 
finally it was annealed at 500 °C. The resulted dark-red powder (the pigment) was 
dispersed in aqueous-alcoholic continuous medium, using (1-dodecyl)trimethylam-
monium bromide (DTAB) as stabilizer. The dispersion was sprayed on the pre-
treated substrate at 100 °C. To prepare the substrate, commercial Al foil (0.7 mm) 
was used. After preliminary cleaning, the foil was conditioned by successive immer-
sions in alkaline (NaOH) and acidic (H2SO4 and HNO3) solutions. The lab-scale 
substrates (3 cm × 5 cm), Fig. 4.2a, were subject of testing and characterization.

The integration at the demonstrator scale was further ensured, by depositing the 
pigment dispersion on large surfaces, Fig. 4.2b, to obtain the absorber plate for the 
trapeze collector with a nominal area of 0.67m2. The collector was further tested on 
an indoor testing rig and outdoor (Fig. 4.2c) [33]. For the black prototype collector, 
a nominal efficiency of 69.42% was recorded [34].

For developing the triangular solar thermal collectors, the inorganic pigment was 
deposited on pre-treated Al substrate from dispersions containing the powders pre-
pared by sol-gel method.

To prepare the substrate, commercial Al foil was cleaned and successively 
immersed in alkaline (NaOH) and acidic (HNO3) solutions. To obtain the yellow-
orange absorbers, the V2O5 powder, prepared using the sol-gel method from 
vanadium tri-isopropoxide precursor, was dispersed in aqueous-alcoholic (isopro-
pylic alcohol) continuous medium using PEG 2000 (polyethylene glycol) as stabi-
lizer. The dispersion was sprayed on the Al substrate at 130  °C, obtaining the 
lab-scale samples in the first stage (Fig. 4.3a) and the larger plates with triangular 
shape for integration in the collector (Fig. 4.3b), with a surface of 0.083m2.

Fig. 4.2  The red-coloured absorber plate development at (a) lab-test plate, (b) trapeze absorber  
(c) and façade-integrated demonstrator
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Following similar steps, the green absorber was obtained by infiltrating the alu-
mina matrix with CuxS powder prepared using copper chloride (CuCl2) mixed with 
thiourea as precursors in the sol-gel synthesis. To ensure the stability of the powder 
dispersion, DTAB was used as additive in the aqueous-alcoholic continuous 
medium. In Fig. 4.3a, b, the absorber plates are presented at lab and demonstrator 
scale (0.083m2 surface).

The demonstrators using these absorber plates were assembled along with a black 
one, considered as reference (Fig. 4.3c). The indoor testing led to a nominal efficiency 
of 55% for the black collector, 42% for the green one and 35% for the orange one [35]. 
These can be considered good results considering the low dimensions and thus the 
ratio of the collector’s perimeter to its area that supports larger thermal energy losses.

4.4  �Conclusions

The increasing need to slow down (or stop) climate change asks for changes in 
energy consumption and production at different levels of the socio-economic sys-
tem, involving actions driven by complex factors.

Fig. 4.3  The yellow-orange and green absorber plate development at (a) lab-test plates, (b) trian-
gular absorbers and (c) demonstrators
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One of the most attractive alternatives for domestic hot water production and for 
heating, ventilation and air conditioning is the solar thermal conversion using flat 
plate collectors, where the absorber plate is a critical component and is a subject of 
research. Targeting façades integration and architectural acceptance, the need to 
develop flat plate solar thermal collectors with non-traditional shapes and colour 
was identified. Absorber plates were obtained at prototype level, involving low-cost 
techniques using materials that are stable and that are not harmful for the 
environment.

Coloured FPSTC with trapezoidal and triangular geometry were developed as 
building blocks for arrays with complex geometries to be integrated on the façades. 
The coloured absorber coating was developed by spray deposition. Red-coloured 
plates were obtained using the ferric oxide pigment, while the green one used cop-
per sulphide, and the yellow-orange used vanadium oxide infiltrated in an alumin-
ium oxide matrix, deposited on an aluminium foil. The optical properties investigated 
at laboratory scale showed acceptable values; therefore the absorber plates were 
integrated at demonstrator level, and the nominal efficiencies recorded promis-
ing values.
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Chapter 5
Capitalizing on Solar Energy in Romania 
and Improving the Thermal Comfort 
of Buildings with Solar Air Collectors

Sanda Budea and Viorel Bădescu

5.1  �Introduction

In the context of expanding the production and usage of the energy from renewable 
resources at European level, Romania places above the EU average (see Table 5.1), 
using approximately 27% of the energy required in heating and cooling processes 
from renewable energies. In Romania, great deal of effort goes into researching 
solar panel technologies and, subsequently, applying and integrating solar panels 
into buildings’ architecture.

‘In 2017, renewable energy accounted for 19.5% of total energy use for heating 
and cooling in the EU-28. ... Increases in industrial sectors, services and households 
(building sector) contributed to this growth [1].’

This chapter starts with the analysis of the solar energy present in the eastern area 
of Europe, particularly Romania. The global solar irradiation by average monthly 
values and the sunshine duration were analysed, based on the statistical data for the 
last 21 years, for several cities in Romania – Constanta, Craiova, Galati, Timisoara, 
Gura Portitei-Tulcea, Cluj, Iasi and Bucharest. The values for these parameters for 
Bucharest are then compared with data from other seven European cities (Geneva, 
Barcelona, Bordeaux, Strasbourg, Vienna, Prague and Moscow) using the archive 
data of the World Radiation Data Centre [2], for the period 1995–2016, in the 
months of January, April, July and October.
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Table 5.1  Share of renewable energy sources in heating and cooling, 2010–2016

2010 2011 2012 2013 2014 2015 2016

EU-28 15.0 15.6 16.4 17.0 18.1 18.7 19.1
Belgium 6.1 6.6 7.3 7.4 7.7 7.8 8.1
Bulgaria 24.4 24.9 27.5 29.2 28.3 28.6 30.0
Czech Republic 14.0 15.3 16.1 17.6 19.3 19.6 19.9
Denmark 31.0 32.3 33.6 35.1 38.5 40.1 41.7
Germany 9.8 10.5 10.4 10.6 12.2 12.9 13.0
Estonia 43.3 44.1 43.1 43.2 45.2 49.6 51.2
Ireland 4.5 4.9 5.1 5.5 6.6 6.6 6.8
Greece 17.9 19.4 23.4 26.5 26.9 25.6 24.2
Spain 12.6 13.6 14.1 14.1 15.7 16.8 16.8
France 16.2 15.9 17.1 18.3 18.9 19.7 21.1
Croatia 32.8 33.7 36.4 37.1 36.0 38.5 37.5
Italy 15.6 13.8 17.0 18.1 18.9 19.3 18.9
Cyprus 18.2 19.2 20.7 21.6 21.6 22.5 23.0
Latvia 40.7 44.7 47.3 49.7 52.2 51.8 51.9
Lithuania 32.5 32.8 34.5 36.9 40.6 46.1 46.5
Luxembourg 4.7 4.8 5.0 5.5 7.2 7.1 7.3
Hungary 18.1 20.0 23.3 23.7 21.2 21.2 20.8
Malta 7.8 12.2 13.2 15.7 14.5 14.1 15.3
Netherlands 3.1 3.7 3.9 4.1 5.1 5.5 5.5
Austria 29.0 30.0 31.1 33.0 32.4 32.4 33.3
Poland 11.7 13.1 13.4 14.1 14.0 14.5 14.7
Portugal 33.9 35.2 33.2 34.6 34.0 33.4 35.1
Romania 27.2 24.3 25.8 26.2 26.7 25.9 26.9
Slovenia 28.1 30.3 31.5 33.4 32.4 33.9 34.0
Slovakia 7.9 9.3 8.8 7.9 8.9 10.8 9.9
Finland 44.2 45.9 48.4 50.8 52.0 52.5 53.7
Sweden 60.9 62.2 65.8 67.1 68.0 68.6 68.6
United Kingdom 2.7 3.0 3.2 4.0 4.7 6.3 7.0
Norway 33.3 34.5 33.5 32.7 31.1 32.2 31.7
Iceland 63.9 65.2 64.6 59.0 58.1 63.4 71.1
Albania 31.3 31.4 39.1 37.8 31.0 34.6 33.8
Montenegro 76.5 81.3 79.8 68.5 67.6 68.5 69.2
Former Yugoslav Republic of Macedonia 26.5 27.3 29.6 31.8 35.0 34.4 31.7
Serbia 23.2 21.1 23.2 25.2 28.8 26.5 24.2

Source Eurostat (online data co ec.europa.eu/eurostat)
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The authors present values of the solar irradiation, experimentally measured, 
with high accuracy, during 2017–2018 in Bucharest, in each season. It is shown that 
high values of solar radiation have been maintained in the last 2 years, in Bucharest.

In the final section, various types of solar thermal collectors are reviewed. These 
solar collectors can be used to improve the thermal comfort of buildings. The 
authors present solar air collectors in various solutions, their performances and 
technologies for storage of solar energy.

There are multiple applications of these thermal solar collectors, installed both 
separately and in thermoelectric hybrid systems, for heating and cooling the space. 
All these solar collectors can be used to improve the thermal comfort of buildings 
and to capitalize on the solar energy present in Romania.

The objectives of this chapter are as follows: (i) an analysis of solar irradiation in 
eight European cities including Bucharest and in eight Romanian localities compar-
ing the heating demand, (ii) experimental data for solar irradiation in Bucharest 
during 2017–2018, and (iii) a brief review of solar air collector used to improve the 
thermal comfort of buildings.

5.2  �Solar Irradiation

5.2.1  �Climate of Selected Localities

In this section, the global solar irradiation by average monthly values and the sun-
shine duration are analysed. The analysis is based on the statistical data from the last 
22  years, specific in eight European cities (Geneva, Barcelona, Bordeaux, 
Strasbourg, Vienna, Prague, Bucharest and Moscow; Fig.  5.1a) and specific to 
Romania, in eight cities including Bucharest (Fig. 5.1b).

The climate zones and types correspond to the classification used by Briggs et al. 
(2002, 2003a, b) (in Table  5.2) [3–5]. NASA’s online Climatology Resource for 
Sustainable Buildings (NASA 2015) [6] has been used to classify the localities 
according to their climate area.

One remark from this table is that Romanian cities have average solar irradiation 
and sunshine duration better than many European localities. Comparing these 
European localities, Bucharest has in summer a solar irradiation better than 
European localities selected, while Cluj has similar values with Vienna or Geneva, 
with a sunshine duration. In many areas of Romania, especially southern areas, the 
solar irradiation and sunshine duration have high values and are favourable to 
capitalize the solar energy by using solar air collectors, to improve the thermal 
comfort of buildings.

5  Capitalizing on Solar Energy in Romania and Improving the Thermal Comfort…
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5.2.2  �Solar Global Irradiation: Average Monthly Values

Statistical data for 22 years (during 1995–2016) regarding average daily values of 
global solar irradiation are presented graphically in Fig.  5.2a–d, for selected 
European localities and a specific month during each season (winter, spring, sum-
mer, autumn) characteristic to each individual climate zone. Similar information for 
the eight selected Romanian localities is presented in Fig. 5.3a–d.

In terms of global solar irradiation, the highest daily values during the observed 
period are reported for Barcelona, followed by Bucharest, in January, April and 
October. In July, Bucharest has solar irradiation to the average of European cities 
The lowest monthly values of the global solar irradiation were measured in Moscow, 

Fig. 5.1  (a) Selected localities from Europe (b) Selected localities from Romania
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given the Nordic location of the city, with the exception of the summer season, 
when the solar irradiation has high values.

Bucharest is well placed when considering the months of January (with global 
irradiation mean 500 W/m2), April (with global irradiation mean 1800 W/m2) and 
October (with global irradiation mean 1000 W/m2). An exception is July, when the 
global irradiation mean is 2200  W/m2, below the value for Barcelona, Moscow 
or Geneva.

It can be observed from the graphs shown in Fig. 5.3 that the highest monthly 
values of the global solar irradiation are reported for Bucharest, Constanta (with the 

Fig. 5.1  (continued)

5  Capitalizing on Solar Energy in Romania and Improving the Thermal Comfort…



80

exception of winter) and Craiova (which has the highest value for winter). At the 
end of the ranking, there are Cluj and Timisoara.

The average multi-annual values vary from 500 W/m2 during winter to 1500 W/
m2 in spring, to 2200 W/m2 in summer time and then return to under an average 
value of 900 W/m2 in autumn.

Therefore, it can be easily concluded that the maximal efficiency of solar air col-
lectors can be obtained during the spring and autumn seasons and only partially 
during winter when considering heating, while the maximal efficiency for cooling 
systems can be achieved in summer.

5.2.3  �Sunshine Duration

Sunshine duration (in hours) in European cities, including Bucharest, are repre-
sented in Fig.  5.4a–d  for a month from each season  – January, April, July and 
October.

As it can be seen, in terms of the sunshine duration, Moscow is badly positioned 
for winter, but it is well positioned for summer, over the means of the other European 
cities. Barcelona is positioned the best for winter, autumn and summer, but during 
spring, it has values under Bordeaux. Moscow and Prague are well positioned for 
summer, but not for winter. The biggest differences between selected cities regarding 

Table 5.2  Climate zone and type, average solar irradiation and sunshine duration for the last 
22 years for July

Climate 
zone

Climate 
type Locality

Latitude 
(°N)

Longitude 
(°E)

Altitude 
(m)

Average solar 
irradiation 
for July

Average 
sunshine 
duration for 
July (hours)

4 1 Constanta 44°13’ 28°38′E 12 2523 107
4 2 Craiova 44°19’ 23°52′E 93 2298 102

Bucharest 44°30’ 26°13′E 91 2367 103
Galati 45°30’ 28°02′E 30 2361 94
Timisoara 45°47’ 21°17′E 87 2187 91
Gura 
Portitei

44°41’ 29°00′E 2 2436 105

5 2 Cluj 46°46’ 23°35’ 380 2095 92
Iasi 47°09’ 27°35’ 50 2236 95

3 2 Geneva 46°15’ 6°08′E 420 2175 87
3 1 Barcelona 41°23’ 2°12′E 25 2987 92
4 2 Bordeaux 44°49’ 0°41’W 47 2160 82
4 2 Strasbourg 48°32’ 7°38′E 150 1953 75
5 2 Vienna 48°12 16°34′E 157 2013 87
5 2 Prague 50°05’ 14°26′E 232 1878 75
6 2 Moscow 55°42’ 37°30E 192 1977 99
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Fig. 5.2  Solar global irradiation mean daily values in January (a) and in April (b), in Europe. 
Solar global irradiation mean daily values in July (c) and in October (d), in Europe
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Fig. 5.2  (continued)

S. Budea and V. Bădescu



83

Fig. 5.3  Solar global irradiation mean daily values in January (a) and in April (b), in Romania. 
Solar global irradiation mean daily values in July (c) and in October (d), in Romania
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Fig. 5.3  (continued)
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the sunshine duration are in winter, because of their climatic and geographic posi-
tion. However, Bucharest is placed over those mean values, also in autumn and winter.

On these graphs, it can observe that the average sunshine durations in Europe are 
as follows: 10–20 hours in January, 30–40 hours in October, over 80 hours in July 
and 50–60 hours in April. In all these cases Bucharest are positioned over each aver-
age sunshine duration value.

Fig. 5.4  (a) Sunshine duration in January monthly sums (a) in Europe, during 1995–2016. (b) 
Sunshine duration in April monthly sums during 1995–2016. (c) Sunshine duration in July monthly 
sums during 1995–2016. (d) Sunshine duration in October monthly sums during 1995–2016

5  Capitalizing on Solar Energy in Romania and Improving the Thermal Comfort…
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The sunshine durations in Romania are the following: 15–20 hours in January, 
45 hours in October, over 90 hours in July and over 60 hours in April. In all these 
cases, these means of sunshine duration are over the values of the other European 
localities.

In Fig. 5.5, the sunshine duration in Constanta, Craiova and Gura Portitei in sum-
mer is not high, but in January, this localities are well positioned, over the means of 
the Romanian localities. Bucharest, Galati and Constanta are well positioned in 
April, October and July. Also, in January, there are the biggest differences between 
selected localities regarding the sunshine duration, because of their climatic and 

Fig. 5.4  (continued)
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geographic position. Bucharest is placed over the mean values, except for the 
October month.

In conclusion, it is justifiable to use solar air collectors in all seasons, including 
winter, in the southern localities of Romania, having good energy efficiency.

Fig. 5.5  (a) Sunshine duration in January monthly sums, in Romanian localities. (b) Sunshine 
duration in April monthly sums, in Romanian localities. (c) Sunshine duration in July monthly 
sums, in Romanian localities. (d) Sunshine duration in October monthly sums, in Romanian 
localities
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5.3  �Experimental Measurement of Solar Irradiation 
in Bucharest During 2017–2018

For Bucharest (located at 44°30′ N and 26°13′E, 91 m altitude above mean sea 
level), located in the south of Romania, there were no meteorological or radiometric 
data. With logistic support from Technical University of Civil Engineering of 
Bucharest, under a research contract, the authors analyse several measurements.

Fig. 5.5  (continued)
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Solar radiation was recorded with a Star Pyranometer FLA 628S, with a resolu-
tion of 0.1  W/m2. Data acquisition has been performed using an AHLBORN 
ALMEMO 2890–9 data logger.

This chapter presents an analysis of the solar irradiation and the stability of the 
solar radiative regime, available for Bucharest and the southern area of Romania. 
The study is based on meteorological data measured at 3.6 seconds, on several con-
secutive days during all four seasons, in the years 2017 and 2018.

In Fig. 5.6a–d, some examples of the solar irradiation values measured during 
2017–2018 are depicted. Some days of January can benefit from a surprisingly good 
value of the solar irradiation (Fig. 5.6b). It can further be deduced that other two 
factors or indicators, which influence the energy obtained from the sun, are as fol-
lows: sunshine number (ssn) and solar stability number (sssn), indicators defined in 
[7, 8]. Days with less solar irradiation, but with more stability, can generate more 
energy than days with high values of the solar irradiation but unstable.

‘Dominant regime is medium cloudiness class for sunshine number – ssn, with 
values between (0.4÷ 0.7). Regarding sssn, the best sunshine stability is achieved in 
July.’ The worst stability regime is achieved in April and October [9].

It is shown that high values of solar radiation have been maintained in the last 
2 years, in Bucharest. A complete analysis can be found in articles [9, 10], which 
include Electronic Supplementary Material (ESM).

5.4  �Solar Air Collectors to Improve the Thermal Buildings’ 
Comfort

5.4.1  �Classification Based on Technologies

Thermo-solar air collectors can be classified, based on their technologies, as follows:
Upon the surface exposed to the sun, there are two types:

•	 Glazed – with a transparent sheet and insulated side and back panels to minimize 
heat loss. The absorber plates in modern panels can have absorptivity of more 
than 93% [11].

•	 Unglazed – these are good for industrial applications, but the system is influ-
enced by meteorological conditions and dust.

By air-ducting methods, there are three types:

•	 Through-pass collectors offer the highest efficiency of any air solar technology, 
and air passes through a perforated material and is heated from the conductive 
properties of the material and the convective properties of the moving air. 
Through-pass collectors have the most surface area that enables relatively high 
conductive heat transfer rates. As disadvantage, significant pressure drop that can 
require greater fan power.

5  Capitalizing on Solar Energy in Romania and Improving the Thermal Comfort…
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Fig. 5.6  Solar irradiation time variations during 2017–2018 for two reprezentative days in (a) 
October, (b) January, (c) April and (d) July

S. Budea and V. Bădescu



91

•	 Front-pass collectors or back-pass [12].
•	 Combination between front- and back-pass collectors [12].

Solar air collectors can have fins or baffles to improve the energy storage capac-
ity. Other air collectors use phase change materials (PCMs) to provide higher energy 
and to store the energy [10, 13] (see the next paragraph). Many images to exemplify 
all these types of solar air collectors can be found in paper [12].

5.4.2  �Performances of Thermo-Solar Collectors

Authors like Shukla A [12], Fleck B. A [14]. and Budea S [15]. have highlighted 
that the efficiency of thermo-solar collectors can be higher than 60% and depend on 
solar irradiation I (W/m2), wind speed v (m/s), air density ρ (kg/m3), heat transfer 
coefficient (W/m2 K) or Cv-specific heat capacity.

In Figs. 5.7 and 5.8, the efficiency of the solar air collector, depending of many 
of those parameters, can be seen. Figure  5.7b shows that after approximately 
55–60 minutes the operation of the solar air collector (glazed, through-pass) was 
stabilized [15].

Regarding the energy contribution of phase change materials, the authors studied 
the behaviour of two different materials, RT27 and RT35 (with similar density, but 
different latent enthalpy for RT27 Hlatent = 157 kJ/kg and 179 kJ/kg for RT35), inte-
grated in an air collector in the installation from Technical University of Civil 
Engineering of Bucharest.

Using PCM plates – RT27 or RT35 – the heating time was extended with more 
than an hour (Fig. 5.9).
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Fig. 5.7  Efficiency of solar air collector (a) with solar radiation Ig (W/m2) and (b) time t (min) 
variation [15]
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Fig. 5.8  Transpired solar air collector efficiency with solar irradiation [14]

Fig. 5.9  Time variation of the air temperature increase ΔT in unglased thermal collector for 
19 January 2018 with a nearly clear sky. With PCM plates made of RT27 and RT35 and 
without PCM [10]
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5.4.3  �Solar Air Collectors Integrated in the Building 
Architecture

As seen in the previous paragraphs, in Romania, solar energy can be capitalized 
with good results, to improve the thermal comfort of building, for heating or cooling 
of residential, office or industrial buildings. Hybrid systems consisting of thermo-
solar and electric collector can be integrated in the building architecture on vertical 
wall or on the roof, in different climatic zones.

From combining engineering research activities in the field of solar energy with 
the activity of architects in integrating solar collectors in the design of buildings, the 
use of thermo-solar collectors or hybrid systems in residential or office buildings is 
constantly expanding. In this context, solar energy has been collected and used suc-
cessfully in Romania for the past few years.

5.5  �Conclusion

The chapter integrates the authors’ research on solar energy and the thermo-solar 
collectors of air.

From the aspects presented above – statistical data and experimental measure-
ments – the following are the results:

•	 Bucharest is well ranked among European cities regarding the solar energy 
potential.

•	 Romania, especially the southern zone – Bucharest, Craiova and Constanta – has 
a solar potential above the average values that of other European cities.

•	 Global solar radiation is over the average values in all seasons; however, the 
frequency of solar radiation maximal value is different  – for Bucharest, it is 
about 5–6 years.

•	 Sunshine duration is very different during different seasons; in all seasons, 
Bucharest ranks over this average sunshine duration.

•	 Solar energy capture in air collectors is significantly influenced by the sunshine 
number (ssn) and solar stability number (sssn).

•	 The performance of thermo-solar collectors is influenced by the solar irradiation, 
wind intensity and phase changing material for storing their energy.

•	 In this regard, the storage duration was extended with more than 1 hour even for 
a day during winter.

•	 Integration of solar panels in the buildings’ architecture is important in order to 
extend their use to all types of buildings – offices, industrial and residential.

Acknowledgement  The experimental research was made with the support of Ilinca Nastase and 
Cristiana Croitoru from Technical University of Civil Engineering of Bucharest.
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Chapter 6
Parallel (Hi)Stories: A Subjective 
Approach to Energy-Efficient Design

Ana-Maria Dabija

6.1  �Introduction

The beginning of the twenty-first century is marked by the declared awareness of 
the impact that the human civilization and activities have on the environment and 
planet in general. Our Common Future1 was the starting point of many theories that 
developed into models, strategies, examples of good practice, etc.

Sustainability can be defined as the capacity of a system to be maintained at a 
certain level or rate for an indefinite period of time. As the definition can apply to 
mostly anything, under the term “sustainability,” declarations and approaches in 
most all fields influenced by human activities arise, broadening the application of 
the term, from environmental sciences to economic and social sciences.

In the past (more or less) 35 years since the Brundtland Report was presented, 
the problematics of sustainability were dealt with at highest (political) level, the 
most recent High-level Political Forum (HLPF) being scheduled under the 74th ses-
sion of the General Assembly of the United Nations, at the end of 2019, with the aim 
of cutting ways to implement the 17 Sustainable Development Goals adopted in 
2015 by the General Assembly of the UN. The main target of the most recent agenda 
focuses on the principle of leaving no one behind, and the 17 goals touch all aspects 

1 Also known as “the Brundtland Report,” it was elaborated by the World Commission on 
Environment and Development (WCED) and was published in 1987 by the United Nations, 1 year 
after the Chernobyl accident in the USSR [2].
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of the pillars of sustainability,2 thus spanning from no poverty, zero hunger and 
good health through gender equality, quality education to clean water, clean energy, 
and life on land and under water and concluding with peace and justice strong insti-
tutions. As the level of the impact of the buildings on the natural and anthropic 
environment, one may notice the rising of – apparently – new trends in the approach 
of building design: from the principle of sustainability to resilience, from eco-
technology to NZEB, and from biomimicry to bioclimatic.

In this vortex of terms, declarations, goals, and commitments, a brief look toward 
the past may bring some interesting and unexpected observation. At the level of 
principles, we are moving in circles: many inventions were there, invented long time 
ago and forgotten. Future and past are connected through present, and space may, 
sometimes, disappear.

6.2  �The Perennial of the Vernacular

Traditional architecture is perennial: the same principles of construction have been 
used for centuries: location, neighborhoods, orientation, climatic agents (water, soil, 
wind, rain/snow), vegetation, and building materials; all have been taken into 
account for centuries, in the design of buildings, and what’s fascinating is that they 
are used in the same way, anywhere in the world, if some conditions meet: same 
building materials and same geographic characteristics that lead to similar architec-
tural and technological results. Therefore, we present two examples of vernacular 
architecture separated by more or less 10,000 km: a traditional Romanian house and 
a traditional Japanese house. In a climate with heavy rain and dazzling sun, the 
pitched roofs and the porches that filter the light are common architectural features 
(see Fig. 6.1).

The same local building materials – stone, wood, reed, and earth (adobe) – are 
installed with the same traditional techniques in comparable environmental condi-
tions: sloped roofs are required, made with thick reed grove that is abundant in the 
delta or on the banks of lakes; in areas with forests, the building material of the 
walls is wood; and in the plains, adobe made with earth, straw, and wooden structure 
is appropriate for walls. Stone foundations that rise above the soil protect the floor 
against flooding, where appropriate (Fig. 6.2).

Increasing the physical distance and going below the Equator, in Australia, one 
finds the porch as what it represents everywhere in the world: an intermediate space 
between in and out of the building that protects against sun and wind. The wooden 
structures of the roof, the depth of the porch, the orientation (facing the equator), 
and the simple geometry of the house (a simple rectangle) prove that the construc-
tor – Romanian, Japanese, and Australian – built the house according to the same 
principles and as a response to the environmental conditions (Fig. 6.3).

2 People–Planet–Profit: In other words, the societal, environmental, and economic pillars that 
developed into four and then five pillars, with the rising of specific problems: safety and cultural 
issues
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Fig. 6.1  Traditional houses in Romania and Japan

Fig. 6.2  Traditional wooden buildings in Romania and Japan

Fig. 6.3  The porch/prispa/engawa in wooden vernacular houses from Australia/Romania/Japan
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When seeing vernacular architecture throughout the world, distances are some-
times dissolved, time is contracting, so occasionally we can talk about a “déjà vu” 
on a historical scale.

Taking a critical look at the principles of architectural design of building compo-
nents (technological), throughout history, we find that there is a periodical rediscov-
ery and a reinterpretation of the principles approached from different angles. The 
buildings are clearly different from those of other epochs, and their subassemblies 
at the first glance are also totally different, but going to the core, we find that “dis-
covery” has been discovered sometime and what is “new” for us was also new a 
thousand years ago, for example. The history of construction systems is full of 
examples of construction principles that “come back to fashion” with the formula-
tion of a new technical or functional requirement.

6.3  �Bioclimatic: A Heritage of the Vernacular

Bioclimatic architecture defined itself as a style somewhere in the mid-twentieth 
century, related to the energy crisis of the 1970s. The term “bioclimatic approach” 
was defined a little earlier, by the two Olgyay brothers, Victor and Aladar, in Design 
with Climate: Bioclimatic Approach to Architectural Regionalism [3]. Although 
written almost 60  years ago, the aspects taken into consideration are still valid: 
beside hygrothermal analysis and calculations, wind forces, site and the recom-
mended position, and shape of the building, the study of the sun and solar control 
are, even today, essential chapters for researchers and architects, when it comes to 
passive (solar) gain.

However, the bioclimatic approach so well theoreticized by the Olgyay brothers 
was not a premiere in practice, as throughout history architects remembered the les-
son of the vernacular, in fact of taking nature as a partner and not as a force that must 
be defeated and subdued. In this context, Antonio Gaudi’s architecture in Barcelona 
serves as example of the architect’s approach of over a century ago. To illustrate the 
statement, we present some aspects of the Guell Park and the Casa Batllo.

The Guell Park uses all the natural building materials and shapes, to conceive the 
human intervention: columns and porticos resemble tree trunks, alleys follow the 
natural slopes, and vegetation invades all the built environment. Even the urban 
furniture has organic shapes that emphasize the image of a perfect connection with 
nature. Furthermore, in the construction of the Guell Park, Gaudi uses natural mate-
rials – stone, clay, and vegetation – as well as recycled materials coming from the 
earth (ceramics) outgoing the contemporary principle of the “cradle to cradle” con-
cept and the requirement of sustainable use of natural resources3 [4] (Fig. 6.4).

3 According to the Regulation (EU) No. 305/2011 of the European Parliament and of the Council, 
“The construction works must be designed, built and demolished in such a way that the use of natu-
ral resources is sustainable and in particular ensure the following:

(a) Reuse or recyclability of the construction works, their materials and parts after demolition;
(b) Durability of the construction works;
(c) Use of environmentally compatible raw and secondary materials in the construction works.”
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The sophisticated and refined Casa Batllo (Fig. 6.5) has a revolutionary cross 
ventilation system that today, more than one century later, proves to be a correct and 
feasible solution in an arid hot climate, thus providing thermal comfort during the 
summer. We would say, today, that such systems are saving energy consumption, by 
using less HVAC.

The main features of the bioclimatic approach include passive design concepts, 
carried out in order to accomplish the comfort required by contemporary demands 
while reducing through intelligent design the overall energy balance of the building 
in use. These concepts span from the site analysis, the orientation of the house/
building, the geometry of the building to the sun and light control, ventilation, ther-
mal insulation, and use of vegetation winds and water. Like in the case of the ver-
nacular, the use of local materials is boosted, as well as the use of local workers. 
These last two requirements occupy important positions today, on the scale of mea-
suring sustainability in the process of design and build.

Fig. 6.4  Antonio Gaudi – Guell Park built in 1900–1904. Columns, porches, and walls built with 
natural materials and integrated in nature. (Photo: Ana-Maria Dabija)

Fig. 6.5  Antonio Gaudi – cross-ventilation in Casa Batllo, designed in1904. The house is pro-
vided with windows and parapets that allow opening and closing of the acir being evacuated in the 
central “well”, in fact an inner courtyard. (Photos: Ana-Maria Dabija)
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The builders passed the skills (the know-how) from one generation to another, 
the discoveries being carried out through time, while the failures (as there must have 
been) were lessons to remember and avoid. No written scientific theories stand 
behind the way vernacular homes are built, except the transmitted knowledge, from 
one generation to the next.

6.4  �Old or New Facades

The energy crisis of the 1970s led to the reconsideration of energy sources and 
therefore identified the need to find ways to integrate alternative energy sources into 
architecture. The most accessible energy source was – is – the sun, so most research 
was focusing on finding the means to use this resource. Solar architecture flour-
ished, mainly using passive gain (although active thermal solar and photovoltaic 
systems began to be developed on a larger scale also).

Energy crises have happened before in history; if we look at the past century 
only, at least two of them had major implications in the construction industry: The 
end of the Second World War that left a poor society behind that needed to save 
energy rather than spend it and the well-known crises of the 1970s, with the aware-
ness of the termination of the petroleum resources at the same time with the rising 
of the petroleum prices. Both of them pushed the effort of scientific research toward 
finding ways of using energy from alternative sources.

In both cases, along with the effort of scientists to discover – or rediscover – pat-
ents, products, and elements and use them in building materials, architects discov-
ered, or rediscovered, the simple truths of the forgotten vernacular. In the United 
States, catalogues and books on solar houses were published, where the use of the 
sun was maximized by the architectural design.

6.4.1  �Trombe Walls

Among the systems that periodically come in fashion in architecture are the Trombe 
walls. They are technological assemblies that include a glass element toward the 
exterior environment and a (thick) wall with vents at the base and at the upper part, 
toward the inner environment – the room – separated by an air layer. The whole 
assembly is oriented toward the equator (South for the Northern Hemisphere, North 
for the Southern Hemisphere). The sun radiation passes through the glass and 
becomes longer-wavelength infrared radiation. At the contact with all the other sur-
faces, the energy is re-emitted into longer wavelength radiation, thus heat becoming 
trapped into this buffer space. The effect increases if the surface of the wall that is 
oriented to the glass is painted in black. The air gaps placed on the lower and on the 
upper part of the wall provide a convection loop that permanently provides warm air 
from the buffer space into the room – from the superior vents – and cool(er) air into 
the buffer space, from the room.
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Trombe walls have been included in the architectural concept of residential 
buildings in the 1970s and 1980s. However, these systems were not new. The first 
registered system belongs to Edward Sylvester Morse and was patented in 1881 [5] 
as “air heater” (US246626 A). The principle was rediscovered and adapted in the 
1960s by Felix Trombe and Jacques Michel and was widely used as a means to 
diminish the energy consumption for thermal needs of homes.

Morse’s system (Fig. 6.6) consists of a glazed box with a dark absorbing con-
struction element, a buffer space, and two sets of holes from the top and bottom to 
the outside air and the interior of the house, resulting in a system that functions in 
the winter, by heating the buffer space and from there, through the vents, the interior 
of the house as well as in summer, by the opening of the vents in contact with the 
exterior, resulting in the transformation of the buffer space into a chimney that 
absorbs and eliminates warm(er) air from the room. The current of air is in fact a 
convective loop that introduces cold air in the buffer space, through the vents at the 
base of the wall, and warm air from the buffer space to the room, through the upper 
vents. The whole assembly must be oriented toward the equator (south for the 
Northern Hemisphere, north for the Southern Hemisphere).

Fig. 6.6  The air heater – 
as patented by Edward 
Sylvester Morse in 
September 6, 1881. 
(https://www.google.com/
patents/US246626)

6  Parallel (Hi)Stories: A Subjective Approach to Energy-Efficient Design

https://www.google.com/patents/US246626
https://www.google.com/patents/US246626


104

In recent years, research is carried out [6] to achieve thermal comfort in summer 
(or semiarid climates, as the authors of the research state), by cooling the indoor air, 
with specific architectural detailing of the Trombe wall assembly. Also, at the level 
of detailing, steps have been taken to decrease the thickness of the assembly, by 
using contemporary “smart” materials, like aerogel or PCMs [7].

6.4.2  �Solar Facades

While the Trombe walls are a passive approach in energy savings in buildings, the 
use of the solar energy, in BIPV and thermal solar panels, is active means.

In 1956, the Bridgers and Paxton Building was constructed according to the 
requirements of the two mechanical engineers Frank Bridgers and Don Paxton and 
the design of a local architecture company Stanley and Wright. It is allegedly the 
world’s first building to use active solar collectors for heating purposes. In the nine-
teenth century, scientists and engineers were preoccupied by the use of the sun in 
order to decrease energy consumption: In 1885, Charles Tellier set on the roof of his 
house what is said to be the first solar installation for domestic hot water production. 
In 1891, Kemp patented a way to combine the old practice of exposing metal tanks 
to the sun with the scientific principle of the hot box, thereby increasing the tanks’ 
capability to collect and retain solar heat. It was called Climax Solar Water Heater 
[8] (Fig. 6.7).

Fig. 6.7  Kemp’s Climax Solar Water Heater advertisement dating 1902
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6.4.3  �Living Facades

A generic type of facade very fashionable on today’s world market is the living 
facade. Living walls/vegetal facades make an important contribution to the greening 
of our cities, the reduction of the city’s pollution, and the purification of the air. 
They are referred to as means of environmental interventions in the approaches for 
the smart cities or in the measures of diminishing the heat island effect at the urban 
scale. The benefits of the green facades and roofs are emphasized and promoted for 
some decades now, in the effort of integrating them in the assemblies of the building 
envelope. Plants provide better air quality by the process of evapotranspiration that 
lowers the temperature of the environment, by absorbing electromagnetic radiation 
and carbon dioxide while producing oxygen [9]. Their use in the buildings may 
represent not only energy savings (as the extra layers represent thermal insulation), 
but by the specific choice of plants, they can provide food in urban farms, as some 
more or less visionary architectural designs propose (thus adding an extra function 
to the opaque part of the envelope: food provider).

Few people, however, know that these facade systems, well-known by famous 
botanists such as Patrick Blanc (Fig. 6.8), are not new inventions, but also “old-
fashioned” patents, forgotten in pale yellow and dusty catalogues.

In 1938, architect and American professor Stanley Hart White filed the documen-
tation for a patent [10] proposing a structural support system for vegetation with an 
architectural role (US2113523).

The following lines are extracted from the patent’s description: The underlying 
principle of the present invention is to provide the architectural profession and 
related industries with an efficient and inexpensive method and means for utilizing 
a novel medium for ornamental and useful architectonic construction, in various 
forms of units and compounds having vegetation-bearing surfaces. For example one 
purpose of these surfaces may be to build decorative backgrounds or screens for 
masking eyesores or for concealing people or properties in such a way as to avoid 
painted camouflage or the heavy cost of ordinary hedges [...]. The essential idea 
therefore is to avoid planting the growing material in the open ground [...] and to 
provide instead

	(a)	 a wall enclosed by reticular material supported by reinforcing members,
	(b)	 a wall or compound built up of units of reticular material so that the structure 

would stand like a dry wall of masonry, or,
	(c)	 a wall or compound built of interfitting portable and replaceable reticular units 

in a skeleton supporting frame designed to control the shape and dimensions of 
the completed compound.

Contemporary urban structures covered with plants are assembled in many cities of 
the world (Fig. 6.9), not linked to buildings but close to Stanley Hart White’s vision 
of the invention (Fig.  6.10) defined as a method for producing an architectonic 
structure of any buildable size, shape or height, whose visible or exposed surfaces 
may present a permanently growing covering of vegetation [10].
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The visionary architect even saw, with his mind, the possibility of creating a 
ventilated facade with units that include plants. The design – excepting the rather 
exaggerated dimensions of the structure (which, on the other hand, are obtained 
from the available metal profiles) – is in principle similar to the current systems of 
modules attached to a structure (Fig. 6.11).

6.4.4  �Double-Skin Facades

An interesting facade system is the double-skin facade. In facades of the latest gen-
eration, often with a dynamic response to the action of natural and anthropic envi-
ronmental agents, with double layers of glass, a combination of transparent and 
opaque skins, or even a living, exterior skin, they also have a story and a history that 
goes back more than 150 years.

By 1849, Jean-Baptiste Jobard, at that time director of the Industrial Museum in 
Brussels, proposes a revolutionary facade system consisting of several layers and 
that was mechanically ventilated, allowing warm air to circulate in winter and cold 

Fig. 6.8  Musée du quai 
Branly – Arch. Jean 
Nouvel, bot. Patrick Blanc. 
(Photo: courtesy of Prof. 
Dr. Arch. Ioan Lucăcel)
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Fig. 6.9  Square in front of Umeda Building in Osaka, Japan, with planted structure that resembles 
Hart’s description (Fig. 6.9)

Fig. 6.10  Extract from Hart’s description of the wall built up of units of reticular material (see also 
Fig. 6.8)

Fig. 6.11  Modular living wall in Florence (Photo: Ana-Maria Dabija) and original sketch of 
Hart’s patent

air in the summer between the glass delimiters [11]. However, the first documented 
double-skin facade seems to have been constructed in Germany, in 1903, at the 
Margarete Steiff toy factory in Giengen, Germany. Ms. Steiff needed a building 
with a maximum solar intake, in a tough climate, with strong winds and low tem-
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peratures. The solution was a three-story building (storage on the ground floor, 
working areas on the rest of the floors), where the extra facade system consisted of 
a steel frame that supported glass sheets (Fig. 6.12). It happened in 1903. The exten-
sions of the factory made in 1904 and 1908 used the same principle but on a wooden 
frame which lowered the cost of the intervention. It seems that all three buildings 
are still in use [12].

6.5  �Hanging Gardens of Semiramis or Eco-Roofs

One of the means to reduce the heat islands is to return the green spaces displaced 
by buildings to the city. The easiest way to do it is by providing green envelopes, 
facades, and roofs. Well designed and installed, they also represent effective protec-
tion of the roof waterproof system.

The first rooftop gardens are not a recent invention, although the architecture of 
Modernist period of the twentieth century has emphasized them, not due to the 
benefits that the plants give at the city scale but, mostly, for the peace and pleasure 
that the savoir vivre of the period represented. Modern rooftop gardens were 
“invented” by a German roof installer, H. Koch [13], in the nineteenth century, as a 
means to avoid fire hazards in the cheap, new residential urban areas developed for 
workers, that followed industrial expansion of the period. Dwellings were covered 
with tar and highly combustible, and Koch protected the tar with gravel and sand, 
usually brought from riverbanks. In a few weeks, the vegetation began to grow, 

Fig. 6.12  Osthalle in Giengen, 1903. Zacharias L. CC BY-SA 3.0, https://commons.wikimedia.
org/w/index.php?curid=6423343
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creating another problem: the waterproof system was being penetrated by the roots 
of the plants. So, one step after the other, the modern green roofs were developed, 
with the essential layers that have not changed ever since: root barrier, drain layer, 
filter layer, substrate, and vegetation. The types of green/planted roofs were eventu-
ally defined, from extensive roofing to intensive roofing (where the rooftop gardens 
represent the most expensive and elegant system), with the explicit specific features 
required by the substrate and the plants. The terraces of the garden have been fash-
ionable since the 1930s of the last century: The Rockefeller Center (Fig.  6.13), 
designed by Raymond Hood (1930–1939), is also famous for the planted terraces 
under which waterproofing is protected since 1939 [14].

The (hi)story of the green roofs, however, is very much older, splitting into two 
different directions: the cold areas of Europe influenced by the Viking civilization 
and the ancient Middle Eastern Babylon where – again – roof terraces were a com-
mon solution (it seems).

In the cold and windy areas of the North, the need to stabilize and protect the roof 
from being blown away was to cover the wooden shingles with a vegetal layer cut 
from the pastures, in “tiles” about 30 cm wide [15]. The whole assembly also pro-
vided additional thermal insulation (the sod and vegetation layer representing an 
important extra thickness). Since the Viking period, no essential changes have been 
made to the structure of the protection layer, represented by the green assembly.

Rooftop gardens were common in the Ancient Babylon. The Hanging Gardens of 
Semiramis was considered one of the Seven Wonders of the World because of the 

Fig. 6.13  Rockefeller 
Center, Arch. Raymond 
Hood, 1930–1939. (Photo: 
David Shankbone CC BY 
2.5)
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unicity of the grandeur, not due to a revolutionary building system although, yes, the 
engineering solutions were spectacular and novel for that period (and astonishing 
for what we know about the ancient world). “The garden is quadrangular in shape, 
and each side is four plethra in length. It consists of arched vaults, which are situ-
ated, one after another, on checkered, cube-like foundations. The checkered founda-
tions, which are hollowed out, are covered so deep with earth that they admit of the 
largest of trees, having been constructed of baked brick and asphalt – the founda-
tions themselves and the vaults and the arches. The ascent to the uppermost terrace-
roofs is made by a stairway; and alongside these stairs there were screws, through 
which the water was continually conducted up into the garden from the Euphrates 
by those appointed for this purpose. For the river, a stadium in width, flows through 
the middle of the city; and the garden is on the bank of the river” [16]. Furthermore, 
the materials and the structure of the roof are – in principle – correct (from a con-
temporary point of view) as there is “reinforced” tar and lead for hydro-insulation 
and root barrier (preventing the root penetration within the structure of the roof), as 
well as a system that provides water for the plants [17]. The developed water man-
agement engineering system of ancient Mesopotamia (that included canals, weirs, 
dams, bridge-like aqueducts) goes back to the eleventh century BC, during Tiglath-
Pileser I’s time [18] and through Sennacherib’s period – the seventh century B.C, 
explaining the invention and evolution of the suspended gardens of the ancient 
Middle East.

Planted terraces are an extension of the rooftop gardens: while respecting the 
structure of the living/vegetal roof, they are a part of the building facade and gained 
new roles, from the substitution of the original vegetation, destroyed by the con-
struction of the building(s), to a more sophisticated and generous role, of urban 
farming. The Bosco Verticale (Fig. 6.14), for instance, declares [19] that the two 
residential towers host “800 trees (each measuring 3, 6, or 9 meters), 4500 shrubs 
and 15,000 plants from a wide range of shrubs and floral plants distributed accord-
ing to the sun exposure of the facade. On flat land, each Vertical Forest equals, in 
amount of trees, an area of 20,000 square meters of forest.”

6.6  �Conclusions

The simplest conclusion of presenting these parallel histories is that many of the 
things we discover now have been previously discovered sometime, somewhere. 
New technologies tune in but do not bring news in the building principles. Walter 
Gropius said that “Architecture begins where engineering ends.” Engineering dis-
coveries are interpreted by interdisciplinary teams and integrated into architectural 
subassemblies by architects in the effort of meeting current demands with techno-
logical possibilities. New needs, new architecture programs, and new functions 
materialize in buildings where constructive subassemblies align and still respond to 
the laws of nature. Still, one thing has to be understood and respected: technology 
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by itself doesn’t make architecture; integrating new or old technologies into the 
building material, building assembly, or building component provides a new prod-
uct – usually an active system – that can be used in a specific way, with specific 
requirements and limits. Creating a volumetry of a building that follows the laws of 
Nature is one larger step, as passive design stands for as long as the building stands, 
sometimes for thousands of years. Perhaps, looking back, we understand better 
where and how should we move ahead.
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Chapter 7
Traditional Semi-Buried House

Eugenia Valerica Potenchi

7.1  �Introduction

In the context of climate change, solutions are sought worldwide for the construc-
tion of homes that consume as little energy as possible and which do not pollute the 
surrounding environment. From this point of view, the traditional houses in Romania 
are a very good model. Of these, semi-buried homes attract our attention due to the 
proven thermal efficiency over thousands of years.

When studying the traditional semi-buried houses, it is necessary to understand 
the reasons why this type of housing was built and what were the technical solutions 
used in different climatic areas.

After a thorough study of the “bordei,” the advantages and disadvantages of 
these structures will be discussed, and solutions will be proposed to solve the identi-
fied problems. Finally, a modernization of the traditional “bordei” in Romania will 
be developed, which will respond to the demands of modern housing.

7.2  �The “Bordei”

Buildings of a buried or semi-buried type existed over time and were spread widely 
in different areas of the globe. Some were dug in the stone or in the slopes of hills; 
for others, pits were dug that were protected by a wooden roof structure covered 
with a layer of soil or straw.

The differences in the form and constructive system of these constructions are 
given by three elements:
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•	 The materials that could be found in the area
•	 The climatic conditions specific to the area
•	 The way of living: permanently or temporarily

On the territory of Romania, this type of semi-buried construction has the name 
of “bordei.” As the definition of the word shows in the dictionary, the “bordei” is a 
“peasant dwelling deep in the ground and covered with earth or reed” [1].

In the southeastern area of Europe, traditional constructions were made, similar 
to those in Romania, with the names of “bordej” in Rusyn (an Ukrainian dialect), 
“burdely” in Serbian, “burdei” and “bordei” in Bulgarian, and “bordej” and “bor-
dely” in Hungarian, these words being linguistically related to the word “bordei” [2].

There is evidence to prove the existence of semi-buried buildings since ancient 
times throughout Europe. The oldest constructions of the “bordei” type in our coun-
try were discovered both in the Cucuteni culture and the Gumelniţa culture, dating 
from the beginning of the Neolithic period. The “bordei” was recorded by research-
ers until the twelfth century. Some constructions of this kind have resisted until the 
beginning of the twentieth century in the southern part of the country [3].

During these ages, the semi-buried house was in a continuous transformation 
adapting to the needs of the people, evolving from a rudimentary construction to an 
advanced one, built with great skill. The historian Constantin C. Giurescu remem-
bers in his book The History of Bucharest from the Earliest Times to the Present Day 
that in the nineteenth century, there were still “bordei” houses even in Bucharest, 
with a greater spread in the area on the suburbs of the city [4].

The “bordei” existed at the same time as the surface houses, representing a per-
manent way of living. Three of the last ones that existed in the middle of the nine-
teenth century were moved to museums.

Two of these “bordei” houses are located in the National Museum of the village 
“Dimitrie Gusti” in Bucharest: the “bordei” with four rooms in the village of 
Castranova (Fig. 7.1), Dolj County, built in the middle of the nineteenth century, 
was transferred to the museum in 1949, and the “bordei” with three rooms from 
Drăghiceni (Fig. 7.2) Olt County, which was built around 1800, was transferred to 
the museum in 1949 [5].

A smaller “bordei” is located in the Fruit and Wine Museum in Golești, Ştefănești, 
Argeș County: “bordei” with three rooms (Fig.  7.3) from the Puţuri village, 
Castranova, Dolj County [6].

At the beginning, this type of house was built also for defense reasons, being 
known that the settlements in the area south and southeast of Romania up to the 
Carpathian Mountains were repeatedly destroyed, first by the nomadic people and 
later by the neighboring peoples. Even the churches and the boyar houses of that 
time were made by the same construction system like the “bordei.” A traditional 
semi-buried church is on display at the Museum of the Boian Plain by “Traian 
Zorzoliu” in Drăgănești-Olt [7]. Under these conditions, the advantage of the “bor-
dei” was that they could not be discovered from a distance, but only the smoke 
coming out of the roof, the houses integrating perfectly into the landscape. When 
the danger appeared, people retreated to the villages that had a more remote position 
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Fig. 7.1  “Bordei” with four rooms in the village of Castranova, Dolj County

Fig. 7.2  “Bordei” in the village of Drăghiceni, Olt County, built around 1800
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in the forested areas on the hills. The reconstruction of the houses after the passage 
of the invaders was quite easy to accomplish [8].

Another advantage of this type of construction is the perfect adaptation to the 
climate of the south and southeast of Romania bordered on the north by the 
Carpathian Mountains and on the south by the Danube River. Here the plains have 
temperate continental climate with some Mediterranean influences and with hot 
summers and very harsh winters. In the winter, a cold and strong wind from the 
northeast, called “crivăţ,” is prevalent. Over time, the houses of this type proved to 
be cool during summer and easy to warm up in winter, thus solving the problem of 
fuel (wood) which was limited in some areas.

Compared to the surface houses, the semi-buried houses provide a much better 
insulation against the winter wind—the “crivăţ.” It can also be observed that the 
houses are oriented so that they are protected to the north and the northeast and the 
entrance mostly on the south or west side.

In the medieval period, the building system of the “bordei” becomes more elabo-
rated, craftsmen using with great skill construction techniques that they knew very 
well. The system from the Neolithic period involved sticking tree trunks in the four 
corners of the pit and fixing a cone ore wedge-shaped roof covered with branches 
with leaves, reef, or earth. Later the system is completed with walls made of hori-
zontal planks that are fixed in special slots of the corner poles [9].

For the construction of some “bordei” houses, wood material was used in a very 
large quantity, about 25 tons, equivalent to the quantity of wood used for a surface 
house. This leads to the conclusion that these were no cheap houses, so the main 
reason for the construction type was that of the thermal efficiency given by the ratio 
between the buried area and the one above ground level. The volume below ground 
level is often higher than the above one.

Archaeologist Nicolae Constantinescu researched in the Coconi village in the 
south plains 74 houses of this type from the fourteenth century and detailed the 
construction systems of that period.

The depth of the pit varies from 40 cm to 150–185 cm but most falls between 80 
and 130 cm [10]. Those that have a depth between 40 and 100 cm have been called 
“half-bordei.”

Fig. 7.3  “Bordei” from the Puţuri village, Castranova, Dolj County. In the left, image with the 
access; on the right, the facade with windows

E. V. Potenchi



117

As far as shape is concerned, the “bordei” houses of the Neolithic period were 
made up of a single room with an oval, rectangular, or square shape. In this room, 
all the activities necessary for living took place. People’s activities, at that time, 
were mostly outside the house.

Over time, semi-buried houses have evolved by adding, on both sides of the ini-
tial “ogeac,” fire room, a sleeping room called “soba,” and one for storing tools or 
food called “celar” (Fig. 7.4). Thus, the houses became larger with one to three and 
even five rooms, square or rectangular, giving up the oval shape.

In the archaeological site of Coconi, the shapes and dimensions vary greatly 
from 3.25 × 2.90 m to 9.15 × 4.00 m or 6.30 × 6.00 m. The most common ones are 
a rectangle with sides from 3.00 m to 5.00 m [10].

Access to the main room is made through “gârlici.” This is a buffer room in 
which the passage is made from the ground level to the floor of the house through a 
smooth slope or sometimes with steps [12].

We distinguish the “bordei” houses from the Dobrogea area, in the southeastern 
part of Romania, where the access to the house was made directly through the space 

Fig. 7.4  “Bordei” with four rooms in the Castranova village, Dolj County. Plan and the main 
facade [11]
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where the fireplace was arranged. The bedroom was placed on the side or at the bot-
tom of this room. In the second case, the access was made along the axis of the house.

At first, the walls were plastered all with clay or with clay mixed with straw or 
wheat straw; later two types of walls were observed:

•	 The first and most widespread system consists of lining the earth walls with hori-
zontal or vertical planks of wood. The walls made of wooden interior continued 
either above the ground, or they continued with walls made from interweaving of 
branches plastered with clay.

•	 The second system involved the lining of the perimeter walls with stones. This 
system was found in some pits of the semi-buried houses identified in the archae-
ological sites of the former Geto-Dacic-fortified center Capidava.

In the settlements discovered in the Gumelnița culture, the walls of the “bordei” 
houses were decorated with geometric drawings made of parallel lines of different 
thicknesses or white spirals on red background.

The roof with two slopes had a wooden frame. A thick layer of reed, straw, or soil 
layers was laid over the wood, depending on the materials existing in the area. At 
the house from Castranova, the roof is made by layers of reed, straw, and earth, 
while the one from Puţuri has the roof made only from layers of straw and earth.

“Vatra” (Fig. 7.5) was used both for cooking and for heating the interior space. It 
was located in the corner opposite to the entrance, thus creating a draw of air 
between the access area in the house and the chimney. “Vatra” was initially made of 
boulders placed vertically along three sides of a 20 × 20 cm square. The wood was 

Fig. 7.5  “Vatra” from the house Puţuri village, Castranova, Dolj County
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introduced from the open side. A horizontal stone plate was held up by the vertical 
ones. In some cases, in front of the fireplace, there was a small hole of about 8–10 cm 
in which the food was probably cooked during summer. In some houses, there were 
primitive vaulted stoves set on a layer of gravel or ceramic fragments glued with 
clay [10].

The floor was made of battered earth, or massive wooden planks were placed 
perpendicular to the long axis of the room, over which two layers were done, one 
thicker, of mixed clay and straw, and a thinner one, of fine clay [13].

The semi-buried constructions made with solid wood have proven resistant over 
time, those found in the Oltenia area between 150 and 200 years old [14].

7.2.1  �Problems of in the Traditional “Bordei” House Concept

7.2.1.1  �Moisture

Water from rainfall is easily infiltrated in the walls built above the level of the 
ground. There is a danger that water from heavy rainfall penetrates through the cov-
ers made only of layers of soil.

Moisture from the ground up can occur due to seasonal variations in the level of 
groundwater or in years with significant rainfall. This can moist the underground 
part of the walls and the floor, leading to high humidity of the indoor air. In conven-
tional constructions, excessive moisture combined with poor ventilation can lead to 
the appearance of mold. At the same time, the thermal insulating capacity is greatly 
reduced due to the infiltrating water, through capillaries, in the walls of the building.

In the case of the “bordei” house, the appearance of the mold is mostly reduced 
by using the earth as a building material for walls, the floor, and the oven. It is 
known that the earth has the ability to adjust the humidity of an interior space. The 
wooden structure, on the other hand, is affected by humidity and mold.

7.2.1.2  �Floods

A “bordei” house, being a construction with the floor below ground level, is perma-
nently in danger of being flooded. Water can enter the house through the entrance or 
the windows which are only a few centimeters higher than ground level. In tradi-
tional houses, there is no water drainage system. At the same time, the walls made 
of clay are not resistant to direct contact with water.

7.2.1.3  �Difficult Access

Although the room called “gârlici” is a good protection in the entrance area, like a 
vestibule, access is quite difficult. The door at the entrance is quite low. This height 
results from the space left between the roof and the natural terrain. Immediately 
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next to the door, a fairly large step descends, after which a slope or more steps lead 
to the access door in the house.

7.2.1.4  �Insufficient Natural Lighting

Natural light in traditional “bordei” houses does not meet current hygiene require-
ments. The windows of the traditional “bordei” were of small size because, at that 
time, the natural light in interior spaces was not considered important. People’s 
activities took place more outside the house. On the other hand, we must take into 
account the fact that glass was expensive and difficult to procure until the twentieth 
century.

For example, in the case of the Castranova “bordei,” the living room has an area 
of approximately 14.5 square meters with the natural illumination provided by a 
glazed surface of 0.96 square meters. The ratio of the surface of the room to the 
surface of windows is 1/15. There are no windows in the other room (the one with 
the fireplace); the natural light comes through neighboring spaces.

In the case of the house in the village of Puţuri (Fig. 7.6), the living room has a 
surface of approximately 6.76 square meters and the lighting realized through two 
windows with a total surface of 0.98 square meters. The ratio of room surface to 
window surface is 1/7.

Fig. 7.6  The room called “soba” from the Puţuri village Castranova, Dolj County

E. V. Potenchi



121

7.2.1.5  �Poor Ventilation of the Interior Space

Although the access door and the chimney were placed diagonally to achieve a natu-
ral ventilation of the interior space, this is not sufficient. There is a high humidity in 
the interior.

7.2.1.6  �Heat Losses

There are some sensitive areas where thermal losses occur: the outer walls and the 
floor. The walls above ground level are made of solid wood or a network of branches 
plastered with clay.

The calculation of the thermal resistance of a wall is done with the formula:

	 R R R R= + + ∑i e k 	

where

Ri – the thermal resistance of the inner surface Ri = 0.125 m2K/W
Re – thermal resistance of the outer surface Re = 0.042 m2K/W
∑Rk – the sum of the thermal resistance of each layer of the outer wall

The thermal resistance of each layer k is.

	
R dk k k m K W=  / /λ 2

	

where

dk – layer thickness k [m]
λk – thermal conductivity of the layer [W/mK]

Thermal resistance of a 25  cm wood wall plastered on both sides with 5  cm 
clay is.

	
R R R Rextwood clay wood clay= + + + +0 125 0 042 1 2. .

	

	 Rwood m K W= ÷ =0 25 0 37 0 68 2. . . / 	

	
Rclay m K W= ÷ =0 05 0 60 0 08 2. . . /

	

	
Rextwood m K W= + + + + =0 125 0 042 0 08 0 68 0 08 1 00 2. . . . . . /

	

Thermal resistance of a sliding wall formed by a layer of plasters branch network 
with an average thickness of 2.5 cm and two layers of clay and straw mixture with 
a thickness of 15 cm is.
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R R R Rplastered network = + + + +0 125 0 042 1 2. . clay network clay 	

	 Rnetwork m K W= ÷ =0 25 0 28 0 09 2. . . / 	

	
Rclay m K W= ÷ =0 15 0 60 0 25 2. . . /

	

	
Rplastered network = + + + + =0 125 0 042 0 25 0 09 0 25 0 76 2. . . . . . /m K W

	

In conclusion, none of the two systems meet current thermal insulation requirements.

7.2.2  �“Bordei” House Advantages

7.2.2.1  �Organic Building

All material used to build the house such as stone, earth, wood, straw, or reed are 
recyclable. These can be reintroduced into the natural circuit in a proportion of 
100%. The technique of construction with traditional wood in Romania allowed 
connecting wooden elements without metallic parts. Joints were used and some-
times wooden nails.

7.2.2.2  �It Was Built with Materials from the Area: Wood, Earth, 
and Clay

The materials were the ones that people found in the area. Where wood was suffi-
cient, wood would predominate in the construction of houses. In the southeastern 
area of Romania, in Dobrogea, the wood is used less since the stone is used more 
than in the other areas. Clay is available in all areas.

7.2.2.3  �Low-Energy Consumption During the Construction Period

For the construction of this type of house, no special equipment is needed.
The materials being the ones found in the area, the cost of manufacture and trans-

port is reduced.

7.2.2.4  �Orientation Toward the Cardinal Points

In general, the traditional houses in Romania were placed taking into account the 
cardinal points. The houses had to be protected from the winter northeast-blowing 
wind, so most of the time, the houses had on the north or northeast side the annexes 
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with a roof that went almost down to earth. The entrance and the windows were fac-
ing south or east, thus receiving solar heat in winter.

7.2.2.5  �The Floor Below Ground Level

It is known that at a depth of 6 m below the ground, a temperature of 7°C is rela-
tively constant in spite of variations of the outside air temperature.

Or, at the depth of 3 m, we have a temperature approximately equal to the aver-
age air temperature for 6 months. An experiment presented online shows that we 
can obtain a constant relative temperature even at lower depths [15]:

During the winter Text range from −2 °C to 8 °C

0.7 M → Tint = 5 °C
1.5 M → Tint = 7 °C

During the summer Text varies from 19 °C to 37 °C
0.7 M → Tint = 20 °C
1.5 M → Tint = 17 °C

During the autumn Text varies between 11 °C up to 27 °C

0.7 M → Tint = 20 °C
1.5 M → Tint = 17 °C

Thus, we can say that in the interior space of the traditional “bordei” with a depth 
between 1.5 m and 1.85 m varies between 5 °C in winter and 20 °C in summer. The 
temperature obtained during the summer falls within the comfort limits. In winter, 
the temperature is low, but it does not have significant variations when the outside 
temperature drops even to −20 °C; 5 °C is a convenient start value for heating the 
space with less resources than the conventional houses.

7.2.2.6  �Thermal Insulation

By making the coverings from alternative layers of soil and straw, very good ther-
mal insulation is obtained. The use of straw layers leads to the increased thermal 
resistance of the covers. Knowing that the straws have thermal conductivity 
λ = 0.042 W/mK, we can calculate the cumulative thickness of the layers of straw 
needed to achieve the minimum thermal resistance for the roof Rmin = 5.00 m2K/W [16]:

	

R d

d

d

straw m K W= + + =
> ( )×

>

0 125 0 042 0 042 5 00

5 0 0 167 0 042

0

2. . / . . /

. . .−
..20 m 	

So a layer of 20 cm straw is sufficient.
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The reed roofs are very light and soundproof and have good thermal insulation. 
These have to be fitted on a slope of 45° to prevent infiltration during rainfall. Given 
that the reed has a thermal conductivity λ = 0.056 W/mK, a layer of 30 cm thick is 
sufficient and will have a resistance of.

	 R dreed m K W.= + + ÷ = + ÷ =0 125 0 042 0 056 0 167 0 30 0 056 5 52 2. . . . . . . / 	

7.2.2.7  �The High Thermal Mass of the Earth Elements and the Existence 
of an Earth Stove

The use of earth for floors, partition walls, or finishing the exterior wooden walls is 
an advantage. The earth has a high thermal mass. It accumulates the heat from the 
fireplace and releases it for a long time in the interior space. Thus, the interior space 
is easily heated during winter, provided that the moisture is kept under control.

7.2.2.8  �Capacity to Regulate Humidity

Tests carried out by Martin Rauch in his house in Schlins showed that the humidity 
of the air in houses made from earth is almost constant, ranging from 50% to 60%, 
unlike the conventional constructions where the humidity increases and decreases 
more depending on the humidity of the outside air. In a rainy period in which the 
external humidity increased to 100%, internal humidity of 70% was recorded in 
conventional homes, this being uncomfortable. If the underground portion of a 
“bordei” house is protected against moisture, the favorable case described above 
will apply.

7.3  �Proposals for Modernizing a “Bordei” House

A modernization will be achieved by keeping the favorable elements and solving 
the problems mentioned above in order to obtain environmentally friendly, energy-
efficient, and cheap housing, which will integrate very well and protect the 
environment.

7.3.1  �Moisture Reduction

In order to reduce moisture in the soil layers adjacent to the construction, the prin-
ciple of the “protective umbrella” can be used. This is achieved by mounting under-
ground horizontally a waterproof foil with a length of about 4–5 m from the walls 
of the house. This way the humidity decreases by 50% in the area near the house [15].
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The construction of a roof with large overhangs will lead to the protection of the 
exterior walls from the weather. This is necessary if the outer walls are made of 
earth or finished with clay.

It is necessary to have a waterproofing layer in the roof covering. A classic “bor-
dei” roof or a “green” roof (with living plants) can be done above the membrane.

The protection of the construction against the groundwater must be achieved by 
waterproofing the floor and a layer of gravel with the role of capillarity break.

7.3.2  �Avoiding Flood Zones

A leveling of the plot can be carried out and the house can be built on higher ground. 
The construction of drains of gravel and drainage pipes around the building will 
help in case of heavy rain. Water can be driven through a system of pipes to an area 
of the garden with plants and trees that require intensive watering.

7.3.3  �Making the Entrance Easy to Use

The roof can be raised at the entrance so the door can be higher and access will be 
comfortable. The difference between ground level and the floor of the house can be 
taken in two stages, in two following rooms.

On the other hand, one can improve the type without vestibule, as they were done 
in Dobrogea. In this case, it is necessary to raise the land near the construction and 
to protect the access door with a generous overhang, so that the house is protected 
from heavy rains. The access will be made directly in the house and then by climb-
ing down some standard stairs to the floor level. The staircase can be placed in a 
vestibule that is integrated in the space of the house as in the case of some mod-
ern houses.

7.3.4  �Natural Light According to the Norms

In order to meet the needs of the modern society, where many activities of people 
take place inside the home, natural light is necessary and depends on the type of 
interior area. According to the norm regarding the design of residential buildings 
(revision NP 016–96), indicative NP 057–02 of 24.09.2002, Ministry of Public 
Works, Transport, and Housing, Article 3.4. (E).1.2., the glazed surfaces are dimen-
sioned by calculating the ratio between window area and floor area. This ratio 
should be 1/6–1/8 for usual rooms and 1/8–1/10 for the other rooms (annexes) [17].

As we have shown in previous section (see Sect. 7.2.1.4), the ratio for the living 
room is 1/15 in case of Castranova and 1/7 at the house in Puţuri. In order to ensure the 
1/6 ratio required by the norm, the surface of the windows should be supplemented 
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up to 2.42 sqm in the case of the Castranova “bordei” house. The ratio calculated for 
the second house is within the normative values. Here the fact that the windows are 
positioned on the side has made it possible to make larger windows.

In this sense, it is necessary to increase the glazed surfaces to as long as the sur-
faces of outer walls allow. If this is not possible, tubes for lighting or skylights 
installed on the roof can also be used; this can also be done for areas that are mostly 
underground.

It must be taken into account that by increasing the glazed surface, the thermal 
resistance of the building envelope is reduced, the glazed areas having a lower ther-
mal resistance than the opaque elements. Therefore it is necessary to use insulated 
windows with wooden joinery and have a thermal resistance of R = 0.77 m2K/W.

7.3.5  �Ensuring Sufficient Ventilation

As the glass surfaces are enlarged for better natural lighting, natural ventilation of 
the interior space is also improved. Apart from the size of the windows, it is impor-
tant to position them on opposite walls so that by opening, they will create an 
air flow.

If the surface of the windows is not sufficient for ventilation, alternative ventila-
tion systems can be used. Slots can be provided in the walls, with adjustable flaps.

7.3.6  �Correct Thermal Insulation of the Outer Shell

According to the provisions of C 107/1, the minimum thermal resistance of an outer 
wall must be Rmin = 1.80 m2K/W; the floor at the bottom of the basements, or of 
heated basements, below ground level Rmin = 4.80 m2K/W; and exterior underground 
walls in heated basements Rmin = 2.90 m2K/W [16].

Because of the thermal resistance of an outer wall of solid wood, 25 cm thick and 
plastered on both sides with a layer of 5 cm clay, to be greater than Rmin = 1.80 m2K/W, 
we will do the following calculation:

	
R Rextwood hemp m K W= + + + + + =0 125 0 042 0 08 0 68 0 08 1 80 2. . . . . . /

	

	
R Xextwood m K W= + + + + + =0 125 0 042 0 08 0 68 0 08 0 04 1 80 2. . . . . / . . /

	

	
X = ( )× =1 80 1 00 0 04 0 032. . . .− m

	

For the thermal resistance of the outer wall formed by a network of woven branches 
with an average thickness of 2.5 cm and two layers of earth mixed with straw with 
a thickness of 15 cm, to be greater than Rmin = 1.80 m2K/W, we will do the following 
calculation:
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R Rplastered network = + + + + + =0 125 0 042 0 25 0 09 0 25 1 80 2. . . . . .hemp m KK W/

	

	
R Xplastered network = + + + + + =0 125 0 042 0 25 0 09 0 25 0 04 1 80. . . . . / . . m22K W/

	

	
X = ( )× =1 80 0 76 0 04 0 04. . . .− m

	

For the two traditional systems, it is necessary to insulate with an additional 5 cm 
layer of hemp tiles or other natural materials that allow the parts made of earth to 
breathe.

The first traditional wall system would not make much sense in a modern house; 
the amount of wood used would be far too high. The second one, however, with the 
network of woven branches would be economical and environmentally friendly.

By making the last layer of the roof out of soil that will allow plants to grow on 
the entire roof, a higher insulation will be obtained and at the same time a perfect 
integration into the environment and landscape. This layer can be a continuation of 
the grassland around the building allowing nature to coexist with human occupants 
on practically the entire surface of the house.

7.4  �Conclusions

This type of constructions on the Romanian territory has been built over time for 
two reasons: defense and adaptation to the climatic conditions in the south and 
southeast of the country. During the study, I found that this type of construction, 
because of its shape and the materials used, has a number of important advantages 
such as energy efficiency, environmentally friendliness, low construction cost, and 
small fuel consumption.

Although the traditional semi-buried constructions have a number of weak points 
that do not correspond to modern living standards, we have shown that there are 
constructive and conceptual solutions to solve these problems.

The use of the “protective umbrella” made of PVC foil on a distance of about 
4–5 m leads to the diminution of the moisture from the ground which represents a 
danger to the traditional “bordei” house.

Places where the outer walls rise above the ground level are prone to water infil-
tration. Choosing a suitable land far from the flood areas of rivers and the level 
planning in the vicinity of the house together with the installation of a drainage 
system will protect the structure from the damage that could occur during heavy 
rains and floods.

Facilitating entering the house is easily solved by lifting the roof in the 
entrance area.

To meet the needs of modern housing, it is sufficient to resize the glazed areas 
according to current regulations. At the same time, the larger surface of windows 
can solve the problem of ventilation of the interior space.
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Current norms lead us to design constructions that use as little energy as possi-
ble. In order to obtain this, the houses must be better protected against the tempera-
ture variations of the outside air. Traditional “bordei”-type houses should be 
protected with thermal insulation panels of at least 5  cm thick, made of natural 
materials so as to allow the walls to breathe.

Moreover, there are a number of concepts that can improve the structures like 
“bordei” houses, leading to the realization of NZEB houses, that is to say 
constructions with almost zero energy consumption, which are the target of the new 
laws in the field of constructions.

An important element is the use of the land from the excavations to make the 
house. The vegetal layer is not good for construction but can be reused as a top layer 
for the roof of the construction, thus improving the thermal resistance of the outer 
shell and at the same time the air quality in the immediate vicinity. The rest of the 
land is traditionally used to raise the exterior and interior walls, floors, stoves, and 
some furniture. The interior elements of the earth are very important because they 
help to maintain a constant humidity and to regulate the temperature of the interior 
space. The resulting land surplus will be used to raise the land near the house. Thus, 
a slope can be created to protect the house from the water.

If possible, by orientating large windows to the south and southeast, heat from 
the sun can be captured during winter. The shape of the roof is important; the over-
hang can be shaped so that it shades the windows during summer allowing the sun 
to directly hit them in winter. Such a building is well suited to use systems typical 
for passive buildings (e.g., greenhouses to capture sun heat or the Trombe-Michel 
system).

Using modern materials in addition to traditional ones and using some modern 
techniques to solve problems, we can make modern homes that meet comfort 
requirements for modern living. These will be low-cost houses during the construc-
tion period and during use. They are thermally efficient constructions, which inte-
grate into the natural environment, protecting it.

References

	 1.	L. Șăineanu, Dicționar universal al limbei române, ediția a VI-a, Ed. Editura, (1929)
	 2.	A. Cioranescu, Dictionarul etimologic al limbii romane, ed. Saeculum, (2000)
	 3.	G. Stoica, Arhitectura populară românească, Ed. Meridiane, București, (1989), pp. 32–38
	 4.	C. Constantin. Giurescu, Istoria bucureştilor din cele mai vechi timpuri pînă în zilele noastre, 

Ed. pentru literatură, Bucureşti, (1966), p. 27
	 5.	https://muzeul-satului.ro
	 6.	https://www.muzeulgolesti.ro/home
	 7.	https://www.gds.ro/Local/2015-10-14/arheoparcul-muzeului-campia-boianului-unic-europa/
	 8.	H.  Stahl, P.  Stahl, Civilizația vechilor sate românești, Ed. Stiințifică, (1968), pp.  5–10 si 

pp. 50–51
	 9.	 I. Godea, Locuinţa străveche (secolele XII–XV): aspecte arheologice şi etnografice, in revista 

Buridava studii si materiale VIII, Ed. Offsetcolor, Râmnicu Vâlcea, (2010), pp. 372–389

E. V. Potenchi

https://muzeul-satului.ro
https://www.muzeulgolesti.ro/home
https://www.gds.ro/Local/2015-10-14/arheoparcul-muzeului-campia-boianului-unic-europa/


129

	10.	R. Florescu, Bordeiul medio-bizantin de la Capidava si rolul sau in viata familiilor de stra-
tiotai, publicata in volumul reunind sesiunile desfasurate la Sibiu din anii 1999–2001, Sibiu, 
(2004), pp. 253–261

	11.	G. Ionescu, Arhitectura populară romînească, Ed. tehnică, București, (1957), pp. 21–24
	12.	Locuința sătescă în România, studii de arhitectură tradițională în vederea conservării și 

valorificării prin tipizare, Studiu coordonat de ICCPDC, Ediție revizuită și completată, 
București, (1989), p. 23

	13.	Constantin Preda, Enciclopedia arheologiei și istoriei vechi a României (volumul II, literele 
DL), Ed. Enciclopedică, (1996), pp. 319–326

	14.	V. Butură, Etnografia poporului român, Ed. Dacia, Cluj Napoca, (1978), pp. 81–86
	15.	https://www.homeintheearth.com/?s=soil+temperature&submit=Search
	16.	Normativ privind calculul termotehnic al elementelor de construcție ale clădirilor, indicativ C 

107/1 din 29.11.2005 Ministerul Transporturilor, Construcțiilor și Turismului, cu modificările 
şi completările ulterioare

	17.	Normativul privind proiectarea clădirilor de locuințe (revizuire NP 016-96), indicativ NP 
057–02 din 24.09.2002 Ministerul Lucrărilor Publice, Transporturilor și Locuinței

7  Traditional Semi-Buried House

https://www.homeintheearth.com/?s=soil+temperature&submit=Search


131© Springer Nature Switzerland AG 2020
A.-M. Dabija (ed.), Energy Efficient Building Design, 
https://doi.org/10.1007/978-3-030-40671-4_8

Chapter 8
Using Agricultural By-products 
for Creating Innovative Technologies 
and Materials

Dora Francese

8.1  �Introduction: Energy and Recycling

The question of energy within the building sector has been, in the last century and 
at the beginning of this, covered by a great number of studies and researches, as well 
as regulations, legislations, and standards. This process has led to a great improve-
ment in the efficiency of the indoor space comfort as well as to a reduction of energy 
consumption derived by fossil fuels.

This is for sure a great achievement and a victory for the whole sector of energy, 
as well as for the health and comfort of users in various countries, mainly where the 
rigid and cold temperatures actually led users to an high consumption of fossil fuels, 
as well as financial weight to their economic budget, aimed at heating up the inter-
nal spaces during the long winters.

The situation can then be considered solved from the comfort and money-saving 
points of view, since the thick layers of insulating materials provided to the new, as 
well as to the existing – when possible – buildings, could allow great levels of ther-
mal resistance.

But a great problem starts to arise lately when, for providing indeed these high 
levels of insulation to walls, roof, and in general to the envelope, the products 
employed were mainly manufactured with synthetic prime matters. The most com-
mon materials employed for these insulating layers are very often the polyurethane 
or the polystyrene; the latest can be considered the most polluting materials among 
the building products, for their low level of naturality, completely artificial manu-
facturing, no bioregional location, and mainly the great contribution that the pro-
duction processes provide to the ozone depletion effect.

The problem can then be so identified: more insulation to envelope means more 
energy consumption, rather than fossil fuel saving. It is only the site of consumption 
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that is moved from the house running sector to the industrial market in the building 
sector, where the energy is consumed and where the pollution effects are provided 
in order to produce the artificial insulating products.

These notes are useful for introducing the subject of the research we have been 
dealing with in the latest years, which is the use of sustainable materials in construc-
tion. In particular our studies and researches at the Department of Architecture in 
the University of Naples Federico II (interacting with the research center Cittam-
Interdepartmental research Centre for the study of the Traditional Techniques in the 
Mediterranean Area) are aimed at defining possible changes in the production pro-
cesses, mainly those which provide–as final manufacture-, building materials, and 
components. The conceptual approach of the general research, which started in 
2008 with a study on bamboo and other vegetable materials [10], is that of reclaim-
ing the need of transforming the linear processes which actually invest all the sec-
tors of human activity and thus also the building one and trying to revolutionize the 
stages as well as the single steps, by making the process circular. This should start 
from the first prime matter supply which should prefer materials and resources at 
high naturality, at low energy inlet, and at very frequent availability on Earth, and 
last but not least, they should be accessible on site or very close. This first step of the 
cycle of the chain is important because it takes into account the bioregionalism [25], 
as means of social, environmental, and cultural knowledge as well as respect of the 
local region. This approach tries to save the identity of the place as far as resources 
and social establishments are concerned and can actually be considered as the more 
suitable to be applied when the existing place has values and human consistence [3]. 
The theory of bioregionalism actually takes into account also the question of waste, 
as well as those of transportation pollution and energy consumption, and others 
[23]. Although this approach has been often compared with the well-known idiom-
atic sentence “at-Zero-Km,” nevertheless it involves also some other fields of human 
action and sensitivity, rather than only the logistical issue of finding prime matters 
in a very close site. In fact bioregionalism [4] represents a holistic approach and a 
way of living and working in a place, which takes into account and tries to solve 
other problems such as those of material and physical as well as of spiritual and 
physiological nature [7]. Designing with the bioregionalist Spirit of the Place means 
to try to get in harmony with the bioregion itself, to collaborate rather than to trans-
form and brutalize the landscape, and to improve social, sensitive, and natural 
milieu, trying to save the feeling of belonging [11].

Given the need of approaching building process by means of a circular chain, the 
other steps of the production should consider the level of naturality.

According in fact to the blue economy [21], it is possible to trace future scenarios 
with concrete entrepreneurial solutions and to overcome in a constructive way the 
crisis starting from the environment and from land requalification. Returning to the 
concept of being conscious of the ecosystem, more materials at low price would be 
available than it would be possible to imagine, and the entrepreneurial initiatives 
could be multiplied, so creating a new spread employment, which will be respectful 
of territory as well as of people’s dignity.
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And as Gunter Pauli states, prime matters of the blue economy are local, in 
cascade, and part of an integrated system, employed in a most efficient way: for 
this reason, they result more competitive than the conventional ones. The author 
also underlines the need of a cultural change that should cross the whole society, 
placing in the center no longer the single product, pushed by great global indus-
tries, but the territories and their specific ecosystems, so as to valorize the land-
scape, and to find a way for allowing a better life even in conditions at limited 
availability of water, to transform areas in the process of desertification into zones 
rich in vegetation and prime matters for man [2].

Therefore, if the circular economy is to be applied, what can be more important 
than using some recycled products which are also natural and thus recyclable never-
ending times?

On one hand country wastes are in fact a load and a discomfort for the farmers as 
well as for the cultural environment in which the greenery is often considered as 
dirty (imagine if there was no maintenance in a city where parks are located); on the 
other hand, recycling agricultural wastes can provide to the new products – made up 
with second-hand materials – a long life, a nonpolluting impact, and low energy 
systems.

Therefore another big question has to be briefly outlined as introduction, i.e., the 
fact that, since the building sector largely employs virgin prime matters and natural 
resources, it becomes important to investigate about the chance of recuperating the 
so-called C&D (Construction and Demolition) wastes, so as to address the manage-
ment of such wastes toward a minimization of buildings’ environmental impacts on 
ecosystem but mainly to offer new economic potential for arranging the products 
destined to disposal [13]. In order to recuperate and re-employ the C&D wastes, the 
selective demolition should be preferred, so allowing the reduction of their amount 
as well as designing architectural fabrics in a different way; choosing in fact com-
ponents and products for building process according to the end-of-life approach 
requires to take into consideration the disposal stage, so previewing the end-of-life 
scenario already during the first stages of the design procedure [20]. According to 
the Life Cycle Thinking Concept, the needed steps for a good management of C&D 
wastes are the following: de-composing the elements; separating the various mat-
ters; recycling the product; reusing; biodegrading; and finally employing it as fertil-
izer [18] (Fig. 8.1).

8.2  �Bio-Based Products and Wastes

The latest considerations introduce the potential of bio-based materials and 
products. In fact, not only the C&D wastes are manufactured in a great amount 
all over Europe but also the agricultural sector contributes to spread high quanti-
ties of materials into the landfills. The employment of some bio-based materials, 
known in literature as bio-composites, such as the WPC (Wood Plastic 
Composites), can produce immediate benefits within their whole life cycle: the 
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requirement of virgin prime matters’ extraction will be reduced, and some 
closed-loop disposal paths can be promoted. In fact, by previewing non-artificial 
prime matters, a more “natural and biological” product disposal can be thought, 
thanks to the principle of biodegradability of the building elements: these prod-
ucts would provide a lower ecological footprint to Earth [1]. A number of 
European projects have been carried out, aimed at innovating the building mar-
ket with products at high naturality and recycled from agricultural wastes; 
according to the data of one of this, the Life project APPRICOD (Assessing the 
Potential of Plastic Recycling in the Construction and Demolition Activities), 
the C&D wastes produced in Europe represent 30% of the whole trash and are 
enumerated in 180 ton millions a year, which represents more than 480 Kg per 
person a year, of which only 28% is actually reused, while the rest is still des-
tined to the landfill [14]. The C&D wastes can come from the following activi-
ties: legal C&D, squatting C&D, small housing retrofitting, and others. In 
conformity to the European Waste Catalogue, the building scraps are indicated 
with the code 179. Table 8.1 reports a classification of C&D wastes, according to 
their origin.

Therefore, a necessary action for reducing the environmental impacts due to the 
building process and mainly promoting the use of eco-oriented products and materi-
als requires to activate processes of transformation and conversion of the waste 
resource. As most common goods which compose the C&D wastes in Italy are the 
ceramic building materials (Fig. 8.2), then substituting the vertical closure made up 
in ceramics with alternative solutions can contribute to reduce the wastes them-
selves [11].

One of these alternative solutions can be found in the straw prefabricated panels. 
For demonstrating the potential of good performances that they show, we carried 
out a step of the research aimed at comparing the LCA values of two different build-
ing components for vertical closures, one in conventional brickwork and the other 
in straw.
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Fig. 8.1  Wastes produced in the European countries/% of recycled products (thousands of tons) [9]

D. Francese



135

8.3  �LCA Comparison Between Two Products for Vertical 
Closures

This research is in fact aimed at looking for alternative solutions to the ceramic and 
concrete components for buildings, which can be useful for both reducing the pol-
luting impact due to their end-of-life stage and promoting the employment of 
agricultural or other sectors’ wastes.

Table 8.1  Classification and origin of C&D wastes coming from various activities

Typology Origin Wasted materials

Construction wastes Wastes coming from maintenance sites, 
from building constructions, civil 
infrastructures

Concrete (normal or 
precast)
Cement and various 
mortars
Conglomerates and 
mixed bituminous
Bricks, tiles, and 
blocks
Excavation earth
Timber
Paper, cellulose, and 
polyurethane
Metals
Plastic
Gypsy
Ceramics
Glass
Asbestos

Demolition wastes Wastes coming from maintenance and/or 
partial or total demolition of buildings and 
civil infrastructures

Wastes from streets’ 
construction and 
demolition

Wastes coming from streets’ maintenance 
and construction sites

Conglomerates and 
mixed bituminous
Excavation earth
Concrete
Timber
Metals
Plastic

Earth and rocks from 
digging

Wastes coming from soil movements for 
completion of civil and digging works

Excavation earth
Timber

no reinforced concrete

reinforced concrete

brick

asphalt

excavation

wood, paper, plastics

metal

5%
6%

2% 3% 4%

10%
20%

50%

Fig. 8.2  Goods’ composition of C&D wastes
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The first part of the research started in fact to investigate upon different fields of 
human activity in which the waste disposal is a problem. For example, the marine 
vegetation, which in a natural ecosystem would be useful for a lot of various flora 
and fauna creatures, as home or food, or only protection, when instead it is found in 
the waterfront areas near humanized territories, it becomes a problem. We studied 
the Posidonia oceanica seegrass, which increases its production in the South Italian 
marine shores due to artificial actions. The macerated Posidonia parts create bad 
smell and discomfort for people using the beaches, as well as a problem for the 
security of the waterfronts. Approaching the problem with a blue economy vision, 
the Posidonia could be re-employed for two classes of application: as biomass for 
producing renewable energy systems and as fiber for creating innovating bio-com-
posite products for the building sector.

Making comparison between ceramics and other bio-based materials, the vege-
table ones become very competitive. The LCA assessment method had been 
employed [6], with the final scores which define the impacts. The scores are actually 
measured in eco-points (Pt): “… the value of 1 Pt (eco-point) is representative for 
one thousandth of the yearly environmental load of one average European inhabit-
ant. It is calculated by dividing the total environmental load in Europe by the num-
ber of inhabitants and multiplying it with 1000” [22].

In fact literature data demonstrated that during the LCA assessments [17], the 
ceramic materials present a high value of damage, which is variable according to the 
layers’ composition; for example, a brick wall of 38 cm can have the score of 0.5 Pt, 
while a wall made up by two bricks and insulation can be valued as 2.75 Pt; more-
over the artificiality of the layers’ arrangement leads to a great variable range of 
impacts toward both the categories of men and resources [5].

According to the data reported by ICE (Inventory of Carbon and Energy) data-
base, the embodied energies of bricks are 3 MJ/kg and 0.24 kg of CO2 eq./kg for the 
generic ceramic (general simple baked clay products; general clay brick) and 
6.5 MJ/kg and 0.48 kg of CO2 eq./kg for the cooked tiles [12].

As far as the second term of comparison is concerned, LCA assessments have 
been made on an innovative component, developed by our research team and deeply 
studied within a PhD thesis by N.  Mastrangelo. In this research a prefabricated 
straw panel (so-called ModCell) has been proposed as technological solutions for 
the vertical walls in buildings. Comparing the mentioned embodied energy of bricks 
with that of the ModCell, some benefits are shown: in fact according to the data 
reported in the technical sheet, during its life cycle, this product saves 1400 carbon 
equivalent kg (Table 8.2).

From these considerations, the environmental advantages in substituting the 
ceramics with straw bales become clear: according to a study promoted by the 
Tuscana region, if 100,000 tons of straw are destined to building use, an amount of 
carbon equivalent of 158,000 tons can be retained, during the operation stage of the 
architectural fabric [24]. Moreover, the use of straw could compensate the green-
house gases emissions up to 45,000 tons of gasoline (which means 3.5 carbon 
equivalent Kg per each kg of gasoline).
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The straw bales, besides storing the carbon within the culms of the cereals, avoid 
also some environmental loads: in fact for completing 1 sqm of ceramic wall, almost 
134 bricks are needed, whose medium emissions are 0.4 carbon equivalent Kg for 
each Kg of product, while with the straw wall with the same insulating perfor-
mances (U value of 0.09 W/sqm °C), the loads to be subtracted are in negative: it is 
equal to 147.4 carbon equivalent Kg for each square meter, which means that its 
original culm provides oxygen, like – as we know – any other plant does.

According to the costs, it can be seen that the closure with straw in comparison 
with that of bricks allows a reduction from 10% to 15% of the wall cost; the building 
envelope in straw, for a construction of 100 sqm, costs around 4000 or 5000 euros: 
Edilpaglia (the Italian straw-building society) declares that the straw bales, in com-
parison with other materials with the same thermal performances, allow to save 
from 50% to 75% of wall cost [16].

Another comparison, found in literature, can be here outlined between LCA of 
vertical closures in straw and those in brick. The bricks perform a damage index 
much higher than that of the straw walls: bricks have a score of 36.9 Pt, while the 
straw panels are evaluated as 1.41 Pt, thus demonstrating that the straw is 16 
times lower.

The investigation had in fact considered different stages of the building ele-
ments’ life cycle: the pre-production, the production, and the disposal (Fig. 8.3).

In the present research, a similar process of investigation has been carried out, 
aimed at comparing the environmental loads of the life cycle of two classes of 
building component: the ceramic one with its specific thickness and components 
and the innovative systems employing straw as the main second prime matter. Both 

Table 8.2  Embodied energy analysis of ModCell panels [15]

Wood
Straw 
bales Plaster Total

Materials of ModCell lime straw 3 × 8 bale panel 369.1 ft 271.75 kg 0,483 m3

Embodied energy in ModCell lime straw 3 × 8 bale 
panel (MJ)

1031 198.2 973.2 2084.4

Average energy embodied for 1 × 2.4 section of 
ModCell lime straw 3 × 8 bale panel (MJ)

257.8 49.55 243.3 550.7

Fig. 8.3  Format of the 
investigation on the LCA 
stages
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can be utilized as vertical closure for the envelope of a good insulated building. The 
characteristics, chosen for the two systems in a similar typology, are the following: 
the first (Type A) is made up with porous ceramic of 38 cm and civil internal and 
external plaster of 0.2 cm; the second (Type B) is instead composed by a cross-
laminated timber frame and then a 43 cm thickness of straw and is finished with 
civil plaster of 0.3 cm, both internal and external. The comparison of thermal trans-
mittances (U value) for both the types is shown in Fig. 8.4.

The analysis and evaluation of the two samples have been made over one square 
meter of surface, as functional unit of vertical closure. It has to be remembered that 
the bricks’ production undergoes to fabrication processes on national scale, while 
the straw panels’ production follows a local and regional strategy: in fact the prime 
matters are coming from local context and are assembled in suitable spaces located 
very near to the site of construction, so the final product made up with these prime 
matters can be classified as a system at Zero-Km.

As shown in Fig. 8.5, the impacts of the ceramic production are great, since the 
fabrication and transformation processes from the prime matters require great 
amount of resources, while for the prefabricated cross-laminated and straw panel, 
the higher incidence is due to the acquisition of the semi-components to be assem-
bled so as to complete the modular system. The impact percentage in the production 
and construction stages, which occur during the ceramic fabrication, results around 
half of the whole impact factor. The damage is, therefore, mainly linked to the pro-
duction of the single elements and their transportation. By assessing the two solu-
tions, it can be seen that the bricks are always the more affecting: in fact for the 
voice “Resources” the bricks’ data are equal to 3.68 Pt, in comparison with the 
straw panel of 0.785 Pt; and finally the validity of the straw solution is demonstrated 
by the fact that a great advantage is provided by the damages in the category of 
“Human health”; here the bricks reach the value of 3.92 Pt, while the straw panel is 
still lower than 0.22 Pt (Fig. 8.6), thus meaning that the straw type creates less nega-
tive effects on men.

Fig. 8.4  Comparison between the two types and their U values. (Source: [19])
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As far as the end-of-life scenario is concerned, according to the studies, the 
bricks affect 16% of the whole LCA value, while the straw panels get even negative 
score: this difference is due to the easy demounting suitability of the pre-fabricated 
component and to the chance of reusing both the single materials and components 

Fig. 8.5  Comparison between pre-production and production stages of the investigated two types 
of vertical closures (Type B, straw panel on the left, and Type A, brick wall on the right)

Fig. 8.6  Comparison between the processes according to Eco-indicator 99 (E) V2.03/Europe EI 
99 E/E / single score. (Remake from LCA literature)

Fig. 8.7  Comparison 
between impacts for 
end-of-life phase of the 
analyzed solutions. 
(Remake from LCA 
literature)
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into other processes and the whole element in the same building process, when they 
are still good performing and intact (Fig. 8.7).

8.4  �Conclusion

Although a correct management of bricks in the disposal stage would reduce the 
amount of wastes, which could become SPM (second prime matter) for manufactur-
ing new inertial materials and would be greatly valuable, nevertheless the promo-
tion and use of straw panels in the Italian Building sector has not yet become a habit 
(Table 8.3).

Although presently the agricultural process for producing the straw bales for 
construction is not yet located in the national territory, nevertheless a productive 
chain addressed to designing and commercializing systems built with straw could 
guarantee to the agricultural farms a plus-value for the wasted by-products. This 
strategy could moreover promote the use of eco-sustainable and bio-compatible 
building materials, re-employed both in the productive cycle of the construction 
sector (by molding the rammed earth or reusing the straw for new panels) and in the 
agricultural cycle (as animals’ litter or for protecting the grown harvest from high 
solar radiation): and finally this component could be processed naturally for biode-
gradable disposal which would not produce any gas, liquid, or solid polluter.

We can conclude with a sentence from Ciribini, who said about the memory that 
“…so surfacing is not then sign and change or quoting to archive or harvest in the 
museums, … and neither re-memorization nor com-memoration, but rather alive 
memory, as a reactivation of knowledge, of its present production, of memory as 

Table 8.3  Comparison between management of straw panels and bricks in the disposal phase

Management of straw panels’ disposal phase Management of bricks’ disposal phase

New production chain for straw in sustainable 
buildings

Reducing the quantity of waste products

Implementation of reusable construction cycle 
(kneading with clay or reusing straw for new 
panels)

Implementing the production of the second 
prime matter in the production of inert 
materials

Reuse of straw in agricultural cycle (as bedding for 
animals or mulch)
Recycling ecological products for composting 
straw (a biodegradable material) with no generation 
of pollutants
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unveiling:” [8] this idea can corroborate the use of by-products also as a peculiar 
means of remembering the soil importance of a place and providing to buildings 
erected with straw the right to be part of the cultural as well as natural environmen-
tal and in the ultimate place as a bioregionalist system of constructing and 
recycling.
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Chapter 9
Les conditions de la nature sont retrouvèe: 
The Tower of Shadow in Chandigarh 
and Other Le Corbusier’s Masterpieces

Stefano Perego

9.1  �Introduction

The relationship between form and light constitutes a properly architectural research 
issue in which the theme of solar control in architecture is fully inserted. Architecture 
reveals itself under the light; it is the wise play of volumes under light. The plastic 
properties of architecture are emphasized by light and shadow. For Henri Focillon [1], 
“Light does not only illuminate the internal mass, but also collaborates with archi-
tecture to give it its shape. Indeed, it is itself form, since its rays, sprinkled by deter-
mined points, are compressed, thinned and tense, so that they come to strike the 
parts of the structure, more or less gathered, underlined or not by ridges, in order to 
calm, or to let the light play.” The famous painter Edward Hopper puts his personal 
research on light saying “All I ever wanted to do was paint sunlight on the wall of a 
house.” This thought states the value of the research on the theme of light and the 
need to face it in a patient way. Differently to a painting, the research on light in 
architecture includes the variable of the time described by the sun during the day, 
the seasonal variations that mark the rhythm of our life. And architects need to face 
the issue of necessity (in terms of use) and the character of architecture that makes 
this research even more complex and fascinating.

An Ernst H. Gombrich [2] essay entitled Shadows is an interesting discussion on 
the value of the shadow through some significant episodes in the history of art. 
Through the revival of some legends, Gombrich maintains that the search about the 
shadow indicates an awareness of reality. The presence of shadow certifies the exis-
tence of an element, a body, a tree, and, of course, an architecture. It assumes that 
the very element that generates it is placed under the light of the sun and that its 
parts, in turn, generate shadows on the parts themselves that make up the element. 
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In De pictura, Alberti writes that the light and the shadow make the sensed things 
appear. In architecture, the shadow reveals its form.

But today, the idea that solar control in architecture is restricted in a functional 
point of view detach from architectural composition is still present in our scientific 
community, an attitude that has confined many interesting experiences, major and 
minor without distinction, in the context of functionalism.

For that reason, it is important to include the theme in a broader reflection con-
cerning the relationship between architecture and nature as highlighted by Aldo 
Rossi in his introduction to Boullée’s Architecture, Essay on the Art. The research 
on light and shadow in architecture, as understood by Boullée, is firstly insert in the 
field of observation of nature where the architect finds the compositional principles 
for design activity.

Looking to the works by Le Corbusier, it is possible to recognize this kind of 
sight that concerns in an admirable synthesis the scientific and poetic aspects that 
today still represent a milestone in architectural panorama. In order to understand 
this synthesis, the Tower of Shadows represents a very clear manifesto from which 
it is possible to start to read other important experiences by Le Corbusier and, gen-
erally, a way to face this magnificent argument that fascinates architects from the 
beginning of times. This kind of analysis of the works  – in this case some Le 
Corbusier works – could be didactic for students because they surely face, more 
than what is done, a return to the nature, in a changed world where le condition de 
la nature sont retrouvèe [3].

9.2  �Results and Discussions

9.2.1  �The Tower of Shadows, Chandigarh1

One of the building within La Fosse de la Considération in Chandigarh, a complex 
of demonstrative buildings, is the Tower of Shadows. The denomination “tower” 
does not correspond to the real character of the building. This name finds an ancient 
reference in the Tower of the Winds in Athens, and it can be compared to the tradi-
tion of Indian’s astronomical buildings. It is made by reinforced concrete, and it is 
composed of two parts with squared bases. Its four sides are oriented toward the 
cardinal points, but just three of them are built, on east, south, and west while the 
north side is unbuilt.

The tower of Chandigarh stages the theatre of shadows in architecture. The upper 
part is rotated toward northeast, southeast, southwest, and northwest, and inside the 
building is completely empty and is occupied just by structural elements, nine cir-
cular pillars. The lower part, 15.5 m side, is divided by height, with a 2.26 m of 

1 About the  Tower of  Shadow, the  author of  this paper participated in  the  conference Cities 
in Transformation on June 2012 starting from the results discussed during his Ph.D in architectural 
composition in Politecnico di Milano. From the proceedings of this Conference: Perego [6].
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span, with three levels of horizontal planes measuring 1.55 m depth and on which 
the brise-soleil are posed according to clear relationships. The characteristics of the 
brise-soleil depend to the orientation.

On the east façade, the vertical elements on every floor seem like concrete blades 
rotated of 45°. On the south side, instead, the vertical elements have just the func-
tion to support the horizontal planes. On the south, differently to east and west side, 
Le Corbusier inserts another level of horizontal planes that have the role of shield-
ing the sun in the hours around noon. The shading elements on the west side, very 
similar to the east ones, present a different inclination in order to protect more the 
inside from the hot sun in the afternoon during the summer season. They are a real 
barrier for the sun. Le Corbusier, according to his proportioning method, decreasing 
the size of the brise-soleil and their mutual distance, aims to highlight the strong 
relationship between the single element (the brise-soleil) and the general design of 
the façade. In order to determine the shape and arrangement of these elements, Le 
Corbusier used the typical tools of representation of our own discipline, through the 
elements of descriptive geometry and of the theory of shadows. Nowadays with the 
progress in the field of informatics, verifications once carried out by hand can be 
more precise thanks to some software that output a virtual image of the project in 
relation to the natural conditions of the place where it is in. Thanks to these new 
possibilities, the author of this chapter has carried out some simulations in order to 
understand the reasons of the solutions adopted by Le Corbusier and also to grasp 
the critical aspects on this demonstrative building in Chandigarh. For the definition 
of these representations, the author followed an already known classical method in 
order to compare the conditions in three very significant periods: the solstices and 
equinoxes. For these comparisons, the author decides to use five different times of 
the day. Another important element to take in account is the geographical position 
of Chandigarh that is located with a short distance from the northern tropic. This 
fact provides a fundamental input about the solar passage at this latitude and gives 
a first indication about the position of the building in relation to cardinal points.

From the variation of the shadows on the winter solstice (December 21), the 
spring equinox (March 21), and the summer solstice (June 21), it emerges that dur-
ing the coolest period, the vertical elements on east and west side allowed the light 
to illuminate and heat the inner parts of the building. Around the spring equinox, the 
average temperatures in the morning reach relatively high values, the days becomes 
longer than the nights, and when the sun approaches the zenith, the vertical ele-
ments and the horizontal ones exclude the solar radiations from the inner spaces. 
This configuration of the shading elements is adequate to this place. In fact, this 
system in a continental climate will demonstrate the inadequacy of such solutions 
where, in the middle seasons, spring and autumn, it is necessary to allow the pene-
tration of light and heat inside the building in order to bring benefit in terms of 
comfort [4, 5].

In particular, the reasons why there are different inclination of the brise-soleil on 
the west side, more closed than the east façade, are also very important. The reasons 
for this closure are to be found in the phenomenon that has already been investi-
gated relatively to the relationship between solar radiation and temperature. The 
heat load on the west is different compared to the east. The higher temperature in the 
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afternoon together with the direct solar radiation creates a discomfort in the rooms 
facing west. It is therefore necessary to close more tightly the façade. This inclina-
tion, at such latitudes, provides also the refraction of the light that bounces between 
the brise-soleils, decreases its energy, and spreads in the inner parts, role also played 
by the horizontal brise-soleil.

The Tower of Shadows in Chandigarh represents an emblematic example in the 
studies of solar control and with its clear principles and reasons that are at the base 
of the relationship between architecture and nature (Fig. 9.1).

9.2.2  �Palais de l’Association des Filateurs

The building in Ahmedabad built in 1954, in India, is one of the works that best 
expresses Le Corbusier’s attention to the climatic aspects and the relationship with 
the elements of nature.

Fig. 9.1  The Tower of Shadows. Plans and 3D model studied with the solar path  (By 
S. Perego, 2012) 
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The concrete parallelepiped is located on the bank of the river that flows through 
the great city of northern India in an easily accessible place, in the middle of a gar-
den. This choice allowed the association to meet in the assembly and to concentrate 
the administration activities within it. From the openings on the east side of the 
building, it was possible to see in the river the men immersed in water intent on 
washing clothes and collected cotton.

The building, also intended for various common and public activities, often in 
the evenings, was designed as a large space of significant civil value. The entrance 
to the building from the main north–south road is possible thanks to a large external 
staircase and a ramp that leads directly to the first level. The representative plan, 
with a major height than the others, is on the third level where an auditorium and a 
small café are located.

The supporting structure is in reinforced concrete, and the no-bearing wall has 
been made with local bricks that recall the buildings of Chandigarh whose construc-
tion is coeval with the building in Ahmedabad. In addition to some characteristic 
elements of Le Corbusier’s work, there are extremely interesting solutions, espe-
cially those concerning the relationship with the climate and nature. Its situation and 
the architectural choices that derive from it depend very much on the relationship 
that the building establishes between the city and the river; for this reason, in fact, 
the opening of the east and west elevations, against a total closure of the north and 
south elevations (with a small exception for the south elevation), highlights the rela-
tionship between the city and the river (Fig. 9.2).

The east elevation is much more open and is made by vertical and horizontal ele-
ments in relation to the supporting structure of the building; the west elevation, on 
the other hand, is defined by vertical elements arranged with a smaller pitch (half 
compared to the step that structures the east elements) inclined at 45° to the façade.

Fig. 9.2  Palais de l’Association des Filateurs
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The city of Ahmedabad is located at the latitude of the northern tropic. The 
solar path corresponding to this latitude clearly shows that on the day of the sum-
mer solstice, June 21, the midday sun is at the zenith; the sun’s rays are perpen-
dicular to the earth’s surface. In the period in which the sun takes the short path, 
related to the winter solstice, the inclination of the sun’s rays with respect to the 
earth’s surface is approximately 45°. The south wall of solid bricks is almost 
totally blind. This choice stems from the need to exclude to the direct solar radia-
tion the parts of the building located in the southern part which, in the period from 
the winter solstice to the summer, would be exposed to a considerable amount of 
radiation that would make activities difficult. It is also possible to assume that this 
wall has the purpose of imprisoning the heat in the bricks of which it is built, to 
release it inside during the evening when the temperature drops considerably.

We have had already the occasion to underline, in general terms, the difference 
that exists between a façade facing east that is hit by the sun in the morning and one 
facing west that is hit by radiation during the afternoon. In these considerations, we 
find a further explanation of the different composition of the fronts. The most evi-
dent closure of the west elevation and the inclination of the vertical elements with 
respect to the east façade arise from the need to exclude direct sunlight during the 
afternoon but, at the same time, to ensure that they penetrate inside during the less 
hot periods of the year. The two different sunshade elements also differ in their 
depth. The brise-soleils of the west elevation are more than one and a half deeper 
than those to the east for the reasons already highlighted above.

The reinforced concrete grids have both, at the same level as the building’s floors, 
basins with vegetable soil in which small shrubs are planted which, even if only 
minimally, contribute to the mitigation of sunlight. These solutions, now taken up as 
“modern invention,” are present in the best experiences of modern architecture but, 
above all, proposed with criteria. Here, in fact, the humid climate guarantees the life 
of this vegetation; they have a reason for being here.

The inclination can also be explained with regard to interior lighting (it will be 
seen later in connection with the Unité d’habitation). The refraction that is gener-
ated thanks to their position and their clear colors causes an indirect light to spread 
in the large interior spaces. The solutions adopted by Le Corbusier for the two 
fronts depend at the same time, as well as on the relationship with the place, also 
with the climatic characteristics. First of all, the relationship is built with the pre-
vailing winds. For the specific reasons of the area, there is a dominant wind that 
blows from west/southwest to east/northeast. The opening of the two fronts to the 
east and to the west guarantees the passage of the breezes that keep the internal 
parts always ventilated, guaranteeing an adequate control of the high temperature 
during the day. The narrow span of the inclined elements also has the task of 
decreasing the wind speed which would otherwise be annoying for the activities 
that take place in the building.

S. Perego
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9.2.3  �Two European Experiences: La Tourette Convent 
and the Unité d’Habitation

In 1951, the Dominican friars of Lyon under the guide of Father Couturier called Le 
Corbusier to draft the new convent project in Eveux-sur-l’Arbresle, 25 km from 
Lyon. The area is located on a small hill near a castle. Following the road beyond 
the castle, you reach a slight slope that opens toward the hilly landscape to the west.

The topography – therefore the position of the area and the elements of nature – 
together with the program studied together with the Dominican friars is for Le 
Corbusier the data through which to build their own project idea. It is a building that 
harks back to the architectural tradition of convents, not just Dominicans, of which 
Le Corbusier reinterprets the elements.

The friars’ cells, around one hundred, are placed on the first and second level. 
The common areas such as the refectory, the library, and the meeting rooms are at 
the entrance level.

The levels of the cells are characterized by the loggias that crown the entire 
building on the east, south, and west elevations. The loggias are configured as ele-
ments applied to the body of the cells, a character also accentuated by the prefabri-
cated elements which, presenting a rough surface obtained with the insert of river 
cobbles, put differences from the reinforced concrete surface behind.

Each cell, therefore, finds its extension in nature thanks to the loggia by identify-
ing a portion of it. The connection with nature is sought inside a visual relationship, 
unlike what we find, for example, in other religious places where this relationship is 
physical. If we look at the Certosa di Pavia, each cell has a small vegetable garden. 
This relationship is certainly also due to the Cistercian rule in which the prayer 
alternates with manual work on nature. In the same way, Eveux’s cells are a small 
world that, thanks to the loggia, framed a portion of nature. This fact constitutes the 
character of this important building.

The only element that separates the loggia from the cell is the glass partition with 
a wooden structure, whose elegant design strictly depends on the daily gestures that 
are performed inside: study, prayer, and rest. The loggia is also a solar control ele-
ment. It is an element that we often find in Le Corbusier’s work, as we will see in 
the Unité d’habitation. It is also true that this characterizing element does not always 
take on a positive role in terms of solar control. In the convent of Eveux, the loggia 
is present indistinctly on the three elevations and with the same characteristics. It 
thus confers a unity on the whole building as happens in the Unité, where the loggia 
gives shape to the elevations. However, we are aware of the fact that the thermal 
load deriving from solar rays is not always the same on the different exposures. An 
east elevation does not receive the same solar radiation as that to the west even 
though, with a geometric approach to a solar paper, we would be inclined to con-
sider the two identical exposures. This deduction would be true if we consider just 
the light. But, considering the thermal aspect, we cannot reach the conclusion that 
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the two exposures are equivalent. The cells to the west – in addition to being 43 cm 
wider than the rooms to the south and east (because there is space for the library that 
the students do not have) – in summer are overheated due to the incidence of solar 
radiation whose inclination is such that the sun’s rays penetrate into the loggia up to 
the innermost part of the cell (Fig. 9.3).

This situation, it is clear, is related to a limited period of the year, corresponding 
to the warmer one and is a negative aspect. La Tourette convent is located in a very 
windy area and takes advantage of its position to cool, even in summer, thanks to the 
light breezes that are generated between the forest and the valley. This aspect has 
been the subject studied by Le Corbusier, who was very fascinated not only to light 
control but also to ventilation in buildings. Each cell, by the way, has two vertical 
wooden doors that give one on the loggia and the other in the corridor leading to the 
rooms. Their reciprocity creates, when these are open, inner micro-ventilation that 
has the task to cooling the air and allowing to change it.

A different reflection is instead to be made on the common parts. They are identi-
fied by a glass wall marked by vertical concrete elements; the common rooms, the 
rooms for lessons, the chapter room, the library, and the refectory are thus defined. 
They are located in different parts of the convent, each with its own specific reason. 
Take the refectory as an example. It has its largest side, completely glazed, toward 
the splendid view of the hills of the countryside of Lyon.

The orientation is west, with a slight inclination to the north. On the façade of the 
refectory, as is well known, many discussions have taken place concerning the scan-
ning of the vertical parts which coincides, as is known, with a musical composition 
by Xenakis. Almost nothing has been said from the energy point of view. This fact, 
as it is easily understandable, generates microclimatic differences, in the same 
refectory, in the different periods of the year. If in the spring season, the conforma-
tion of the façade guarantees a slight increase in the temperature inside the 

Fig. 9.3  Le Corbusier, La Tourette. Light in a cell. (By S. Perego)
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refectory; in the summer, it generates a greenhouse effect that is not easily con-
trolled. Not so much the steel-tilting elements makes for the air circulation, in rela-
tionship with the same elements placed on the glass façade facing the inner 
courtyard. In this, La Tourette certainly presents a problem that today – in front of a 
climatic condition characterized by overheating in progress – should be solved and 
that indicates a way that today can no longer be pursued. In a similar situation, 
today, there would be those who would close that façade with a low-emission glass. 
Others, instead, following a purely architectural process, would study the possibility 
of managing the large window with specific elements. And it is not to be excluded 
that Le Corbusier, in the face of energy problems, would consider that solution again.

The considerations made so far in one of Le Corbusier’s most didactic and best-
known buildings, as Aldo Rossi pointed out in the article published in 1960 on 
Casabella, do not aim to diminish its scope and architectural quality. Here, we want 
to “indicate in Le Corbusier’s work a connection of very important and truly modern 
problems.” In the overall framework of the choices, it represents one of the best 
works of Le Corbusier, also and above all for that sought-after relationship with 
nature, which will also be found in other works by Le Corbusier, for example, the 
Unité d’habitation.

The orientation of the building in Marseille, as well as for the different units 
designed and built, is north-south. The apartments therefore face their largest share 
to the east and west. In addition, in the southern portion of the building, there are 
other apartments that follow a similar conformation of the accommodations located 
on the east and west sides.

The building section clarifies the entrance and joint system of the apartments, as 
well as highlighting the organization of spaces and services: the position of the 
bathrooms and kitchens, located in the center of the house, is shown as a rational 
solution that leaves the relationship with the exterior mediated by the loggia to the 
living room and bedrooms. The apartments are on two levels with an internal stair-
case that guarantees the connection between the parts of the house. The distribution, 
rationalized thanks to the ingenious system of joints, takes place through the corri-
dors. Both the apartments represented in section have therefore a double exposure 
to east and west, articulation that it is possible to recognize also in the composition 
of the elevation. This composition generates double-height parts where living rooms 
and kitchens are located, environments that require a greater amount of light for a 
very long period of time.

Le Corbusier’s research on illumination is represented by some interesting dia-
grams entitled Ensoleillement de la cellule. The principle of the brise-soleil is to 
stand respect to the winter and summer solar path, guaranteeing for the first the 
penetration of the sunrays into the depth of the housing and for the second the shel-
ter from the summer sun rays. At the famous section sketch, Le Corbusier supports 
a scientific drawing with which he demonstrates the characteristics of the loggias in 
relation with the solar paths of the solstices and equinoxes in correspondence of 
these with the domestic environments of which they are the extension toward the 
outside. The double-height parts of the house correspond to a loggia, which is also 
double-height, interrupted by a horizontal element in reinforced concrete which, in 
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addition to bringing back the internal height of the loggia to a value that can be 
found in the internal heights of the apartments and to give it such a dimension as to 
define a cosy place, of rest and reflection, has the task to shield more in the summer 
periods.

La forme tubulaire of each Unité apartment, which has a width-to-depth ratio of 
1:5 (excluding the loggias), together with the double-facing east–west, generates, at 
different times of the day, soft air movements accentuated precisely from the narrow 
and elongated shape of the individual dwellings. The principle is proper of the fluid 
mechanics; in fact, the air moves from a warmer point to a colder one. The lecorbu-
serian scheme shows how the difference in temperature of the air in contact with the 
surface hit by the sun and that of the air in contact with the shaded surface generates 
the phenomenon described above.

In addition to ventilation, internal lighting is also guaranteed, thanks to the shape 
of the individual housing units, even in the most central parts of the home such as 
services. The close relationship between the white side walls of the house accentu-
ates the reflection of the light that comes thus also in the points far from the lodges.

The search for this phenomenon is all centered around the morphological type 
choice of the Unité. This aspect is not trivial because it further highlights how 
aspects of solar control and ventilation already belong to architecture in the initial 
reflections. The work and the research by Le Corbusier have in this a profound edu-
cational value because they still outline a valid path of research capable in front of 
the nowadays problems (Fig. 9.4).

9.3  �Conclusions

Among the few studies on the Tower of Shadows, a small book by Francesco Venezia 
published in 1978 represents a significant reference for this short chapter. The 
approach proposed here moves, unlike those years, from the need to face the ques-
tion of the relationship with the sun in the face of a constant removal of architecture 
from the natural elements, in particular for the consequences that this loss means in 
terms of energy consumption that correspond to a general flattening of the architec-
tural characters and, generally, a flattening related to the design process.

The research carried out in the Architectural Composition PhD course is in 
continuity with the study of Francesco Venezia [7] investigating in more depth 
what the Tower of Shadows offers with respect to the questions concerning the 
good orientation of the buildings in order to guarantee suitable conditions of liv-
ing. These aspects are known and investigated by Le Corbusier over the course of 
his long theoretical and architectural production.

The opportunity to publish these studies allows me to underline an inseparable 
relationship between architecture of real appearances as Venezia calls it and the 
studies on solar orientation of energy derivation. The Tower of Shadows stands as 
an emblematic and clarifying experience that permit to understand, as I tried to do 
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Fig. 9.4  Tower of Shadows. Winter Solstice, Equinox, Summer Solstice. (By S. Perego)
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in this small text, the architectural reasons of other buildings, not only designed by 
Le Corbusier. On several occasion of discussions, the attention to the aspects of 
energetic nature and more generally to the sustainability in architecture has been 
read as a positivist approach referring with this definition to the criticism moved to 
the studies of the modern movement on the theme of orientation. Today’s challenge 
is to reach the synthesis mentioned earlier.
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Chapter 10
Sustainability and Energy Efficiency 
Design in Hospital Buildings

Fani Vavili and Artemis Kyrkou

10.1  �Introduction

Hippocrates, about 2500 years ago in his work called On Air, Waters and Places, 
highlights the connection and the effect of the physical environment and the climate 
on health of all living organisms (plants, animals and humans) [1]. Starting from the 
ancient times, a historical overview on the “ecology” of hospitals is a rather interest-
ing topic. It appears that hospitals in ancient times and sanatoriums later on are not 
found in natural environment by chance, but the location was carefully chosen under 
the criterion of exploitation of favourable parameters of the natural environment [2]. 
The ancient medical world was unaware of the causes of many diseases and 
attempted to ensure for their hospitals the best possible environmental conditions.

This trend continued until the discovery of the causes of communicable diseases. 
Currently, the wide knowledge and vast technological advances in the medical field 
have resulted in a tremendous interaction of multiple factors on the design of hospi-
tals in order to simultaneously satisfy the complex needs of users and staff. In addi-
tion, the use of new materials and technologies implies new problems as the 
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so-called sick building syndrome.1 Among the symptoms (way finding, growth and 
change, institutionalism, etc.) of a poor hospital environment are natural light, ven-
tilation and sustainability techniques. Ironically, very often hospitals are the sickest 
buildings, considering production gasses and CO2, engagement with the surround-
ings and the local environment, material use, recycling, etc. Presently, we are the 
first generation that will hand the planet to our children in a worse condition than we 
inherited it. Buildings generate 48% of the CO2 emissions that are creating disorder 
in the ecosystems, and hospitals are among the most unsustainable buildings [3].

The ancient approach for the healthcare settings could be compared to the pres-
ent holistic approach of health that has gained many followers in everyday life and 
its impact in modern architecture. “Health” is presently pursued in everyday human 
expression, and its meaning has changed tremendously over the years, starting from 
seeking the “healthy” way of living to a “healthy” built environment that consists of 
“healthy” buildings [4]. Healthcare architecture today is utterly affected by all this 
shift of meaning. The past decades the public face and the role of the hospitals have 
gradually changed a lot to more friendly (both to users and the environment) and 
patient-centred places that offers with respect medical care in a supportive and heal-
ing environment. Therefore, nowadays, in order to have a more complete and cor-
rect view when designing modern healthcare buildings, an interdisciplinary 
approach (apart from architects, civil engineers, energy planning specialists, doc-
tors, psychologists, financial healthcare managers, etc.) is considered to be manda-
tory (Fig. 10.1).

1 The sick building syndrome (SBS) describes the condition that occurs when a number of a build-
ing’s occupants have a constellation of nonspecific symptoms without a specific identifiable cause 
including nausea, headaches, dizziness, skin irritation, etc. These symptoms should be temporally 
related to being in the building, resolve when the person is not in the building and be found in a 
number of individuals within the building. Although it is not exactly clear what causes the SBS, it 
is probably due to a combination of factors including poor ventilation (e.g. poorly maintained air 
conditioning system), indoor air quality and lighting quality. The SBS is common in open plan-
type buildings (e.g. offices), but one can get it in any other building type.

Fig. 10.1  Hand sketches by A. Kyrkou based on Thompson and Goldin (1975, pp.56–57), layout 
and isometric of Salpetriere pavilion by architect Francois Viel (left) and on the Le Corbusier 
“Venice Hospital” 1965 (right)
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10.2  �Defining Sustainability and Energy Efficiency 
in Modern Healthcare Buildings

In the context of healthy living and due to the environmental crisis and the unpre-
dictable climate change, sustainability is considered to be a strategic priority, espe-
cially for the European “Energy Union” [5] that promotes as first principle “energy 
efficiency”. The term “sustainable” describes [6] methods that do not harm the envi-
ronment so that natural resources will still be available in the future, and therefore 
“sustainability” (especially sustainable development) refers to meeting the needs of 
the present without compromising the ability of future generations to meet their 
needs. In a few words, it is necessary for us to be thoughtful with the resources cur-
rently available and not deplete them for generations of people beyond us. Resources, 
both renewable and non-renewable, must be carefully considered in sustainable 
development models.

Energy efficiency refers to the amount of output that can be produced with a 
given input of energy. However, other kinds of output can also be used. The EU 
Energy Efficiency Directive uses a very broad definition: “energy efficiency” means 
the ratio of output of performance, service, goods or energy, to input of energy [7]. 
An important parameter for energy saving in the buildings sector is the high effi-
ciency of the energy infrastructures [8], which requires excellent quality of the rel-
evant equipment installed, as well as the compliance with all the requirements set by 
the legislation. Particularly in hospitals, energy-saving measures can play a signifi-
cant role for lowering energy consumption and energy costs, as well as for environ-
mental protection.2 Hospitals are the ideal buildings to learn from about energy 
saving due to their 24-h continuous operation (e.g. 24-h need for lighting, heating, 
air conditioning and electricity consumption), the big surface of the buildings, the 
need for hot water, thermal comfort, sterilization supplies and energy-consuming 
machines and equipment. Pilot studies and practices of the past have presently given 
architects a large area and enough data for rethinking and re-evaluating hospital 
design priorities.

Over the past years, many design guidelines and strategies for energy-saving 
methods have been published and applied to newly built healthcare facilities and in 
major renovation healthcare projects. Energy-saving measures can be applied to 
either the shell of the building or at the electromechanical installations; the main 
energy-saving measures are divided in three basic categories regarding the invest-
ment3 [9]:

2 Energy consumption is responsible for the CO2 emissions to the atmosphere that contributes to 
the “greenhouse effect”.
3 Based on the energy consumption of the building (e.g. shell, heating, lighting, etc.) and on the 
investment that is required for their implementation.
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–– Simple measures that do not require special financing or capital investment 
(often related with the change of behaviour of the users of the building or the 
maintenance of the building)

–– Low cost measures (e.g. actions that are taken once and financed by the admin-
istrator of the building – their cost may often be returned to the investor within 
the same administrative year and usually in less than 2 years)

–– Reconstruction actions (measures that require capital investment, and usually a 
techno-economic study is needed in order to examine the viability of the 
investment)

A number of architects over time have created their own idea on the way archi-
tectural and interior design can influence the healing process of the patients. Powell 
and Moya’s Wexham Park Hospital, (Slough, 1965) is a horizontal layout hospital 
(plus the administrative tower) known for its human scale, due to the architects’ 
conviction that a hospital – as a building itself – has the duty to provide psychologi-
cal support to patients, staff and visitors. Additionally, the horizontal hospital (the 
wards, arranged around lawns with natural light and ventilation, were in one-storey 
pavilions) reduces vertical movements and the dependency to elevators (Fig. 10.2). 
The teaching hospital at Aachen has a different design approach, as a known exam-
ple of a flexible and technically adaptive building, able to expand by creating simul-
taneously a unique morphology for healthcare buildings [10] (Fig. 10.2).

The control of the energy consumption and the high operating costs of acute care 
hospitals, since the 1970s, has been a high priority in the USA, the UK (NHS), and 
other countries. The case of St Mary’s Hospital, Isle of White, UK, in 1991, is an 
early important project of such an approach. Designed by Ahrends, Burton and 

Fig. 10.2  At Wexham Park Hospital by Powell and Moya (1966), the natural landscape and sun 
played a significant role in the overall design of the hospital. The horizontal layout of the hospital 
was based on the concept for each patient to have access to natural light, ventilation and interesting 
views. On the right, the teaching hospital of Aachen, in Germany (in the 1980s designed by Weber 
and Brand), is a remarkable paradigm of the huge industrial part of a hospital – showing its bulk 
energy needs. The extensive visible pipes at the hospital’s facades formulate an industrial morphol-
ogy (high-tech architecture) of the building, reminding an oil refinery. (Photo: F. Vavili)
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Koralek (ABK) Architects, it was considered to be the first hospital of “low energy” 
or “low operating cost” based on control of all design parameters by computer sys-
tems (Fig. 10.3). In this hospital of 17.400 m2, a 50% savings in fuel was achieved 
since the third year of operation. The radial plan minimizes the basic amenities and 
transport routes of heat from the central unit. The design includes (1) integration 
and control of heat generated naturally, (2) lighting and ventilation with the intro-
duction of heat recovery systems from air and water and (3) use of energy manage-
ment techniques to ensure the maximum benefit (with proper operation of these 
systems). A strategy based on convenience, safety and cost of maintenance of the 
building and the systems was considered as an essential part of the design. 
Furthermore, the above choices created unique facades, so one could say that this 
sustainable approach played a fundamental role in the exterior look of the hospital 
building.

On the other hand though, according to a recent research project (2014) that was 
supported by the Norwegian Research Council (NRC) [11] about low energy hospi-
tals and how they could reduce the energy uses by 50%, the activity data clearly 
showed that hospitals are not operated 24 h 7 days a week. Only a small percentage 
of the floor area is used around the clock, and more than half of hospital area follows 
normal office hours. Even during active hours, the simultaneous occupancy level 
was relatively low. This activity demand was not reflected in the energy data, which 
showed a large and continuous baseload for electrical and ventilation energy. A 
review of the design data confirmed how hospitals differ from all other building 
categories: (1) larger interior from hospital-specific equipment using high-value 
electricity, whose waste heat also demands cooling energy, and (2) large ventilation 

Fig. 10.3  At St. Mary’s Hospital (1991), ABK architects, Isle of White, UK, the sustainable 
approach (low energy) played also a fundamental role on the facades of the building and the overall 
exterior appearance of the hospital. (Photo: A. Kyrkou)
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demand coupled with lower rate of heat recovery due to unnecessarily strict hygiene 
requirements. The research conclusion was that hospital equipment and ventilation 
designs did not allow energy supply to follow the actual demand from activity and 
that the reduction potential is about 50%, so activity modelling was proposed as an 
integrated design method to evaluate new designs for demand control of hospital 
equipment and ventilation energy. According to the WHO, in hospitals, the use of 
alternative forms of energy, such as solar panels, wind turbines and energy-saving 
lamps, and organic food supplies from local producers are expected measures in 
order to become more environmentally friendly buildings.

At this point, the parameter of the local climate has to be stressed as a crucial 
indicator for the overall design of the hospital building and the choices of the energy 
saving measures. Some countries – being pioneers in hospital design studies – real-
ized that the climate change has utterly affected the temperature variations and that 
healthcare buildings have to adapt to this new reality. For example, in London, 
where the weather during the summer is relatively cool, it is concluded [12] that 
thermally lightweight, well-insulated, naturally ventilated hospital wards can be 
using low energy but are at risk of overheating in the summer conditions, and this 
needs to be addressed before such buildings can be recommended for wider adop-
tion. At Evelina London Children’s Hospital, the atrium area is covered by a glass 
curved façade that, due to the big free interior height, acts as a natural ventilation 
mechanism for the hospital, which adds in energy saving (Fig. 10.4). Unfortunately 
though, during the summer of 2006, due to the extreme and unpredictable tempera-
ture changes, the temperature was so high in London, and because there was not a 
mechanical air conditioning system in the atrium area, the high temperature was 
spread to the whole hospital building, exposing patients to danger [13]. Accordingly, 
at the overall design of Great Ormond Street Hospital (GOSH) hospital in London 
(Fig. 10.4), the part of the glass building volume offers a buffer zone (from the sun 
heat) that simultaneously helps in the ventilation.

The interaction between buildings, climate and functional activities is diverse, 
variable and complex manifestations of relatively simple physical processes – heat 
transfer, fluid dynamics and radiation interchanges [14]. Some basic elements of a 
climate-friendly hospital are based on:

–– The reduction of hospital energy consumption and costs through efficiency and 
conservation measures

–– The construction that responses to local climate conditions and is optimized for 
reducing energy and resource demands

–– The production and/or consumption of clean, renewable energy on-site to ensure 
reliable and resilient operation

The local climate in combination with the unique characteristics of the local 
natural environment (e.g. amount of sun, wind, local greenery, etc.) can also play a 
fundamental role in hospital design and energy efficiency. At Meyer Children’s 
Hospital in Florence, Italy, at the atrium area, the façade is covered with a unique 
type of curved glass with attached micro-solar panels that help in collecting energy 
but also acts as a buffer zone and perfect insulation area for the rest of the hospital 
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building during winter (Fig. 10.5). Moreover, due to the unique local environmental 
characteristics and – more specifically – the amount and the quality of sunlight, a 
unique way of using the natural light was created on the green roofs of the hospital. 
Forty-seven “Pinocchio hats”, as they are called, dot the roof (Fig. 10.5) – these are 
actually solar tubes that feed natural light into the building. The complex was 
developed under the European Union’s Energy Program and has successfully 

Fig. 10.4  On the left, the curved glass roof of Evelina London Children’s Hospital that due to the 
absence of mechanical air conditioning system and the high temperature during in the summer of 
2006, the whole hospital building was overheated, putting patients in danger. On the right, the glass 
building volume of Great Ormond Street Hospital in London helps in the ventilation of the hospital 
and simultaneously reduces energy consumption. (Photos: A. Kyrkou)

Fig. 10.5  At Meyer Children’s Hospital in Florence Italy, the “greenhouse” atrium area and the 
detail of the micro-solar panels that are attached on the curved glass façade on the left figures help 
in energy saving. On the right, the solar tubes that offer natural sunlight in the interior spaces. 
(Photos: A. Kyrkos)

10  Sustainability and Energy Efficiency Design in Hospital Buildings



164

reduced its energy consumption by a whopping 62% for HVAC and 80% for elec-
tricity compared to a typical hospital [15]. Also, the surrounding greenery of the 
Florentine landscape played an essential role in the use of glass (for interesting 
natural views), the creation of the greenhouse area (“serra” in Italian) in the main 
reception, the atrium area and the overall design of the hospital.

In a typical Mediterranean local climate, a unique attempt was made in 
Papageorgiou General Hospital of Thessaloniki, Greece. Its design focuses on 
energy saving and bioclimatic strategies. Due to the Mediterranean sunlight, there 
was a special research that focused on the hospital’s microclimate in combination 
with the lighting and the ventilation systems. Window test models, 1:1  in scale, 
were assembled and examined in the actual conditions (orientation, sunshine, rain, 
wind, etc.) of the hospital site, in order to have the best possible results in shading, 
functionality and interior temperature. The microclimate of the building, the interior 
lighting, ventilation and temperature were all subjects of deeper scientific research 
and design focus. The lighting result of this research has ensured that in the patients’ 
wings, there is enough natural light (from 9:00 to 17:00), which is also due to the 
building’s orientation. A combination of natural and artificial ventilation and light-
ing was applied in all patients’ rooms. The operable windows of the room have a 
very discreet safety lock (Fig. 10.6), so in this way, fresh air flows directly into the 
room [16]. At the same time, the operable upper part of the window, in combination 
with the window on the upper part of the patient’s room door, and the ceiling fan 
help in renewing indoor air and providing thermal comfort to the patient. Inside the 
room, a transparent surface on the wall made out of glass bricks helps in giving 
more light to the bathroom during daytime (Fig. 10.6).

International design competitions presently include design requirements for sus-
tainability and energy saving  – especially for hospitals. Recently, the architects 
from Henning Larsen Architects recently won a design award for a hospital pro-

Fig. 10.6  The ventilation and lighting of the hospital were an important parameter in the design 
process of Papageorgiou General Hospital (1999), Thessaloniki, Greece. (Photos: A. Kyrkou)
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posal of low energy consumption. Their architectural proposal of the new University 
Hospital, Odense (OUH), Denmark, will be built near the city centre in a pictur-
esque old forest with dense vegetation, for the effective treatment of its patients 
offering views of the magnificent countryside as the buildings of the hospital are 
clustered in a circle. The whole installation integrates nature in every opportunity so 
as to create an environment that will be dominated by peace and tranquillity. The 
glass skin of the hospital buildings is also used to collect rainwater, enhancing the 
water of the lakes of the region and surrounding croplands. It should be stressed 
here that ecology in modern architecture is also an important design parameter as in 
the OUH project. The Nuovo Ospedale di Mestre by E. Ambasz (2008) in Venice is 
another characteristic project where glass has a leading role. The 660-ft-long south-
west facade, dubbed the “glass sail”, consists of 11,000 trapezoidal panes of differ-
ent dimensions, held in aluminium frames over a grid steel structure. The main aim 
is to save on energy by making the most of natural ventilation. Seven hundred mech-
anized openings, connected to temperature sensors, are placed at the bottom and top 
of the glazed facade. In all of the patient rooms, full-height window walls are fitted 
with a “smart glass” system that regulates ventilation and heat dispersion. The win-
dows not only suffuse the rooms with natural light but allow patients to look out on 
the atrium’s palm trees or the cotoneaster and yellow primrose on the exterior 
balconies.

According to NHS and SDU,4 the key area for action is on energy saving and 
carbon management. More specifically, it is suggested that each agency:

–– Should review its energy policies and carbon management at the board level
–– Increase the use of renewable energy sources where appropriate
–– Make measurements in order to monitor the building throughout its life cycle 

based on cost
–– Ensure proper behaviour by encouraging each user of the facility and the entire 

organization (hospital)

10.3  �The WHO Calls for More “Green Hospitals” 
and the Quest for the ZERO Waste Hospital

According to S. Verderber, since 2008, when the global economic crisis begun, hos-
pitals were the first buildings utterly affected by it [14]. “Green design” consists of 
modern design guidelines that are friendlier to the environment and aim in minimiz-
ing the negative consequences of it. In this context, energy saving and renewable 
energy sources are design strategies that support this goal. Green design principles 

4 Sustainable Development Unit was established in 2008. The Unit is jointly funded by, and 
accountable to, NHS England and Public Health England to ensure that the health and care system 
fulfils its potential as a leading sustainable and low carbon service.
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are usually taken into consideration from the very early stages of design based on 
the following [15, 17]:

–– Careful site selection (close to an existing road network, future expansion) for 
appropriate transportations to/from (and in) the hospital building

–– Use of environmental-friendly or local building materials
–– Respect the existing greenery or enhance it by replanting after the construction
–– Incorporate the local natural characteristics (sunlight, wind, humidity, tempera-

ture, etc.) by the use of renewable energy sources, control of the use and the 
disposal of the water in order to minimize the carbon footprint of the building

Also, in several hospitals, the design focuses on flexibility in order to save energy 
and running costs [17]:

–– Of the structure, to allow interior changes with minimum disruption
–– By grouping of similar functions (e.g. patient’s and consulting rooms)
–– By standardizing room sizes and minimizing room types

Ideally, according to the WHO [18, 19], the quest for the time being is the “zero 
waste hospital”; but still hospitals and healthcare facilities are a major source of 
pollution and should be involved in the battle against climate change. M. Neira, the 
director of the Department of Public Health and Environment of the WHO, states 
that in many countries, the health sector ranks second in the use of coal as an energy 
source, along with very high energy consumption. Moreover, on a recent WHO 
report,5 it was stressed that the emissions from hospitals, health centres and ambu-
lances increase the number of cases of asthma and other respiratory diseases, con-
tributing to the increasing numbers of visits to emergency departments. In some 
countries, the consumption of electricity for healthcare buildings increases the 
annual running costs. In the USA, for example, it rises at more than 600 million US 
dollars in direct costs and more than 5 billion in the indirect costs.6

Recent hospital design projects from around the world focus also on the so-
called bioclimatic design. These design attempts are influenced by certain parame-
ters such as local economies, social priorities, etc. It is interesting to look at the 
philosophy of the design awards of the Aga Khan Foundation (https://www.akdn.
org/). The awarded projects focus on sustainability and energy savings (e.g. use of 
local materials and building techniques, environmental-friendly approaches, etc.). 
These factors are the basic criteria of the jury.

The awarded Salam Centre for Cardiac Surgery (2010) in Khartoum, Sudan 
(https://www.akdn.org/architecture/project/salam-cardiac-surgery-centre), is built 
as a pavilion in a garden with its primary buildings organized around large court-
yards. The hospital block is of the highest technical standards with complex 

5 WHO. Climate change and health: resolution of the 61st World Health, Assembly. Geneva: WHO, 
2008, pp. 27, www.who.int/gb/ebwha/pdf_files/A61/A61_R19-en.pdf
6 WHO (2013). Healthy Hospitals – Healthy Planet – Healthy People, Addressing climate change 
in health care settings. A discussion draft paper published by the World Health Organization and 
Health Care without Harm, pp. 5.
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functions (e.g. operating theatres optimally placed in relation to the diagnostic labo-
ratories and wards). Mixed modes of ventilation and natural light enable all spaces 
to be homely and intimate yet secure. Additionally, the architects seeing the aban-
doned containers that were used to transport construction materials for the Salam 
Centre for Cardiac Surgery were so inspired by them that they reused them to house 
the centre’s staff. It is important to mention that insulation is provided through a 
system of 5-cm internal insulating panels and an outer skin of bamboo blinds. A 
solar farm powers the water-heating system (https://www.akdn.org/architecture/
project/salam-cardiac-surgery-centre).

Another awarded healthcare facility, the Lepers Hospital in, Lasur, India (1995), 
designed by Brynildsen and Jensen, is also of great interest (https://www.akdn.org/
architecture/project/lepers-hospital). Its rectangular plan, bounded by continuous 
linear buildings, encloses a courtyard conceived as a “paradise garden”. Indigenous 
materials were used throughout: barrel-like vaults of brick, concrete beams for the 
walls, floors and windows of stones and finished roofs of white glazed tiles that 
reflect the sun’s heat. The jury of the Aga Khan Award commended the architects for 
creating “an attractive and friendly sheltering enclave, within a barren and hostile 
environment. Out of minimal architectural form, they devised a design of simplicity 
that radiates calmness”, together with sustainability in mind.

10.4  �Hospitals in the Future and Necessary Design  
Needs/Goals

Summing up, some of the main design needs and goals regarding sustainability 
design of existing and future hospitals buildings are [4, 18–22] as follows:

•	 Creating “out-of-the-art” healthcare building in the current conditions.
•	 Regarding the existing building stock and the current resources, the operational 

costs need to be checked continuously at all levels.
•	 Implementing regulations but always under critical evaluation and constant 

update according to present conditions and the rapid technological advances.
•	 Existing hospitals are required to adapt to the current energy saving needs, or 

they will or close.
•	 The viability of the hospital as a building type will be based on sustainability 

aspects (human and ecological), advances in planning, design technology and 
aesthetics.

•	 Creating design proposals that are sensitive towards the landscape and the natu-
ral environment.

•	 Respect for the local climate and the local characteristics of the context.
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Many efforts7 (e.g. conventions, meetings, lectures, presentations, etc.) and sym-
bolic actions (e.g. Earth Hour) are made by global organizations and governments 
in order to tackle climate change, embrace energy saving and set new goals for a 
viable future. Hospitals, at the time being, are being re-evaluated as a building type 
due to the fact that they have a demanding functional program and require large 
amounts of energy and costs for their operation. Nevertheless, sustainability and 
energy efficiency – perhaps nowadays more than ever before – still remain one of 
the most contemporary, challenging design topics for architects, especially in hos-
pital and healthcare facility design due to their necessity. Respecting the valuable 
natural resources when creating new healthcare buildings or transforming the exist-
ing ones according to the current environmental demands is mandatory, and it is our 
obligation to the generations that will follow. After all, earth with all of its “delights” 
has always been subject of inspiration, admiration and mystery, so it is our respon-
sibility to preserve it that way (Fig. 10.7). It seems that the values of architecture are 

7 Even the sub-theme for UIA (International Union of architects) 2014 Durban congress was resil-
ience which was explored through several focus areas. Resilience is defined as developed life 
strategies by communities, critical interventions that contribute to poverty alleviation and the 
important role of government and its investment towards the reconfiguring of the spatial economy 
to the benefit of all globally in order to find voice and solutions to problems within all forms of 
architecture and development practices. Some main focus areas were “ecology” time, evolution, 
systems, processes and environment, which are intrinsically linked to the concept of time in terms 
of diachrony, timelessness, preservation, energy control and climate change, as it considers pro-
cesses of architectural production that acknowledges people and place and an understanding of 
cities as ecosystems and “values”, with focus areas οn architectural practice and education, in 
order to re-assess professional values, to interrogate the ethics associated to architectural and 
design practice and to establish a sense of respect through diversity and humility.

Fig. 10.7  On the left, the exterior panels show the world during creation, probably on Third Day, 
after the addition of plant life but before the appearance of animals and humans in the triptych 
painting “The Garden of Earthly Delights” by Hieronymus Bosch (1410–1510), oil on oak panels, 
Museo del Prado, Madrid. (Figure source: Wikipedia (public domain)) https://commons.wikime-
dia.org/wiki/File:Hieronymus_Bosch_-_The_Garden_of_Earthly_Delights_-_Garden_of_
Earthly_Delights_%28Ecclesia%27s_Paradise%29.jpg
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at a critical crossroad, and architects’ creative approaches have to give a priority to 
the environment and consequently to energy consumption, materials, construction 
techniques and technologies.
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Chapter 11
Football Stadium: An Energy-Efficient 
Building and a Source of Renewable 
Energy for the Community

Radu Sfintes

11.1  �Introduction

Football stadiums fall into the category of big-scale buildings, the construction of 
which assumes the allocation of substantial material and human resources, not to 
mention the resources consumed to keep them functional. Their role in and for 
local/regional/national/international communities is highly symbolic, and the expe-
riences they shelter are meaningful at various levels. These are the main reasons that 
impel us to tackle the issue of sustainability on football stadiums through all its 
components – environmental, economic and also social sustainability – even when 
referring mainly to energy efficiency. The reasonable use of natural resources (as 
one of the aspects of environmental sustainability) considered in all the technical 
solutions adopted for architecture, structure and equipment may be more difficult to 
implement in the actual building phase given the scale of the object and the chal-
lenges and responsibilities it engenders (e.g. regarding the safety of tens of thou-
sands of spectators). However, this only highlights the importance of implementing 
top sustainable solutions that reduce natural resources consumption and pollution 
while being functional, as well as advocating for sustainability and even helping the 
community/communities that are part of being sustainable. Economic sustainability 
is highly important not only as a way of cost saving or allowing economic growth 
but as a way of making sure that the investment itself is durable, that the building is 
being used efficiently at its full potential and, most of all, that it will not die with the 
potential death of its main function. Such decommission would have a great nega-
tive impact upon the built environment and the communities around it, one that they 
may not be able to recover from as long as even the demolition itself would entail 
too high costs (the most illustrative examples in this case are the Olympic venues in 
Athens and Rio). Social sustainability can assure the function of all the other aspects 
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through use and meaning-making, but the simple existence of the building cannot 
guarantee its use or success. This is why we shall highlight the social significance 
of football stadiums for various categories of users in parallel with what the stadium 
itself can offer a community beyond the spectacle. The stadium can become a source 
of renewable energy and thus also contribute to raising the standards of living, to 
illustrating and, as we said before, advocating for sustainability.

A very good example of stadium which responds to sustainability issues, becom-
ing an energy-efficient building and a source of renewable energy for the commu-
nity, is Kaohsiung World Stadium designed by Toyo Ito & Associates, built in 
Kaohsiung, Taiwan, between 2006 and 2009. The stadium has a capacity of 40,000 
seats. It is covered with 8844 photovoltaic panels which produce around 80% of the 
energy needed by the neighbourhood [1]. When the stadium is not used, the energy 
is sold, thus contributing to the reduction of CO2 by 660 tons. Besides being one of 
the biggest stadiums that produce solar energy, it is remarkable also the fact that it 
has been entirely built with recyclable materials, all made in Taiwan.

This paper addresses the issue of energy efficiency in the case of football stadi-
ums in relation to all the components of sustainability. The approach is multidisci-
plinary, and it takes into account various aspects that influence the implementation 
and success of sustainable solutions concerning energy efficiency by relating them 
to different categories of users. For this end, we follow the psychological and 
anthropological understanding of meanings along the history of the game and the 
stadium as both the game and the arena become important through the ideas of team 
play and access to the play.

An analysis of legislation helps us see how game rules and European norms and 
standards evolved and changed in order to align to contemporary values and norms 
of society – to inclusion, diversity, sustainability, etc. In the same train of thought, 
we debate the idea of football stadiums as energy-efficient buildings and propose 
different measures that address this issue in relation to the contemporary complexi-
ties of such a building.

From an architectural perspective, the general conclusion underlines the neces-
sity of transforming the football arenas into multifunctional buildings, this having 
various implications beyond the arena and the spectacle itself. The necessity of pro-
posing more and more varied spaces that would satisfy the different needs of the 
spectators is closely connected to the aim of bringing in and engaging a greater 
public. Beyond the financial implications, this relates to contemporary values of 
diversity, sense of community, security, accessibility (to leisure facilities), etc. 
Related and complementary functions contribute to assuring a unique and meaning-
ful experience inside the sports arena for the spectators by offering various use pos-
sibilities before and after the game as well. This means keeping the supporters longer 
in the building, and given the great number of users it can accommodate, the sense 
of and conditions for security become the most important elements that need to be 
addressed. Football is also known for its quick-tempered fans – football hooligans – 
who alienated a general public from the sport, leading to a descending attendance 
tendency on the stadium. Making football a spectacle for the whole family thus 

R. Sfintes



173

means implementing safety measures for all categories of users, including children, 
and taking into account methods of achieving security like CPTED – crime preven-
tion through environmental design. All these attributes – from proposing multiple 
functions inside the same space to making football a sport for the whole family – 
also extend the symbolic value of the building which becomes meaningful for vari-
ous communities, not only for those of the supporters. For example, an energy-efficient 
stadium building can contribute to informing and educating the surrounding com-
munity about sustainability, sustainable systems and measures, sustainable use as 
well as become a source of renewable energy for the community, thus becoming part 
of the community itself not only through its landmark significance.

11.2  �The Sport and the Stadium

Practicing a sport represented, in antiquity, a way of preparing for battle during 
peace times (the games associated with the Olympic Games). As the Greek sports 
competitions, “Roman spectacles were a public display of power, and that power 
was primarily military” [2]. In this context, acknowledging the importance of reach-
ing a certain performance led to specialization (e.g. the gladiators).

This discussion highlights the importance of the sport and its arena, as well as the 
importance of spectacle and spectators. Down the centuries, we can identify, by 
analysing the evolution of different societies, significant transformations of the idea 
of a spectator, closely connected to the type of spectacle he/she attends – from spec-
tacles addressed to the whole society to those which only members with a certain 
social status can attend or from organized to spontaneous shows. Contemporary 
society erases, in many cases, the barriers that stopped certain people from attend-
ing some events: the social class does not dictate anymore what kind of spectacles 
one can or cannot go to.

Referring to the game with a round ball, we cannot clearly state its place of ori-
gin, but the use of a spherical object since old times, on different continents, and 
with different rules demonstrates a possible independent evolution. Football itself 
passed through several stages and various changes in its evolution (like the emer-
gence of professional players or setting the hours at which the plays take place, 
etc.). All these determined accordingly an evolution of the sports arena and of the 
spectacle. Modern football has its origins in the nineteenth century [3, 4]. Until 
then, we can speak of more or less different versions of this sport, practices in vari-
ous spaces, with different game rules, the common element being the (empty or full 
inside) round ball.

The introduction of strict rules that separated one game from another,1 the estab-
lishment of the Football Association in 1863 England and the establishment of 

1 The separation of football from rugby started around 1823
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specialized clubs2 laid the foundations of modern football. Setting a clear set of 
rules led to defining the characteristics of the play field as well as of the sports arena 
it would accommodate the game and its spectators, by responding to their specific 
needs and requirements. The avalanche of clubs set up immediately after the forma-
tion of the English Football Association led to a wave of constructions dedicated to 
football. Various types of sports arenas have been tested then, but few of them 
became models (e.g. White City and Highbury). The most notable typological dif-
ference is that between specialized stadiums (dedicated only to football) and sports 
arenas that could also accommodate other kinds of matches (rugby, American foot-
ball, grass hockey, hurling, etc.) or other kinds of competitions (e.g. on White City 
athletics competitions, cycling races and dog races were also held).

In the interwar period, the use of arenas for various sports is supplemented, due 
to its flexibility and the great number of people it could accommodate, by using 
them for political gatherings: for recruiting new members in political parties [5]. 
These gatherings were accompanied by sports competitions before or after, thus 
becoming fancy spectacles. After the Second World War, in the area of the commu-
nist bloc (or in the case of totalitarian regimes), the space is also used to pay tribute 
to various leaders of the state. In order to hold political congresses, significant 
amounts of money have been invested in such stadiums, many of them being, nowa-
days, hardly occupied to their maximum capacity.

No matter how the stadiums were used, at a social level they always had a special 
significance, being spaces of discharge, of emotional release, but the fact that this 
release was more or less safe for the spectators makes it important to speak about 
the norms and legislation. In the following section, we shall highlight game-related 
legislation and specific sustainability issues, thus leading the way to demonstrating 
how the football arena can become an energy-efficient building and a source of 
renewable energy for the community.

11.3  �Game-Related Legislation and European Norms

The tragic incidents that took place on football arenas especially in the second half 
of the 1980s, in different European countries, led to the introduction of various 
measures meant to limit the ways of expression on stadiums. By falling into the 
category of hooliganism, such behaviours made necessary the intervention of police 
forces to re-establish order and to assure the safety of the spectators. Thus, the mea-
sures proposed referred to supervising and controlling behaviour inside and outside 
the stadium, as well as to adapting the sports arenas to the new requirements of 
safety and security. In the context of responsibility for being sustainable, all these 
measures can and must also be related to European directives concerning sustain-
ability and sustainability standards.

2 In England we name: Arsenal FC London (1886), Manchester United (1878), Liverpool FC 
(1892); in other parts of Europe: FC Barcelona (1899), Real Madrid (1911), Juventus Torino 
(1923)
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11.3.1  �Reports and Game-Related Legislation: Impact Upon 
Design Norms

The role of design norms is that of satisfying the essential requirements in 
constructions and of responding to the requests made by the investors without 
compromising these minimum requirements specifically established for each 
architectural program – concerning comfort, safety, security, avoiding loss of 
human lives by design errors, etc.

Regarding football stadiums, the norms and legislation must be followed with 
great responsibility given the number of supporters that can attend a match, but they 
can be insufficient and inefficient when incidents are started by the supporters them-
selves. The association of football with hooliganism and precisely the hooliganism 
manifested on stadiums during various matches raise many challenges for the design 
team, for the management team, for police forces, etc. In England, for example, 
there have been many reports drafted after tragic events which happened on stadi-
ums – to name some of the most important: The Shortt Report (1923), The Moelwyn 
Hughes Report (1946), The Chester Report (1966), The Harrington Report (1968) 
and The Lang Report (1969). These reports proposed various solutions that high-
lighted the need for a new design vision that would discourage antisocial behaviour.

In parallel with all the recommendations made in the various reports, in 1973 a 
good practice guide for sports arena designers is drafted, Guide to Safety at Sports 
Grounds [6, 7], also known as Green Guide. Although its implementation is not 
mandatory, its continuous improvement and information update makes it a basic 
document for designers. The scope of the Green Guide is that of providing guidance 
to the management team, to technical specialists such as architects and engineers 
and to representatives of all authorities involved, in order to assist them in assessing 
the number of spectators that can be safely hosted in a sports complex. The local 
design rules and standards or European norms and directives have priority, however.

Following the reports mentioned above and at the instance of the public opinion 
regarding the bigger and bigger problems created by hooligans on stadiums, in 1975 
the Safety of Sports Grounds Act is adopted, which is a first document standardizing 
the design and authorization process for stadiums which could accommodate more 
than 10,000 spectators [8].

Other incidents and reports followed – Popplewell Report (1985), The Taylor 
Report (1990) [9] and The Report of the Hillsborough Independent Panel (2012) [10].

European football legislation addresses the issue of stadium requirements in two 
basic documents: UEFA Guide to Quality Stadiums [11] and FIFA Football 
Stadiums: Technical recommendations and requirements [12]. Due to the differ-
ences in value of sportsmen lots, of prestige and economic status of the club, the 
UEFA guide has a general character, only establishing at large the conditions that 
the sports arena must meet, without imposing excessive rules. The UEFA guide is a 
good starting point for any club wishing to invest in a new, modern arena as it pres-
ents all the phases an investor would have to follow. The requirements are loose, 
thus allowing to almost any stadium the possibility of accommodating matches. The 
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FIFA Football Stadiums: Technical recommendations and requirements document 
summarizes a series of recommendations and requirements with the purpose of 
building a modern stadium in which the national teams would play their interna-
tional matches. As long as the new sports arenas must be able to accommodate both 
UEFA and FIFA competitions, both documents must be complied with.

The FIFA Football Stadiums: Technical recommendations and requirements 
document also stipulated a couple of recommendations regarding sustainability:

•	 Water should be used more responsibly for irrigations, and rainwater storage is 
advised.

•	 Beverage containers are recommended to be reused.
•	 Selective recycling is advised, as well as selling loose foods and other products 

in order to reduce waste.
•	 Renewable energy could be obtained through photovoltaic panels.
•	 The use of air conditioning should be diminished.
•	 The use of a centralized energy consumption control system is recommended.
•	 Use of public transport should be encouraged.

11.3.2  �European Directives Concerning Sustainability 
and Sustainability Standards

In order to fully understand the sustainable measures proposed to be implemented 
on stadiums, we shall present the evolution of sustainable development thinking as 
it results from various events and official documents.

The beginning of sustainability is considered to be the Report of the World 
Commission on Environment and Development “Our Common Future”), known as 
Brundtland Report (1987) [13] which proposed “long-term environmental strate-
gies for achieving sustainable development by year 2000 and beyond” [13]. One of 
the key statements in this report is the one that became the definition of sustainable 
development: “Sustainable development is development that meets the needs of the 
present without compromising the ability of future generations to meet their own 
needs” [13]. The recommendation of changing the lifestyles in industrial states in 
order to diminish consumption of water, energy, minerals and other resources led to 
a true social movement, the citizens becoming involved in leading a sustainable life.

This report and the many congresses that followed  – especially the United 
Nations Conference on Environment and Development (UNCED) which took place 
in Rio de Janeiro on June 3–14, 1992 – had a major social impact, defining how 
each activity can contribute to a sustainable development. The directions set during 
these conferences, summits, etc. determined the European forums to pass Directive 
2002/91/EC of the European Parliament and of the Council of 16 December 2002 
on the energy performance of buildings [14]. This document was a first step towards 
implementing the principles of sustainable development in the European Union.
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Other documents and summits follow, promoting the production of renewable 
energy and energy efficiency of end users. In this context, public buildings (includ-
ing stadiums) become true reference points through the way they integrate, improve 
and exploit different systems. The Directive 2006/32/EC of the European parlia-
ment and of the council of 5 April 2006 on energy end-use efficiency and energy 
services and repealing Council Directive 93/76/EEC [15] even state that “Member 
States shall ensure that the public sector fulfils an exemplary role in the context of 
this Directive. To this end, they shall communicate effectively the exemplary role 
and actions of the public sector to citizens and/or companies, as appropriate”.

The influence a sports arena has at the level of the individual, the group of indi-
viduals and the society is major because of the great number of spectators it draws 
and because of the scale of the building and of the complex which makes possible 
the implementation of various sustainable systems it can make use of.

The economic crisis led to a slowing effect regarding sustainable measures; thus 
a long series of documents was drafted, proposing long-term plans in order to fulfil 
the sustainability requirements already established. This series starts with Europe 
2020 – A European strategy for smart, sustainable and inclusive growth [16] fol-
lowed by other directives on energy performance. Europe 2020 strategy establishes 
as priorities smart economic growth, based on knowledge and innovation, facilita-
tion of sustainable growth, and non-discriminatory employment. It is a first act that 
regards sustainable development in an all-encompassing way, referring to different 
activity sectors, fields of research, directions of implementation, etc. The launch of 
European funding programs such as Horizon 2020 – a research and innovation pro-
gram based on the Europe 2020 Strategy which aims to increase global competitive-
ness  – proves the expected outcome in terms of possibilities to implement top 
solutions and phenomena understanding.

The same strategy is also followed by Directive 2010/31/EU of the European 
Parliament and of the Council of 19 May 2010 on the energy performance of build-
ings (recast) [17] which introduces a new article (9) – nearly zero-energy buildings. 
As the principle is not easy to follow, the directive recommends:

•	 Developing a legislative frame that would encourage designing such buildings, 
including sanctions in case of serious deviations from minimal requirements

•	 The analysis of the built environment and finding of specific solutions of inter-
vention in less flexible urban structures

•	 The establishment of a team of professionals (architects, engineers, sociologists, 
etc.) with power of decision, capable of changing mentalities

•	 Developing a dedicated structure capable of understanding and implementing 
the new requirements

•	 Raising awareness and responsibility among investors, beneficiaries and users

Based on Directive 2010/31/EU, in 2012 a new document is redacted  – 
Commission Delegated Regulation (EU) No 244/2012 of 16 January 2012 supple-
menting Directive 2010/31/EU of the European Parliament and of the Council on 
the energy performance of buildings by establishing a comparative methodology 
framework for calculating cost-optimal levels of minimum energy performance 
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requirements for buildings and building elements Text with EEA relevance [18]. The 
document supplements and establishes the limits of the Directive 2010/31/EU, leav-
ing each member state responsible for deciding how they will implement the mini-
mum requirements, according to each case and the specific macro- and 
microeconomic factors. These regulations try to give a sustainable development 
direction that would take into consideration more than just economic factors, the 
various realities of each member state making impossible the implementation of 
strict regulations as stated in previous documents.

Such a view highlights the spirit of sustainable development through a continu-
ous reference to willingness for change and economic possibilities of the society. 
Taking into consideration the real potential of each country and the specific condi-
tions framed by the site, the communities and the economic, social, political reali-
ties is very important. This is why we should keep in mind that all that follows 
should also be filtered, in case of implementation, and related to all those conditions.

11.4  �The Sustainability of Football Stadiums

In the context of sustainable development which becomes mandatory in all aspects 
of contemporary society, the architect must pay great attention to passive solutions 
and to efficient local renewable energy production systems. This assumes, among 
others, looking for solutions in other domains, combining active and passive solu-
tions and making all the stakeholders responsible. As “the owners of a facility can-
not legally relieve themselves of the responsibility for providing security” by just 
putting a sign that says so [19], the architects remain responsible for their designs. 
This means taking into consideration all known aspects and even anticipate, inno-
vate in order to respond to various challenges, even more so when speaking of build-
ings that accommodate a great number of persons while also being great consumers 
of resources. Considering the problems stated in the previous pages, in such cases 
crime prevention (through environment design) becomes much more important that 
aesthetics [20, 21], as does sustainability (through all its components).

In the following subsections, we shall see how football stadiums can respond to 
sustainability issues by relating them to contemporary challenges and realities 
around the stadium, the football play, the spectators and the spectacle itself while 
also proposing new measures to be implemented at different scales.

11.4.1  �Economic and Environmental Sustainability

In order to respond to economic and environmental sustainability requirements, the 
entire design team should take into consideration the possibility of implementing 
various sustainable technical solutions from the design phase, relating both to con-
struction and sustainable maintenance. For that we list a basic set of specific sustain-
able development solutions that can impact the building but also the sports complex.
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At the scale of the building – the football stadium – renewable resources can be 
used for, among others, watering the field (in case of natural grass), undersoil heat-
ing3 and artificial lighting to ensure the photosynthesis of the lawn (if the stadium is 
covered entirely); rainwater can be collected and used for toilets, in irrigation and 
for other non-potable uses.

The symbolic significance of the stadium as a landmark (at a local/regional/
national level) makes the implementation of sustainable development principles 
even more important, thus becoming a place that can advocate for sustainability and 
even educate and make the communities around acknowledge what sustainability 
means and how it can be supported. At the scale of the sports complex, renewable 
resources can be used for street lighting or for powering any electrical equipment or 
for watering green surfaces; solar radiation can be used both for generating electric 
energy and for heating water. The large surface on which a sports complex stretches 
makes collecting rainwater notable. The same large surface makes it possible for the 
sports arena to generate great amounts of renewable resources which can be used 
beyond the complex itself and power or supply the houses of the community close by.

The most important issue raised by the stadium in the context of economic and 
environmental sustainability is that of being used more given the costs and resources 
consumed for building it and keeping it in service. The need to pay off the initial 
investment as well as to cover the costs of maintenance led to a diversification of 
events happening on the stadium. Besides the accommodation of political gather-
ings, the good acoustics and the great number of people that can populate the space 
once led to opening up the stadium to music concerts – from rock (Queen, Wembley 
Stadium, July 12, 1986  – 72,000 spectators) to classical music (André Rieu, 
Amsterdam Arena, June 11, 2011 – 85,000 spectators). Another good example, one 
we consider it should be taken into consideration as current practice, is using the 
stadium as a place that can be set up to be used in case of emergency – as was the 
Superdome in Louisiana during hurricane Katrina in 2005.

By linking these aspects with what economic and environmental sustainability 
demand by default (reasonable use of natural resources, reduction of natural resources 
consumption and pollution, cost-saving, allowing economic growth), we recommend 
the full and permanent roof covering of the arena in order to create an appropriate 
interior microclimate that would allow both the performance, in good conditions for 
the players and spectators as well, and the easy transformation of the arena in tempo-
rary accommodation/place of refuge in case of natural calamities/disasters.

11.4.2  �Social Sustainability

The issues raised in the previous subsection already speak of social sustainability 
also. Besides measures with a social impact that follow economic and environmental 
sustainability, there are a couple of solutions that can lead to an almost continuous 

3 Heating the field has become a rule in some countries for specific leagues.
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use of the sports complex, providing spaces for the community around and even 
opening the arena towards a larger public. What we advise is designing public spaces 
(like leisure spaces, playgrounds for children, etc.) inside the sports complex that 
would draw daily users. However, given the safety issues raised by hooliganism on 
stadiums on match days, we do recommend separating the entrances into one for the 
supporters attending the game and another for the general public.

Designing the public spaces according to CPTED principles would also be ben-
eficial. Such an approach would make the grounds safe for people to use at any time, 
thus transforming the stadium into a true landmark that becomes part of the com-
munity it serves. CPTED assumes implementing various solutions that discourage 
antisocial behaviour through elements that have a subconscious impact. Among 
passive (non-energy consumption) CPTED solutions, we name glazing between 
inside and outside (so that there is always a visual connection with the exterior from 
certain spaces), a clear demarcation of spaces and functions, attending the unbuilt 
spaces, securing fast intervention routes in case of incidents, etc. Active solutions 
include CCTV (that diminishes crime acts through the fear of being seen, identified 
and brought to justice), street lighting, appropriate signage, highlighting the com-
munity spirit through caring for the built space, etc. [19–23].

Opening the sports complex to daily use can be taken further by also proposing 
related functions which serve the main function – that of a stadium (bars, restau-
rants, cafés, commercial spaces that sell sporting gear, etc.) or complementary 
spaces that serve the community (offices for the local firms, various commercial 
spaces, accommodation, cinemas, etc.).

Last but not least, football stadiums can contribute to social sustainability by 
cultivating supporter ethics. Stadiums can promote specific sustainable develop-
ment systems, and they can present and publish technical data and results obtained 
through such solutions, thus educating through example and with evidence. Also, 
the multifunctional spaces could accommodate social activities concerning the 
community, and even more so, the community could be involved in decisions 
regarding the arena. All these measures can have a beneficial impact upon the mem-
bers of the community, especially upon youngsters, making the space more easily 
appropriable and thus discouraging crime and law violations.

11.5  �The Outcomes of Stadiums as Multifunctional 
Buildings

The importance of transforming stadiums into multifunctional buildings goes 
beyond the few expected result stated above. This is why we consider useful further 
developing the subject in a dedicated section.

The football stadium is a local symbol and a landmark for the local community. 
In this context, at which we add the effort of finding a big enough and accessible site, 
and the financial effort made during and after construction, confirms the recommen-
dation of sustaining the stadium through other related and complementary functions 
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that would assure a daily use. Using the stadium only during match days is not eco-
nomically justified. Not only does the investment need to pay off, but it can become 
a source of economic growth by letting the community use it – freely (by using its 
public spaces) or by being able to rent spaces inside the sports complex (for offices, 
for community-related activities, etc.). Thus, the stadium generates income but also 
jobs, the advantages being economic as well as social.

Proposing multifunctional spaces can have great advantages on the long term, 
depending on the openness it is willing to promote, like a continuous use (7 days a 
week) which means giving continuous access to various services, an efficient use of 
resources (by diminishing consumption at times that do not generate income), the 
integration of functions that serve the community (functions  – from leisure to 
administrative spaces – which help the community define itself, consolidate, grow, 
evolve) and drawing various people closer to sports and so to a healthy life.

In order for an investment into a football stadium to be sustainable, it must dem-
onstrate its utility for the investor as well as for those living around it. This is why a 
contemporary arena must be multifunctional, sheltering a great variety of activities, 
all related to the needs of the community it serves. Designing such a building that 
besides the field itself and its tribunes would also offer access to cinemas, museums, 
etc. is a complex process, one that makes necessary a detailed research into the site, 
the different types of users, the community or communities around it, the phenom-
ena involved and the realities it will be inserted into.

In the end, we would like to highlight another type of outcome that opening the 
stadiums towards various events allows – one with cultural significance, speaking of 
contemporary challenges and crossing boundaries. André Rieu  – internationally 
renowned violinist and conductor – constantly tries to break the rules of playing 
with an orchestra in order to reach a broader public, one that is not necessarily made 
of connoisseurs of classical music. In 2011, he held a full concert on Amsterdam 
Arena in front of 85,000 spectators (after playing, in 2009, two pieces of classical 
music in front of football fans, before a match between Ajax Amsterdam and 
Olympique Marseille). Such a show, held in open air, raises new challenges for the 
artist and his team, as well as for the public, but the atmosphere, the possibility of 
creating a new and complex scenography, developing a unique relationship between 
artist and spectator, is just one of the strengths of setting up a spectacle in a non-
dedicated but impressive space. Anyway, this kind of activity is part of a broader 
tendency of opening up various institutions towards a broader audience through 
programs which negotiate the relationship between (anyone’s) public space and the 
main function inside [24].

11.6  �Conclusions

The overall dimensions of football arenas underline the important role the architect 
has in conceiving a space that would better respond to the ever-changing needs of 
the final users. In the same time the architect must help and continue, through his/
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her architecture, the process of eliminating communication boundaries, in the case 
of football arenas already basing his design on a sport that led to strong connections 
between supporters as they are often members of dedicated communities.

The architect and the whole design team (engineers of different professions, pro-
fessionals in related domains like sociology, psychology, doctors, etc.) must come 
up with specific solutions that would include the new specific technologies and/or 
make use of/come up with innovative solutions. By doing so they must also relate to 
the newest realities, challenges, defining characteristics of the sport and of the soci-
ety (the pursuit of dynamism, spectacle, inclusion, etc.).

The implementation of sustainable development principles in football stadiums, 
for example, tackles not only aspects of renewable energy but also aspects concern-
ing the happening of various events and activities that would support the main func-
tion (Fig. 11.1).

Transforming a football stadium into a space with multiple functions can lead to 
a permanent use and to address to a larger public (by including museums, cinemas, 
commercial spaces, administrative spaces for the community, etc.). This makes even 
more relevant the discourse about erasing barriers and fostering communication and 
interaction as different functions lead to spaces being populated in the same time by 
different ages, different social categories. A secondary outcome of such an approach 
is preventing crime by exercising social acceptance, understanding others, indirect 
supervision, etc.

Streamlining the build space (a principle which was used at the beginning of the 
twentieth century also) assumes using the architectural object at its maximum 
potential, and this makes necessary a lesser degree of specialization. The stadium, 
in a future-oriented perspective, must leave behind its focus solely on football and 
become an arena dedicated to more sports than one, as well as a multifunctional 
space that would satisfy a broader range of user needs.

The possibility of post-use must not be neglected either. Once a stadium ended 
its purpose, it can acquire another function that would serve the community. In this 
regard, we mention the proposal for transforming the stadium of Arsenal FC into 
habitation, the Highbury Square project being emblematic for the way it keeps the 
memory and tradition of a renowned club alive in a contemporary context. Such a 
transformation sets a new light upon spaces that with time became technologically 
outdated.

Fig. 11.1  Solutions for recovering the investment into a stadium by implementing sustainable 
development solutions
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Chapter 12
Passive Design Strategies in Pursuit 
of Architectural Identity: The New ACT 
Student Center

Konstantinos Sakantamis, Kalliopi Chourmouziadou, 
and Aristotelis Vartholomaios

12.1  �Introduction

Frequently characterised as the “living room, or hearthstone of the campus” [1], 
college unions form the epicentre of student life in higher education, offering out-
of-classroom experiences that serve to link people and ideas. Since the turn of the 
second millennium, their typology has evolved, from original precedents dating 
back to 1894, to encompass a variety of functions that in turn allowed them to be 
characterised as “fusion” buildings [2]. The brief for the architectural competition 
for the New ACT Student Center (NASC), launched by the American College of 
Thessaloniki in 2017, sought no less, specifying the creation of public areas, shops, 
student areas, office spaces, a fitness centre and a multifunctional space, while a 
phased construction programme required the design and future addition of a 500-
seat auditorium and residencies.

A “fusion” typology poses enough of a programmatic challenge for its sustain-
able design and construction, being subject to risks pertaining to: its size and scale 
in relation to surrounding buildings, the need for future expansions – alterations and 
reappropriations of spaces – and funding [2]. However, a further challenge for the 
design lies within the greater context of campus greening initiatives that universities 
engage in since the 1990s, which have not necessarily been able to counterbalance 
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their increasing need for amenities and hence the subsequent increase of their envi-
ronmental footprint [3]. As aptly put by Brown and Taylor, college unions nowa-
days – functioning both as educational buildings and businesses – need to embrace 
their central role in teaching citizenship, social responsibility and leadership, which 
translates to them becoming stewards for sustainability, seeking not merely to func-
tion as energy-efficient buildings but rather as operational “models” of the sustain-
able world that future generations must aspire to [4].

The development of an architectural identity for the promotion of environmental 
“stewardship” formed the core of the design process that lasted for 2 months, seek-
ing to address the competition brief’s requirements for an aesthetically and func-
tionally dynamic building that would (a) utilise the infrastructure of the ACT 
campus, (b) develop in two phases, (c) present expandability and variability, (d) 
integrate with the landscape and (e) adapt to the principles of sustainability. 
Furthermore, this endeavour was framed by the Greek financial but also societal, 
cultural and environmental crisis that made the question of a sustainable architec-
tural resolution even more pertinent.

Being active both in academia and in practice, ArchSix Architecture Studio 
approaches every architectural competition as an opportunity for research, con-
ducted by iterative cycles of design and analysis, which in turn not only culminates 
into a project but also allows for the localised renegotiation and adaptation of the 
architectural discourse that strives for sustainability. Included in this volume of case 
studies, this paper forms the second deliverable of the process, offering a perspec-
tive of the particular limitations and opportunities allowed in the fast-paced design 
process of a complex educational building, tracing the development of ideas and 
their design interpretations in the hope of informing a wider audience dealing with 
the environmental design of buildings and open spaces.

To aid in the better understanding of the design process, the remainder of the 
paper is structured in five sections. Section 12.2 delves deeper into the competition 
brief requirements, the site analysis and background research that informed the 
design development. Section 12.3 outlines the main design principles and traces the 
decision-making process that formed the core of the environmental architectural 
concept, which is further elaborated on in the fourth section of the paper that 
includes a detailed description of the final design proposal. The fifth section pres-
ents the environmental design analysis of the proposed scheme, enumerating its 
environmental performance. The paper ends with a discussion that generalises the 
findings of the analysis.

12.2  �Brief - Site - Further Background Research

12.2.1  �The Brief

Active in post-secondary education since 1981, Anatolia awarded its first 4-year 
baccalaureate degrees in Liberal Arts and Science in 1993. During the early 1990s, 
Anatolia embarked on master planning of a new campus for ACT, at an 11 acre 
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(45,637.10  m2) site, situated in Pilea, a suburb of the city of Thessaloniki. The 
Master Plan, completed in 1992, culminated into the erection of two buildings. The 
ACT New Building was completed in 1994, comprising of three levels, each mea-
suring 1249.8 m2, with a total area of 2278.54 m2, and currently houses educational, 
administration uses and a cafeteria. The second building to be completed, in 2002, 
was the Bissell Library, comprising of three levels, each measuring 1683.83 m2, 
with a total area of 4376.19 m2, housing one of the largest general-purpose English 
language libraries in Greece and also home to the Stavros S. Niarchos Technology 
Center. The two buildings cover 6.4% of the site, the maximum allowable coverage 
being 10% for educational uses developed in areas situated beyond the official city 
plans [5, 6] representing low density. Moreover, the built area grosses 6.654,73 m2, 
which amounts to 73% of the maximum allowable built area for the specific plot.

The building program for the New ACT Student Center specified, in precise 
numbers, the allowances for specific functions. It provided an itinerary of spaces 
that were grouped into 620 m2 of indoor communal spaces and 150 m2 of exterior 
communal spaces, 360 m2 of office spaces, a 500-seat auditorium of 700 m2, and 
140  m2 of residential spaces (3 residences for guests) and allowed for auxiliary 
spaces of 150 m2 while also making further allowances for circulation, walls, etc. 
Furthermore, the brief allowed the contestants very little tolerance (±3%) in devia-
tions from the square footage assigned to each function. On the other hand, it pro-
posed that the building could be erected utilising the available square footage 
allowed for the plot, under the aforementioned legal framework, but also suggested 
that if height, square footage, volumetric or other limitations were hindering the 
architectural composition, the designers could apply for a permit of exemption, 
which could effectively double available land coverage and built space allowances 
for future expansions.

12.2.2  �The Site

The ACT campus approximates a rectangle (270 × 170 m) oriented along the NS 
axis. Its north border is facing a rural road that leads to Eleones, a connecting sub-
urb. The road circumscribes 5118.00 m2 that have been classified as a private (cam-
pus) forest area which partly shades the campus’ main outdoor car park. At the 
south, it is separated by a public road from the adjacent Anatolia high school cam-
pus, while safe pedestrian communication between the two is provided by an 
elevated pedestrian bridge. The east and west campus boundaries are delineated by 
two zones of dense cypress trees, providing not only excellent views but also sun 
shade early in the morning and in the afternoon respectively. The competition’s 
proposed site for the new building was indicated at the west part of the campus 
(north of ACT new building and west of the Bissel library) where a beach volleyball 
court sits today. The specific location includes several scattered pine trees and two 
rows of almost 15-year-old olive trees.
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12.2.3  �Further Background Research

While the brief specified that the designated area for development is mostly flat, 
presenting a low stable inclination to the north, the drawings annexed to the brief 
included very little detail as to the topography of the campus and the levels of the 
two existing buildings. A site visit revealed that this stable inclination reached a 
point where it became extremely steep at the north, creating a hill face of more than 
6 m that was dotted with construction rubble. Upon closer examination, it transpired 
that the steep hill dividing the proposed site from the campus parking area is a prod-
uct of land transport that took place during the past decades. The investigation of the 
documentation of the urban planning offices revealed that the land was initially 
transferred to the northwest of the plot for the creation of a football court. The con-
struction of the new ACT building in 1993 and the Bissel library in 2000 allowed for 
more land transfer, culminating into the resulting unique terrain, a topographic map-
ping of which ultimately required several man-hours during the early design stages. 
The process of land transfer during the past century is illustrated in Fig. 12.1.

12.3  �Environmental Concepts and Principles

The aim of the proposed project was to design a building that will embrace the exist-
ing open public area to welcome the students, providing a landmark for the campus, 
allowing for a dialogue with the natural environment through its morphology and 
adopting the principles of sustainability and accessibility, as presented in Fig. 12.2. 
The objectives were to design a student- and staff-friendly building, where the 
organisation of the uses will be easily identified and to capitalise on the opportuni-
ties provided by the unique terrain and vegetation of the site, in relation to Pilea’s 
climate and the site’s microclimate. The design principle was to provide the space 
quality that meets the needs of ACT, both in terms of contemporary architectural 
identity and functionality.

The question of an architectural identity for the promotion of environmental 
“stewardship”, in the contexts of the local Greek crisis and the global environmental 
crisis, framed the design process. Respecting the landscape and the rural atmo-
sphere of the wider area, an early decision was taken to design the building within 
the standard legal building permission constraints, maintaining a low-density cam-
pus, with a land cover under 10%. This in itself presented a challenge for keeping 
the building small and compact by minimising circulation spaces and by careful 
clustering of functions, relying on synergies between the required spaces. Instead of 
seeking for an exemption that would permit absolute architectural freedom, the 
design team opted to elaborate on allowances offered by the renewed building codes 
of 2012 [7] that match provisions for height/spatial/volumetric excess with the 
inclusion of passive design systems, such as planted roofs, solar chimneys, buffer or 
underground spaces. This meant that the design embarked on an effort to assimilate 
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Fig. 12.1  Topographic drawings of the site, dating from 1922 (bottom left) to 2017 (top left 
and right)
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a passive design idiom that could be created through simple and tested construction 
wet-trade techniques, which not only allow for longevity but also are within the 
capabilities of a construction sector in crisis. Last, but not least, the team wished to 
remedy the unsustainable practice of land transfer that characterised previous inter-
ventions to the site and searched for ways to address this unique land formation for 
the benefit of the environmental response of the building.

The need for accessibility, especially during the 2nd phase of construction of the 
500-seat auditorium, provided a challenge in addressing the unique land formation 
and exploiting the existing north parking area and the steep inclination. At the same 
time, the imperative need for a car-free campus provided the initiative to explore the 
creation of an auxiliary peripheral road that would extend the existing eastern route 
and, through the parking (Fig. 12.2), would lead to NASC and the ACT building, 
parallel to the west plot boundary.

12.3.1  �Building Energy Performance Goals

The EU Directive on Building Energy Performance [8] mandates that all new build-
ings should consume nearly-zero energy from 2020 onwards. According to the 
Directive, nZEBs are high energy performance buildings that cover the low-energy 
requirements from on-site or nearby Renewable Energy Sources (RES). The ramifi-
cations of the EU nZEB policies on architectural design are significant as climate 
responsiveness will likely be mandatory to achieve low-energy status. The nZEB 
concept requires a holistic and systems-thinking approach to building design where 
the interactions between the local climate, the building envelope, the electrome-
chanical equipment and user behaviour will need to be examined from the earliest 
stage of the design process.

In addition, the 2016/1318 EU recommendation [9] defines energy performance 
goals for different European climates. For the Mediterranean, it assumes a total 

Fig. 12.2  Concept diagrams, (a) accessibility and (b) environmental design principles
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primary energy consumption of around 80 kWh/m2.y of which 60 kWh/m2.y is cov-
ered by local RES. The Greek legislation (Decree 85251/27.11.2018) [10] equates 
nZEBs as buildings that are rated as A (26–74 kWh/m2.y) or A+ (10–44 kWh/m2.y) 
according to the Greek Building Energy Code (KEnAK) [11]. The aforementioned 
energy performance ranges correspond to tertiary sector buildings for the climatic 
zone of Thessaloniki and are the result of building energy assessments over the past 
years [12].

12.3.2  �Climatic and Microclimatic Conditions

The design takes into account the potential of the climate of Thessaloniki for pas-
sive design and additionally utilises the microclimatic advantages of the local land-
scape. The climate of Thessaloniki  – CSa class according to Koppen-Geiger 
classification) [13] – is characterised by dry-hot summers and mild-wet winters. 
The heating period starts on October 15 and ends on April 30, while the cooling 
period starts on June 1 and lasts until August 31 [14]. Total heating and cooling 
degree-days are estimated to be 2184 and 135 for base temperatures of 20 °C and 
26 °C, respectively [15, 16]. Average winter cloud coverage is 60%, allowing for 
efficient passive solar heating and daylighting, while the significant drops in noctur-
nal air temperatures during summer allow for efficient night cooling. The building 
site is located in a lightly built area where the Urban Heat Island intensity is negli-
gible. On the contrary, the proximity to the peri-urban forest further enhances the 
efficiency of summer passive cooling through natural ventilation.

12.4  �Environmental Architectural Design

Based on the aim of creating an “embrace”, the proposed building is architecturally 
drawn with the dipole of the two basic building volumes-wings (first construction 
phase), one perpendicular to the other, namely, wings A and B, to optimise function-
ality through the creation of clusters, as seen in Fig. 12.3, and ensure the maximisa-
tion of lighting and natural ventilation and create a large outdoor patio and entrance 
area that integrates into the existing campus design completing its NW corner.

Wing A, oriented along the E-W axis, groups all required communal spaces. It 
presents an almost transparent volume, well shielded from the north and transparent 
to the south – the existing landscape allowing solar access for both levels – which 
houses the most public areas: an “agora”. Wing B is a less porous volume that opens 
up to the west, accommodating office spaces and residences, while allowing dedi-
cated access to the latter. The building volumes enclose and shield the multi-level 
outdoor patio that can be used for recreation and open-air events, its morphology 
adapting to the natural inclination, while also creating the prerequisites for the addi-
tion of the auditorium at the second construction phase. A solar chimney marks the 
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intersection of the two wings, i.e. the main entrance to the building. More than a 
morphological device making reference to the works of Eduardo Souto de Moura or 
A. Tombazis, this feature is symbolic of the proposal’s identity.

Two existing axes, derived from the adjacent buildings and the existing land-
scape design, are extended and incorporated into the design, to allow for south-
north and east-west connections and future expandability. Through these axes, the 
building is also connected with the present patio at the south of the Bissell Library.

The construction of the auditorium during the second phase is unified with the 
above-mentioned volumes, partially inserted in the building as an extension of the 
multi-functional space – the auditorium foyer. The architectural design of the audi-
torium is based on the principles of optimised visual and acoustic design for analo-
gous spaces, through the cardioid layout, which allows for an even distribution of 
direct sound, promoting intimacy. The method of theatre sightline design was used 
for determining the inclination of the audience seating, allowing clear view of the 
stage floor, which consequently creates maximum visibility for all other uses. Also, 
no central corridor was used to exploit the benefits of this area’s seating. The seats 
are organised in four major groups. This provides the opportunity for future layout 
variability, creating at least three lecture rooms that could function simultaneously, 
if ACT is in need for a venue hosting parallel sessions. According to the acoustic 
design prerequisites, ceiling reflectors have been designed according to the image-
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source method, as presented in Fig. 12.4, to enhance sound, especially at the back 
of the auditorium. The design also makes allowances for the treatment of peripheral 
walls with reflective/diffusive materials, movable/rotating panels, to achieve vari-
able acoustics, in terms of speech intelligibility, clarity, definition and reverberation 
time, for hosting different types of use or performance – speech, music, etc.

The proposed design, illustrated in Fig.  12.5, incorporates both passive and 
active energy systems to achieve nZEB status. Wing A has a clear southern orienta-
tion with extensive low-e glazed surfaces shaded by a horizontal protrusion of the 
inclined roof. This arrangement allows the sun to penetrate the building during win-
ter, prevents unwanted thermal losses from glazing and provides efficient summer 
shade. Northern openings are significantly smaller, and storage non-conditioned 
spaces serve as buffer zones that further enhance building envelope insulation. 
Small window openings at the north and south facades of the communal/public 
areas take advantage of the prevailing northwestern wind of Thessaloniki for opti-
mised cross-ventilation. The inclined roof of wing A is planted to reduce unwanted 
heat gains and losses and further stabilise indoor climate. The solar chimney 
increases vertical convective air flow and thus improves natural stack ventilation 
and night cooling of the thermal mass.

The eastern and western facades of wing B are protected from summer solar 
radiation by utilising a series of bioclimatic strategies. The double skin provides an 
additional protective layer of shade, while ventilation openings minimise the entrap-
ment of hot air masses between the building façade and the second skin. The large 
glass surfaces of the western offices are shaded by both the existing dense row of 
cypress trees and a series of vertical operable blinds that can freely rotate to provide 
optimal shade and daylighting at any time. The auditorium intersects the volume of 
wing A to benefit from the passive ventilation techniques applied and is partially 
built below ground level to capitalise on the earth’s thermal capacity. Earth shelter-
ing minimises heat exchanges, keeps the internal temperatures stable and provides 
part of the necessary sound insulation. The lower parts of the auditorium’s roof, 
above the dressing rooms, the scenery storage and other auxiliary spaces, where the 

Fig. 12.4  West Elevation – Section diagram of the auditorium reflector design based on the image 
source method
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structural constraints are less strict, are also planted, while the rest of its roof is 
completed through insulated composite panelling.

Building construction complies with the specifications of the Greek Building 
Energy Code set out for the climatic zone of Thessaloniki. Both the bearing struc-
ture made from reinforced concrete and the walls made from perforated bricks pro-
vide the necessary thermal mass to moderate the diurnal internal air temperature 
changes. The building is externally insulated primarily with stone wool of variable 
thickness and secondarily by expanded polystyrene only for locations where bear-
ing loads are of primary concern. Stone wool is selected because it is highly recy-

Fig. 12.5  Photo rendering of the NASC entrance and multilevel patio and plans (a) first and (b) 
second levels

K. Sakantamis et al.



195

clable and non-toxic and has good acoustic and thermal insulation properties while 
being resistant to fire and humidity.

The heart of the building’s HVAC system is a variable refrigerant flow (VRF) 
high-performance heat pump with heat recovery and a dedicated outdoor air system 
(DOAS) for mechanical ventilation where required. The VRF system is powered by 
both natural gas and electricity and provides the necessary domestic heat water 
(DHW) as well. Artificial lighting relies on dimmable LEDs combined with motion 
and light detectors to conserve power. The electricity needs are partially covered by 
a photovoltaic (PV) array located on the roof of wing B and oriented for optimal 
performance. Following the initial building energy simulations, a second PV array 
is also proposed to be placed above the auditorium to meet the nZEB requirements.

12.5  �Environmental Design Simulation

The design process was informed by sunlight exposure, daylighting and energy con-
sumption simulations conducted using EnergyPlus and Radiance which are both 
validated, open source and extensively used in the industry [17, 18]. Both simula-
tion software were operated through the DesignBuilder 4.7 user interface [19]. The 
initial building massing studies were guided by solar irradiation and shading analy-
ses for the heating and cooling periods. At later stages of the design process, build-
ing energy simulations allowed the comparison of HVAC alternatives and insulation 
materials, the fine-tuning of shading devices according to occupancy schedules and 
the quantification of passive and active solar potential.

Sunlight exposure studies were found to be the most effective in quickly inform-
ing the design process as it evolves. While it is more difficult to interpret solar 
irradiation values and compare different time periods, sunlight exposure can be 
quickly calculated and is easily understood by designers and non-experts alike. 
Figure 12.6 demonstrates the building and outdoor space sunlight exposure for the 
heating and cooling periods. The sunlight exposure analysis shows the effectiveness 
of the building shading strategies, where openings are significantly exposed to the 
sun during the heating period and are sufficiently shaded during the cooling period. 
Furthermore, the analysis revealed the building surfaces that are most exposed and 
are ideal for locating PV arrays.

The energy simulation of the final proposed design showed that the total primary 
end-use intensity (EUI) is 46.9 kWh/m2.y and the net EUI is 22.5 kWh/m2.y consid-
ering the local PV electricity generation. According to the Greek building energy 
code, the building is rated as A+, and therefore it is considered as a nZEB. Furthermore, 
these consumptions are in line with the aforementioned EU recommendations for 
Mediterranean nZEBs. The PV contribution is estimated at 34% of the total 
EUI. Figure 12.7 shows the monthly and annual fuel breakdown illustrating that 
27% and 24% of energy is spent on heating and cooling, respectively, while 19% is 
spent on lighting and 11% on DHW. The rest is spent on HVAC pumps, fans and 
heat rejection.
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The building emits approximately 10 kgCO2/m2.y which is far lower than the 
2008 carbon emissions for building heating in Greece (approx. 33 kgCO2/m2.y) but 
still larger than the respective emissions of other countries such as Norway (approx. 
3 kgCO2/m2.y) according to EEA [20]. Carbon emissions, however, do not only 
depend on building design and operation but also on the high dependence of the 
national electricity grid on fossil fuels.

12.6  �Discussion

This paper presented the environmental architectural design proposal by ArchSix 
Studio for the competition for the New ACT Student Center: the decision-making 
process, the main design principles, the concept, the environmental design analysis 
and the performance evaluation. The design evolution, a process that lasted 

Fig. 12.6  Sunlight exposure for the heating (left) and cooling (right) periods. The orange curve 
and dots indicate the apparent sun trajectory during winter and summer solstices. The lighter the 
colour, the greater the exposure of the surface to the sun

Fig. 12.7  Monthly fuel breakdown in kWh/m2 (left) and annual fuel breakdown as percentage of 
total EUI (right)
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2 months, allows for further discussion on the opportunities provided for the sus-
tainable design of fusion building types for education:

•	 Building small, condensing the square footage by investigating possibilities for 
functional synergies and clustering of uses can provide a solid basis for the 
energy-efficient design, such as in the case of the NASC.

•	 Fusing simple, passive design strategies and features, a cantilever coupled with a 
large thermal mass, with accessible technological interventions, low-e glazing, 
can allow such buildings to function in the Mediterranean basin, minimising 
their needs for cooling and heating. At the same time, passive design features 
combined with active energy control systems are also a means for introducing 
resilience through the creation of system redundancy: the passive features assur-
ing that the building can function satisfactorily in the event of a future crisis, 
even in extreme power-shortage conditions.

•	 Vernacular passive design features, such as a solar chimney, can effectively be 
integrated in a contemporary sustainable architecture idiom as morphological 
devices for accentuation and identity building.

•	 The inclusion of the simplest of passive design features that are common to most 
people in the Mediterranean basin  – operable windows, glass doors allowing 
natural ventilation – also permits the seamless functional integration of indoors 
and outdoors.

•	 The restrictions imposed either by building codes or by unique terrain conditions 
can lay the foundation for a creative architectural design process, leading to a 
strong architectural identity.

The above points of the discussion should not be mistaken for a call to architec-
tural conservatism for the sake of sustainability but rather as instigation for a radical 
rethink, re-examination, reappropriation and ultimately reform of what is actually 
already in our grasp.
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Chapter 13
Towards a Sustainable Refurbishment 
of the Hellenic Residential Building Stock

Elena G. Dascalaki, Constantinos A. Balaras, Kalliopi G. Droutsa, 
Simon Kontoyiannidis, and George Livanas

13.1  �Introduction

The buildings sector in the European Union (EU-28) uses ~42% of the total final 
energy consumption or 442 million tonnes of oil equivalent (Mtoe), according to the 
latest officially reported data for 2017 [1]. High-energy performance buildings have 
been among the priorities of several EU policies and are now part of the Clean 
Energy for all Europeans package [2] that aims to decarbonise the EU economy by 
2050 and to deliver on the EU’s Paris Agreement commitments for reducing green-
house gas (GHG) emissions. The Clean Energy Package reaffirmed the important 
role of buildings in meeting Europe’s 2030 climate and energy targets, expecting to 
reach about −38% savings by 2030 [3].

Since the early 2000s, the main European Directive that supports the efforts for 
improving the energy performance of buildings is the EPBD [4]. National transposi-
tion efforts over the past couple of decades have significantly improved the design 
and construction practices for new buildings and major renovations that comply 
with more stringent energy requirements. The new era for nearly zero energy build-
ings (nZEB) has emerged as of 2019 for new public buildings, and as of 2021, it will 
become standard practice for all new buildings.

While it is imperative that new buildings have an improved energy performance, 
they will have a limited impact on the energy balance of the building stock, since the 
annual rate of new building construction ranges from only 1.2% down to 0.4% in 
some countries [5]. Apparently, it is the millions of existing, high-energy-consuming 
and poorly performing buildings that need to gain attention and implement effective 
renovation measures. Currently, annual renovation rates range from 1.6% down to 
0.6% [5]. Building energy renovations also provide direct benefits for building 
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occupants from lower energy operating costs, better indoor environmental quality 
(IEQ) and well-being, among others.

With the prevailing new construction, renovation or demolition rates, it is esti-
mated that about 70% of the building stock in 2050 already exists today [6]. Taking 
this into account, EPBD [4] mandates that member states develop realistic road-
maps to encourage long-term renovations of existing buildings to nZEB levels. 
These efforts should select and support the implementation of specific measures 
that will help reach the national 2030 targets and in the long-term aim at a highly 
efficient and decarbonised building stock by 2050. National renovation strategies 
are now mandated from all EU member states to consider the building stock and 
define suitable action plans. This obligation was actually transferred from the 
Energy Efficiency Directive (2012/27/EU) to the EPBD recast in 2018 [4], integrat-
ing the national building renovation strategies into the national energy and climate 
plans (NECP).

As illustrated in Fig. 13.1, the total final energy consumption has increased from 
1995 to 2017 by 3.5% (i.e. from 1024.1 Mtoe to 1060.0 Mtoe [1]). On the other 
hand, the primary energy use has slightly decreased by −0.4% (i.e. from 1567.4 
Mtoe in 1995 to 1561.6 Mtoe in 2017 [1]). The most notable downward trend was 
observed during the period of 2005–2014 as a result of the financial and economic 
crisis that changed the dynamics and growth rates of the different economic sectors 
[7]. Looking closer to the past 4 years, there is a continuous increase of final energy 
use since 2014. Despite the fact that the final energy use in 2017 still remained 
slightly under the 2020 target (i.e. 1086 Mtoe), there are concerns that it may not be 
possible to finally meet this target. On the other hand, the primary energy use of 
1562 Mtoe in 2017 already exceeded the 2020 primary energy target (i.e. 1483 
Mtoe). These trends have motivated the adoption of more aggressive EU targets for 
2030 that were recently announced for an improvement in energy efficiency of at 
least 32.5% (compared to the 2007 baseline), an impressive reduction of 40% in 

Fig. 13.1  Annual energy use in the European Union (EU-28). The dotted lines represent a linear 
trajectory between the 2005 actual energy use and the 2020 targets. (Data source: updated energy 
statistical country datasheets for 2017 [1])
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GHG emissions compared to 1990 levels and a 32% share of renewables in 
energy use.

The buildings sector experienced an increase of the final energy use by 10.3% 
during the 1995–2017 period, from 400.7 Mtoe in 1995 to 442.0 Mtoe in 2017. 
Although new buildings are more energy efficient, it is evident that there is little 
progress in renovating and improving the energy performance of the existing build-
ing stock. It is evident that with the current trends, it is necessary to encourage more 
aggressive renovation rates to meet the new 2030 targets that translate into final 
energy consumption of 956 Mtoe and/or primary energy consumption of 1273 
Mtoe. The new draft NECPs for the next decade that have been reviewed by the 
European Commission [8] reveal that the role of European buildings should be 
strengthened to reach the targets for energy efficiency and renewables [9].

The residential sector represents 27.2% of the total final energy or 288.0 Mtoe 
(Fig.  13.1) in 2017 [1]. Residential buildings exhibited an increase of the final 
energy use by 0.9% during the 1995–2017 period (Fig. 13.1). Residential buildings 
dominate the building stock with over 221 million permanently occupied private 
dwellings in 2017 [10], which represent ~73% of the 27 billion m2 total building 
floor area, and they are projected to reach ~241 million by 2030 [10].

Over two-thirds of the European residential buildings were constructed before 
the 1980s (www.entranze.eu) and the widespread adoption of energy building regu-
lations. As a result, the majority of the existing buildings do not meet today’s high 
energy standards for the envelope thermal protection or the systems. Figure 13.2 
illustrates the final energy use in European residential buildings. As expected, the 
member states with the largest population rank on the top with the highest energy 
use. Germany stands out at 56.5 Mtoe, followed by the closely grouped triad of 

Fig. 13.2  Final energy use (Mtoe) in European residential buildings plotted against the corre-
sponding ratio to the total energy use (%). The bubble size corresponds to the total final energy use 
in each member state, with the exception for the EU-28 that is purposely not to scale for illustration 
purposes. The doughnut charts summarise the final energy consumption by sector in Greece (left) 
and the EU-28 (right). (Data source: updated energy statistical country datasheets for 2017 [1])
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France at 40.6 Mtoe, United Kingdom at 37.1 Mtoe and Italy at 32.9 Mtoe. On the 
other hand, the impact of residential buildings on the total final energy balance 
ranges from as low as 14.4% in Luxembourg up to 35.1% in Croatia and 35.0% in 
Hungary. The most important end uses in European dwellings are space heating 
(64.1%) and domestic hot water (DHW) (14.8%), representing 78.9% of the final 
energy consumed by households [11]. The most commonly used energy carriers are 
natural gas (36.0%) and electricity (24.1%).

This work focuses on residential buildings in Greece. It exploits the Hellenic 
residential building stock model [12] to assess various energy conservation mea-
sures in space heating and DHW that constitute the main end uses and evaluate the 
energy use and savings towards 2030. The following sections outline the main char-
acteristics of the model and the calculation approach. New adaptation factors have 
been derived and used to obtain more realistic estimates. The results section then 
compares the model predictions against the officially reported data for 2012–2017 
final energy use, demonstrating that the model can realistically capture the actual 
trends. The building stock model is then used to evaluate the evolution of the energy 
use and savings resulting from different renovation scenarios towards meeting the 
2030 targets.

13.2  �Hellenic Residential Buildings

In Greece, residential buildings account for 27.5% of the country’s total final energy 
use or 4.41 Mtoe (Fig. 13.3) in 2017 [1]. During the 2013–2017 period, the final 
energy use increased by 17.3% following a significant drop during the preceding 
years that marked the recession period. The exclusive use residential buildings are 
∼2.99 million or ~79% of the building stock [13], and there are ~6.4 million 

Fig. 13.3  Annual energy use in Greece. The dotted lines represent a linear trajectory between the 
2005 actual energy use and the 2020 targets. (Data source: updated energy statistical country data-
sheets for 2017 [1])
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dwellings with a gross floor area of 480·106 m2. The dominant building types are 
single-family houses (SFH), i.e. low-rise buildings with one or two floors, which 
represent over 70% of the building stock. The remaining are multifamily houses 
(MFH), i.e. high-rise apartment buildings with several building units. About 55% of 
the total dwellings are located in SFH and the rest in apartment buildings (MFH). 
The detailed characteristics of the Hellenic residential buildings are elaborated 
in [12].

The majority of the Hellenic buildings are not thermally insulated, since ~60% 
were built before 1980. This is the first vintage period that marks the year when the 
first national regulation for building thermal protection (RBTP) was introduced in 
Greece. This means that the majority of the existing buildings may need, for exam-
ple, the addition of thermal insulation and the replacement of windows and/or 
HVAC systems. The requirements for new buildings and major renovations are 
specified in the national regulation known as KENAK [14], which transposed EPBD 
in Greece since 2010. Following the national cost optimal assessment, KENAK was 
revised in 2017 with more stringent requirements (e.g. lower U-values, higher 
equipment efficiency or performance).

The most important end uses are space heating (56.2%) and DHW (13.5%) [11]. 
For space heating, the most common fuel is heating oil (47.9%), while for DHW the 
dominant energy carriers include electricity (45.3%) and renewables with solar 
thermal collectors (44.6%).

The national 2020 target for the final energy use has been set at 18.4 Mtoe for 
2020, which is probably going to be reached (Fig. 13.3), since the final energy use 
in 2020 is not expected to be more than 17.3 Mtoe [8]. This may very well be part 
of the aftermath from the recent economic crisis and recession in Greece that has 
impacted all sectors resulting in reduced activities and energy use. In addition to 
several other socio-economic impacts, energy poverty has emerged as a major issue 
in Greece. In 2016, the EU Energy Poverty Observatory ranked Greece in the third 
place among all European member states, with a staggering ~30% of the population 
declaring unable to cover the energy costs for keeping comfortable conditions inside 
their dwelling, compared to the European average of 11% (https://www.energypov-
erty.eu/indicators-data).

The previous national energy efficiency plans targeted cumulative energy sav-
ings of 3.33 Mtoe in the 2014–2020 period, but the target of renovating the building 
sector was delayed and will be considered following 2020 [8]. For this reason, it is 
necessary to set more ambitious measures and policies for reaching the 2030 targets 
[8]. Accordingly, the proposed national energy targets for the 2021–2030 period are 
set for the final energy at 18.1 Mtoe and/or for the primary energy use at 25 Mtoe 
(Fig. 13.3). By 2030, the cumulative energy savings are estimated at 7 Mtoe [8]. The 
key priorities of the proposed NECP include specific actions for the renovation of 
residential buildings, with a priority on economically vulnerable households for 
combating energy poverty. The various measures include some that have proven 
successful in terms of their effectiveness and public acceptance, e.g. installing natu-
ral gas boilers in place of oil-fired units, the mandatory installation of solar thermal 
systems, the exploitation of energy efficiency obligation schemes, energy 
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communities, etc. The plan foresees an increase of the renovation rate to 1% per 
year [8]. However, the NECP may be insufficiently ambitious and may have to be 
reconsidered and account for more measures with higher stringency.

13.2.1  �Building Stock Model (BSM)

Building stock modelling is used to monitor the current state and project the future 
evolution of energy use and potential energy savings in the built environment. In the 
present study, a bottom-up building stock model (BSM) is used following the meth-
odological structure of the European TABULA residential building typologies that 
have been developed for 20 European countries (http://episcope.eu/building-typol-
ogy/country). Each typology consists of archetypal buildings that are defined based 
on the analysis of detailed statistical data from the existing buildings. This is a com-
mon approach for handling the heterogeneity and the variations encountered in real 
buildings. The typologies are then coupled with census and statistical data that 
exhibit similar characteristics to set up and populate a building stock model. The 
aggregated energy use is calculated for the selected representative buildings, and the 
results are extrapolated to the corresponding building stock. During the model 
development, the results are validated against the officially available data for a par-
ticular reference year.

The Hellenic residential building typology consists of 24 building types [15]. 
The classification is based on three characteristics:

	(a)	 Building size that corresponds to the two categories of residential buildings, 
namely, SFH and MFH.

	(b)	 Year of building construction that corresponds to the different age bands that 
mark representative construction practices in compliance with the national reg-
ulation in force. In Greece, the pre-1980 period corresponds to “old” buildings 
that have been built before the introduction of the first national regulation 
(RBTP) and considered without thermal insulation; the 1981–2010 period cor-
responds to thermally insulated buildings in compliance with RBTP; finally, the 
post-2011 period corresponds to buildings that have been constructed according 
to the requirements of the new national regulation KENAK [14].

	(c)	 Climate zone that relates to the different location of buildings and the distribu-
tion of the building stock around the country. In Greece, four national climate 
zones are defined by the national regulation in KENAK [14]. They range from 
climate zone A in the south that mainly includes the Hellenic islands and the 
southern areas of the mainland with mild conditions (heating degree days aver-
aging 858 HDD) to the northern areas of the mainland with cold conditions 
(averaging 2260 HDD). The different climate zones are also used to account for 
the availability of different energy carriers and heat supply systems that are 
available and may be considered during the scenario analysis. For example, in 
Greece, the central natural gas supply network is only available in the mainland. 
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Accordingly, replacing oil-fired boilers with natural gas boilers are considered 
in climate zones B and C. Similarly, district heating is only available in the 
northern parts of the country and may be considered in climate zone D.

The Hellenic BSM uses “typical” buildings that represent the building stock in each 
of the 24 classes. The geometry of a “typical” building reflects the characteristics of 
an existing example building. However, the envelope construction and the technical 
characteristics of the systems are calculated as weighted averages of their corre-
sponding data derived for the building stock. The BSM includes the 24 building 
types (i.e. a pre-1980 SFH in Zone C) coupled with different combinations of space 
heating and DHW generation systems (e.g. a central oil-fired boiler and electric 
DHW, or local heat pumps and solar collectors for DHW). The BSM then considers 
different renovations that improve the building envelope characteristics and the sys-
tem performance. A detailed elaboration of the Hellenic BSM is available in [12].

The BSM is setup using the latest available data from the 2010 Census, comple-
mented with more detailed information derived from the analysis of raw data from 
a national survey on the characteristics of the building envelopes and systems in 
Hellenic households [16]. To complete the BSM, eight new building types were 
defined that correspond to the post-2011 construction period, i.e. new SFH and 
MFH for the four climate zones. New buildings comply with the requirements of the 
national regulation up to 2020, and thereafter they are constructed with more strin-
gent standards that resemble the concept and characteristics of the nearly zero 
energy buildings. A detailed elaboration of the Hellenic residential building typol-
ogy is available in [http://www.episcope.eu/building-typology/country/gr/].

13.2.2  �Calculations

The overall calculation approach includes two main stages [12]. First, the annual 
energy performance of a typical building is calculated using the official national 
calculation engine (TEE-KENAK), following the European standards and a quasi-
steady-state monthly method for estimating the building’s energy demand. The 
national technical guidelines specify the average weather data that are used as input 
for the calculations, along with other operational assumptions. For example, the 
heating system operates on a continuous basis for 18 h per day, throughout the heat-
ing season depending on the climate zone, with fixed indoor conditions (e.g. indoor 
temperature at 20 °C). The calculations are repeated on an annual basis for all build-
ing types, towards 2030.

Usually, calculation results deviate from the actual operational energy use, with 
significant over- or underestimates [17, 18]. This is only to be expected since there 
are differences in the local climatic conditions, the unique building envelope and 
system operational characteristics, the prevailing IEQ conditions, the occupant 
behaviour and the real operational periods, among others, that deviate from the 
assumptions. Although there are standardized methods that can be used to calibrate 

13  Towards a Sustainable Refurbishment of the Hellenic Residential Building Stock

http://www.episcope.eu/building-typology/country/gr/


206

simulation results to match actual energy consumption with very high accuracy, this 
can only be handled on a building basis. Considering the building diversities when 
dealing with building stocks on a regional and national basis, one needs to consider 
an alternative and easier process and facilitate the need for closing the gap of calcu-
lated and actual energy use.

Accordingly, the second calculation step is to adapt the predicted heating energy 
consumption from TEE-KENAK using empirical factors in order to make more 
realistic estimates of the actual energy use, which are then projected to the national 
building stock [12]. This is accomplished by adapting the calculated values from 
TEE-KENAK using empirical factors that are derived from the energy performance 
certificates (EPC) or collected from simple behavioural occupant surveys [19]. In 
this work, the set of adaptation factors have been updated with the new data pre-
sented next.

13.2.2.1  �Adaptation Factors from EPCs

As of 2011, energy performance certificates have been issued in Greece in compli-
ance with EPBD.  Progressively they provide valuable information about the 
Hellenic building stock. Among other information, the Hellenic EPCs include the 
calculated primary and final energy use [14]. As an option, a small percentage of the 
EPCs (~3.5%) include the actual energy use (e.g. electricity and other fuels) for the 
operation of the buildings. This information is voluntarily provided by the building 
owner, processed and entered in the EPC by the building inspector, if available. 
When this data is available, they offer a unique opportunity to compare the calcu-
lated and actual energy use in order to derive empirical adaptation factors, which are 
defined as the ratio of the specific actual (operational) energy use to the normative 
calculated (asset) final energy consumption [19]. These factors can then be analysed 
and grouped for the different building types and used as multiplication factors to 
adapt the model predictions.

To increase confidence on the available operational data, in this work the analysis 
is performed using EPCs issued for whole buildings. A total of 1899 cleaned-data 
EPCs from the Hellenic EPCs repository (buildingcert), which have been issued 
from January 2011 to the end of 2018, were processed, and the results were then 
organized in the 24 building types. Currently, the only missing building type from 
the available EPC database with actual energy use is for whole MFH buildings for 
the most recent constructions that correspond to the post-2011 period. At this stage, 
the focus of the analysis is on the energy use for space heating and DHW. The nor-
malized energy use per heated floor area of the buildings, i.e. the energy use inten-
sity (EUI), is illustrated in Fig. 13.4 for 1734 SFH and 165 MFH whole buildings.

As one would expect, there is a notable data scatter with a coefficient of determi-
nation of 17.5% for SFH and 36.2% for MFH. This may be due to the building 
construction and operational characteristics, the location, the occupants’ control 
over the actual operating periods of the heating system and preferred indoor condi-
tions, etc. Altogether, actual operating conditions of the buildings will deviate from 
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the default values used in the calculations. For SFH, the average adaptation factor is 
0.576, which means that the actual energy use is 42.4% lower than the calculated 
value. For MFH, the average adaptation factor is 0.659, i.e. 34.1% lower actual 
energy use than calculated. The result when the calculated EUIs are higher than the 
actual energy use is usually referred to as the “prebound” effect. This is usually 
expected for buildings with a poor energy performance that corresponds to a calcu-
lated high EUI, as in the case of old buildings that are not thermally insulated and/
or have low efficiency systems. According to the literature, deviations may range 
from 30% to 47% [20–23]. On the other hand, for high performance buildings that 
correspond to a calculated low EUI, it is common to observe actual energy use that 
exceeds the calculated value. This is usually referred to as the “rebound” effect. In 
this case, the deviations for residential space heating that have been published in the 
literature range from 36% to 51% [23].

13.2.2.2  �Adaptation Factors from Field Surveys

Building occupants can usually alter their behaviour and control how the heating 
system operates with a direct impact on the actual energy use of buildings [24]. In 
other words, occupants can influence their dwelling’s energy performance towards 
higher or lower consumption. Their actions may be intentional, for example, adjust-
ing the indoor temperature to secure the desirable indoor comfort conditions, turn-
ing on/off the operation of the heating system according to their actual occupancy 
patterns. They may also involve unintentional actions as a result of other externali-
ties and influencing factors. For example, when energy prices are on the rise, 

Fig. 13.4  Scatter plots for the calculated and actual space heating and DHW final energy use 
intensity (kWh/m2) from 1734 SFH (left) and 165 MFH (right) whole buildings in Greece. The 
solid lines represent the resulting linear regressions. The 45-degree dashed lines (i.e. x = y) identify 
the (ideal) cases when the calculated and actual energy consumption values are in perfect 
agreement
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occupants tend to reduce the use of the heating cost in order to reduce utilities and 
the operational cost of the heating system, even if they have to sacrifice thermal 
comfort conditions or at the extreme cases as a result of fuel poverty.

As previously discussed, the calculations in the BSM are performed for practi-
cally continuous space heating (i.e. 18 h per day) for securing a comfortable indoor 
environment at 20 °C, covering the entire floor area of a dwelling. However, actual 
operating conditions may be different. For example, according to the national sur-
vey on energy consumption in Hellenic households [16], only 11% of SFH and 8% 
of MFH operate heating continuously, while the vast majority (i.e. 71% of SFH and 
82% of MFH) use heating for less than 8 h per day. The same national survey also 
reveals that only a very small percentage heat their entire dwelling, only 7% of SFH 
and 17% of MFH. The impacts from the emerging issue of fuel poverty in Greece 
as a result of the recent economic crisis and recession is also reflected by a notable 
trend that has forced 31% of the dwellings to turn off their central heating. 
Unfortunately, it is not possible to use this valuable data in the BSM since the 
national survey does not collect the necessary supplementary information to relate 
the responses and disaggregate the data to the building types.

In an effort to capture similar information, a simple electronic survey of house-
holds was initiated a few years ago, focusing on how occupants actually operate the 
heating systems in their dwelling [19]. The currently available data comes from 278 
dwellings (of which 30% SFH and 70% MFH) for practically all 24 building types. 
Although this campaign does not claim to have reached a statistically representative 
sample, it provides some initial insight that appears to be in line with the national 
surveys. The results summarized in Fig. 13.5 point to some notable differentiations 
of the actual operating hours of heating systems, the heated floor area and the indoor 
temperature settings, which reveal significant deviations from the assumed operat-
ing conditions that are used for the calculations.

The available field data from the simple electronic survey of households are in 
general agreement with the more detailed national survey, providing confidence in 
the overall approach and the representative results. Accordingly, the majority of the 
households use their space heating system for 3–4 h in SFH and 5–6 h in MFH 
(Fig. 13.5a), while only about 14% in SFH and 9% in MFH use the systems for 
more than 16 h that resemble the assumed continuous heating used in the calcula-
tions. About 16% of SFH and 26% of MFH have turned off their central heating 
system since some of the residents cannot afford it. The isolation of some areas or 
turning off the heating systems in spaces when they are not being used is a popular 
and practical (re)action of occupants for reducing the energy demand. As illustrated 
in Fig. 13.5b, less than half heat the entire floor area of their dwelling (i.e. 38% of 
SFH and 44% of MFH), while the majority isolate some spaces. Finally, the average 
daytime indoor temperature set point that corresponds to the assumed 20 °C in the 
calculations is practised by only 25% of the occupants in SFH and 19% in MFH 
(Fig. 13.5c), while 55% in SFH and 64% in MFH maintain a lower set point tem-
perature. The overall negative impact of these actions is reflected on the perceived 
thermal comfort conditions, with only half reporting that they feel comfortable in 
their dwellings (i.e. 52% of SFH and 45% of MFH).
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The derived adaptation factors that address the deviations from the assumed stan-
dard conditions used in the calculations for SFH are 0.414 for the heating operating 
hours, 0.859 for the reduced heated floor areas and 0.885 for the indoor temperature. 
The corresponding values for MFH are 0.473, 0.884 and 0.845. Similar factors are 
derived for the different typologies and used as multipliers for correcting the calcu-
lated values to obtain more realistic estimates of the actual energy use.

13.3  �Modelling the Hellenic Building Stock: A Realistic 
Outlook

In this work, the Hellenic BSM was used with the two new sets of adaptation factors 
in an effort to handle the vast diversities of specific real building characteristics and 
user interactions for dealing with the national building stock. The new factors from 
the EPCs (f1) were organized in the 24 building types. The results reflect the general 
trend of actual energy use. The new factors presented in this work are based on the 
EPCs that have been issued for whole buildings and do not include building units 
(i.e. EPCs for apartments in MFH that have been collectively used in previous works 
[12, 19]). This approach provides better confidence and improves the data quality on 
the actual energy use. The new factors from the field surveys of homeowners (f2) 
provide a conservative estimate of actual energy use in existing dwellings. Since the 

Fig. 13.5  Actual operating characteristics in SFH and MFH buildings from field surveys. The 
radar graphs illustrate the percentage of (a) daily operating hours of space heating systems; (b) 
non-heated (isolated) floor areas of dwellings; (c) and indoor day and night set point temperatures. 
The grey shaded area identifies the assumed values used in the calculations
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surveys were conducted over the past few years, they reflect popular behavioural 
reactions to the recent economic crisis and recession in Greece. The additional data 
that has been collected and incorporated in the field survey database does not indi-
cate any significant deviations from what was used in previous works [12, 19]. This 
gives confidence that these simple surveys capture current occupant behavioural 
trends and uses of heating systems and can be used to monitor future trends and 
adapt the approach accordingly.

Table 13.1  Average empirical adaptation factors, for different building types (update: Hellenic 
EPC registry, buildingcert, 2018)

Construction period Climate zone
Single-family houses 
(SFH)

Multifamily houses 
(MFH)

f1

(N)
f2

(N)
f1

(N)
f2

(N)

Pre-1980 0.524
(1074)

0.275
(29)

0.571
(75)

0.277
(65)

A 0.568
(71)

0.824
(9)

B 0.552
(495)

0.514
(36)

C 0.520
(363)

0.562
(23)

D 0.418
(145)

0.567
(7)

1981–2010 0.660
(654)

0.334
(55)

0.733
(90)

0.291
(129)

A 0.750
(92)

0.666
(17)

B 0.641
(227)

0.758
(53)

C 0.655
(240)

0.737
(17)

D 0.633
(95)

0.643
(3)

Post-2011 0.777
(6)

0.62a

A 0.754
(3)

0.71a

B 1.036
(1)

0.61a

C 0.329
(1)

0.35a

D 0.79a

All data 0. 576 0.315 0.646 0.299

The corresponding data population (N) is included in parentheses
aIn the absence of EPCs that include actual energy consumption for whole buildings, the values 
reported in [19] were adopted. As a result, the f1 for MFH is different from the value shown in 
Fig. 13.4.
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Table 13.1 summarizes the updated factors for adapting the deviations of actual 
from calculated final energy use for space heating and DHW, which have been used 
in the BSM during this study. The number of currently available EPCs for whole 
buildings that include actual energy use is not yet sufficient for some building types 
(e.g. recent constructions), and the derived results for (f1) are indicative. The vision 
is that as the EPC database is populated with new certificates that include the valu-
able voluntary information on the actual energy use of the dwellings, it will be pos-
sible to easily update the corresponding empirical adaptation factors. This is actually 
demonstrated in this work, using the enriched EPC database from the past 8 years. 
On the other hand, the available data from the field surveys have not yet reached a 
sufficient population to cover all building types in some climate zones (e.g. there is 
no available data for pre-1980 buildings in zone D). Accordingly, the representative 
results for (f2) have been derived and presented for only two tiers, i.e. pre- and 
post-1980 construction periods. Empty cells in Table 13.1 denote missing informa-
tion for some specific building types in the available database. In all cases, the popu-
lation of the available data is also included in order to flag cases that the available 
number of data may be limited.

The updated Hellenic BSM was used to assess the evolution of the Hellenic resi-
dential building stock for the period 2012 to 2030. The first step was to validate the 
updated BSM for a base year that was set for 2012, which defines the current state 
of the model that was initially developed for, and compare with the available official 
data. The year of 2012 was the most recent period with available data for all relevant 
parameters (e.g. for the existing building stock, officially reported energy use from 
different sectors) at the time of the initial model development. In this work, the vali-
dation process considered the officially reported data for the energy use that has 
been released since 2013 including the most recently published data for 2017.

13.3.1  �Validation

The BSM model uses constant annual rates over the entire period of interest for the 
building renovation rates, new building construction activity and demolitions. In the 
absence of officially reported data on annual rates for specific renovation works, the 
corresponding values were defined considering the most popular measures in the 
Hellenic market and the occupants’ priorities regarding building renovations from 
the field surveys. Accordingly, the annual renovation rates for building envelope 
elements (i.e. windows/walls/floors/roofs) are defined and attributed different val-
ues for the three building construction periods (i.e. pre-1980, 1981–2010 and 
post-2011) to represent current and future trends. Specifically, the annual renova-
tion rate for the building envelope is set at 0.56%. Depending on the building type, 
different rates are used for specific building elements. For example, the popular 
replacement of windows (using insulated frames with double glazing) is set at an 
annual rate of 1.0%, since this action is easier to implement and beyond thermal 
protection it offers additional benefits by improving acoustical comfort, aesthetics, 
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etc. For the technical installations and systems of each building type, the annual 
renovation rate is also set at 0.56%. The measures include different actions that may 
keep the same energy carrier, for example, replacing an old boiler with a new more 
efficient one. In other cases, they may also involve systems that switch to a different 
energy carrier, e.g. natural gas (replacing an oil-fired boiler with a new gas-fired 
one) or electricity (replacing the heat generation system with a heat pump). In all 
cases, the renovations upgrade the building envelope elements and technical sys-
tems to higher performance levels that comply with the national regulation 
(KENAK) requirements for existing buildings. For DHW, an annual renovation rate 
of 1.0% is considered for installing solar thermal collectors to cover 60% of the hot 
water demand, in compliance with the national regulation. Finally, the average 
annual construction rate was set at 0.5%, and the demolition rate was set to 0.17% 
per year, based on an analysis of the national building construction activity data 
over the past decade.

Figure 13.6 illustrates the calculated evolution of the final energy consumption 
for space heating and DHW in the Hellenic residential sector for the period 
2012–2020. The model results are illustrated using three sets of adaptation factors, 
namely, f1 and f2 (Table 13.1) and their arithmetic average denoted as (f1,2). The 
predictions corrected with the (f1) adaptation factors represent the general trend 
(upper bound) of actual energy use. The results using (f2) represent a more conser-
vative estimate (lower bound) since these factors reflect the behavioural changes of 
homeowners and trends of residential energy use in recent years during the recent 
economic crisis and recession in Greece.

The actual energy use for space heating and DHW was derived from the national 
energy balance sheets with the latest official EUROSTAT national data for the years 

Fig. 13.6  Calculated and actual final energy use for space heating and DHW in the Hellenic resi-
dential sector for the period 2012–2020. The rectangles denote the officially reported values 
extracted from EUROSTAT. The bullet denotes the allocated national target for the year 2020
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2012–2017 included in the 2019 edition [1]. As shown in Fig. 13.6, the values range 
from ~3.4 Mtoe in 2012 to ~2.7 Mtoe in 2017. Despite the significant annual vari-
ability of the actual energy use during the 2012–2017 period, the values fall within 
the band defined by the BSM results. Actually, they are best bracketed by the more 
conservative estimates shown by the Trend(f2) and the average Trend(f1,2). This is 
anticipated since this historic data is from the economic crisis and recession period 
that has influenced the energy use in residential buildings. The overall results give 
confidence to the general approach and that the BSM provides results with reason-
able accuracy and manages to capture the actual energy use trends for the period 
2012–2017.

13.3.2  �Renovation Scenarios Towards 2030

Using the information from the national energy efficiency action plan for the period 
2014–2020 [25], the accumulated final energy savings attributed to the residential 
sector were estimated at 1932 ktoe, with annual savings in 2020 at 523 ktoe. In the 
draft NECP, the proposed national target for 2030 for all sectors is 18.1 Mtoe or 
1.6% lower than the 2020 target [8]. Given that the plan does not allocate a specific 
target for the residential sector, the same total trend was adopted for deriving the 
2030 target. Following this approach, the national proposed targets (Target,p) for 
space heating and DHW in the residential sector are set at 3.150 Mtoe for 2020 and 
3.098 Mtoe for 2030. A more ambitious target (Target,a) set at 2.169 Mtoe is also 
considered to represent the case that a more aggressive energy action plan is required 
from Greece in order to collectively reach the Union’s 2030 energy efficiency tar-
gets [8].

The first scenario considered towards 2030 was the business as usual (“Trend” 
scenario). The results are illustrated in Fig. 13.7. For this scenario, the envelope and 
system renovation trends and rates are the same with the ones for the 2012 building 
stock and the upgrades of existing buildings comply with the KENAK require-
ments. The Trend scenario will reach an average envelope renovation of ~10% of 
the total building stock and ~11% for the systems.

Again, the BSM predictions are adapted using the three sets of adaptation fac-
tors. It is easily deduced that the targets for 2020 and 2030 will be reached if the 
living conditions in Greece continue with similar occupant behavioural trends and 
limited use of the heating systems in their dwellings, accounted for by the conserva-
tive f2 and the average (f1,2) factors. However, this will be mainly the result of the 
homeowners’ inability to afford proper indoor conditions in their dwellings in an 
effort to reduce their energy operating costs.

On the other hand, it is reasonable to expect that eventually the Hellenic econ-
omy will recover and Greece will emerge from recession. As a result, it is realistic 
to foresee a certain rebound in actual energy use in the residential sector. For exam-
ple, building occupants may strive again to improve the indoor conditions in their 
dwellings by extending the daily operating hours and use their heating systems for 
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their entire dwelling. In this case, the energy use trends may resemble the BSM 
results described by the Trend(f1) line and approach the upper bound. Under these 
conditions, reaching the proposed 2030 target will mandate more aggressive sce-
narios and the implementation of a wider variety of possible measures on the enve-
lope and systems and more intensive renovation rates.

The second scenario considered a more aggressive renovation scheme combined 
with the Trend (combine scenario, CS) for achieving the proposed and ambitious 
targets set for 2030. The results are illustrated in Fig. 13.8, along with the corre-
sponding results from the previously elaborated Trend scenarios. For this scenario, 
the envelope is again upgraded to comply with the KENAK requirements, but this 
time with a high annual rate of 3.6% for the different elements. The renovation rate 
for the systems is set at 1.13%. Priority is given to measures that the system upgrades 
not only replace old systems but also switch to different energy carriers, for exam-
ple, promoting the use of natural gas where it is available (e.g. climate zones B and 
C) and the use of electricity (e.g. with heat pumps) in zone A. Finally, more empha-
sis is given on the use of renewables in this scenario by considering a higher pene-
tration of solar thermal systems for DHW and space heating with combi-systems. 
For DHW, the use of solar collectors is considered at an annual penetration rate of 
10%. Solar space heating is considered in all system renovations with an annual 
penetration rate of 1.13%. For illustration purposes, the implementation of the com-
bined scenario starts in 2021.

Looking into the future under a possible rebound of energy use in the residential 
sector after 2020, the evolution of the final energy use will be bracketed by the solid 

Fig. 13.7  Trend scenario results with the evolution of the calculated energy use for space heating 
and DHW in the Hellenic residential sector for the period 2012–2030. The bullet denotes the pro-
posed national target (Target,p), derived from [8]; the triangle denotes a more ambitious target 
(Target,a)
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lines corresponding to the average (f1,2 factors) and the upper bound (f1 factors) 
model results. With the implementation of the aggressive scenario after 2020, it is 
possible to reach the proposed 2030 target (Target,p). In the event that the final 
energy use under a possible rebound remains close to the average (f1,2 factors), the 
adoption of an aggressive scenario, similar to the one described in this exercise, will 
make it possible to achieve the more ambitious target.

13.4  �Conclusions

Improving the energy performance of existing buildings is instrumental for support-
ing the EU policies and strategies to meet the 2030 energy efficiency targets. The 
residential buildings sector represents an important segment of these efforts since it 
uses about a third of the total final energy and is responsible for one fifth of the total 
CO2 emissions. Among the different end uses of residential buildings, the energy for 
space heating and DHW represents 70–80% of the total final energy use in Greece 
and the EU-28, respectively.

The work assessed current practices and the feasibility of reducing energy use 
for space heating and DHW in Greece, using a reproducible and flexible bottom-up 
model of the Hellenic residential building stock. For the first time since the initial 
development of the Hellenic BSM for the base year 2012, the overall approach was 
updated with recently derived adaptation factors that are used to more realistically 

Fig. 13.8  Combined scenario (CS) results with the evolution of the calculated energy use for 
space heating and DHW in the Hellenic residential sector for the period 2012–2030. The bullet 
denotes the proposed national targets (Target,p), derived from [8]; the triangle denotes a more 
ambitious target (Target,a)
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predict the evolution of the actual energy use towards 2030. The model predictions 
were compared against officially reported values of the actual final energy use for 
the period 2012–2017 and confirmed that they bracket the actual annual values. 
Furthermore, this study reaffirmed that the structure of the model permits easy to 
implement updates, giving confidence to the overall approach. To maintain or even 
improve the reliability of the model, one should use, if available, up-to-date input 
data on the actual renovation trends that are implemented to the various building 
components.

The updated BSM was used to assess two scenarios, one for a business-as-usual 
and another more aggressive scenario. Findings show that with the current trends 
and low energy use as a result of the recent national economic crisis and the poor 
indoor conditions in Hellenic dwellings, it may be possible to actually meet the 
2020 target. However, as the Hellenic economy rebounds, it is anticipated that this 
will lead to higher energy demand in all sectors, including buildings. Policy-makers 
should not relax their efforts in developing and implementing a well-organized ren-
ovation plan, recognizing that this is a time consuming process, with a high finan-
cial burden. Delays in initiating the necessary efforts will require even higher annual 
renovation rates and deeper retrofits. Reaching the 2030 target while securing proper 
indoor conditions will need the right policies for encouraging and facilitating some 
ambitious measures and strong collaboration of the public and private sectors, sup-
ported by innovative financing instruments.

The results from the BSM can be used to inform policy-makers and as a bench-
mark for selecting the most effective energy conservation measures. This is valuable 
information for setting up realistic building renovation plans in order to meet the 
national energy targets allocated to the building sector. Current work focuses on 
extending the BSM to include representative non-residential building types and 
other end uses (e.g. cooling and lighting). The priority is to include the type of 
buildings in the service sector for which the necessary statistical data are readily 
available (e.g. offices and schools) and the ones with high energy use intensities 
(e.g. hotels, hospitals). For the other end uses, the focus is on cooling and lighting, 
especially for non-residential buildings. Although the annual energy use for cooling 
in dwellings currently averages at ~0.3% of the total and ~10% in non-residential 
buildings, space cooling is the fastest growing end use in buildings to combat the 
increasing occurrences of heat wave events, satisfying the increased indoor environ-
mental quality requirements, especially in urban environments. Finally, the ongoing 
work also addresses the embodied energy and carbon emissions for new materials 
and system components used in common renovations for accessing operational 
energy savings as part of the total life cycle energy use of buildings.
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Chapter 14
Design Strategies for Green/Energy-
Efficient Building Design: An Apartment 
Building in the Gaziantep Project

Gülser Çelebi, Mine Yazıcıoğlu, and Mehmet Tunçer

14.1  �Introduction

One of the most important features of the architectural designs of environmentally 
friendly buildings is energy use and efficiency. According to the environmentally 
friendly project, which was supported by the Ministry of Environment and 
Urbanization (achieved in Gaziantep), the main planning objective was adopted to 
design buildings that are applicable to the country’s conditions and needs. While 
starting the planning process, topography, the traditional pattern of the build envi-
ronment, and structural features have been thoroughly evaluated, and the planning 
decisions were created by transferring elements from traditional to contemporary 
planning language. Firstly, the adaptability with the topography was considered, 
and the design decisions were produced with the least intervention. Radically shap-
ing the site is not only expensive, but it also damages the microclimate of the region 
(Fig. 14.1).

In the planning process, design parameters that are also effective in energy con-
servation were defined such as the site selection, organization of the streets, orienta-
tion of the buildings, intervals, etc. By controlling these parameters, the plan is to 
design a district that requires the least active systems and thus minimize the use of 
non-renewable energy resources. This basic approach also shaped the architectural 
design strategies.

Today, energy efficiency for buildings is achieved by systematically reducing the 
demand for heating and cooling. Related to this approach, reducing the energy con-
sumption burden with the most appropriate architectural design and optimizing all 
the energy-consuming systems separately and integrally with the architecture 
should be used as an inevitable method in the designs. According to [1] Hitchcock’s 
(2003) definition, the objective of indicators that determine the performance of the 
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building is the study of revealing in a dynamic and structured format using quantita-
tive definitions. In this context, the building’s energy performance indicators are 
used to determine the building’s performance targets more clearly and quantita-
tively. Documentation of performance data provides “value” throughout the life of 
the building, from the planning phase of the building to the use and operation of it.

14.2  �Energy-Efficient Building Design Decisions

Within the scope of the target mentioned above, energy-efficient building design 
decisions, transferred to the physical environment, focus on the use of “passive 
design”, “active systems”, and “resource conservation and local material use”.

14.2.1  �Passive Design Principles and Strategies

The most effective way to achieve an environmentally friendly building is to use 
passive air conditioning. Passive systems are an arrangement created with building 
elements without using any mechanical and electrical systems. Therefore, in the 
early design phase, it is inevitable to determine the principles based on climatic 
data. The purpose of designing buildings based on natural air conditioning is to 
meet the climatic needs of human beings at the level that requires minimum addi-
tional energy with the help of natural conditions.

Solar radiation, air temperature, air humidity, wind or air movement, and exist-
ing natural events are the parameters determined by the climatic characteristics in 
passive systems [2]. In other words, geographical location, altitude (sea level), 
atmospheric conditions, topography, vegetation, thermal and physical properties of 
open spaces in the built environment, settlement and location, and geometrical 
properties such as form and surface materials of the surroundings determine the 
microclimatic features of the region [3–8]. Within the light of research, the benefit 

Fig. 14.1  Partial section of the buildings and site
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of passive cooling from wind and heating from the sun is preferred as a design deci-
sion. Necessary for deciding upon the passive air conditioning of the design and for 
the simulation of the buildings are firstly, the climatic data of the region, which is 
obtained from the internet [9]. The region is in the southern part of Turkey, which is 
located at the transition point of the Mediterranean and continental climate and is 
influenced by the Mediterranean climate. Generally, the summers are hot and dry, 
and the winters are cold and rainy. Climatically in passive design, the decision prin-
ciples of “natural ventilation and wind control”, “sun control and natural daylight-
ing”, “green roof”, and “envelope design and insulation” are considered as the 
dynamics of design.

14.2.1.1  �Natural Ventilation and Wind Control Principles and Strategies

As is known, natural ventilation in buildings is caused by the “pressure difference” 
through openings. Air flow can provide an appropriate temperature level and remove 
contaminants from the interiors. In other words, natural ventilation is an environ-
mentally friendly method in which a building can be ventilated without energy. As 
a design strategy, a convective current such as the “warmed air rises” principle is 
used for both air circulation, indoor air quality control, and for passive heating and 
cooling purposes. In summer, simple natural ventilation is possible by allowing the 
wind to enter through low-level openings (windows, canals, etc.) and releasing 
heated air from the openings at the upper level openings. Based on this principle, 
three approaches were adopted to provide summer and winter comfort and strengthen 
ventilation in design: The first one was the chimneys, the second was cross ventila-
tion, and the third was courtyard/atrium designs.

According to the first approach, specially designed chimneys are used for sum-
mer and winter conditions. For summer, it is proposed to cool the interiors by humid 
air with the help of a propeller by spraying water into the chimney (Fig. 14.2). The 
chimneys are also designed to be used as a wind catcher.

Fig. 14.2  (a) Natural ventilation and chimney use for passive energy control in apartment build-
ing: (b) summer (left), (c) winter (right)
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In the second approach, cross ventilation was effectively used to provide sum-
mer and winter comfort and strengthen the ventilation in the buildings (Fig. 14.3a). 
The stairs were placed in the direction of the prevailing wind, and the openings 
(windows and doors) were placed facing each other, the aim being to ventilate and 
cool the apartment buildings in summer (Fig. 14.3b). By closing the openings in 
winter, the sun directly enters the inside of the buildings.

Since the duration of hot weather is longer than cold weather (approximately 
8 months), the principles of the cooling of the buildings were mainly discussed in 
the Gaziantep project. Also, the height of the apartments was decided as 3.40 m like 
traditional houses in order to cool and heat the inner spaces by the circulation of 
heated or cooled air. And additionally, the ceiling was designed with space suitable 
for the installation equipment of cooling and heating and connected to the chimneys 
(Fig. 14.4).

Some of the apartment blocks were designed with upper windows, which are 
called “bird windows”, and are directly related to the traditional houses in Gaziantep 
(Fig. 14.5a, b).

In addition to the above-mentioned approaches; the third approach is based on 
the courtyard design. In hot-dry climatic zones, the courtyard provides spontaneous 
air currents between the building and the courtyard through convectional heat trans-
portation [10–13].

In the Gaziantep project, the courtyard effect is directly related to traditional 
architecture. Water elements were also used in traditional courtyards to ensure the 
moisture balance of the environment. In other words, ponds provide an effective 
solution to keep the humidity moist in summer (Fig. 14.6a–c). The area of the court-
yard surface, height of the building, the dimensions and position of the courtyard 
openings, direction of the wind [14], and the total width of the openings are consid-
ered as variables affecting the quantitative and qualitative characteristics of the 
wind in the courtyard [12]. Within the context of research, the design of the court-
yard openings is designed according to cross ventilation, which is “perpendicular to 

Fig. 14.3  (a) Cross ventilation and cooling design strategy for passive climate control. (b) 
Ventilation at stairs for cooling
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the wind direction” in apartment buildings. In order to ensure indoor air quality and 
wind control in the ventilation of indoor spaces, narrow or wide openings were left 
relative to the prevailing wind, the Venturi event was realized, and the wind speed 
was controlled in the summer and winter seasons.

14.2.1.2  �Sun Control and Natural Daylighting

In the passive solar design, exterior solar control elements (shadings) are effective 
passive solutions in terms of their ability to capture and control solar radiation [15, 
16]. The most significant reason for using a shading device is to prevent the penetra-
tion of direct sunlight and solar radiation into the building in the cooling period and 
to permit the wanted solar gains in the heating period [17, 18]. The primary way of 
utilizing the sun for passive heating is to open the shading devices and use the win-
dows as solar collectors. According to this approach, passive heating can be realized 

Fig. 14.4  (a) Hot air circulation and (b) cooling principles at ceiling level

Fig. 14.5  (a) “Bird windows” in a traditional Gaziantep house, (b) contemporary interpretation of 
“bird windows” in the design
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by using the greenhouse effect based on the reaction of the glass towards thermal 
radiation [19]. In addition to shutters (roller and insulated shutters), awnings, blinds 
and curtains, balconies, horizontal eaves, vertical sunshades, and composite ele-
ments (combination of horizontal and vertical elements) were decided for the proj-
ect (Fig. 14.7a, b).

On the other hand, daylighting is the general practice of having vertical windows 
and openings in a wall exposed to incoming solar radiation to receive natural light 
inside the room during the daytime. Vertical-shaped windows and “bird windows” 
allow daylight to enter the interior spaces while controlling the solar radiation 

Fig. 14.6  (a) Courtyard and water element (pool) use between apartment blocks. (b) Courtyard 
design between apartment blocks. (c) Apartment view from courtyard

Fig. 14.7  (a) Roller shutters for sun, rain, and wind control. (b) Balconies used for shading
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(Figs. 14.6 and 14.8). Daylighting is the use of light from the sun and sky to comple-
ment or replace electric light. With proper window shapes, size (window to wall 
ratio), and glazing types, daylight can also significantly reduce the need for artificial 
lighting.

14.2.1.3  �Green Roof

In the design of the buildings, green roofs were used in potential buildings where 
the heat island effect could occur. Thus, there was an attempt to reduce the heat 
island effect, and it was thought to decrease the thermal stress by helping to reduce 
the effect of the temperature changes in the settlement. In addition, green roofs were 
used to protect the roof from ultraviolet rays and mechanical damage (Fig. 14.8a, b).

14.2.1.4  �Envelope Design and Insulation

Regarding energy statistics, the rate of heating energy consumption caused by resi-
dential buildings is almost 30% in Turkey. For this reason, residential buildings have 
an important role in reducing energy needs and greenhouse gas emissions. 
Depending on the building’s energy consumption structure, the thermal perfor-
mance of the building envelope is the main factor affecting energy consumption [2]; 
thus, the thermally insulated walls can reduce the energy consumption of either the 
heating or cooling system [20].

An effective insulation conserves energy and consequently requires less energy 
for space cooling in the summer and less heat to keep the house warm in the winter. 
In traditional buildings, materials with high specific heat such as stone, brick, and 
concrete are included in the structure as thermal mass, and the buildings are kept 
cool in summer and warm in winter. This feature is often used for heat storage in the 
passive design.

Fig. 14.8  (a) A group of apartment blocks designed with green roof. (b) Green roof and chimney
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In terms of controlling the heat transfer in the envelope design of the contempo-
rary buildings, the choice of wall material and coating material, the use of air layers, 
the choice of thermal insulation material, and the design of glass surfaces (transpar-
ent surface ratio) are important factors. As known, heat preservation in the envelope 
is provided by thermal insulation, while the heat storage ability is determined by 
thermal mass. Thermal insulation is used to reduce the heat loss or gain through the 
building envelope (external walls, windows, roofs, foundation, etc.). Thermal insu-
lation creates a barrier between the warm air inside the house and the cold air out-
side and vice versa. The better this barrier is, the less energy the building needs for 
cooling and heating. Therefore, using insulation materials can help to reduce energy 
consumption and increase thermal comfort. Building materials have the capacity of 
heat storage in their structure according to their specific heat values and thicknesses. 
This rule was adopted in the design process. During the material selection, research-
ers stated that there was no single material that combined both heat preservation and 
thermal mass.

Therefore, the material selection and arrangement of the envelope layers were 
determined by taking these two properties into consideration. In other words, the 
layers were designed according to the thermophysical and hygothermic control rule 
of the envelope, and material selection was suggested for the wall construction. The 
materials with the highest thermal resistance were located closest to the cold surface 
of the envelope, and the materials that were high vapour permeability resistant were 
located closest to the hot surface of the envelope.

14.2.2  �Active Solar Systems

In the design, passive cooling, passive heating, wind pressure ventilation principles, 
and passive air conditioning had priority. In the periods when the requirements can-
not be met by the passive systems, it is considered to integrate strategies with vari-
ous additional climatic control systems, and an integrated solution was proposed 
with active systems. Active air conditioning systems are the systems that convert the 
received solar radiation into electricity and heat energy and enable the efficient use 
of solar energy in buildings.

Among renewable energy sources, PVs are the most effective ways to generate 
electricity from the sun, which is the easiest to access, abundant, and clean. To 
receive maximum solar radiation and for the effective use of PV panels, they must 
be directed towards the sun at an angle corresponding to the local latitude. Turkey is 
between 36°–42° north latitude and 26°–45° east longitude. Turkey 36°–42° north 
latitude, 26°–45° is located between east longitude. In the apartment blocks, the PV 
panel stand is positioned so that it faces the sunlight perpendicularly during the day 
and at noon during the summer and winter seasons. The latitude angle of Gaziantep 
is 37°. Thus, the PV stands were positioned at 37° to the south. PV panels are only 
used for lighting and operating the elevators.

G. Çelebi et al.
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In the studies (conducted by the mechanical engineers in the team) carried out 
for the project, it was deemed compatible to meet the hot water requirement of the 
buildings with solar collectors. Solar collectors are used in the heating of water. 
These are systems that operate through the logic of collecting and intensifying the 
radiation emitted from the sun. Solar collectors were also located near the PV pan-
els, in the same direction and angle on the roof of the apartment blocks (Fig. 14.9a–c).

14.2.3  �Resource Conservation and Local Material Use

Buildings consuming huge amounts of energy and natural resources have an impact 
on climate change by affecting the quality of air and water in cities [21]. On the 
other hand, construction is an important sector in a country’s economy and an 
important player in a nation’s energy consumption, natural resources, greenhouse 
effect, and carbon emissions. The three strategies for the resource consumption 
principle are energy conservation, material conservation, and water conservation. 
Each focuses on a particular resource necessary for building construction and oper-
ation [22]. Design decisions on energy efficiency were mentioned above. In this 
section, the design strategies for resource conservation will be considered.

The quality of the source before entry to a building and after exit is different. 
Energy transforms into burnt waste/by-products, construction materials into solid 
wastes, water into grey or sewage water, and consumables into waste or recyclable 
materials. Within this context, it is possible to classify the methods of conserving 
resources with two approaches: One is reducing the non-renewable resources that 
generate input into the building. And the second is reducing environmental pollu-
tion through waste management. In the first method, it is essential to reduce the 
entrance of all non-renewable resources to the building. The second method is to 
reduce environmental pollution by controlling the amount of waste and by using an 
efficient waste management approach. Taking these assumptions into consideration, 
design decisions were made and proposed for other stages of the project.

Fig. 14.9  (a) Schematic presentation of PVs and solar collectors on flat roof. (b) PV panel. (c) 
Vacuum tube solar water heater.
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In the current situation, from the point of the resource conservation, the interac-
tion of the construction materials with the environment is determined by the life 
cycle assessment method (LCA). LCA is a useful technique for assessing and 
improving the environmental performance of a product, process, or activity, consid-
ering all the steps over its life [23]. The LCA method includes strategies for three 
phases: pre-production, production, and post-production. Strategies in these phases 
can lead to design methods to improve the environment-friendly architecture.

In this uncompleted project, a team will continue to work on the proposed build-
ing materials and decide on the appropriate materials. Nevertheless, recommenda-
tions have been made to reduce transportation energy and focus on local sustainable 
resources.

Godwin [24], in his research on traditional buildings, presents a number of tradi-
tional materials and techniques to meet the emerging standards for sustainability 
and energy conservation. He describes how these buildings behave in a way that 
meets sustainable criteria and can be further enhanced to be more sustainable with-
out harming their character. This is an important issue in Anatolia, which has a 
considerable number of traditional and historic buildings, and as such, there is sig-
nificant pressure to reduce carbon emissions. The most important factors affecting 
the building of traditional Gaziantep houses are the climatic adaptation and sur-
rounding resources (such as stone, timber, brick, etc.). It is seen that in the construc-
tion of the houses, the most abundant materials were used (Fig. 14.10a, b). Therefore, 
it has been suggested that these materials with sustainable resources should be used 
as a priority today. However, with the change of construction techniques and the 
development of new technologies, it is impossible to maintain these materials with 
the same technology today. In this context, it is proposed that all the buildings in the 
project should be constructed with environmentally friendly contemporary con-
struction and materials to be procured from the region.

Water is another source that needs to be protected. Water conservation can be 
achieved either by reducing the amount of water entering the building, by reducing 
the amount of waste water, or by means of both methods [26–28]. Waste water from 

Fig. 14.10  (a) Use of local materials as floor covering and (b) stone structure in traditional 
Gaziantep buildings [25]
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buildings includes grey water and black water. Grey water is waste water from 
basins, sinks, baths, and showers, and black water is waste from WCs and urinals. 
Grey water can be cleaned, and this saves 40% of water requirements [28]. Grey 
water is a valuable resource for gardening and growing plants, especially in arid 
areas, and contains much less nitrogen than black water. The treatment of black 
water is more complex. In the project, attempts have been made to develop methods 
to reduce or eliminate the use of drinking water or other surface or groundwater 
resources in WCs and landscape irrigation. A grey water conversion mechanism has 
been proposed for domestic waste water coming from the kitchen, washing machine, 
and bathroom. And suitable installation spaces have been created in the projects. 
Rainwater collection systems have been proposed for watering roofs and balcony 
flowers [29] (Fig. 14.11).

14.3  Conclusion

Not all the studies in the Gaziantep project have been completed yet as was stated 
above. Nevertheless, energy-efficient design strategies which are considered in 
architectural design language have been established. All the buildings in the project 
have been designed considering the local dynamics of the region and scientific stud-
ies. In sustainable, eco-friendly, energy-efficient design, the buildings are intended 
to reflect the spirit of the place, to include the modern city identity, and to be origi-
nal in a contemporary sense.

Fig. 14.11  Proposed rainwater collection system for apartments
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Chapter 15
A Sustainable Approach Towards Energy 
Savings in the Cities of Romania, 
Bucharest: A Case Study

Ana-Maria Dabija and Ileana Nicolae

15.1  �A Brief History of the Residential Collective 
Apartments in Bucharest

At the beginning of the twentieth century, Romania was a young kingdom, independent 
from the Ottoman Empire since 1877 with a capital city that needed to organize itself 
and host the main institutions in representative buildings (mostly constructed in the last 
decades of the nineteenth century and the beginning of the twentieth century). 
According to Andreea Udrea [1], 1906 is the year when the first competition for the 
systematization occurred. 1906 is the first moment that marks a change in the way the 
city is defined, all the previous approaches focusing on solving punctual, local prob-
lems. It probably is the moment when the great Modernist Boulevard of Bucharest – 
the Magheru Boulevard – was cut on the map. The work lasted more than 20 years, but 
the result was a broad urban artery, delimited by genuine modernist style multistorey 
buildings (Fig. 15.1).

With the constructive system of these high-rise buildings of the 1930s, the rein-
forced concrete structure was closed with what was called “American masonry”. In 
fact 28-cm-thick walls that were composed by two walls of bull stretcher bricks 
were connected with header bricks (Fig. 15.2). The system provided a thermal insu-
lation that was superior to the regular brick wall thermal insulation [2].

In the same period, at the borders of the city, new districts of cheap housing were 
developed: daintily houses that recreated the traditional lifestyle of the inhabitants 
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Fig. 15.1  Magheru Boulevard, Bucharest. (Photo: Ana-Maria Dabija)

Fig. 15.2  “American” 
masonry – system used in 
the buildings of the 1930s, 
in Bucharest. (Photo: 
V. Asquini, Technical 
Indicator in Buildings, 
1946 [2])
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or one-storey row houses separated by small gardens were designed by (today) 
renowned Romanian architects (Fig. 15.3).

After the war, a new style of buildings was imported from the USSR, along with 
the political regime (Fig. 15.4). The neoclassicist style of the residential apartment 
buildings, with arched entries that led to inner courtyards where domestic activities 
were carried out, is spread in several parts of Bucharest.

Fig. 15.3  Vatra Luminoasa, Bucharest, arch Ioan Hanciu, and arch Niculai Aprihăneanu. (Photo: 
Ana-Maria Dabija)

Fig. 15.4  Soviet-type collective residential buildings. (Photo Ana-Maria Dabija)
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As the industrialization process developed, in the 1960s, 1970s, and 1980s, the 
need to accommodate the workers led to an intensive building activity. New districts 
were created in the cities, with residential collective buildings developed as did the 
corresponding administrative and cultural centres. New towns appeared, related to 
the industrial areas, facilitating the migration and the accommodation of the newly 
risen labour force.

The thermal agent was supplied to the residential collective buildings form the 
thermoelectric power stations (CTE), which mainly produced electricity, heat being 
a by-product that was transported through major channels to the thermal points in 
the vicinity of the residential buildings. Today, we could consider these power sta-
tions as combined heat and power stations (CHP) and very modern as a concept. 
Unfortunately, the lack of maintenance of the overall system leads to massive loss 
of thermal energy through the urban ducts that connect the power station to the end 
user (Fig. 15.5), which led, in recent years, to the use of individual heating systems 
(a less ecological system, however).

During the twentieth century, the architecture of the residential buildings in 
Romania changed its style every decade: the Sovietic style was in use for only a 
decade (in the 1950s), after which the reinterpretation of the modernist style (in the 
1960s) took over, as the same architects worked after the Sovietic decade. The 
1970s came with a change of technology: reinforced concrete panels proved to be a 
valid option in a country that built massively collective residential buildings. The 
prefabricated systems provided a very good response to the major earthquake of 
1977 so they were largely used until 1989. However, the buildings constructed with 
large reinforced prefabricated panels were ugly and therefore were used inside 
courtyards, at the second front of buildings, while more representative, sometimes 

Fig. 15.5  A winter morning in Bucharest, 2019. The heat – hot steam – is lost in the ducts that lead 
from the thermoelectric power stations to the buildings. (Photo: Ana-Maria Dabija)
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unique residential buildings, with more expensive finishing systems, were facing 
the newly cut boulevards (Fig. 15.6).

Research was carried out in the 1980s to produce reinforced concrete panels with 
no thermal bridges, as the first generation of prefabricated panels had a thermal 
insulated core but concrete margins. These panels had a good seismic response but 
a terrible hygrothermal response, as the thermal bridges were the cause of conden-
sation and even water leakage in the period when the indoor temperature in the 
buildings was low (during the 1980s).

In the mid-1980s, as the postmodern architectural style spread, the Robert 
Venturi1 “less is a bore” resonated with the taste for decoration of the political rulers 
of Romania. The Unirii Boulevard (Fig. 15.7) that leads to the House of the People2 
was an attempt of the architects of the period to create in the postmodernist style.

Immediately after the Revolution of 1989, The Petre Roman Government issued 
the Decree-Law no. 61 of 1990, which allowed the tenants to purchase the apart-
ments that they were living in and were owned by the state.

In just 3 years, the state gave away about 1.8 million apartments, and, as the local 
currency dropped, in a few months, the value of the apartments was lost. In order to 
exemplify, in 1990 the cost of a two-bedroom apartment built 30 years before was 
123,000 lei, slightly above the price of a Romanian car, and could be paid with 30 
average salaries. The prices established by the law have been preserved in the fol-
lowing years, but inflation was rampant, so the value of apartments has dropped to 
about ten average salaries in 1991 and then to four in 1992 and only to one salary in 

1 American architect “less is a bore” is stated in opposition to “less is more” promoted by Mies van 
der Rohe. Mies van der Rohe architecture emphasizes simplicity in lines and means while provid-
ing elegance, whereas the postmodern movement in architecture – announced by Robert Venturi’s 
syntagma – uses decorative means that resonate in the local culture and history. The emphasis is 
given on highly decorated facades.
2 Romanian Parliament. Currently the world’s second largest administrative building.

Fig. 15.6  Buildings of the 1980s: facing the boulevard and facing the inner courtyard/second line 
of buildings. (Photo Ana-Maria Dabija)
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1993 which represented less than 100 dollars [3]. Today, 97% of the population of 
Romania owns a dwelling [4].

After 1990, the process of construction of residential building was substantially 
diminished, and, although increasing, it never reached the ample activity of the 
1980s. According to a World Bank report [5], 31% of the overall stock of residential 
buildings was constructed before 1961; 19% were built between 1961 and 1971, 
23% between 1971 and 1980, and 14% between 1981 and 1989.3 After 1989, the 
construction of the residential buildings diminished drastically while being diversi-
fied: after decades of living in collective residential buildings, the newly enriched 
moved from apartments to individual houses and villas, built for them, in the out-
skirts of Bucharest, on the land recuperated or bought from the state (even at the 
cost of deforestation). New districts appeared that rose prior to the sewage system 
of the area. A permanent movement of people from and to the city began to grow, 
with a pression on the routes to the city and on the ring of Bucharest.

In the city, collective apartment buildings were developed, inserted in the urban 
tissue. The same report [4] provides the information that 7% of the new residential 

3 A possible explanation for diminishing the building activity in the residential program is the con-
struction of the megalomaniac administrative buildings: The House of the People, The National 
Museum, The National Library, The House of Science, The Hotel of the Communist Party. Only The 
National Library kept the original function: The House of the People is the Parliament, The House 
of Science is the Romanian Academy, The Hotel of the Party is Marriott Hotel. The National 
Museum is still ruined, torn, and mutilated, uncertain of the function that it will – if ever – provide.

Fig. 15.7  The Unirii Boulevard. (Photo Ana-Maria Dabija)
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stock of buildings was constructed in the last decade of the twentieth century and 
about as many in the twenty-first century.

15.2  �Energy Efficiency in Buildings

The Regional Operational Programme, financed by the European Regional 
Development Fund for 2014–2020, is provided with a priority axis no. 3 for energy 
efficiency in public buildings with 300 million euros allocated to it and with a prior-
ity axis no. 4 that supports urban development with a focus on energy efficiency and 
renewable energy use in public infrastructure, including public buildings and in the 
housing sector with 852.63 million euros allocated.

When the Energy Performance of the Buildings Directive (EPBD) was adopted, 
Romania, as a European Country, had to include it in a national law. The law regard-
ing the thermal performance of the buildings was adopted, and it was followed by a 
methodological norm in 2009. Periodically, the set of regulations concerning the 
thermal performances is updated, as the performance levels increase, in order to 
accomplish more energy economies.

As a consequence, the Ministry of Public Works in Romania elaborated a 
National Programme of Thermal Rehabilitation applicable for the blocks built 
between 1950 and 1990 that aims to:

•	 Improve hygiene and thermal comfort conditions.
•	 Reduce heat loss and energy consumption.
•	 Reduce maintenance costs for heating and hot water for consumption.
•	 Reduce pollutant emissions generated by energy production, transport, and 

consumption.

“Depending on the results of the technical expert’s report and the energy audit 
done on the building, the following works can be added:

•	 Repairs to the construction elements which pose potential danger of detachment 
and / or affect the functionality of the housing block;

•	 Intervention works on the distribution installation of the thermal agent for heat-
ing the common parts of the housing block” [6].

The costs of the interventions are 80% covered by the state and 20% by the own-
ers (or the local authorities, if they have the means). Therefore, in more than a 
decade, a large number of the collective residential buildings were wrapped in ther-
mal blankets; in most cases the balconies were closed (if the operation had not been 
already done by the owners). Interventions on the distribution system of heating 
between the connection point and the floor above the basement were carried out.

In most cases, the ETICS systems were used: thin plasters took the place of thick 
decorative cement-based plasters, stone, or ceramic veneers. The result is that the 
personality of some urban spaces or urban arteries is lost forever, the same finishing 
system being used everywhere, with different colours.

15  A Sustainable Approach Towards Energy Savings in the Cities of Romania…
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The existence of many owners leads to legal problems that reflect on the architecture 
of the building: while energy efficiency issues promote the closing of balconies, there 
are people who want to keep their balconies as they are, as part of their properties, and 
the state is not allowed to close them against their consent.

Balconies were closed since the late 1970s, without approval, while the 
apartments belonged to the state: it was a means of energy conservation and 
ultimately of the survival of people, in dwellings where the inner temperature 
could drop to 5°C in the last decade of the communist era, when sacrifices were 
made by the population in the requirement of the state to pay the external debt. 
As it was a private approach, each family took the measures that were affordable 
or accessible (Fig.  15.8). The balconies were therefore closed individually, 
without an architectural coordination. Immediately after 1989, the closing of 
the balconies was often accompanied with the demolishing of the wall between 
the room and the balcony, providing an apparent extra living space.

The programme of thermal rehabilitation intervenes on the windows that are not 
performant according to the calculations, although in some cases the wooden win-
dows are proven to be good and tight.

In what balconies and loggias are concerned, the cheap, light closing, with one 
glass pane and metal frames, was replaced by thermal insulated units installed in 
PVC frames (usually).

The thermal blanket, usually 10-cm thick, wraps the building, providing, along 
with the performant windows, energy savings through the building envelope.

Fig. 15.8  Apartment buildings of the 1980s, before rehabilitation. (Photo Ana-Maria Dabija)
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However, according to Jan Rosenow and Ray Galvin [7], “most evaluations of 
home energy efficiency programmes depend on calculated, rather than measured, 
levels of energy consumption, failing to take into account the discrepancies that 
have been observed in practice, between calculated and actual energy consumption 
both before and after refurbishment”. According to the above-mentioned authors, 
these discrepancies refer to three factors:

•	 Consumers increase the level of energy services after refurbishment.
•	 Sunikka-Blank and Galvin [8] found actual consumption to be, on average, 30% 

below the calculated levels recorded in dwellings’ energy certificates. They iden-
tified a similar phenomenon in Dutch, French, Belgian, and UK homes.

•	 A poor technical quality of the refurbishments.

These observations apply to the interventions in the Romanian buildings as well.
We would add some nuances to the factors presented by Rosenow and Galvin: 

the ageing of the population has an implication on energy use: old persons need a 
warmer environment (as small children as well) and have a higher need of light, to 
see. Therefore, more energy is used for artificial light and for heating, as the ageing 
population today represents a higher percentage of the total population than one 
generation ago.

On the other hand, the multitude and variation of household devices lead to an 
increased energy consumption: computers, printers, scanners, telephones, TV sets, 
air conditioning, numerous kitchen electric devices, washing machines, vacuum 
cleaners, and powerful and large refrigerators are consumers of energy that did not 
exist only few decades ago.

In what new residential buildings are concerned, in the past three decades, both 
individual housing and collective housing buildings were constructed. While in the 
last decade of the twentieth century the trend was for large individual houses (as a 
response to the decades of apartment buildings), in the next two decades, high(er)-
rise buildings of apartments appeared and flourished. As the banks offered real 
estate loans with attractive interests, the market prices exploded. Developers build 
residential parks or independent buildings and put the apartments on the market 
sometimes before the necessary services of the neighbourhood are finalized. In 
many cases, although proposals for the urban infrastructure or tertiary sector func-
tions are included in the design – as information – it takes years until the buildings 
and the facilities are constructed.

The apartments must be interesting and financially affordable for customers so 
the building materials and finishings are pushed more towards the cheap side. The 
buyer can change with more expensive interior finishing systems, but the facades 
are often ETICS with the least expensive finishing layer, a thin plaster.

The energy efficiency of the buildings is usually provided by the thickness of the 
thermal insulation layer and the type of windows.

In individual housing, however, energy from alternative sources is beginning to 
be integrated, depending on how rich the owner is and how much he can invest in 
such systems. Currently, the Romanian government is promoting the use of alterna-
tive energy systems.

15  A Sustainable Approach Towards Energy Savings in the Cities of Romania…
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15.3  �Green Energy Trends

An interesting program but unfortunately relatively uncoordinated at the level of the 
line ministries is the greenhouse program within the Ministry of the Environment.

Benefiting from much lower resources than energy-efficient housing programme, 
promoted by the Ministry of Regional Development, the greenhouse program (cur-
rently upgraded to photovoltaic systems and photovoltaics for isolated households) 
promotes the use of unconventional energy in buildings.

The areas funded by this program are the following:

•	 Installation of solar panels
•	 Installation of heat pumps
•	 Energy production based on the use of waste (lighters, pellets, etc.)

The most recent development of the PV System Programme of the Administration 
of the Environmental Fund, launched in 2019, aims to promote the installation of 
photovoltaic panels, in order to cover the necessities for electricity use and to deliver 
the surplus in the national network. It targets old and new buildings that are not the 
subject of a dispute in court, claimed by previous owners or is under an expropria-
tion procedure for public utility.

The following categories of persons can apply [9]:

•	 Persons who live in Romania.
•	 The owner of the building on which the photovoltaic system is located or to a 

person who has the written approval of all the owners to implement the project
•	 Persons who have no obligations to the state and local budget

The programme finances “the costs of purchasing the photovoltaics panel system 
with a minimum installed power of 3kWp (system of photovoltaic panels, inverter, 
connections, electric panel), the installation and commissioning costs of a photovol-
taic panel system (15% of costs) electrical equipment and installations) including 
the VAT related to eligible expenses in a percentage of up to 90% of the total amount 
of eligible expenses but not more than 20000 lei” (around 4100 euros).

Energy efficiency is not the only requirement that should be fulfilled by a build-
ing. It comes along with the idea of comfort and the well-being of the inhabitants, 
with durability, safety in use, and protection against noise, not to mention mechani-
cal resistance of the building and its components.

Romania being a country with high seismic risk, the first measure that supports 
the sustainable development should be – not only declarative – the structural safety 
of the built heritage. Through the national program for the consolidation of build-
ings with seismic risk, due to a poor financing and an inefficient communication 
with the owners of the apartments, the achieved performance was to consolidate (by 
2013) only 8.4% of the 190 buildings listed as having important seismic hazard, 
respectively, 16 buildings [10]. Strangely enough, although the specialists empha-
size the fact that the next expected major earthquake will probably destroy most of 
the buildings erected prior to the 1960s, this doesn’t seem to scare anybody. The 
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memory of the previous major earthquake, in 1977, that killed more than 1500 peo-
ple in Bucharest, is growing dim and for many people is nothing more than a story.

Apart from the traditional way of producing energy – the BIPV systems – or sav-
ing energy, wrapping the building in a thermal blanket and diminishing the heat loss 
through windows, we would propose an approach that saves energy while providing 
well-being and a better quality of air: greening the building envelope.

15.4  �Greening the City

Bucharest is the capital city of Romania. With a population of around 2,000,000 
persons, it provides about 9% of the total population of Romania and 15% of the 
total urban population. The built area is over 70%.

Green space per capita is about 23.6 sqm, with important differences between the 
districts of the city (0.6 sqm in the District 6 compared to 16.38 sqm in District 3), 
the difference up to the average being offered by the existence of cemeteries.

The World Health Organization (WHO) recommends 50 sqm/capita of green 
area in the city [11]. According to the European Standard [12], 26 sqm/capita of 
green area is required.

It is not a new statement that the urban heat island effect can be diminished with 
the aid of increasing the green areas of the cities.

In some countries, the legislation encourages the use of the green envelope. 
Switzerland, for instance, promoted the use of green roofs by funding them for a 
2-year period in the mid-1990s to stimulate their use in order to save energy; in 
Munster, Germany, a storm water fee was applied, in 1991, based on the amount of 
impervious surface on a property. According to Gail Lawlor et  al., “green roof 
reduces the fee by 80 to 90 per cent, based on its water retention capacity” [13].

In Romania, legislation exists both for the use of green roofs and green facades, 
but the use of these systems is still very shy.

For some decades now, the benefits that the plants bring in the urban environ-
ment are emphasized in scientific research throughout the world. As new buildings 
appeared in the cities, the green areas vanished slowly, leaving way to the concrete, 
stone, and asphalt surfaces that reflect and re-reflect the heat.

The phenomenon of urban heat island can cause temperature rises of up to 5 °C, 
compared to the normal temperature, largely due to the growing areas of built 
structures.

Green systems, where a vegetal component of the building envelope is accom-
plished, can greatly reduce the excessive heat caused by solar radiation in 
urban space.

The use of plants protects the building due to the shadow, its quality depending 
on the density of the plants of the green walls. By extension, not only will the sup-
porting building register a lower temperature but also the surrounding environment 
in the immediate vicinity and, by extension, the urban environment.
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Plants lead to the improvement of air quality by filtering the particles propagated 
into the atmosphere, through leaves and branches, but also through the absorption 
of gaseous pollutants through photosynthesis.

The effect of shading and improving the environment generate benefits for the 
buildings in the sense of reducing the climatic stress on the facades of the buildings, 
thus extending their life; plants generate a “protective” layer of the walls and create 
a buffer space that prevents heat exchanges with the outside, ultimately leading to 
energy savings.

Visual and physical contacts with plants can lead to other categories of direct 
health benefits: stress reduction. Increasing the recovery rate of patients with vari-
ous diseases simultaneously generates the increase of people’s resistance to diseases 
[14, 15].

Living envelopes are designed to reduce the overall impact of the built environ-
ment on human health and the natural environment.

Hanging plants can reduce the peak temperatures of a building by shading the 
sunny walls. These can reduce the daily temperature fluctuation by up to 50% in 
urban climatic zones. The vegetation with semi-persistent leaves also offers protec-
tion in the cold, winter season, by maintaining an air buffer between the plants and 
the wall, reducing the effect of the wind on the wall surface, absorbing polluting 
gases, and filtering the air.

Some general benefits of the plant systems integrated in the facades are found 
primarily in the energy performance of the building. The plant facades improve the 
thermal insulation by adjusting the outside temperature of the building. The level of 
insulation depends on several factors, among which the most important are climate, 
type of facade, and density of plant elements. Thermal insulation occurs by prevent-
ing the movement of warm air, and this can be accomplished by plants, through 
shading and evapotranspiration process of plants as well as by creating a buffer 
space that protects the indoor environment from the actions of the wind in winter.

Another important impact that green building envelope systems have on the inte-
rior space and the construction itself is on the interior temperature of the building 
and its microclimate. Plants function as a solar filter and prevent the absorption of 
thermal radiation by the building materials, thus saving some of the building energy 
that would otherwise be used on HVAC devices. The vertical vegetation can con-
serve the temperature of the facade, keeping it cold during the summer, while in 
winter the vegetation that retains its leaves can prevent the heat from getting lost 
through the facade, thus acting as an additional layer of thermal insulation.

As they act as filters against pollutants, plants can contribute to the effort of pro-
viding good indoor air quality.

Plants grow on buildings anyhow. But as beneficial as they may be, they can 
destroy the facades and induce unnecessary humidity in the walls of the building 
envelope, if they are not correctly managed (Fig. 15.9) and are allowed to climb 
freely on the building walls.

The old Bucharest has a strange and sad characteristic: in the interwar period, 
high-rise buildings were constructed, in the proximity of low buildings that were 
probably expected to be demolished but resisted to this day. Therefore, the numerous 
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blind walls represent a common urban presence in Bucharest that can act as a sup-
porting wall for climbing plants, if the appropriate structures are designed 
(Fig. 15.10) and built.

As seen in Fig. 15.11, plants climb and cover large surfaces of walls, in this case 
damaging the facade due to the way they cling to the wall. The humidity that the 
plants induce in the wall is also significant and damaging. A system that is attached 
to the wall that supports a structure that facilitates the climbing of the vegetation 
creates a “skin” that is very similar to the principle of the ventilated facade that 
would add value to the building and the environment.

Fig. 15.9  Houses covered/invaded by wild vines. Cotroceni, Bucharest. (Photo: Ileana Nicoale)

Fig. 15.10  Example of 
metal structure suitable for 
walls. (Photo Ana-Maria 
Dabija)
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Regarding the multitude of existing walls (blind walls), the associated efforts and 
effects are null. If no measures are taken to increase the area of green space per 
capita in the urban area, if the dislocated vegetation is not brought back to the city 
knowingly, the environmental quality indicators will increase.

The following images (Fig. 15.12) are viable proposals of how to manage blind 
walls in Bucharest while contributing to the energy efficiency of the building and to 
the well-being of the environment, by diminishing the urban heat island effect. The 
scale of the intervention spans from a minimum intervention of grid and vines to 
thermal and hydro-insulation followed by the use of modular panels (a more sophis-
ticated and expensive solution that resembles even more the ventilated facade 
systems).

The use of vegetation vertically is essential for achieving an ecological balance. 
Alternatives to using green/live building envelopes can bring direct health benefits, 
can bring colour to the urban landscape, a note of optimism, and cheerfulness, can 

Fig. 15.11  Building in Bucharest covered with vine. (Photo Ana-Maria Dabija)

Fig. 15.12  Victoriei Street, Bucharest, existing vs. proposed. (Photo and simulation: Ileana 
Nicolae)
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create differentiations according to the season, can function as seasonal indicators 
for buildings and streets, can become landmarks at the city level, and, last but not 
least, can re-create the lost ecosystems of the cities [16].

15.5  �Conclusions

Energy efficiency in residential buildings can be achieved by different means: from 
the concept of the building that takes into consideration the laws and forces of 
nature to more simple approaches of producing and/or saving energy by the use of 
thermal insulated envelope systems, of alternative energies integrated in building 
products, components, and systems that provide the energy necessities of the dwell-
ers/building; one of the less exploited fields of energy conservation is the use of 
green envelopes on the existing (blind) walls of the city.

The benefits are not only for the dwellers/owners but also for the city. The reflec-
tions and re-reflections of the solar radiation on the built surfaces, mainly composed 
of mineral products like asphalt, concrete, metal, and glass, can be compensated by 
the planted masses that introduce a new urban and architectural aesthetic, provided 
that the use of plants is made according to professional architectural designs and 
using the appropriate plants, in the appropriate orientation, and by taking into 
account their environmental requirements. The plants contribute to the purification 
of the air and provide a balance between the temperature and the relative humidity 
of the air, creating its own microclimate. The air quality in the urban environment 
will be improved by the extension of traditional gardens on rooftops and facades. It 
is no surprise that throughout the world, the decorative rooftop gardens and planted 
terraces have been replaced by urban farms where vegetables and fruits are produced.

Living envelopes in a city like Bucharest would provide not only some energy 
saving in the buildings but also a less expensive means of reducing the effects of 
pollution as well as diminishing the effects of solar and electromagnetic radiation.
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Chapter 16
The Heat Island as a Result and Cause 
of Environmental and Social Degradation: 
Two Different Settlements in the Town 
of Afragola of the Metropolitan City 
of Naples

Paola De Joanna and Luca Buoninconti

16.1  �Introduction

The Salicelle District is one of the interventions carried out under emergency condi-
tions as part of the extraordinary plan for the earthquake that struck Campania in 
November 1980, producing nearly 300,000 homeless. Built entirely between 1982 
and 1993, the Salicelle District is located in the municipality of Afragola in the 
north area of Naples, connected to the metropolitan city through the Median Axis 
that crosses the entire northern periphery in an east-west direction.

The district was built for 7000 inhabitants in apartments of different sizes accord-
ing to the urban planning standards of the time, but in reality, the accommodations 
are currently overpopulated, and many rooms located on the street level, originally 
intended for commercial activities, have been illegally occupied and used as dwell-
ings. Under these conditions, today the total number of inhabitants is unspecified, 
approximately estimated at around 9000 occupants in fact. The buildings for the 
houses are of the court and in line type; the urban layout is structured around a 
central core consisting of three squares, the parish complex, the market, the middle 
and elementary school, the nursery, the urban park, the post office, the social centre 
and the market; some of these activities, such as asylum and the market, are not 
functioning, while the social centre has been replaced by a polyclinic to deal with 
the serious health shortage of the neighbourhood (Fig. 16.1).

From the construction point of view, the technological solutions were condi-
tioned by the urgency of the realization, and therefore the project group had to adapt 
the project to the fastest and immediately available construction solutions on the 
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market, opting for heavy prefabrication (Peikert) and the transverse tunnel for the 
residential buildings. The Peikert turned out to be extremely rigid and strongly influ-
enced the compositional aspects of the buildings, and even the choice of materials and 
components for completion was imposed by the consortium which contracted the 
works with the result of a general impoverishment of the solutions realized.

The study presented here focuses on the quality of urban space in terms of cli-
mate; the presence of large impermeable surfaces and the lack of green spaces 
determine a condition of overheating of the residential islands, moderately attenu-
ated by the geomorphological characteristics of the site which, despite being com-
pletely flat, is surrounded by large rural spaces which therefore do not hinder the 
passage of the winds and breezes.

Also, the use of these spaces is conditioned by the effects of the heat island 
because they become unattractive and unpleasant due to the excessive temperature, 
the poverty of the vegetation and the onerous maintenance. The climate condition 
into the court buildings are analysed and their possibility of improvement; for one 
block of linear buildings, chosen as sample, the environmental impact coefficient is 
assessed trough two different methods, and the possibilities of its reduction are val-
ued with the introduction of new technologies.

Figure 16.2 shows the census of the permeable areas within the neighbourhood, 
distinguishing public spaces from private ones and detecting the size, the type of 
vegetation and the maintenance conditions; a picture emerges in which the green is 
not well distributed or usable, the green spaces at the service of the houses are 

Fig. 16.1  “Le Salicelle” residential district in Afragola, Naples Metropolitan City
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exiguous and not adequately planted, while the larger spaces are residual and 
abandoned or not accessible.

Figure 16.3 shows the census of impermeable surfaces, with the exception of 
asphalted roads; the areas are distinguished in relation to the intended use, and for 
each one the measurement of the surface, the type of management, the state of 
maintenance and the degradation conditions are recorded. The surfaces considered 
are partly abandoned or improperly used, and almost all of them are paved with 
concrete slabs and without equipment.

The relationship between permeable free surfaces (ALP, 102000 sq m) and 
waterproof free surfaces (-ALI 71000) may seem favourable, but it must be kept in 
mind that road surfaces that account for almost double the amount (200,000 sq m) 
are not included in the tables of the calculated waterproof areas.

On this scenario, some investigations have been developed concerning the condi-
tions that affect the consequence of the heat island and the perception of comfort in 
pedestrian areas. In particular, a residential block of in-line buildings were studied 
located in the northern area of the neighbourhood and a residential block of court 
buildings in the southern area. We wanted to examine the climatic quality of public 

Fig. 16.2  Census of permeable areas

Fig. 16.3  Census of impermeable areas
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space in relation to different types of buildings that configure different conditions of 
usability and therefore different needs of users.

16.2  �Heat Island in the Batch of Buildings in Line

The heat island is the statistical phenomenon observed in urban areas for which in 
cities and in heavily populated places the average temperatures observed are higher 
than in other parts of the territory with a lower density of inhabitants. This increase, 
which can be evaluated around 0.5–1.0 °C for small agglomerations and from 1 to 
2 °C for large ones [1],1 is due to a set of phenomena that can be briefly described 
as follows. In a natural environment, the sun’s rays in fact come:

–– Partly absorbed by vegetation, which uses energy in the photosynthesis process 
to produce sugars.

–– The quantity that does not affect the plants is partially reflected due to the albedo, 
i.e. the reflection coefficient, towards the celestial vault.

–– Only the remaining part is absorbed by the soil.

The fraction of absorbed energy heats the surface, and this transfers the heat by 
conduction to the air layers immediately in contact; by convection, the heat spreads 
also to the upper layers. When the sun’s rays reach an anthropized place, it hap-
pens that:

	1.	 The amount of green surfaces is minimal, if not zero, so the absorption by the 
vegetation is almost completely negligible.

	2.	 The reflected portion, before reaching the celestial vault, is subject to multiple 
reflections due to the presence of numerous vertical surfaces (Fig. 16.4a); this 
labyrinth effect multiplies the absorption of heat.

	3.	 The amount absorbed by the surfaces and subsequently transferred to the air in 
the form of heat is very high, and its heating effect is amplified by the reduced 
thermal capacity that characterizes most of the building materials.

	4.	 Buildings obstruct the natural flow of the air which, flowing more slowly 
(Fig. 16.4b), does not allow adequate heat dispersion, determining that stagna-
tion commonly indicated heat island.

The presence of human activities increases the temperatures even more because 
engines, air conditioning systems and the human presence itself are the source of a 
further thermal gain. From the foregoing considerations, it is clear that, in general, 
the phenomenon analysed is originated from:

	1.	 The properties of surfaces radiated by the sun
	2.	 Ventilation of the place
	3.	 The presence of human activities

1 See UNI 10339:1995, Impianti aeraulici ai fini del benessere. Generalità, classificazione e requi-
siti, pag. 30.
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Among the environmental quality assessment tools, the indicators developed by the 
Municipality of Bolzano [4] and the ITACA Protocol [2] are of interest: the RIE 
index and criterion C.6.8 “island heat effect”.

The Building Impact Reduction Procedure, which gives rise to the RIE index, as 
indicated by the Municipality of Bolzano, arises from the consideration that “…the 
waterproofed and sealed surfaces cause a heating of the overlying air mass and con-
vective motion leads to recirculation of powders. The heat of the accumulated and 
irradiated sun has, as a direct consequence, an increase in temperatures in our cities, 
missing the natural mitigating effect given by the evapotranspiration process of 
vegetation”2.

The value assumed by the RIE can be calculated with the help of a spreadsheet 
applying the algorithm:
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Svi are green surfaces, Sij are not green, and those Se are lined; all are multiplied by 
outflow coefficients. The evaluator will therefore have to catalogue all the surfaces 
using reference tables which, in addition to cataloguing the areas as green or not, 
also indicate their respective outflow coefficient (Fig. 16.5).

Using a calculation sheet [6, 9], in which the areas of all the surfaces and the rela-
tive outflow coefficient are shown, the value of the RIE index can be quickly calcu-
lated. Alternatively, it is possible to use a software available on the municipality’s 
website, which clearly applies the same procedure and reaches the same result. 
Since the use of this tool is mandatory to obtain the authorizations to carry out 
interventions on buildings in the municipality, the designer must demonstrate that 

2 www.comune.bolzano.it/urb_context02.jsp%3FID_LINK%3D512%26page%3D10%26area%3
D74%26id_ context%3D4663

Fig. 16.4  Effect of the presence of constructions (a) on reflection and (b) on ventilation
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the index calculated for the project (RIE2) is higher than the minimum value 
obtained according to the same index referred to the actual situation (RIE1) and to 
a reference number depending on the area (RIE Z), available on a specific cartogra-
phy. Generally, it is desirable that in the maintenance and restructuring interventions 
be verified that RIE2 > RIE1; in those of new construction, where it is built in a 
natural space (and therefore it can only be that RIE2 < RIE1), it will be necessary to 
contain the project index within specific limits.

The heat island effect criterion of the ITACA Protocol takes into account the 
need to “ensure that outdoor spaces have acceptable thermal comfort conditions 
during the summer”3, whose performance indicator is the ratio between the area of 
the surfaces capable of decrease the heat island effect with respect to the overall 
area of the intervention lot. In formal terms:

	 Index reif I= 100S S/ 	

The procedure in the standard describes how to identify the surfaces to be counted 
in the Sreif quantity, i.e. the surfaces:

–– Green, including garden roofs
–– Which are in the shade at 12:00 PM on June 21
–– With an inclination of up to 8.5° having a solar reflection index (SRI) equal to or 

greater than 78
–– With an inclination greater than 8.5° having SRI equal to or greater than 29

In the sheet C.6.8 is attached a list of surface finishes of which the SRI indexes 
are made known, to allow the determination of the Sreif surface. The SI quantity is 
instead easy to determine because it coincides with the area of intervention.

3 See UNI/PdR 13.1:2015, Sostenibilità ambientale nelle costruzioni - Strumenti operativi per la 
valutazione della sostenibilità. Edifici residenziali, pag.71.

Fig. 16.5  Part of the table available in the RIE procedure of the Municipality of Bolzano (in 
Italian)
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The value obtained is compared to a reference benchmark, which assigns the 
maximum score to the 100% value (5 points), an average score to 60% (3 points) 
and the minimum to 0% (0 points) (Fig. 16.6).

Both indices, as can be easily deduced from the calculation procedures, exclu-
sively consider the physical properties of the surfaces of the building [7, 8], without 
considering either the effect of the wind or that of the human activities present.

16.2.1  �Application and Comparison Between the Two Methods

The methods analysed in these pages follow a common guideline, which sees the 
increase in the quantity of green or high reflective surfaces as the best strategy to 
combat heat islands. It is therefore interesting to see what results are obtained by 
applying them to the case study, or rather to a batch of it, because the analysis con-
ducted on the entire neighbourhood would be long and perhaps less significant.

The chosen part (Fig.  16.7a) is composed of ten linear buildings, of variable 
height (eight of this have six levels and two only three), which overlook almost 
completely paved areas, with the exception of a central green area. They are oriented 
along an almost vertical axis (in the NNW-SSW direction), and this makes their 
shadows at 12:00  PM almost nil, creating a condition of obvious disadvantage 
(Fig. 16.7b).

The RIE index was then evaluated through a simple table, which can be imple-
mented in a spreadsheet, which is shown below:

Fig. 16.6  Part of the table available in sheet C.6.8 of the ITACA Protocol (in Italian)
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Even if the RIE procedure does not provide absolute values to evaluate the qual-
ity of the surfaces constituting the analysed area, certainly an RIE1 = 0.67 is low, 
therefore indicative of a reduced environmental quality in relation to the analysed 
phenomenon. Figure 16.8 shows the shape and position of the surfaces shown in 
Table 16.1.

A similar table can be compiled to determine the value of the ITACA index as 
shown in sheet C.6.8: here they must also include the (very few) shaded horizontal 
surfaces at 12:00 PM on the summer solstice and any materials with an adequate 
index of solar reflection SRI function of inclination (Table 16.2).

Also in this case, the result is extremely low and is close to the 0% reference 
value, which also corresponds to the lowest attributable value (score = 0). Both the 
RIE Index and Ithaca provide the same value, because they use similar evaluation 
strategies based on surface quality.

In particular, the ITACA Protocol suggests to follow a particular procedure: in 
addition to increasing the green areas, it will be necessary to orient the building in 

Fig. 16.7  Delimitation of the chosen part (a) and sun exposure analysis at 12:00 PM on June 21 (b)

Fig. 16.8  Position of the surfaces analysed in the lot
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the East - West direction, in order to increase the shaded surfaces. However, it must 
be considered that, as mentioned in the first part of this article, the wind can have a 
mitigating effect even in the harshest heat conditions because it removes the air that 
gets very hot when it comes into contact with the surfaces. For this reason, it is use-
ful to check which are the prevailing winds, that is, those that blow more frequently 
in the area. To do this, you can use the anemometric diagrams, available online on 
the Italian Air Force website,4 and especially those related to the spring and summer 
periods, when the effect of the heat island is more unpleasant or harmful to users 
(Fig. 16.9).

Once the reference meteorological station (Naples Capodichino) has been 
selected [3], the diagrams show how during the day the winds come mainly from the 
northern quadrant during the night (surveys at midnight and at 6:00 AM); these 
prevailing winds continue to blow even during the day in the spring months, with a 
greater tendency towards NE at 6:00 PM. In summer, instead, there is a clear inversion 
at 12:00 PM (wind coming from the south) and then rotates towards the western 
quadrant in the late afternoon (6:00 PM). This summer phenomenon is due to the 
strong presence of sea breezes which, blowing from the Tyrrhenian to the coast, are 
one of the characteristics of the mild climate near the sea [5]. It is thus evident that 
the orientation of the constructions allows the propagation of the winds, making the 
increase in temperatures less evident: this cannot be deduced only from the analysis 
carried out, i.e. from the RIE and ITACA indices.

4 http://clima.meteoam.it/atlanteClimatico.php

Table 16.1  Calculation of the RIE index for the chosen lot

Type of surface Colour Svi (mq) Ψi Se (mq) Sij (mq) Ψj RIE

Green on deep soil Green 2353 0.1 620 0.67
Continuous roofs Dark grey 11,458 0.85
Semi permeable surfaces Sand 2927 0.70
Asphalt paving Light grey 24,308 0.90

Table 16.2  Calculation of the ITACA index for the heat island effect

Type of surface Quantity (B) mq Quantity(A) mq

Shaded surfaces at 12:00 PM of del June 21 252 252
Green surfaces 2353 2353
Surfaces with inclination up to 8.5° and SRI equal 
to or greater than 78

0 11,458 + 2927 + 24,056

Surfaces with an inclination greater than 8.5° and 
SRI equal to or greater than 29

0 0

Total B surfaces 2605
Total A surfaces 41,046
Index 6.3

16  The Heat Island as a Result and Cause of Environmental and Social Degradation…
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16.3  �Microclimate and Usability of the Garden Courts

The settlement complex to the south of the district consists of buildings in line and 
in blocks, these arranged in such a way as to configure green spaces concluded 
within each lot. The internal courtyards are permeable on the shorter sides and 
bounded on the longer sides by the buildings in line (Fig. 16.10). The interior space 
is neglected and underutilized by the residents; therefore, it presents deterioration of 
the paved parts and of the fences as well as the state of abandonment of the greenery 
and plantings. The floorings are made in concrete with jet, joints between are closed 
with bricks, and the surface of the jets has not been polished; therefore, it crumbles 
easily as well as being particularly scratchy and is therefore not suitable for children 
to play. The boundaries of the flower beds are also in unfinished concrete and widely 
crumbled in the corners; it also has evident wet areas produced by a bad water flow. 

Fig. 16.9  Spring and summer anemometric diagrams published on the Climatic Atlas of Italy

Fig. 16.10  The building 
with internal court
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Finally, the concrete paving of the paths is strongly exposed to the sun in the hottest 
summer hours and therefore determines a general overheating of the completed 
space (Fig. 16.11). The conditions of physical degradation are added to an ineffi-
cient distribution of space and trees in relation to the sunny conditions (Fig. 16.13) 
and ventilation (Fig. 16.14) of the courts and in relation to the activities that could 
be performed there. The tall trees allow the visibility of the courtyard space even 
from the highest floors (Fig.  16.12), but they leave the green areas almost com-
pletely bare. They also restore protection from the sun in the summer months, but as 
they are evergreens, they hinder the passage of the rays solar in the winter months. 
Among the favourable conditions found, with respect to the layout of the courts, are 
therefore considered: the presence of tall trees, visibility of the court from the apart-
ments at all levels, presence of shaded walking areas, and protection from cold 
winter winds thanks to the orientation of the buildings that delimit the interior space.

For a redevelopment hypothesis, the activities that are mainly expected to take 
place in these spaces, the type of users and the preferred time slots have been 
defined, in order to establish the control of the best climatic comfort conditions in 
the desired times and spaces.

Users: Children 4/10 years, adolescents 11/13 years, elderly
Activities: play, rest, walk, crops
Periods of use: first afternoon hours (winter), early afternoon until sunset (spring/

autumn), and morning/afternoon to sunset (summer)

In particular, the following topics were considered: redesign of the common 
areas destined to green areas within the blocks of the courtyard and reduction of 
impermeable surfaces for the mitigation of microclimatic conditions.

Interventions on internal courts have been designed with a view to giving back 
space for play or free time in an easily controllable context through small interven-
tions supported by environmental analysis to control passive comfort conditions in 

Fig. 16.11  The paths and fences
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Fig. 16.13  Sunny conditions

Fig. 16.14  The direction of main winds

Fig. 16.12  Tall trees
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order to rationalize space resources available. Redevelopment of the play areas is 
planned, as well as the creation of vegetable gardens and the use of vegetable 
screens where necessary.

16.4  �Conclusions

The study applied to the residential complexes of the “Le Salicelle” neighbourhood 
has brought to light shortcomings produced by the need to build the neighbourhood 
quickly and with scarce economic resources; the scarce availability of materials and 
the need to adopt imposed construction technologies have limited the design 
choices. Public space is penalized by an unfavourable relationship between areas 
with permeable surfaces and areas with impermeable surfaces that determine, dur-
ing seasonal peaks, prolonged uneasy conditions with respect to the mitigation of 
the effects of heat and cold, producing a general perception of unsuitable and 
undesirable space. Compared to the two analysed building block types, we can 
assume that in the case of in-line buildings, the heat island effect is mainly produced 
by the presence of extended horizontal paved and impermeable surfaces that act as 
thermal accumulators and – in the absence of shaded areas – transfer the heat to the 
overlying air layer; some minimal interventions such as the replacement of the 
asphalted areas with grassing floors and the realization of temporary shadings real-
ized with textile coverings could significantly affect favourably the outdoor thermo-
hygrometric comfort.

In the case of buildings arranged in a court, the space concluded lends itself to 
host permanent functions and not only for passage; therefore, additional study is 
required aimed at guaranteeing comfort conditions in certain time slots and seasons. 
The proposed methodology suggests considering the climatic conditions in the 
times of greater permanence in order to identify an effective distribution of space 
and planned activities in relation to seasonal sunshine and ventilation conditions.
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Chapter 17
Settlement Scale Analysis Approach 
to Reach Nearly Zero Energy Communities

Ece Kalaycioglu Ozdemir and A. Zerrin Yilmaz

17.1  �Introduction

Total primary energy consumption throughout the world is continuously increasing 
[1]. In response to this, each nation should build an energy efficiency policy and set 
action plans to slow down this increment or even decrease energy consumption. 
Correspondingly, the European Union (EU) has already set long-term energy effi-
ciency targets, for 2020, 2030 and 2050, and published directives related to several 
sectors, such as renewable energy, transportation, district energy systems, etc. [2].

Buildings are one of the most energy-consuming sectors. They are responsible 
for 1/3 of the total energy consumption [3]; thus, providing the energy efficiency in 
buildings is one of the most important issues. The EU published the first directive 
on building energy performance (EPBD) in 2002 to mandate the energy certification 
for buildings [4]. Then in 2010, EPBD was revised, as EPBD Recast [5], to reach 
the Union’s 2020 targets [2]. In EPBD recast, new terms about building energy 
performance were introduced. “Cost-optimal energy level” was defined as the 
energy performance level which leads to the lowest costs which include the invest-
ment, operating, maintenance and disposal costs during the building’s economic life 
cycle. EPBD Recast sets also a calculation methodology to determine the cost-
optimal levels for buildings. Furthermore, it introduced the “nearly zero energy 
building” term as a building with a very low energy consumption with a significant 
renewable energy contribution. Relatedly, it sets targets for the construction sector 
as by 2018, all new public buildings and by 2020 all new buildings should be con-
structed as nearly zero energy building (NZEB). In this point, EPBD Recast leaves 
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the exact definition of NZEBs, as primary energy consumption levels and renewable 
energy contribution level, to be set by each member states for their local climate 
conditions and different building types.

Considering the explained issues, in this study, it was intended to investigate the 
cost-optimal methodology of EPBD Recast and propose a new method to apply it to 
a group of buildings in settlements. This way, it was aimed to achieve nearly zero 
energy levels at larger scales than single buildings, to increase the contribution of 
renewable energy systems by site-level applications and to compensate the high 
investment cost effects of renewable energy systems for buildings.

17.2  �Methodology

As it was explained, the cost-optimal methodology proposed by EPBD was adapted 
for settlement scale analyses. Basic steps of the cost-optimal methodology which 
implies to single buildings are, respectively, the definition of reference building, the 
definition of energy efficiency measures, calculation of the annual primary energy 
consumptions and global costs of each defined measure and determination of the 
measures leading to cost-optimal and nearly zero energy levels. These steps were 
followed by settlement scale analyses as:

•	 Definition of reference settlements with different energy levels of buildings (with 
reference, cost-optimal and nearly zero energy buildings)

•	 Determination of district energy system alternatives, including renewable 
energy systems

•	 Calculation of the annual primary energy consumptions and the global cost of 
each district energy system alternative with each energy level of settlement

•	 Determination of the most favourable energy level of settlement with district 
energy systems according to their primary energy consumptions, global costs 
and investment costs

In this study, the proposed methodology was applied to an example settlement as 
a case study, and renewable energy contribution levels were examined at building 
and settlement scale. Thus, the financial and energy efficiency effects of reaching 
nearly zero energy levels both at building and settlement scale were analysed. Case 
study settlement is located at the south of Eskişehir, Turkey, and it is assumed to be 
a newly planned district. Thirty-four residential, seven office and one light industry 
buildings are assumed to be located in the district. Total floor areas for each function 
are given in Table 17.1.

Table 17.1  Total floor areas for each type of building in the settlement

Residential Office Light industry

Number of buildings 34 7 1
Single building floor area (m2) 5,353.83 16,802.71 10,729.13
Total floor area for each function (m2) 182,030.22 117,618.97 10,729.13

E. Kalaycioglu Ozdemir and A. Z. Yilmaz
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The first step of the cost-optimal methodology is the definition of the reference 
buildings to represent the buildings with the same function. In the study, the geom-
etry and plan layouts of each building type were determined by analysing Eskişehir’s 
building stock and to represent it best. Reference buildings’ internal gains for peo-
ple, lighting and electrical equipment were determined according to the reference 
building definition rules of Turkish National Building Energy Certification System 
[6]. In cases where no data is available, like for light industry building’s production 
area, ASHRAE 90.1-2007 Section G [7] or real building data was used. For mechan-
ical systems definitions, the Turkish Regulation for Energy Efficiency in Buildings 
[8] has sufficient data for residential buildings to be modelled in a detailed dynamic 
simulation tool. For other types of buildings, ASHRAE 90.12007 Section G 
mechanical system definitions were modelled.

As the second step, for each building type in the study, energy efficiency mea-
sures on building envelope, lighting systems and mechanical systems were implied. 
Energy efficiency measures on building envelope include the insulation thickness 
increment, transparency ratio increment, different glass and frame combinations 
and several sun control elements manually controlled or automated seasonally by 
solar gains. Energy efficiency measures on lighting systems include the implemen-
tation of energy-efficient fixtures providing the same illumination levels and day-
light sensors. Energy efficiency measures on mechanical systems include 
high-efficiency plants and several different heating and cooling systems. Besides 
these measures, renewable energy systems as solar panels for hot water production 
and photovoltaic panels for electricity production were also implied to the build-
ings. Renewable energy systems used for each building is summarized in Table 17.2. 
Energy efficiency measures were also combined into packages to reach higher 
energy performance levels.

Implying each measure or package means the calculation of the annual primary 
energy consumption and the global cost of the building with each measure. Thus, 
the improvements in energy performance can be expressed as energy consumption 
and long-term costs by comparing to the reference cases. EPBD allows the member 
states to develop their own calculation methodology for annual primary energy cal-
culation, which will be used also for building energy certification. In the study, the 
detailed dynamic simulation tool EnergyPlus [9] was used for energy performance 
calculations, as Turkish national calculation tool has limitations to calculate the 
above-mentioned detailed measures determined for this study. Global cost calcula-
tions were made according to the Regulation 244/2012 which sets the general 
framework of the cost calculations of cost-optimal methodology [10]. Global cost 
includes basically the investment cost of energy efficiency measures, annual energy 

Table 17.2  Renewable energy systems used in each type of building

Solar collectors PV panels

Residential buildings 26 panels – 65.5 m2 26 panels – 7280 Wp
Office buildings None 250 panels – 70,000 Wp
Industry building None 950 panels – 266,000 Wp
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costs during the determined life cycle of the building, maintenance and residual 
costs related to the measures. Net present value method explained in EN 15459 [11] 
was used for projected long-term cost calculations. After the calculation of annual 
primary energy consumptions and global costs of each package for each type of 
building, all results were compared to each other, and the package with the lowest 
global cost was chosen as the cost-optimal solution. Similarly, the package with the 
lowest annual primary energy consumption was chosen as nearly zero energy 
solution.

As explained before, in the study, cost-optimal methodology of EPBD was pro-
posed to be implied at settlement scale. Thus, after determining the reference, cost-
optimal and nearly zero energy levels for each type of buildings, then all the results 
were compiled together to generate reference settlements. Three reference settle-
ment cases were defined with reference, cost-optimal and nearly zero energy build-
ings, however, without any district energy system. Some alternatives shown in 
Table 17.3 were analysed for district energy systems. Similar to the building scale 
analyses, annual primary energy consumptions and global costs were calculated for 
each level of settlement with each district energy system alternative. For annual 
primary energy calculations, building scale results were converted into district 
energy system demands, and EnergyPro simulation programme [12] was used to 
simulate district energy systems. Global cost calculations were made similarly 
using net present value calculation methodology, and the investment, operation, 
maintenance and residual costs were calculated both for buildings and district 
energy systems.

17.3  �Results

The results were obtained by following the explained methodology. For each build-
ing type, reference, cost-optimal and nearly zero energy levels were determined 
basically by implying cost-optimal calculation methodology of EPBD. Then the 
methodology was applied to the case study settlement by following the explained 
steps. In this section, firstly, the energy performance results for each type of building 

Table 17.3  District energy system alternatives for the settlement

Cogeneration Boiler Chiller PVs

A01 + − − −
A02 + − + −
A03 + + − −
A04 (A01 + PV) + − − +
A05 (A02 + PV) + − + +
A06 (A03 + PV) + + − +
A07 + + + −
A08 (A07 + PV) + + + +
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are given, and the reference, cost-optimal and nearly zero energy levels are com-
pared. Then in the following graphs, each energy level for the related building was 
displayed, and the renewable energy contributions were discussed. In the graphs, 
reference cases were indicated as “reference”, cost-optimal cases were indicated as 
“COB” and nearly zero energy cases were indicated as “nZEB”.

Table 17.4 shows the residential building’s reference, cost-optimal and nearly 
zero energy cases’ final and primary energy consumptions. According to the results, 
the cost-optimal level of residential building has about 36% less annual primary 
energy consumption compared to the reference case. Nearly zero energy case has 
even higher energy performance with nearly 57% of annual primary energy reduc-
tion. These three energy levels of the residential building were demonstrated in 
Fig. 17.1, where also the primary energy consumption and global cost results were 
shown for each energy efficiency improvement measure.

For the residential building, solar collectors and photovoltaic (PV) panels were 
analysed as renewable energy systems. In Fig. 17.1, especially some measures with 
and without renewable energy systems were highlighted. Photovoltaic contributions 
for reference, cost-optimal and nearly zero energy cases are generally similar with 
approximately 5 kWh/m2 annual energy production and between 10 and 20 €/m2 
global cost increase. However, solar energy contribution results are dependent on 
the building heating system and energy performance level. Considering the measure 
package 29, to reach the cost-optimal level, the boiler of the reference case was 
changed to a condensing boiler (P35). Then, if we investigate the same capacity 
solar energy contributions for both P29 and P35 cases, it can be said that the case 
with the normal boiler had a higher benefit of the solar system. Additionally, look-
ing to the global costs, solar energy system has increased the global cost of the 
building with condensing boiler (P35), while it decreased the global cost of the 
building with standard boiler (P29). In the case which is indicated as P37, additional 
to the condensing boiler, heated floor system was used instead of radiators. Solar 
energy contribution again increased the global costs while decreasing the primary 
energy consumptions. Nevertheless, the nearly zero energy case of the residential 
building uses both solar and photovoltaic systems which carry the primary energy 
consumption level to the minimum.

Table 17.4  Energy performance results of residential building

Reference Cost-optimal Nearly zero energy

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Primary energy 
consumption by 
fuel [5]

47.74 49.10 36.34 25.48 29.26 12.66

Primary energy 
consumption

96.84 61.82 41.92

Improvement 
percentage

– 36.2% 56.7%
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Similarly, office building energy performance results were summarized in 
Table 17.5. According to the results, the cost-optimal case of the building has about 
40% of improvement, and nearly zero energy case has nearly 50% of improvement 
compared to the reference case. For the office building, the reference, cost-optimal 
and nearly zero energy cases were also shown in Fig. 17.2 with their global cost 
levels. For the office building, only the photovoltaic system was used as a renewable 
energy source, while solar energy system produces low-temperature hot water 
which was inappropriate to use in office building mechanical systems, like air han-
dling units or fan coils. In the graph, given in Fig. 17.2, the photovoltaic contribu-
tion to reference building was shown with energy efficiency measure package 27. 
Furthermore, nearly zero energy level (P68) of the office building was determined 
by the photovoltaic system inclusion to the cost-optimal case (P65).

Fig. 17.1  Primary energy consumptions and global costs of each energy efficiency measure for 
residential building

Table 17.5  Energy performance results of office building

Reference Cost-optimal Nearly zero energy

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Primary energy 
consumption by 
fuel [5]

154.32 20.68 105.61 0.00 88.81 0.00

Primary energy 
consumption

175.00 105.61 88.81

Improvement 
percentage

– 39.65 49.25
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Lastly, industrial building energy performance results were summarized in 
Table 17.6. According to the results, the cost-optimal case of the building has about 
41% of improvement, and nearly zero energy case has nearly 70% of improvement 
compared to the reference case. For the industrial building, the reference, cost-
optimal and nearly zero energy cases were also shown in Fig. 17.3 with their global 
cost levels. As the renewable energy source, only the photovoltaic system was used 
again, similar to the office building. As seen from the graph in Fig. 17.3, the PV 
system contribution is about 100 kWh/m2 for each case. However, global cost 

Fig. 17.2  Primary energy consumptions and global costs of each energy efficiency measure for 
office building

Table 17.6  Energy performance results of light industry building

Reference Cost-optimal Nearly zero energy

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Electricity 
[kWh/m2-y]

Natural 
gas [kWh/
m2-y]

Primary energy 
consumption by 
fuel [5]

317.59 74.75 210.70 20.81 95.91 21.17

Primary energy 
consumption

392.34 231.51 117.08

Improvement 
percentage

– 40.99 70.16
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increase caused by PV system changes from about 200 €/m2 for reference case to 
about 130 €/m2 for nearly zero energy case.

Settlement scale annual primary energy consumption and global cost results 
were given in a graph in Fig. 17.4. Generally, according to the results, the district 
energy system contribution to the energy efficiency decreases when the building 

Fig. 17.3  Primary energy consumptions and global costs of each energy efficiency measure for 
light industry building

Fig. 17.4  Primary energy consumptions and global costs of each district energy system alterna-
tives for each energy level of buildings
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energy efficiency level increases. What’s more, global costs of district energy sys-
tems are lower with cost-optimal buildings, and they are even higher than the refer-
ence case with nearly zero energy buildings. District energy system alternatives 
with and without PV system were given before in Table 17.2. For each energy level 
of settlements, renewable energy contribution (PV system) decreases the annual 
primary energy consumption about 5 kWh/m2, and the global costs are also slightly 
lower compared to the same systems without the PV system.

17.4  �Conclusions

Renewable energy system usage is inevitable to reach nearly zero energy levels for 
buildings as it was asserted in the definition of EPBD, and the results of this study 
also confirm the case. However, renewable energy system investments increase the 
global costs of buildings depending on the system size, and the system size is depen-
dent on the available roof and/or façade area of the building. For this reason, it was 
one of the objectives of this study of adapting the cost-optimal methodology for 
settlement scale analyses to lower the global cost increases caused by high renew-
able energy system investment costs. By this way, larger renewable energy systems 
can be used at settlement scale with less global costs.

Consequently, it can be asserted that energy politics and targets set by govern-
mental authorities are fundamental to reach high energy-efficient communities with 
controlled effects on the economy. The long-term targets should be set in conjunc-
tion with scientific researches, and the whole period towards a sustainable environ-
ment should be divided into smaller phases with shorter period targets. Turkey has 
already developed its own building energy performance certification tool by follow-
ing the European Union Directive; however, for the next phases and targets, more 
distinct and major steps should be taken.
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Bordei houses (cont.)
low-energy consumption, 122
materials, 122
organic building, 122
thermal insulation, 123, 124

construction, 116
Cucuteni culture, 114
defense reasons, 114
definition, 114
difficult access, 119
Dobrogea area, 117
earth walls, 118
floods, 119
form and constructive system, 113
gârlici, 117
Gumelniţa culture, 114
heat losses, 121, 122
insufficient natural lighting, 120
medieval period, 116
modernization (see Modernization, 

“bordei” houses)
moisture, 119
Neolithic period, 116
perimeter walls, 118
poor ventilation, interior space, 121
Puţuri village, 114, 116
Vatra, 118
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