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Preface

Currently, the construction industry has the most detrimental impact on the 
environment. On the one hand, constructions generate an environmental impact 
through the use of necessary resources and the generation of greenhouse gas 
emissions during the construction process. On the other hand, buildings consume 
large amounts of energy once they are in use. For this reason, it is necessary to develop 
efficient designs to mitigate the environmental impact of buildings during their 
different phases, with the goal of achieving a low-carbon building stock by 2050.

Energy policies are promoting decarbonization of the built environment using 
the nearly zero-energy building concept. However, the technological challenges to 
achieve nearly zero-energy buildings are great. As such, it is necessary to carry out 
research on innovative materials and designs. This book summarizes research in this 
area over three sections: “Materials,” “Design,” and “New Approaches.” It includes 
twelve chapters that present current knowledge about nearly zero-energy buildings, 
which is crucial for academics, researchers, architects, engineers, and professionals 
in the building and construction sector.

David Bienvenido-Huertas
Department of Building Construction,

University of Granada,
Granada, Spain





1

Section 1

Materials





3

Chapter 1

Complementary Building Concept: 
Wooden Apartment Building: 
The Noppa toward Zero Energy 
Building Approach
Markku Karjalainen, Hüseyin Emre Ilgın, Marie Yli-Äyhö  
and Anu Soikkeli

Abstract

Increasing the construction of wooden apartment buildings has its place as part of 
preventing climate change. This chapter aims to explore the possibilities of expanding 
the construction of wooden apartment buildings on plots owned by the City of Helsinki 
in the Mellunkylä area by developing a series-produced wooden apartment building con-
cept suitable for complementary construction—The Noppa concept. The sustainability 
of this approach is considered from the perspective of materials, construction methods, 
adaptability of the designed spaces, and housing design flexibility. In this study, the 
Noppa wooden apartment building concept with cross-laminated timber (CLT) ele-
ments has been developed varying in its facilities and architectural design features 
through architectural modeling programs to be used for complementary construction. 
The research findings are based on a theoretical approach that has not yet been practi-
cally tested but is proposed considering existing construction practices that need further 
investigation. It is believed that this chapter will contribute to the spread of wooden 
apartments to achieve a low-carbon economy as one of the key tools in tackling climate 
change problems. Particularly, proposed architectural design solutions will contribute to 
decarbonization of buildings as well as zero energy building (nZEB) approach.

Keywords: apartment building, zero energy buildings (nZEB), architectural design, 
timber/wood, CLT, Finland

1. Introduction

“Net Zero Energy Buildings” will be the next big frontier for innovation and 
competition in the world’s real estate market and can be promptly scaled in Europe 
as in North America [1]. In this sense, European energy policies introduced the 
net zero energy building (nZEB) target [2] to promote the energy transition of the 
construction sector. EU programs, especially “Horizon 2020,” introduce the nZEB 
design as well as its evolution to positive energy building (PEB) model [3]. Especially 



Nearly Zero Energy Building (NZEB) - Materials, Design and New Approaches

4

the construction industry is one of the main reasons for this problem due to excessive 
emissions to the environment [4] resulting from the processes of buildings’ heating 
and cooling systems.

Until recently, Finnish building codes were only an incentive to construct low-
energy buildings, and Finland had no legislation or guidelines on life-cycle emis-
sions. However, like other Scandinavian countries working toward regional carbon 
neutrality, Finland targets carbon neutrality by 2035 and is developing policies, 
including low-carbon construction legislation [5]. Additionally, the Finnish Ministry 
of Environment has set a target for building life-cycle legislation to account for 
CO2 emissions by 2025 [6]. The aim is to influence the total carbon footprint of the 
construction and the building heating carbon footprint of the energy used through 
financial incentives [7, 8]. The Finnish Ministry of Environment is considering 
financial controls over the life cycle of the building to reduce CO2 emissions, 50 years 
building life is a set of target control plans [9, 10]. Like Finland’s national goal, the 
Helsinki-Uusimaa Region aims for climate neutrality by 2035 [11].

In this sense, bio-based materials such as wood come to the fore with many advan-
tages such as good indoor air quality, thermal insulation [12]. Bio-based materials are 
generally hygroscopic; that is, they retain water molecules until an equilibrium state of 
water content is reached for the relative humidity of the ambient air [13], which posi-
tively affects indoor air quality. The performance of these materials can significantly 
contribute to microclimate comfort by managing energy and mass (vapor) transfer. 
Furthermore, wood acts as a thermal insulator while also providing a suitable internal 
surface temperature. Timber also protects from thermal bridges, as it is one of the very 
few available materials capable of both load bearing and insulation. Wood’s volumetric 
change due to heat is minimal; therefore, for example, in solid wood structures, in 
glued arrangements, it is considered a good structural material in many cases [14].

Wood construction stands out as one of our best allies in solving the climate crisis, 
thanks to its positive environmental characteristics such as low carbon emissions during 
processing and significant carbon storage in use. Additionally, according to life cycle 
assessment–based research in the literature [15–17] the selection of wood-based materi-
als has a substantially lower impact on CO2 emissions in comparison with non-wood-
based materials as in the study on the life-cycle assessment of a wooden single-family 
house in Sweden [18]. Wood construction also supports the Finnish government’s bio-
economic strategy for a carbon-neutral society by 2035 and addresses European climate 
policy [19]. In particular, engineered wood products (EWPs) such as cross-laminated 
timber (CLT) are being used in increasingly demanding applications [20] to meet the 
sustainable construction challenge [21–23]. The many advantages of CLT include low 
carbon and high thermal insulation, excellent in-plane and out-of-plane strength, high 
strength-to-weight ratio, and large-scale and high-rise buildings to be built [24, 25].

On the other hand, Finnish residents generally welcome timber construction and 
multistory timber apartment buildings [26]. They attributed the features of timber 
apartment building residence such as good sound insulation, good indoor climate, 
beauty, warm atmosphere, and coziness. Furthermore, they wish for more wood as a 
visible surface material inside the building and more timber apartment buildings.

Thus, wood-based solutions have traditionally held a strong position in Finland’s 
construction industry, with wood accounting for 40% of all building materials, and 
about 80% of single-family homes are timber-framed. About 12 million cubic meters 
of sawn wood were produced in Finland in 2018, and about four-fifths of the sawn 
wood was used for construction. Moreover, the National Wood Building Programme 
(2016–2022) in Finland aims to increase wood use and long-term carbon storage in 
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wood structures by promoting the growth of internationally competitive industrial 
wood building knowledge and production [27].

The Noppa concept will be implemented in the New Housing Forms—
Integration of Living Suburbs (AsuMut) project in collaboration with Tampere 
University and the City of Helsinki. This project is part of a suburban program 
managed and funded by the Finnish Ministry of Environment. Three of the cities 
in the Helsinki suburban program relate to the urban reform area, Malminkartano-
Kannelmäki, Malmi, and Mellunkylä. The Helsinki suburban program is con-
nected in addition to several strategic programs of the City of Helsinki, such as the 
Helsinki City Strategy for 2017–2022, Carbon neutral Helsinki 2035 action program, 
and Implementation program for housing and related land use [28]. The City of 
Helsinki aims for carbon neutrality by 2035 and uses wood instead of the concrete 
structure to achieve this. Changing the segregation of existing residential areas to 
strengthen their attractiveness creates prosperity for the present and future resi-
dents of the area. By increasing the construction of wooden apartment buildings 
in complementary constructions, the naturalness of wood can bring comfort and 
humanity to the suburbs.

The focus of the study is the wooden structure development of an apartment 
concept, where complementary construction projects of mass-produced wooden 
apartments can be designed. Using the concept, it is possible to design wooden build-
ings in Helsinki and others in the growth centers of our country with an architectural 
environment that differs in building stock and additional site requirements. This 
study targets Mellunkylä, one of the Helsinki-owned plots where the possibility of 
complementary construction is being considered.

In this context, architectural design has an important opportunity to support 
sustainable development [29]. In Finland, this will also be promoted toward the end 
of 2020, graduating from the architectural policy program proposal of the Ministry 
of Education and Culture as well as the Ministry of the Environment [30], with the 
main theme being combating climate change and sustainability toward sustainable 
architecture. In this sense, architects can make a great contribution to a constructive 
building culture by ensuring the ecological quality and sustainability of the living 
environment.

On the other hand, it is worth mentioning here that as the population concen-
trates in cities and available land is depleted, housing flexibility is becoming an 
essential feature in the transformations of our daily lives [31]. Housing flexibility, 
which is associated with different typologies, provides the opportunity to change 
buildings spatially or structurally to meet the needs of building occupants by adapt-
ing to technological, cultural, and economic changes that have occurred over time 
[32]. Housing resilience is based on sustainable consumption in line with building life 
extension, recycling, and waste management [33]. Today, the need for flexibility in 
the housing field has become very urgent, which is a fundamental feature of archi-
tecture [34]. In this study, housing flexibility is also considered an important archi-
tectural design input and contributes to the nZEB approach in terms of its resilient 
features such as recycling.

Overall, this chapter aims to create higher value-added circular economy opportu-
nities to promote the competitiveness of large-scale industrial timber construction at 
the local level and to support European climate policy as part of a low-carbon econ-
omy. It is believed that this study will help the dissemination of wooden apartment 
buildings for different and innovative architectural applications as one of the key tools 
to contribute to decarbonization of buildings and nZEB approach.
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2. Research method

This study was carried out with architectural modeling methods used in the solu-
tion of research and design problems in architectural activities. This method enables 
architects to think, write, discuss, and disseminate as a bridge from theory to practice 
[35]. It is widely used in architectural design research where architects use it as a tool 
for research methodology [36, 37].

Additionally, at present, there is no single approach to making the object and 
subject of architectural activity, which inevitably leads to significant differences in 
research methods and architectural design of objects, especially at such important 
levels of solving this problem [38]. On the other hand, the precise operation of text 
and project interaction in architectural design research remains a highly debated and 
relatively unformed topic [39–42].

Therefore, in this study, main business applications such as AutoCAD, SketchUp, 
parametric modeling and information modeling methodology of buildings, and com-
plex object modeling methods used in modern architectural design applications (e.g., 
[43, 44]) were employed. Here, creative proposals are realized through a mix of draw-
ings and models as visual representations to encourage a fresh and lively approach to 
architectural research. Figure 1 shows the architectural design steps used in this study 
as the research method with numerous background variables (e.g., client/user needs 
and aspirations, project philosophy, design idea and inspiration, marketing, project 
management, material research, operation management).

Starting points were prepared for the Mellunkylä region (Figure 2) to establish 
the design principles, which have been approved by the City of Helsinki’s Urban 
Environment Board as a basis for further planning in September 2020. The aim of 

SITE
(Site a�ributes & constraints)  

VISION 

PROJECT CONCEPT 

INITIAL DESIGN 

CITY PLANNING ISSUES 

BUILDING APPROVAL  
APPLICATION 

CONSTRUCTION 
DOCUMENTATION 

PROJECT 
COMPLETION 

Figure 1. 
Architectural design steps used in this study as the research method.
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the urban reform is to increase the attractiveness of the region by boosting housing 
and employment, improving accessibility, and enhancing the district public service 
network together with reducing CO2 emissions and contributing to nearly zero-energy 
buildings. According to the design principles in complementary constructions, the 
aim is to preserve the typical features of the site, as well as their natural environment.

The objective of Noppa approach, the solid house frame apartment concept to be 
produced in series, is to be a step toward a smoother wooden apartment construc-
tion. The starting point of the Noppa concept is to provide functional, aesthetic, 
and affordable housing facilities with efficient wooden design solutions for different 
construction site conditions.

As its construction principles, the Noppa approach has a narrow frame and is 
suitable for its size for well-finished construction sites. If there is space beyond the 
additional site building, the Noppa apartment building can be converted into an apart-
ment building with two or multiple stairs connecting the short side of the house. The 
Noppa apartment has a clear basic framework, and its facilities and layout are highly 
adaptable, where efforts have been made to select feasible structural solutions that are 
as simple as possible. Standardized structural solutions allow different collaboration 
of actors in construction chips, and the construction concept can be developed and 
implemented by several interested parties. The building plan meets the requirements 
of current legislative building codes in Finland such as the Finnish fire code.

In apartments’ floors, volume elements placed on the base layer have 10 apart-
ments of varying sizes (from 53 to 134 m2) and types. The living areas of the apart-
ments are of reasonable size, and the smallest residences allowed in the regulations 
cannot be found in the selection of 20 m2. Adequate sizing of dwellings increases 
living comfort, the ability of the building to adapt to changing housing needs, and 
thus longevity. The goal in the design is the premises of the apartment flexible space 
solutions for functional use. The plan focuses on enabling a diverse mix of housing 
and transformative spaces within the residences, thereby increasing the value of the 

Figure 2. 
Mellunkylä region as a district of Helsinki.
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building in the long run. For ground floors, three different options (Figure 3) are 
provided with all necessary technical services, while many different types of apart-
ments’ living floors (Figure 4) are proposed.

Figure 3. 
Ground floor alternatives: (a) with warehouse/civil protection; (b) no shelter; and (c) with sauna and no shelter.
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The choice of gable roof supports practical functionality in water management, 
which is essential for the longevity of a timber-framed apartment building (Figure 5). 
Besides natural ventilation, the use of gravity as a basic solution also requires the shape 
of the roof to create the height difference necessary for gravity ventilation to be created. 
The Noppa basic solution has four gable roof options that affect the architecture of 
the building, for example, the upper tiers space arrangements. There are three balcony 
solutions, a flat and shaped balcony area across the entire facade, and freestanding, 
self-contained balcony towers (Figure 6).

Figure 7 shows 3D views and typical floor plans of four different alternatives for 
the Noppa basic solution.

Figure 4. 
Living floor alternatives (a–h).
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Figure 5. 
Gable roof alternatives: (a) symmetrical gable roof; (b) inverted gable roof; (c) partitioned gable roof; and (d) 
asymmetrical gable roof.

Figure 6. 
Balcony alternatives: (a) full facade balcony; (b) shaped balcony; and (c) individual balconies.
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3. Conclusion

This chapter aimed to search for the possibilities of expanding the construction of 
wooden apartment buildings in the Mellunkylä region by developing a mass-produced 
wooden apartment concept suitable for complementary construction—“The Noppa 
concept.” The sustainability of this concept was considered from the perspective 

(a) 

(b)

Figure 7. 
Different design alternatives for the Noppa basic solution (a–d).
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of materials, construction methods, the adaptability of the designed spaces as well 
as design flexibility. The results were the architectural design proposals based on a 
theoretical approach considering contemporary applications in the wooden apartment 
construction market, but further research such as life-cycle assessment will be done as 
part of other studies.

As a country with a sustainable social structure, a well-educated population, and a 
high level of technological expertise, Finland has an excellent opportunity to rebuild 
itself in line with the principles of sustainable development and zero energy building 
as in the case of Mellunkylä region. Advances in research and product development 
related to (engineered) wood products with high processing value and long carbon 
storage times, sustainable use of industry side streams, and ensuring transparency 
and efficiency in the timber market will contribute to this sustainable development. 
Furthermore, encouragement of wood structures to function as carbon storage, endors-
ing material neutrality in fire regulations to reduce the need for double fire protection of 
wood buildings, and industries and other private investors’ contributions to sustainable 
development by focusing on improving existing processing technologies and making 
them more resource and energy-efficient play a critical role in this progress.

In this sense, it is believed that this chapter will contribute to the spread of wooden 
apartments to achieve a low-carbon economy as one of the key tools in tackling climate 
change problems. In particular, the proposed architectural design solutions will sup-
port the decarbonization of buildings and a zero-energy building approach.
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Chapter 2

An Aggregated Embodied and 
Operational Energy Approach
Shahaboddin Resalati

Abstract

Highly insulated envelopes are an integral part of any net zero energy building 
with a target to reduce the demand that need to be supplied by the renewable energy 
and other mitigating measures. While stricter insulation levels can in theory reduce 
the operational energy demand of buildings, the additional embodied energy invest-
ment in the insulations can become significant and not recovered within the expected 
timeframes. Accounting for embodied energy investment requires a paradigm shift 
in design of highly insulated buildings and can determine U-value levels that can be 
justified based on an aggregated operational and embodied energy approach. The 
following chapter discusses the aggregated approach in more detail showcasing the 
shortcomings of existing building codes and standards using a case study building. 
The chapter also reviews the potential barriers of adopting such approaches with a 
specific focus on the uncertainties of embodied energy data and offers a holistic view 
on its implications for various end-users and stakeholders within the construction 
sector. The presented analyses in this chapter depict optimal insulation levels beyond 
which the additional embodied energy burden cannot be recovered using the associ-
ated operational energy savings highlighting the necessity of accounting for embod-
ied energy in developing future design principles for zero energy buildings.

Keywords: embodied carbon, aggregated carbon, insulation materials, optimum 
carbon levels, Life Cycle Assessment

1. Introduction

The international building codes and standards have consistently, through their 
various iterations, sought to reduce the energy demand of buildings with a focus on 
better fabric performance and lower U-value requirement among others (Table 1). 
This was simply due to the fact that the operational energy demand, in earlier versions 
of standards, was taken as 10 times greater than the embodied energy load, and 
therefore reasonable to be given priority [2–6].

More recently however, when reducing the carbon emissions from the built environ-
ment came under more serious scrutiny, this trend that has been cemented in building 
standard around the world has been questioned and analysed further and different 
countries have started acknowledging embodied energy in their regulations. For exam-
ple, France and Belgium are pioneering the move to mandate consideration of embod-
ied energy in their building regulations in Europe. Although this is still relatively new 
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and low impact and the building product manufacturers are only required to report Life 
Cycle Assessment (LCA) data should they decide to promote the environmental perfor-
mance of their products, it is a significant shift towards regulating embodied energy in 
buildings [7]. Other countries within Europe joining the initiative include Austrian, the 
Netherlands and German legislations. These although acknowledge embodied energy 
investment a significant contributor to the overall carbon footprint of new buildings, 
only focus on operational energy currently. Although not fully incorporated in build-
ing regulations there exist examples of various embodied energy inventories dedicated 
to the construction sector and the associated materials and products including BRE’s 
Green Guide and the Inventory of Carbon and Energy (ICE), U.S. Life Cycle Inventory 
Database, and the Canadian Building Material Life Cycle Inventory Database [1].

1985 2003 2007 2010 2012 2018

Finland U-value 
wall

0.28 0.25 0.24 0.17 0.17 0.17

U-value 
roof

0.22 0.16 0.15 0.09 0.09 0.09

2006 2010 2013

Notional 
building

Limiting 
factor

Notional 
building

Limiting 
factor

Notional 
building

Limiting 
factor

UK U-value 
wall

0.35 0.7 0.2 0.3 0.18 0.3

U-value 
roof

0.25 0.35 0.13 0.2 0.13 0.2

EnEV 2002 EnEV 2004 EnEV 2007 EnEV 2009 EnEV 2014 EnEV 2016

Germany U-value 
wall

0.45 0.45 0.45 0.35 0.35 0.28

U-value 
roof

0.45 0.45 0.45 0.35 0.35 0.28

BFS 2008 BFS 2011 BFS 2016

Sweden U-value 
wall

0.18 0.18 0.18

U-value 
roof

0.13 0.13 0.13

BCA2007 NCC 2011 NCC 2015

Australia U-value 
wall

0.52 (Z1, 2 and 3)–0.3 (zone 
8)

0.35 (Z1–Z7)–0.26 (Z8) 0.35 (Z1–Z7)–0.26 (Z8)

U-value 
roof

0.37 (Z1)–0.21 (Z8) 0.2 (Z1–Z7)–0.16 (Z8) 0.2 (Z1–Z7)–0.16 (Z8)

IECC 2009 IECC 2012 IECC 2018

United 
States

U-value 
wall

0.197–0.057 (Z1–Z8) 0.197–0.057 (Z1–Z8) 0.197–0.057 (Z1–Z8)

U-value 
roof

0.035–0.026 (Z1–Z8) 0.035–0.026 (Z1–Z8) 0.035–0.026 (Z1–Z8)

Adapted from Resalati et al. [1].

Table 1. 
Changes in building codes and standards around the world.
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In recent years, the increased use of LCA evaluations to measure the environmental 
performance of building materials and products has emerged from the push toward 
integrating embodied energy in emission equations. Various environmental certifi-
cation systems have been developed and used, such as the Environmental Product 
Declaration (EPD) [8], to independently verify documents that transparently and 
accurately communicate the environmental impact of various products in accordance 
with EN 15804 and ISO 14025. EPDs are type III environmental declarations based on 
the fundamental product category rules of European standards (PCR).

Although embodied energy has been acknowledged in regulations and researched 
substantially in the literature, it is still not fully regulated. The ratio of embodied to 
operational energy has changed over the years with the operational energy reducing 
as a result of increased adoption of renewable energy and better fabric standards. 
This, at the same time, increased the use of insulation in the buildings and shifted 
the ratio considerably [9]. As the ratio shifts, future low and zero energy buildings 
may see comparable embodied and operational energy measures, or even embodied 
energy outweighing the operational energy (Figure 1), concluded in RICS [10], 
Kristjansdottir et al. [11], Sartori & Hestnes [12], Dixit [13], Chau et al. [14], Stephan 
et al. [15], Dascalaki et al. [16], Mourao et al. [17], Gustavsson & Joelsson [18], Azari 
and Abbasabadi [19], and Dascalaki et al. [20]. Such drastic changes necessitate a 
thorough examination of the constraints and challenges that come with regulating 
embodied energy in the construction industry.

The following section examines the relative challenges and arising opportuni-
ties, focusing on issues such as the consistency and reliability of existing data data 
utilised in LCA analysis, as well as inconsistent modelling methodologies that produce 
outputs with a high level of uncertainty, and lays the foundation for future research.

2. Embodied energy data: challenges and opportunities

LCA studies are used to properly assess a product's or service's environmental 
impact. This strategy is largely data-driven, and is heavily reliant on the availability 
of precise, dependable, and high-quality data [21]. Gathering data with such quali-
ties, on the other hand, has proven difficult for LCA end users and practitioners [22] 
due to a variety of issues, including manufacturer confidentiality requirements, the 
time and expertise required to generate reliable data, and inconsistent application of 
methodological approaches to data analysis [23, 24].

In theory, any LCA study in accordance with common PCRs should allow for reliable 
comparative analyses to take place for various building materials, products, and services. 
In practice however, the assumptions used in the LCA models including the service life 
of the product, maintenance requirements, in use operating energy, and varying system 
boundary options [1, 25] can significantly shift the results of the LCA models [26]. 
Several researchers have reported disparities between LCA results based on fundamen-
tally different assumptions, such as functional units [27], system boundaries [28, 29], 

Figure 1. 
Embodied to operational proportions for low and zero carbon buildings.



Nearly Zero Energy Building (NZEB) - Materials, Design and New Approaches

20

LCI databases [21, 30], and End-of-Life (EoL) modelling scenarios [30]; Takano 
[31]. Clark [32] studied embodied equivalent carbon values for commercial buildings 
based on different methodologies and demonstrated results ranging from 300 to 1650 
kgCO2eq/m2. De Wolf et al. [22] comprehensively investigated discrepancies in the final 
results of LCA studies due to the quality of available data.

The other factor contributing to further discrepancies that has been studied 
comprehensively in the literature is the adoption of LCI techniques. The LCI tech-
niques include process, input–output, and hybrid methods. There are fundamental 
differences between the way data is treated and analysed in these techniques with 
the process analysis formed around disintegrating the relevant life cycle stages into 
characteristic processes. The data associated with each stage is collected directly from 
relevant manufacturers or is provided by specialist data inventories including ecoin-
vent and GaBi. The Input–output technique is formulated around financial transac-
tion matrices between engaged sectors. The embodied energy values are calculated 
using energy intensity values that have been assigned to each sector. Hybrid analysis 
in designed to benefit from advantages of the two techniques and at the same elimi-
nate their shortcomings [15]. The most impactful shortcomings of the two techniques 
include the ‘truncation error’ which is believed to significantly underrepresent 
requirements for the process analysis [33–37] and also the ‘aggregation error’ for 
input–output analysis for allocating similar energy intensity measures to all products 
within a sector [38].

There are various studies that have highlighted the discrepancies in embodied 
energy results associated with adoption of different LCI techniques. Crawford [39], 
Stephan et al. [15] and Stephan and Stephan [40] have demonstrated in their studies 
of whole buildings that a hybrid LCI analysis can lead to embodied energy values 
of up to four times greater than those achieved using a process analysis. In a similar 
study Wiedmann et al. [41] explored the environmental impact of wind turbines and 
demonstrated twice as high environmental impacts for hybrid analysis compared with 
a process analysis. Bontinck et al. [42]. A hybrid LCI was used to explore structural 
insulated panel systems. The findings of the hybrid analysis were found to be 159 
percent higher than a process analysis and 46 percent lower than an input-output 
analysis. Guan et al. [43] conducted a process study on a hybrid LCA of a building in 
China and found a 100 percent gap.

Drastic disparities of this nature highlight the need for a harmonised and standardised 
LCA to be adopted by building regulations allowing for an effective decision-making tool 
to assist in the early stages of building fabric design, or strategising future policies and 
product development for various stakeholders.

Gelowitz and McArthur [44] reviewed the published EPDs for building products 
and identified adoption of different LCI methodologies, high level of incomparability 
between EPDs using the same PCR, and poor verification practices as the main barri-
ers in adopting the results in further analysis. Although conceding that the number of 
valid comparisons were substantially greater for EPD generated in compliance with 
EN 15804, Resalati et al. [1] argue that the EN 15804 harmonisation standard has not 
been totally effective.

Although several studies have investigated the LCA concept in detail and provided 
insight into how best these tools could be further optimised for decision making 
processes, their use is currently primarily limited to academic studies [30], and is not 
incorporated in the industrial ecosystems in enough depth [7]. This has been attrib-
uted to a series of factors in the literature including the lack of appropriate interoper-
ability between LCA methodologies and high demand tools in the construction sector 
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(Anand and Amor [30], Means and Guggemos [45]), the expertise required to carry 
out LCA studies reliably [45], and LCA priority for various industries at present in 
parallel to the confidentiality issues the manufacturers see as a barrier in publish-
ing their LCA results [46]. As noted by Resalati et al. [1], such challenges may cause 
delays in the adoption of such technologies, implying that environmental policies and 
many of the assumptions on which current policies are founded may not accurately 
reflect energy and its consequent carbon investments. Several researchers such as 
Chastas et al. [47], Cellura et al. [48] and Moran et al. [49] have questioned whether 
our current energy efficiency measures with a focus on ‘operational energy only’, 
instead of a ‘total energy’ efficiency, are acceptable in the context of longer term 
strategic policy making.

This chapter, takes on an aggregated operational and embodied energy approach, 
aiming to demonstrate the impact of the uncertainties of embodied energy data when 
achieving low and zero energy buildings. The analyses aim to apply the aggregated 
approach on individual building elements and materials.

This chapter seeks to highlight the significance of considering the uncertainties 
of embodied energy data when LCA is used as decision making tool to inform the 
engaged stakeholder and other relevant end users. This will be carried out with a 
particular view of individual building components and materials, based on a total 
energy/carbon analysis.

This is illustrated by examining the sensitivity of optimal building insulation level 
to the deviations of embodied energy data. The assessments are shown in the context 
of residential buildings in the United Kingdom, although the methodology is not 
restricted to that and may be applied to a broader operational setting.

3. Aggregated embodied and operational carbon

While the connection between U-values and operational energy/carbon is gener-
ally linear (Figure 2), embodied carbon tends to rise at a faster rate as buildings are 
insulated to better efficiencies. Only thermal conductivity is positively associated 
with operational carbon (i.e. the line is not dependant on the insulation type).

Embodied carbon however, is directly dependent on the type of insulation and 
increases in the level of insulation progressively increase the embodied carbon values rela-
tive to thermal conductivity of the material and its associated embodied carbon burden.

Figure 2. 
Linear relationship between operational carbon and U-value.
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Figure 3 illustrates the total carbon curve (for PUR insulation as an example) for a 
typical dwelling. The key feature is that the aggregated total of the linear and non-
linear relationship is inevitably non-linear. The graph demonstrates a progressively 
diminishing return for incremental improvement in U-value measures. Reducing the 
total carbon value therefore becomes more challenging to achieve using the building 
fabric insulation levels.

The graph indicates an optimum thickness for the insulation level beyond which 
the additional embodied carbon investment cannot be recovered through operational 
carbon savings (the marked point on Figure 3). The optimal point can change as the 
base assumptions are adjusted in the analysis e.g., insulation type, climate, occupancy 
levels, etc. The key feature however is that the three lines form a curve that repeats 
in all comparable scenarios. Such curves will eventually flatten for a longer service 
life or the use of an insulation material with lower associated embodied carbon. Such 
analyses demonstrate where optimum net benefit is achieved. Beyond these optima 
embodied carbon burdens exceed operational savings, whilst in advance of these 
points embodied carbon investment usefully reduced operational requirements.

This form of analysis is key when it comes to designing low/zero energy buildings 
where the existing standards tend to move towards even lower U-value requirements. 
On a material level, the analysis demonstrates that many conventional insulation 
materials cannot achieve very low U-values without incurring carbon disbenefits, 
whilst other conventional or novel materials with lower embodied carbon relative to 
their thermal conductivities, can justifiably achieve ambitious U-values.

The flat nature of the total carbon curve naturally creates comparative points on the 
graph, where lower levels of insulation show parity to the more extreme measures. The 
identified areas on Figure 4 are referring to the insulation levels that are within 5% varia-
tion of the sweet spot i.e., the total carbon level associated with the 300mm insulation 
is identical to that of 100mm, in this specific case, but within 5% similarity to the total 
carbon level on the sweet spot. The operational only approach suggests 50% savings for 
the same range. This is crucial to be incorporated in all future building design strate-
gies if the lower emission targets are to be met where a decarbonised grid coupled with 
electricity dominated operational energy demand is in the horizon.

Such findings will have significant financial implications as well for building 
design where higher levels of insulation would be more difficult to justify in the 
future zero energy building codes and standards. This similarly applies to setting the 
energy efficiency targets for retrofitting the existing building stock around the world.

Figure 3. 
Total carbon curve.
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It is important to realise that the optimal points on the total carbon curve may 
move towards lower or higher insulation levels depending on the occupancy patterns, 
climatic conditions, building function and service life, source of energy, HVAC type 
and settings, and the type of insulation used, but the approach will be valid and its 
key feature still applicable, as identified above.

In order to demonstrate the extent of variability in results, the following section 
demonstrate the application of a series of insulation materials on a case study build-
ing in the UK. The assessments were conducted on a three-bedroom semi-detached 
house built in compliance with the most recent Building Regulations in the United 
Kingdom, as outlined in L1A Conservation of fuel and power. The building has a total 
floor area of 80 m2.

4. Thermal and environmental performance of insulation materials

The studied insulation materials and their associated reported embodied carbon 
values are presented in Table 2. The values are extracted from available EPDs for each 
insulation material.

A box and whisker plot was used to graphically illustrate the locality and spread of 
GWP/unit weight data extracted from EPD documents as presented in Table 2. The 
interquartile range (IQR) between the 25th and 75th percentiles, median and standard 
deviation values are represented with the box, the line, and the whiskers respectively.

A clear distinction can be observed between studied insulation materials with MW 
and GW presenting comparable median values. EPS, XPS, PU, and PF as insulation 
materials with a hydrocarbon base also form a distinctive group with very similar 
median points. The PU and MW however are demonstrating greater probability 
distribution due to the discrepancies in the data compared with PF and GW.

For a more meaningful comparison between the insulation materials, their relative 
thermal performance needs to be reflected in the analysis. The thermal resistance 
(R-value) target for this analysis was taken as 6.6 m2.K/W complying with the UK 
Building Regulation requirements as explained above. Figure 6 represents the values 
in Table 2 converted into the GWP values associated with the target thermal resis-
tance for each insulation material.

The distinct insulation groups, with similar median points, that were formed in 
Figure 5 are not evident in Figure 6 and the GWP values in relation to the thermal 

Figure 4. 
Areas on the total carbon curve where lower levels of insulation show parity to the higher levels.
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Material f.u. Density (kg/m3) λ (W/m k) GWP (kgCO2eq/kg)

Glass wool (GW) m3 15 0.0425 1.07

m3 19 0.0395 1.07

m3 24 0.035 1.16

m3 31 0.033 1.07

m3 10.5 0.044 1.16

m3 19.5 0.035 0.97

m3 11.5 0.04 0.99

m3 20 0.035 1.43

Mineral wool (MW) m2 38.5 0.03676 0.85

m3 33 0.039 1.63

m3 85 0.04 1.13

m3 50 0.035 1.53

m2 29 0.037 1.21

m3 41 0.04 0.84

m3 94 0.04 0.88

m3 158 0.04 0.89

m3 20.5 0.036 1.24

m3 23.5 0.0335 1.81

m3 22.3 0.0335 1.86

m3 14.8 0.04 1.72

m3 15 0.04 1.92

Expanded polystyrene (EPS) m3 15.5 0.035 2.99

m2 25 0.034 2.35

m3 15.5 0.035 2.99

m3 15.5 0.035 2.99

m3 22.5 0.035 3.51

m3 16.6 0.035 2.89

m3 22.9 0.035 2.71

Extruded polystyrene (XPS) m2 35 0.031 2.91

m2 33.7 0.035 2.79

m2 34.6 0.035 2.75

m2 33.7 0.035 2.79

Polyurethane (PU) m2 31 0.023 4.03

m2 31 0.023 3.47

m2 31 0.026 3.52

m2 31 0.026 3.20

m2 40 0.026 3.19

m2 42 0.023 7.76

m2 32 0.023 3.81
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resistance demonstrate smaller variation between the insulation groups. The distribution 
of GWP values for MW becomes significantly broader when the targeted R-value is 
considered, whereas these values for GW stays relatively stable.

The median point for XPS insulation material demonstrates 100% higher GWP 
values compared with EPS. The GWP values for Cellulose-based insulations, cover 

Material f.u. Density (kg/m3) λ (W/m k) GWP (kgCO2eq/kg)

Phenolic foam (PF) m2 35 0.021 2.83

m2 35 0.021 2.91

Foam glass (FG) m3 165 0.103 0.12

m3 130 0.082 0.12

kg 117 0.041 1.30

Cellulose (CEL) m3 28 0.039 0.13

m3 28 0.039 0.10

kg 31 0.039 0.20

m3 250 0.049 0.86

m3 160 0.04 0.64

m3 260 0.05 0.70

m3 140 0.038 0.43

m3 240 0.047 0.44

m3 210 0.044 0.39

Vacuum insulation panel (VIP) kg 200 0.007 9.4

kg 200 0.007 11.1

kg 200 0.007 6.4

Table 2. 
Environmental properties of insulation materials with reference to their thermal conductivities.

Figure 5. 
GWP per unit weight of different insulation materials.
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a broad range from 0.7–67 kgCO2−eq/m2. This is due to the variety of base products 
used for making cellulose-based insulations. The base products can include refined 
virgin wood chips and blown recycled cellulosic products, such as wastepaper with 
requiring their own dedicated processing procedures.

The GWP values for VIPs are significantly higher than the other insulation materials 
even with factoring their considerably better thermal performance (up to 10 times better) 
in the analysis. This must be noted however that over 90% of the GWP values associated 
with VIPs are linked to their core material and specifically in the studied EPD associated 
with the use pyrogenic silica [50, 51]. The studied EPDs for VIPs are based on a cradle to 
gate approach and therefore not taking into account the recyclability potential for VIPs. 
Considering different end-of-life scenarios could change the impact of VIPs and other 
insulation materials such as cellulose based materials significantly.

5. Optimum U-value levels on the basis of a total carbon analysis

The following section utilises the range of embodied carbon values presented 
above in order to identify the associated optimum U-value measures and present the 
uncertainties such discrepancies can cause in early stage building design decision 
making. Figure 7 demonstrates these points and clearly presents the broad range of 
identified optimum points that can be achieved using the same type of insulation 
material depending on the source of embodied carbon values used.

The range of embodied carbon associated with Cellulose insulation as an example, 
leads the optimum U-value points to cover values from 0.15 W/m2.K to 0.35 W/
m2.K. This applies to all other insulation materials as well with MW and PU covering 
0.16–0.25 W/m2.K and 0.21–0.29 W/m2.K respectively.

Comparing VIP values with other insulation materials demonstrate that U-values 
lower than 0.21 W/m2.K could not be reached without leading to an increase in 
the total carbon values. The VIP values however show comparable results with PU 
insulation, although due to its higher GWP values, the total carbon value is higher for 
identical optimum U-values. This is also investigated by Resalati et al. [1] where it was 

Figure 6. 
GWP per unit area of insulation materials for the target thermal resistance.
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observed for VIPs that their interquartile range was almost double of those for PU. 
The values demonstrate the CEL, EPS, GW, and MW insulation types allow for lower 
U-values to be reached, in the context of assumptions applied to this study. Figure 7 
further highlights the sensitivity of identifying the optimum insulation levels for low 
and zero energy buildings to the assumption applied to the LCA models.

The optimum insulation levels based on an aggregated operational and embodied 
carbon approach allows for identifying the effectiveness of building fabric design 
in meeting the carbon savings targets. This has been presented that an operational 
carbon only approach, as is required by the current building energy codes and regula-
tions, does not necessarily lead to a lower overall energy load when compared with an 
aggregated approach. This has also been concluded by Mohazabieh et al. [52], Gul and 
Patidar [53] and Stephan et al. [15].

The analyses here further highlights these implications for subsequent future 
regulatory requirements, and hence provide the building product manufacturers 
with appropriate tools for analysing their products’ place in any future market where 
a total carbon approach is applied to building design in principle. The key concept 
here is that the discussion of factoring embodied energy/carbon into building design 
decisions is well past the point of questioning its significance and more addressing the 
challenges of how best this could be incorporated into our existing regulations. This is 
also concluded in a study presented by Lutzkendorf [54]. Further delays in factoring 
in the environmental performance of various materials, products, and services when 
calculating/regulating the required U-values in building design can in principle lead 
to the design choices that increase the carbon footprint rather than reducing it.

The findings also provide meaningful insight for developing novel insulation 
technologies. Any new technology will need to have very low levels of embodied 
energy relative to its R-value if lower insulation levels are to be achieved with the 
embodied energy values factored in. This can either be achieved using low impact 
materials or with appropriate plans for end-of-life recyclability. VIPs for instance offer 
huge potential to be used in future low and zero energy buildings given their very thin 
nature relative to the thermal conductivity measures, and can potentially outperform 
the conventional insulation materials based on an aggregated carbon approach. 
Appropriate end of life treatments however, need to be considered for VIPs to be 
competitive in the market environmentally.

Figure 7. 
Optimum U-value points associated with the GWP data points generated on the total carbon curve.
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6. Conclusions

Although existing assessment techniques have specific shortcomings, the number 
of research and initiatives currently undertaken in many countries highlight that the 
Life Cycle Assessment of buildings will be a feature of future assessments of build-
ing environmental impacts. Regulations incentivizing additional stakeholders to use 
these methodologies, as recommended by Eurima, should be the driving force behind 
increased acceptance of assessments of this type [7]. This adoption, on the other 
hand, requires studies that can deliver practical roadmaps, supporting the engaged 
stakeholders in establishing effective and long term business strategies. A more in 
depth understanding of the restrictions of LCA studies is a necessary requirement for 
developing reliable methodologies that can deliver high accuracy and reliability in a 
practical way.

When aggregated operational and embodied carbon are taken into account, total 
carbon curves have been formed identifying sweet spots where the embodied carbon 
investment cannot be recovered through operational savings. Data uncertainties, 
occupancy patterns, climatic conditions, building function and service life, source of 
energy, HVAC type and settings, and the type of insulation used, all contribute to the 
theoretical minimum. As a result, identical optimal specifications cannot be provided 
for various scenarios, rather, sufficient analytical and predictive understanding is 
required.

Considerable total energy savings can be achieved by practices and standards 
based on such principles. Such studies can help determine optimum insulation levels 
that can be incorporated into design of a building or that may be needed by standards 
in the future, as well as the limits to how much present energy-saving methodologies 
can be increased using certain technologies. Although whole life cycle thinking is now 
acknowledged in several codes and standards around the world, the lack of availabil-
ity of reliable and accurate data, and the differences in adopting the existing method-
ologies for generating EPDs and other LCA results can lead to generating misleading 
messages to the manufacturers and policymakers. The study provides evidence in 
favour of better harmonisation and standardisation of LCA and LCI databases and 
procedures.

Due to high variation in the LCA results as a result of current discrepancies in 
modelling assumptions, applied methodologies, and data, the total carbon approach 
can be utilised as guideline for the time being, while the onus remains on LCA special-
ists and practitioners, as well as other key stakeholders, to harmonise the science 
across all industries, including software.
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Chapter 3

Coalash as Sustainable Material for 
Low Energy Building
Avijit Ghosh

Abstract

Sand, which is a naturally occurring soft mineral ranks second after water, as 
far as consumption is concerned globally. Due to rapid infrastructural development 
worldwide, particularly in Asian region, the rate of natural formation of sand has been 
found to be outpaced by rate of consumption, causing greater ecological imbalances. 
Coalash, an industrial waste from thermal power plants are polluting in nature, and 
legacy ash in huge proportion without proper utilization is posing a serious threat to 
the environment. It was ideated to replace sand by coalash in concrete and mortar mix, 
and to evaluate the physical and thermal properties for its suitability in low energy 
building construction. Without compromising strength criteria, thermal transmittance 
value is found to be reduced up to considerable extent, which resulted lesser cooling 
requirement with added economic benefit. This medium technology application could 
be one of the economic pathway towards Near Zero Building Construction.

Keywords: sand, coal ash, energy, envelop, building

1. Introduction

Coal, being the largest source of power worldwide, contributes maximum in 
respect of global CO2 Emission. More than 33% of global electricity was produced 
by 2100 GW cumulative capacity coal based thermal power plants in 2020. China, 
United States and India are ranked as top three nations for coal combustion linked 
electricity production [1]. This being fossil fuel, and linked to CO2 emission, world-
wide movement has been started to tone down its usage. The ash produced as a fall-
out of coal burning is classified into fly ash and bottom ash. It is considered that for 
every 4 tonnes of coal burnt, approximately one ton of coal ash is produced [2]. The 
ash content actually depends on type of coal burnt, which is classified as anthracite, 
bituminous, sub-bituminous and lignite. But, the legacy ash already stored in various 
ash ponds of thermal power plants is huge and continuously affecting the environ-
ment by contaminating surrounding air and soil. In spite of various efforts under-
taken by authorities, 100% ash utilization could not be made possible. On the other 
hand, sand, the natural soft mineral is continuously depleted due to mindless sand 
mining mainly for infrastructure related developmental requirements. In fact, rate 
of formation of sand is getting outpaced by rate of extraction, thus creating a serious 
environmental imbalances. Considering the rapid growth in urbanization and par-
ticularly huge demand in building sector, the energy consumption by building sector 
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alone is enormous. Overall, buildings accounted for 36 per cent of global energy 
demand and 37 per cent of energy-related CO2 emissions in 2020. Since the signing 
of the Paris Agreement in 2015, greenhouse gas emissions from the buildings and 
construction sector had peaked in 2019 and subsequently fallen to 2007 levels in 2020 
mostly due to the COVID-19 pandemic [3]. Despite the expected rebound in emis-
sions in 2021 being moderated by continued power sector de-carbonization, buildings 
remain off track to achieve carbon neutrality by 2050. To meet this target, all new 
buildings and 20% of the existing building stock would need to be zero-carbon-ready 
as soon as 2030 [4]. Buildings consume energy at different levels of the life cycle. The 
fastest-increasing end uses of energy in buildings are for space cooling, appliances 
and electric plug-loads, which contribute buildings sector electricity demand growth. 
Researchers observed that operational energy requirement by buildings occupy 
lion’s share (around 80%) and rest is shared by material embodied energy including 
transportation, construction etc. related energy consumptions. It was also observed 
that a normal residential purpose use building and an office purpose use building 
consume on an average 275 kWh/m2/year, and 400 kWh/m2/year respectively [5]. 
Though these figures depend on many factors like climatic condition of the area, 
material choice, orientation / layout etc. the overall life-cycle energy figure can be 
optimized by appropriate planning and design. Among all the building components, 
envelop influences in deciding the energy ingress or egress to and from the building 
core. Such flow of energy ultimately determines the operational energy requirement 
for the particular building, depending on its functionality. Therefore the design of 
envelop with appropriate material property can contribute significantly from energy 
efficiency point of view. This research topic presents an approach in passive design of 
building envelop by selecting waste based abundantly available material, which might 
evolve into less heat conducting concrete and mortar. Thus, coal ash substitution in 
building construction industry address the issues of effective thermal power plant 
waste utilization, arresting rapid depletion of sand and improvement in building 
energy efficiency together.

2. Building envelop and constituent materials

2.1 Conventional materials

The building envelop influences heat conduction through roof, wall, fenestra-
tions and determine the quantum of sensible cooling/heating load requirement to 
balance comfort condition. As per the report, published by International Energy 
Agency in 2013, the demand for space air-conditioning is estimated to rise three fold 
between 2010 and 2050 on account of more numbers of hot days [6]. To restrict more 
heat entry inside the building, insulating materials are put to use. The conventional 
materials, which are used for this purpose are mostly by-products of fossil fuel oil 
industries, and the cost and embodied energy content of those are very high, besides 
being hazardous at the end of life disposal scenario. Choice of materials for energy 
efficient envelop construction should cater to the issues of durability, environmental 
sustainability, local sourcing of materials to reduce transportation related emission 
etc. Concrete is an integral composite material in modern building construction 
with considerable carbon footprint, due to one of its constituent with high embodied 
energy content, which is cement. It has been observed that Ordinary Portland Cement 
(OPC) contains the highest Global Warming Potential (GWP), Photochemical Ozone 
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Creation Potential (POCP) and Abiotic Depletion Potential (ADP) [7]. Paints with 
high reflection parameter on roof and other types of insulating materials are included 
in energy efficient building design. The manufacturing energy and GWP of normally 
used such materials are on the higher side [8]. Bergey had presented in a Symposia 
about the comparative study of various commercially available insulating materials, 
among which XPS was observed to be with highest embodied global warming poten-
tial (GWP) [9]. High albedo coating with cool roof feature contain embodied energy 
to the tune of 23 MJ/m2 of roof surface [10].

The walls in a building are conventionally made up of bricks, joined with mortar 
and covered by plaster on both sides, topped with paint and other finishing. The 
materials used for mortar and plaster are cement and sand of different proportions 
and grade (MM3/MM5 etc.) [11].

Since, major carbon intensive component in concrete is cement, sustainable concrete 
mixes had been adopted for this work with the inclusion of Portland Pozzolana Cement 
(PPC) (30% fly ash blended), stone aggregate, sand, water and fly ash /bottom ash /
marble dust / lime dust.

2.2 Coal ash as constituent material in envelop construction

Coal ash is basically a combination of lighter fly ash (75–80%) and coarser 
bottom ash particles, produced out of coal combustion in thermal power plants 
with zero embodied energy content. Depending upon its CaO percentage in the 
composition, it is classified as Class C (with some cementatious property) or Class 
F (with pozzolanic property). Globally, 100% utilization of coal ash from all the 
thermal power plants has not become possible till date. Cumulative accumula-
tion of the un-utilized coal ash each year in ash dykes are creating groundwater 
contamination, air pollution etc. On the other hand, due to the rapid growth in 
global infrastructure sector, unprecedented rate and pace of sand mining from 
river bed is threatening the ecological balance enormously. Various researchers 
have explored the suitability of this industrial waste, which is coal ash in building 
construction, as a constituent material of concrete and mortar. To name a few, 
Higgins had compared one tone of concrete made of ordinary Portland cement 
as main constituent and the same quantity of concrete with Portland pozzolana 
cement with 30% flyash blend. It was observed that 17% less CO2 emission to the 
atmosphere, 14% less primary energy requirement and 4% less mineral extraction 
resulted with such substitution [12]. The earlier works related to utilization of 
coal bottom ash in concrete have been studied. OPC, sand, bottom ash and stone 
aggregate as the concrete mix constituents were used. The results revealed that 
10–30% replacement of sand by bottom ash did not adversely impact the desired 
strength gain in the concrete, barring some losses in workability and flexural 
strength parameters [13–19]. Another group of Researchers investigated about 
the suitability of fly ash and bottom ash as replacement material of cement and 
normal river sand utilized in concrete making. The compressive strength values at 
28 days after casting were noted to be without change in comparison with conven-
tional concrete mix ingredients. The workability parameter of the concrete mix 
was noted to be stiff, but at a longer maturity period, strength increased consider-
ably. Toxicity parameters and durability aspects including leaching procedure, 
sulfate and acid attack and elevated temperature effects on concrete blended 
with coal ash as substitute to cement and sand were also studied, and the test 
results did not reflect any adverse impact, and as such considered to be used as 
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clean construction material [20, 21]. Other researchers explored about the usage 
of fly ash as fine aggregate in masonry mortar and found that up to a consider-
able replacement ratio, the fly ash blended mortar can be used [22]. Soheil Oruji, 
Nicholas A. Brake and others tried to see if the finely ground bottom ash can act 
as an alternative material to cement in mortar preparation. The fineness effect on 
workability as well as, on setting time were studied. Improvement in micro-struc-
ture of cement mortar and increase in the strength parameter of such product was 
observed [23]. Kim had experimented with sieved and ground coal bottom ash in 
high strength cement mortar. The ground bottom ash was found to increase the 
workability and compressive strength values compared to the equivalent mortar 
made of cement and fly ash [24]. Shahidan et al. had studied the physical and 
chemical properties of coal bottom ash, as a replacement material for sand. The 
gradation of particles in bottom ash and sand showed some similarity, and overall, 
bottom ash is recommended favorably as a replacement material to sand [25]. 
Abbas et al. had also studied the effect on cement and sand by limestone dust and 
bottom ash partially respectively. For a number of mixes, sand substitution by 
bottom ash were done in various replacement ratios, and limestone dust replace-
ment ratio with cement was maintained constant at 5% ratio. Water-cement ratio 
was same for all mixes. Increase in strength was found consistent up to 30% sand 
substitution and 5% cement substitution [26]. Ghosh et al. had experimented 
with coal bottom ash and fly ash separately as sand substitute in different concrete 
mix proportions. It was observed that with increasing percentage of replacement, 
thermal resistance parameter increased but the strength parameters decreased. 
Up to 40% replacement, the blended concrete exhibited desired strength with 
considerable percentage of decreased thermal conductivity value [27]. In another 
set of experiments, Ghosh et al. had further observed the effect of coal bottom 
ash and fly ash separately on masonry mortar of different proportions. The sand 
in the mortar was replaced by bottom ash and fly ash (separately) in steps of 10% 
up to 100%. The masonry mortar minimum strength criteria was observed to be 
fulfilled up to 100% replacement ratio, and specific mortar grade requirement 
was fulfilled up to 60% replacement with an astounding result of lower thermal 
conductivity [28].

3. Method

3.1 Materials and characterizations

In the research work, PPC, river sand, stone aggregate of 10 mm down size, pota-
ble quality water and coal ash were used. For material characterization, quantitative 
chemical analysis (for cement, sand, fly ash and bottom ash), X-Ray Diffractogram 
(XRD) (for cement, sand, fly ash and bottom ash), sieve analysis (for sand, bottom 
ash and stone aggregate), particle size analysis (for fly ash), density test (for cement, 
sand, fly ash, bottom ash and aggregate), surface area determination (cement, fly 
ash and bottom ash) and Finite Element Scanning Electron Microscopy (FESEM) 
(for sand, fly ash and bottom ash) were carried out as per standard testing protocol. 
Chemical analysis results are tabulated and XRD and FESEM images (of fly ash and 
bottom ash) are shown below (Figures 1–4 and Table 1):

Grading curve obtained by sieve analysis for bottom ash sample and particle size 
curve of fly ash sample are shown below (Figures 5 and 6):
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3.2 Experimental programme

The main objective of the experimental investigation is to ascertain the physical 
strength of the Concrete and Mortar mixes and finding out the thermal conductivity 
value of such mixes. The different mixes were designed with replacement of natural 
mineral by Coal ash and the changes thereof with respect to the physical and thermal 
properties.

Concrete mix design on the basis of basic ingredient material properties and fixing 
of proportions as per IS 456: 2000 [30], IS 10262: 2009 [31] and SP 23: 1982 [32] code 
provisions. Mortar mix selection as per relevant IS 2250: 1981 [11] code provisions. 

Figure 1. 
XRD of fly ash sample.

Figure 2. 
XRD of bottom ash sample.
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Universal testing machine for compressive strength determination and apparent poros-
ity and bulk density test apparatus for concrete and mortar samples were utilized. For 
thermal conductivity determination of concrete and mortar samples, hot disk TPS 2500S 
instrument (working on Transient Plane Source method by following ISO 22007-2) was 
used and for overall heat transfer coefficient determination (U-value), guarded hot box 
method was adopted. Altogether around 200 samples were prepared and tested. Some of 
the concrete and mortar mixes are tabulated as below (Tables 2–5):

3.2.1  Guarded hot box test set-up to measure overall heat transfer co-efficient  
(U value)

A Guarded Hot Box test setup was designed and developed in School of Energy 
Studies, Jadavpur University, India. The setup was constructed following standard 

Figure 3. 
FESEM of flyash at 10000X.

Figure 4. 
FESEM of bottom ash at 20000X.
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protocol. This setup was constructed using high insulating material, extruded poly-
styrene, whose thermal conductivity is 0.027 W/m K. This setup is capable to measure 
the U-value of any material whose thermal conductance is in the range of 0.1 W/m2 K 
to 15 W/m2 K. The testing of U-value of 125 mm thick burnt clay brick wall was done 
in both the cold side open and closed condition (Figure 7).

Parameters tested Requirement 
as per IS 3812

Test data of flyash used Test data of bottom ash used

Silicon-di-oxide 
(SiO2) + aluminum oxide 
(Al2O3) + iron oxide 
(Fe2O3) (%) by mass, Min.

70.00 51.38 + 33.12 + 6.87 = 91.37 60.71 + 25.86 + 6.81 = 93.38

Silicon di-oxide (SiO2) 
(%) by mass, Min.

35.00 51.38 60.71

Magnesium oxide (MgO) 
(%)by mass, Max.

5.00 0.47 0.63

Total sulfur as sulfur 
tri-oxide (SiO3) (%) by 
mass, Max.

2.75 0.09 0.15

Available alkalis as sodium 
oxide (Na2O) % by mass, 
Max.

1.50 0.72 0.38

Loss on ignition, % by 
mass, Max.

12.00 1.80 0.92

Table 1. 
Chemical composition of fly ash and bottom ash.

Figure 5. 
Grading curve of bottom ash as per IS 383 by sieve analysis [29].
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Mix 
identity

Cement Sand Flyash Bottomash Stone Aggregate Water-cement 
ratio

CC 1 1.60 — — 2.40 0.50

BC-1 1 1.44 — 0.16 2.40 0.50

BC-2 1 1.28 — 0.32 2.40 0.50

BC-3 1 1.12 — 0.48 2.40 0.50

BC-4 1 0.96 — 0.64 2.40 0.50

BC-5 1 0.80 — 0.80 2.40 0.50

BC-6 1 0.64 — 0.96 2.40 0.50

BC-7 1 0.48 — 1.12 2.40 0.50

BC-8 1 0.32 — 1.28 2.40 0.50

BC-9 1 0.16 — 1.44 2.40 0.50

BC-10 1 0.00 — 1.60 2.40 0.50

FC-1 1 1.44 0.16 — 2.40 0.50

FC-2 1 1.28 0.32 — 2.40 0.50

FC-3 1 1.12 0.48 — 2.40 0.50

FC-4 1 0.96 0.64 — 2.40 0.50

FC-5 1 0.80 0.80 — 2.40 0.50

FC-6 1 0.64 0.96 — 2.40 0.50

FC-7 1 0.48 1.12 — 2.40 0.50

FC-8 1 0.32 1.28 — 2.40 0.50

FC-9 1 0.16 1.44 — 2.40 0.50

FC-10 1 0.00 1.60 — 2.40 0.50

Table 2. 
Design mix concrete of M-25 grade with fly ash/bottom ash substitution separately.

Figure 6. 
Particle size distribution for fly ash, used in the experiment.



43

Coalash as Sustainable Material for Low Energy Building
DOI: http://dx.doi.org/10.5772/intechopen.101858

Sample 
identity

Cement Lime 
dust

Fly 
ash

Bottom 
ash

Stone 
aggregate

Water-
cement ratio

42(75:25) 1.00 0.40 — 1.20 2.40 0.50

41(67:33) 1.00 0.53 — 1.07 2.40 0.50

40(50:50) 1.00 0.80 — 0.80 2.40 0.50

39(75:25) 1.00 0.40 1.20 — 2.40 0.50

38(67:33) 1.00 0.53 1.07 — 2.40 0.50

37(50:50) 1.00 0.80 0.80 — 2.40 0.50

Table 3. 
Design mix concrete of M-25 grade lime dust and fly ash/bottom ash (no sand).

Mortar mix 
identity

Mortar mix (MM3 grade) Cement 
wt. ratio

Sand 
wt. 

ratio

Flyash 
wt. ratio

Bottomash wt. 
ratio

Control 1 cement:6 and 1.00 6.00 — —

A-1 1 cement:(5.4 sand + 0.6 
flyash)

1.00 5.40 0.60 —

A-2 1 cement:(4.8 sand + 1.2 
flyash)

1.00 4.80 1.20 —

A-3 1 cement:(4.2 sand + 1.8 
flyash)

1.00 4.20 1.80 —

A-4 1 cement:(3.6 sand + 2.4 
flyash)

1.00 3.60 2.40 —

A-5 1 cement:(3.0 sand + 3.0 
flyash)

1.00 3.00 3.00 —

A-6 1 cement:(2.4 sand + 3.6 
flyash)

1.00 2.40 3.60 —

A-7 1 cement:(1.8 sand + 4.2 
flyash)

1.00 1.80 4.20 —

A-8 1 cement:(1.2 sand + 4.8 
flyash)

1.00 1.20 4.80 —

A-9 1 cement:(0.6 sand + 5.4 
flyash)

1.00 0.60 5.40 —

A-10 1 cement:6 flyash 1.00 0.00 6.00 —

B-1 1 cement:(5.4 sand + 0.6 
bottomash)

1.00 5.40 — 0.60

B-2 1 cement:(4.8 sand + 1.2 
bottomash)

1.00 4.80 — 1.20

B-3 1 cement:(4.2 sand + 1.8 
bottomash)

1.00 4.20 — 1.80

B-4 1 cement:(3.6 sand + 2.4 
bottomash)

1.00 3.60 — 2.40

B-5 1 cement:(3.0 sand + 3.0 
bottomash)

1.00 3.00 — 3.00
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Two wooden frames having dimension 500 × 500 were built in order to construct 
and hold the brick wall samples within those. This was done mainly in order to make 
it a modular system which could be portable enough so that after experimentation 
further developments of the samples like plastering, coloring etc. are feasible. Clay 
bricks, Portland Pozzolana Cement (PPC), sand, fly ash, lime dust and water were 
the raw materials used for the construction of the brick walls. Dimension of standard 
Indian burnt clay bricks are 230 × 115 × 75. Two sets of brick walls were developed for 
the experimentation purpose, one with conventional plaster grade MM5 with cement-
sand ratio 1:4, another one with same grade of mortar and plaster but with 50% Lime 
dust and 50% fly ash in place of 100% sand. Dimensions of the both brick walls were 
480 × 480 × 115 and 480 × 480 × 115 with 12 mm plaster on either side.

Mortar mix 
identity

Mortar mix (MM3 grade) Cement 
wt. ratio

Sand 
wt. 

ratio

Flyash 
wt. ratio

Bottomash wt. 
ratio

B-6 1 cement:(2.4 sand + 3.6 
bottomash)

1.00 2.40 — 3.60

B-7 1 cement:(1.8 sand + 4.2 
bottomash)

1.00 1.80 — 4.20

B-8 1 cement:(1.2 sand + 4.8 
bottomash)

1.00 1.20 — 4.80

B-9 1 cement:(0.6 sand + 5.4 
bottom ash)

1.00 0.60 — 5.40

B-10 1 cement:6 bottomash 1.00 0.00 — 6.00

Table 4. 
Masonry mortar mix of MM 3 grade with fly ash/bottom ash substitution separately.

Mortar 
mix 
identityy

Mortar Mix  
(MM3 grade)

Cement Sand Fly 
ash

Bottom 
ash

Lime 
dust

Marble 
dust

1 1 cement:6 sand 1.00 6.00 — — — —

2 1 cement:6  
(3.0 limedust+3.0 

flyash)

1.00 — 3.00 — 3.00 —

3 1 cement:6 (3.0 
marbledust + 3.0 

flyash)

1.00 — 3.00 — — 3.00

4 1 cement:6 flyash 1.00 — 6.00 — — —

5 1 cement:6 (3.0 
limedust + 3.0 

bottomash)

1.00 — — 3.00 3.00 —

6 1 cement:6 (3.0 
marbledust + 3.0 

bottomash)

1.00 — — 3.00 — 3.00

7 1 cement:6 
bottomash)

1.00 — — 6.00 — —

Table 5. 
Masonry mortar mix of MM 3 grade with fly ash/bottom ash and lime dust/marble dust.
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4. Experimental results

4.1 Compressive strength and thermal conductivity test results

As described in previous chapter, i.e. Chapter 3, all the design and nominal mix 
samples in respect of Concrete of various grades starting from M-15 to M-25 were put 
to test to determine various physical and thermal parameters. Similarly, Mortar mix 
samples of various proportions with respect to two most used grades MM3 and MM5 
were put to tests. The tests performed on those samples were of destructive and non-
destructive in nature. The tests are essential for durability and application worthiness 
of such concrete and mortar mixes (Figures 8–15).

Figure 7. 
Guarded hot box test setup with data logging and wall panel under preparation.

Figure 8. 
Compressive strength of concrete mix (refer Table 2 for mix proportion).
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It may be seen from the above plotted results, bottomash blended concrete 
offers M-25 grade strength up to 40% replacement and M-20 grade strength up 
to 80% replacement of sand. Fly ash blended concrete gives marginally lower 
results.

It may be seen from the above plotted thermal conductivity test results, both 
fly ash and bottom ash blended concrete offer reduced thermal conductivity than 
conventional concrete mix.

From the above plotted result, it may be observed that flyash-lime dust (38) and 
bottomash-limedust (41) blended mix in the ratio of 67:33 offer M-20 grade strength 
and same combination with 75:25 ratio offer close to M-20 grade strength.

Figure 9. 
Thermal conductivity test results of concrete mix (refer Table 2 for mix proportion).

Figure 10. 
Compressive strength test of concrete mix (refer Table 3 for mix proportion).
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Mixes 38 (flyash:limedust::67:33) and 41 (bottomash:limedust::67:33) offer lower 
thermal conductivity value.

From the above plotted result, it may be observed that up to 60% replacement of 
sand by flyash, strength remains within MM-3 grade required criteria.

Reduction in thermal conductivity value follows same trend by fly ash and bottom 
ash blended mortar mixes respectively.

Flyash-limedust (2) and bottomash-limedust combination offer MM-3 grade 
strength compatibility.

Considerable reduction in thermal conductivity values observed in both flyash 
(2, 3, 4) and bottomash (5, 6, 7) blended mixes with respect to the conventional 
mix (1).

Figure 11. 
Thermal conductivity test of concrete mix (refer Table 3 for mix proportion).

Figure 12. 
Compressive strength test of mortar mix (MM3) (refer Table 4 for mix proportion).
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4.2 Test result for overall heat transfer co-efficient (U-value)

The hot side temperature of 40°C, and cold side temperature of 25°C were main-
tained for 3 consecutive days. Both the brick wall panels with conventional mortar 
and plaster combination and fly ash-lime dust combination were tested under identi-
cal test parameters. In steady state condition, average standard deviation in brick 
surface temperature of both days of testing was 0.056°C on both the hot and cold side. 
The experimentally obtained U-values for both the cases and final difference thereof 
is shown in Table 6.

Figure 13. 
Thermal conductivity test results of mortar mix (refer Table 4 for mix proportion).

Figure 14. 
Compressive strength test values of MM3 grade mortar (total replacement of sand by flyash, lime dust, marble 
dust, bottomash) (refer Table 5).
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5. Economical and environmental benefits

A square shaped room of size 10 m2 plan area and four wall size each of 10 m2 is 
considered for such energy and economic analysis at Kolkata, India location.

5.1 Assumptions

i. The outside average temperature in a month is considered as 30°C, and 
inside conditioned temperature as 25°C during entire duration of activity of 
8 h in a day.

ii. Active days in a month is considered as 26 days.

iii. Average electricity tariff considered as Rs.8/- per unit of electricity consumed.

Figure 15. 
Thermal conductivity test results of mortar mix (refer Table 5).

Wall sample with cement-flyash-lime mortar mix Wall sample with cement-sand mortar mix

Days U-value  
(W/m2 K)

Days U-value (W/m2 K)

Day 1 3.051 Day 4 3.655

Day 2 2.954 Day 5 3.534

Day 3 3.050 Day 6 3.536

Average of 3 days 3.018 Average of 3 days 3.575

Difference in U-value (%) 15.58

Table 6. 
Final result of wall panel U-value.
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iv. RCC (of M-20 grade blended concrete) roof slab thickness considered as 
125 mm, overlaid by 50 mm thick PCC (of M-15 grade blended concrete), and 
topping by 25 mm thick PCC (M-15 grade blended concrete without sand).

v. Masonry wall thickness 125 mm, made of burnt clay brick and mortar (of 
MM-3 grade), plastered both sides with 12 mm thick plaster of same grade.

vi. CO2 emission due to energy generation from thermal power plant is considered 
as 0.82 kg per kWh

6. Conclusions

From the study pertaining to this work, the following can be concluded:

1. Fly ash and Bottom ash, the 100% utilization of which is still not possible, might 
follow a positive note. Building industry could be immensely benefitted by such 
usage from the perspectives of 3Es, Economy, Environment and Energy. The 
benefit for the case example under Section 5 is shown in Table 7.

2. Other than electrical energy saving due to the inherent insulating nature, 
coal ash is available free of cost from all thermal power plants and even 
 transportation cost up to 100 km radius is reimbursed in India by the Plant 
authorities. The mechanical dredging required to extract sand from river bed is 
totally avoided in such substitution.

3. Since the rate of formation outpace rate of extraction due to infrastructure devel-
opmental need, sand is being depleted rapidly worldwide. Rampant sand mining 
from river bed is causing serious environmental imbalances like lowering of 
water table in the adjacent agricultural field, river bank erosion, disturbing effect 
on aquatic life etc. At the same time, continuous accumulation of coal combus-
tion residues since ages, pose serious health threats in the adjoining areas of ash 
dykes. These two issues could be compensated by the proposed substitution.

4. The research work did not involve any energy consuming machinery or tech-
nique and no synthetic additive was used.

5. Energy saving out of such substitution is one of the major finding, which would 
contribute to abatement of rising CO2 emission. Substitution in masonry mortar 

Room 
(m2)

Walls 
(m2)

Diff.  
in 

temp 
(°C)

U-value 
for roof 

assembly 
(W/

m2 K)

U-value 
for wall 

assembly  
(W/

m2 K)

Active 
hours in 
a month 

(h)

Total 
energy 

flow 
thro’ roof 

(kWh)

Total 
energy 

flow 
thro’ 
walls 

(kWh)

Gross 
energy 
(kWh)

Savings 
per 

month 
(Rs.)

CO2 
saved 

per 
month 

(kg)

10 40 5 3.3371 3.5750 208 34.71 148.72 183.43

10 40 5 2.6187 3.0180 208 27.23 125.55 152.78 245.20 25.13

Table 7. 
Economic and environmental analysis.
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could lower U-value by 15.58% (Table 7), which is translated into reduction in con-
siderable electrical energy requirement to maintain comfort condition in buildings.

6. Such substitution of coal ash in concrete and mortar mixes in building con-
struction could also contribute significantly in the concept of Near Zero Energy 
Building by restricting its specific energy demand up to certain extent. It could 
also provide impetus to Green and Affordable Housing program.
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Abstract

Finnish urban settlements are in the age of restoration, and the suburbs need 
improvements in Finland. In this sense, wooden facade renovation and additional 
floor construction are viable and sustainable solutions for this development in the 
Finnish context. This chapter focuses on these important applications from the 
Finnish residents’ perspective as ecologically sound engineering solutions through 
a survey. In doing so, the challenges of facade renovation, as well as the benefits of 
additional floor construction, were presented. The main purpose of the survey was 
to get the opinions of the residents, find out which variables are important, make 
inferences for the planning and improvement of such areas, and determine what will 
be emphasized in the sustainable suburban development of the future. Therefore, the 
results were based on this empirical approach—survey—but further research such as 
energy analysis, wood-based facade renovation, and additional floor solutions will be 
done as part of other studies. It is believed that this study will contribute to the use of 
sustainable materials and decarbonization of buildings as well as zero energy building 
(nZEB) to overcome the challenges posed by climate change by the diffusion of wood 
in the renovation of buildings.

Keywords: timber/wood, facade renovation, additional floor construction,  
suburban development, zero energy building (nZEB), sustainability, Finland

1. Introduction

Over 220 million building units built before 2001 accounted for 85% of the EU’s 
building stock, of which about 90% will continue to be in service in 2050 [1–3]. 
However, most are not energy-efficient and use fossil fuels and older technologies 
and about 40% of the EU’s total energy consumption, and more than 35% of energy-
related greenhouse gas emissions originate from buildings [4]. In this sense, to achieve 
a 55% emission reduction in the 2030 Climate Goal Plan, European countries must 
make a significant 60% reduction in the greenhouse gas emissions of buildings [5].

The abovementioned scenario was highlighted in the Renovation Wave, which 
needed changes in current construction and renovation practices in the industry 
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and supported a combination of strong efficiency measures alongside the phasing 
out of fossil fuels and the transition to renewable energy [6]. Due to the aging of the 
European building stock, building owners and the entire building sector are faced 
with extensive renovation works. The renovation and refurbishment of the building 
facades and external walls are among the most critical tasks to be undertaken [7].

Therefore, it becomes urgent to focus on refurbishing existing building stock 
within the principles of ecologically responsive engineering to make it more energy-
efficient and less carbon-intensive. In addition to reducing energy bills and emissions, 
renovation can provide many possibilities with social, environmental, and economic 
benefits such as making buildings more durable, healthier, greener, more accessible, 
and smarter. However, the current deep renovation rate of 0.2% needs to grow by at 
least 10 to 2% and approach 3% as quickly as possible [8].

Here, it is worth mentioning that “Net Zero Energy Buildings” (nZEBs) will be the 
next major frontier for innovation and competition in the world real estate market 
and can scale rapidly in Europe [9]. In this sense, European energy policies set the 
nZEB target [10] to promote the energy transition of the construction sector. EU 
programs, notably “Horizon 2020,” introduce the nZEB design as well as its evolution 
to the Positive Energy Generation (PEB) model [11].

Moreover, Scandinavian countries are working toward regional carbon neutrality 
before the goals of the European Union. Finland aims for carbon neutrality by 2035 
and is developing several policies, including low-carbon construction legislation 
[12]. The new approach includes normative carbon limits for different building types 
before 2025.

Similar to the aforementioned EU building stock situation, which is poor in terms 
of energy efficiency, most of the building stock in Finland was built between the 
1970s and 90s and needs serious renovation, with residential buildings accounting 
for 63% of the total gross floor area [13, 14]. Nearly a third of the housing stock that 
makes up a significant portion of the Finnish building stock was poorly insulated 

Figure 1. 
A typical suburban apartment in Finland.
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suburban apartments from the 1960s and 1970s and in need of refurbishment [15, 16] 
(see Figure 1).

It is worth noting here of the total annual construction expenditures in Finland, 
approximately 47% is spent on infrastructure projects, 21% on new buildings, and 
32% on renovations [17], in which low energy efficiency, lack of balcony, lack of 
elevator, and unpleasant appearance are among the critical issues identified for 
Finnish suburban apartments [18]. On the other hand, in practice, apartment reno-
vation is a slow and expensive process that requires a lot of capital and government 
subsidies [19].

At this point, wooden additional floor construction (Figure 2) stands out as an 
ecological engineering solution with many advantages such as being environmentally 
friendly, providing a significant increase in the gross floor area and energy efficiency 
of the existing building, and improving esthetic appearance [20].

Furthermore, additional floors essentially increase the building’s energy efficiency 
directly, but also indirectly, for example, by using the revenues from the building 
for energy regeneration. These energy-related measures help increase the cost-
effectiveness of the entire renovation process and maintenance of buildings [21–23]. 
Additional floors do not significantly increase the overall energy consumption of the 
upgraded building, and as passive energy-efficient structures, they can significantly 
increase the energy efficiency of refurbished buildings, especially if the upper floors 
have not been renovated for a long time [24].

Similarly, one of the most effective energy-saving measures for buildings is facade 
renovation and roof/attic insulation with wood-based solutions in the building enve-
lope [25–30]. The amount of this saving varies according to the system and material 
used such as 50 mm thermal-bridge-breaking on-site mounted additional isolation 
(total U-value 0.26 W/m2K), a modular prefabricated facade renovation system (total 
U-value 0.18 W/m2K) [31]. Moreover, some prefabricated and integrated facade 

Figure 2. 
Representative image of wooden additional floor construction.
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module solutions offer the possibility to improve the current energy performance up 
to zero energy, while ensuring minimum disturbance for the occupants, during and 
after the renovation [32, 33].

As in many other projects, material selection has critical importance in renovation 
projects such as facade renovation (Figure 3) and therefore additional floor construc-
tion. Wood as a renewable material is ecological and environmentally friendly: One 
cubic meter of growing wood can hold about one ton of CO2 from the atmosphere, the 
mass of wood is about 500 kg/m3, and half of this mass is carbon = 250 kg/m3. One of 
our best allies in solving the climate crisis due to its potential eco-friendly properties, 
wood is at the forefront of tackling European climate policy [34–37]. Furthermore, 
due to its significantly lower carbon footprint and potential cost-effectiveness 
compared with conventional materials such as reinforced concrete and steel, and 
numerous positive effects on the environment combined with technological advances 
[38–41]. Besides this, as it is well known, from an architectural point of view, wooden 
buildings are thought to have the potential to generate a more pleasant, warm, and 
natural environment.

Thus, renovating and expanding existing buildings with wood can contribute 
significantly to sustainable urban redevelopment. Renovation of building envelopes 
(e.g., roof, facade) with highly insulated wooden components can significantly reduce 
the conduction heat losses of existing buildings and the associated heating energy 
demand [42]. In addition, the characteristics (e.g., load-bearing capacity, flat roof) of 
Finnish suburban apartment blocks from the 1960s and 1970s and the current Finnish 
fire code allow light additional floor construction.

In literature, there is a limited number of research on residents’ or consumers’ 
attitudes toward the use of timber in building construction [43]. Important research 
over the past 10 years has reported perceived benefits and barriers to consumers’ use 
of wood as a building material. Among these studies, Lähtinen et al. scrutinized the 
ecological, physiological-technological, esthetic, and welfare properties of wood as 
a building material from the Finnish perspective [44]. Environmental features and 

Figure 3. 
Representative image of wooden facade renovation.
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esthetics concerns were assessed as the most important advantage of wood in several 
studies [45–47], while coziness and longevity were highlighted as other benefits  
[41, 44]. On the other hand, some studies [46–48] showed that users are skeptical 
of the use of wood as a structural system material on certain issues. Such as durabil-
ity, maintenance, structural performance, and fire safety. In addition, there are few 
studies on the construction of wooden additional floors, among which, Karjalainen 
et al. [20] focused on the various stages and benefits of wooden additional floor 
construction for the Finnish housing and real estate companies, and Soikkeli [49] 
highlighted the financial and practical advantages of developing an industrial scale 
model for wooden additional floor construction.

No study has been found on the perceptions of the residents regarding the renova-
tion of wooden facades and the construction of additional floors in literature. At this 
point, it is worth noting that the acceptability of a new construction method by users 
or residents is important to ensure its sustainability and diffusion as a contributor 
to the Finnish forest-based bioeconomy. It is believed that the study will make an 
important contribution to this issue. This chapter focuses on wooden facade renova-
tion and additional floor construction through a resident survey as ecologically sound 
engineering solutions to contribute to the decarbonization of buildings and a zero-
energy building approach. In doing so, the challenges of facade renovation and the 
benefits of additional floor construction are presented.

In this study, timber or wood refers to engineered wood products such as cross-
laminated timber [(CLT) a prefabricated multi-layer EWP, manufactured from at 
least three layers of boards by gluing their surfaces together with an adhesive under 
pressure], laminated veneer lumber [(LVL) made by bonding together thin vertical 
softwood veneers with their grain parallel to the longitudinal axis of the section, 
under heat and pressure)], and glue-laminated timber (glulam) [(GL) made by 
gluing together several graded timber laminations with their grain parallel to the 
longitudinal axis of the section)].

2. Wooden facade renovation and additional floor construction

Facade renovation has many advantages (e.g., esthetic improvement, energy-sav-
ing, increased thermal comfort, reducing CO2 emissions, and improving the quality 
of the built environment) as demonstrated in many EU projects [50–54]. The most 
common facade renovation technologies and applications consist of installing external 
and internal insulation, enhancing airtightness, installation of photovoltaic panels, 
heat recovery, and installation of efficient heating, ventilation, and air conditioning 
(HVAC) systems [55].

It is worth mentioning here the main barriers and challenges encountered particu-
larly in deep renovation projects as follows (Table 1) [56, 57].

On the other hand, the advantages of additional floor construction that contribute 
to overcoming the abovementioned obstacle can be summarized as follows [20]: (i) 
promote beneficial development of the building stock and increase property owners’ 
incomes; (ii) provide short-term income to housing companies by selling additional 
floors and proceeds to be used to finance the renovation of existing property, such as 
the renovation of an elevator to improve the building’s accessibility and commercial 
conditions; (iii) although it significantly increases the total floor area, it does not sig-
nificantly increase the overall energy consumption of the upgraded building. (iv) sig-
nificantly improve the energy efficiency of older buildings as passive energy-efficient 
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structures, especially if the upper floors have not been renovated for a long time; (v) 
improve the image and appearance of the building; and (vi) advantageous in terms of 
carbon footprint over demolition and new construction.

3. Research methods

This study was carried out mainly as a literature review including international 
peer-reviewed journals and similar research projects, supported by materials col-
lected during “Effects of wooden buildings on neighborhood-level” at the Tampere 
University—a project that is part of the Ministry of the Environment’s Growth and 

Barrier typology Barrier

Embedded market inefficiencies split incentives and conflicts of interest between the building owner and tenants

Informative-social lack of information dissemination and convincing end users of the benefits of 
deep renovations

time-consuming and complex decision-making processes

lack of consensus and support from residents, which generally hinders effective 
approval of interventions

inconvenience during site, studies and relocation of users

lack of communication between different interested parties

low awareness of energy efficiency and non-energy benefits of refurbishment

Financial limited financing options offered and limited third-party financier involvement

lack of satisfactory financial support, especially for low-income homeowners

limited impact of Energy Performance Certificate i on property value

lack of trust in investors

long payback periods

limited financing/ insufficient budgets - high up-front costs and owners’ 
reluctance to borrow for energy replacement purposes

Organization and structure of 
the renovation market

Difficulties in coordinating communications with other relevant stakeholders

Insufficient resources on part of small and medium-sized enterprises for larger 
tenders

Regulatory, Knowledge 
informative based technical

lack of continuity in regulations

limited government subsidies and programs in specific regions

lack of skills and lack of training

Technical performance gaps and uncertainty

lack of reliable and standardized or integrated solutions to meet the various 
building standards requirements related to energy savings

inadequacies in technical solutions

safety risk associated with deep renovation processes

users’ lack of technical knowledge and confidence in the effectiveness of savings 
in energy regeneration

Table 1. 
Main barriers and challenges of the (deep) renovation process.
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Development from Wood support program involves cross-sectional data from the 
Pukinmäki-Savela (postcode 00720) area in the City of Helsinki, Finland [58]. The 
focus of the project was to study the attitudes of residents and users of a neighbor-
hood toward wooden buildings and to use this information in the planning and infill 
construction of urban areas. One potential method is the construction of additional 
floors to suburban apartment houses, as an ecologically sensitive engineering solution 
to support the decarbonization of buildings and a zero-energy building approach.

It is worth mentioning here that Pukinmäki is a district in the northeastern part of 
Helsinki. The area was added to Helsinki in 1946, and the first few apartment blocks 
were built in the 1960s. Most of the apartments are from the 1970s and 1980s. On the 
other hand, Savela (Figure 4) is a residential area in the Pukinmäki district. In the 
1960s and early 1970s, Savela was under threat of partial rezoning and segregation of 
single-family homes in the city as green space. However, over time, the area turned 
from a detached area to an apartment area, with mostly low-rise apartments built in 
the 1980s and 1990s.

The sample, 800 Finnish-speaking people aged 18–69 in the area, was chosen 
randomly. A total of 243 responses were received for the entire survey, corresponding 
to a response rate of 30%. The survey data generally represented the population of the 
selected area, but there were also minor differences in representation among back-
ground variables such as gender and age. For example, in terms of gender, 54 and 57% 
were female, 46 and 43% were male in the whole population and sample, respectively. 
On the other hand, in terms of age groups, the older population was slightly over-
represented, while younger respondents were slightly underrepresented; in the whole 
population and sample, 20 and 30% were aged 60–69, and 25 and 15% were aged 
18–29, respectively. As regards education level, high school and university graduates 
constituted 73% of the entire population; this rate was 90% in the sample group.

Focusing on facade renovation and additional floor construction, the survey was 
divided into five main parts. The first part was about background information, and in 
the second part, the participants were asked about their opinions of timber in build-
ings. The third part was about the dwelling preferences (number of floors, facade 
material, etc.), and in the fourth part, the opinions on the wooden Eskolantie apart-
ment houses were asked. In the last part, six different renovation alternatives were 

Figure 4. 
Pukinmäki—Savela area in the city of Helsinki (Finland).
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presented, and the residents’ opinions on wooden additional floor construction and 
facade renovation were asked.

4. Main findings from suburban residents’ survey

The survey results mainly highlighted the following (Figure 5):

• respondents supported suburban development through wood refurbishment and 
additional construction.

• attitudes toward wood in construction were positive, and wood was perceived as 
an ecological alternative in construction.

• residents of suburban settlements preferred low-rise and low-dense suburban 
fabric, and wood was considered the most pleasant facade material.

• wooden structures were also generally perceived as more beautiful, more 
 ecological, and healthier than buildings made of other materials.

• concerns about wood material were mainly related to its technical properties, 
such as fire safety, long-term durability, and maintenance needs of facades.

• it was reported that wooden facade renovation and additional floor construction 
can increase the attractiveness of residential areas.

• apartment owners would welcome their housing company’s decision to imple-
ment wooden facade renovation and additional floor construction.

5. Conclusion

This chapter focuses on wooden facade renovation and additional floor construc-
tion as ecologically sensitive engineering solutions from the Finnish residents’ point 
of view. In doing so, the challenges of facade renovation and the benefits of additional 
floor construction are presented.

Figure 5. 
Residents’ perception of wood in (additional) construction, wooden facade renovation, and wooden additional 
floor.
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In the context of the transition to service-oriented business solutions in Europe, 
future and emerging technologies in facade renovation and additional floor construc-
tion can make a difference with the risks of overheating from climate change and the 
reduction in energy demand for cooling in existing buildings, considering the human-
centered design approach and emerging intelligent building operating systems such 
as digital platforms and control strategies. It will help Europe become an early leader 
in these promising technologies and will focus on building energy efficiency and the 
productivity and well-being of building occupants to renew the foundation for future 
competitiveness and growth in the coming decades.

Significant market acquisitions must be initiated to transform facade renova-
tion technologies into mainstream technologies. This includes innovations in 
low-impact and climate-sensitive refurbished buildings through unexplored 
collaborations between advanced multidisciplinary design teams and innova-
tive facade engineering. The European Energy Performance Building Directory 
(EPBD) highlights the importance of comfort, smart readiness, and high energy 
efficiency of buildings to be renovated [59]. With climate change and the increas-
ing risk of overheating, the potential for the building renovation industry to renew 
the basis of its future competitiveness and growth and increase the use of facade 
refurbishment technologies and additional floor construction in the future is high. 
At this point, residents’ attitudes toward new construction methods such as timber 
facade renovation and additional floor construction play a critical role in the 
spread of these practices and contribute to the transition to a forest-based bio-
economy, the decarbonization of buildings, and a zero-energy building approach 
in Finland.

This study revealed the characteristics that residents value and guided those con-
cerned about the direction in which residential areas should be developed. According 
to the results, residents were ready for large-scale use of wood in suburban develop-
ment and renovation. The decision is ultimately made by the homeowners’ positive 
attitude toward wood facade renovation, and the additional floor construction is 
an encouraging display of the enormous potential of the construction method. The 
additional floor construction contributes to overcoming the obstacles encountered in 
the difficult facade renovation process. Wood as a renewable material and carbon sink 
as a working material should be used for suburban regeneration as an ecologically 

Figure 6. 
Suggested methodology for future studies.
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responsive engineering solution to contribute to the decarbonization of buildings and 
a zero-energy building approach.

The results of this chapter were based on the empirical approach—residents’ 
survey—but further research such as energy analysis, wood-based facade renovation, 
and additional floor solutions, developed prototypes testing will be done as part of 
other studies by following the methodology suggested in Figure 6.

Appendix: sample questions used in the questionnaire

• Answer the following questions related to Eskolantie wooden apartment buildings:

a. How do you think Eskolantie’s wooden apartment buildings are suitable for a 
residential area?

* Very well * Well * Neutral * Poorly * Very poorly * I do not know.

b. What do you think about the architectural features of the wooden apartment 
buildings in Eskolantie?

* Very satisfied * Satisfied * Neutral * Dissatisfied * Very dissatisfied * I do not 
know.

c. Do you accept new wooden additional construction in your residential area like 
Eskolantie wooden apartment buildings?

* Agree * Partially agree * Neutral * Partially disagree * Disagree * I do not know.

d. The wooden apartment buildings in Eskolantie have changed your opinion about 
wooden construction:

* Positive * Partially positive * Neutral * Partially negative * Negative * I cannot 
say.

• The impact of Eskolantie wooden apartment buildings on the quality of the 
living environment in Pukinmäki (compared to the quality of the living environ-
ment before their construction) has been:

* Positive * Partially positive * Neutral * Partially negative * Negative * I cannot 
say.

• If you wish, indicate that you think it is particularly successful in the wooden 
apartments in Eskolantie.

• If you wish, indicate that you think it is particularly unsuccessful in the wooden 
apartments in Eskolantie.
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Abstract

This study aims to present the design experience of LabZERO|UnB, an NZEB 
building awarded in a public call, that will be built on the University of Brasília 
campus. The method consisted of defining the design team and the Integrated Design 
Process (IDP), establishing assumptions and design guidelines, schematic design, 
initial computer simulations, design development, new simulations, and final calcula-
tions for the synthesis of energy performance. As a result, IDP proved to be efficient 
and underlined the possibility of translating research experiences into practice. The 
barriers and potentialities related to the coordination of a multidisciplinary team 
stand out, likewise the organization, planning, and achievement of goals. In the 
design concept of the 200m2 building, the basic assumption was the adequacy of the 
architecture to favor the use of passive resources, respecting the local climate, classi-
fied as high-altitude tropical climate. Moreover, bioclimatic strategies were used, such 
as the North/South orientation of main façades, narrow floor plan, limited window-
wall ratio, and adequate construction materials, to optimize energy consumption. 
As a result, the distributed generation of electricity was estimated at 58.29 kWh/m2. 
a year and the final electricity demand was 34.29 kWh/m2. year. Hence, this process 
indicates the real possibility of reaching the zero energy balance.

Keywords: nearly zero energy building, integrated design process,  
computational simulation, PV energy
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1. Introduction

Buildings are a central part of the transition to a low-carbon society, with less envi-
ronmental impact and energy efficiency, as they are responsible for consuming 32% of 
all energy generated in the world. This is equivalent to 19% of greenhouse gas emissions 
[1], in addition to consuming 50% of all raw material extracted by human action [2]. 
Initiatives such as the Sustainable Development Goals (SDGs) of the United Nations 
(UN) [3], the New Urban Agenda [4], and the Paris Agreement [5] point to the need for 
the reduction of energy consumption in buildings, generation of clean energy and more 
sustainable cities and communities to mitigate climate change and environmental crisis.

Buildings with zero energy balance, also known as the term Zero-Energy Buildings 
(ZEB), have an equivalent demand and generation of renewable energy within a 
year [6]. However, the equivalence between consumption and generation is not 
enough, because it is essential to achieve a demand reduction. For this, conserva-
tion and energy efficiency strategies are needed from the preliminary design [7], 
since they also provide thermal and lighting comfort, in addition to minimizing the 
environmental impact of the building in its operating phase. This includes integration 
with passive strategies, particularly in terms of natural lighting and ventilation, and 
high-performance enclosures. According to [8], new buildings have the potential to 
reduce energy demand by 50% if compared to the traditional ones, only by adopting 
commercially available energy conservation and efficiency strategies.

Thereby, the idea of NZEB emerged in the 1990s and afterward became part 
of energy policies in several countries. In Europe, the EU Directive on Energy 
Performance of Buildings [9] set goals to turn all buildings nearly zero-energy by 
2020. The US Department of Energy’s Building Technologies Program established 
similar objectives: achieving zero energy homes by 2020 and zero-energy commercial 
buildings by 2025 [10]. In addition, this building category is aligned with the 7 and 
the 11 UN Goals of Sustainable Development. According to O´Brien et al. [7], the 
NZEBs are characterized by a rigorous design and operation of the building as an 
integrated energy system, with a good indoor environment suited to its role. Some key 
points are mentioned, such as: an integrated approach to energy efficiency, passive 
and active design and building operation; optimization of solar collection, requiring 
building design and roofs used for conversion to electrical energy, useful heat, and 
natural lighting. Table 1 shows the difference in project design and operation between 
conventional buildings and NZEB buildings.

In Brazil, there is still no regulation regarding NZEBs, but specific actions have 
been taken to leverage the improvement of energy efficiency in buildings, through 
regulations and standards [11], building performance [12], and distributed energy 
generation [13]. However, concrete actions for the construction and monitoring of 
NZEB buildings are recommended to enable the dissemination of the concept. In this 
context, the National Program for Energy Efficiency in Buildings (Procel Edifica) 
carried out a Public Call in 2019 to support the construction of up to 4 (four) NZEB’s 
in strategic locations throughout the country [14]. The objectives of the call included: 
to foster knowledge, research, and development of NZEB project designs; to create a 
demonstration effect of NZEB buildings, enabling large-scale adoption, and, finally, 
to verify the technical and financial feasibility of the construction and operation 
of NZEB buildings. The Public Call was launched on December 2nd, 2019, and the 
deadline was set to February 20th, 2020. The call requested the submission of the 
Basic Project Design of the NZEB new construction or to undergo retrofit, bringing 
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together “the elements that define the building, aiming at the accuracy of its basic 
characteristics and its desired performance in the work, with the estimated cost and 
execution time” [14].

The University of Brasília (UnB) has been investing in strengthening sustain-
ability actions on its campuses; according to Taucher and Brandli [15] (2006) “the 
socio-environmental dimension, in this context, stands as a principle for institutional 
development”. Thus, the construction of a zero-energy balance building and possibly 
replicable typology proves to be an important step towards the dissemination and 
consolidation of sustainable practices at the University, with positive consequences 
and impacts even for the city. Therefore, to advance on sustainability purposes, UnB’s 
multidisciplinary team developed a project design for a laboratory and coworking 
space, called LabZERO|UnB, which was one of the 4 buildings included in the so-
called Procel Edifica Public Call (3rd place overall).

This study presents in detail the design process experience of this NZEB building - 
initially, all design phases, results, barriers, and potential are addressed. Afterward, the 
final design and the analysis of environmental and energy performance are presented, 
and the challenges to the implementation of this type of practice, and the relevance of 
initiatives to promote the dissemination of zero-energy balance buildings, are discussed.

2. Research and design for an NZEB

2.1 Integrated design process of an NZEB building

Note that the characteristic of this type of building involves a project that 
integrates passive and active systems, in addition to the specification of optimized 
ventilation and air conditioning systems, connecting natural light and power genera-
tion. On the other hand, design practice must shift from a traditional linear process 
to a collaborative approach between architects, structural engineers, mechanics, 

Design and operation of 
building systems

Conventional 
buildings

NZEB buildings

Building envelope’s 
materials

Passive, not designed as 
an energy system

Optimized in passive design integrated with active 
solar systems

Heating and ventilation 
air conditioning (HVAC)

Large systems, 
oversized

Optimized small HVAC systems, integrated with 
solar systems, combining heating and power, 
seasonal storage, and district energy

Solar systems / renewable 
energy technologies 
(RET)

No systematic 
integration – an 
afterthought

Fully integrated: natural lighting, solar thermal, 
photovoltaic, hybrid, geothermal, biofuels 
integrated with smart microgrids

Building automation 
systems

Building automation 
system not effectively 
used

Building Controls for optimizing performance

Design and operation Design and operation 
are considered 
separately

Fully integrated and optimized design and 
operation, considering environmental comfort

Table 1. 
Design and operation of NZEB buildings versus conventional buildings.
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electricians, and other professionals. By definition, the Integrated Design Process 
(IDP) guides decision-making in various professional specialties, including the use of 
natural resources, energy consumption, and the achievement of environmental qual-
ity [7, 10]. Kwok and Grondzik [16] define the IDP as one that synergistically involves 
several disciplines, to create more efficient and responsible buildings with a lower 
life cycle cost. Keeler and Burke [10] conceptualize it as a synonym for sustainable 
design. The authors emphasize that in the case of integrated design, it is important to 
understand the design variables as a unified whole, involving decisions about energy 
consumption, natural resources, and environmental quality.

The main features of the integrated project are:
Iterative, non-linear process: In contrast to the conventional (linear) design 

process, in which team members work in isolation, PPI promotes ever-increasing 
feedback loops among everyone;

Collaboration and innovation: All participants must share the same vision of the 
project from the beginning, in order to provide input and feedback to the rest of the 
team. Project contributors may be asked to work on tasks outside their usual objective. 
PPI encourages everyone to share the learning and improve the process as a whole;

Multidisciplinary team: Ideally, the PPI includes all stakeholders in a project, and 
they must be present from the early stages of the work, providing their expertise to 
the project process. There may be other consultants, depending on the specific needs 
of each project [7].

These authors mention strategies and aspects related to the design of the NZEB 
building, by pointing out the design issue and listing the iterative phases of design in 
Conceptual Design, Project Development, and Technical Design, as shown  
in Figure 1.

Another aspect mentioned by the same authors is related to technical and research 
matters, in which they highlight the computational model simulation that is going to 
be used. The importance of research inputs to be applied during the design process is 
also emphasized. In order words, the development of an NZEB project requires prior 
knowledge and research, especially in cases of restricted deadlines. Monteiro et al. [17] 
state that in this type of project, computer simulation has become a mandatory step in 
the process, adding complexity, but favoring the improvement of the project.

Figure 1. 
Iterative phases of the NZEB design process. Source: Adapted from [7].
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Mendes and Amorim [18] report an experience of applying the concepts of 
Integrated Project in a graduate discipline, during which the method proposed by 
O’Brien et al. [7] was used with two crucial factors: well-defined project objectives 
shared by the entire team and the presence of a facilitator (coordinator), who sets the 
tone for collaboration and effective communications during the design process. There 
was also the creation of teams of specialists in the various themes to be addressed in 
the project, along with the establishment of periodic meetings with the entire group 
to share results and align actions. A team specialized in computer simulations acted 
transversally, receiving and providing inputs to the others. The experience proved 
to be efficient, noting that the design process reached appropriate fluidity and the 
project proposed in the discipline achieved appropriate technical results, with an 
energy consumption lower than its production, reaching the goal of becoming an 
energy balance building null [18]. This was defined as the basis of the method to be 
used in the LabZERO|UnB integrated design experience.

NZEB design, monitoring, and benchmarking experiences reported by Garde and 
Donn [19] present 30 residential and non-residential case studies, grouped into cold, 
moderate, and hot climates. Three of these buildings can be compared to the condi-
tions of LabZERO|UnB due to the similarities in use and climatic conditions. In these 
cases, energy demands ranging from 16 to 66 kWh/m2.year are identified, with energy 
production ranging from 44 to 115 kWh/m2.year. In one case, energy production is 7 
times greater than the demand. Table 2 presents energy demand and production data.

2.2 Team definition, initial guidelines, and preliminary design

The definition of the team is an important part of the project conception, as their 
profile must be able to provide the full development of the products, within the stipu-
lated time limit. It also established the involvement of administrative bodies linked to 
the project and construction management of the University, as it is a proposal for the 
construction of a building on the campus, involving bureaucratic issues and admin-
istrative actions. Furthermore, the expertise of technicians linked to the university’s 
construction sector is essential for the development of the project in accordance with 
internal rules. More than that, the technicians carry out theoretical work, resulting 
from research in the area, and act at the same time in training regarding the biocli-
matic project, energy efficiency, etc. This partnership between research and project/
action is seen as crucial to leverage more effective actions towards greater efficiency in 
construction on the University campuses as a whole. In conclusion, there is a need for 
a mixed team that combines a variety of researchers and professionals from different 

Building and location Typology Energy demand 
Kwh/m2.year

Energy production 
KWH/m2.year

ENERPOS- La Réunion  
(21°S, 55°L)

Offices and 
classrooms

16 115

Illedu Centre - La Réunion 
(21°S, 55°L)

Offices 66 92

ZEB@BCA Singapure 
(1°20 N, 103°L)

Offices and 
classrooms

40 44

Table 2. 
Energy demand and production in 3 NZEBs. Source: [19].
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specialties and modes of activity, able to apply the concepts of previous research and 
work developed by teams of professors and researchers and implement them in the 
project proposal in an agile way.

Once defining the team, meetings there will be meetings to take preliminary 
decisions regarding the nature and size of the project, considering budget and 
deadline limitations. Other decisions taken preliminarily are related to the type of 
the building (residential, commercial), function, and location on the University 
campus. According to the methodology proposed by O’Brien et al. [7], the team 
facilitator should have the task of delimiting attributions for each of the participants 
and defining the delivery deadlines, depending on the necessary feedback from each 
phase of the project. The technical drawings required by the contest announcement 
were: topographic survey; location and situation plan; architectural project; hydraulic 
installations design; electrical installations; air conditioning; lighting; and distributed 
generation project from renewable sources. Besides the Basic Project, there were 
other mandatory items to be delivered, such as Requirements of Use, Descriptive 
Memorandum, Budget, Schedule, Energy consumption, and distributed generation 
evaluation report and Preliminary Visitation Plan. It is noteworthy that the building 
must be open to visitation and monitored within 24months of its construction, to 
allow the measurement of its real performance.

The preliminary design of the building was done with a defined area due to budget 
constraints. Initial decisions and common goals must be developed with the participation 
of all.

According to the premises established in the methodology, the participants chosen 
were members of the research groups and laboratories at the University of Brasilia 
and those working closely with the NZEB theme and disciplines related, such as the 
postgraduate course Integrated Environmental Project, created in 2017 and taught in 
the Postgraduate Program in Architecture and Urbanism at the University of Brasília. 
This core team is coordinated by professors of the Architecture and Urban Planning 
-(Laboratory of Environmental Control and Energy Efficiency - LACAM), alongside 
with professors of Mechanical Engineering (Air-Conditioning Laboratory - LaAr) 
and Electrical (LARA - Automation and Laboratory) Robotics), partners since 2014 
in the development of disciplines, undergraduate and graduate final works on the 
subject [20–22]. Professors of Geology and Environmental Science were also involved 
to develop themes related to the project’s sustainability (water, waste, etc.).

The team was defined with 24 members, as follows: 2 architects specialized in 
energy efficiency, process coordinators; 2 specialists in a computer simulation, who 
transit between all other teams; 1 architect specialized in energy efficiency; 3 archi-
tects and 1 civil engineer without training in energy efficiency; 1 mechanical engineer 
specialized in energy efficiency (responsible for HVAC); 2 specialists in electrical 
engineers (1 responsible for photovoltaic energy generation, the other for controls 
and automation); 2 engineers specialized in budgeting; 2 engineers specialized in the 
use of water and waste; and 4 undergraduate students in Architecture. There was also 
the collaboration of a company residing in the University’s Science and Technology 
Park, a specialist in energy efficiency labeling in buildings, and a junior company 
active in the field of civil construction, composed of graduate students in Civil 
Engineering and experts in the preparation of budgets for construction.

It was initially considered to use an NZEB residential building project, the result of 
an existing master’s dissertation [22], but impasses regarding the use and occupation 
of a residential establishment on a university campus, in particular related to security 
and monitoring, eliminated this proposal. The second hypothesis dealt with the use of 
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a retrofit project, carried out previously [15], in an existing building on the campus. 
In this case, the limiting factor was the cost, since it is a large building, the budget 
would exceed the amount offered by the Public Call. The Birck project [20], previ-
ously mentioned, due to its large area would also present a high cost. It was therefore 
decided to carry out a new building project on the campus.

After the initial discussions, the project’s objective was defined as follows: to build 
an open and collaborative laboratory, which would allow for some flexibility in the 
plant without specific programmatic needs.

The city of Brasilia, where LabZERO|UnB will be constructed, is located in the 
central area of Brazil (latitude 15°46’South and longitude 47°55´ West) (Figure 2) 
and it has a climate that is classified as high-altitude tropical climate or Tropical 
savanna climate (Aw, according to the Köppen climate classification), milder due to 
the elevation (1.100 m). This climate is characterized by a rainy season, from October 
to April, and a dry season, from May to September. The average temperature is 21.0 C.

Initial design guidelines included local climate recommendations in biocli-
matic zone 4 as per ABNT 15220 [23], which indicates shading, controlled natural 
ventilation, light and insulated roof, limited window-wall ratio, and light colors. 
Additionally, a floor plan with reduced depth was defined to favor natural lighting 
and it was installed with the largest façades facing North and South, to reduce the 
incidence of sunlight and optimize the protection of the façades. The roof houses the 
photovoltaic panels, as well as the North façade, which receives photovoltaic brises 

Figure 2. 
Koppen-Geiger classification map for South America. Source: Beck, H.E., Zimmermann, N. E., McVicar, T. R., 
Vergopolan, N., berg, a.; wood, E. F.; present and future Köppen-Geiger climate classification maps at 1-km 
resolution nature scientific data. DOI:10.1038/sdata.2018.214., CC BY 4.0, https://commons.wikimedia.org/w/
index.php?curid=74674070.
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that also work as solar protection. The first design sketches (Figure 3) were developed 
based on these guidelines, but they gradually evolved as a result of discussions of the 
various aspects with the entire team. It is worth noting that the design process sought 
to harmonize esthetics with the local context of the university campus.

2.3 Simulations and preliminary draft

Computer simulations are carried out after the definition of the preliminary design 
to validate the first decisions regarding the implementation and orientation, the 
form of building, glazed area, solar protection systems, solar exposure for solar and 
photovoltaic panels. Some design variations and sensitive variables that feedback into 
the design process are tested in an integrated design action, in which team members 
participate. This process takes several weeks until an ideal energy solution is obtained.

To assess the building’s energy performance, the Energyplus software was used 
through the DesignBuilder graphical interface for a period of a typical year. The 
results are presented by the energy consumption in kWh/m2.year. The same software 
is used to perform the passive potential performance of the building’s coworking 
area. In this case, the results are checked by the percentage of hours occupied in 
comfort using the adaptive comfort model of ASHRAE-55 for both 80% acceptabil-
ity and 90%. As for the evaluation of the luminous performance of the coworking 
area, the Radiance program is used, through the Rhinoceros 3D program and its 
visual programming language Grasshopper and the add-on HoneyBee. The Daylight 
Autonomy (DA) is evaluated at 300 lux, and the Useful Daylight Illuminance (UDI) 
above 2000 lux.

The Basic Project, which is the level that the NZEB building proposal should be 
delivered for the PROCEL EDIFICA 2019 call notice [14], was defined after some 
alternatives were tested by simulation, in particular regarding sun protection, types 
of glass (light transmission and solar factor) and building materials (roofing and 
walls). In this phase, automation, and control strategies (HVAC and lighting), loca-
tion of photovoltaic panels, such as Renewable Energy Technology (RET), lighting 
design, and other sustainability strategies, such as rational use of water and waste 
treatment, were also defined by teams of engineers and experts. The team partici-
pated in an integrated way. The group responsible for the simulations brought about 
results, which were evaluated under different aspects (energy, esthetic, functional, 
cost) before taking the final decision on the project.

Figure 3. 
Sketches with the first preliminary design risk, later revised (plan, volume, and section). Source: Authors.
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Due to the first thermo-energetic simulations and daylighting, the preliminary 
design of the building was established.

After another round of simulations, the Basic Project was defined, bringing 
details of the preliminary project, such as envelope materials with thermal transmit-
tance and absorptance suitable for the bioclimatic context (external walls, fiber 
cement panels, rock wool insulation, and plasterboard, U = 0.89 W/m2.K; steel deck 
slab coverage, metallic tile, and insulation, U = 0.57 W/m2.K); artificial lighting 
system with efficient lamps, luminaires, and task lighting; and automation for HVAC 
and artificial lighting.

2.4 Simulations and final calculations

After the definitions of the Basic Project, the feedback from the initial 
simulations, and the tests of several hypotheses, the final simulations of energy 
consumption involved the same software mentioned above. In addition to these, 
the RELUX software was used for simulations of the lighting project, the SAM 
software of the National Renewable Energy Laboratory (NREL) for dimensioning 
and calculation of two independent photovoltaic systems: on-grid and off-grid. 
Finally, energy efficiency labeling calculations, primary energy consumption, and 
budgets for final solutions, required by the notice, were performed. Regarding 
the budgets, a junior civil engineering company was counted on, which made the 
quotations of 21 items, plus the percentage of BDI, according to the model of the 
Public Call [14].

The simulations and final calculations prove that the building achieves an average 
annual consumption of electrical energy of 34.29 kWh/m2. year (7099.18 kWh/year), 
which corresponds to a primary energy consumption value of 54.88 kWh/m2.year 
(11,358.68 kWh/year), that is significantly lower compared to the average consump-
tion of electricity in office buildings in Brasília, which is around 130 kWh/m2.year 
[24]. As for the distributed generation of electricity in the photovoltaic system 
installed on the roof and side area, the value obtained is 58.29 kWh/m2.year. The 
results are consistent with international experiences in similar climates, presented 
above (Table 2). With these data, the achievement of the goal of building NZEB, or 
energy balance close to zero or nil, is proven.

The building’s reduced energy consumption is achieved through architectural 
and technological strategies (passive and active). In addition to aspects of energy 
efficiency and comfort, the building proposes strategies for the rational use of 
water and waste management. Sustainability aspects are also highlighted, such 
as the steel structure and the sealings in prefabricated panels, allowing for quick 
and clean construction, with less waste generation and possible replicability of the 
typology.

The building obtained a level A energy efficiency label (the higher efficiency 
level, according to Brazilian National standards) as expected due to the inclusion 
of bioclimatic and energy efficiency strategies since its conception. In isolation, the 
envelope obtained EqNum = 5, the lighting obtained EqNum DPI = 5, and the air 
conditioning EqNumVent = 5, related to the Coefficient of Performance (COP) of 
the machines, with partial level A labels being obtained individually. As a bonus, 
it was counted the rational use of water (40% savings) and the energy savings 
from the network (more than 30%). The general prerequisite of dividing electrical 
circuits was also fulfilled. Therefore, the overall energy efficiency label obtained for 
the building is level A.
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2.5 Design process: synthesis, limitations and potentialities

As indicated by the literature [3], the architecture started along with the concep-
tion of Renewable Energy Technologies (RET), which, in the present case, consisted 
of photovoltaic energy. Feedback cycles took place periodically between the thematic 
teams, together with the facilitators. The design of the building for the use of natural 
lighting also took place from the preliminary design. Soon after, the HVAC project, 
starting with passive strategies (ventilation, evaporative cooling, solar chimney) 
was initiated. The active HVAC strategies were designed right after the first thermo-
energetic simulations, due to the hours of discomfort not passively resolved, giving 
rise to the preliminary project. At this point, an initial calculation of the building’s 
energy balance was carried out (with data from the first thermo-energetic simulations 
and the photovoltaic panels still only on the roof). Then the sunshades and openings 
were readjusted to correct some identified problems. As a result of natural lighting 
simulations, with the building being better defined, the lighting, electrical, controls, 
and automation projects were carried out. In this preliminary project phase, strategies 
were also conceived for the rational use of water (hydro-sanitary project) and waste 
treatment, which are complementary aspects of the project’s sustainability. The final 
thermo-energetic simulations, labeling, primary energy calculations, and final energy 
balance of the building were carried out after the definition of the envelope materi-
als, the internal finishes, and the basic project, Figure 4 presents the design process, 
products, and flows, relating them to the iterative phases mentioned in Figure 1.

The process took place relatively smoothly, due to the aforementioned previous 
tests, involving part of the team. However, some important points that emerged 
from the experience with time and budget limitations should be mentioned: 1. The 
role of the facilitators is essential to coordinate the various decisions to be taken that 

Figure 4. 
Design process, with products and design flow. Source: authors.
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require inputs and results from different thematic teams; good facilitators are crucial 
for meeting deadlines and are potential drivers of positive results; 2. Efficient com-
munication with the various thematic teams is included in the role of the facilitators, 
to delimit the level of detail of the solutions proposed by each one, in each phase. In 
the early design phases, the level of detail should be lower, to avoid wasting time and 
rework; in the final stages, the level of detail is higher. There seems to be a tendency 
among specialists to get the phases in detail from the beginning., to be controlled by 
the facilitators, as it represents a barrier to the fluid development of the process; 3. 
The simulation team also has a fundamental role and interacts with other teams, as 
they need to “translate” the architectural proposals into simulation results, which 
feedback the new architectural proposals. For this, communication must be effective, 
and the language adapted to reach all professional profiles, which is not simple and 
can become a barrier in the process; 4. Periodic meetings, sharing information, and 
decisions are important for team involvement and motivation. However, in some 
moments, quick decisions must be taken and for this, again, the role of the facilitators 
is fundamental.

3.  The LabZero UnB project: Design, performance analysis and energy 
balance

This section presents the final design of LabZERO|UnB building, as a result of 
the previously described design process. The performance analysis, computational 
simulation process, and final energy balance are also presented.

3.1 The final design of LabZERO|UnB

The LabZERO|UnB construction is predicted to be done at the Science and 
Technology Park, at the Darcy Ribeiro campus of the University of Brasília (UnB), 
which aims at socio-economic development and strengthening research, development, 
and innovation (RD&I) structures. The privileged location on the campus provides the 
building with excellent visibility and easy access for the visitors (Figure 5).

Once built, the LabZERO|UnB building will be used for office activities in a cowork-
ing regime, to house research groups of UnB’s Architecture and Engineering Faculties 
dedicated to the study of zero energy balance and sustainability in buildings, (Figure 6).

In terms of architectural design, the basic assumption was the adequacy of the 
architecture to favor the use of passive resources, respecting the local climate recom-
mended strategies for bioclimatic zone 4 (Bioclimatic Zone 4, [23]), which includes 
shading, controlled natural ventilation, roof insulation, among others, as mentioned 
before in 2.2.

It was also a premise that architectural style was in accordance with the construc-
tion standards of the University of Brasília, highlighting, in the volumetry, some of 
the innovative systems used in the building.

Considering the educational and representative character of LabZERO|UnB, both 
internally and externally, the architecture uses innovative systems as elements of a 
visual framework, to highlight the applied design decisions, such as the steel structure, 
apparent electrical installations, and visual integration between the technical area and 
the work environment. As for the building’s morphology (Figure 7), the elongated and 
shallow shape, with larger façades towards the North–South orientation, allows the use 
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of natural light and optimized and effective sun protection [25]. The glazed area on the 
façades is limited to 35% and duly protected from excessive sun radiation using louvers. 
On the North façade, they are indeed a BIPV (building-integrated solar photovoltaics) 
solar louvers, whilst a solar chimney system is present on the West façade to intensify 
natural ventilation, combined with forced ventilation when necessary (Figure 7).

The floor plan has 207 m2, arranged as an office area (with an area reserved for 
meetings), a pantry, a bathroom, a dressing room, a technical area, and a bicycle rack, 
in addition to an outdoor balcony. Figure 8 shows the layout of the building plan.

The constructive systems elected to be used in this project are envisaged to 
strengthen sustainability and technological innovation. In addition, institutional 
criteria had to be met regarding the possibility of reproducibility, relocation, and 
integration with industrialized dry-construction systems, which reduce losses and 

Figure 5. 
Location of UnB campus Darcy Ribeiro in Brasilia.

Figure 6. 
Building plot on the Darcy Ribeiro campus (left) and implementation (right). Source: [25].
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waste in construction, ensuring faster execution. The building envelope systems are 
composed of a composite steel deck slab plus 12 cm of concrete employed on the floor 
and the roofs, whereas external walls are constituted by external fiber cement panel 
and drywall internally, filled with 4 cm of rock wool for insulation. Internally, all par-
titions are composed of two drywall panels with an air cavity, except for the partition 
between the office area and the technical area, which employs a clear 6 mm glass.

As complementary processes, in addition to natural lighting and ventilation, 
it was included an induced (or forced) ventilation system using a solar chimney. 
When comfort conditions with natural ventilation and induction were not suf-
ficient, a set of high-efficiency exhaust fans with speed control is activated, 
maintaining the necessary airflow for the occupied space. Additionally, to the 
several passive systems and techniques envisaged to maintain thermal and lightning 
comfort conditions, the building’s energy efficiency is guaranteed by highly effi-
cient artificial lighting and HVAC appliances. The project will have a rational use of 
drinking water, besides the use of alternative water sources, distributed generation 

Figure 8. 
Floor plan of LabZERO|UnB building. Source: [25].

Figure 7. 
3D perspective view of LabZERO|UnB building from northeast [25].
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with grid-connected photovoltaic generators, waste management, accessibility, and 
new technologies (Figure 9).

From the early stages, the building was conceived to achieve high performance and 
renewable energy generation instead of contemplating only conservation, efficiency, 
and energy generation measures in the final stages of the project. This is especially 
relevant because it is in the initial design stage that there is the opportunity to reduce 
the project costs and avoid future rework [26]. However, in order for this to happen, 
the project methodology contemplated interaction and collaboration between the 
various agents and disciplines that interfere in the project development, which in fact 
occurred in the experience of LabZero at the University of Brasília (LabZERO|UnB).

3.2 Performance analysis guidelines

Several aspects of the project were evaluated using computer simulation tools, not 
only to estimate electricity consumption, generation demands, and comfort condi-
tions, essential for the development of a zero-energy balance building project but 
also to support the decision-makers in design. The computer simulation tools also 
helped to envision the building’s tagging process. In this section, the main guide-
lines and assumptions for environmental and energy performance analysis of the 
LabZERO|UnB project are presented.

3.2.1 Daylighting

For daylighting analysis, the Radiance program was used through the Daysim/
Honeybee graphic interface, and Grasshopper/Rhinocerous3D plugin (Figure 10). 
To evaluate the performance of daylighting, 2 metrics were used: DA (Daylight 
Autonomy – or Natural Lighting Autonomy) considering 300 lux, and UDI (Useful 
Daylight Illuminance) considering a maximum of 2000 lux. In both cases, the 
measurement plane considers the height of the work plane at 80 cm in relation to the 
floor and the mesh of stitches distributed every 50 cm. In terms of the availability of 
natural light during the period of occupation of the building, the interval from 8 am 
to 6 pm was considered valid, during all 12 months of the year.

3.2.2 Lighting

Artificial lighting was designed considering daylighting availability. The computer 
simulations used to verify the condition of artificial lighting in the building were 

Figure 9. 
On the left, the perspective shows the BIPV solar louvers on the north façade and a solar chimney on the west 
façade; on the right, the perspective of the south façade source: [25].
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carried out by modeling and calculating the data through the/Relux software, version 
2019.3. The objective was to optimize the energy efficiency of the system, ensure 
adequate lighting rates, according to [27], and serve as a basis for an energy assess-
ment. The input data were: the building geometry (height, width, depth, and useful 
ceiling height); the artificial lighting equipment in each environment; and the height 
of the work plane (70 cm).

3.2.3 Thermo-energetic performance

To analyze the building energy performance and to verify the electricity demand, 
EnergyPlus 8.9 was used, through the graphic interface DesignBuilder 6.0 (Figure 10). 
The model’s geometry followed the architectural design, and the climate file was a Swera 
type for the city of Brasília-DF.

The loads and schedules utilized are based on the ASHRAE Handbook of 
Fundamentals [28] mostly for generic office area, which is the predominant occupa-
tion. The office breakroom in the outside area and bathrooms follow also the same 
indications [25], however, they are adapted to the Brazilian reality, so no plug load is 
considered in these areas. Additionally, since the technical area does not have heavy 
machinery, instead of the 52 W/m2 considered to this kind of area in the ASHRAE 
Handbook of Fundamentals (2017), it is employed the same value of generic office 
area, of 11 W/m2, which allows a general load closer to the generic offices found in 
Brasilia by Costa et al. (2018). The attic is considered unoccupied with no internal 
loads. Furthermore, the artificial lighting energy values are obtained from the light-
ing design, with an overall 5 W/m2 for all environments, meanwhile, in the office 
area, there is an additional 1 W/m2 for task lighting. Table 3 summarize these data:

Additionally, the building operation varies from 8 h to 22 h on weekdays and all 
schedules are derived from this operation period. The simulation is carried out for 
the whole year and the data analyzed is Energy Use Intensity (EUI) in kWh.year/m2, 
considering only the occupied area (not including the attic).

The reflectance of materials is based on the general guidelines of [12], which 
defines absorbance values for light colors as 0.4 and for dark colors as 0.7. The floor 
and the ceiling were modeled as dark, while other surfaces were defined as light.

The building envelope thermal properties follow the standards of [23], with [29] 
reference for modeling in EnergyPlus. The external vertical sealing composition comes 
from [22], external walls of fiber cement and rock wool (0.89 W/m2K), in addition to 
a covering composed of metallic tile with insulation (0.80 W/m2K), ventilated cavity 

Figure 10. 
On the left, modeling in DesignBuilder and on the right modeling in rhinoceros 3D [25].
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(10 ren/h), and steel deck slab (3.16 W/m2K). The thermal properties of all layers of 
the opaque envelope are presented in Table 4.

The glass employed on the windows is a clear laminate 13 mm glass (6 mm+1 mm 
PVB+6 mm) (Table 5). All windows have external shading elements, as recommended 
for this climate.

As for electrical equipment, the installed power follows the RTQ-C as a reference 
[11], except for lighting that respects the project presented in the analysis of the artifi-
cial lighting system. The usage routine is from 8 am to 10 pm 5 days a week. With the 
exception of the coworking area, the other areas have natural ventilation. Bathrooms, 
technical area, and balcony have the ventilation network model (airflow network). 
According to the project, the frames opening rate is 88%.

For the attic zone, a constant rate of 10 renewals per hour is used. The office 
working area will be equipped with a highly efficient direct expansion HVAC system 
for cooling purposes. No heating will be employed since it is most frequently neces-
sary late at night when there is no occupation in the building. It is employed ideal air 
loads for the mechanical systems with a Coefficient of Performance (CoP) of 5, which 
is a theoretical constant value for the equipment employed. There is also a cooling 

Systems Layers Width 
(cm)

Conductivity 
(W/m.K)

Specific Heat 
Capacity(J/kg.K)

Density 
(kg/m3)

U-Value  
(W/m2K)

Steel Deck Slab Steel 0,6 55,000 460 7800 3,16

Concrete 12,0 1130 1000 2000

Double Metal 
Roofing with 
Insulation

Steel 0,6 55,000 460 7800 0,47

Rock 
Wool

9,0 0,045 800 100

Steel 0,6 55,000 460 7800

External Wall Fiber 
Cement 
Siding

1,0 0,950 840 550 0,89

Rock 
Wool

4,0 0,045 800 100

Drywall 2,0 0,350 870 900

Internal 
Partition

Drywall 2,0 0,350 870 900 1,80

Air Cavity 11,0 Fixed R-Value of 0,18 m2.K/W

Drywall 2,0 0,350 870 900

Table 4. 
Opaque envelope thermal characterization.

Item Office Breakroom Water 
closet

Technical area Attic

Occupation (person/m2) 0,1100 0,2889 0,1124 0,1110 —

Equipment (W/m2) 11,77 — — 11,00 —

Artificial lighting (W/m2) 5 + 1 5 5 5 —

Table 3. 
Occupation, equipment, and lighting power per area type.
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setpoint of 24 °C operative temperature with no setbacks. Finally, a water condens-
ing unit is used in combination with an evaporator fan, which blows cold air from a 
plenum under the floor of the working area.

In addition, there is artificial lighting control in this zone, with setpoints of 150 
lux for the balcony area and 300 lux for the coworking area.

3.2.4 Potential for photovoltaic energy generation from on-grid and off-grid systems

To analyze the potential of photovoltaic energy generation, the SAM software 
from the National Renewable Energy Laboratory (NREL) was used. Two different 
photovoltaic systems were designed. The first one was a photovoltaic field of a kind 
that is connected to the public distribution network (on-grid), integrated to the 
coverage of the technical area of the building, facing North, with an inclination of 15o. 
The other photovoltaic system was conceived as an integrated field to the design of 
the brise-soleil that shade the North façade – using a battery bank for storage (off-
grid), and will not be directly connected to the public grid. This unusual design is 
intended to address future research regarding demand energy management.

A system with 12 TRINASOLAR TSM-DE15MII-400 W TALLMAX modules 
of 400 Wp of monocrystalline silicon was considered for the on-grid system and 
YINGLI YL100P-17B 2/3 panels 36,100 W POLYCRYSTALLINE CELLS with measures 
2.5x66x101cm and 100 W of power in the standard STC test conditions for the off-grid 
system. For the calculation, the methodology of Pinho and Galdino [30] was used.

3.3 Daylighting analysis

The daylighting simulation reveals the availability of this resource in the cowork-
ing area, as shown in the Daylight Autonomy map (Figure 11). There is a predomi-
nance of natural light autonomy in the environment for over 80% of the hours during 
the year, with more than 300 lux. Illuminance values above 2000 lux, which can lead 
to glare and excessive thermal loads, are punctual and appear less than 40% of the 
time. In addition, they are concentrated exclusively along the building openings, as 
shown in Figure 11.

In general, and in terms of the high daylight availability when the environments are 
occupied, the results are satisfactory. Values with an autonomy of 300 lux less than 80% 
of the time are punctual (behind the wall and in rooms such as pantry and hallway, 
which usually do not have high lighting demand). Likewise, the compensation to reach 
higher levels, such as 500 lux in the work planes, can be contemplated by the work 
luminaires foreseen in the lighting project (task lighting). Furthermore, it is note-
worthy that it would be highly restrictive to demand that the entire environment be 
served by 500 lux. In terms of potential glare, the 2000 lux Useful Daylight Illuminance 
analysis indicates dew occurrences near the windows, which can eventually be avoided 

Characteristics Clear glass 6 mm

SHGC (W/W) 0.74

Light transmission (W/W) 0.86

U-value (W/m2K) 5.29

Table 5. 
Glass thermal properties.
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by adopting simple solar protection systems, such as blinds. In the external area and 
balcony, there are naturally higher rates, especially at the end of the building, which 
would probably benefit from some kind of greater protection (Figure 12).

3.4 Analysis of the lighting system

The adoption of high-efficiency solutions enabled an average illuminance of 
411 lux in the coworking environment, as indicated by the simulations in Relux. 
At the workstations, the use of task luminaires that increase the illuminance 
to 500 lux on average is foreseen, as required by the NBR ISO/CIE 8995-1:2013 
standard [31].

Thus, the project predicts a total of 54 luminaires, considering all areas and 
environments, with a total power of 801 W and a lighting power density (LPD) of 
3.87 W/m2. The minimum illuminance level required by NBR ISO/CIE 8995-1:2013 
[31], entails an increase of 1 W/m2, which raises the DPI to 4.87 W/m2. Even so, this 

Figure 11. 
300 lux daylight autonomy (DA) map for the Coworking and balcony area [25].

Figure 12. 
Useful daylight Illuminance (UDI) map above 2000 lux for the Coworking and balcony area [25].
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performance is considerably higher than the limit estimated by label A, according to 
the PBE Edifica PROCEL classification [11]. This demonstrates, in part, the potential 
for reducing LPD by using high-efficiency equipment.

This low LPD, combined with the control and automation system with sensors 
and dimming of the integration system between day and artificial lighting, allows 
a significant reduction in energy consumption. These elements are considered and 
verified later in the evaluation through simulation of energy performance.

3.5 Energy performance analysis

The building’s energy consumption results assume a conservative scenario, with 
artificial conditioning of the coworking area throughout its occupation. However, the 
main objective of the project proposal foresees that conditioning should be applied only 
in situations when thermal comfort is not provided. Especially due to the great potential 
of using passive strategies. Nevertheless, it is prudent to take a conservative stance to 
ensure that the project will reach its goal of a building with a zero-energy balance.

Given the potential of taking advantage of natural light, the low demand for 
artificial lighting, the high-performance envelope, and efficient air conditioning 
equipment, it is possible to obtain an energy consumption of 34.30 kWh/m2.year, as 
shown in Table 6. As a comparison criterion, the value obtained is considerably lower 
than the standards for corporate environments in Brasília-DF listed by [27], which 
demonstrates an average consumption of 131 kWh/m2.year.

Thus, the division of consumption by final use, as shown in Figure 13, is consid-
erably different from the typical consumption for commercial buildings foreseen 
by [32]. Unlike almost half (47%) of the energy consumption being related to the 
conditioning system, at LabZERO|UnB the conditioning system corresponds to 39%. 
It is worth noting that this reduction could be even more significant if a less conserva-
tive scenario were used regarding the air conditioning adoption. However, a greater 
reduction, from 22–12%, is seen in the artificial lighting system.

As for other electrical loads (equipment), demand exceeds the 31% predicted by 
[32], reaching 49% at LabZERO|UnB. This percentage does not reflect a quantitative 
increase in this type of load. However, it shows that its participation in the energy 
matrix of the building is greater. In part, this is justified by the fact that air condition-
ing and lighting systems are the main focus of these studies, being directly linked to 
architecture. For the calculation of energy demand of other electrical equipment, the 
standard was kept as a default. According to the very concept of building efficiency, 
the equipment adopted will probably follow the high-efficiency standards, which 

End uses Annual electrical energy 
consumption (KWH/year)

Annual electrical energy 
consumption (KWH/m2. year)

Percentage (%)

Office 
Equipment

3451,13 16,67 49

Lighting 874,20 4,22 12

HVAC 2773,95 13,40 39

Total 7099,28 34,30 100

Table 6. 
Consumption data by final and total uses per year and per year per square meter for the entire building [25].
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reduces its demand. However, as the proposal aims to seek a more conservative 
scenario, this reduction was not considered for these environmental and energy 
performance analyses in the design stage.

3.6 Analysis of the potential for generation of photovoltaic energy

The graph in Figure 14 shows the results of potential photovoltaic energy genera-
tion for the 2 systems (on-grid and off-grid), while Table 7 presents the total values. 
It is observed that the on-grid system placed on the roof has significantly higher 
generation than the off-grid system, located in the brises, of 7,933 kWh/year and 
4,155 kWh/year, respectively, which totals 12,088 kWh/year.

3.7 Building energy labeling

The building obtained a level A of energy efficiency label (the higher efficiency 
level, according to Brazilian National standard), as expected due to the inclusion of 
bioclimatic and energy efficiency strategies since its conception. Individually, the 
building envelope obtained EqNum = 5, the lighting system obtained EqNum DPI = 5, 
and the air conditioning system obtained EqNumVent = 5, related to the Coefficient 
of Performance (COP) of the machines. Considering a partial level A labeling 

Figure 13. 
Energy consumption by end-use [25].

Figure 14. 
Monthly estimated PV solar energy generation for LabZERO|UnB [25].
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obtained individually by these systems, plus a bonus for the rational use of water 
(40% savings), the energy savings from the network (more than 30%), and the gen-
eral prerequisite of dividing electrical circuits fulfilled, the overall energy efficiency 
label obtained for the building is A, the most efficient.

3.8 Energy balance analysis

The graph in Figure 15 shows the energy balance between consumption and gen-
eration. Even when considering the most conservative consumption, with the use of 
the conditioning system during the entire period of occupation, the simulations and 
final calculations prove that the building achieves an average annual electrical energy 
consumption of 34,29 kWh/m2.year (7,099.18 kWh/year), which corresponds to a 
primary energy consumption value of 54,88 kWh/m2.year (11,358.68 kWh/year). This 
is a significantly lower number if compared to the average consumption of electricity in 
office buildings in Brasília, which is close to 130 kWh/m2.year [24]. As for the distributed 
generation of electricity in the photovoltaic system, installed on the roof and side area, 
the value of 58,29 kWh/m2.year is obtained. The results are consistent with international 
experiences in similar climates, presented before (Table 2). With these data, the achieve-
ment of the building NZEB goals, or energy balance close to zero or nil, is achieved. 
There is, therefore, full compliance with the condition of the NZEB building (almost 
zero energy balance). It is also proposed that the energy generated in excess should be 
used to supply electric bikes and other buildings at the University of Brasília campus.

Figure 15. 
Graph of the energy balance between building consumption and generation [25].

On-grid (kWh) Off-grid (kWh) Total (kWh)

Power generation 7933.02 4155.18 12,088.2

Table 7. 
Total values of photovoltaic energy generation potential in on-grid and off-grid systems.
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The building’s reduced energy consumption is achieved through architectural and 
technological strategies (passive and active). In addition to aspects of energy efficiency 
and comfort, the building project proposes strategies for the rational use of water 
and waste management. Sustainability aspects are also highlighted. An example is the 
steel structure and the sealing in prefabricated panels, which allow for quick and clean 
construction, reducing waste generation and the replicability of the typology.

4. Conclusions and perspectives

The integrated design process, used as a methodology, proved to be efficient and 
highlighted the possibility of transposing research experiences into design practice. 
The barriers and potentialities related to the coordination of a multidisciplinary team 
and the organization, planning, and achievement of the goals in the integrated project 
process stand out. It is important to highlight the role of the computer simulation and 
the team in charge of this item in the design process, which must interact with others 
and effectively communicate the results. The project also underlines the importance 
of the facilitators, who coordinate the feedback loops of the computer simulations and 
architectural, the technological decisions between specialized teams and the group 
as a whole, in addition to defining deadlines and levels of detail for each specialty. 
Communication problems in the team can constitute barriers in the process, and the 
tendency of excessive detailing by experts at the beginning of the design process must 
be monitored by the facilitators.

The tools for analyzing environmental and energy performances through com-
puter simulations are key parts to verify the zero-energy balance of a building and the 
fundamental elements in design decision-making. With these tools, the performance 
results can be accurately estimated.

In addition to being a building with a zero-energy balance, LabZERO|UnB is a 
project with the capability to achieve a positive energy balance, by offering an annual 
generation higher than its consumption. It has a demand of 34,29 kWh/m2. year 
and a generation of 54, 88 kWh/m2. year, which represents the potential to become 
a construction that has a positive energy balance with a 60% margin. This result 
occurs even considering conservative hypotheses of consumption reduction – such as 
constant use of artificial conditioning, with passive potential and office equipment 
with regular efficiency. Thus, the reduction in the energy consumption pattern from 
131 kWh/m2. year to 34 kWh/m2. year is mainly due to solutions linked to the charac-
teristics of the architectural project, such as shape, envelope, quantity, and opening 
orientation, combined with high-performance, artificial lighting, and mechanical 
conditioning systems. These indicate the advantage of considering environmental 
performance demands from the early stages of the project to achieve high-perfor-
mance buildings.

It is expected that the construction of LabZERO|UnB, as well as the 
ELETROBRAS/PROCEL competition initiative, will be a milestone in the develop-
ment of high-energy performance buildings in Brazil and zero-energy balance 
constructions. However, there is a need to incorporate environmental and energy 
performances analysis tools in the scope of the architectural project development 
from the preliminary stages, keeping in mind the operation and monitoring phases.

As a result, the project achieved an energy consumption of almost four times lower 
than the local average for office buildings, and this is compatible with international 
experiences. As the energy generation exceeds the demand, the NZEB building has 
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the potential to supply other constructions or equipment. The strategies used for this 
combine the architecture plan conceived according to the local climate and directed 
towards the energy production in the building itself; and the main adoption of passive 
strategies, with the use of controlled active methods to optimize energy expenditure. 
After its construction, the building may be open to the public with a demonstrative 
purpose, allowing for large-scale dissemination.

Creating LabZERO|UnB reinforces the necessity of developing more sustainable 
and resilient buildings, with a possibility to extend the adopted strategies to other 
similar constructions creating, therefore, more efficient cities. This building will be a 
great model on the University campus, and it can be a prototype for future structures. 
It also works as a laboratory, in which people can better understand the importance 
of bioclimatic design and the incorporation of energy production on the building. 
Some architectural premises that were used on this project could also be applied 
in other constructions in the Brazilian context. Ultimately, LabZERO gives data to 
the Brazilian government to support public policies related to energy efficiency and 
sustainable energy production, all objectives which are bonded to the UN Sustainable 
Development Goals (SDG). In the context of the climate crisis, energy efficiency must 
be the natural strategy for developing countries in a tropical climate zone.
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Chapter 6

Developing a Sustainable  
Solar-Residence Architecture 
Like a Home Unit without Energy 
Consumption from the Power Grid
Fernanda Antonio, Claudia Terezinha de Andrade Oliveira, 
Fabio Pires and Miguel Edgar Morales Udaeta

Abstract

The objective of this work is to identify the premises and strategies for the design 
of a zero-energy solar house and propose the systematization of its process. The focus 
of the application is on the single-family residential typology. The method consists of 
analyzing the whole process from the initial phase of the architecture project to the 
use of automation systems, aiming at the best use of solar energy in terms of sustain-
able development and high energy efficiency. Each phase of the process has significant 
importance in the performance of the residential unit, however, the influence that 
one phase has over another plays a fundamental role in the final result. The process of 
systematization encompasses all these phases, starting from the demands for energy in 
a solar house and introducing strategies to meet these demands. The prototype of the 
zero-energy solar house is used as an example of the application of this process for the 
development of a parametric solar house. The results show a strong positive correla-
tion of linear dependence between the assumptions and strategies used in the archi-
tecture of the house and the solar system, allowing a conclusion of the dependence 
relation on sustainability, thermal comfort, visual and energy efficiency.

Keywords: zero-energy solar house, solar house, premises and strategies,  
sustainable development

1. Introduction

Methods of using and harnessing the sun’s energy have been applied for a long 
time, providing several benefits to mankind. Growing global demand for energy and 
recent concern about the scarcity of natural resources have increased the demand for 
renewable energy, in particular, solar energy. However, the use of renewable energy 
is not the only way to achieve sustainable development. Increasing the efficiency of 
energy systems is also an effective way to reduce greenhouse gas (GHG) emissions 
and provide more energy for consumption.
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In Brazil, hydroelectric power comprises 64.9% of the National Interconnected 
System (SIN), making the Brazilian electrical matrix comparable to those of 
developed countries. Nevertheless, the share of renewable energies can be further 
increased by the incorporation of solar systems in the residential sector, which would 
also impact national energy consumption. Studies show the huge potential for the 
exploitation of solar energy in the country, due to favorable levels of solar radiation 
throughout the year and because photovoltaic systems (PVSs) for distributed gen-
eration are approaching economic feasibility [1]. In addition, the residential sector 
accounts for 26% of total electricity consumption in the country, and it is expected 
that this participation will remain at the same level for the next 10 years, with an 
estimated increase of 48.3% by 2021 [2]. Such facts indicate the great impact that 
the incorporation of solar systems in the residential sector can cause on the national 
consumption of energy.

The objective of this study is to analyze and consolidate premises and guidelines for 
the design of a solar house. This project will focus on the development of a single fam-
ily residential typology in terms of a zero-energy building (ZEB) aiming at sustainable 
development while maintaining environmental comfort and energy efficiency.

1.1 Current contribution on zero-energy solar house, with premises and strategies

The solar combisystem presents a high potential to contribute to the net-zero 
energy status of a building [3]. However, the energy requirement in a building is 
affected by parameters such as the envelope characteristics [4] and the weather [5]. 
The influence of these parameters on the energy demand can impact significantly 
energy management. Thereby, Raza et al. [6] proposed a demand forecast study of 
integrated photovoltaic intelligent buildings to improve their accuracy.

Another way to reduce energy consumption by the residential sector and increase 
the energy efficiency of solar systems is through the application of passive techniques 
to residential architecture. The incorporation of architectural features into residential 
buildings aiming at the full use of solar energy helps to maintain environmental 
comfort and reduce energy consumption. Studies on the bioclimatic architecture of 
buildings that use solar energy, either actively or passively, can be found in [7–10]. In 
this work, a housing unit that uses solar energy in architecture and energy generation, 
regardless of achieving a zero balance is defined as a ‘solar house’ [11].

According to Torcellini et al. [12], a ZEB is a building that produces, through local 
renewable sources, enough energy to equal or exceed its annual energy consumption. 
The ZEB can be connected to the public grid and integrates a system of distributed 
generation of electricity. In this study, the focus will be on the generation and use of 
solar energy by single family homes based on the development of a ZEB, regardless of 
reaching a zero-energy balance.

Initiatives to prospect, enable and analyze the quality of efficient solar energy 
projects were carried out in the USA, with competitions between universities to par-
ticipate in the American Solar Decathlon Solar Energy (composed by Architecture, 
Engineering & Construction, Energy Efficiency, Communication & Social 
Awareness, Neighborhood Integration & Impact, Innovation & Viability, Circularity 
& Sustainability, Comfort Conditions, House Functioning and Energy Balance) in 
the years 2002, 2005, 2007, 2009, 2011, 2013, 2015, 2017, 2019 and then by the US 
and Spanish governments, which signed a memorandum of understanding in 2007 to 
create the first European edition complementary to the US Solar Energy Decathlon 
to encourage the use of solar energy and created the Solar Decathlon Europe. Spain 
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hosted the first two competitions in 2010 and 2012 [13], the others were in France 
(2014), Hungary (2019) and the next in 2021/2022, in Germany [14].

Other regions were awarded the event, such as Solar Decathlon Latin America and 
Caribbean, in Colombia, which was held in 2015 and 2019, Solar Decathlon Africa, in 
Morocco (2016), Solar Decathlon China (2011, 2013, 2018, 2021), and Solar Decathlon 
India (2010/2021) [14]. Initiatives like these develop new sustainable technologies and 
transform society and the energy market.

Sustainable projects need to make several predictions, among others, of the air 
temperature in the almost zero energy building cooling system, with natural ventilation 
to reduce the dependence on mechanical systems and the use of models that can accu-
rately predict the air temperature, therefore, in the naturally ventilated mode, they are 
fundamental to understand the current or future natural ventilation potential [15]. In 
southern European countries, summer temperatures can contribute to increased energy 
consumption, due to the cooling system of family units with less economic resources 
and may suffer from a lack of fuel to use air conditioning systems and one of the 
solutions to reduce the discomfort of thermal sensation is the optimization of natural 
ventilation to reduce energy consumption, improve cooling and serve social housing in 
coastal areas [16]. The European Union introduced the concept of construction of near-
zero energy buildings in the system reformulation, using integrated solar technologies 
with dynamic occupancy in Finland and other northern European countries [17, 18]. 
Hybrid systems of integrated renewable energy, with a storage system, are important 
and efficient systems in the use of sustainable energy to serve localities [19].

In the study carried out by Zinzi and Mattoni [20], in the Italian cities of Rome 
and Turin, they described that it is important to guarantee energy efficiency, thermal 
comfort and indoor environmental quality, keeping construction and operation costs 
low. For the development of the project, three types of analysis were used: thermal 
comfort, energy performance and financial calculation. In both projects, the results 
were satisfactory.

The use of solar energy in buildings can mitigate the major challenges of energy 
shortages and global warming [21], and the management and integrated planning 
of energy resources are necessary to attract new investments, with the construction 
of sustainable environments, in projects that provide favorable conditions to the 
consumer market, with a reduction in the cost of electricity, with the application of 
innovative technologies in shared electricity generation, transmission and distribu-
tion and integrated [22].

To validate the study developed in this work, a solar house prototype used as a case 
study is taken as a study target. This prototype is a model of a zero-energy solar house 
(ZESH) and is analyzed qualitatively, considering general strategies for the pas-
sive use of solar energy. Furthermore, the ZESH concept is adapted to the Brazilian 
scenario where artificial lighting technologies, a domestic hot water system (DHW) 
and photovoltaic generations are considered for quantitative analysis.

Several works describe about zero energy solar house [12, 13, 15, 17, 19–21, 23, 24], 
but rare bibliography to the strategies used in zero energy solar house and this study 
seeks to complement the gap that exists on the subject, systematically contributing with 
new knowledge for decision making in the application of projects, using new premises 
and strategies, complementing the known strategies of innovation, sustainability and 
PVSs used in the design of a solar house (summarized in Table 1), as well as the basic 
principles for a zero energy solar house (ZESH). Fundamentally coming as a method for 
systematizing assumptions and strategies for the design of the mentioned zero-energy 
solar house, like several methods can influence the design results of a zero-energy solar 
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house, among which are the solar geometry, the strategies used for thermal and/or 
visual comfort, as well as the solar house strategy, to consumption and installations.

2. Solar geometry

The position and angle of incidence of solar radiation on the facades of a build-
ing—throughout the day and year, for a particular site of implantation, considering 
the apparent movement of the sun—are determined by the study of solar geometry. 
This study can be used either for the use of solar radiation in a building, for example 
for natural lighting of the environment, or the protection of its surfaces from the 
direct incidence of the sun.

Buildings located in the tropics receive, in the summer, the less solar incidence 
in the north-facing facades (for the southern hemisphere) than east–west facing 
facades. However, in winter, the solar incidence of north-facing facades is higher than 
for those facing east–west. This indicates that geometries involving the use of more 
elongated facades orientated towards north and south obtain better use of the sun 
throughout the year.

Solar charts can contribute to the study of solar geometry. These charts graphi-
cally represent the apparent trajectory of the sun projected on a horizontal surface, 
for specific latitudes [25–27]. Their use allows to determine the hours of sunshine 
on horizontal and vertical surfaces for a given orientation [13]. In addition, it is also 
possible to determine, for a given day and time, the azimuth and solar elevation that 

Strategy Description

Solar geometry It consists of the study of solar orientation, envelope volumetry, design and orientation 
of openings and sun protection elements. All these elements can be applied in the 
architectural design of buildings for optimizing comfort conditions and minimizing the 
use of energy consumption.

Thermal/visual 
comfort

The design of a bioclimatic architecture embraces aspects such as control of passive 
solar gains, natural ventilation and use of natural lighting. A. Controlling of passive 
solar gain can be achieved by selecting the building materials, the arrangement of 
the protection elements and the orientation of the building and openings. B. Natural 
ventilation and evaporative cooling are important to air renewal in the indoor 
environment, also this can be a strategic means of removing heat from the air. C. The 
combination of natural lighting and artificial lighting is an essential strategy used to 
meet the required demand for illumination in the internal environment of a building. 
The location and size of the openings and use of reflexive surfaces are important 
elements to maximize the use of natural lighting, ensuring visual comfort and 
minimizing energy consumption. For artificial lighting, the use of sensors, independent 
electric circuits and new technologies are some of the strategies used to control and 
enhance its efficiency.

Solar systems It can be applied in the design of a building to maximize the use of solar radiation for 
water heating and electricity generation.

Residential 
automation 
systems

It can be applied for integration and monitoring the different systems operating in a 
solar house. Also, the information collected by these systems can be used to inform 
the occupants about the generation and consumption of energy to increase the energy 
efficiency consumption and comfort, ensure the safety of the occupants and maximize 
the operation of the systems.

Table 1. 
Strategies for a solar house design.
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can be used in the geometric study of the shading for the application of protection 
elements in facades [26].

The study of solar geometry and its application on architectural projects can also 
be carried out using physical and electronic models, assisting in the study of the effect 
of solar radiation and shadows on buildings. In this way, it is possible to adequately 
predict and design buildings in terms of solar orientation, envelope volumetry, design 
and orientation of openings and sun protection elements.

An accurate study considering all these aspects in architectural design can 
substantially influence the comfort conditions and the energy consumption for the 
environmental conditioning of a building.

3. Sustainable solar-house architecture

The air combines three parameters that influence the thermal comfort of an envi-
ronment: temperature, humidity and speed (or movement). When climate conditions 
are analyzed based on temperature and humidity, it is possible to define four types of 
climates: hot and dry, hot and humid, cold and temperate [27, 28].

The architecture that seeks to adapt to the climatic conditions through its own 
design solutions and its own elements, favorably using these conditions and seeking 
to satisfy the thermal comfort needs of the occupants is a so-called bioclimatic 
architecture [27, 29, 30].

The study of the strategies to be adopted for each climate can be carried out using 
a bioclimatic (or psychrometric) chart. In these charts, through the relationship 
between temperature and relative air humidity, regions are defined in which it is 
possible to identify the most adequate strategies to reach the thermal comfort of the 
environment for a given location throughout the year.

The following items present the concepts related to the passive strategies oriented 
to the thermal comfort of the residential buildings and related to the control of the 
passive solar gains, natural ventilation and evaporative cooling.

3.1 Control of passive solar gain

Solar radiation can penetrate directly into the building through the openings or be 
absorbed by wall and roof surfaces. By focusing on the surfaces, solar radiation results in 
heat gain. This gain, and the consequent storage of heat in the environment, depends on 
the intensity of solar radiation and the thermal properties of both closing and internal 
materials to the building [25]. Direct gains occur when solar radiation strikes directly 
into the building, through lateral or zenithal openings. The use of transparent elements 
allows direct gains and can contribute to generate the greenhouse effect when there is a 
need for heating of the interior environment [30, 31]. Indirect gains occur when ele-
ments of high thermal inertia are exposed to direct solar radiation. These elements accu-
mulate heat and emit it to the environment using radiation and convection, when the 
temperature of the internal environment decreases [25, 31]. Figure 1 illustrates examples 
of passive forms of solar utilization that can be applied to the architecture of a solar 
house. Diagram (A) demonstrates direct or semi-indirect heat gain through a glasshouse. 
Diagrams (B), (C) and (D) show indirect passive gain forms where walls of high thermal 
mass accumulate the heat that will later be released to the environment to be heated.

However, it may be necessary to avoid solar gain in some climates or seasons of the 
year. Protection elements such as eaves, grilles, brises-soleil, marquises, external and 
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internal blinds and vegetation can be applied together to the opening areas. The effect 
of solar protection of these elements on transparent surfaces depends on factors such 
as the ability of the material to reflect solar radiation, the location of this protection 
and its relative effect on solar radiation and heat convection, and their distribution 
about transparent surfaces [27].

Using selecting the building materials, the arrangement of the elements and the 
orientation of the building, these gains can be enhanced in the winter and inhibited in 
the summer. These solutions should be taken into consideration as these gains impact 
occupant comfort and energy efficiency to maintain environmental comfort.

The subsequent items 4-A1, 4-A2 and 4-A3 present features such as thermal iner-
tia, thermal insulation and solar factor, respectively, which interfere in the transfer 
of heat, depending on the conditions of radiation incidence, opacity or transparency 
to radiation, surface conditions, mass, thickness and other materials properties and 
construction elements.

3.1.1 Thermal inertia

The thermal inertia is related to two important phenomena of the thermal behav-
ior of buildings, the damping and the delay of the heat wave caused by the heating or 
cooling of materials. The greater the thermal inertia of the building, the greater the 
damping and the delay [25]. High thermal inertia materials can be used to control 
heat gains and losses in a building in the heat or cold [26].

The amplitude variation between the inner and outer temperature and the absorp-
tion of temperature peaks can be controlled by thermal inertia. Hot and dry climates 
are favorable to the application of this technique, due to the great thermal amplitude 
that they present between day and night. The thermal mass exposed to solar radiation 
absorbs heat during the day and returns it to the indoor environment at night when the 
temperature decreases. At night, the thermal mass cools and thus contributes to reducing 
the temperature of the internal environment during the day, since it absorbs heat again.

In cold climates, it is possible to use thermal mass in internal elements of the 
building, and thermal insulation in the external walls and openings, so that the heat 
retained in the material exposed to the solar radiation during the day is irradiated to 
the internal environment [31]. The insulation helps to preserve the heat in the interior 
environment, as well as the heat coming from appliances and the occupants’ activi-
ties. Examples of high thermal mass materials are stones, massive bricks, adobe walls, 
concrete, water and green roofing.

The improper application of elements of high thermal inertia can act unfavorably 
to the internal environmental conditioning. Examples of this are the high thermal 
inertia buildings with mostly diurnal occupation or established in places where winter 

Figure 1. 
Passive solar systems [21, 31].
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solar gains are insignificant. In these situations, the high thermal inertia may con-
tribute to delay the reestablishment of the comfort conditions using air conditioning 
systems, increasing the energy consumption [32].

On the other hand, for low inertia buildings, Phase Change Materials (PCM) have 
been used to increase thermal mass [33]. Such materials absorb or release energy 
during their phase change, in temperature in the range of environmental comfort. 
Such a feature gives the material the ability to absorb temperature peaks. Examples 
of applications are the incorporation of PCM microcapsules into gypsum panels, 
into mortars or storage of material in tanks or compartments that are in contact with 
indoor air.

3.1.2 Thermal insulation

Thermal insulation is an indicated strategy for situations where thermal losses and 
gains are to be avoided. In cold climates, insulation is important for maintaining the 
heat inside the environment generated by passive solar gain strategies, or even active 
heating systems. In climates where temperature and humidity are high and artificial 
cooling systems are used, thermal insulation contributes to the use of these mechani-
cal systems more efficiently.

The thermal insulation of a material can be determined by its coefficient of 
Thermal Conductivity (λ). The higher the value of λ, the lower the performance of 
the material as thermal insulation [30].

The choice of insulation depends on the need for insulation; performance in terms 
of durability, resistance and fire behavior; rainfall and technical issues regarding its 
installation in buildings.

3.1.3 Solar factor (SF)

The glass properties are an important factor in the energy fluxes through the open-
ings, which can allow or inhibit thermal gains by solar radiation and heat losses of 
the interior environment [26, 30]. A characteristic commonly associated with glazed 
surfaces is the solar factor that is determined by the properties of absorptivity, emis-
sivity and transmissivity. This factor represents the “relationship between the amount 
of energy flowing through a window and that strikes on it” [30].

An example of its use is in glasses with properties of low emissivity (or low-E). 
They reduce heat transmission by reducing the solar thermal gain, but allow the pas-
sage of visible light. It is, therefore, an alternative to allow natural lighting to contrib-
ute the control of heat exchanges.

3.2 Natural ventilation and evaporative cooling

Natural ventilation is essential to buildings because, in addition to promoting air 
renewal in the indoor environment, which is important for health, it contributes to 
thermal comfort in hot and humid climate regions and in hot periods, being one of 
the strategies indicated in the bioclimatic chart.

Natural ventilation can be described as the “displacement of air through the build-
ing, through openings, some functioning as an entrance and others as an outlet” [25]. 
Differences in air pressure between the internal and external environments influence 
this displacement, as well as the sizing and positioning of the openings. According 
to Frota & Schiffer [25], natural ventilation can be obtained in two different ways. 
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The first form occurs through the action of wind and is caused by the movement 
of air through the environment due to the force of the winds. The second form is 
obtained by the chimney effect, resulting from the difference in air density.

A strategy that can be adopted in conjunction with ventilation is evaporative 
cooling, which consists of removing heat from the air through the evaporation of 
water or evapotranspiration of plants. It is indicated for hot regions or periods with 
low relative humidity [30]. This strategy can be applied with the use of fountains, 
water mirrors and masses of vegetation in the vicinity of buildings. Water spray 
systems can also be adopted.

4. Strategies for visual comfort

Natural lighting influences the health and well-being of the occupants, for exam-
ple by regulating the circadian system and mood, as well as contributing to the health 
of the environment, since sun exposure can eliminate viruses and bacteria.

Light affects the appearance of the indoor environment through general light-
ing and the performance of visual tasks that require specific levels of illumination. 
To meet the demand for lighting in the internal environment, natural and artificial 
lighting must be combined, aiming at the visual comfort of the occupants and the 
efficiency in the consumption of electric energy.

4.1 Natural lighting

In buildings, natural light can be obtained basically from three sources. The sun 
provides light through direct radiation, the sky provides diffused light, and the 
surfaces can provide reflected or indirect light [18]. The light of the sun and the light of 
the sky are both important, but they differ considerably in their characteristics. While 
sunlight results in high levels of illuminance, resulting in sharp contrast, diffuse light 
from the sky can result in more homogeneous illumination, with no excessive contrast 
between different points in the same environment, or between the interior and exterior 
of a building [34].

The Daylight Factor (DF) or Daylight Contribution (DC), is the ratio between the 
level of indoor and outdoor lighting [29, 30, 35]. This ratio is expressed as a percent-
age value. This percentage of lighting that will be available in the interior varies 
according to the size and location of the openings, the obstructions of the sky, the 
properties of the transparent closures to the light, and also according to the reflec-
tions of the interior surfaces [26].

According to ABNT [35] and Corbella [29], the luminous flux of the exterior can 
reach a point inside a building in three different ways. Using the light that reaches a point 
of the internal environment coming directly from the sky, defined as Sky Component 
(SC); by the light that reaches the interior after being reflected by external surfaces, 
defined as Externally Reflected Component (ERC) or by the light that is reflected by the 
surfaces of the internal environment itself, being determined by the shape, arrangement 
and colors of these surfaces, and defined as Internally Reflected Component (IRC).

Geometry also has an important influence on access to natural lighting inside 
buildings. Considering only the presence of openings in facades, distances of up to 5 
meters can be illuminated naturally, and deeper distances are only partially illumi-
nated [30]. Thus, for the same total constructed area, different geometries may allow 
greater or lesser access to natural light.
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The illuminance in an environment increases with the size of the apertures. 
The Window-to-Wall Ratio (WWR) expresses the percentage value of the net area 
of an opening divided by the area of the wall containing it. Hastings, Wall [36] 
demonstrate in a study that, for WWR up to 50%, the increase of the illumination 
in the interior varies proportionally with the increase of the area of the opening. 
However, from a 50% WWR, the gains in terms of natural light are no longer so 
significant.

The use of windows on opposite facades of the same environment is a strategy that 
contributes to a more uniform distribution of natural light within buildings, reduc-
ing contrast and obfuscation. The orientation also influences the quality of natural 
lighting, as already mentioned in the Solar Geometry section. The graphs in Figure 2 
demonstrate the interior lighting curves for unilateral openings, and the illumination 
variation in the different orientations (the analysis in Phoenix is for reference only, to 
show the differences between Northern and Southern hemispheres).

For the use of natural lighting, different solutions can be adopted. The light 
shelves are horizontal devices that can be coupled to the windows, contributing  
to shade part of the opening, and allow greater penetration of the natural light 
inside the building, using the reflection of the light that in them penetrates to the 
ceiling of the internal environment, which favors the use of IRC [26, 29]. These 
elements can also avoid situations of discomfort and visual fatigue by contrast  
and dazzle [26].

Zenith lighting is a strategy that provides a more uniform distribution of lighting in 
the internal environment when compared to lateral lighting. Mansards, domes, sheds 
are examples of this type of application taking advantage of SC. Also, light tubes are 
elements capable of conducting natural light through a pipe into the building.

Sunlight can and should be used, however, strategies to take advantage of this 
feature must be appropriately integrated with other strategies to provide environ-
mental comfort. Corbella [29] points out the importance of avoiding an excessive 
incidence of direct solar radiation in lighting projects in buildings located in 
tropical areas.

The sensitive use of natural light along with adequate elements to control the 
direct incidence of the sun and the levels of illumination in the interior should be 
considered an integral part of a passive solar project [34]. The single-family residen-
tial typology presents great flexibility to integrate different strategies and systems for 
the use of natural lighting, qualifying the internal environment and promoting visual 
comfort and efficiency in energy consumption.

Figure 2. 
Variation of natural lighting according to the depth of the environment and orientation of the openings [21].
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4.2 Artificial lighting

A good artificial lighting project should be developed in a way complementary to 
the use of natural lighting available in each environment. The artificial lighting project 
comprises different steps, which include identifying the required lighting levels; the 
perception of the characteristics of the place to be illuminated, such as colors, types of 
surfaces and their dimensions; the choice of luminaires and lamps and their technical 
properties; to perform the calculation and determine the number of light points [29].

Among the strategies used in the control and efficiency of artificial lighting are 
the use of automatic systems such as photoelectric sensors, dimmers, presence sensors 
and time programmers and the adoption of independent electric circuits. An example 
of such circuits is the task lighting that is used to complement natural lighting and 
facilitate user autonomy by meeting their demand without having to provide higher 
illuminance throughout the environment.

The use of different artificial lighting technologies also has a great impact on energy 
consumption, the heat dissipated to the internal environment, the quality of the light-
ing and the need for system maintenance. Light Emitting Diodes (LED) systems have 
achieved market penetration and offer several advantages over incandescent and CFL 
lamps [37]. Table 2 compares characteristics of LED, LFC and incandescent lamps.

Appropriate design strategies, adequate use of natural lighting and efficient tech-
nologies can contribute to the reduction of energy consumption by artificial lighting 
systems. In this way, it is possible to meet the demands of the occupants, satisfying 
the visual comfort parameters with energy efficiency.

5. Solar systems

The study of solar geometry is not limited to the use of the sun in passive strate-
gies for environmental conditioning. It extends to the feasibility study of the use of 
solar systems, such as water heating and electricity generation. The analysis of the 
solar radiation in the different surfaces of the envelope of a building allows to take 
advantage of these systems. In new buildings, attentive to variation of solar radiation 
on surfaces allows to generate the shape of the envelope in order to obtain the best 
guidelines for the use of solar radiation in these systems, optimizing its yield.

5.1 Solar heating system (SHS)

Solar collectors are systems that convert sunlight, shortwave radiation that pene-
trates through the glass, into heat, and enable the use of solar radiation for heating water.

Lamp Type Watts Lumens Lifetime 
(hours)

Energy use (MJ/20 million 
lumen-hours)

Incandescent 60 900 1 k 15.1 k

CFL 15 900 8.5 k 3.78 k

LED 12.5–5.8 800 25–45 k 3.5–1.6 k

CFL: Compact fluorescent lamp; LED: light emitting diode; and MJ: Mili Joule.

Table 2. 
Differences between artificial lighting systems.
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The SHS consists basically of three parts, the solar collectors, the thermal reser-
voir, and the water circulation system, which can be of natural circulation (thermosy-
phon) or forced circulation (pumped). In addition, they may also contain equipment 
such as a hydraulic pump and differential temperature controller.

The water heated by this system is stored in the thermal reservoir and will serve 
for consumption, supplying showers, sinks, kitchen sinks, appliances, and can also be 
used for heating the environment through, for example, water radiators.

The broadest SHS for residential use can be divided into three technologies, evacu-
ated tube and glazed collectors, and unglazed collectors, the latter being the least 
efficient technology and whose application is mainly intended for pool heating [28]. 
Figure 3 illustrates the difference in the performance of solar collectors.

The integration of SHS into buildings requires a study that considers the availabil-
ity of envelope sites where these systems can be installed, the incidence of seasonal 
radiation on these surfaces, the design of the system based on hot water demand, and 
the space required for storage of heated water [38]. More efficient systems and better 
solar orientation result in a smaller area occupied by collectors for the same amount 
of heated water. The architectural design can also favor the efficiency of these systems 
by approaching points of collectors, storage and consumption, reducing losses with 
the transport of heated water.

From the economic point of view, Raimo [39] shows that the time of the return of 
the investment in SHS varies according to the solar coverage rate (SCR) and the effi-
ciency of the system Thus, this period can be of a few months, for an efficient system 
and a high SCR, or reach about 8 years when the system presents low efficiency and 
the SCR is less favorable. The lifespan of these systems is about 20 years [31].

Another advantage of SHS is that the installation does not depend on specific leg-
islation since these systems are not interconnected to public networks or infrastruc-
tures, such as the photovoltaic systems. On the other hand, the design of the system 
must be in accordance with the demand and also with the space available to store the 
volume of heated water. “Super or under-dimensioning of a solar heating system can 
turn out to be a worthless, unprofitable and even costly investment” [40].

Considering the sizing of the SHS, it is important to address the concept of Solar 
Fraction (SF), which is defined by the percentage of the total demand for hot water that 

Figure 3. 
Comparison between different technologies of solar collectors and their efficiency [38].
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is supplied by the solar system [26, 31]. From the environmental point of view, the use of 
these systems has advantages in reducing GHG emissions when compared, for example, 
to electrical or gas systems. Avoided emissions can be measured based on the solar 
fraction that will have an SHS, comparing the energy that is no longer consumed from 
non-renewable sources, such as LPG, or even the electricity available in the network.

5.2 Photovoltaic system

Photovoltaic cells are independent power plants capable of converting solar energy 
directly into electrical energy. Several cells are interconnected to generate a photo-
voltaic module, which can be associated in series or parallel by configuring a larger 
power unit, and this association can be integrated with the buildings.

PVSs can be installed alone or connected to the distribution network. In Brazil, 
through a compensation system, a building connected to the grid can generate energy 
through a PVS. The surplus energy generated is injected into the grid and, when nec-
essary, the building uses power supplied by the grid. PVSs connected to the grid do 
not require the use of batteries because they export surplus energy to the grid, which 
serves as a virtual storage system [38]. Figure 4 shows schematically the components 
and operation of a photovoltaic system connected to the grid.

The integration of photovoltaic modules into the architecture can take different 
forms. Research focused on Building Integrated Photovoltaics (BIPV) have been 
contributing to the evolution and diversification of the photovoltaic modules available 
in the market, to facilitate this integration, in new and existing buildings. Examples of 
such applications are in windows and skylights, parapets and elements of roof or facade.

In addition, the integration of PVSs into building components contributes to 
the reduction of the final cost of these systems, since they are integrated with these 
components, instead of overlapping them, reducing costs with the module structure 
to photovoltaic cells [38]. Figure 5 illustrates some of these possibilities.

Figure 4. 
Photovoltaic system connected to the grid [21].
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From the environmental point of view, the PVS is a clean and renewable source of 
energy, not emitting gases like CO2, NOx and SO2 to generate electricity, and silicon 
modules are not toxic products, even at the manufacturing stage [31]. The lifespan of 
PVS consolidated technologies is 30 years, which the nominal power rating of the mod-
ule is approximately 80% after 25 years of use, and inverters have a useful life of about 
15 years [42]. A study carried out based on PVSs available in the market indicates that 
the time of return is less than 2 years for the main commercialized technologies [43].

Ruther [44] and Roaf et al. [31] point out some advantages of distributed photo-
voltaic generation in urban buildings, e.g. the reduction of losses in the transmission 
and distribution stages; the possibility of using the surfaces of the envelope for 
generation, without needing to occupy additional areas for the PVS; possibility of 
offering a high capacity factor to network feeders with daytime peak consumption; 
and modularity and ease of installation, providing quickly generation capacity to 
the distribution network. The absence of noise, reliability, low maintenance and 
the possibility of moving or transferring the system from one building to another, if 
necessary, are other positive aspects attributed to photovoltaic modules [31].

6. Energy consumption in a solar house

The electrical energy consumed in buildings is associated with the use of appli-
ances and equipment, and these are generally the focus when it comes to reducing 
energy consumption. However, the consumption of these equipment depends not 
only on its efficiency, but also on the interaction with the envelope of the buildings 
and with the occupants [45]. Among the equipment used in a residence, those that 
have their demand and, therefore, their consumption more associated with the physi-
cal characteristics of the building are those used for the environmental conditioning, 
that is, artificial lighting systems and air conditioning.

Figure 5. 
Integration of PV modules to building components [21, 41].
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To better understand residential energy consumption, let us take as an example 
the Brazilian case. Procel [46], on research into equipment checkout and use habits, 
rates the specific energy consumption of appliances and equipment in the Brazilian 
residential sector, as shown in Figure 6.

Bioclimatic strategies and the use of natural lighting can contribute to building 
performance, providing environmental comfort to the occupants and reducing the 
consumption of electricity with artificial lighting and air conditioning systems.

Decoupling of generation and consumption steps in the energy use cycle contrib-
utes to energy inefficiency. The ZEBs can reestablish this connection as they promote 
greater awareness of the occupants of energy generation and consumption. In this 
sense, residential automation systems are an important tool to integrate and moni-
tor the different systems operating in a solar house, and inform the occupants about 
the generation and consumption of energy. The storage of the data of operation and 
performance of a house allows mapping tendencies that can be analyzed to look for 
solutions to increase the efficiency in the energy consumption for the maintenance of 
the environmental comfort [47].

Residential automation has been gaining market space as a way to increase not only 
the efficiency of the operation of the buildings, but also the comfort, convenience 
and safety of the occupants. The automation system integrates several components 
structured into a control skeleton that provides refined measurement data from 
sensors that detect equipment consumption, home appliances, electronics, lighting 
systems, power generation systems, temperature conditions, humidity, brightness, 
meteorological data, presence of people, among others. These, in turn, are registered 
and can be managed, or controlled, by users through interactive interfaces such as 
computers, mobile phones and the like.

Studies have shown the possibilities of avoiding waste of energy in energy con-
sumption, or other natural resources such as water, through residential automation 
systems, which can be programmed to turn on or off equipment based on the pres-
ence of people, in the definition of temperature and lighting levels, helping to avoid 
wasted energy [47, 48].

Bartram and Woodbury [48] point out that the challenge of the automation project 
is to balance the responsibility of requesting actions on the part of the user and also 

Figure 6. 
Share of appliances consumption in Brazilian dwellings [46].
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to assist in the accomplishment of these actions. The possibility of viewing historical 
expenditure data in monthly or annual periods tends to exert a great influence and 
impact on the user, which can also positively influence the seek for greater conserva-
tion of energy [44]. These systems and their interfaces present great potential to 
extend the design possibilities in homes that aim at energy efficiency and can insti-
gate people to use natural resources more rationally.

6.1 Solar house model

The use of solar energy, directly or indirectly, in urban or rural buildings has great 
energy potential [38] and makes it possible to contemplate the energy demands to be 
used in a solar house. Examples of these uses are: allowing internal heating, which 
results from the generation of direct solar gains and also by the solar water heating 
system; effective use of natural lighting and use of shading elements to prevent 
internal overheating.

A solar house prototype is used as an example to show the application of different 
sun-use strategies in architecture and is the result of a study carried out in Madrid, 
Spain, located in the Northern Hemisphere, with geographic position 40.4168° N and 
3.7038° W, where the implanted solar geometry was considered. The study allowed us 
to observe that the south orientation was considered the most favorable, as it benefits 
from the sun throughout the year. As a result, the geometry is more elongated on the 
east–west axis, while the largest area of openings is located on the south side of the 
prototype. However, the roof, which is the surface that receives the highest incidence 
of solar radiation throughout the year, was chosen for the installation of solar systems. 
The diagram in Figure 7 illustrates these strategies [24].

The control of the incidence of solar radiation throughout the year is  
performed by shading devices, aiding in thermal comfort and the availability 
of natural light. In the southern facade, a system of automated external blinds 
was installed. The east and west facades are protected by verandas with bamboo 
frames. In the interior are applied translucent blinds. Components of high levels 
of thermal insulation are applied to the floor, walls and roof and the openings are 
sealed and double-glazed with a low-e coating. The application of these passive 
solutions for the maintenance of internal thermal comfort gave a daylight auton-
omy of 60%, contributing to the energy saving. The artificial lighting is designed 

Figure 7. 
Solar house prototype [24, 49].



Nearly Zero Energy Building (NZEB) - Materials, Design and New Approaches

114

to complement the use of natural light and uses LED technology, which ensures 
greater efficiency than other technologies.

The application of a DHW solar system with evacuated pipe technology, with a 
solar fraction of about 90%, provides hot water, which can be used to feed radiators 
for space heating. The PV system consists of 48 modules with an efficiency level of 
18.5%, accounting for an installed capacity of 11.04 kWp.

The efficiency of the operation is improved through the use of a home automation 
system integrated with the equipment and the general prototype process. The system 
provides to the occupant’s information about power generation and consumption, 
allowing more efficient control of the use of appliances such as for lighting and 
thermal comfort. This equipment can be programmed to be activated or to work only 
under certain conditions pre-established by the occupants. The combination of solar 
systems and strategies for sun use guarantees the prototype a positive energy balance 
throughout the year, as shown in the graph of Figure 8.

The estimation of the annual energy balance of the House prototype was 
carried out considering its implementation in Madrid. According to the rules and 
regulations of the SDE, an occupancy schedule was defined and energy consump-
tion of household appliances was estimated considering a couple’s daily routine 
and interior comfort conditions for certain temperature and lighting ranges. 
Energy consumption and generation calculations, conducted using Energy Plus 
software by Team Brazil members, also took into account the climate data from 
Madrid. For the calculation of energy generation, was adopted the same PV panel 
used in the prototype, which is a monocrystalline technology SunPower 230 
Solar Panel with a 15.8% efficiency, and the solar collectors were vacuum system 
SOLTER PU 200/5 [21].

The prototype Solar House adopts as premise the harnessing of sun. It exemplifies 
a model of the solar house, designed in the light of an adequate study of solar geom-
etry and solar orientation. In addition, it shows that the combined use of strategies 
and systems can improve the performance and efficiency of the housing unit.

7. Systematization of premises and strategies for a solar house

Distinct is the premises and strategies for using the sun in the architecture of a 
solar house, be they design solutions or systems that may be incorporated into the 
building. As described throughout this study, and demonstrated through the Solar 

Figure 8. 
Solar house annual energy balance considering the prototype located in Madrid [24, 49].
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House prototype, these strategies relate to one another, interfering with each other, 
as well as with the outcome of the edification as a whole. Therefore, the earlier the 
architectural use of the sun is taken into account in the design process, as a guideline 
in the choices of premises and the strategies to adopt, the greater the benefits arising 
from the use of this resource in the architecture.

In addition, many factors may limit the application of these assumptions and strat-
egies, e.g., economic, cultural, technical, technological, or other. It is important to 
see in a systemic way the possible strategies to be adopted and the interfaces between 
them, to obtain greater energy efficiency and environmental quality as a result, 
within the limitations of each project. The diagram shown in Figure 9 starts from the 
use of solar energy as a fundamental premise in the design of a Solar House. Then the 
energy demands of a solar house are incorporated and, sequentially, the strategies 
that can be applied to the use of the sun in the architecture are added to the diagram, 
increasing the use of technologies and the consequent complexity of the project.

In this work, the premises and strategies considered the most relevant within the 
scope of this research were listed. There is a multitude of other strategies, or even 
derivations of the demands and strategies presented. In this way, it would be possible 
to incorporate to this diagram structure new elements, increasing its complexity and 
refinement regarding the adoption of design solutions for a solar house.

Thus, starting from the use of the sun as a premise, a housing unit can be con-
sidered the most elementary version of a solar house when conceived considering an 
adequate study of geometry and solar orientation. Other strategies and systems can be 
incorporated, through different arrangements and combinations of these solutions, 
improving the performance and efficiency of this unit. In addition, preparing the 
building so that strategies can be incorporated into future steps, for example, leaving 
waits for SHS and PVS when they cannot be adopted at first, is also essential consider-
ing the lifespan of a solar house.

Figure 9. 
Demands, premises and design strategies for a solar house.
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Table 1 presents the summaries of the assumptions and strategies of solar geom-
etry, thermal and visual comfort, solar systems and home automation.

8. Outcomes analyses and final considerations

The use of the premises and strategies of the solar house project allowed satisfactory 
results in the use of architectural techniques and technologies to keep the climate con-
trol and the visual lighting system comfortable [23], as well as resulted in the generation 
of electricity, with gains physical and economic resources applied to the project.

The Solar House project was dimensioned with balconies and designs to control 
heat exchanges, for thermal comfort and with large openings to amplify the use of 
natural light, to aid visual comfort. The automation system, with controllers designed 
to reduce energy consumption as a function of demand [50, 51] allows the interac-
tion between the resources of the solar system, such as thermal heating, lighting and 
energy generation by photovoltaic cells [52] and equipment for general use, controlling 
electricity consumption.

In addition to individual and/or collective projects in the implementation of solar 
systems, with highly satisfactory results, some countries, such as Denmark, China, 
Germany and Austria, have made extensive investments in the energy market, with 
technological solutions in large-scale solar thermal systems [53]. Several contributions 
from solar resources have motivated the implementation of these models of thermal 
and electrical energy generation, as they are non-polluting and provide a clean form 
of energy. In Figure 10, the diagram systematically presents the results found.

In Section 6, Figure 8, the excess energy available for the electricity grid is pre-
sented, at the approximate average value of 1030 kWh/month, equivalent to 58.79% 
of the total and Table 3 [21] reinforces the positive results in implantation of solar 
systems, including the simulated average values of energy generation and consump-
tion in one year.

Figure 10. 
Diagram of solar energy for a solar house.
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The data allow showing the Pearson correlation, with r = 0.995, demonstrating a 
strong positive relationship between generated energy and surplus energy (energy pro-
duced minus consumed), which returns to the electricity grid. The percentage of energy 
exceeded, 58.79%, demonstrates the efficiency level of the solar house’s energy system.

The experience in the solar house allowed us to verify some advantages and disad-
vantages in its implementation in relation to the materials, techniques and equipment 
of the solar system:

a. Advantages—allows you to model hourly variations in occupancy, simulate 
bioclimatic strategies, decrease the cost of electricity, due to the improvement 
in thermal comfort (design of windows, doors, side openings, thermal plates, 
natural ventilation network, artificial conditioning, thermal control, etc.) and 
visual (natural and artificial lighting system).

b. Disadvantages—high initial cost for installing the solar house, due to materials, 
equipment, as well as the limited energy generation during the day.

The parameters and variables allow achieving thermal, visual, acoustic, air quality, 
etc. comfort, depending on the architecture, solar geometry, air temperature, radi-
ant temperature, relative humidity, air velocity, physical activity, clothing, thermal 
exchanges: conduction, convection, irradiation (thermal gain), etc. They are impor-
tant to the process of analyzing the premises and strategies of a solar house.

The solar intensity, as well as the temperatures and relative humidity of the air, are 
important variables for the design of the solar house and, in this sense, the averages, 
maximum and minimum values of the cities of Madrid and Sao Paulo are presented.

Average temperatures (°C) and relative humidity (%):

Month Generated energy 
(KWh)

Energy consumed 
(KWh)

Energy exceeded 
(KWh)

Percentage 
(%)

Jan 1253 747 506 40.38

Feb 1387 721 666 48.02

Mar 1852 679 1173 63.34

Apr 1918 634 1284 66.94

May 2204 676 1528 69.33

Jun 2405 743 1662 69.11

Jul 2451 801 1650 67.32

Aug 2012 785 1227 60.98

Sep 1599 710 889 55.60

Oct 1496 688 808 54.01

Nov 1268 728 540 42.59

Dec 1182 754 428 36.21

Average 1752.25 722.17 1030.08 58.79

KWh: KiloWatt-hour.

Table 3. 
Generated energy capacity (KWh).
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Madrid—Average temperature range: from 0–33°C (Min −9°C and Max. 40°C), 
with average annual temperature: 14°C. Relative air humidity: 10 to 80%, with average 
annual humidity: 55.4% [54].

Sao Paulo—Average temperature range: from 12–28°C (Min 2°C and Max. 
40.4°C), with average annual temperature: 26.1°C. Relative air humidity: 12 to 88%, 
with average annual humidity: 79.56% [55].

Table 4 supports the proposal of the efficiency of the solar house, given the growth 
of the solar energy matrix in Brazil. The Brazilian installed power grew approximately 
130% from 2018 to 2019, 70% from 2019 to 2020 and in the first four months of 2021, 
it had more than 15% [56]. These data provide the potential of the Brazilian electrical 
matrix about the generation of solar energy, which has a large installation capacity in the 
country, due to the climate, the reduction of implementation costs and, mainly, for the 
sustainability and improvement of climate comfort, visual and environmental.

Year Solar energy Brazil Electric generation capacity

Installed capacity 
(GW)

Growth 
(%)

Overall capacity 
(GW)

Ratio (solar energy)/ 
(general energy) (%)

2016 0.024 14.29 150.338 0.016

2017 0.935 3795.83 157.112 0.595

2018 1.798 92.30 162.840 1.104

2019 2.473 37.54 170.118 1.454

2020 3.287 32.92 174.412 1.885

GW: Giga Watt.

Table 4. 
Solar energy capacity in Brazil [56].

Solar power General power

Average (GW) 1.703 162.964

Variance (GW) 1.630 93.978

Standard deviation (GW) 1.277 9.694

Comments 5 5

Correlation (r) 0.963

Mean difference hypothesis 0

gl 4

Stat t −36.87782931

P(T<=t) one-tail 1.61411E-06

one-tailed critical t 2.131846786

P(T<=t) two-tailed 3.22823E-06

two-tailed critical t 2.776445105

GW: Giga Watt; r: Pearson correlation; gl: degree of freedom; Stat t: t statistic; P: Probability.

Table 5. 
Correlation of statistical data on Brazilian solar and energy capacity.
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The installed solar power in Brazil, in 2018, was 1.8 GW and corresponded to 1.1%, in 
2019 it increased to 2.47 GW and, in 2020, to 3.29 GW, representing 1.88% of the matrix 
Brazilian energy, therefore, shows a significant growth of solar energy in the country.

Table 5 presents the statistical data, demonstrating a strong relationship between 
the growth of the capacity of the solar system and the Brazilian energy system, as well 
as the significance and importance of this modal for the Brazilian energy system.

Strategies and premises are important for the solar house process and statistical 
data prove this, with r = 0.963 and P-value <5% (0.00000161).

9. Conclusions

In this work, several solutions were presented through which the architecture can 
benefit from the sun to provide environmental comfort to the occupants and effi-
ciency in the consumption of electricity. The single-family housing typology, due to 
its characteristics, presents an ease to incorporate many of the premises and strategies 
presented, from those involving only the study of solar geometry and orientation in 
relation to the sun, to the incorporation of sophisticated systems and technologies.

The theoretical approach and the practical examples of bioclimatic concepts, 
material properties, design strategies, solar systems, equipment and technologies for 
energy conservation, allow us to intuitively understand that all these solutions, if well 
used, contribute to an architecture of quality, for the benefit of the occupants and 
the environment. The prototype Solar House was used to demonstrate the practical 
application of these premises and strategies, as well as the interfaces between them.

The results demonstrate the importance of the solar system for the Brazilian 
energy matrix and how solar houses contribute to this process of energy reduction, 
through the sustainable solutions presented in this study.

Finally, it is pointed out the contribution of this type of housing unit towards 
sustainable development, leading to a reduction in greenhouse gas emissions [24, 49].
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Chapter 7

Evaluation of Energy Efficiency of
Buildings Based on LCA and LCC
Assessment: Method, Computer
Tool, and Case Studies
Suzana Domjan, Ciril Arkar, Rok Fink and Sašo Medved

Abstract

In this chapter, the development of a computer tool for the determination of nearly
zero energy buildings (nZEB) metrics upgraded with life cycle assessment (LCA) and
life cycle cost (LCC) indicators is presented, following the requirements of the Energy
Performance of Buildings Directive (EPBD). The computer tool was developed for the
assessment of new and renovated buildings to support the holistic decision-making
process. The tool itself consists of two modules: the building description module
(BDU), based on the national certification tool of buildings’ energy performance, and
the LCA tool (Etool). BDU enables the assessment of energy needs, final energy
demand, and primary energy needs. According to the EPBD, supporting standards was
upgraded with the life cycle inventory database. The database includes data on
predefined building materials, envelope components, heat generators, and energy
carriers and is used by Etool with which mid-point and end-point life cycle impact
assessment can be done by taking into account impact groups and damage factors from
IMPACT2002+ and ReCiPe methods. The LCC assessment module, which is also part
of Etool, was developed according to Commission Delegated Regulation No. 244/212.
The use of computer tools is demonstrated through the case studies.

Keywords: energy performance of buildings directive, nearly zero energy buildings,
lifecycle energy demand assessment, life cycle assessment, lifecycle cost assessment,
computer tool

1. Introduction

The nearly zero-energy buildings (nZEB) requirements were introduced by the
Energy Performance of Building Directive (recast) (EPBD recast) [1]. The EPBD
supporting standards include the metrics and calculation procedures. The calculation
starts with the determination of energy needs, followed by the determination of the
required amounts of energy carriers produced on-site, nearby, or by distant systems.
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The energy carriers should consist of a large share of renewable energies, which leads
to lower primary energy needs. The directive explicitly requires that on the national
level energy efficiency criteria must be set in a way to be cost-effective. Although the
life cycle assessment (LCA) is voluntary, such approach can be very helpful in the
decision-making process of building design. This challenging task should be
performed in the early stage of the planning, requiring the relevant multidisciplinary
knowledge [2]. A simplified computational tool can significantly help the implemen-
tation of EPBD in the planning process. Such a computer tool that enables building
energy efficiency, the environmental impact of selected measures, and life cycle cost
(LCC) assessment of new and renovated buildings was developed and is presented in
this chapter.

2. Computer tool structure

Computer tool consists of life cycle energy efficiency (LCEA), environment
impact (LCIA), and life cycle cost assessment (LCCA) routine, divided into two
calculation modules, building description unit (BDU) and LCA tool (Etool).

The BDU module enables the determination of:

• energy needs and final energy demand for operation of the building per energy
carriers;

• environmental indicators in form of equivalents of pollutants of materials,
building structures, building service systems, and energy carriers; and

• cost of materials, building structures and building service, and energy carriers.

The BDU is developed in a way that allows parallel analyses of two projects (for
reference and designed buildings), allowing designers prompt and more convenient
way for evaluation of proposed measures for increasing the energy efficiency of the
designed building. For the same reason, designers could indicate separately which
material, building structure, or building system will be included in the LCA. Such
elements, marked as “LCA elements” are taken from the pre-designed database, but
relevant data could be entered to form user-defined data.

After completing work in the BDU, data are automatically transferred into the
second calculation module, the LCA evaluation module (Etool) in which end-LCA results
are determined and displayed taking into account additional user-selected LCA data, for
example, lifetime and discount rate and compared for reference and current designed
building. The main reason that the evaluation tool is divided into two modules is to use
an existing highly distributed tool used for obligatory EPBD evaluation and certification
of the buildings with more than 5000 users in Slovenia. A tool, called KI Energija [3]
was co-developed by the authors of the presented chapter. Besides that, the tool was
developed for use in high-school and master education courses through wizard-
designed building service systems. The second module, Etool was developed in an MS
Excel environment because of built-in statistical functions and the ability to display
results. The structure of the LCA computer tool is presented in Figure 1. The monthly
method is used for the determination of energy needs for heating and cooling (ISO EN
52016-1 Energy performance of buildings – Energy needs for heating and cooling,
internal temperatures, and sensible and latent heat loads – Part 1: Calculation
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procedure) and other EPBD supporting standards were used for final energy determi-
nation. Yearly methods for determining non-energy-related variables (e.g. emissions of
pollutant equivalents) are used in the evaluation procedure.

2.1 National buildings’ energy performance certification tool

The energy efficiency of the reference and designed building are determined by
the following indicators:

• Energy needs for heating QNH and cooling QNC; monthly method according to EN
ISO 52016-1 [4] (replacing EN ISO 13790 [5]) assuming constant set-point
temperature for heating and cooling;

• Amount of each energy carrier as final energy demand for operation of installed
building service for heating, cooling, domestic hot water (DHW) heating,
ventilation, and lighting is determined per month and year. Several
configurations of building service systems were pre-designed in the computer
tool. An example of combined space heating and domestic water heating system
is shown in Figure 2. In this way, the energy balance can be easier overviewed for
each element of the system, and heat losses can be minimized most efficiently.

• Using primary energy factors and CO2 emission factors, yearly primary energy
needed for the operation of the buildings and CO2 emissions are determined
according to energy carrier demand. Because the tool is based on the current
Slovenian national regulative, primary factors are not split into non- and

Figure 1.
Structure and interactions between BDU (upgraded EPBD national certification tool KI Energija) and Etool

(life cycle assessment tool).
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renewable energy ones, therefore, non-renewable primary factors for fuels and
total primary energy factors for electricity are taken into account. This means
that primary energy delivered by renewable energy sources (solar, environment
heat) will be equal to zero.

3. Building description unit

The national EPBD certification computer tool was upgraded into the BDU by
creating additional database files called “LCA” that includes information on the most
recognized environmental impact indicators and cost. If the designer installs the “LCA”
marked material into the building structure or the “LCA”marked component of the
building service system, this will not only affect energy demand evaluation, but addi-
tional inventory data for LCIA and LCCA will be created. Because LCA indicators are
developed per functional unit, the total value of each indicator (environmental impact
or cost) is determined according to the building plan and stored in BDU. At the current
stage of software development, inventory data are available for most commonly used
construction materials, windows and doors as building structures, and heat generators
as well as photovoltaic (PV) modules. Nevertheless, the inventory LCA database is open
source and could be enlarged by the new elements with user-provided data (Figure 3).

3.1 Life cycle environmental impact assessment algorithm

The environmental impact indicators were chosen from Environment Product
Declaration (EPD) certificates. Following damage categories are included: emissions of
greenhouse gases causing global climate change weighted by Greenhouse Warming
Potential (GWP) and expressed as CO2 equivalent, emissions of gases that cause
depletion of stratospheric ozone weighted by Ozone Depletion Potential (ODP) and

Figure 2.
An example of user’s interface in national certification tool KI Energija with the presentation of energy balance for
each element of heating and DHW heating system.
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expressed as CFC-11 equivalent, emissions of gases that cause acidification of precipi-
tation weighted by Acidification Potential (AP) expressed in SO2 equivalent, eutrophi-
cation by weighted emissions by Eutrophication Potential EP as PO4

3� equivalent,
tropospheric ozone creation by Tropospheric Ozone Forming Potential (TOFP) as C2H4

equivalent, use of abiotic sources as Abiotic Depletion Potential – Elements (ADPE) as
Sb equivalent and as Abiotic Depletion Potential – Fossil (ADPF) in MJ. Data from
Ökobaudat [6], Environdec EPD Database [7], Eco-Platform [8], IBU [9], and manu-
factures data (i.e. Knauf Insulation [10]) were used in database integrated in BDU.

3.1.1 Life cycle environmental impact data of materials and building structures

Indicators presented in Chapter 3.1 are defined per reference unit. This is 1 m3 of
built-in material, except for thin layers, such as water vapor or wind barriers for
which the reference unit is 1 m2. BDU was adapted to calculate the total amount of
built-in LCA materials and the total value of a particular environmental impact indi-
cator. LCIA data of windows and doors are entered by default as such building
structures are most commonly replaced as part of the energy renovation. To enable
LCIA regardless of the size and type of the windows, regression models of each
environmental impact indicator were developed taking into account the window
glazing, spacer, and frame material. Factors are integrated into the BDU in the
following form (as an example of greenhouse gas emissions):

GWPw ¼ Aw � fg �GWPg þ
Aw � 1� fg

� �
dframe

GWPframe þGWPspac
� �

kg CO2eq
� �

(1)

where GWPw is the impact factor of global climate change related to the window
with area Aw (m2), fg is the ratio of glazing in the total window area, dframe is the
width of the frame (by default 0.1 m for wood and 0.15 m for plastic and metal
frame), and GWPg, GWPframe, GWPspac are specific impact factors per unit of glazing,
frame, and spacer respectively. Default environment impact factors for windows and
reference units are presented in Table 1.

Figure 3.
If the designer wants to include certain materials (left), building structure, components of heat or electricity
generation system (right), or particular energy carrier into the LCA assessment, it should be selected from the
predefined “LCA” inventory database.
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3.1.2 Life cycle environmental impact data of selected heat and electricity generators

Replacement of old heat generators and installing the solar thermal system or
photovoltaic system are very common measures to increase energy efficiency and
share renewable energy sources in buildings. LCIA data gathered from EPD databases
[6–9] are integrated into BDU for the following on-site energy generators of buildings
service systems: condensate gas boilers, biomass boilers, heat pumps, and solar ther-
mal systems. Heat storage can also be included in LCIA and LCCA. For each LCIA
indicator, the same form of regression model was developed and regression coeffi-
cients a0, a1, and a2 were determined from the available database or research sources
including A1–A3 LCA module. Coefficients were determined for boilers with design
thermal power (as reference unit) between 20 and 400 kW, for heat pumps with
design thermal power between 10 and 70 kW, and storage with the volume between
50 and 2500 liters. LCIA regression model was developed for PV modules with dif-
ferent PV cell technologies as well. In this case reference unit is the area of PV
modules. Impact factors are integrated into the BDU in the following form (as an
example of stratospheric ozone depletion potential):

ODPgen ¼ a0,gen þ a1,gen � Pgen þ a2,gen � P2
gen kg CFC 11eq

� �

ODPsol ¼ 1:25 � a1,sol � Asc kg CFC 11eq
� �

ODPhs ¼ a0,hs þ a1,hs � Vhs þ a2,hs � V2
hs kg CFC 11eq

� �

ODPpv ¼ a1,pv � Apv kg CFC 11eq
� �

(2)

where a0,x, a1,x, and a2,x are regression coefficients for a particular building service
system, Pgen (kW) is designed thermal power of heat generator, Asc is the area of solar
collectors (m2), Vhs is the volume of heat storage (l), and Apv is the area of PV
modules (m2). Default values of regression coefficients are shown in Table 2.

Unit GWP ODP AP EP POCP ADPE ADPF

kg eq
CO2

kg eq CFC11 kg eq
SO2

kg eq
(PO4)3�

kg eq
C2H4

kg Sb MJ

Frame – wood m 2.45 0.000000712 0.0176 0.00269 0.00874 0.0000360 74.33

Frame – Al m 12.95 0.000005085 0.0554 0.00382 0.00339 0.0000994 146.90

Frame – PVC m 8.07 0.000000986 0.0243 0.00267 0.00415 0.0001957 135.00

Window wing frame – wood m 1.32 0.000000766 0.0195 0.00290 0.00925 0.0000403 80.94

Window wing frame – Al m 12.44 0.000004885 0.0532 0.00367 0.00326 0.0000955 141.10

Window wing frame – PVC m 9.09 0.000001202 0.0269 0.00302 0.00469 0.0002060 156.60

Glazing – double
(0.75 W/m2K)

m2 37.52 0.000000534 0.1578 0.03022 0.01306 0.0002126 435.00

Glazing – triple
(0.6 W/m2K)

m2 58.64 0.000000911 0.2446 0.04674 0.02026 0.0003254 695.60

Table 1.
Environment impact factors and reference units of window elements; data are average value gathered from
oekodatbaudat.de and include A1–A3 LCA modules.
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3.1.3 Life cycle environmental impact data of energy carriers

The database of environmental impact indicators of fuels is summarized from the
EPD certificates gathered from Ökobaudat [6] and Environdec EPD database [7]. The
reference unit is kWh of heat. The values of indicators consist of A1–A3 LCA modules.
Impact indicators for electricity were determined based on EPD certificates of various
technologies of electricity generation. Values are increased by a unified distribution
factor. There is also an option to select electricity from the list of local electricity
suppliers. Default values of impact factors of energy carriers are shown in Table 3.
Besides default data, users can add their own data and this data will be available to use
as an “LCA” marked element automatically.

3.2 Life cycle cost assessment

The important requirement of the recast EPBD is that EC Member States must set
minimum requirements for energy performance of buildings in such a way that a cost-
optimal solution is provided. The Directive [1] also defines the concept of a cost-
optimal measure as a measure leading to the lowest total cost during the period of
building operation. To assess the cost-effectiveness of energy efficiency measures, the
LCCA module has been introduced in BDU. In the frame of the assessment, by
discounting costs and savings, cash flow LCCn is determined in a pre-defined time
period of n years and the investment with the highest positive cash flow can be found.
In the BDU, the total cost of “LCA” elements is determined meanwhile cash flow is
determined in Etool in which the value of the investment is comparative, based on the

Unit GWP ODP AP EP POCP ADPE ADPF

kg eq CO2 kg eq
CFC11

kg eq SO2 kg eq (PO4)
3� kg eq C2H4 kg Sb MJ

Natural gas kWh 0.23890 1.73E-13 0.000177 0.0000267 0.0000297 1.12E-08 3.8740

Fuel oil kWh 0.30700 3.17E-13 0.000338 0.0000434 0.0000422 1.15E-08 4.2300

Biomass
(pellets)

kWh 0.00000 9.79E-13 0.000136 0.0000214 0.0000129 2.91E-09 0.2938

Electricity kWh 0.27550 4.84E-07 0.002569 0.003032 0.0001734 7.03E-05 3.8998

District heating kWh 0.26140 4.24E-13 0.000317 0.0000474 0.0000323 1.78E-08 3.0130

Sun kWh 0 0 0 0 0 0 0

LG kWh 0.26453 3.48E-13 0.000209 0.0000136 0.0000341 1.14E-08 4.1900

Environmental
heat

kWh 0 0 0 0 0 0 0

Geothermal
energy

kWh 0 0 0 0 0 0 0

Electricity (ECE,
for households)

kWh 0.00616 2.06E-10 0.000023 0.0000350 0.0001301 1.70E-04 0.0454

Electricity
(Gen-i)

kWh 0.46769 7.93E-07 0.004211 0.0049388 0.0002334 3.20E-05 6.6963

Table 3.
Environment impact factors and reference units of energy carriers.
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calculated cost savings of the energy carriers in refurbished and reference building.
The cash flow at the end of each year and the end of the calculation period n is
determined by the equation:

LCCn ¼
Xn
i¼0

cinv þ cmanð Þi � 1þ dð Þi þ
Xm
j¼1

ce,j �
1þ ej
� �i
1þ dð Þi

2
4

3
5� V nð Þ €ð Þ (3)

where i is the year numerator, n is LCA calculation period (years), and m is the
number of energy carriers needed for the operation of the buildings. cinv are invest-
ment costs (€), cman yearly maintenance costs (/a), and ce,j is yearly costs of jth energy
carriers (€/a), d is the discount rate, ce,j is forecasted yearly cost increase of jth energy
carrier, and V(n) is the residual value of the built-in LCA element at the end of LCA
calculation period. Guidelines accompanying Commission Delegated Regulation [13]
suggested that for macroeconomic analysis, an annual discount factor of 3% should be
assumed. The same document predicts the annual increase in energy carrier prices –
2.8% for natural gas and light heating oil prices, 2% for coal, and 9% increase in
electricity prices (until 2030). The annual cost of maintenance of technical systems is
assumed to be between 2 and 5% in cost-effectiveness studies [14]. The residual value
of the measures is determined based on the expected lifetime of the measures.
Standard EN 15459 [15] predicts the duration period of different energy efficiency
measured – 50 years for thermal insulation on the building envelope, 30 years for
building furniture, and 15 years for technical systems. According to the proposed
LCA calculation period (30 years for residential building), this means that at the end
of this period thermal insulation will have a residual discounted value of 16.5% of the
investment value, taking into account the discount factor of 3%. The discounted
residual value for building furniture will be EUR 0, while at least one replacement of
technical systems will be required. For technical systems, the cost of replacement is
discounted.

3.2.1 Cost database of materials and building structures

In parallel to inventory data of environmental indicators, costs are stored in BDU.
For materials having reference units defined by the volume, costs in the database are
defined as constant or as a linear function depending on the depth of the built material
layer. Default costs are determined according to market research but could be modi-
fied by the user. The regression model for determination of costs of windows and
doors was developed based on the hydraulic diameter. In the case of the window cw,
regression model is developed in form of:

cw ¼ b0,w þ b1,w� 4 � Aw

Pw

zfflffl}|fflffl{dw,H

¼ b0,w þ b1,w � 4 � Aw

1�fgð Þ�Aw

dframe
þ 4 � dframe

(4)

where b0,w and b1,w are regression coefficients, dw,H is the hydraulic diameter of
window (m), Aw is window area (m2), Pw in window perimeter (m), fg is the ratio of
glazing in the total window area, dframe is the width of the frame (m). The regression
model is valid for the windows with an area up to 4 m2. In Figure 4 costs of market
available windows with wood frame and according to the hydraulic diameter of the
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window are shown. Data for double and triple glazing, as well as for wooden, plastic,
and metal frames were gathered.

3.2.2 Cost database of building service systems elements

Investment cost of elements of building service systems integrated into BDU as
default values are available for the following components: condensation gas boilers,
biomass boilers, A/W, S/W and W/W heat pumps, solar heating systems with heat
storage, mono, poly, CdTe, and CIGS PV modules. Regression models in similar form
as environment impacts indicators (Eq. (2)) were developed with new regression
coefficients as presented in Table 4. Regression coefficients were determined for
boilers with design heating power 10–136 kW, for heat pumps thermal power from 5
to 90 kW, and for heat storage with volume 50–2500 liters and 1 m2 of solar collector
or PV module area.

3.2.3 Cost database for energy carriers

The cost of energy carriers was determined per kWh from data published by the
Statistical Office of the Republic of Slovenia [16] and the Slovenian market price
overview.

4. Life cycle assessment tool

BDU forms necessary data needed for LCEA, LCIA, and LCCA. It is designed in
a way that two selected projects’ data can be exported in the LCA evaluation tool
Etool, one as a reference and the other as a designed one. This allows immediate
evaluation of proposed measures for increasing the energy efficiency of buildings.
Etool was developed in MS Excel software. Following the requirements of EPBD and
content of environmental product declarations (EPD) the LCA metrics includes
presentation of:

Figure 4.
Cost of windows with a wooden frame and two-layer glazing according to hydraulic diameter of the window; data
gathered from Slovenian market overview [2].
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• LCEA – yearly specific energy needs for heating (Q’NH), final energy (Q’f) for the
operation of EPBD building service systems, primary energy needed (Q’p), and
renewable energy ratio in delivered (final) energy are shown as the specific value
per unit of useful area (Figure 5). These values allow the designer to overview
the fulfillment of nZEB requirements. On the second level of LCEA (Figure 6),
the absolute energy demand is shown, and delivered (final) energy is presented
by energy carriers. Besides energy demand, emission of CO2, as well as the
emission of greenhouse gasses expressed as CO2 equivalent is shown as the most
recognizable environment impact indicators. Meanwhile, emissions of CO2 are
determined by energy carrier use, CO2eq includes LCA emissions (A1–A3)
resulting from the implementation of measures taken to increase the energy
performance of the building. The impacts of all building elements taken from the
“LCA” database or marked as “LCA” are summarized. For analyzed (e.g.
renovated) buildings, the decrease of energy demand can be compared with the
embodied energy of “LCA” elements through user-selected calculation period.
Data of embodied energy is taken as the value of Abiotic Depletion Potential –
Fossil (ADPF) environmental impact indicator of “LCA” elements from modules
A1–A3.

Heat generator – wood chips PV – mono.

b2,gen b1,gen b0,gen b2,pv b1,pv b0,pv

cgen EUR �0.1836 93.984 3894.6 cpv EUR 0 260 0

Heat generator – kondens. PV – poli.

b2,gen b1,gen b0,gen b2,pv b1,pv b0,pv

cgen EUR 0.3224 �5.3907 1771.3 cpv EUR 0 230 0

Heat generator – fuel oil PV – CdTe

b2,gen b1,gen b0,gen b2,pv b1,pv b0,pv

cgen EUR �0.1554 16.047 4209.4 cpv EUR 0 200 0

Heat pump – geosonde PV – CuInGaSe

b2,hp b1,hp b0,hp b2,pv b1,pv b0,pv

chp EUR �1.2566 947.84 1742 cpv EUR 0 200 0

Heat pump – ground heat exchanger Solar collector – flat

b2,hp b1,hp b0,hp b2,sol b1,sol b0,sol

chp EUR �1.2566 447.84 1742 csol EUR 0 312.5 0

Heat pump – water–water Solar collector – vacuum

b2,hp b1,hp b0,hp b2,sol b1,sol b0,sol

chp EUR �1.2566 247.84 1742 csol EUR 0 520 0

Heat pump – air-water Heat storage

b2,hp b1,hp b0,hp b2,hs b1,hs b0,hs

chp EUR �0.3418 282.63 3377.4 chs EUR 5.00E-05 0.4354 453.98

Note: Assembly costs are taken into account as 20% (for heat pumps and solar collectors) and 10% (for the rest of the heat
generators, PV, and heat storage) of investment costs.

Table 4.
Regression coefficients in regression cost models of selected elements of building service systems.
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• LCIA – LCA environmental impact assessment is performed in three phases –
through classification, characterization, and normalization phase (Figure 7). In
the classification phase material and energy flows as well as the emission of

Figure 5.
Display of nZEB energy efficiency metrics at the base level of LCEA.

Figure 6.
Second level of LCEA metrics displayed in Etool.
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pollutants equivalents related to LCA building elements, including energy
carriers, are summarized during the user-selected LCA calculation period into
seven pre-selected impact categories. Values are presented as physical quantities
(e.g. kg, MJ). In the characterization phase sum of environmental impacts
expressed by equivalents (e.g. AP or EP) are weighed by impact factors
(e.g. global warming potential GWP100 of particular greenhouse gas) and
classified into damage categories. The number of damage categories defers
among the methods. As most commonly used, damage categories included in
IMPACT 2002+ [17, 18] and ReCiPe [19] method could be evaluated in Etool.
IMPACT 2002+ consists of four damage categories: climate change (global
warming), human health measured in DALY (Disability Adjusted Life Years),
ecosystem quality measured as potential loss of ecosystems as a consequence of
acidification and eutrophication and expressed as PDF (Potentially Disappeared
Fraction), and damage to reserves of natural resources expressed in MJ. ReCiPe
method assessed environmental impact only through three damage categories
because global warming is included through the human health damage category.
At this point, results are presented as mid-point environmental impacts to the
global environment (e.g. DALY per year or MJ per year). By normalization,
impacts of the analyzed building (reference and designed) are compared to the
total environmental impacts in the reference system e.g. European Union and
total impacts could be normalized to each person, with an assumed number of
inhabitants 410 � 106. Mid-point LCIA results in Etool are presented as total

Figure 7.
Results of LCIA metrics.
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impacts. By normalization, the end-point in form of a single score can be
evaluated by Eco Point per year (PT/y). All indicators are presented in a way that
shows the contribution of each group of LCA elements (energy carrier, materials,
and building service systems).

• LCCA – It is displayed by values presented in Figure 8; taking into account user-
defined discount factor, the discounted price of energy carrier, and yearly cost of
maintenance of “LCA” elements (as % of investment cost), cash flow diagram is
constructed. A simple and discounted payback period is presented as well. The
cash flow diagram is shown for the period of 30 years, the period defined for LCA
of buildings in [13]; total LCCs for user-selected calculation period are shown
next. Costs are shown for each LCA element (energy carriers, investment in
materials for renovation, and investments for more efficient building system
components). Only building service components presented LCIA can be
analyzed. Cost-effective measures can be found from this data. Next, specific
(per m2 of useful area) lifetime costs of investments, building operation, and
maintenance related to specific primary energy demand are shown, enabling the
designer to choose the most cost-effective measures as requested in recast
EPBD. The last LCCA result presents the cost of eqCO2 emissions in the lifetime
period as a macroeconomic indicator [11]. Because the cost of a unit of eqCO2

emissions is dynamic, the first year of the calculation period must be defined by
the user.

5. Case studies

5.1 Life cycle assessment of energy retrofitting of a public building

Public buildings must fulfill stricter measures and therefore energy retrofitting
should be done even more carefully to justify proposed solutions beyond costs.
According to that the implementation of LCIA into the decision-making process will
be crucial for fulfilling the climate mitigation targets.

As an example, the assessment of energy retrofitting measures of the hospital is
presented. District heat is used for heating and preparation of hot water. Hospital has a
useful area Au 7405 m

2 and energy needs for heating Q’NH 1614 kWh/(m2a). At current
(reference) conditions, the primary energy needed for the operation of the building
service systems Qp is 1.865,362 kWh/a. Based on the parametric analysis, the planner
decides on the proposed measures, and after the choice of measures, the energy,
environmental, and cost assessment of the measures is carried out (Figure 9).

Following measures were chosen: windows replacement (Uw 3 W/m2K ! 1.1
W/m2K), thermal insulation of the facade (Uwall 1.3 W/m2K ! 0.168 W/m2K), and
thermal insulation of the ceiling to the unheated attic (Uroof 0.957 W/m2 ! 0.094 W/
m2K). The mechanical ventilation with heat recovery was not included.

After the energy retrofitting, the BDU shows the following results, the specific
energy needs for heating will be reduced by 75% (Q’NH 161 kWh/m2a ! 39 kWh/
m2a), the final energy by 68% (Q’f 220 kWh/m2a ! 70 kWh/m2a), and the required
specific primary energy for the operation of the building by 58% (Q’p 252 kWh/
m2a! 107 kWh/m2a) (Figure 10, left). The use of district heating heat and DHWwill
be reduced from 1380 to 320 MWh/a (Figure 10, middle). At this point, reference and
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renovated building data were exported to Etool for environmental and cost assessment.
The results are presented for reference (before) and retrofitted building (after). The
CO2 emissions will decrease by 345 tons per year. The greenhouse gases (GHG)
emissions caused by measures will be 202 tons of eqCO2 per year, nevertheless, in the
following years, the GHG emissions will be lower by 278 tons of eqCO2 each year.
Example shows that even measures can be justified according to the environmental
impact, as total GHG emissions will be lower compared to the current state
(Figure 10, right).

The comparison of embodied energy and energy savings of energy efficiency
measures shows that “energy payback time” will be shorter than 1 year, which indi-
cates that proposed materials and technologies are sustainable (Figure 11).

LCIA analysis shows that all environmental indicators are significantly improved
during the assessment period (selected duration of 30 years). It can be seen that the

Figure 9.
Hospital building in Ljubljana.

Figure 10.
Results of energy efficiency analysis: Energy performance indicators (left), energy carriers (middle), and CO2
emissions and GWP (right) for reference project (before) and retrofitted building (after).
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impact of energy efficiency measures (presented as materials) on total GWP emis-
sions is less than 5%, while the impact of measures on the environment is the largest
for ODP, while it is smallest for ADP (Figure 12).

The reference building causes the population of the EU (431 � 106 inhabitants)
0.58 years of less quality living (DALY, ReCiPe), while the retrofitted building will cause
0.48 DALY in the first year, and 0.19 DALY/a in the following years (Figure 13, left).
The number of Eco points after retrofitting resulting from the use of energy carriers will
be reduced from 68 to 59 Pt/a in the first year and to 24 Pt/a in the rest of the calculation
period (Figure 13, right).

The LCC results are shown in Figure 14. Taking into account the user-defined
discount factor d 3% and energy price factor e 2.8%, and assumed maintenance costs
of 0.5% of the investment per year, the payback period of the proposed measures will
be 16 years, while the cost of energy carriers will be reduced from the current 391 to
268 €/m2 of the useful building area (Figure 14).

5.2 Comparison analysis of on-site heat and electricity generators in a
single-family building

The study case illustrates the process of evaluation technologies for heating and
domestic water heating (DHW) as well as electricity generation in a single-family
building with a useful area of 92 m2. The buildings are designed according to the
passive buildings criteria. The building is mechanically ventilated with a heat recovery
system with an efficiency of 75%; the specific power of the fans Pv,dov and Pv are
0.31 W/(m3/h). The energy needs for heating Q’NH are 11.9 kWh/(m2a). The specific
power of the built-in lamps is 3 W/m2. In the reference building, the biomass pellets
boiler is installed and connected to heat storage of floor heating system (600 l) and
heat storage for DHW (300 l).

Figure 11.
Comparison of embodied energy in materials and technologies proposed for energy retrofitting and energy savings
after 1 year of building operation.
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The following alternative technologies were analyzed:

• Case 1: heat pump (air-water) with rated heat power 5 kW, heat storage in the
DHW system with a capacity of 300 liters;

• Case 2: natural gas condensing boiler and solar collectors, the surface of vacuum
solar collectors is 7.5 m2; the volume of the heat storage is 300 liters;

• Case 3: natural gas condensing boiler, with flow-through DHW heating, and a PV
power plant with a power of 1.75 Wp, connected to the grid;

Energy efficiency analysis (LCEA). While the specific energy needs for heating Q’NH

are the same for all cases, the specific final energy demand for the operation of
building service systems Q’f is the smallest for Case 3 (42 kWh/(m2a)), and approxi-
mately the same for Cases 1 and 2 (51.3 and 53.4 kWh/(m2a)), and the highest in the
case of a reference building (63 kWh/(m2a)) (Figure 15).

The share of renewable energy sources (RES) for Cases 1 and 2 is provided from
solar energy and environmental heat, while the required share of RES in Case 3 is
provided by the transmission of electricity produced from the PV power plant to the
grid (Figure 16).

Figure 13.
LCIA analysis results of energy efficiency measures after the characterization phase.

Figure 14.
Payback period analysis of the investment.
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The largest difference in the embodied energy relative to the reference case is in
Case 3, and the smallest in Case 1. In Case 3, the difference in total delivered energy is
the largest also for the 30-years period (Figure 17).

Annual CO2 emissions according to the Slovenian national legislation [20], are
approximate two times higher as in the reference case, and the lowest in Case 2
(750 kg/a), i.e. by 35% compared to Case 1 and by 25% compared to Case 3. The
classification of technologies according to GHG emissions (GWP) is the opposite, due
to the lower use of energy carriers and the high share of RES in the electricity mix in
last years in Slovenia (Figure 18). If another electricity supplier was selected, the
GWP emissions of Case 1 would be close to 0.

Figure 15.
Energy efficiency indicators for Case 1 (left), Case 2 (middle), and Case 3 (right) in comparison with the reference
case (before).

Figure 16.
Structure of energy carriers for Case 1 (left), Case 2 (middle), and Case 3 (right) in comparison with the
reference case.

Figure 17.
Embodied energy for Case 1 (left), Case 2 (middle), and Case 3 (right).
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Environmental impact analysis (LCIA). The comparison of environmental impact
was done based on Eco points of heat generators and delivered energy after the first
year of operation. Compared to the reference case (pellet biomass boiler) with an
impact of 0.462 Pt, the gas boiler with solar thermal collectors (Case 2) has approxi-
mately the same impact (0.427 Pt). The impact is approximately half of that in the
case of the heat pump (Case 1, 0.199 Pt) and doubled in the case of the gas boiler with
PV (Case 3, 0.870 Pt) (Figure 19). The difference mainly results from the environ-
mental pressures caused by the use of materials and the production of system ele-
ments. After the first year of operation, damage to the environment is caused only by
the use of energy carriers. The use of biomass causes the lowest yearly environmental
impact (0.083 Pt/a). The impact of Cases 1 and 2 is higher for 25% and the impact of
Case 3 is almost doubled (0,186 Pt/a). This analysis confirmed that LCIA is a very
meaningful approach when choosing technologies for nZEB.

Cost analysis (LCCA). Assuming 30 years of operation, the total costs
(investments and energy carriers) of reference case, Cases 2 and 3 are more or less the
same (between € 18,300 and € 18,500), while total costs of Case 1 are lower by 17%
(€ 15,300). The cost of energy carriers is close to the investment for Cases 1 and 3,
whereas the investment represents 2/3 of the total costs over the 30-years period for
Case 2 (Figure 20). The cost input parameters are presented in Section 3 (LCCA).

Macroeconomic costs, evaluated on the basis of eqCO2 emissions costs [13] over
the 30 years of operation, are the lowest at the reference case 610 €, for Case 1675 €,
for Case 2750 €, and for Case 31,150 € (Figure 21). These ratios would be reasonable
to use for creating public non-refundable financial incentives.

Figure 18.
Annual CO2 and GWP emissions for Case 1 (left), Case 2 (middle), and Case 3 (right) in comparison with the
reference case (before).

Figure 19.
Eco points for the first year of operation for Case 1 (left), Case 2 (middle), and Case 3 (right) in comparison with
the reference case (before).
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5.3 Optimization of multi-family building’s energy retrofitting

Retrofitting of multifamily buildings in Ljubljana includes improvement of build-
ing’s envelope. Building with a useful area 1950 m2 (Figure 22) is heated by a district
heating system. The existing building with the brick wall without thermal insulation
(Uwall = 0.986 W/m2K) and double paned glass windows with wooden frames

Figure 20.
Costs of the investment and 30-years operation for Case 1 (left), Case 2 (middle), and Case 3 (right) in
comparison with the reference case (before).

Figure 21.
EqCO2 emissions costs for the 30-years operation period for Case 1 (left), Case 2 (middle), and Case 3 (right) in
comparison with the reference case (before).

Figure 22.
Multifamily building in Ljubljana analyzed in the case study.
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(Uw = 3.0 W/m2K) was taken as a reference project. The ceiling toward the unheated
attic was already insulated. The energy needs for heating Q’NH of the reference project
is 147.7 kWh/m2a.

Optimization was made according to the specific costs of investment (including all
façade layers and labor costs) and energy carriers over the 30-years period. It was
found that maximum cost savings of 52 € per m2 of the useful area can be achieved
with thermal insulation’s thickness of 25 cm. Such measure will result in decreasing
primary energy demand from 251.6 to 196.8 kWh per m2 of useful area, taking into
account all installed building service systems. The cost of eqCO2 emissions decreases
up to the much larger thickness of thermal insulation and no optimum value can be
determined. This means that according to the macro-economic cost of eqCO2

emissions there is no need to limit subsidies based on thermal insulation thickness or
U-value of building structures (Figure 23).

Figure 23.
Thermal insulation thickness optimization based on the criteria of cost-effectiveness in the life-cycle.

Figure 24.
Windows replacement optimization based on decreasing primary energy demand and the criteria of
cost-effectiveness in the life cycle.

148

Nearly Zero Energy Building (NZEB) - Materials, Design and New Approaches



The impact of the replacement of windows was evaluated based on heat losses and
solar gains. The life-cycle cost assessment showed that double glazed windows
provide savings of 33 € per m2 of useful area, while triple glazed windows are not
cost-efficient and besides that such windows do not decrease primary energy demand
more than double glazed windows (Figure 24). The macroeconomic costs of eqCO2

emissions also give priority to double-glazed windows.

6. Conclusions

Through the use of the developed computer tool and showed cases, it can be
pointed out that life-cycle assessment significantly helps in the decision-making pro-
cess. Design and evaluation of nZEB metric that is nowadays focused on energy
balance should be broadened to other aspects of assessment, including environmental
impact and cost assessment, all based on life-cycle approach. It can be seen that
different approaches give different optimal solutions. Therefore, the designer would
not be the one to decide about the aspect of optimization, the weighting factors or, as
we propose, the optimal solutions should be found according to the lowest macro-
economic costs of CO2 emissions. In this way, subsidies schemes can be defined and
contributions to the decarburization of the building sector will be presented most
efficiently.
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Chapter 8

Introduction of ZEB Technology  
in Japan
Jihui Yuan

Abstract

It is necessary to reduce energy consumption in order to combat global warming 
and stabilize energy supply and demand. In particular, final energy consumption 
in the business sector (buildings such as office buildings and commercial facilities) 
accounted for about 16.1% of Japan’s total in FY2018 database, an increase from about 
12.6% in FY1990 database. Therefore, there is a need for the spread of zero-energy 
building (ZEB), which can significantly reduce the energy consumption in buildings. 
Since people are active in the building, energy consumption cannot be completely 
reduced to zero; however, it can be closer to ZEB by reducing the energy used in 
the building and creating energy in the building as much as possible. This chapter 
introduces some technologies of energy saving and energy creation to realize ZEB in 
general buildings in Japan.

Keywords: global warming, zero-energy building, energy saving, passive technology, 
active technology, creative technology

1. Introduction

A zero-energy building (ZEB), which is also known as a net ZEB, is a building 
with net zero-energy consumption, meaning the total amount of energy used by 
the building on an annual basis is equal to the amount of renewable energy cre-
ated on the site or in other definitions by renewable energy sources offsite, using 
technologies such as heat pumps, high efficiency windows and insulation, and solar 
panels [1, 2]. In general, ZEB is a building that aims to reduce the annual balance 
of primary energy consumed by the building while realizing a comfortable indoor 
environment. Since people are active in the building, energy consumption cannot 
be completely reduced to zero; however, it can be set to zero by the means of energy 
saving and energy creation (as shown in Figure 1). Achieving zero energy is an 
ambitious yet increasingly achievable goal that is gaining momentum across geo-
graphic regions and markets. Private commercial property owners have a growing 
interest in developing ZEBs to meet their corporate goals, and in response to regula-
tory mandates, federal government agencies and many state and local governments 
are beginning to move toward ZEB targets [3].

The introduction of ZEBs makes buildings more energy efficient and reduces the 
rate of carbon emissions once the building is in operation; however, there is still a 
lot of pollution associated with embodied carbon of buildings [4]. The importance 
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of embodied carbon will grow as it will begin to account for the greater portion of a 
building’s carbon emissions. In some newer and energy efficient buildings, embodied 
carbon has risen to approximately 47% of the building’s lifetime emissions. Focusing 
on the embodied carbon is part of optimizing construction for climate impact and zero 
carbon emissions require slightly different considerations from optimizing only for 
energy efficiency [5]. One way to reduce the embodied carbon is by using low-carbon 
materials for construction such as straw, wood, linoleum, or cedar. A study reported 
that for materials such as concrete and steel, options to reduce embodied emissions do 
exist; however, these are unlikely to be available at large scale in the short term [6].

The ZEBs harvest available energy to meet their electricity and heating or cool-
ing needs. The most common way to harvest energy is to use roof-mounted solar 
photovoltaic (PV) panels that can turn the solar radiation into electricity. Other 
common way such as using heat pumps, which can harvest heat and cool from the 
air (air-sourced) or ground near the building (ground-sourced otherwise known as 
geothermal), is also adopted to create energy. In the case of individual houses, various 
microgeneration technologies may be used to provide heat and electricity to the build-
ing, by using solar cells or wind turbines for electricity, and biofuels or solar thermal 
collectors linked to a seasonal thermal energy storage (STES) for space heating. The 
STES can also be used for summer cooling by storing the cold of winter underground. 
To cope with fluctuations in demand, ZEBs are frequently connected to the electricity 
grid, and they export electricity to the grid when there is a surplus and draw electric-
ity from the grid when not enough electricity is being produced.

The most cost-effective steps toward a reduction in a building’s energy consump-
tion usually occur during the design process [7]. To achieve efficient energy use, zero-
energy design departs significantly from conventional construction practice. The 
successful ZEB designers typically combine time-tested passive solar, or artificial/fake 
conditioning, principles that work with the on-site assets. Sunlight and solar heat, 
prevailing breezes, and the cool of the earth below a building can provide daylighting 
and stable indoor temperatures with minimum mechanical means. ZEBs are normally 
optimized to use passive solar heat gain and shading, combined with thermal mass to 
stabilize diurnal temperature variations throughout the day, and in most climates are 
super-insulated [8].

Countries around the world have been gradually implementing different poli-
cies to tackle ZEB, as a response to global warming and increasing greenhouse gas 

Energy-saving

Energy-creation

Energy required
  for traditional
      buildings

Energy used
     in ZEB

Energy created
        in ZEB

Zero net energy
 consumaption

Figure 1. 
Conceptual diagram for realizing zero-energy building.



157

Introduction of ZEB Technology in Japan
DOI: http://dx.doi.org/10.5772/intechopen.101464

emissions. In 2015, the Paris Agreement was created under the United Nations 
Framework Convention on Climate Change (UNFCC) with the intent of keeping the 
global temperature rise of the twenty-first century below 2°C and limiting tempera-
ture increase to 1.5°C by limiting greenhouse gas emissions [9]. While there was no 
enforced compliance, 197 countries signed the international treaty which bound 
developed countries legally through a mutual cooperation where each party would 
update its Intended Nationally Determined Contributions (INDC) every 5 years 
and report annually to the conference of the parties (COP) [10]. Due to the advan-
tages of energy efficiency and carbon emission reduction, ZEBs are widely being 
implemented in many different countries as a solution to energy and environmental 
problems within the infrastructure sector [11].

After the March 2011, Fukushima earthquake followed by the up with Fukushima 
Daiichi nuclear disaster, and Japan experienced severe power crisis that led to the 
awareness of the importance of energy conservation. In 2012, Ministry of Economy, 
Trade and Industry (METI), Ministry of Land, Infrastructure, Transport and Tourism 
(MLIT) and Ministry of the Environment of Japan summarized the road map for low-
carbon society, which contains the goal of ZEB to be standard of new construction in 
2020 [12]. This chapter introduces the technologies to realize ZEB in general buildings 
(as shown in Figure 2) in Japan, in terms of i) passive technologies (solar shielding, 
exterior skin insulation, natural daylight, and natural ventilation), ii) active technolo-
gies (high-efficiency lighting, high-efficiency air conditioning, etc.), and iii) creation 
technologies (photovoltaic power generation, biomass power generation, etc.).

2. Passive technologies

Passive technology is a technology for reducing the amount of required energy or 
energy demand to properly maintain the environment inside a building. It includes 
solar shielding, exterior skin insulation (walls and windows), natural daylight utiliza-
tion, and natural ventilation.

Photovoltaic system

Natural daylight

Solar shielding

High e	ciency lighting

Natural ventilation

Exodermis insulation

Figure 2. 
Conceptual diagram of a general building to which energy-saving technology is applied.
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2.1 Solar shielding

Solar shielding is a technology that shields the sunlight that enters through the 
roof, exterior walls, and windows, and suppresses the cooling load. Particularly in 
the summer, once solar radiation (or heat) enters the room, a large amount of cool-
ing energy is consumed to cool the heat; thus, solar shielding is considered as an 
important technology to realize a comfortable indoor environment. On the other 
hand, in winter, it is better to take in a considerable amount of solar heat to reduce the 
heating load. There is also a need to take in natural daylight well even in the summer 
from the viewpoint of reducing lighting energy. In this way, it is necessary to consider 
measures to meet the conflicting performance requirements, such as suppressing the 
intrusion of solar heat during cooling in the summer and taking in the sunlight during 
heating in the winter. As shown in Figure 3, specific measures to block sunlight at 
openings include blinds, louvers, eaves, and high-performance glass. By effectively 
combining these measures, it is possible to successfully cope with multiple conflicting 
performance requirements as described above.

The blinds are intended to prevent direct sunlight into the room, but they are also 
expected to work as a daylighting system that takes in natural light as indoor lighting. 
Recently, a “gradation blind” that efficiently takes in natural light into the room, while 
preventing the invasion of solar heat by optimally controlling the angle of the blind 
slats one by one and reflecting the light, has been developed.

The eaves are basically immovable, but by properly designing their length based 
on the solar altitude and the height of the windows, the sunlight with high solar 
altitude in summer can be blocked and the sunlight with low solar altitude in winter 
can be taken in.

For walls and other areas other than openings, the use of plants and materials with 
high solar reflectance can improve thermal insulation and solar radiation reflectance, 
thereby improving solar shielding performance.

2.2 Exterior skin insulation

The exterior skin insulation technology includes the use of high-performance 
exterior wall insulation and high-performance insulating and thermal barrier win-
dows. High-performance exterior wall insulation can reduce the amount of energy 
required to maintain a comfortable indoor temperature compared to a non-insulated 
building by controlling the flow of heat in and out of the building by constructing 

EavesSummerBlind

Winter

Figure 3. 
Specific measures for solar shielding at openings.
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the exterior skin (roof, walls, floor, etc.). By preventing the penetration of solar heat 
in summer (Figure 4) and the escape of indoor heat in winter (Figure 5), energy 
consumption efficiency for heating and cooling can be improved, and the difference 
between the surface temperature of the building frame and the room temperature 
can be reduced, thereby minimizing temperature differences and unevenness in 
the room.

There are two main types of insulation materials: fiber-based and foam-based, 
both of which make use of the properties of gases (such as air) that make it difficult 
to transfer heat. Fiber-based insulation secures heat insulation by retaining air in the 
gaps between the fine fibers. Foam-based insulation also achieve high-heat insulation 
properties by trapping air or gases with higher-heat insulation properties inside the 
bubbles.

Nevertheless, not all regions need to use the same insulation design. A research 
proposed to optimize the combination of surface reflectivity and the insulation 
thickness of exterior walls for energy savings in regions of Japan [13]. Calculations 
of building thermal loads and economic analysis of the total cost for six cities from 
high-latitude to low-latitude regions of Japan were carried out for a range of surface 
reflectivity and insulation thickness of exterior walls, and the optimum surface solar 
reflectivity and insulation thickness for each region were proposed.

Since the openings of a building have the highest heat input and output of the 
exterior skin, it is important to control the heat input and output by adopting win-
dows with glass that has high thermal insulation performance.

One of the most common types of window glass with high thermal insulation 
performance is double glazing (as shown in Figure 6). In general, double glazing 
glass has a hollow layer between two panes of glass, which is filled with dry air with 

Summer

Prevent
the solar
heat

No insulation Exodermis insulation

Figure 4. 
Image of the effect of insulation in summer.

Winter

No insulation Exodermis insualtion

Prevent
the heat
outflow

Figure 5. 
Image of the effect of insulation in winter.
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low thermal conductivity or argon or krypton gas with lower thermal conductivity, to 
improve thermal insulation performance. The thicker the hollow layer, the better the 
thermal insulation performance, but if the layer exceeds 16 mm, the thermal resis-
tance does not increase due to air convection.

As shown in Figure 7, low-E double glazing glass is double glazing glass coated 
with a special metal film (low-E film) such as tin oxide or silver. This special metal 
film makes it more difficult for thermal radiation in the hollow layer between the 
glasses to be transmitted. In summer, solar radiation energy incident on plate glass 
is reflected outside the room. In winter, it reflects heating heat indoors. As a result, 
thermal insulation and heat shielding performance can be further enhanced. In sum-
mary, by coating the inside of the glass on the indoor side, it is possible to improve the 
thermal insulation performance to prevent heat from flowing out of the room, and by 
coating the inside of the glass on the outdoor side, it is possible to improve the thermal 
barrier performance to prevent solar heat from flowing in.

The thermal transmittance of a single pane of glass is about 5.0 to 6.0 W/m2K, 
whereas it is about 1.8 to 3.3 W/m2K for double glazing and about 0.76 to 2.6 W/m2K 
for low-E double glazing.

For this technology, a Japanese study proposed the thermal performance values for 
conventional windows and low-E windows that include air-flow windows and push-
pull windows [14]. The solar heat gain coefficients together with the transmittances, 
the overall coefficients of heat transfer, and the long-wave radiation factors were 
presented for conventional windows and the correction values were presented for 
air-flow windows and push-pull windows. It indicated that the thermal performance 
of low-E windows was better than that of conventional windows and leads to reduce 
the thermal load of buildings for the ultimate goal of ZEB.

2.3 Natural daylight utilization

The natural daylight utilization is a technology to reduce energy consumption by 
bringing in natural daytime light (daylight) through building openings to brighten 
the room and reduce the use of artificial lighting (or indoor lighting). The energy con-
sumption used for artificial lighting is second only to that used for air-conditioning 
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Figure 6. 
Common type of double glazing window glass with high thermal insulation performance.
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in a typical office building, making it a major source of energy for the building. If 
daylighting can provide the necessary brightness in a room, energy consumption can 
be reduced by turning off or dimming the lights to reduce the amount of light, which 
can also lead to greater energy independence.

As shown in Figures 8 and 9, there are two methods of natural lighting: One is to 
let daylight in directly through the openings of the building to secure the brightness 
of the room, and the other is to set up a stairwell, a parapet, or reflective eaves to 
guide the light deeper into the room.

The former (Figure 8) is the technique of installing an opening (top light) at the 
top of a space, etc. For the latter (Figure 9), there is a method of installing a “light 
shelf” in the middle of the window surface of the building to reflect sunlight on the 
upper surface and bring more light into the interior ceiling to brighten the room. 
There is also a method called a “light duct system.”

Low-E double glazing (insulation type)
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side glass

Interior
side glass

Dry air
 layer
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Low-E
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Low-E doudle glazing (heat shield type)
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side glass

Low-E
metal film

Interior
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Dry air
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Desiccant

Exterior
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Interior
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Figure 7. 
Low-E double glazing glass coated with a special metal film, the left insulation type is often used in winter and 
the right heat shield type is often used in summer.

Top light

Figure 8. 
Example of top light utilization in a building.



Nearly Zero Energy Building (NZEB) - Materials, Design and New Approaches

162

For the natural daylight technology, a study reported a verification of an estima-
tion method for daylight and solar radiation introduction by a daylight system [15]. 
The results showed that the natural daylight utilization is required to have two con-
tradictory functions for energy conservation: reducing lighting energy by introducing 
daylight and reducing air-conditioning load by shielding from sunlight. In particular, 
daylight-using facades need to be planned with a balance between the two functions 
of daylight introduction and solar radiation shielding.

Daylight has the following characteristics: It changes with time, it may bring more 
brightness than necessary for the indoor visual environment, and it is accompanied 
by heat. Therefore, when using daylighting, it is important to consider these charac-
teristics and adopt a lighting method that is appropriate for the space characteristics 
and usage. Without natural lighting suitable for the space characteristics and usage, 
energy conservation may not be achieved because building users may block daylight, 
or the energy consumption for cooling may increase more than the reduction in light-
ing power.

2.4 Natural ventilation

As shown in Figure 10, it creates a wind path through the building to enable 
natural ventilation and natural airflow. This technology is mostly applied to mid-rise 
offices; however, we can also propose an optimal natural ventilation system for high-
rise offices by predicting the wind flow and wind pressure on the exterior walls such 
as double-skin facade.

Double skin is a system with two skins (glass surfaces) that ventilate the inside of 
the two skins with outside air. In the summer, the blinds inside the double skin are 
lowered to shield the building from the sun’s rays, and since the sun’s rays become 
heat, the heat is removed by ventilating the building with outside air, thereby reduc-
ing the cooling load. In winter, the double-skin ventilation is stopped and the double 
or triple glazing improves the thermal insulation performance. In the middle of the 
year, stable natural ventilation is possible through the double skin.

In order to understand the performance of a natural ventilation system that 
combines solar chimneys and underground pits installed in a university building in 
Kitakyushu City, Japan, a study conducted a measurement survey over a period of 
4 years after the opening of the school [16]. The results indicated that the designed 
natural ventilation system can greatly reduce the energy consumption of air 

Ceiling lighting (light reflected form ceiling)
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Figure 9. 
Example of light shelf utilization in an office building.
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conditioning in cooling period, and it can also provide a more comfortable indoor 
thermal environment.

3. Active technologies

Active technology is a technology for efficient use of energy. It includes high-
efficiency lighting, high-efficiency air conditioning, etc. In this section, we briefly 
introduce these two methods of efficient energy use.

3.1 High-efficiency lighting

In order to reduce lighting energy consumption, it is important to actively use 
daylighting, for example, by adopting natural lighting techniques. At the same time, 
it is possible to reduce energy consumption while providing an appropriate lighting 
environment (illuminance, etc.) by using more efficient lighting equipment such as 
LED lighting to compensate for the lack of brightness from the use of daylight alone. 
In addition, by properly controlling such lighting equipment, even higher energy-
saving effects can be expected.

Figure 11 shows the examples of lighting control by human sensors and wire-
less remote thermosat, task-ambient lighting control, and a combination of these 
controls.

As shown in Figure 11 on the left, this control uses human sensors to detect the 
presence or absence of people and turns on or off the air conditioning and lighting. In 
addition, a remote thermostat that accurately measures the temperature of the area 
where the person is and efficiently controls the air conditioning.

As shown in Figure 11 on the right, the ceiling lighting should function as ambient 
lighting for room ambiance, while desk brightness is adequately provided by the task 
lighting for work at hand. This is the most effective method for reducing lighting power.

For the high-efficiency lighting utilization in Japan, a study showed that when the 
high-efficiency lighting fixtures and lighting control systems have been introduced in 
an office buildings of Japan, the electricity consumption savings of 30 to 50% per year 
can be expected, and a significant energy savings can be achieved without degrading 
the quality of lighting [17].

Wind-powered ventilation

Buoyancy ventilation

Double
Skin

Facade

Office
Garden

Eco
Shaft

Figure 10. 
Example of natural ventilation design in an office building.
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3.2 High-efficiency air conditioning

In order to reduce the energy consumption of air conditioning, it is important 
to control the load of heating and cooling by adopting passive technologies such as 
external skin insulation and solar radiation shielding that are elaborated in Section 2. 
However, since it is often difficult to maintain a comfortable indoor environment with 
these measures alone, it is important to reduce energy consumption while maintaining 
a comfortable thermal environment by using an air-conditioning system with higher 
efficiency and appropriate control to compensate for this. In a typical office building, 
energy consumption by the air-conditioning system accounts for the largest percent-
age of the total energy consumption, and the importance of reducing it is very high.

Air-conditioning systems can be broadly divided into central heat source systems 
and individual distributed heat source systems. In the central heat source system (as 
shown in Figure 12), heat sources are concentrated in machine rooms, etc., and cold 
and hot water is pumped to the air conditioner for air conditioning. In the individual 
distributed heat source system (as shown in Figure 13), heat sources are distributed 
and transported using refrigerant piping to air condition for each floor or zone. Both 
the central heat source system and the individual distributed heat source system 
consist of “heat source equipment,” “heat transfer equipment,” and “air conditioner 
equipment”. In the case of a distributed heat source system, the heat source and 
air-conditioning equipment are integrated into a single unit. Therefore, energy 
consumption can be reduced by adopting more efficient equipment and implement-
ing appropriate controls for each facility.

In general, the central heat source system is used in large buildings, while the 
individual distributed heat source system is used in many small buildings.

Measures to reduce the energy consumption of air-conditioning equipment 
include air-conditioning systems that separate latent heat from sensible heat to adjust 

Figure 11. 
Example of optimal lighting system control in an office building.
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Figure 12. 
Example of the central heat source system.
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Figure 13. 
Example of the individual distributed heat source system.
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temperature and humidity separately, and new air-conditioning systems such as radi-
ant heating and cooling air-conditioning systems (Figure 14) that focus not only on 
temperature and humidity but also on the comfort felt by people.

A radiant heating and cooling system is a system that uses the effect of “radiation 
(the transfer of heat from a higher to a lower temperature without the use of materials)” 
to adjust the experience of building users, thereby easing the indoor set temperature and 
saving energy. Compared to conventional air conditioner systems, this system is more 
comfortable and less uncomfortable due to airflow drafts and uneven temperatures.

For the high-efficiency air-conditioning system, a study showed that a kind 
of developed high-efficiency air-conditioning control system with promotion of 
energy-saving behaviors were installed in may stores of Japan [18]. The “promotion of 
energy-saving behavior” supports the voluntary establishment of employee behavior 
by proposing optimal energy-saving behavior for each store based on AI power 
prediction and displaying screens using nudge theory via tablets distributed to stores. 
The high-efficiency air-conditioning control system suppresses demand based on AI 
power prediction and operates the air-conditioning compressor at a high COP load 
rang, and achieves energy savings of more than 3% through behavioral promotion 
and more than 4% through air-conditioning control.

4. Creation technologies

Creation technology is a technology to use renewable energy to create energy. It 
includes photovoltaic power generation, biomass power generation, etc. In this sec-
tion, we briefly introduce these two methods of the creation technologies.

4.1 Photovoltaic power generation

A photovoltaic power generation system generally refers to a power generation 
system that uses semiconductors to convert light energy from the sun into electrical 
energy and consists of solar cell modules and arrays, junction boxes and collectors, 
and power conditioners, as shown in the Figure 15.

For cooling For heating

Inlet

Outdoor
unit

Indoor unit (built-in type)

Convection Convection

Radiation
(heat transfer

from the human
body to the 

radiant pane)

Radiation
(heat transfer

from the radiant
panel to the 

human body)

Latent heat
storge material
Radiant panel

Figure 14. 
Conceptual diagram of radiant heating and cooling air-conditioning systems.
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The benefits of light energy from the sun are available everywhere, although they 
vary from region to region, making it the most versatile of all energy creation tech-
nologies. When installed on the rooftops of office buildings and commercial facilities, 
the electricity generated by the photovoltaic power system can be used to meet part of 
the electricity demand, since the working hours and business hours coincide with the 
power generation hours. In addition, the system can be promoted as a part of environ-
mental conservation activities, which is a social responsibility of a company, and is 
beneficial in raising the environmental awareness of employees and securing power in 
times of disaster.

Particularly in the case of low-rise buildings, the rooftop area is large in relation 
to the size of the building, and a reasonable amount of power can be expected to be 
generated in relation to the power demand. On the other hand, in the case of high-rise 
buildings, since the rooftop area is small compared to the size of the building, the 
amount of electricity generated by the photovoltaic power system will be small in 
relation to the electricity demand. Recently, however, there has been progress in the 
development of “building-integrated photovoltaic systems” that can be installed not 
only on the rooftops of buildings, but also on walls and windows.

For the situation of photovoltaic power generation in Japan, its research and 
development and widespread use in Japan began with the oil crisis of the 1970s [19]. 
At the time, research and development were focused on the use of solar power as an 
alternative energy source that did not consume petroleum fuel. Later, the movement 
was further accelerated by global environmental issues and global warming preven-
tion in the 1990s. In the 1990s, the first residential photovoltaic power generation 
systems were commercialized, and photovoltaic power generation systems evolved 
from being mainly used for research and development and special purposes to sup-
plying electricity to the general public. In Japan, the feed-in tariff system for renew-
able energy started in July 2012. In July 2015, the government’s Committee on Energy 
Supply and Demand (CESD) issued a report on the electricity market and presented 
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Figure 15. 
Conceptual diagram of a photovoltaic power generation system.
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a supply and demand forecast for various power sources for 2030. In this energy mix, 
photovoltaic power generation will be responsible for supplying 7% of the electricity 
demand in 2030.

4.2 Biomass power generation

As shown in Figure 16, biomass power generation refers to the technology of 
generating electricity from biomass (renewable biological resources) such as wood 
and plant residues. The energy obtained from biomass is also called biomass energy.

When biomass is burned, as with fossil fuels, CO2 is always generated, but since 
plants absorb the CO2 and grow to reproduce biomass, the total amount of CO2 in the 
atmosphere does not increase (carbon neutral as shown in Figure 17).

By combining this system with photovoltaic power generation, which changes the 
amount of electricity generated depending on the weather and time of day, it is expected 
that renewable energy will be supplied in accordance with the demand for electricity.

For the situation of biomass power generation in Japan [20], the Biomass Power 
Producers Association (BPPA) was established in late 2016, with the aim of addressing 
the concerns of power producers and promoting the healthy development of biomass 
power producers. Biomass power generation capacity in Japan reached approximately 
3.0 GW by the end of FY2016, approximately 4.0GW by the end of FY2017, and since 
then, it application has been steadily growing in the years.
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Figure 16. 
Conceptual diagram of how biomass power generation works.
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Carbon neutral of biomass power generation system.
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5. Summary and conclusions

This chapter provides an overview of passive, active, and creative energy tech-
nologies that are particularly important for realizing ZEB in buildings commonly 
used in Japan.

The main knowledge obtained in this chapter is summarized as follows:

• Solar shielding technologies that include blinds and eaves installed in the open-
ings can shield the sunlight to enter through windows, and suppress the cooling 
load in the summer. However, in winter, it is better to take in a considerable 
amount of solar heat to reduce the heating load by appropriate opening design.

• Exterior skin insulation technologies that include high-performance exterior 
wall insulation and low-E windows can reduce the amount of energy required to 
maintain a comfortable indoor temperature compared to a non-insulated build-
ing exterior walls and windows by controlling the flow of heat in and out of the 
building by constructing the exterior skin.

• Natural daylight utilization is required to have two contradictory functions 
for energy conservation: reducing lighting energy by introducing daylight and 
reducing air-conditioning load by shielding from sunlight, through proper 
design of daylight utilization openings.

• A proper natural ventilation system designed in buildings can greatly reduce the 
energy consumption of air conditioning in the summer cooling period, and it can 
also provide a more comfortable indoor thermal environment.

• High-efficiency lighting utilization can save the electricity consumption without 
degrading the quality of lighting.

• High-efficiency air conditioning can reduce energy consumption while main-
taining a comfortable thermal environment.

• As a renewable green energy source, the photovoltaic power generation and 
biomass power generation technologies have been widely applied in Japan and 
have been steadily growing in the years.

To actually realize ZEB, it is important to consider the following steps: (i) reduce 
energy demand through passive technology, (ii) use energy without waste through 
active technology for the demand that is absolutely necessary, and (iii) provide 
energy through energy creation technology.

Moreover, in the operational phase of a building, it is also important to have 
energy management technology to determine where energy waste is occurring and 
how to efficiently operate the facilities. This energy management technology will help 
reduce energy consumption on an ongoing basis.
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Chapter 9

Adaptive Thermal Comfort  
of an Office for Energy  
Consumption-Famagusta Case
Halil Zafer Alibaba

Abstract

The aim of this study was to determine how much thermal comfort can be obtained 
through heat/energy transfers between the office/external air and the transparent/
opaque surfaces of an office by combining different transparent and opaque wall 
surface ratios with different window opening percentages using dynamic thermal 
simulations. It found that the optimum window-to-wall ratio (WWR) for energy con-
servation is 40%, with a 20% window opening ratio. The 80% and 90% thermal com-
fort ranges of the adaptive thermal comfort methodology are found in May, October, 
September, and the yearly average, while June and August are only in the range of 80% 
acceptability. The office constantly loses heat through air flow with any glass size on 
its external facade and any window opening ratio. Moreover, all sizes of opaque and 
transparent internal surfaces transferred heat from outside by conduction, while the 
opaque wall similarly always transferred energy to heat up the office air internally and 
outside air externally through convection. The external glass also heats the office air by 
convection, except in the months of January, November, and December.

Keywords: passive heating and cooling, transparency ratio of the skin,  
adaptive thermal comfort, conduction, convection

1. Introduction

Natural ventilation has great potential for cooling buildings with a passive strat-
egy because it improves user comfort and indoor air quality, while simultaneously 
reducing electricity usage demand [1–5]. Thermal comfort has a great impact on the 
well-being and performance of users, as well as the energy requirements of buildings 
[6]. Moreover, in developed countries, people spend 90% of their time indoors, which 
requires securing their well-being and a healthy environment [7].

Reducing active cooling requires passive solutions; therefore, utilizing glass on 
external walls has a great impact on thermal situations through its influence on 
energy demand for the cooling and heating of buildings [8].

An adaptive approach to thermal comfort relies on outdoor air temperature and 
the individuals’ thermal environment [9]. Adaptive comfort limits are similar for hot-
humid and hot-dry climates with a 0.6 coefficient value. Additionally, air movement 
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is important for a hot-humid climate, while indoor relative humidity (RH) is impor-
tant for a hot-dry climate [10]. In hot-humid climate environments, relative humidity 
is not significant when it is below 70%, but is really significant when higher than 70% 
with increasing air temperature [11].

Sustainable approaches for energy efficient buildings are very important to 
architects and engineers for the provision of comfortable and health-conscious build-
ings [12]. In addition to these, adaptive thermal comfort can be used to design energy 
efficient (low-energy) naturally ventilated buildings around the world [13].

The aim of this study was to determine the minimum, maximum, and yearly aver-
ages of naturally ventilated office performance, as well as the impact of the wall-to-
window ratio on thermal comfort due to solar gain, heat loss, resultant temperature, 
relative humidity, and external air temperature. Moreover, the analysis focuses on 
the office’s performance in relation to the winter and summer season (based on each 
month), heat transfer (conduction), and energy transfer (convection) for opaque and 
glass walls (internally and externally). In identifying the naturally ventilated office 
performance (minimum, maximum, and yearly) and the seasonal performance of the 
office (based on conduction-convection), this article hopes to fill in existing gaps in 
the literature for hot-humid climatic conditions.

2. Literature review

Heat transfer through the opaque walls of buildings is important for energy saving 
and thermal comfort issues. Cities in Turkey such as Ankara, Erzurum, Istanbul, 
and Izmir with different climates were analyzed using the TS825 standard (Turkish 
standard on thermal insulation requirements for buildings) [14]. It was found that 
15-cm- and 25-cm-thick sandwich panels created a decrease of 65% and 80% heat loss 
and gain respectively during the worst winter and summer conditions. The optimal 
heat loss and gain ratios under different climatic conditions were determined using 
sandwich wall insulation. Heat transfer for different building orientations was found 
to be longer in the summer period due to solar radiation [15]. Radiative heat transfer 
was higher during daytime than the evening in summer, with no significant changes 
during the spring, autumn, and winter periods [16].

In the subtropical climate of China, out of eight free-running dormitories, 1829 
returned questionnaires with subjective scales indicated that 15.9–28.2°C were 
acceptable temperatures, where 23.2°C was the preferred temperature and 22.1°C 
was the neutral temperature based on students’ thermal perception and preferences. 
Moreover, the students’ air movement sensation was 53% satisfied with the indoor 
air humidity when thermal sensation was neutral [17]. In Tuxtla Gutiérrez-México, 
496 data points were collected from 27 educational buildings in the warm season. In 
air-conditioned mode, 48.1% of users felt comfortable, 44% felt cold, and 7.9% felt 
warmth. However, in naturally ventilated mode, 59.7% felt comfortable, 11% felt cold, 
and 29.3% felt warmth. Most of those who felt cold can have their thermal satisfaction 
improved by adapting rooms to slightly higher temperatures [18]. In the hot-humid 
part of China, naturally ventilated buildings have a thermal neutrality of 25.4°C, 
23.5°C for 90% acceptability, and 27.4°C for the 80% acceptability range. In naturally 
ventilated buildings in China with a hot-humid climate, the Predicted Mean Vote 
(PMV) model can be used with a 0.822 expectancy factor [19].

In two Indian cities, Chennai with a humid climate and Hyderabad with a com-
posite climate, the mean room temperature was 28.8°C for naturally ventilated mode 
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but 26.2°C for air-conditioned mode with 45% and 48% relative humidity ratios, 
respectively [20].

Naturally ventilated buildings in hot-humid climate conditions should have a 
minimum of 0.65 m/s indoor air speed for thermal comfort [10]. In north-east Brazil, 
90% acceptability of thermal comfort for a naturally ventilated building needs from 
24 to 27°C room temperature with 0.4 m/s air movement, while from 27 to 29°C needs 
a minimum of 0.41–0.81 m/s air velocity, and a room temperature from 29 to 31°C 
needs a minimum of >0.81 m/s air velocity [21].

Tianjin is a city in China where 80% adaptive comfort acceptability ranges 
between room temperatures of 21°C and 27.3°C [22].

The national code for India has a narrow thermal comfort range that is between 21 
and 26°C for all naturally ventilated building types and seasons. A questionnaire with 
2610 responses found that the comfort ranges were 30.6°C with 0.30 clo dress and 
0.62 m/s preferred air velocity for the summer season, and 25.2°C with 0.80 clo dress 
and 0.27 m/s preferred air velocity for the winter season [23].

A survey conducted in Spain found that 23.6°C is the observable average operative 
temperature in (free-running and air-conditioned) buildings. Moreover, it is very 
clear that an adaptive comfort model is suitable for hybrid buildings [24]. In India, 
the ideal comfort temperature was determined to be 27.3°C, while the actual preferred 
temperature is 24.5°C. Half of all the fans in offices start working after 31°C, with no 
fan needed up to 22.5°C [25].

3. Methodology

3.1 Adaptive thermal comfort method

Dynamic thermal simulations for this article were generated using the thermal 
analysis software EDSL Tas version 9.4.4 [26], which was simulated for Famagusta with 
hot and humid climatic conditions. The location of Famagusta can be seen in Figure 1.  
ASHRAE 55-2017 [28] standard for adaptive thermal comfort for 80% and 90% can 

Figure 1. 
Location of Famagusta on the map [27].
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be observed in Figure 2. Heat transfer (conduction) and energy transfer (convection) 
opportunities were analyzed for the internal and external surfaces of both opaque and 
transparent surfaces in an office. Moreover, the office environment was that of a regular 
office (3 m by 5 m), including standard construction materials with one inlet and outlet 
function. The three-dimension (3D) and plan of the case study building can be seen in 
Figure 3. Furthermore, the weather file for Famagusta was also used for the simulations, 
as shown in Figure 4. Transparent surfaces on opaque walls and window opening per-
centages ranged from 10 to 100% each. A typical section of the case study building can 
be seen in Figure 5 along with its yearly performances. In this chapter, all of the simula-
tions used 0.5 ach of infiltration and 0 W/m2 (lighting gain, occupancy/equipment gain) 
with 0.01 (CO2)/hr/m2 pollutant generations.

The opaque and transparent components of the case-study building are detailed 
in Tables 1 and 2. ASHRAE 55-2017 [28] was used to generate the acceptable thermal 
comfort conditions, shown in Table 3 (80% and 90%), of a naturally ventilated office 
environment with minimum, maximum, and average yearly performances for solar 
gain (W), infiltration gain-heat lost (W), resultant temperature (°C), relative humid-
ity (%), and external temperature (°C).

Figure 3. 
The case study building.

Figure 2. 
ASHRAE 55-2017 standard on acceptable limits for the resultant temperature of a naturally ventilated building 
with met: 1.0–1.3 and 0.5–1.0 clo when the prevailing mean outdoor temperature is greater than 10°C and less than 
33.5°C [28].
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Solar gain, heat lost, resultant temperature, relative humidity, and external tempera-
ture are the parameters analyzed in this article as the minimum, maximum, and yearly 
averages for the different window openings and sizes. Seasonal conduction and convec-
tion performances of the studied office are based on monthly analysis, taken in con-
junction with opaque/glass surface performances for internal/external surfaces. Global 
solar radiation (W/m2), diffuse solar radiation (W/m2), cloud cover (0–1), dry bulb 
temperature (°C), relative humidity (%), wind speed (m/s), and wind direction (°) are 
parameters used in the weather file of Famagusta for simulations as seen in Figure 4.

3.2 Inter-model validation of the article

An inter-model validation model for annual heat loss is used in this article because 
its numerical results are compared with previous results in the literature. Badeche and 

Figure 4. 
Examples from the Famagusta weather file of (a) day 172 for 21st June representing the summer period and (b) 
day 355 for 21st December representing the winter period.
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Figure 5. 
Yearly average heat and energy transfer performance (for all window opening percentages with all window sizes) 
of the simulated office.

Plastered solid 
brick wall

External/
internal solar 

reflectance

External/
internal 

emissivity

Conductivity 
(W/m °C)

Convection 
coefficient 
(W/m2 °C)

Vapor 
diffusion 

factor

Density 
(kg/m3)

Specific 
heat  

(J/kg/°C)

12-mm plaster 
(inside)

0.600 0.900 0.3 0.0 11.000 960.0 837.0

200-mm solid 
brick wall

0.350 0.900 0.317 0.0 14.800 1040.0 1050.0

12-mm cement-
based plaster

0.600 0.900 0.3 0.0 11.000 960.0 837.0

Flow 
direction

Internal R value 
(m2·°C/W)

External R value 
(m2·°C/W)

Internal U value 
(W/m2·°C)

External U value  
(W/m2·°C)

Horizontal 0.971 0.881 1.03 1.135

Upward 0.911 0.851 1.098 1.175

Downward 1.051 0.921 0.952 1.086

Table 1. 
Solid wall properties of the case study building.
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Bouchahm [29] identify the optimum window-to-wall ratio (WWR) as 40–50% for 
energy saving in the Mediterranean climate. Goia [30] found that a WWR between 
30–40% is needed for energy saving. Moreover, in this article, the optimum window-to-
wall ratio (WWR) is 40% with a 20% window opening for heat loss, thus confirming 
harmony between the results (10% up or down for different studies), as shown in Table 2.

3.3 Findings and discussions

The resultant temperature (operative temperature-°C) is analyzed using ASHRAE 
55-2017 [28] to determine when the naturally ventilated office is within acceptable ranges. 
The averages for May, September, October, and the yearly average are in the range of 80% 
and 90% acceptability. In addition to these, June and August are only in the 80% accept-
ability range. Therefore, January, February, March, April, November, and December are 
considered cool months by virtue of being below the acceptable ranges; but only July is 
considered hot because it is above the acceptable ranges, as can be seen in Table 3.

Months Remarks Yearly averages Thermally comfortable 
months (ranges)

Never 
thermally 

comfortable 
monthsExternal 

temperature 
(°C)

Resultant 
temperature 

(°C)

90% 
acceptable 

months

80% 
acceptable 

months

January Cool period (below 
80–90% ranges)

10.93 12.28 × √

February 12.77 14.27

March 14 16

April 16.23 18.51

May Warm 
period

Within 
80–90% 
ranges

21.36 23.86 √ ×

June Only 
in 80% 
range

26.03 28.98 × √

July Hot 
(above 

80–90% 
ranges)

28.35 31.21 × √

August Only 
in 80% 
range

28.43 30.85 × √ ×

September Within 
80–90% 
ranges

25.70 27.81 √

October 22.83 24.60

November Cool period (below 
80–90% ranges)

17.91 19.11 × √

December 13.65 14.86

Averages of the whole 
year

Within 
80–90% 
ranges

19.89 21.91 √ ×

Table 3. 
The acceptable, cool, and hot months for the simulated office.
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The yearly average solar gain (for all glass sizes and window opening percentages) 
of the office is 674.30 W, which also occurs when half of the skin is made of glass with 
a fully open window. When the glass size on the external skin is changed from 10 to 
20%, solar gain increased by 113%. When the glass size on the external skin changed 
from 20 to 30%, solar gain experienced a 48% increase. When the glass size on the 
external skin changed from 30 to 40%, solar gain increased by 25%. When the glass 
size on the external skin changed from 40 to 50%, solar gain increased by 21%. When 
the glass size on the external skin changed from 50 to 60%, solar gain increased by 
20%. When the glass size on the external skin changed from 60 to 70%, solar gain 
increased by 12%. When the glass size on the external skin changed from 70 to 80%, 
solar gain increased by 13%. When the glass size on the external skin changed from 
80 to 90%, solar gain experienced an 8% increase. When the glass size on the external 
skin changed from 90 to 100% (full opening), solar gain increased by 8.5%. When the 
glass size on the external skin changed from 10 to 100%, there was a 763.16% increase 
in solar gain. Conversely, window opening percentages never affected solar gain, as 
shown in Table 4.

The yearly average infiltration ventilation gain (heat gained or lost by air flow) 
in the office for all glass sizes and window opening percentages reported a heat loss 
of 311.49 watts. Regardless of the glass size on the external skin or window opening 
percentage, the office is always losing heat during hot and humid climatic conditions. 
When the window opening percentage was set between 10 and 100% (from small-
est to largest), the office lost 100% heat when the glass size on the external skin was 
10%, 43.24% when the glass size on the skin was 20%, 37.80% when the glass size 
on the skin was 30%, 30.58% when the glass size on the skin was 40%, 33.78% when 
the glass size on the skin was 50%, 23.67% when the glass size on the skin was 60%, 
28% when the glass size on the skin was 70%, 27.35% when the glass size on the skin 
was 80%, 38.10% when the glass size on the skin was 90%, and 40.84% when the 
glass size on the skin was 100%. A maximum of 100% heat loss occurred when the 
glass size was only 10% with all ratios of window openings, while the minimum of 
23.67% heat loss occurred when the glass size was 60% of the external skin with all 
window opening ratios. However, when the window was 10% opened with all sizes 
of glass on the external facade (from smallest to largest), the office lost 762% of its 
heat; when the window was 20% opened with all sizes of glass on the facade, the 
office lost 622% heat; when the window was 30% opened with all sizes of glass on the 
facade, the office lost 506% heat; when the window was 40%, 70% and 80% opened 
with all sizes of glass on the facade, the office lost ~485% heat; when the window was 
half open with all sizes of glass on the façade, the office lost 458% of its heat; when 
the window was 60% open with all sizes of glass on the facade, the office lost 473% 
heat; when the window was 90% open with all sizes of glass on the façade, the office 
lost 516% heat; and when the window was fully open with all sizes of glass on the 
facade, the office lost 507% of its heat. The maximum 762% heat loss occurred when 
the window was always 10% opened with all sizes of glass on the external skin and 
the minimum 458% heat loss occurred when the window was always opened halfway 
with all sizes of glass on the external skin, as shown in Table 4.

In the hot and humid climatic conditions of Famagusta, the yearly average exter-
nal environmental temperature of 19.89°C is close to the monthly average of 17.91°C 
in November. The yearly average resultant temperature (for all external glass skin 
sizes and window opening percentages) for the simulated office was 21.91°C, which 
is also very closely achieved when the glass skin is 40% of the opaque skin with a 20% 
window opening ratio, half of the skin is glass with 40% and 50% window opening 
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percentages, and 60% of the skin is glass with 80–100% window opening percent-
ages. When the windows are between 10 and 100% opened (increasing the opening 
ratio), the resultant temperature decreased by 2.58% when the skin is 10% glass, 
3.09% when the skin has a 20, 30, 90, and 100% glass facade, 2.75% when the skin 
has 40% glass, 2.46% when the external skin is half constructed of glass, 3.14% when 
the skin has 60% glass, and 3.24% when the external skin is 70 and 80% glass on the 
facade, as shown in Table 4. However, when the window was 10% and 80% open with 

Parameters Performances Yearly averages (with all window 
sizes and openings)

Solar gain Min. 75.19 W (December-
Min.) + 133.04 W (yearly Avrg.)
10–90% window opening with 
10% glass on skin

674.30 W

Max. 1721.18 W (June-
Max.) + 1148.66 W (yearly Avrg.)
10–20%, 40%, 60–100% window 
opening with fully glazed skin

Heat loss (W) Min. −950.23 W (June-
Min.) + −607.70 W (yearly Avrg.)
Fully opened window with fully 
glazed skin

−311.49 W (−238 W for optimum 
WWR because of optimum heat loss 
when glass size is 40% and window 
opening is 20%)

Max. −24.51 W (January-
Max.) + −50.06 W (yearly Avrg.)
10% window opening with 10% 
glass on skin

For yearly-based energy reduction (energy saving) optimum WWR is 40–50% according to Badeche and Bouchahm 
[29]. Moreover, in this article, the optimum WWR is 40% with 20% window opening for heat loss (energy saving).

Resultant temp. (°C) Min. 11.47°C (January-Min.) + 20.73°C 
(yearly Avrg.)
Fully open window with 10% 
glass on skin

21.91°C

Max. 32.61°C (July-Max.) + 22.94°C 
(yearly Avrg.)
10% open window with fully 
glazed skin

RH for office (%) Min. 59.02% (June-Min.) + 64.45% 
(yearly Avrg.)
10% open window with 10% glass 
on skin

67.56%

Max. 77.42% (February-
Max.) + 68.63% (yearly Avrg.)
Fully opened window with fully 
glazed skin

Ext. temp. (°C) Min. 10.93°C (Min.)
January (Avrg.)

19.89°C
Whole year (Avrg.)

Max. 28.43°C (Max.)
August (Avrg.)

Table 4. 
Performance of the office space in terms of solar gain, heat loss-gain, resultant temperature, relative humidity, 
and external temperature.
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all sizes of glass on the external skin (from smallest to largest), the resultant tempera-
ture increased by 7.8%. When the window was 20% open, the resultant temperature 
increased by 7.63% with all sizes of glass on the external skin (from smallest to larg-
est); when the window was 30% open with all sizes of glass on the external skin (from 
smallest to largest), the resultant temperature increased by 7.59%; when the window 
was 40% open with all sizes of glass on the external skin (from smallest to largest), 
the resultant temperature increased by 8.04%; when the window was 50% open with 
all sizes of glass on the external skin (from smallest to largest), the resultant tem-
perature increased by 7.73%; when the window was 60% open with all sizes of glass 
on the external skin (from smallest to largest), the resultant temperature increased 
by 8.08%; when the window was 70% open with all sizes of glass on the external skin 
(from smallest to largest), the resultant temperature increased by 7.94%; when the 
window was 90% open with all sizes of glass on the external skin (starts from smallest 
to largest), the resultant temperature increased by 7.63%; and when the window was 
100% open with all sizes of glass on the external skin (from smallest to largest), the 
resultant temperature increased by 7.28%, as shown in Table 4.

The yearly average relative humidity of the office is 67.56% for all glass sizes on the 
external skin with all window opening ratios. Moreover, the yearly average relative 
humidity (aforesaid) is also observed in the office when the glass skin is 10% of the 
external skin with a 60% to fully open window, when the glass skin is 20% of the 
external skin with a 40–80% open window, when the glass skin is 30% of the skin 
with a half open window, when the glass is 40% of the skin with a 20–40% open win-
dow, when half of the skin is glass with a 40% open window, when glass is 60–80% of 
the external skin with a 30–40% open window, and when the glass is 90%and 100% 
(fully glazed external skin) with a 30% open window. When the window is opened 
at all ratios (10% to fully opened, starting from smallest to largest), relative humid-
ity increased by 5% when the external skin is 10, 50, and 60% glass, 5.74% when the 
external skin is 20% glass, 5.96% when the external skin is 30% glass, 5.39% when 
the external skin is 40% glass, 4.77% when the external skin is 70% glass, 4.52% 
when the external skin is 80% glass, 4.3% when the external skin is 90% glass, and 
4% when the external skin is fully constructed of glass. However, when the external 
skin has 10–100% glass on the facade (from smallest to largest), relative humidity 
increases by 2.31% when the window is 10% open, 2.84% when the window is 20% 
open, 2.5% when the window is 30% open, 2.18% when the window is 40% open, 2% 
when the window is half open, 1.8% when the window is 60% open, 1.65% when the 
window is 70% open, 1.5% when the window is 80% open, 1.69% when the window 
is 90% open, and 1.34% when the window is fully open, as shown in Table 4.

Heat is always being transferred away from the internal surface of the opaque wall 
of the simulated office in all seasons. The minimum heat transfer from the internal 
surface of the opaque wall for all glass sizes on the external skin and all window 
opening percentages is in June, during the summer period, at −48.64 W, while the 
maximum heat transfer is during the winter season in December at −21.26 W. The 
heat of an opaque wall is always being transferred from the outside surface toward 
the inside surface in all seasons. The minimum heat transfer from the outside surface 
of the opaque wall to its inside surface is during the winter season in February at 
16.96 W, while the maximum heat transfer is during the summer season in September 
at 41.31 W. Heat is always being transferred away from the internal surface of the 
glass wall in the simulated office during all seasons. The minimum heat transfer from 
the internal surface of a glass surface occurred during the summer season in June at 
−116.40 W, with the maximum heat transfer during the winter season in November 
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at −58.17 W. The heat on a glass surface is always being transferred from the outside 
surface toward the inside surface of the glass during all seasons. The minimum heat 
transfer from the outside surface of the glass to the inside surface is during the winter 
season in November at 58.17 W, while the maximum heat transfer from the outside 
to the inside surface of the glass surface is during the summer season in June at 
116.40 W, as shown in Table 5 and Figure 5.

The internal surface of an opaque wall in the simulated office always transfers 
energy to heat the office air during all seasons. The minimum energy transfer from 
the internal surface of the opaque wall into the office air is in June at −79.07 W during 
the summer season, while the maximum energy transfer from the internal surface 
of the opaque wall into the office air is during the winter season in November at 
−29.12 W. The external opaque wall is always transferring energy to the external air 
during all seasons. The minimum energy transfer from the external opaque wall into 
the external air is during the summer season in June at −313.09 W, while the maxi-
mum energy transfer from the external opaque wall into the external air is during the 
winter season in November at −89.89 W. The internal glass surface in the simulated 
office is always transferring energy to heat the office air during all seasons, except in 
January, November, and December because energy transfer in the these three months 
flows from the external air to the internal surface of the glass to heat it. The minimum 
energy transfer from the internal surface of the glass surface is during the summer 
season in July at −5.21 W, while the maximum energy transfer from the internal sur-
face of the glass into the office to heat the office air is in October during the summer 
season at −1.33 W; however, the internal surface of the glass is heated by the office air 
in January at 1.86 W, in November at 0.69 W, and in December at 0.77, all during the 
winter season. The external surface of a glass in the simulated office is always trans-
ferring energy to heat the office during all seasons, except in January, November, and 

All window sizes with all window openings (10–100%)

Heat transfer (conduction) Energy transfer (convection)

Opaque (W) Glass (W) Opaque (W) Glass (W)

Internal External Internal External Internal External Internal External

Winter 
season

January −23.53 27.34 −65 65 −31.19 −94.42 1.86 12.40

February −24.19 16.96 −62.05 62.05 −37.41 −160.27 −1.58 −17.38

March −30.69 29.25 −84.96 84.96 −52.05 −179.32 −1.74 −20.76

April −36.44 29.89 −93.31 93.31 −58.83 −212.97 −2.57 −33.67

Summer 
season

May −37.81 27.64 −94.60 94.60 −63.12 −251.98 −4.33 −50.91

June −48.64 39.69 −116.40 116.40 −79.07 −313.09 −4.95 −62.66

July −42.08 40.32 −107.46 107.46 −74.97 −307.81 −5.21 −62.92

August −36.42 38.71 −91.38 91.38 −58.59 −253.09 −3.51 −48.36

September −35.41 41.31 −91.41 91.45 −54.60 −194.54 −2.10 −28.36

October −29.28 37.62 −77.47 77.47 −44.76 −167.09 −1.33 −15.37

Winter 
season

November −21.40 28.33 −58.17 58.17 −29.12 −89.89 0.69 6.20

December −21.26 28.34 −62.02 62.02 −32.06 −96.16 0.77 8.64

Table 5. 
Monthly heat and energy transfer performance of the simulated office.
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December because in these three months, the energy transfer is from the external air 
to the external surface of the glass in order to heat the external glass surface using the 
external air temperature, as shown in Table 5 and Figure 5.

The yearly average heat and energy transfer performances are individually shown 
including as bold for minimum performances in Figure 5 for the East, West, South, 
and North walls.

4. Conclusion

The yearly average solar gain is 674.30 W when the glass size is from 10 to 100% 
(full) on the external wall with different window opening percentages, although 
solar gain increased by 763.16% when the glass size on the external skin was sud-
denly changed from 10% to full (100%) glass. Moreover, the maximum solar gain 
was observed as 113% when the glass size on the external wall changed from 10 to 
20%, while the minimum solar gain was 8% when the glass size on the external wall 
changed from 80 to 90%.

Office environments with the smallest to largest glass size or the smallest to 
largest window opening percentage always lose heat; moreover, a 311.49 W heat loss 
was observed as the yearly average for the above conditions. In addition to this, the 
window opening percentage never affects the solar gain, as shown in Table 3.

The maximum heat loss of 100% occurred when the glass size is only 10% for 
all window opening ratios, while the minimum 23.67% heat loss occurred when the 
glass size is 60% of the external skin for all window opening ratios. However, the 
maximum heat loss of 762% occurred when the window is always 10% opened for all 
glass sizes on the external skin, and the minimum 458% heat loss occurred when the 
window is always half opened for all glass sizes on the external skin.

The yearly average resultant temperature for the simulated office is 21.91°C for all 
glass sizes on the external skin, with all window opening percentages. Furthermore, 
the yearly average resultant temperature is also achieved when the external skin has 
40% glass with a 20% window opening ratio, half of the external skin is constructed 
of glass with 40 and 50% window opening ratios, and the external skin has 60% glass 
with an 80% to full window opening ratio.

The yearly average relative humidity of the simulated office is 67.56% for all glass 
sizes on the external skin with all window opening percentages. In addition to this, 
the yearly average relative humidity is also achieved when the external skin has 10% 
glass with a 60% to full opening, the external skin has 20% glass with a 40–80% 
window opening ratio, the external skin has 30% glass with a 50% window opening 
ratio, the external skin has 40% glass with a 20–40% window opening ratio, half of 
the external skin is constructed of glass with a 40% window opening, the external 
skin has 60–80% glass with a 30–40% window opening, and the external skin is 90% 
to full glass with a 30% window opening ratio.

During all seasons, heat is always transferred away from the opaque and trans-
parent internal surfaces of the simulated office. Moreover, heat is also transferred 
from the outside of the opaque walls and transparent surfaces toward both internal 
surfaces.

Office air is heated by energy transferred from the internal surfaces of the simu-
lated office’s opaque and transparent walls during all seasons of the year. The external 
opaque wall is always transferring energy toward the external air, while the internal 
surfaces of the transparent surfaces transfer energy to heat up the office air except in 
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January, November, and December, because the energy transfer in these three months 
flows from the external air to the internal surface.

Architects, users, and engineers should be careful because in a hot and humid 
climate like Famagusta, adaptive thermal comfort within buildings is of great impor-
tance. Furthermore, July was found to be extremely hot, while January, February, 
March, April, November, and December were extremely cold, indicating that build-
ing users should pay attention to the cost of utilizing mechanical devices in these 
times of the year.
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Chapter 10

Holistic and Affordable Approach
to Supporting the Sustainability
of Family Houses in Cold Climates
by Using Many Vacuum-Tube
Solar Collectors and Small Water
Tank to Provide the Sanitary Hot
Water, Space Heating, Greenhouse,
and Swimming Poole Heating
Demands
Luis E. Juanicó

Abstract

This work presents a new proposal for supporting the sustainability of a
single-family house in very cold climates by installing many vacuum-tube solar collec-
tors and a small water tank in order to fulfill the whole dweller demands of heat: space
heating, sanitary hot water, and warming both, a greenhouse (spring and autumn) and
a swimming pool (summer). This way is obtained a sustained demand that maximizes
the utilization of heat from solar collectors throughout the year. This system is designed
intending to use the smallest tank that fulfills the winter heating demand, supported by
vacuum-tube solar collectors and a little help from electrical heaters working just on the
valley tariff. This innovative design gets the most sustainable (but affordable) solution.
This goal can be achieved by using a small well-insulated overheated aboveground
water tank, instead of the huge underground reservoir of heat used by most projects
tested up today. These large communal projects use huge reservoirs to provide seasonal
thermal storage (STES) capacity, but their costs are huge too. Besides, it was observed
that all these huge STES suffer large heat losses (about 40%), due to constraints for
thermally insulating such very heavy systems. On the contrary, our small aboveground
water tank can be thermally insulated very well and gets affordable costs. In this work is
developed dynamical solar-thermal modeling for studying this novel approach and are
discussed its major differences with traditional design. This modeling is used to study
the whole demands of heat for one family living in the same conditions of the Okotoks’
project. The Okotoks’ project is based on many flat solar collectors (2,290 m2) and a
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huge (2,800 m3) rocky-underground STES system in order to almost fulfill (97%) the
space heating demand of 52 houses (15,795 kWh/y ea.) in Alberta (Canada), having an
overall cost of 9 MU$ (173,000 U$ ea.). We have already shown in previous work that
this new proposal could reach noticeably lower costs (€30,500) than the Okotoks’
project in order to provide the same heating demand, by taking advantage of using
18 vacuum-tube collectors (solar area 37 m2) and a small (72 m3) well-insulated (heat
losses 18%) water tank heated up to 85°C, which is the same temperature used in
Okotoks and other traditional projects. Now, this proposal is enhanced by using a
holistic approach to include other low-temperature demands (sanitary hot water and
warming a greenhouse and swimming pool) that enhance the sustainability of dweller
living. This way, the full production of heat from solar collectors is utilized (about six
times larger than the single space heating demand, but using only 20 vacuum-tube solar
collectors (21 m2 solar area) and a very small (10m3) water tank, reaching about a lower
overall cost (€20,000), and so, the economic performance is enhanced as well. Besides,
it is shown that using a small fraction of electrical heaters as a backup system (2%) and
slightly overheating the water (up to 120°C@2 bar), which is feasible by using com-
mercial stainless steel water tanks designed for such purposes, its economic perfor-
mance could be again noticeably enhanced (reducing the overall cost to €20,000, and
getting payback period less than two years). This way here is demonstrated the overall
solar-STES system can be reduced by about half size meanwhile the energy output can
be increased up to seven times. Hence, the thermal analysis performed suggested us
strongly critic the traditional approach of using flat solar collectors instead of vacuum-
tube collectors. This analysis shows that this choice has strongly driven the selection of a
huge STES, which in turn increases noticeably the overall costs of the system since for
such huge STES is mandatory to use underground reservoirs. However, this analysis
also shows that without including those secondary demands, this proposal achieves a
modest economic performance (payback period about 11 years) regarding its lower
energy saved and compared against the “most smart” standard solution (one water tank
with electrical heaters, costing about 5,000 U$ and exploiting the valley tariff of noc-
turnal electricity costing 0.1 €/kWh). On the contrary, when these secondary demands
are included, the payback period is reduced by two years. Beyond the particular case
studied here, this analysis suggests that the right design of any solar + STES system
should be led by the solar production. On the contrary, the traditional design intends to
fulfill one demand (space heating) concentrated during winter, and so, its performance
is noticeably penalized, and the solution is definitely not to put a larger tank. Unfortu-
nately, up today the poor performance of these projects has shown that this solar
technology is (by far) unaffordable. Maybe its best days have gone, considering the
enormous improvements achieved by another solar technology (using photovoltaic
panels + heat pump + small daily-storage water tank), as it was discussed here.

Keywords: zero-energy buildings, seasonal thermal energy systems, solar collectors,
household energy demand, thermal and economic analysis

1. Introduction

1.1 Previous works

In a previous work [1], we have already developed a dynamical thermal modeling
of solar collectors linked to a seasonal thermal storage (STES) system. The major
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advantage of this model is its simplicity. This model uses one-step time and explicit
numerical scheme so that it can be programmed easily on any standard spreadsheet,
instead of other complex three-dimensional codes (like TRANSYS). Besides, in this
work was deeply discussed that a complex code is completely unnecessary for model-
ing STES systems based on well-insulated water tanks. On the contrary, it was dem-
onstrated by using physical simplifications that such systems can be modeled as a
zero-dimensional system, and so, this simplest (the so-called lumped-capacity model)
spatial modeling can be used, in which all the water tanks can be considered at the
same homogeneous temperature. Furthermore, this work has also demonstrated that a
very refined time simulation neither is necessary, since a large (seasonal) storage
system would have only slow variations of temperature (cooled during winter and
heated during summer) and so, the STES yearly evolution can be perfectly modeled
by using one-day time step. Beyond these useful simplifications, the major strength of
this simple model is to provide a useful framework for modeling the solar system (a
set of solar collectors) together with the STES system, which in turn allows us to take-
in-hand all the system parameters. These parameters comprise the solar collectors’
parameters (their number, title angle, and their efficiency’s equation), as well as the
STES parameters (the water storage capacity, the insulation quality, and maximum/
minimum working temperatures). Hence, the analysis performed has surprisingly
shown that the behaviors of the STES and solar systems are actually coupled. This
way, we have found that a small short-term STES working with many vacuum-tube
solar collectors can provide the same overall performance (that is, to fulfill the space
heating demand during winter) that a huge seasonal STES working with many flat
solar collectors, meanwhile the first design reaches a noticeably lower cost.

In this work will be summarized the major findings obtained in this previous work
[1] as the starting point for the present analysis. On this, it will be studying a novel
proposal that could enhance the performance of this novel design. It uses an over-
heated water tank (up to 120°C) instead of the 85°C level previously used, which
creates a slight overpressure (2 bar) that can be withstood by using commercial
stainless steel tanks. Besides, this proposal follows a holistic approach in order to
include all the secondary heat demands related to a family living in a very cold climate
location, besides the space heating demand that is concentrated during winter. These
demands comprise the sanitary hot water demand, warming a greenhouse (from
spring to autumn), and swimming pool (during summer). Therefore, a sustained
demand throughout the whole year is created. This is a key to maximizing the pro-
duction of energy from solar collectors since the small STES only can provide a short-
term (less than one month) storage capacity. This constraint was a serious drawback
shown in the previous study, in which the surplus of solar energy produced by solar
collectors must be avoided for ten months each year. Hence, we have realized that
such kind of solar + STES system could be better utilized since it uses a very large
number of solar collectors to fulfill the heating demand concentrated during winter,
but its large potential for generating heat during the whole year is not exploited. Here
was the starting point for the holistic approach (by including all the secondary
demands of heat) studied here.

1.2 Present development of the (solar plus thermal storage) technology

During the last twenty-five years have been developed several testing projects of
Seasonal Thermal Energy Store (STES) associated with a solar system based on many
collectors for providing space heating to many houses (or department buildings) in
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cold locations, mostly in Canada and Germany [2, 3]. These projects have shown this
technology is feasible, although very costly.

The first and most important project that will be considered here is the well-known
Okotoks’ project, developed by the Drake Lake Solar Community in this place (51°N)
within the Alberta State of Canada. This project intends to create a sustainable solar
community, and their performances are available online by internet, as well as by
several technical reports. For example, Sibbitt et al. [4] has recorded their (solar and
thermal) performances. This project works since 2007 up today, and it provides
annually 97% of the space heating demand to 52 well-insulated houses (117 kWh/m2/y
and 135 m2 ea., in this very cold climate (average 5.2°C and 5,020 heating degree days
defined according to [5]). This project uses 798 flat solar collectors (2,290 m2) and a
long-term storage system that heats the underground rock by means of 144 very deep
(40 m depth) wells drilled covering over a 700 m2 field (that is, covering a 28.000 m3

volume of rock). This huge STES system is designed to provide seasonal storage (that
is, the solar collectors accumulate heat during summer, and houses demand heat
during winter), but this design (using the rocky underground) only achieves an
overall efficiency of 60%, since there are remarkable heat losses from the reservoir
(heated up to 90°C) to the surrounding ground. This huge long-term STES system
works together with another short-term system based on 240 m3 water tanks, which
provides the household space heating by using under-floor water systems. This is the
right choice in order to maximize the thermal capacity of the reservoir (working
within the usable 85–35°C range, instead of working within the usable 85–60°C range
when hot-water radiators are selected as the heating system). The solar radiation
received on the 45°-inclined collectors (13,902 GJ/y) is collected with an overall 31%
efficiency, and can effectively store solar energy only during the warm season [6]. The
heating demand in Okotoks is very concentrated during four months (94%), which is
a typical characteristic of cold continental climates. These figures present an exigent
scenario for a STES system that explains the superlative cost (U$173,000 per each
house) of this project [7], mostly due to the extremely high cost of constructing the
rock reservoir.

In previous work, we have already analyzed our novel approach for solving the
heating demand of a single house on the Okotoks´ project. However, since this project
uses a different kind of STES system, we need to state another two starting points for
performing our study. For our purpose, just let us keep in mind the major parameters
for every single house of the Okotoks’ project: the cost (U$173,000 ea.), the solar
collector area (44m2), the rocky reservoir (538 m3), and finally, the annual heating
demand (15,795 kWh/y). These parameters will be useful for comparing after with
other designs.

The second reference point considered here is the Friedrichshafen (48°N) project,
working since 1996 in Germany for heating a department building. This project con-
sidered a STES system based on a huge (12,000 m3 and 20 meters height) underground
water tank. This tank is also very heavy since it is built by using 60 cm-thickness
reinforced-concrete walls that include a 1.2 mm stainless steel liner. Although this STES
system is huge, it can satisfy, only partially (just 25%), the space heating demand of a
multifamily building (23,000 m2, 100 kWh/m2/y) by using hot-water radiators. The
solar system comprises 4,050 m2 flat solar collectors installed onto 38° inclined roofs
[8, 9]. This project has preferred to use a huge water tank in order to reduce its area/
volume ratio and so their specific heat losses and cost. This goal was achieved when it is
compared against other similar (but smaller) German projects. So, this (12,000 m3)
tank achieves a lower specific cost (112 €/m3) than the Hamburg project (4,500 m3,
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220 €/m3) and the Hannover (2,750 m3, 250 €/m3) project [2]. However, due to its
heavy mass and large depth, it is also very difficult to wrap this tank with standard
isolative materials, which can withstand pressure up to 2 bars. So, the Friedrichshafen
project has recognized heat losses of about 40% on this huge tank related to the lack of
thermal insulation on its lower third (bottom and walls). Also by considering its heat
losses of about 8% in the heat distribution system. This project shows the drawbacks of
building a huge communal system, regarding our approach that designs a small system
for each house. Besides, regarding the use of flat collectors working up to 90°C in cold
climates, this project demonstrated that these collectors can achieve a poor average
efficiency (30%). The total investment of this project (4 M€) is recognized by Bauer
et al. [8] as a not cost-effective solution, regarding the low percentage (25%) of fossil
fuel substituted. Let us note that by comparing the heat productions of the
Friedrichshafen and Okotoks projects, the German project achieves an equivalent cost
of about 128,000 dollars per Okotoks’ house (considering an exchange conversion of
1.2 dollars per euro). So, even recognizing that the German solution is cheaper than
Okotoks, it is not enough cheap to become an affordable solution by far. However,
there are some interesting learned lessons obtained from these German projects; the
feasibility of using water tanks as the main thermal storage system (the cost of this
huge tank is about 66,000 dollars per each equivalent Okotoks’ house), and the worse
performance of using hot-water radiators instead of in-floor water as space heating
system, regarding the poor yield obtained from flat solar collectors. The main param-
eters of this STES system can be calculated in order to compare against the Okotoks
one, by taking its equivalent heating demand related to a single Okotoks’ house (15,795
kWh/y). Hence, we can obtain: an overall cost of 128,000 dollars, STES water volume
of 320 m3, and solar collector area of 108 m2. These poor numbers reflect the bad
choice using a high-temperature heating system (hot water radiator instead of under-
floor hot water) and shows the coupling effects between the three (solar, STES, and
heating) systems involved.

The third project that we consider now as a reference point uses a small water tank
for heating a single house. The Irish Galway project was initiated in 2006, [10]. It uses a
23 m3 underground water very well insulated (wrapped by an EPS layer of 60 cm
thickness) and six vacuum-tube collectors (2 m2 solar area and costing €500 each one)
for heating a single house (1,827 kWh/y) within a temperate climate (2,063 heating
degree days). This project is important for us because it has demonstrated the economic
feasibility of small solar+STES systems, which can reach reasonable investments
(€ 28,344). In addition, from the detailed cost breakdown performed by Colclough and
Griffiths [10], it is obtained a good starting point for developing now our economic
analysis. For example, this project has shown that large fixed costs (€4,300) related to
the many auxiliary systems (temperature sensors, valves, piping, controller, pumps,
etc.) required, and the same fixed cost will be considered in our project.

Besides, the Galway’s project provides some useful lessons:

1.The actual cost of the underground tank exceeds largely the sole cost of the
stainless-steel tank (€ 5,350). The total cost of the water tank must include their
insulation (€ 3,060), the soil excavation (€ 1,404), and other labors related to the
underground sitting (the construction of a grave and another impervious layer)
add € 7,800, increasing the total cost up to € 17,600.

2.Thermal stratification does not occur within this well-insulated tank, in which
have been measured temperature differences down 2°C.
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3.The falling prices of solar collectors and the relatively high cost of the solar
installation (€900), has been recognized by Colclough as a reason for installing
more collectors since the installation cost is almost a fixed cost. Following this
concept, Colclough, Griffiths, and Smyth [11] have estimated by numerical
calculation that the solar fraction of the heating demand could be increased by
50% by doubling the number of solar collectors, which implies a modest extra
investment of €3,000 when it is compared against the overall cost.

Regarding the last point from Colclough, we can expect significant improvements
by performing an economical optimization on the number of collectors. This analysis
should be done by considering the performance of both, the solar system and the STES
system. However, at present, there is not any modeling tool available for this purpose.
Most of the works have performed thermal models of STES by using complex numer-
ical codes, like TRNSYS or ANSYS [11–13]. However, regarding the high complexity
of these tools, we have realized that these codes are not suitable for modeling alto-
gether the solar and thermal behaviors and for taking all-in-hand its parameters, as it
is provided in this work by developing an explicit numerical model. Otherwise, the
TRNSYS and ANSYS codes are suitable for modeling systems having two main char-
acteristics:

1.Fast-transient dynamic, in which a very-detailed time discretization is required,
which can be solved by using a time step of about one minute.

2.Spatial gradients of temperature are relevant, which can be performed by using
finite volume method.

The first characteristic is not actually relevant for modeling large-term
(as seasonal) STES systems, in which the evolution of the tank temperature is very
slow, according to the high ratio between energy stored and energy demanded every
day. Therefore, in such kinds of systems is not necessary to consider time steps shorter
than a day. The second characteristic is relevant for modeling huge underground STES
systems, in which their large weight forbids us to insulate their bottom part as it
occurs in the aforementioned Friedrichshafen’s project. However, this is not the case
with small tanks, as it is proposed here. Those heavy STES systems suffer noticeable
heat losses, and high-gradient temperature profiles, in both, radial and axial direc-
tions. On the contrary, this behavior can be neglected within small well-insulated
tanks, as the Galway project has demonstrated [10].

From these findings, we have developed a simple lumped-capacity thermal model
for water tanks, which assumes that both (radial and axial) temperature profiles can
be neglected and so, all the water can be considered as having the same (homoge-
neous) temperature. The axial profile can be minimized by putting the source heat
exchange below the sink one (this is the opposite configuration usually used in huge
tanks, which is created a stratified temperature profile in order to minimize the heat
losses about the not-insulated bottom part of the tank), and so, causing a free-
convection flow that counterbalances the stratification, as the Galway’s project has
conveniently used [11]. In addition for aboveground tanks, there is a uniform bound-
ary condition (the outdoor temperature) that helps to create a homogeneous axial
profile. So, the radial temperature profile could be neglected in small tanks; indeed,
this effect not solely depends on the tank size. Regarding the very-well known thermal
behavior related to the heat conduction within a body surrounded by a fluid
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convective cooling [14], the diffusion of heat along the radial axis is complemented by
the convective heat losses at the outside surface of the tank: In “large” tanks the heat
diffusion is relevant and the convective heat transfer can be neglected. Meanwhile,
the opposite behavior occurs in “small” tanks; but, indeed, their relative importance
(their quotient) is actually represented by the dimensionless Biot number:

Bi ¼ h D=λw (1)

where h is the convective coefficient of heat transfer (at the external surface of
tank), λw is the thermal conductivity of water, and D is the tank diameter. In general,
problems involving Biot <1 (in which the heat diffusion within the tank can be
neglected) are simple, since they can be considered that the temperature field within
the tank is homogeneous [14], and so, the single thermal resistance (and temperature
variation) to be considered is the one related to the boundary convective layer. Let us
note that for well-insulated aboveground tanks, the convective coefficient (h) does
not involve solely the thermal resistance of the convective film layer; otherwise, it
rather than represents the thermal resistance of the insulation layer (that is, the major
thermal resistance involved here), defined by its thermal transmittance (U). The
reader can check that for the largest tank considered here (D = 3 m, λw = 660 W/K.m,
U = h = 0.1 W/m2K), it is verified that Bi <1. Indeed, even observing some minor
temperature difference, as the 2°C difference measured in the Galway’s tank [10], it
must be considered that the actual temperature of the tank’s surface is always lower
than the mean temperature of the tank, and so, this homogeneous model is conserva-
tive for estimating the heat losses. Besides, by placing the sink heat exchanger on the
central axis, the heat is delivered to the house with a temperature higher than the
average, and so, this model is again conservative.

2. Solar and thermal modeling

2.1 New system design

This conceptual design considers many vacuum-tube solar collectors for heating
one water tank up to 120°C in order to provide space heating by water in-floor system.
Regarding previous works (up to 85°C), this overheating can be achieved with a
modest tank overpressure (2 bar) that can be easily withstand by commercial stainless
steel tanks (designed with a relief valve at 3 bar), meanwhile, this tank doubles the
useful heat capacity (from 120–33°C) of previous tanks (from 85–33°C). So, the
water-glycol mixture is heated up to 125°C and the in-floor system is cooled up to 28°C
in order to maximize the working range of temperature within the tank, by consider-
ing a 5°C temperature jump in both heat exchangers, similarly to the Galway’s project.
This 5°C difference is enough for using standard tubular-copper exchangers that
provide the demanded (�10 kW) heat power while getting affordable costs [15].

On the other hand, our design intends to use a small tank having a storage capacity
of between two to four weeks for the winter heating demand. A smaller tank has a
lower cost and also, a smaller total area, which in turn implies lower heat losses and
insulation cost. This small tank is designed to be heated only around one month
previous to the winter demand in order to be ready for this exigent demand, but most
part of the year this tank is actually not used, meanwhile the vacuum-tube solar
collectors are used for heating the secondary demands. Let us note that, this kind of
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collector has a remarkable ability for collecting energy even during cloudy days. For
instance, according to measured data of the vacuum-tube collector manufactured by
Apricus, its yield during cloudy days is 25% of the yield obtained during clear days
[16]. On the other hand, a flat collector would have a negligible yield during cloudy
days, and even on sunshine days during cold winters.

2.2 Solar collectors modeling

The use of vacuum-tube collectors in order to maximize the solar yield during
winter is a key within this design, instead of the flat collectors usually used in these
tested projects. This point will be discussed now by considering the efficiency curve of
commercial vacuum tubes and flat solar collectors (see Figure 1), which are provided
by the European Solar Industry Federation [17]. The instantaneous efficiency (η) of
any solar collector can be approximated by its optical efficiency (a0) and their linear
(a1) and quadratic (a2) heat-losses coefficients, as is described by Eq. (2). Here,Tm is
the mean temperature of collector, which receives normal solar flux, In (W/m2), and
Ta is the ambient temperature [18].

η ¼ a0–a1 Tm–Tað Þ=In–a2 Tm–Tað Þ2=In (2)

Let us note in Eq. (2) that both heat-losses terms are divided by the normal
irradiation (In). Hence, regarding that flat collectors have higher heat-losses coeffi-
cients than vacuum-tube ones, this effect (penalizing flat collectors) is minimized in
Figure 1 by considering a very high (800 W/m2) In value, for which both curves
intersect at 70°C (by taking the gross area for the vacuum-tube collector, which is
another subjective decision that clearly favors flatting collectors). However, this value
does not represent by far an actual average condition. Although this flux could be
observed as the total solar irradiation (I) on clear days, a flat collector would obtain

Figure 1.
Efficiency curve for different kinds of solar collectors.
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this flux as its normal projection (In) only at noon (when its azimuthal angle is null)
and twice along the year (when the elevation angle of the sun above the horizons
matches normally the collector’s tilt angle). Therefore, it is more accurate to consider
both efficiency curves for lower In values. For instance, Figure 2 are illustrated the
efficiency curve for both collectors working on In = 400 W/m2 and 200 W/m2, for
which are obtained intersecting points of 34°C and 17°C, respectively. These results
show that, in these cases, the flat collector almost never gets higher efficiency than the
vacuum-tube collector. In addition, for this last case (In = 200 W/m2), the flat collec-
tor cannot get energy for temperature differences higher than 37°C, meanwhile, the
vacuum-tube collector still gets a remarkable 36% efficiency in this case.

Let us remark that these low values of solar normal flux do not represent neces-
sarily a cloudy-day condition. For example, let us consider now a fully sunny winter
day (I = 800 W/m2) in the Friedrichshafen project (having 38°-inclined collectors) at
4 pm, that is, when the elevation angle of the sun over the horizon is 2° and thus, the
zenithal-angle of the sun with the collector’s normal is 50°. For this condition, the sun
rays present an azimuthal angle of 60° onto a south-oriented flat collector. So, the
product of their cosines (cos60° x cos50° = 0.32) leads to getting a normal irradiation
flux over the flat collector In = 257 W/m2, for which the maximum temperature
difference, this flat collector could reach is 47°C. Therefore, it can be inferred that this
flat collector always would obtain negligible winter yields working with 55°C hot-
water radiators, as was observed in the Friedrichshafen’s project. Otherwise, in this
case, the vacuum-tube collector gets 34% efficiency, which is calculated by taking
In = 514 W/m2, regarding that for this case, the azimuthal projection (cos60°) must
not be considered, due to this cylindrical geometry. This comparison can be extended,
for example, to a fully sunny summer day at 4 pm when the elevation angle of the sun
is 17° and then, the azimuthal angle over collectors is 35°, leading to In = 327 W/m2 for
the flat collector and In = 654 W/m2 for the vacuum-tube collector.

Therefore, following the previous discussion, we can conclude that Figure 2
induces us to make a huge mistake that is to compare both collectors as working on the
same In value. Another way of saying this is that the crossing-point of both curves
cannot be used at all as a criterion for comparing the performance of flat and

Figure 2.
Efficiency of flat and vacuum-tube collectors (In = 400 and 200 W/m2).
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vacuum-tube collectors. Let us note that a flat collector receives a variable
azimuthally-projected solar area along the day, meanwhile, a cylindrical collector
always offers the same azimuthally-projected solar area. Although a full discussion of
this issue depends on many factors, such as the day of the year and the latitude of the
location, etc., maybe we could consider now a useful analogy. Regarding the total solar
energy received along the day (G, kWh/m2), the flat collector can be represented by a
fixed PV panel, and meanwhile, the vacuum-tube collector could be represented by
another PV panel mounted onto a one-axis solar-tracking system. Hence, we can
compare the yield of both collectors by using the well-known result that the one-axis
tracking PV panel produces about 30% more energy than the first fixed PV panel [19].
Therefore, and taking into account that our solar model calculates the G received for
tube collectors and not for flat collectors (see the solar_trajectory.xls file in [20]). It
will be conservatively estimated the G values received by flat collectors by reducing
25% the G values calculated for cylindrical collectors. And now, let me be completely
clear about this point. In my opinion, it is completely unforgettable that most solar
researchers have traditionally neglected this mismatch behavior between flat and
vacuum-tube collectors; I guess that this is due to some aversion against vacuum-tube
solar collectors, which mostly are manufactured in China. However, and in order to be
fair for both kinds of collectors, I have to note also that vacuum-tube solar collectors
have a major drawback, regarding their concerns about overheating, which potentially
can be very dangerous (especially considering heat-pipe collectors with an integrated
water tank above vacuum tubes), but, precisely this kind of solution as is studied here
(by using large water tank and controlling system) should be the “silver bullet” for
this weakness. In my opinion, from the selection of flat solar collectors within most
projects performed up today, we can realize that this aversion exists. As we will discuss
here, the huge costs reached for all projects performed up today (by using a huge STES
system) are related to this choice, and this is the major cause of the failure of this
technology. A failure that may cannot be overpass in the future, since nowadays is been
coming to another solar technology with a better perspective for solving the heating
household demand. This novel technology is the air/water heat pump (having
efficiencies around 400%) that can be linked with photovoltaic panels in order to get a
sustainable solution, as well as the proposed (solar + STES) technology, does.

2.3 Thermal model of STES

The STES system is modeled on these useful assumptions for simplifying:

1.The condition of temperature surrounding aboveground tanks is modeled by
using the monthly averages of outdoor ambient temperature. This assumption is
reasonable by considering that the tank temperature varies slowly, and so, any
fast variation on the ambient temperature is counterbalanced and can be
neglected in order to calculate the monthly heat losses of the tank.

2.The fully time-related terms involved in the STES energy balance (that is,
thermal powers and temperatures) are considered by means of their monthly
averages. This is a reasonable assumption that the heat transfer mechanisms
(conduction and convection heat losses) involved are described by linear
equations and so, they both are proportional to the difference of temperatures.
Therefore, any fast fluctuations are counterbalanced when this term is integrated
along one month. However, let us point out that by considering a numerical
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scheme based on monthly time steps, it will be introduced several numerical
errors, and for this reason, after performing this model, another model will be
performed by using daily time steps in order to verify the accuracy of the results
obtained with the previous monthly model.

3.The field of temperatures within the water tank can be considered homogeneous,
T. This assumption is reasonable according to its low Biot number, as it was
previously discussed.

Working on the previous three hypotheses, the time evolution of the tank temper-
ature can be calculated by means of the thermal model based on lumped capacities
[14]. Taking this model and by considering now the energy equation, the rate of
internal energy can be calculated by counterbalancing the solar power (Qsolar) gained
with both extracting powers, the heat losses to the surrounding ambient (Qamb) and
the power delivered to the household in-floor heating system (Qheat):

M c dT tð Þ=dtð Þ ¼ Qsolar tð Þ–Qamb tð Þ–Qheat tð Þ (3)

In this equation, the water mass and its heat capacity are noted by M and c,
respectively. Thus, the annual evolution of the STES temperature can be described by
using their monthly averages going through a twelve-equation system, as:

M c dT1=dtð Þ �¼ M c T2
1 � T1

0� �
=Δt ¼ Qsolar

1–Qamb
1–Qheat

1 (4)

M c dT2=dtð Þ �¼ M c T3
1 � T2

1� �
=Δt ¼ Qsolar

2–Qamb
2–Qheat

2 (5)

M c dT12=dtð Þ �¼ M c T1
1 � T12

1� �
=Δt ¼ Qsolar

12–Qamb
12–Qheat

12 (6)

In this system is approximated every n-teenth (n = 1,2 … 12) temperature rate
(dTn/dt) by its difference quotient along its monthly time step, (Tn + 1 -Tn)/Δt, and so,
we can transform the original system of differential equations in another (simpler)
system based on algebraic equations. The supra-index in powers and the sub-index in
temperatures denote the ordinal monthly number, and the supra-index in tempera-
tures denotes the number of the numerical iteration performed for obtaining an
accurate solution. This system describes an explicit numerical scheme that can be
solved by performing an iterative procedure. Thus, starting with a seed value for the
first month (T1

1), the first value of every month can be cleared going through
(Eqs. (4)–(6)). Here, the last Eq. (6) gives us the new value for the first month (T1

2),
from which this iterative procedure starts again, and continues until the whole system
converges to the stationary periodical solution, which describes the temperature evo-
lution of the tank. This numerical code was performed on a spreadsheet (see Comple-
mentary Material, in [20]) and from our results, we have observed that usually, only
little iterations are needed. This behavior is expected, according to the physical char-
acteristic of this system, which is an energy dissipater. So, we have chosen a spread-
sheet instead of any procedural language for developing our numerical tool,
considering its advantage of providing explicit all-in-hand modeling.

We have to calculate now the three power terms, Qsolar, Qamb, and Qheat, in order to
solve the previous algebraic system (Eqs. (4)–(6)). The first term (solar power)
depends on the solar resource and the efficiency of solar collectors. For N collectors
having collecting area Ac and instantaneous efficiency η(t), the instantaneous solar
power collected from a normal solar flux In(t) is given by:
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Qsolar tð Þ ¼ N Ac η tð Þ In tð Þ (7)

Actually, we are only interested in obtaining the monthly averages of the collected
solar energy, Esolar

n. So, the monthly balances of powers (Eqs. (4)–(6)) will be
substituted by the monthly balances of energy. However, it is cumbersome to inte-
grate Eqs. (7), due to the high variability of the solar resource. On the other hand, the
single solar data worldwide available are the monthly averages of the daily solar
energy on ground level (Gn). Thus, this lack is now solved by introducing monthly
average factors (αn x Gn), which take into account the relation between both monthly
solar irradiations, the received on ground level and the received on the collector when
it is elevated a given tilt angle (φ). By using these factors, the monthly average of the
collected energy can be calculated by:

Esolar
n ¼ N Ac η

n αn Gn (8)

In this equation, we have been introduced the monthly averages of the collector’s
efficiency, ηn, which (from Eq. (2)) can be calculated by substituting the actual
collector mean temperature (Tm) at the n-teenth month by the tank temperature
calculated at the previous month,Tn-1:

ηn ¼ a0–a1 Tn�1–Tað Þ=In–a2 Tn�1–Tað Þ2=In (9)

Here, let us note that the mean collector’s temperature is around 5°C, higher than
tank temperature by taking into account the temperature jump in the heat exchange.
However, also the ambient temperature could be considered around 5°C above its
daily average, according to the fact that the collector gets its highest efficiency mostly
around noon, and so, these opposite effects are canceled.

The αnxGn factors introduced in Eq. (8) must be calculated according to the
latitude of the location, the day of the year and the collector’s shape (cylindrical or
flat), and they can be calculated from many solar codes available in the literature.
Here is provided with a code programmed for cylindrical collectors (see in solar_tra-
jectory_Bariloche.xls [20]), based on the well-known equations that describe the
apparent trajectory of the sun [1, 21]. By using this code, the procedure from which
the calculation of the αnxGn factors can be described by four steps:

1.To calculate the sun trajectory and its normal collector’s area along the day for
every month. This step is performed by setting the input data (cells B4-B7) by
considering the mean day of every month (for example, d = 15 for January, etc.).
Thus, cells A14: F255 are obtained the intended results.

2.To calculate for every month the daily solar energy received on the ground (G)
for a given (constant) direct solar irradiation, I. This calculation is performed by
setting to zero the collector’s tilt angle (cell B6) and so, the calculated G value is
obtained in cell B10.

3.By using this I-G calculation and the known values of Gn, now we can calculate
(by iterating) the monthly values of I, that is, the equivalent direct solar
irradiation that provides the same energy on the ground. Of course, this is a
simplified model that does not consider the diffuse solar irradiation (that is an
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isotropic term), but, for the goal looking for here (to get the monthly averages of
collector’s production), this is a reasonable approximation.

4.Then, by using these monthly I values it is calculated the solar irradiation that
would receive a cylindrical collector (αnxGn) mounted with a given tilt angle.

Although at a first glance this procedure could be cumbersome, it is a well-known
methodology; there are many similar software applications for calculating the solar
irradiance over a collector as a function of its tilt angle. For example, the reader can
study the simulating tool developed by NASA [22] for studying the G value for
different tilt angles in any worldwide location. This issue has also been studied in the
literature. Duffie and Beckman [23] have suggested tilt angles equal to the latitude for
maximizing the annual yield. Tang andWu [24] and Handoyo, Ichsania, and Prabowo
[25] have recently proposed another criterion.

The energy losses by the tank (to the ambient for aboveground tanks, or to ground
for underground ones) along the n-teenth month, Eamb

n, is calculated in Eq. (10) by
integrating the Qamb power term during its time step (Δtn), and by considering the
tank temperature of the previous month,Tn-1. In Eq. (10), λ and s are, respectively, the
thermal conductivity and thickness of the insulation material, and A is the overall
external area of the tank.

Eamb
n ¼ λ=sð ÞA Tn�1–Ta

n� �
Δtn (10)

Remembering that the monthly averages of energy consumed by the space heat
system (Eheat) and the monthly mean ambient temperatures are given by Table 1, now
all terms of Eqs. (4)–(6) can be explicated. So, these equations can be solved by the
iterative procedure described before, by:

M c T2
1 � T1

0� � ¼ Esolar
1–Eamb

1–Eheat
1 (11)

M c T3
1 � T2

1� � ¼ Esolar
2–Eamb

2–Eheat
2 (12)

M c T1
1 � T12

1� � ¼ Esolar
12–Eamb

12–Eheat
12 (13)

Let us discuss now the accuracy of this numerical methodology. There are two
numerical approximations introduced by this explicit one-step scheme, related to the
using of the temperature at the previous month (Tn-1), instead of using (Tn) for calcu-
lating the heat losses to the ambient (Eq. (10)) and the collector’s efficiency (Eq. (9)).
These two approximations together with the monthly approximation of the tempera-
ture rate (dT/dt), can be improved by reducing the time step, which is similar to any
other numerical solver. This way, for all cases studied here, is provided three numerical
codes (see Complementary Material in our Mendeley Dataset, [20]. The first code
(namely 12 months) is based on a monthly time step (Eqs. (11)–(13)). The second code
(namely 365 days) follows the same physical approximations that the previous one, but
based on a daily time step and so, it gives us a more accurate solution. As it will be
discussed in the next section, the major improvement achieved is related to the calcula-
tion of efficiency (Eq. (9)), which on the monthly modeling has tended to underesti-
mate the efficiency during the winter months, which in turn penalizes the system’s
performance. In addition, there is a fourth approximation “hidden” in our numerical
modeling, which is related to the calculation of the αn factors. This approximation is
programmed on both previous codes by using the same monthly values calculated, as
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was previously described by using our solar (solar_trajectory) code [20]. This code
calculates the αn factors going through the daily sun apparent trajectory by using a time
step of 0.1 hours. Therefore, here is also provided with a third code (namely full365)
that includes a daily calculation of these αn factors. These calculations can be performed
day by day going through a very time-consuming task, by using our solar code
(solar_trajectory). Fortunately for the reader, this procedure has been already
programmed by using a Visual Basic subroutine that is provided too (clicking the right
button of your mouse over the name of the sheet and then, selecting the option ‘view
code’). Here, is also provided with a second sheet (namely 0.01 h) that includes a more
accurate (taking 0.01 h time step) calculation for solar_trajectory.xls, in order to mini-
mize the error of this procedure too. Hence, now the accuracy of our first monthly
model (12 months) can be estimated by comparing its performance against this most
refined daily model (full365) developed. According to the observation that this last
model provides always solutions with very small variations of the main variable (that is,
the tank temperature varies down 0.3°C in every daily step), the numerical error of this
model can be estimated as negligible and thus, the total error of our first monthly model
can be estimated by comparing against this last code; this way, we have observed always
solutions within the +/� 10% bandwidth error.

3. Results

3.1 Results for our previous design

Let us summarize now the major results obtained by using our previous design,
which is based on the present design developed here. So, that design is similar to the
present design, but has some minor differences:

Monthly heating demand Ambient mean temperature

% kWh (°C)

January 28.6 4,521 �12

February 11.9 1,884 �8

March 3.4 533 �2

April 0.9 148 5

May 1.8 281 10

June — 0 13

July — 0 17

August — 0 18

September — 0 12

October — 0 5

November 16.3 2,569 3

December 37.1 5,855 �9

Annual 100% 15,795 4.5

Table 1.
Monthly fractions of heating demand and ambient mean temperatures for Okotoks.
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1.The water tank is heated up to 85°C (instead of 120°C);

2.The system is designed to only satisfy the space heating demand (instead of
including other demands);

3. It is not used standard heaters as a backup system.

This design was performed in our previous work [1]. Summarizing, the analysis
performed had found several different behaviors:

a. For small tanks, the system performance is better as much as the tank size is
increased. This expected behavior has led to traditional projects using very large
STES systems.

b. For tanks larger than a certain size, the opposite behavior is found, that is, the
system performance is worse as much as the tank size is increased. In this case,
was observed that the drawback of larger heat losses (due to the larger tank
area) counterbalance the positive effect of having a larger heat storage capacity.

c. For small tanks, it is mandatory to maximize the collector yield during winter,
and so, very high collector’s tilt angles must be used, like 78°. It also was
observed that this high tilt could be obtained by mixing some collectors on a
more common tilt angle (like 45°), and others put onto vertical walls (90°).

d. Otherwise, for large tanks (that works properly as a seasonal storage system) is
not mandatory to use high tilt angles, and lower angles (usually used for
maximizing the annual yield, like 45°) can be used.

e. The results obtained for vacuum-tube solar collectors are noticeable better than
for flat ones. Flat collectors get poor average efficiencies and are almost null
during winter. Meanwhile, vacuum-tube collectors can obtain some interesting
yield during winter, even on cloudy days.

f. These thermal performances are related to their economic performances. It is
possible to fulfill the heating demand by using a small (72 m3) aboveground
water tank with 18 vacuum-tube collectors (solar area 37 m2), costing about
30,500 euros. On the other hand, for flat solar collectors it is required to install a
larger tank (170 m3) and 23 flat collectors (solar area 48 m2), and so, the overall
cost increases to 45,400 euros if an aboveground tank is installed. However,
maybe this large tank causes an undesirable visual impact and would be
preferred an underground siting, in which case the overall cost increases to
112,500 euros.

The calculation of any solution implies choosing a tank size (M) and calculating the
minimal number of solar collectors (N) needed in order to satisfy the space heating
demand, that is, that the water temperature of the tank works always within the
usable range (33–85°C) in order to provide the space heating demand. However, in
this procedure, we must keep in mind that the dynamical model considers only
average parameters (temperatures, etc.). So, during very cold days and especially
when very small tanks are chosen, this calculation could not be conservative, since the
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thermal storage capacity of the water tank could not be enough for overpassing such
an event. Therefore, let us study now the behavior of the STES system during the
worst weather event (having several fully cloudy days) that we will define as a ten-
day cloudy-weather event. This event is calculated in our model by means of not
considering the average monthly solar irradiance, and instead considering the collec-
tor’s yield obtained during cloudy days. So, we are calculating the (higher) number of
collectors needed for solving this extreme condition. These N numbers are illustrated
in Table 2 (in brackets) for φ = 78°, together with the usual average solution. Here is
observed that this very cold winter leads to very poor performances for small tanks,
which must be supported by using much more collectors. Otherwise, large tanks can
easily manage this scenario; for example, case A (M = 170 m3) provides enough
storage for one month, and so, the number of collectors are the same in both (average
and worst) cases.

Table 3 summarizes the breakdown of cost (for the case φ = 78° and ten-day
storage capacity) for the previous cases studied in our previous work [20]. It is
interesting to note that the larger tank (case A) obtains a total cost slightly higher than
the other ones, but it provides the largest storing capacity (one month) that can fully
provide the heating demand. However, in this case, it should also be evaluated the
visual impact of placing this large aboveground tank close to the house. So, let us
study now another option for providing this large storage capacity, which is
performed by using the next smaller tank (case B) with eighteen solar collectors, so
getting a total cost of €32,200.

Table 4 repeats the previous analysis by using flat solar collectors (STES_Okotoks-
Flat collectors, in [20]) having each one the same solar area (2.088 m2) as the previous
vacuum-tube collectors, but, of course, they both have different efficiency curves,

M (m3) N 78°(#) ηcollector (78°) N 45°(#)

1,360 8(8) 69% 8

170-A 8(8) 63% 9

72-B 16(18) 59% 19

21-C 27(34) 58% 33

4,6-D 30(76) 57% 36

Table 2.
(N, M) solutions for vacuum-tube collectors.

A B C D

Collectors €4,800 €10,800 €20,400 €45,600

Tank €20,031 €11,362 €5,038 €1,849

EPS insulation €6,290 €3,515 €1,554 €555

Siting preparation €68,000 €28,800 €8,400 €1,840

Fixed costs €4,344 €4,344 €4,344 €4,344

Total (underground) €103,500 €58,800 €39,700 €54,200

Total (aboveground) €36,400 €30,500 €31,600 €52,400

Table 3.
Breakdown of costs for different solutions (φ = 78°).
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according to Figure 1. The performance of these flat collectors has been simulated
(following our previous discussion) by reducing 25% the solar factors αnxGn previ-
ously calculated for vacuum-tube collectors. Similarly, the In fluxes previously calcu-
lated are now 25% reduced and then used in the efficiency equation (Eq. (9)).

Now, by comparing Tables 2 and 4, we can observe that flat collectors always get
lower efficiencies than vacuum-tubes ones and that their efficiency decreases strongly
as much as the tank size is reduced, and so, their working temperature is increased.
Another difference regarding vacuum-tube collectors is that flat collectors achieve
negligible efficiencies during winter and so, their performance is highly penalized
when small tanks are used. Otherwise, it is interesting to note that their performances
are very reasonable by using large tanks, in which they can take advantage of their
higher efficiencies during summer (Table 4).

In order to estimate the total cost of these alternative designs for Okotoks, it will be
assumed that the unitary cost of flat collectors is equal to previous vacuum-tube ones,
regarding that there is a wide range of commercial models for both kinds of collectors
and so, different cost choices. Table 5 shows the total investments for the previously
studied cases. Here is can be observed a different behavior regarding the previous
systems with vacuum-tube collectors, since now the best choice is always obtained
with the largest tank (case A). In addition, this large tank can support the collectors
installed on different tilt angles.

It is interesting to compare this case (solar area 37 m2) with the Okotoks’ project
that uses a similar collector’s area (44 m2 per house). This 170 m3 tank gets an average
efficiency of 82%, which is higher than the Okotoks STES efficiency (60%), due to
their lower size and higher thermal insulation (the Okotoks reservoir uses 583 m3 of
rocky underground per house). The comparison with the Friedrichshafen’s project is
also interesting since both use water tanks as STES system. Here is observed that the
German project uses a larger tank (320 m3) with low efficiency (60%) and a higher

M (m3) N 78° (#) ηcollector (78°) N 45°(#)

1,360 13(13) 54% 14

573 12(12) 48% 12

170-A 23(23) 28% 28(28)

72-B 51(76) 23% 61(90)

21-C 62(211) 22% 76(239)

4,6-D 62(∝) 22% 75(∝)

Table 4.
(M, N) solutions for flat collectors (tilt angles 78° or 45°).

Tank siting -tilt angle A B C

Underground-78° €112,500 €93,600 €146,000

Aboveground-78° €45,400 €65,400 €137,800

Underground-45° €116,400 €102,600 €163,000

Aboveground-45° €48,400 €73,800 €154,600

Table 5.
Total costs for flat collectors.
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solar area (108 m2) too, leading to a noticeable higher overall cost (128,000 U$) per
equivalent Okotoks’ house.

Finally, Table 5 is presented the total cost of these cases for underground tanks,
calculated from the Galway’s underground tank (€17,600). Here we can observe that
an underground tank always leads to a remarkable higher cost than the aboveground
option. Hence, since a small tank can be conveniently be insulated, we will prefer
aboveground tanks. Moreover, as we will discuss in the next section, this aboveground
could be installed within the greenhouse near the house, and this way, its heat losses
can be useful for warming the greenhouse.

3.2 Results for the new design

The new design takes advantage of four main concepts:

1.The utilization of other secondary demands of heat throughout the whole year in
order to fully exploit the collector yield. Regarding that space heating demand is
very concentrated during four months in cold locations as Okotoks (from
November to February, 94%), it was observed in the previous study [1] that the
small tank cannot store the solar production along the year, and so it must be
avoided during seven months (being needed just one month for heating the tank
in advance to cold season). Hence, here is exploited this surplus of heat to fulfill
other demands, like warming a greenhouse (during spring and autumn) and
swimming pool (during summer).

2.Here is allowed to help the solar production during winter (the most exigent
demand) by using small standard electric heaters (consuming total energy down
10% of annual solar production). This backup system helps us to downsize the
STES (the main cost), as we shall see in this section. This choice is a smart
economical optimization since these electric heaters only must work during the
extremely cheap (about 0.1 euros per kWh) valley tariff.

3.The capability of a commercial stainless steel water tank for withstands slight
overpressures (up to 3 bars). Hence, in this design is overheated the water tank
up to 120°C (2 bars) and this way, the usable heat (from 120–33°C) is doubled
regarding previous design.

4.The low cost of these tanks that are massively manufactured for daily-storage
solar & heat pump applications (space heating and sanitary hot water). These
tanks are available up to 5,000 liters costing about 3,000 euros, and including
high-quality thermal insulation, internal double heat exchanger, and thermostat
and standard electric heater. So, we can build the whole STES system (by adding
a water pump and controlling unit, adding 2,000 dollars) easily by installing one
or more tanks.

This novel design was developed on new software [26] that is similar to our previous
dataset but includes the calculation of the secondary demand and other minor changes.
The managing strategy followed here combines different objectives along the year:

1. It maximizes the secondary production from spring to autumn, by setting the
tank temperature at 30°C during this warm period. So, the secondary demand is
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calculated every day as the one required in order to get an equilibrium balance of
energy (that is, the fully heat production from solar collectors is used as
secondary demand). This low temperature (30°C) was set according to fulfill the
main secondary demands considered (warming a greenhouse and swimming
pool). Actually, this 30°C level is not enough for providing sanitary hot water
demand (another secondary demand considered), but this last demand
(calculated as 200 liters of 40°C-heated water, or 9.3 kWh per day) is almost
neglected (about 1%) compared to the total secondary demand produced every
day. So, the production of sanitary hot water would not change the energetic
balance calculated here; maybe it implies some minor complexity (another 200
liters tank heated up to 45°C every day by solar collectors) that will not be
considered here.

2.The water tank is heated up to 120°C before the peak winter demand starts
(during December); it is observed that a month is enough for this purpose.
Therefore during November the tank is heated by solar collectors meanwhile the
space heating and sanitary hot water demands are fulfilled, and all the other
secondary demands are avoided.

3.The water tank is continuously cooled during December since the demand is
higher than the solar yield, but the backup electric heaters are used in order to
keep the minimum usable level (33°C) on the last day of December.

4.The tank temperature is increased along January without using the backup
system since the primary demand (avoiding other secondary demands) is lower
than the solar yield. This way, it is observed that the tank is heated at about 70°C
on the last day of January.

5.During February and March, it is considered that the “danger” condition has
been overpassed (there is still some heating demand, but it is remarkable lower
than the previous one). So, our strategy for this period consists in setting the
water tank to 45°C, in order to provide some margin for any “bad weather event”
that might occur. Therefore, the system could provide another secondary
demand (to warm the greenhouse), starting with a “heat punch” that is
calculated in order to get the 45°C desired level.

6.From April to October (the warm season), the tank is set to 30°C (starting again
with a “heat punch”), and all solar production is available for other secondary
demands.

Following this managing strategy, Table 6 shows the results obtained by a sensi-
tivity analysis on the number of collectors (N) for 10 m3 water tanks (that could be
built by using two 5,000 liters commercial tanks). All cthese cases are described in our
Dataset [26], cases #1 to #5. In all these cases is calculated the annual heat production
from solar collectors, Esolar, and the annual heat production from electric heaters, Eelec

(it absolute value and percentage of Esolar), and it is also noted the continuous electric
power, Pelec, that would be required during the valley tariff (8 hours per day), and the
number of months of the year that the system could provide these secondary demand
(warming a greenhouse or swimming pool). Let us note here that the total fixed
demand to fulfill (space heating, 15,795 kWh/y and SHWD, 3,407 kWh/y, totalizing
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19,202 kWh/y) is several (among 3 and 7) times smaller than the total energy pro-
duced by including these secondary demands too. In all these cases, the thermal
efficiency of the STES system is very high (around 95%), as much as the average
collector efficiencies (around 67%). Although the tank must be overheated during
winter, and in this condition, the collector efficiencies are down to 40%, these annual
efficiencies are high because most parts of year the collectors (and tank) work on low
temperatures.

The sensitive analysis performed in Table 6 is now related to cost analysis
(Table 7), by considering each 5,000 liters tank (€4,000), the auxiliary systems
(controlling system and pump, €2,000), and each 20-tubes (2.088 m2 solar area)
collector (€500, similar to our previous work). The cost of electricity is always con-
sidered as 0.1 €/kWh, according to the valley tariff, for the backup system and for
calculating the annual saving obtained compared to standard system (fully providing
heating by electrical heaters).

Table 7 shows that higher the number of collectors is lower the payback period is,
although with slight differences (10%) above twenty collectors. So, the optimal solu-
tion could be 20 to 30 collectors, according to the investment desirable and the
secondary heating demands that actually are required. This last point is remarkable;
the previous analysis is based on considering that the fully solar production is utilized,
otherwise, the cost optimization would noticeably change. For example, let us con-
sider now the opposite behavior, that is, without others’ secondary demands (except
SHWD). In this condition, the total heating demand is 19,202 kWh/y and so, the
maximum annual saving achievable is €1,920 (minus the backup consumption). So,
by calculating again the payback period for this condition (the last column in
Table 7), are obtained values from 11.3 to 13.1 years, being the optimal around 15
collectors. Hence, we can conclude that an optimal point for every condition is around
20 collectors.

N (#) Esolar (kWh) Eelec (kWh) Eelec (%) Pelec (kW) Months 2nd heat

10 53,760 6,424 11.9 15 8.0

15 74,259 3,664 4,9 11 8.6

20 94,363 1,852 2.0 7 9.0

25 117,243 768 0.7 3 10.6

30 139,889 99 0.1 0.4 11.0

Table 6.
Sensitive analysis for number of collectors, N, and backup heaters (M = 10 m3@120°C).

N (#) Total cost (€) Backup (€/y) Saving (€/y) Payb. (years) Payb.* (years)

10 15,000 642 4,700 3.2 11.7

15 17,500 366 7,100 2.5 11.3

20 20,000 185 9,300 2.2 11.5

25 22,500 77 11,600 1.9 12.2

30 25,000 10 14,000 1.8 13.1

* represents the payback period without secondary demands

Table 7.
Cost analysis for previous (Table 6) cases.
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Let us study now the sensitivity analysis about tank size, M. It is possible that a
larger tank could obtain a better performance since the backup system would be less
required. This is true, but it must be counterbalanced with higher heat losses (due to
the larger tank area), and higher costs as well. Table 8 shows this effect (for N = 20)
by considering M = 10, 50 and 100 m3. This last case is repeated (*) for considering a
slightly different strategy; in this, the large storage capability is exploited for
collecting energy during the summer (this tank can store about 42 days of winter
heating demand), what could be useful is the dweller does not have a swimming pool,
in order to use this stored energy during the spring and autumn seasons. This way, the
usable season for the greenhouse could be started before (January) and ended after
(October) that is, extending it two months. Table 8 shows that a larger tank suffers
larger heat losses that overpass the benefits of having a larger storage capacity (that is,
the overall energy production achieved in this way is lower). Besides, the total cost
related to a larger tank is increased noticeably, being €52,000 and €92,000 for M = 50
and 100 m3, respectively.

Finally, all the previous analyses show that the solar, thermal and economical
behaviors are strongly linked. Hence, simple explicit modeling as it is performed here
has been demonstrated to be useful for optimizing altogether the system parameters.

4. Conclusions

In this work was studied the performance of solar + STES systems based on many
vacuum-tube solar collectors and a small well-insulated aboveground water tank,
which is used to provide all the heat demands related to a single-family house in cold
climates. This approach is innovative in many manners. These kinds of systems have
been traditionally designed to fulfill the space heating demand of many houses
together in cold climates that are concentrated during winter, but in this case, it is also
designed to satisfy other secondary demands of dwellers along the year, like sanitary
hot water, and to warm a greenhouse (from spring to autumn) and a swimming pool
(during summer). Besides, the traditional approach followed in most projects has used
many flat solar collectors with a huge STES that provides seasonal storage. On the
contrary, here is proposed to use many vacuum-tube collectors and a short-term
STES, which provides a solution with noticeably lower costs.

This work has discussed the radical differences between both designs from a
designer point of view, that is, to perform “inverse engineering” (from results to
design), in order to understand the motivations behind each design. It has shown that
there are many hidden concepts supporting the traditional design. So, the choice of a

M (m3) ηtank (%) Esolar (kWh) Eelec (kWh) Eelec (%) Pelec (kW)

10 95 94,363 1,852 2.0 7

50 89 94,704 744 0.8 3

100 82 91,354 0 0 0

100* 71 78,721 0 0 0

* represents the payback period without secondary demands

Table 8.
Sensitive analysis for tank size (N = 20).
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huge STES seems to be motivated by the expectative about reaching lower costs and
heat losses, due to scaling up the reservoir size. As it was discussed here, none of both
issues has been actually achieved in present large projects. Firstly, it is true that the
volume/area ratio can be reduced by enlarging the tank size, which could lead to
getting lower heat losses and costs as well. However, this effect is actually overcome
by higher heat losses caused by the fact that is not possible to put thermal insulation
under a huge and overweight tank. For example, the Friedrichshafen’s project uses a
12 m-height underground tank (walls built by 30 cm-thickness reinforced concrete
and a stainless steel 2 mm liner) in which there is no insulation on its bottom third
part, and it achieves overall heat loses about 40%, similarly to the Okotoks’ project on
its huge heat reservoir built by deeply drilling the rocky ground. Secondly, the cost of
building a huge (12.000m3) tank as the Friedrichshafen’s project uses, is noticeably
increased by the requirements of mounting it within an underground site, since such
as huge tank would cause a high visual impact if it is mounted aboveground. Further-
more, we have already discussed in the previous work that the ultimate motivation
behind the use of a huge heat reservoir is to support the utilization of flat solar
collectors. This kind of collector cannot give yield during winter (when the space
heating demands occur) in cold climates; so, this choice obeys us to consider a sea-
sonal STES, in which the flat collectors accumulate heat during summer.

On the other hand, the novel design proposed here uses many vacuum-tube col-
lectors, which can obtain a remarkable yield during winter. This way, this solar system
can be supported by a short-term (providing down one month of the heating demand)
STES system, which in turn reduces noticeably the overall cost. This way, this short-
term STES can be performed by using an aboveground stainless steel water tank,
which can be easily wrapped with thermal insulation in order to achieve overall heat
losses of about 5%, and achieving overall cost remarkable lowers that the traditional
design.

According to the performance of both designs, the traditional design and novel one
proposed here, we can point out that the preference for flat collectors is the primary
cause behind the unaffordable costs achieved by all projects developed up today. We
guess that this issue has been overlooked in previous analyzes, but we want to be clear
about this. There are many customers reluctant to put vacuum-tube solar collectors in
their homes. This is true especially in Europe, where is forbidden to install collectors
that waste water from the distribution grid. This situation can occur (mostly in
summer vacancies, that is, without hot-water consumption) for vacuum-tube collec-
tors. In this case, these collectors can suffer a dangerous overheating solved by
discharging steam to the ambient. This solution could be acceptable for use as a second
(security) system, but this is completely unacceptable for using periodically (that is,
working actually as a controlling system). For example, in the event that it happened
that this pressure-relief valve gets stuck and the overpressure cannot be released, the
water tank could suffer a catastrophic rupture, which nobody wants to occur in his
home. Perhaps, this weakness of the design of vacuum-tube collectors is actually the
major limitation for their massive application. It is funny, but this overheating is cause
for their successful improvement in getting lower heat losses (achieved by using
better sensitivity coatings with lower infrared emissivity), as was shown in a recent
work. In this work is discussed how this drawback could be solved by just making a
step back in the development of better sensitive coatings [18]. This solution is afford-
able and can be easily applied by manufacturers, instead of the complex and expensive
solutions that are currently under development, which propose smart selective coat-
ing with temperature-controlled solar light transmittance [27, 28]. Moreover, in this
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work, Juanicó also proposes to enlarge the number of vacuum tubes and the size of the
water tank of the average collector (about 40 tubes and 500 liters water, instead of the
average 20-tubes 200-liters collector) in order to noticeably enhance the capability of
the solar collector for providing the hot water demand during several cloudy winter
days, as well as this design noticeably reduces the risk of overheating. This new design
of collector intends to overcome the present limitation of solar collectors that, at the
present, satisfy only partially the average dweller demand.

According to this last design, we can realize now that the small (solar + STES)
system proposed here follows this concept. A relatively large tank size (10 m3) can be
enough large to overcome concerns about overheating during vacancies. Moreover,
the thermal–hydraulic configuration used here (in which the heat produced by solar
collectors is transferred to the tank only when the controlling system does that)
forbids the risks of overheating at the tank. Besides, the high-temperature (up to 120°
C@2 bar) heat reservoir proposed here helps to overcome this concern, because the
thermal efficiency of commercial vacuum-tube collectors decreases noticeably work-
ing at this temperature. These features altogether should convince us to use vacuum-
tube collectors as a feasible and safe option.

This work has studied the advantage of using a STES that can withstand higher
temperatures (up to 120°C). This level is higher that the temperature used in previous
projects (up to 85°C), but this novel proposal could be easily performed by using one
of more commercial stainless steel tanks (5,000 liters) that are manufactured at low
cost and including all the auxiliary systems needed: two heat exchangers built by
copper coils, standard electrical heater, pressure relief valve (3 bar), and good-quality
thermal insulation. So, this design exploits the advantage of using low-cost commer-
cial tanks manufactured by Chinese factories, mostly for their solar internal market.
We can conclude that this novel proposal could be a “silver bullet” useful in order for
this technology can become an affordable and suitable solution.

Up today, this solar+ STES technology remains within the under-developing pro-
totypical level after more than twenty years of studying and a similar number of large-
scale projects tested (mostly in German). Moreover, which is worst, I think, is the fact
that there are negligible chances of reaching success in the future, since the cost of a
huge STES system could hardly become enough cheaper to become a technology
economically competitive. Moreover, I think we cannot expect a good prospective for
this technology in next years, since also the price of solar collectors seems to have
reached a steady level after reaching a large massive production scale. On the other
hand, during this period the photovoltaic panels have noticeably become cheaper, as
well as other technologies related to the production of electricity and its utilization for
heating water, such as 1) the generalization of net metering and distributed generation
from homes; 2) the reduced price of battery backup systems, by the hand of the
generalization of electric cars that drives the growing up of the second-life battery
market; 3) the generalization of air-water heat pumps, which are useful for providing
all these low-temperature demands of heat having superlative efficiencies (up to
400%), or conversely, this is equivalent to increase four times the electricity from PV
panels.

The vacuum-tube collectors can obtain significant yields during winter, even dur-
ing cloudy days [29]. Therefore, by using many vacuum-tube collectors the winter
demand can be fulfilled working with a short-term STES system. This design is
noticeably cheaper than the traditional one based on a huge tank, according to the
lower cost of a small tank. Besides, this work will be also studied the thermal and cost
performance achieved when this small tank is installed aboveground, instead of the
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traditional underground siting used in large projects. Hence, it was demonstrated that
by using reasonable thermal insulation, the heat losses of the aboveground tank are
similar that the underground one, but, since the aboveground tank has an overall cost
noticeably lower (up 4 times) than the underground one, the aboveground choice is
preferred here.

Finally, this work was a study of the economical optimization of these systems by
adding a partial generation of heat from standard electrical heaters. This configuration
is reasonable because it could take advantage of using the very low cost “valley” tariff
during the night (11 pm to 7 am) for household dwellers.
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Abstract

Buildings are one of the highest emitters of greenhouse gases globally. To reduce 
the detrimental effects of buildings on the environment and recognise their potential 
for emissions reductions, a transition towards sustainable building solutions has been 
observed globally. This trend and the associated benefits have been discussed and 
argued for more than three decades now. However, the impacts of sustainable buildings 
are yet to be demonstrated at macro, meso, and micro levels in the community, as 
the actual versus expected performance of such buildings are still being questioned. 
Consequently, this entry discusses the concepts underpinning sustainable buildings 
outlining the drivers and practices to achieve sustainable built environment solutions 
from the design to operation stage using university buildings as a case study. The 
chapter also recommends evidence-based solutions on understanding the actual and 
perceived gaps to achieve expected performance using “Green Star” rated academic 
buildings in Australia.

Keywords: facility management, green academic buildings, green construction,  
green star, post-occupancy evaluation, sustainable buildings

1. Introduction

Globally, it is a critical time to act on climate change either through developing 
appropriate policies, focused research or implementing sustainable and green strate-
gies across various sectors. The report by United Nations Environment Programme 
(UNEP) and International Energy Agency (IEA) [1] indicates that by 2056, globally, 
there is going to be a rapid increase by five-fold in the economic activity and by 
three-fold in energy consumption compared to the current numbers. Furthermore, 
there would be a population increase by 50% and a drastic rise in global manufacturing 
activities imposing further pressure on the resources and planet. Buildings alone 
are responsible for 40% of the GHG emissions [2, 3]. As a consequence of the rapid 
growth in economic activities, urbanization, and growing population, the impact of 
the built environment sector on the planet is anticipated to worsen further. The build-
ing industry’s exhaustively growing consumption of energy through the construction 
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to operation phase is considered as a major contributor to environmental pollution, 
producing an enormous amount of waste [4–8].

However, the building industry also demonstrates high potential and has capabilities 
to contribute towards significant emissions reduction [9–10]. As stated by the United 
Nations Environment Programme [2], “the solution that sits at the intersection of 
urbanisation and climate change which can cut carbon emissions, boost productivity, 
and enhance the health and wellbeing of people is a green building.” The outcomes and 
commitments of the built environment sector have also been recognized as a critical 
sector at COP26 at Glasgow demonstrating leadership, resilience, and social inclusive-
ness for climate action [11]. However, a “sustainable” or “green building” is a broad and 
complex concept, which is still quite perplexing for the building industry. Sustainability 
is a concept that is built upon three key aspects, namely environmental, economic, 
and social sustainability. These three aspects need to be incorporated collectively and 
cannot be targeted individually to achieve expected results [4, 6, 7]. Jenson [12] states 
that it is when all these aspects fit together in the planning and governance strate-
gies, one can deliver buildings that perform as desired and are truly sensitive to our 
environment. This is a challenge continually encountered by design, construction, and 
building management practitioners. The objectives primarily established are mostly 
only incremental changes; however, what is required is a step-change in these design 
and management approaches being currently followed to acknowledge the veritable 
potential of buildings.

Supporting this concept, many recent studies have argued the potential of build-
ings for delivering significant cuts in emissions at no cost or little extra cost, reducing 
harmful environmental effects, and acting as the backbone of any economy [3, 6, 8]. 
There is immense potential for this as the building industry employs more than 10% 
of the global workforce [1, 3, 6, 10], resulting in gains in social outcomes as well. 
Underpinned by this argument, this chapter discusses the key concepts of sustainabil-
ity in buildings and recommends a best practice model to close the gap between actual 
versus expected performance taking “Green Star” rated tertiary education institutions 
in Melbourne, Australia as case studies. Green Star is the internationally recognised 
sustainability rating and certification of the Green Building Council of Australia 
(GBCA). This is cross-referenced in Section 2 – Background (p4) with further infor-
mation. The results of the study presented assists the design community to deploy 
strategies that not only meet a building’s energy and savings targets but also respond 
to occupants’ requirements of space comfort and use, creating an overall efficient 
system for users and building managers alike, thus achieving all three components of 
sustainability – reduction of environmental impacts, increased social outcomes, and 
reduced economic costs.

2. Background

The two aspects of the overall building purpose and operation are not neces-
sarily always in sync as has been demonstrated to date by the way the industry has 
approached this problem in the form of split incentives [13]. Many organisations 
feel that just complying with the environmental norms or national regulations is 
enough to meet user needs, and their work is completed once they manage to deliver 
a building as per such guidelines. Examining the performance of a building is also 
mostly restricted to evaluating the operation of a building with respect to energy 
consumption and energy efficiency. Most initiatives taken by facility managers and 
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senior management are to ensure that the utilities, that is, electricity, gas, and water 
consumption of the building meet the standards overlooking other key concepts of 
performance management, such as incorporating the occupant’s perception and out-
look in building management, performance evaluation through a building’s life cycle, 
and other such social considerations beyond the environmental. However, a building 
in operation is a complex system and its management should not be restricted only to 
the knowledge of facility managers. It should focus on more integrated and holistic 
approaches, where the organisational objectives, knowledge of facility managers, 
review by the external stakeholders, and occupant perceptions should all be consid-
ered together to be satisfactory and present optimum results for these stakeholders.

As indicated earlier with green buildings, the assessments have generally been 
restricted to the measurement of energy being the key focus for most organizations 
when aiming to reduce the emissions or overall carbon footprints. When including 
other aspects of building performance, many studies [14–19] have discussed the 
significance of monitoring design and other internal building features, with a focus 
primarily on indoor environmental quality (IEQ ) and thermal comfort conditions. 
However, not much focus and practical exploration have been undertaken to consider 
occupant satisfaction for evaluating overall building performance and closing the 
loop between the occupants and building management to achieve holistic green 
outcomes [20, 21].

Tertiary education institutions have a critical role in the current decade to innovate, 
excel, and set an example in meeting the needs of the changing environment [22]. The 
strategic vision of universities needs to be one that accounts for the rapidly changing 
world, and to be flexible enough to recalibrate and refresh as conditions around them 
change. Universities globally are investing billions of dollars into building construc-
tion that showcases their sustainability commitment [23] designed for being used as 
science laboratories to incubate innovative green technologies facilitating academic 
and research activities. Universities are constantly upgrading to sustainable standards 
leading through design, innovation, and adapting to new reforms and requirements by 
the industry around the globe. Such reforms are formulated to cultivate a population 
that is knowledgeable and active towards their crucial role in sustainable development 
and combating climate change.

Over the last several years there has also been a shift away from a prescriptive 
approach to sustainable design towards the evidence-based evaluation of actual 
performance through life cycle assessments (LCAs). While LCAs are not yet a consis-
tent requirement of green building rating systems and codes, there is a trend towards 
requiring LCAs and improving the methods for conducting them [24]. Here is where 
green building assessment tools play a role in guiding the design professionals towards 
green approaches and eliminating bad performing buildings from the building indus-
try. Building assessment tools are in a continuous state of evolution and continue to be 
refined to reflect new standards and goals for achieving ever-higher levels of sustain-
ability [24, 25]. Therefore, it is essential to investigate the most current versions of 
these tools to gain an understanding of the requirements that must be met to achieve 
optimal results.

Globally, sustainable building rating systems started about 30 years ago after 
the development of Building Research Establishment Environmental Assessment 
Methodology (BREEAM) in 1990. Since then, there is an emergence of several envi-
ronment rating tools for buildings, such as Leadership in Energy and Environmental 
Design (LEED) in the U.S.A, Eco-Quantum in the Netherlands, Promise in 
Finland, Eco-Pro in Germany, Haute Qualité Environnementale (HQE) in France, 
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Comprehensive Assessment System for Built Environment Efficiency (CASBEE) 
in Japan, and Athena in Canada, to name a few. The assessment methods for these 
rating tools vary from the perspective of scope, structure, format, and complexity. 
Apart from the most commonly used rating tools, such as LEED and BREEAM, other 
assessment tools fall into the category of qualitative and life cycle assessments, includ-
ing the Sustainable Building Tool; Green Star, Hong Kong Building Environmental 
Assessment Method (HK BEAM) or tools adapted to specific countries, such as LEED 
adapted for Canada and Australian Green Star adapted for New Zealand and South 
Africa. In some instances, the tools have developed into a new tool, for example, the 
Building Assessment Tool (SBAT) influenced by BREEAM and LEED.

Although most of the existing building rating systems are voluntary, in some 
countries, such as Australia, it is a mandatory requirement for minimum energy 
requirements of new office buildings and major refurbishments as per the National 
Construction Code Building Code of Australia maintained by the Australian Building 
and Construction Board [26]. Development and uptake of such rating schemes are 
promoted in Australia at a national level, as the detrimental effects of buildings 
account for approximately a quarter of the nation’s greenhouse gas emissions and two-
thirds of electricity consumption [27]. Currently, two voluntary national accreditation 
programs exist to measure and report on the environmental performance of office 
tenancies and assist in guiding best practice office fit-outs. These Australian building 
rating systems are mandatory requirements for minimum energy requirements of new 
buildings and major refurbishment [28]. The two rating systems, that is, NABERS and 
Green Star, currently available in Australia promote sustainable building development 
in the commercial space. Green Star is Australia’s only national, voluntary, holistic 
rating system for sustainable buildings and communities [29]. The Green Building 
Council of Australia (GBCA) developed Green Star, which is a design-based rating sys-
tem that provides no guarantee of, or commitment to, a specific level of performance 
and confines itself to the intent of the design and to some extent the provision of the 
process to achieve that intent [30, 31]. The Green Star rating system is a much broader 
rating scheme than NABERS and assesses both environmental and liveability factors 
throughout a building’s lifecycle [29]. Green Star has now achieved sufficient market 
penetration and may be considered to be part of procurement practice by industry.

This study used Green Star rated buildings. Green Star started with three rat-
ing classifications, that is, “As Design,” “As Built,” and “Green Star Communities.” 
Recently a fourth component of “As Performance” [32] has been added to the rating 
system, with each classification having versions as and when updated.

There are several versions of each Green-Star tool that have been updated since 
the tool was first created. Rating buildings as per the design and built outcome to 
interiors, performance, and communities, Green Star supports deploying innovative 
practices to optimise sustainability outcomes through an array of options [33]. All the 
versions of the Green Star rating scheme started with a pilot version to understand 
the limitations and continued refinements based on changing global, national, and 
industry requirements. As the evaluation of the case study buildings were conducted 
over the period 2014–2019, the buildings used were all Green-Star buildings certified 
for As Design (v1) at the start of the data collection period. A total of 86 academic 
buildings/projects in Australia were certified As Design (v1). Of which, 35 projects 
were in Victoria. 37 buildings/projects were certified following As Built (v1) with 6 
projects located in Victoria.

Concurrently, what is also required is to constantly upgrade university governance 
models for long-term sustainability. The governance strategies for most universities 
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are focused on shaping their respective campuses, creating innovative learning 
spaces, and a student precinct, which supports a rich and rewarding student experi-
ence. Universities aim at developing teaching and research facilities, which by their 
very nature, encourage interdisciplinary collaboration and industry engagement, and 
explore options for campus development to accommodate increasing scale in both 
teaching and research. Formulating appropriate strategic plans to incorporate such 
outcomes is crucial and provides a framework within which to develop, implement 
and modify practices, associated investments, and action plans.

3. Method

For the purpose of selecting study buildings for the research, a detailed evaluation 
of four recently constructed Green-Star rated academic buildings in Australia was 
carried out to observe their performance and management structure in reality. Four 
tertiary academic institutions were selected in Melbourne, Australia as case study 
buildings, incorporating post-occupancy evaluation techniques and appropriate 
project management strategies. The buildings were completed within the 2010–2014 
period. The key features (Building Type, Academic Faculty, Green Star Certification 
Score, Volume, Area, and number of Floors) of the study buildings are described in 
Table 1. The buildings are denoted as Buildings A, B, C, and D. The results provide 
a model framework for design stakeholders to achieve desired building performance 
targets for green buildings, as they are designed to perform as per specific standards 
but can be applicable to conventional or non-green buildings as well, drawing upon 
lessons learned from this study.

The study has adopted a mixed-methods approach utilizing both quantitative 
and qualitative techniques. For quantitative data, survey research has been deployed. 
Surveys have been used to evaluate occupant satisfaction levels in the case study 
buildings.

Currently, Building User Survey (BUS) and Building Occupants Survey System 
Australia (BOSSA) are the only two officially accredited post-occupancy evaluation 
(POE) instruments within the National Australian Built Environment Rating System 
(NABERS) for commercial buildings used in Australia [34]. These surveys are robust 
and accessible Australian alternatives to other surveys currently in use by NABERS and 

Study 
Buildings

Building 
Type

Faculty Green Star 
Certification 

(Education 
Design v1)

Volume Gross 
Floor 
Area

No of 
Floors

Building A New Build, 
Refurbished

Architecture and 
Design

Certified – 5 Star 
Green Star, 2011

16,040 m2 13,000 
m2

10

Building B New Build Design and 
Manufacturing

Certified – 6 Star 
Green Star, 2013

21,000 m2 10,000 
m2

11

Building C New Build Construction Certified – 5 Star 
Green Star, 2014

17,500 m2 11, 861 
m2

3

Building D New Build Architecture and 
Design

Certified – 6 Star 
Green Star, 2014

17,673 m2 14,528 
m2

7

Table 1. 
Description of case study buildings.
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Green Star Performance rating tools [35]. However, BOSSA has wider applications, 
BUS surveys were used in this study due to the narrower scope, more-wider presence 
globally and acceptance of the respective survey, and the license rights available with 
or for the case study buildings [28, 34]. Apart from the BUS itself, an online survey 
deployed through Survey Monkey (cloud-based interface) was used by one of the case 
study buildings. Although the survey used was different for one building, their project 
managers allowed the researcher to add or modify survey questions as required before 
they were finally deployed. Hence, to ensure comparative study across all the build-
ings, their questionnaire was modified, and questions were added or removed to match 
the themes of the BUS format. So, four buildings used BUS and one building used an 
additional online survey as well as the standard BUS. BUS is available as hard copy 
survey and online; the buildings used the online survey rather than hard copy.

The surveys were used to evaluate the feedback of case study buildings, focusing 
on staff rather than staff and students. This was because staff spend more hours in 
a building either for teaching, research, or undertaking other professional activities. 
The BUS surveys used a 5-point Likert scale for measurement with 1 rating the highest 
dissatisfaction to 5 being the highest level of satisfaction. Statistical analysis of the 
occupant satisfaction survey data was carried out using SPSS Statistics (version 26) 
analysing via one-way ANOVA. Many studies [36–38] have proved that the Likert 
scale data can be analysed using parametric tests, as the analysis can vary based on 
how the responses are formulated. For example, in this research, the distance between 
each item category is considered “equivalent,” and when a Likert scale is assumed to 
present symmetry of variables and is equidistant, it behaves more like an interval-
level measurement in practice, being suitable for parametric tests [37, 38]. In this study, 
the distance between each item category is “equivalent” and the Likert scale was used 
to run parametric tests on the data collected. The other key primary criteria were to 
assess if the data were normally distributed within all groups. Hence, the Descriptive 
and Levine’s Test for Homogeneity of Variances was carried out for all variables [36, 37]. 
The output displayed normal distribution using the mean values as the measure of 
central tendency, that is, the probability distribution. Correspondingly, as the data 
represented a Gaussian population (normally distributed), one-way ANOVA was 
used to determine the statistical significance of data [36, 37].

In addition to the surveys, qualitative tools in the form of walk-in discussions, 
stakeholder interviews with the building facilities department and design stakehold-
ers, and focus group discussions were undertaken. The walk-in discussions assessed 
occupant’s (including building’s staff and students) responses in a more informal 

Figure 1. 
Data collection approach.
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manner, followed by the outcomes from the stakeholder interviews, assessing the role 
and responses of management and finally the focus group results. The focus group 
discussions were conducted to share the preliminary results and discuss preliminary 
results of the actual versus expected outcomes with key management stakeholders. 
These qualitative results assist in understanding and validating the occupant survey 
findings and facility management perspectives concerning sustainable and green 
building concepts. The study hence adopted an “Action Research” framework for data 
analysis. The steps involved in the data collection are summarized in Figure 1.

4. Results and discussion

The categories and sub-categories of the Green-Star As Design (v1) rating tool 
were used. Each sub-category has certain scores available that when combined 
form the maximum score available for that Green-Star category. The specific scores 
attained and statements made by the study buildings in the original Green Star appli-
cation documents assist in determining the original design intention by a building.

Green-Star performance of case study buildings was analysed by utilising the 
Green-Star applications submitted by the respective institutions as an expression of 
interest for creating these buildings. The scores achieved by each building assists in 
understanding the commitments of the respective institutions. The mixed-method 
techniques deployed assisted in evaluating and validating how well these case study 
buildings performed in relation to the targets they laid out in their respective applica-
tions. The scores achieved by each case study building against the nine categories of 
the Green-Star As Design (v1) rating system are shown in Table 2.

As shown in Table 2, all the case study buildings scored high under the first five 
categories, namely – (i) Management – achieving score on factors, such as external 
and internal building commissioning, delivering appropriate management practices, 
evaluating user satisfaction, technical and physical performance; (ii) IEQ – for 
improved technologies for providing better IEQ services; (iii) Energy – achieving 

Green Star 
As Design v1 
Categories

Available 
Points

Points 
scored by 

Building A

Points 
scored by 

Building B

Points 
scored by 

Building C

Points scored 
by Building D

Management 14 12 12 13 14

IEQ 25 13 11 16 17

Energy 29 14 14 18 14

Transport 13 12 12 13 12

Water 13 10 10 16 14

Materials 20 12 12 14 14

Land use and 
ecology

7 4 4 2 4

Emissions 13 9 9 6 8

Innovation 5 0 0 0 10

Total 140 65 – 5 Star 63 – 5 Star 76 – 6 Star 83 – 6 Star

Table 2. 
Scores achieved by each case study building across the nine Green-Star As Design (v1) categories.
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energy efficiency, carbon footprint reduction; (iv) Transport; and (v) Water – using 
water-efficient technologies. The buildings scored moderate on materials, land use, 
ecology, and emission and no score on innovation, except Building D, which attained 
double the maximum score available for innovation, due to commitment in design 
and technologies promised.

The BUS surveys used to assess the staff responses towards these newly built Green 
Star rated buildings evaluated user comfort, indoor environment quality, wellbeing and 
productivity, and communication with management. In relation to the surveys, the effec-
tive population size (N) for each case study building is described in Table 3.

The key findings to emerge from the surveys were occupant responses towards 
three main themes – (i) impact of various design and work environment conditions 
(office/desk design, thermal comfort, acoustics, personal control, etc.) on their 
overall behaviour; (ii) their overall comfort and perceived productivity; and (iii) 
dissatisfied engagement levels from the management level

The user’s perspective towards the impact of various design and work environment 
conditions on overall behaviour showed that 69% of users in Building A, 66% in Building 
B, 55% in Building C, and 58% in Building D rated the conditions in the building affected 
their behaviour personally (with colleagues) and professionally (in terms of work and 
productivity). Most users commented that the overall comfort or productivity was drasti-
cally affected, leading to changes in the work schedule and activities. Using Pearson (r) 
statistical test, significant at p <0.01, the highest correlation was the variable ‘building 
meets user needs and comfort’, followed by ‘overall comfort and perceived productivity’, 
and ‘perceived productivity and perceived health. The correlation results are presented in 
Table 4.

On rating the engagement of management, the mean of responses on the satisfac-
tion scale of 1–5 for Building D for two variables were – 4.25 for: (i) facilities meet 
user needs, and (ii) speed of response for staff complaints, and 3.24 for the effective-
ness of response. The results for Building D were the highest when compared to other 

Building Name Total no. of staff No. of responses

Building A 54 37

Building B 42 30

Building C 60 42

Building D 131 60

Table 3. 
Case study building sample size.

Variables Correlation between variables

Building 
A

Building 
B

Building 
C

Building 
D

Building meets user needs and comfort 0.821 0.786 0.705 0.993

Overall comfort and perceived productivity - 0.904 0.775 -

Perceived productivity and perceived health 0.913 0.747 0.863 0.797

Table 4. 
Pearson correlation coefficient (r) between work environment variables in case study buildings.



225

Highlighting the Design and Performance Gaps: Case Studies of University Buildings
DOI: http://dx.doi.org/10.5772/intechopen.102779

buildings, stating the highest level of satisfaction for the occupants of Building D. The 
other buildings also had mean scores close to or more than 3 on facilities meeting user 
needs and effectiveness of the response, demonstrating moderate levels of satisfac-
tion. The occupants for all buildings rated lowest on the speed of response to a request 
to change, demonstrating lower levels of satisfaction. This particular aspect was also 
observed in the open-ended comments, where the occupants (average of 42% in study 
buildings) expressed their discontent towards the attitude of the facilities for not 
acting upon their requests or complaints on time. When the variables under this cat-
egory were compared, a high correlation between two variables in each building was 
observed. The highest correlation (significant at p < 0.01) was observed in Building B 
followed by Building D demonstrating a high positive relationship. This suggests that 
for the users in Buildings B and D, the positive response for one variable affected the 
other directly. The correlation results are presented in Table 5.

On completion of occupant feedback survey analysis, it was observed that the 
occupants of the study buildings had mixed feelings about the facility. As primary 
occupants of the buildings, the staff were reasonably satisfied with the overall build-
ing, but not fully satisfied that it met their expectations specifically in relation to their 
office space and comfort. However, as per the occupant’s perspective, the facilities 
were designed very efficiently and effectively for its students, with management’s key 
focus being on providing a comfortable and desirable environment for the students 
over the staff.

Nonetheless, for all four buildings, the occupants on average showed high satisfac-
tion (87%) towards the building design and Green Star attainment, medium/neutral 
satisfaction (57%) towards maintained temperature conditions, lighting levels, and 
comfort, and low satisfaction (42%) towards noise levels, office space, perceived pro-
ductivity and health, and personal control over physical factors. This level of lower 
rating can be associated with several factors, including a shift to open-plan offices, 
sustainability initiatives not working well, and a lack of appropriate occupant engage-
ment by the management, as per the occupant’s open-ended comments provided 
in the surveys. Upon comparison between the four buildings, it was observed that 
Building D outperformed all other study buildings with the highest occupant satisfac-
tion (89%) and Building C rating the lowest levels of occupant satisfaction towards 
most measured variables (54%).

Summarizing the responses, the quantitative results assisted in understanding the 
extent to which the study buildings met their occupant’s needs and expectations, and 
how well have the facility managers succeeded in providing the building services to 
the occupants. On an average (43%), the results implied an overall low satisfaction of 
occupants with respect to their workspace environment and factors, demonstrating 
that the study buildings lack the ability to meet the primary objective of fulfilling 
occupant needs and improving their comfort and productivity. These quantita-
tive results were triangulated with the qualitative results to eliminate any bias and 

Variables Correlation between variables

Building B Building D

Facility meeting user needs and effectiveness 0.955 0.738

Facilities meeting user needs with speed of response 0.929 0.681

Table 5. 
Pearson correlation coefficient (r) between stakeholder engagement focused variables in case study buildings.
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understand the occupant-management relationships, and management’s perspective 
in the study buildings for arriving at the final recommendations and conclusions.

The qualitative results obtained via walk-in discussions, stakeholder interviews, 
and focus group discussions re-emphasized the “missing link” or lack of communica-
tion loop between building occupants and the management, ultimately affecting the 
overall building performance. The management’s priority is to achieve the University 
targets, whereas the occupants want a good indoor space to work, in addition to being 
able to express their needs and wants. Both managers and occupants’ perspectives 
are individually valid and justified but do not complement due to low or negligible 
stakeholder prioritization and engagement in the management strategies. Hence, this 
chapter highlights the learnings from the case study buildings and develops a model 
using the best practices for improved execution in future projects.

The stakeholder interviews and focus group further assisted in triangulating 
the study’s outcomes in correspondence to Green Star aspiration results. The results 
demonstrated that buildings could achieve certification, but the operation can 
still be poor in terms of low occupant satisfaction levels towards their workplace 
productivity and comfort. Major concerns observed in the walk-in discussions and 
stakeholder interviews were the lack of occupant engagement and consultations by 
the facility management officials during the building design and construction phase; 
none to extremely low involvement of design officials after building in use; and the 
limited focus on short term benefits over life cycle performance. The discussions with 
facility and building managers reiterated the key aspiration for the building’s senior 
management was to achieve overall energy efficiency and make student-friendly 
facilities, rather than creating a productive workplace for the staff. The results also 
demonstrated that although the buildings scored high against the “management” 
and “energy” categories of the Green Star applications, most sub-categories were not 
satisfied in the operation phase. The management and design stakeholders primarily 
associated this non-functionality with technical defaults or cost-related issues.

The analysis reported in this chapter demonstrates that the development of the case 
study buildings has some success from an environmental, sustainability, and financial 
perspective. However, lacked drastically from an occupant (social) perspective. There 
are lessons that can be drawn upon for future developments to improve outcomes 
further. The analysis of survey responses and interviews highlights that it is crucial to 
close the loop between the performance measurement and performance management of 
buildings to achieve sustainability. Moreover, it is recommended to integrate stakeholder 
engagement and management at each phase of any project, to optimize the potential for 
all the stakeholders, and create an output beneficial and satisfactory for all.

The best practice model hence recommended by the study serves as a guidance 
document, providing structure and direction for the design professionals, and 
facility and building managers to prepare and implement their actions strategically, 
to achieve the desired performance of their buildings along with building occupant 
satisfaction. The model is represented in Figure 2.

Figure 2 demonstrates the structure of the key factors of the “best practice model” 
recommended by the study, based on the gaps identified earlier on and learnings from 
the study findings. It represents a continuing sequence along with the direction flow 
of the stages, tasks, or events in a circular flow, with each stage having the same level 
of importance, to ultimately achieve project success and performance management 
throughout the life cycle. This model has been derived based on the analysis of green-
rated tertiary education buildings; however, it can be adopted by all commercial 
building types as it informs a general structural change required in an organization’s 
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management practice, to deliver required and appropriate governance strategies 
achieving all business outcomes and creating productive workplaces for the users. The 
key recommendations of the model can be summarized as a model that includes:

1. Identification and prioritization of key building stakeholders

2. Mapping the effects of building performance on different stakeholder groups 
and measuring the satisfaction of occupants (annually) using and being affected 
the most by building operation and function

3. Closing the loop of communication between the design team (internal and 
 external) and building users by raising information

4. Collaboration across different organizations and agencies. This is because orga-
nizations or agencies often collect and manage their own data/research and have 
little or no incentive to share it with others. Without a culture of collaboration 
and knowledge sharing, attempts to understand and analyze interrelated build-
ing performance and sustainability issues are unlikely to succeed

5. A strong government mandate and institutional frameworks can provide a 
much-needed push

Figure 2. 
Recommended ‘Best Practice Model’ for achieving sustainable building outcomes. Source: Authors.
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6. Routine (half-yearly or annually) performance monitoring of buildings as per 
the national guidelines for non-green or rating systems if certified to become 
mandatory for buildings. For example, the case study buildings were Green-Star 
rated (As Design) which does not mandate the buildings to evaluate performance 
once the certification is received, even when applying for re-certification. The 
recent version of the standard has been updated to mandate such assessments 
but the buildings previously certified are exempted, creating a gap in perfor-
mance evaluation. This is a gap that needs to be closed by making evaluation 
techniques mandatory for buildings as per the desired or required standards

7. Appropriate incentive structure and practical arrangements for handling the 
information generated so that it becomes attractive and feasible to develop a set 
of good practices

Retaining and sharing the knowledge and lessons learned, then capitalizing and 
converting this to insights for future projects will be challenging, considering the flux 
in many organizations in these increasingly uncertain times. Nonetheless, incorporat-
ing ongoing performance evaluation, stakeholder engagement practices and under-
standing the need for reporting and getting the reporting relationship right in any 
organization becomes an important consideration.

The framework defined in this chapter is primarily based on the stakeholder 
engagement principles and is a three-step pyramid process. At the lower level 
or the base, the framework determines “Strategic Management” perspective, 
which simply means identifying organisational targets and priorities, enhancing 
decision-making processes, and ensuring stakeholder identification, prioritization, 
and engagement towards design, processes, and outcomes, followed by “Ethical” 
perspective illustrating maintaining harmony between stakeholder groups and 
identifying socio-behavioural aspects, and the higher level or apex constituting 
the “Opportunity” perspective illustrating knowledge sharing. The contribution of 
the research (based on the framework) to the knowledge will be the development 
of a best practice model for the built environment sector (applied/inspired from 
the academic sector) using a “holistic” or “integrated design” approach. Hence, the 
paper intends to recommend that being energy conservers and managing financial 
sustainability, the organization still needs to focus on engaging with all the stake-
holders constructively.

Finally, the paper discusses the strategies to ensure replication of the respective 
best practice model to develop a supporting policy framework and build up capac-
ity of building managers. The outputs generated by the paper are consistent with 
and instrumental to the achievement of the objectives that contribute to creating 
enabling environments for integrated sustainability strategies into building design 
and management.

5. Conclusions

The chapter presents an analysis of the gap between actual and expected perfor-
mance in four Green Star institutions in Melbourne, Australia, and how POE gener-
ated results assisted in achieving this objective. Outcomes include the development of 
clear assessment mechanisms for establishing links between performance measure-
ment and performance management with an understanding of how occupants view 
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its value and description of a better performing building as compared to the others. 
The comparison was carried out on how well the building has been managed in 
conjunction with the sustainable building targets.

As observed by analysis of POE results of the case study buildings, it has been 
clearly indicated that the building users (mainly academic and non-academic staff) 
are not satisfied, and their needs have not been considered in the initial design brief. 
However, after triangulating the outcomes and studying the broader context, all four 
buildings have met their key parameters in terms of Green Star certification util-
ity targets. What worked well for all buildings have been exceptional teaching and 
learning spaces, student study areas and institution image. Building variables that 
did not work well were lack of consultation with end-users and basic design faults or 
technical issues. This signifies that it is important to realize that the organizational 
facilities function cannot exist in isolation if the organization is to effectively exploit 
its entire asset base to best support the delivery of core services. Making constructive 
use of performance measurement results is critical if the organization is to improve 
the performance of its assets. At both individual and organisational levels, a better 
understanding of the relationship between what is being done and how well the 
organization succeeds needs to be developed. Based on the analysis, senior manage-
ment and facility managers are seen to have a direct impact on building operations 
and performance. They can also adjust or redirect their strategies or identify new 
strategies for the organization.

Following the lead by the European Union since early 2021, there is a global 
momentum that is currently shifting towards Nearly Zero Energy Buildings, that is, 
high performing buildings utilising nearly zero or extremely low amounts of energy 
being met by renewable sources. While new commercial buildings in the US and 
Canada are now required to follow these principles, Australia is taking initiatives 
in the residential sector as well to achieve the same. Significantly, understanding 
the applications and potential of the building sector to effectively achieve overall 
sustainable outcomes. The outcomes of this study highlight that focusing on issues 
of building sustainability are not sufficient for a building’s success. Being “green” 
is only one important feature of building success, but other aspects of building 
performance (user needs and engagement) must be considered as well. The focus 
on the green or sustainability aspect has detracted the construction industry from 
other equally important design issues relative to overall building performance. 
Understanding and taking the triple bottom line approach of being economically 
viable, environmentally responsible, and socially inclusive is important rather than 
simply aiming to be rated as “green” or sustainable. Furthermore, being sustain-
able and green should be translated to high-performance buildings for optimal 
benefits. Supporting this argument, the outcomes of this study are noteworthy for 
individual buildings be they academic or otherwise, and benefits wider government, 
non-government and market audiences seeking new knowledge about performance 
development.

Zero-energy programs often build on these frameworks supporting a variety 
of non-energy benefits relative to standard buildings, such as improved comfort, 
improved occupant health and productivity, enhanced indoor environment quality, 
and higher occupancy rates. Therefore, this study concludes that in making build-
ing codes, policies and management approaches more stringent, prioritisation and 
engagement of building stakeholders, and increased interest in decarbonisation, 
would assist in encouraging and assisting buildings that are truly zero-energy and 
zero-energy-ready.
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Chapter 12

Energy-Efficient Retrofit Measures 
to Achieve Nearly Zero Energy 
Buildings
Nimish Biloria and Nastaran Abdollahzadeh

Abstract

Considering the 2021 IPCC report that justly attributes our deteriorating climatic 
condition to human doing, the need to develop nearly zero energy building (nZEB) 
practices is gaining urgency. However, rather than the typical focus on developing 
greenfield net-zero initiatives, retrofitting underperforming buildings could create 
significant scale climate positive impacts faster. The chapter accordingly discusses 
energy-efficient retrofitting methods under three categorical sectors—visual comfort 
(daylight-based zoning, shadings); thermal comfort and ventilation (solar radiation-
based zoning, central atrium plus interior openings, insulation, and window replace-
ment); energy consumption (efficient lighting system, and controllers, material and 
HVAC system optimization, PV panels as the renewable energy source). This chapter 
further substantiates these theoretical underpinnings with an implemented design 
scheme—an educational building within a cold semiarid climatic condition—to 
showcase the on-ground impact of these retrofitting strategies in reducing the energy 
used for heating and cooling and lighting purposes.

Keywords: architecture, energy retrofit, environmental quality, nZEB design methods, 
energy optimization

1. Introduction

The IPCC’s sixth assessment report [1] has laid to rest any doubts about the 
genuine and very urgent impacts of climate change that our planet is facing. Global 
temperature change and changing precipitation patterns due to climate change have 
resulted in an increased frequency of extreme environmental events. Such devastating 
events have already taken up the form of large-scale forest and bush fires, hurricanes, 
increase in heat waves, droughts, water scarcity, and extreme storm conditions glob-
ally. According to the United Nations [2], climate and weather-related disasters have 
increased five-fold over the past 50 years. The impacts of this exponential increase 
have been clearly articulated by the World Meteorological Organization’s Atlas of 
Morality: Economic losses from weather, climate, and water extremes (1970–2019)—
between 1970 and 2019, natural disasters have accounted for 50% of global disasters 
(11,000 in total) resulting in 45% reported deaths (91% in developing countries) and 
74% reported economic losses globally (amounting to $3.64 trillion) [3].
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Interestingly, the WMO and the IPCC report have rightfully attributed the under-
lying cause for such widespread natural calamities to human doing. The WMO, after 
conducting a thorough review of the Bulletin of the American Meteorological Society 
concludes that within a time frame of 3 years (2015–2017) alone, a staggering 62 of 
the 77 disastrous natural events can be attributed to human influence. Sever heat 
waves impacts being the most apparent of these human impacts have even soared 
since 2015. The IPCC report further emphasizes the role of human doing attributing 
to global temperature rise and continued sea-level rise, which are seemingly irrevers-
ible over years to come. Human-made and natural wonders in the form of dense 
low-lying mega-cities, beautiful islands, delta regions as well as coastal regions are 
all now under-threat and are increasingly feeling the impact of climate change. The 
recent outcry from some such impacted countries for climate justice has been voiced 
in the recent COP 26 summit held in Glasgow.

Reducing current emissions by 45% is the new global challenge that must be 
attained to limit warming to the 1.5°C mark by 2100. This limitation is not surprising 
considering that most of the energy produced globally has been reliant on burning 
fossil fuels (primarily coal). A clear trend can be seen in the increase of atmospheric 
carbon dioxide concentration since the end of the eighteenth century and the 
beginning of the nineteenth century—this coincides with the time when coal came 
into everyday use [4]. The scientific principle behind the global warming trend is 
relatively simple to comprehend—burning fossil fuels, biofuels, and biomass release 
carbon that was otherwise sequestered, thus exponentially adding to the current stock 
of carbon globally. This burning process releases gases accompanied by tiny carbon 
particles (ranging from PM 10 to PM 2.5)—black carbon that tend to trap the sun’s 
energy in the atmosphere (at a much higher rate than CO2), resulting in an increase in 
temperature. Forest fires, transportation, industries, buildings, electricity, and heat 
production are all black carbon and greenhouse gas (GHG) sources.

Fossil fuels and the associated use of coal and petroleum play a vital role in 
contributing greenhouse gasses (GHG) and black carbon and are fundamental to 
be discussed in the context of this chapter. However, industries, such as agriculture, 
including animals, chemical-intensive farming, clearing forests for agricultural  
land, etc., are among the highest contributors of GHGs to the atmosphere. For 
instance, according to the United States Environmental Protection Agency (EPA), 
methane gas, produced during combustion processes and anaerobic decomposition, 
has 28–36 times more potential to result in warming than CO2 [5]. Similarly, nitrous 
oxide, fluorinated gases, sulfur hexafluoride are all GHGs with higher potential to 
retain warmth in the atmosphere.

Within this context of climate change and the increasing responsibility on the 
shoulders of all citizens of planet earth, the building sector, coupled with the behav-
ioral change we need to acquire toward the production, usage, and storage of energy, 
is of high importance for the future of our existence. According to the World Green 
Building Council’s “Bringing Embodied Carbon Upfront” report [6], building and 
construction activities together account for 39% of energy-related CO2 emissions 
while they use 36% of final global energy. Besides this, the building also accounts for 
approximately one-third of black carbon emissions [7]. Of particular, importance 
within this emission is the 72.5% share belonging to the residential sector owing to 
its propensity for energy consumption—the third-largest energy consumer sector 
in the world. According to the IPCC’s report, energy consumption-related indirect 
emissions in residential buildings have quintupled while it has quadrupled for the 
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commercial building sector (from 1970 to 2010). With a projected increase in the 
world population by half—almost 3.6 billion people toward the end of this century 
and a total of 11.6 billion people by the year 2100, the demand for housing and thus 
the increase in energy consumption and emission production could lead to disastrous 
climatic scenarios. Upfront carbon or the carbon emission released before the built 
asset/building is in-use is projected to constitute half of the carbon footprint of 
new constructions until 2050. The grave responsibility on the building sector thus 
revolves around addressing the tension between dwindling fossil fuel reserves and 
the ever-increasing energy demand. The Global Status Report 2017 published by UN 
Environment and the International Agency [8] further proposes that to address this 
complexity, the energy intensity per square meter of the global building sector needs 
to be improved by a minimum of 30% by 2030. Efforts to decarbonize the building 
sector or, in other words attaining a net-zero or nearly-zero building target is thus 
quintessential.

The chapter adheres to a hybrid methodology involving empirical research and 
simulation-driven design. A systematic review and data extraction from scientific 
journals, environmental organization websites, governmental regulatory bodies, and 
informational data specifically meant for the builder community are interfaced with 
a simulation-driven design for retrofitting an existing building. This interface was 
established to test theoretical and professional advice rendered through the study of 
literature and the actual impact of these propositions in the retrofitting of a common 
existing building typology. Section 2 of the chapter firstly reasons and establishes the 
need for retrofitting existing buildings. Once established, Section 3 systematically 
describes the concept of nearly-zero and situates the building industry within it. 
Section 3 emphasizes three essential components that need consideration while retro-
fitting existing buildings: Visual comfort (daylight-based zoning, shadings); thermal 
comfort and ventilation (Solar radiation-based zoning, openings, insulation, and 
window replacement); energy consumption (efficient lighting system and control-
lers, building material and HVAC system optimization, PV panels as the renewable 
energy sources). Section 3, while elaborating upon the technicalities involved in the 
three components, simultaneously presents the findings of the simulation-driven 
design as a proof of concept, thus elaborating upon the effectiveness of the promoted 
solutions. Section 4 serves as the conclusion of the chapter and future suggestions for 
developing a nearly-zero building future.

2. Retrofitting existing buildings vs. building new buildings

Given the context of climate emergency and the pivotal role that the building 
industry must play in reducing carbon emissions, the question is whether to focus 
on retrofitting existing buildings or tearing down existing buildings and building 
new net-zero buildings? Retrofitting existing buildings could offer an excellent 
opportunity for reducing our carbon emissions at a faster pace. The low rate—1% 
per year of building demolition and rebuilding in most parts of the world [9] and the 
fact that almost two-thirds of the existing global building stock will still constitute 
buildings that exist today are reasons enough to opt for the retrofitting path. Not 
attending to this significant building stock would imply continual carbon emission 
even in 2040, resulting in a failure in achieving the 1.5°C target set forth via the Paris 
agreement. The 2021 Pritzker Architecture prize laureates Anne Lacaton and Jean 
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Phillipe Vassal echo this view of retrofitting via their unique approach to build-
ing a smarter, greener, and inclusive built environment—never demolish, remove 
or replace, always add, transform, and re-use [10]. Countries like Australia, with 
almost eight million homes constructed from the 1950s onwards (like buildings 
elsewhere in the developed and the developing world), were built during a time with 
far less stringent regulations around energy and building standards, insulation, and 
material quality. This resulted in buildings either on the verge of collapse, being 
poorly designed, containing hazardous materials (such as asbestos), or consum-
ing high amounts of energy to maintain comfort levels for their inhabitants. In 
the Australian context alone, buildings are associated with 18% GHG emissions 
and 20% final energy use (COAG Council report) [11]. According to an editorial 
published in The Guardian, the United Kingdom’s trend to demolish 50,000 build-
ings per year to construct new ones is responsible for two-thirds of the total waste 
production of the entire country. The construction of new buildings is additionally 
associated with 10% of the UK’s carbon emissions [12]. In the United States, almost 
seven million buildings are estimated to undertake remodeling and renovations 
in addition to commercial buildings undertaking capital improvements [13]. Such 
large-scale building alterations offer an excellent opportunity to include energy 
performance enhancements while conducting renovations one architectural ele-
ment at a time (wall, roof, windows, floors, etc.)—Opportunistic Retrofitting. It is 
projected that three measures—re-siding, window replacement, and re-roofing, can 
cut result in 25% more energy savings alone. Bloomberg presents an easy to compre-
hend comparison for how much impact this 25% reduction will entail. Suppose this 
25% energy saving potential is harnessed by even 1% of the US’s 83 million existing 
single-family homes. In that case, it will reduce carbon emissions by more than 1.6 
million metric tons yearly, which is equivalent to removing 350,000 passenger cars 
from highways. Besides savings on energy bills worth $400 billion each year, this 
positive environmental impact provides compelling arguments to transition to a 
nearly zero carbon building practice.

Besides this, it is essential to note that refurbishing and restoring existing build-
ings result in saving the embodied carbon footprint of the material used while 
constructing these buildings. This saving results in negating costs for mining, manu-
facturing, shipping, etc., of new materials that would otherwise be used for new 
constructions. In the long run, retrofitting thus becomes cost-effective with respect to 
CO2 rather than building new. However, what is also vital to consider is the position-
ing of the building sector within the bigger landscape of energy and climate change 
debates. Retrofitting on its own, though beneficial, would benefit immensely if it 
harnesses an energy upgrade involving the following: Incorporating improvements 
in the energy efficiency of building operations; embracing a shift from fossil fuel to 
electric or district heating that is backed by carbon-free renewable energy generation 
practices; generation of carbon-free renewable energy on-site.

Within the current context of popular media exploding with discussions around 
climate emergencies and the need to reduce our carbon footprint and associated 
emissions, awareness about harnessing renewable energy has strengthened within 
the general population. However, what does it truly mean to become carbon neutral 
or, for that matter, what does a zero carbon badge imply for the building sector? The 
next section of this chapter engages in a short discussion around the concept of zero 
carbon to base tools and techniques that can be instrumental for reaching a zero 
carbon or a net zero retrofitting strategy.
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3. What does being nearly zero implies in the context of a building?

The discussion thus far identifies why we need to reduce emissions and why we 
need to become highly energy efficient, especially when it comes to the building 
industry. The fundamental goal here is to neutralize resource consumption by reduc-
ing energy needs and harnessing renewable resources for energy production. This 
approach will produce buildings that offset the total amount of energy used by the 
building annually with the amount of renewable energy that can be captured on-site 
or via renewable energy providers [14]. The concept of net zero buildings (NZEB) 
was first discussed internationally in 2008 [15] and has been refined over time by the 
International Energy Agency (IEA) with almost 20 nations globally via the Task 40 
initiative. The European Union was similarly discussing the definitions through its 
EPBD initiative that finally resulted in coining the term nearly zero energy buildings 
(nZEB) [16–18]. EPBD’s recast directive establishes that the nearly zero or signifi-
cantly less amount of energy required during the operation of the building should be 
catered to via energy derived from renewable energy sources (on-site or generated 
nearby). In Europe, the application of the nZEB model has become a requirement 
since December 31, 2018, for all public buildings. This application has slowly per-
colated to all new buildings from 2020 onwards. The United States Department of 
Energy (DOE) further classified zero energy buildings based on their total life cycle 
energy. This definition included building energy (on-site building energy consump-
tion—heating, cooling, ventilation, indoor and outdoor use, lights, plug loads, 
process energy, elevators, intra-building transportation, etc.), energy consumed in 
transportation of primary fuels, thermal and electric losses in generation plants, and 
loss of energy during transport of energy to the building site [19]. A holistic spin on 
energy balancing of the building is thus proposed. It is also important to note that as 
opposed to autonomous zero energy buildings that can generate and consume equal 
amounts of energy to sustain themselves, nZEBs can connect to the external electric-
ity grid provided that the annual energy export is equal to the annual energy import.

Accordingly, this chapter focuses on the added value of an nZEB by retrofitting the 
existing stock of buildings by reducing their energy needs and employing appropriate 
physical improvements to enhance its efficiency standards. In retrofitting existing build-
ings, three fundamental principles need to be adhered to—reuse, reduce, and sequester. 
Re-use in this context implies the use of recycled materials, paying specific attention to 
the end-of-life re-use properties of the materials used during retrofitting, and the idea 
of designing with an aim for deconstructing. Reducing implies carefully optimizing 
materials used during the renovation to selectively opt for low carbon materials [20]. 
Sequestering in the case of retrofitting involves the provision of carbon sequestering 
locations coupled with materials that can sequester carbon, such as bioplastics, the use 
of mycelium insulation, recycled plastic, and biomaterials-based carpeting, and 3D 
printed wood made from sawdust, to name a few. Ideally, retrofitting to reach a nearly 
zero energy building status can be clubbed into two design strategies—passive and 
active [19]. Passive strategies incorporate material properties, urban positioning/orien-
tation, envelope design, and shading, to name a few. On the other hand, active strategies 
deal with improvements within HVAC systems, energy-efficient lighting, etc.

On the material front, though, one needs to comprehend the notion of “Embodied 
Energy.” Embodied energy is typically associated with the total impact of material 
greenhouse gas emissions during its entire life cycle. Lifecycle covers the dimensions 
of a material’s extraction, manufacturing, transportation, construction, maintenance, 
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and disposal. If we take the new construction route, it is estimated that embodied car-
bon alone will be responsible for 72% of the carbon emissions between now and 2030 
[21]. Embodied carbon cannot be rectified because it is embedded within the building 
once it has been erected. It is thus crucial to address the embodied carbon issue during 
the design or before the retrofitting stage is actualized on any building site (Figure 1).

Besides this, the basic building materials which are prevalently used in the con-
struction sector—concrete, steel, and aluminum, are together responsible for 23% of 
total building emissions in themselves. Portland cement, the primary ingredient for 
making concrete, is responsible for releasing 40% CO2 during the burning of fossil 
fuels for its manufacturing and emits 60% CO2 during its processing phase. Similarly, 
the production of steel is a significant determinant of how much CO2 it generates. 
Typically, basic oxygen furnaces responsible for producing steel rely on burning fossil 
fuels—coal or natural gas to melt iron ore, thus contributing to CO2 emissions at a 
large scale. Better material alternatives or the alteration of production technologies of 
such fundamental materials used in the building industry are thus crucial. Embodied 
energy becomes specifically vital if seen from the context of developing nations, 
witnessing a boom in the building construction sector at an exponential rate.

Having gained some perspective on the concept of nearly zero energy buildings, 
the big question then is how do we translate this theoretical thinking into reality via 
retrofitting existing buildings? The following section provides some perspective on 
the same.

4. Retrofitting toward a nearly zero energy future

In retrofitting a building, one of the critical aspects to consider is the material 
properties of the existing building and the carbon content typically residing therein. 

Figure 1. 
CO2 emissions of new build and refurbishment (image source: AECOM, 2021 [22]).
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The London Energy Transformation Initiative (LETI) proposed an embodied car-
bon budget of 600kgCO2e/m2 for us to attain our carbon reduction goals [22]. To 
understand the feasibility of achieving this low figure, one must comprehend the 
total embodied energy typically present in an old building. Aecom, in a web article 
titled “The carbon and business case for choosing refurbishment over new build,” 
breaks down the embodied carbon within various components of typical residential 
buildings: Frame 24%; substructure 19.6%; upper floors (14.9%); building services 
(13.4%); internal finishes (12.4%); external walls; windows and doors (8.8%); roof 
(5%); fitting and furnishings (1.2%); internal walls and doors (0.6%). The elements 
typically associated with the highest embodied carbon (substructure, frame, upper 
floor, and roof) are candidates that qualify for retrofitting to save on emissions 
produced during the breaking down of an old building and re-constructing these 
buildings elements while building anew.

To holistically retrofit existing buildings for enabling the transition toward a 
nearly zero energy building, three main scopes encompassing passive and active 
strategies should thus be considered:

a. Visual comfort (daylight-based zoning, shadings)

b. Thermal comfort and ventilation (solar radiation-based zoning, openings, 
insulation, and window replacement)

c. Energy consumption (efficient lighting system and controllers, building material 
and HVAC system optimization, PV panels as the renewable energy sources)

To explain these three strategies, the chapter, apart from providing theoretical 
advice, also elaborates upon the results of a simulated case study—an educational build-
ing in Iran. An initial comfort analysis in terms of visual and thermal condition and 
energy use of this existing building provides insights on the required improvements and 
thus informs retrofitting strategies. The elaborated project deploys the three-stage retro-
fit process on an educational building in Tehran (35.6892° N, 51.3890° E), Iran, in a cold 
semiarid climatic condition (Köppen climate classification: BSk). The process adopted 
by the authors incorporated radiance and energy plus simulation engines. According to 
the weather data for a typical year in this area, January is the coldest month, and August 
represents the hottest time of the year, each with an average monthly temperature of 
3.89°C and 30.07°C. The site also enjoys a high level of solar exposure and experiences 
cloudy sky conditions only 15% of the time.

Situating a to-be retrofitted building within its environmental context is an ideal 
strategy for understanding the reasons behind its current energy performance. To 
strive toward an energy-efficient status for an existing building, both interior and 
exterior aspects are equally crucial to be considered. Visual and thermal comfort com-
ponents can be primarily linked with the urban positioning of the building itself and 
imply conducting on-site solar radiation analysis for extracting the degree of solar 
exposure received by the building’s external facades. In addition to this, mapping the 
demand for lighting and thermal energy of the interior programs of the building is 
vital. This step aids in making informed decisions to re-position or augment a build-
ing’s program to take the best advantage of the building’s solar exposure while natu-
rally reducing the amount of energy required to heat or cool the building’s interiors.

For instance, in our educational Building case study, solar radiation analysis 
(Figure 2) revealed that the Southern zones witnessing the highest solar radiation 
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Figure 3. 
Spatial zoning based on the solar geometry.

constituted of primary programs and were induced to a high level of daylight and 
solar heat gain. On the contrary, northern zones were the coldest spaces with a 
pleasant daylight quality without experiencing visual discomfort caused by glare. The 
Eastern and Western zones were typically dedicated to circulation and service areas. 
Daylighting and thermal requirement-based zoning and categorization of the build-
ing’s program are also conducted to determine the ideal spatial distribution of the 
program within the building (Figure 3).

The other important aspect of understanding visual comfort is calculating day-
light quality to evaluate illuminance levels and glare probability and subsequently 
calculate thermal conditions to evaluate the total amount of discomfort hours within 
the primary programs of a building. It is vital to educate and to understand the 
importance of using the sun for solar tempering. Working with rather than against 
natural solar movement and exposure also aids in achieving energy savings otherwise 
required for heating purposes, and appropriately shading also aids in reducing cool-
ing requirements. A strategic manner of avoiding added costs and energy expenditure 
for added thermal mass required for maximizing passive solar heating can thus be 
achieved. Such concerns are primarily best addressed during the design phase of the 
proposed retrofit.

In the case of the studied institution building, the south-facing spaces tend to 
receive excessive sunlight and suffer excessive visual discomfort (ASE > 10%, LEED 
0 point). Therefore, the use of optimum shadings is suggested in the retrofit process. 
Despite this, the northern zone achieves all 3 points of the LEED rating system, 
which indicates that both sufficient daylight level (sDA > 75%) and visual comfort 

Figure 2. 
Solar radiation analysis on building envelope.
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(ASE < 10%) is achieved in these zones. Therefore, it is highly suggested to consider 
solar geometry in the renovation process to establish the feasibility of removing or 
adding the interior partitions. An overall analysis of daylight distribution on each 
floor (Figure 4) can elaborate on the optimal positioning of the interior program 
of a building in relation to solar radiation. Such strategic thinking and informed 
decision-making pertaining to program positioning before beginning the retrofit-
ting process can thus ensure reducing the total energy consumption of a building 
considerably.

Thermal comfort analysis by assessing the average monthly temperature within an 
existing building’s interior spaces can further help designers to understand overcool-
ing or overheating scenarios throughout the year. Similarly, an annual analysis of 
discomfort hours also provides information on thermal conditions on a dynamic scale 
and can show critical thermal condition levels of interior space. Thermal imaging 
using an infrared camera can also be deployed for measuring on-site thermal condi-
tions in individual rooms. Typically, such analysis can also be categorized under 
an energy audit of an existing building. For the case of the educational building 
understudy, the annual discomfort hours were calculated as 988.73 hours (Figure 5) 
and were associated with the average monthly temperature and the percentage of 
occupancy time that the hours corresponded with. The design phase of the retrofit 
being a calculated experimental phase also renders itself for making design decisions 
pertaining to elements such as atriums, window opening sizes, etc., while keeping in 
mind the window to wall ratio. Such additions, typically aimed at improving natural 
ventilation, can dramatically improve inside temperature conditions, thus impacting 
the total energy required for heating, cooling, and artificial ventilation. In the case 
of the educational building, the insertion of a central atrium combined with interior 
windows with a window to wall ratio of 20% was experimented with as a designed 
addition. A computational fluid dynamics (CFD) simulation analysis on a typical 
spring day (without an HVAC system operational) was able to provide a good over-
view of well-ventilated zones vs. zones which needed further improvement strategies 
such as supply vents etc., (Figure 6). Such initial analyses of the indoor environmen-
tal condition thus offer a basis for taking calculated decisions of the required retrofit 
strategies on a case-by-case basis.

Figure 4. 
Visual comfort (daylight distribution and glare) assessment.
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Tangible aspects connected with thermal comfort can be further categorized 
into lighting, sealing, insulation, and window replacement components. Lighting 
inside a building is equally crucial. Older buildings typically make use of fluorescent 
lighting and light bulbs. These tend to consume much more energy than contempo-
rary energy-efficient CFL or LED light bulbs that last longer and are mercury-free. 
Retrofitting should thus ideally involve replacing existing fluorescent lighting systems 
with LEDs equipped with linear controllers. This simple change can almost halve the 
energy used for lighting purposes. Using motion sensors in areas where lights are left 
on often also allows energy to be saved. For the case of the educational building, this 
small change in lighting coupled with a daylight sensor for controlling the intensity of 
lighting in real time can halve the total energy consumed (Figure 7).

Sealing the building envelope is another step that is a highly efficient and cost-
effective measure that can be deployed during the retrofitting phase for any building. 
Saving valuable energy required for heating and cooling and improving comfort, 

Figure 5. 
Thermal comfort assessment.

Figure 6. 
Ventilation (velocity and temperature) assessment in the central atrium.
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reducing noise, and improving air quality are all direct impacts of sealing the building 
envelope, resulting in nearly zero energy targets. Often a blower door test can be con-
ducted to evaluate the air leakage during air change per hour. Air change here implies 
the volume of air that equals the house volume exchanged with the outside air [23]. A 
blower door can establish a negative 50-pascal house pressure. Existing homes in need 
of retrofitting can often leak air at the rate of 15 air changes per hour (15 ACH50). 
Sealing the external and internal surfaces of a building can aid in bringing this level of 
leakage down between a range of 2ACH50 (airtightness standard for a cost-effective 
zero energy home)—0.7 ACH50 (airtightness standard for a passive house). Setting 
an airtightness goal for retrofitting projects can thus prove to be a wise decision for 
cutting down on energy consumption by optimizing the building envelope.

Building insulation should be considered as a fundamental component of any 
retrofit project. Different surfaces, such as walls, floors, and ceilings, require dif-
ferent types and thicknesses of insulating materials that are contextually derived 
based on climatic conditions and solar exposure. The R-value, or in other words, the 
ability of a material to resist the flow of heat, is important while choosing adequate 
insulation and is highly dependent on the kind of material used for insulation rather 
than the thickness of the material used. The climatic context of the region within 
which the retrofitting needs to be undertaken thus plays a significant role in deter-
mining the requisite R-value of the chosen insulation type and thickness. The Zero 
Energy Project report [24] outlines practical ways in which high-performance walls 
(exterior rigid insulation; single plate, double stud walls; double plate walls), high-
insulated ceilings (blow insulation onto flat ceilings; insulating cathedral ceilings; 
exterior rigid insulation), and high insulated-floors (insulated slabs; insulated base-
ments; crawl space), can aid in reducing energy loads by means of the application of 
appropriate insulation.

Similarly, window replacement and door replacements can play an essential role 
in transitioning to a nearly zero energy building. Organizations such as the National 
Fenestration Rating Council have contributed heavily toward establishing rating 
systems of window and door performance measurements in the form of labels affixed 
to off-the-shelf window and door units [25]. This process aids in the simplification of 
retrofitting wherein the everyday citizen can make informed decisions pertaining to 
the efficiency of these quintessential components of a building. Like the R-value of 
insulation, a U factor is of prime importance as it indicates the efficiency of a window 

Figure 7. 
The energy use of reference (fluorescent) VS. optimized lighting system (LED with linear control).
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as regards heat escaping from the interior of a building. For visual comfort purposes, 
the visible transmittance value is also associated with window ratings. It is respon-
sible for measuring the effectiveness of a window to light the interiors of space with 
daylight. For doors, the solar heat gain coefficient value that demarcates the door’s 
resistance toward unwanted heat gain and the air leakage value that indicates the 
entry of external air through the door are vital measures specified by such councils.

For the case of the studied educational building, to establish a lower heat transfer 
threshold, the application of interior insulation (0.10 m air gap +0.15 m wood wool), 
replacement of windows with highly sealed windows with a low U value and coated 
with efficiency-enhancing coatings (Dbl LOE Elec Abs Bleached 6 mm/13 mm Arg), 
provision of interior window shading (shade roll-medium opaque) and exterior—
localized shading elements (2 meters overhang), were explicitly deployed for enhanc-
ing the efficiency of south facing spaces (Figure 8).

The energy consumption component for a building retrofit process involves active 
strategies. HVAC systems are omnipresent in the majority of homes globally and 
how to reduce the energy required for heating or cooling purposes is of particular 
importance here. The strategies—visual and thermal comfort enhancements, already 
contribute to reducing conventional HVAC systems’ load. However, apart from these 
passive measures, selecting appropriate HVAC systems conducive to the climatic con-
text and the proportion of spaces to be conditioned are essential criteria to consider. 
For instance, for residential properties, air-source heat pumps are highly efficient 
and can take up the form of mini-split heat pumps for individual rooms or multi-zone 
installations. Variable speed operation by means of sensing temperature conditions 
inside a building and accordingly increasing or decreasing heating or cooling speeds 
results in air-source heat pumps in achieving energy savings.

Other strategies such as working with combinations of different heating and cool-
ing systems per the degree of solar exposure and desired comfort levels could also be 
experimented with. For the case of the educational building, four different systems of 
radiator + evaporative cooling (the most common system used in the location), VAV, 
fan coil, and heat pump were simulated and optimized to establish the most efficient 
option. Accordingly, the optimum system of unitary heat pump can reduce heating, 
cooling, and the total energy use intensity (EUI) by 69.03%, 38.21%, and 28.81%, 
respectively. The final results indicated that the proposed method could reduce the 
annual energy consumption (EUI) by almost half while doubling the comfortable 

Figure 8. 
Construction material optimization.
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hours indoors. Figure 9 represents the energy consumed by different energy-
consuming components of the retrofitted case study and the suggested replacement 
of physical features of the building. Such informed and analytically validated sugges-
tions can inform property owners and make them aware of the retrofitting process’s 
impact in transitioning to a nearly zero energy future.

Another active mode of energy generation is the renewable energy sector. 
Harnessing the sun’s power by means of solar photovoltaic (PV) panels is one of the 
most cost-effective modes of harvesting renewable energy. The efficiency of solar 
panels is typically dependent on the amount of unobstructed solar radiation captured 
by the panels over a period throughout the day. After calculating the amount of 
energy conserved by applying the aforementioned passive and active strategies, a 
well-thought-out plan for solar energy capture must be developed. This is also due 
to the limitations of existing homes regarding the amount of open and exposed roof 
surface square meters available for the installation of PVs. A well-developed plan 
can aid in calculating the exact number of panels needed to manage and balance out 
the amount of energy required to reach a near-zero energy target. The inclusion of 
microinverters rather than centralized inverters should become the norm to encour-
age capturing optimal performance per panel while future-proofing the ability to add 
more panels in the future. Governments globally are now encouraging the installation 
of panels by providing subsidies and encouraging schemes that make solar leasing 
affordable and easily accessible.

For instance, in the case of the educational building understudy, PVs were sug-
gested to make the most from renewable energy sources, such as solar radiation, to 
transfuse an annual amount of 10.7 mWh of electricity to the grid supply a part of 
the projects’ total energy consumption. Hence, 24 panels are suggested to be placed 
on the roof to bring it closer to an nZEB design. Accordingly, the final design incurs 
less than 55 kWh/m2 energy consumption, from which 9.32% is supplied by harvest-
ing solar energy. The associated carbon emission (operational) was also reduced by 
17.96% (Figure 10).

As a proof of concept for the propositions made in this chapter, jointly—both 
passive and active strategies proposed for the retrofitting of the educational build-
ing exhibited the potential to reduce the energy consumed for heating, cooling, and 
lighting purposes up to 85.19%, 58.57%, and 23.68%, respectively, compared to the 
base case (Figure 11).

Furthermore, the annual EUI could effectively be reduced by 52.98%, while 
the associated carbon emissions (t CO2) and annual comfort hours also exhibit 

Figure 9. 
Energy use and physical features (construction material, HVAC, and lighting systems) of the retrofitted case study.
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improvement by 46.48% and 49.28%. Replacing existing windows with highly 
efficient windows proved to have the highest impact (22.58%) on the comfort expe-
rienced indoors, followed by using an optimum HVAC system and applying interior 

Figure 12. 
The impact of retrofit strategies on annual energy use.

Figure 10. 
Energy savings and CO2 emissions reduction by PV installation.

Figure 11. 
The impact of the proposed retrofit strategies on the annual discomfort hours and CO2 emissions.
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insulations, each with an effective percentage of 21.90% and 19.18%. The inclusion 
of an efficient HVAC system also aided in reducing operational carbon emission to a 
great extent (24.05%). Installing PV panels also exhibited a substantial reduction in 
carbon emissions (19.18%) (Figure 12).

5. Conclusion

The chapter attempts to rationalize and strategize the retrofitting of existing 
buildings as a valuable means for transitioning toward a nearly zero energy future. 
The perspective presented in this chapter revolves around three fundamental 
components:

a. Visual comfort (daylight-based zoning, shadings)

b. Thermal comfort and ventilation (solar radiation-based zoning, openings, 
insulation, and window replacement)

c. Energy consumption (efficient lighting system and controllers, building material 
and HVAC system optimization, PV panels as the renewable energy sources)

An actual case study of an existing educational building has been conducted to 
present the tangible benefits of applying passive and active measures within these 
three components to reduce energy usage and carbon emissions. The results of this 
study have been presented in parallel to the theoretical discourse on methods to 
achieve a nearly zero energy building goal as a proof of concept for the advocated 
practices. Besides the case study conducted by the authors to reassure the readers 
about the benefits of retrofitting, Harvey (2013) further outlines various building 
typologies that have achieved energy reductions by adopting retrofitting practices—
detached and single-family homes (50–75%); apartments (80–90% reduction in 
heating); building envelope retrofitting (1/2 to 1/3rd reduction in cooling, and 2/3rd 
reduction in cooling); HVAC optimization-based energy saving in commercial build-
ings (25–50%); lightning-based retrofitting in commercial buildings (30–60%) [9].

Retrofitting is a viable option to consider despite high upfront costs since the 
annual cost savings on the energy present an economically attractive scenario. 
However, critical mediation stages during the lifespan of a building must be identified 
since these can serve as potential stages to upgrade energy provisions. Such stage-wise 
upgradation can be streamlined to minimize disruptions to owners and organizations 
while keeping abreast of the latest technologies and techniques for energy conserva-
tion. Policy interventions that are participatory development-driven—between 
government, local councils, and owners/organizations, can further aid in contextu-
ally sensitive retrofitting processes. Bottom-up policy initiatives that subsidize and 
acknowledge geo-location, climatic and socioeconomic conditions, major renovation 
cycles, capital improvement cycles, and resiliency upgrades should undoubtedly 
become the norm in the near future. The strategies suggested in this chapter can 
further aid in systematically fusing passive and active approaches toward nearly 
zero energy buildings. Such strategies will also benefit substantially by interfacing 
them with qualitative research conducted on-ground that predominantly deals with 
the assessment of human behavior and the drive to adopt retrofitting strategies. 
Community concerns, economic limitations, fear of disruption of everyday life, etc., 
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could become critical insights from such qualitative explorations. These can further 
aid in tailoring policies while being sensitive toward the concerns of the everyday 
citizen. Retrofitting processes can benefit building typologies, such as aging building 
stock (houses and apartments alike), large-scale institutional buildings, offices with 
older energy-intensive energy systems, and heritage buildings. Additionally, build-
ings located in zones that face severe weather conditions (extreme heat or cold) or 
are undergoing post-disaster reconstruction can also benefit through undertaking the 
nearly zero energy transition.

The need to address climate change to shape a sustainable present and a thriving 
future is of utmost importance now more than ever. Retrofitting existing building 
stock in conjunction with sensitizing citizens and corporations alike and the partici-
patory development of building policies and programs could undoubtedly hold the 
key to reducing emissions. Let us never forget that we have only one Earth, and it is 
our collective responsibility to protect this beautiful planet and our future, which are 
intrinsically linked.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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