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Preface

With an ever-rising world population, projected to hit 8.5 billion by 2030, compounded with
the pressures of meeting goals to reduce CO2 emissions and to effect environmental sustain‐
ability, the focus for energy efficient buildings has never been stronger. On top of that, the
continuous drive for higher standards of living and a rise in the requirement for safe, com‐
fortable and ‘green’ buildings to support our activities have resulted in an unprecedented
demand for resources. These will have a knock-on effect upon buildings and the construc‐
tion sector. For most nations, buildings and the construction sector represent a single largest
activity, conventionally consuming energy in excess of 40% or more. This has resulted in its
formidable share in greenhouse gas emissions.

This book aims to contribute to the on-going discourse on energy-efficient buildings and the
role they play in a nation’s effort to address climate change, energy consumption and green‐
house gas emissions, by considering buildings and the construction sector’s unique position
along a critical path to decarbonisation.

This book is divided into two parts—‘Advances in Energy Efficient Building Design’ and
‘Building Energy Consumption, Demand and Efficiency’, each part contributing to main
theme and the on-going discussion from a multi-perspective and holistic viewpoint. Topics
covered in the book range from daylighting, building topology comparison, building enve‐
lope design, zero-energy homes in hot arid regions, life-cycle considerations and energy effi‐
ciency analysis to managing energy demand through equipment selection. Each chapter
addresses an important aspect of energy-efficient building and serves as a vital building
block towards constructing a timely and relevant body of knowledge in energy-efficient
buildings.

I hope that you will find this book useful and that the topics discussed are relevant. This
book is a result of many months of hard work by all contributing authors, who have worked
tirelessly and passionately. Without them, this work will not see the light of day. It is in this
regard that I would like to acknowledge the professionalism and commitment from all chap‐
ter authors—thank you! I am also grateful to InTech for this opportunity and the Publishing
Process Manager Ms. Martina Usljebrka for her wisdom, friendship, encouragement and all
the help that she has offered throughout the process of editing this book—thank you!

Eng Hwa Yap
Associate Professor

University of Nottingham, Malaysia Campus
Malaysia
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Incorporating Sustainable Development Principles into 
Building Design

Jeung-Hwan Doh and Dane Miller

Additional information is available at the end of the chapter

Abstract

The main aim of this research is to utilise the focus of sustainable design to compare the 
material and subsequent environmental impacts of multi‐storey structures situated in 
Australia. The structure types under investigation were characterised by post‐tensioned 
and conventionally reinforced floor and roof flat plate slab systems. The foundation 
designs are undertaken for isolated spread footings on 32 structural model types with 
constant external dimensions which were composed of floor and roof slabs of varying 
concrete strength, span length and construction method, with all footing designs pro‐
viding equivalent structural performance. The results from this study have reinforced 
the evidence that post‐tensioned construction can have significant effects in reducing 
material requirements and provide increased structural and environmental efficiency. 
Through reducing the frame mass, the footing systems were able to be designed using 
significantly less embodied energy when compared to the reinforced concrete structures. 
It is also noted that further investigation in the foundational requirements of these mod‐
els is warranted, with the need to investigate the use of mat foundations for cases where 
isolated spread footings have required more than 50% of the structural plan area and for 
the footings that have required excessively thick sections to resist large shearing actions 
for larger spanned cases at 10 and 13.33 m.

Keywords: embodied energy, sustainable development, sustainable design, global 
warming potential, post‐tensioned structure, reinforced concrete structure, footing

1. Introduction

In recent times sustainable development and design has become an increasingly important 
issue to consider in our built environment [1–3]. The factors driving the adoption of sustain‐
able development and design are numerous but perhaps the most significant is a growing 
concern about anthropogenic global warming caused through carbon emissions. The building 

© 2017 The Author(s). Licensee InTech. 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.



and construction industry is a significant contributor to carbon emissions through the con‐
sumption of large quantities of energy. The main aim of this research is to utilise the focus of 
sustainable design to compare the material and subsequent environmental impacts of multi‐
storey structures in Australia.

Globally, greenhouse gas emissions are rising exponentially with most of this rise occurring 
in the last 60 years. Australia is ranked in the top 10 greenhouse gas emitting countries in the 
world with 25 t CO2‐e per capita in 2012 [4]. Australia's greenhouse gas emissions peaked in 
2009. It has since declined, however now is not the time for complacency [1].

The introduction of energy efficiency provisions in the National Construction Code (NCC) [5] 
has attempted to address global warming issues by prescribing the requirements for opera‐
tional energy efficiency. Soon after these changes the Green Building Council of Australia 
introduced the Green Star rating system which defines optional requirements above the NCC 
for energy efficiency and sustainability. Green Star's rise in popularity is a clear indication that 
building owners, developers and occupiers are demanding sustainable and energy‐efficient 
buildings. Aside from addressing sustainability and global warming issues, stakeholders rec‐
ognise the benefits that green buildings offer with lower operational costs being a prominent 
motivator.

The incorporation of the requirements of the NCC [5] and Green Star into buildings inevita‐
bly lowers operational energy consumption during a structures’ life cycle. This has resulted 
in a more significant portion of the life cycle energy being represented by the structure itself 
which is referred to as embodied energy. This is clearly a target area for further reducing 
the energy consumed by a building [3]. Currently, the NCC [6] does not identify embodied 
energy as an area to improve the energy performance of buildings. Furthermore, the promi‐
nent building rating systems place insufficient emphasis on embodied energy considerations.

Due to the lack of emphasis placed on embodied energy outcomes, structural engineers have 
a limited obligation to incorporate measures requiring reduce energy consumption into the 
structural design. Typically design is governed by the requirements of the architect and clas‐
sical building design objectives such as economy, utility, durability and comfort. Engineers 
should strive to not only achieve these requirements but to incorporate sustainability into 
their designs by improving structural efficiency and specification of appropriate materials. 
The building materials industry has recognised the importance of sustainability with exten‐
sive research being conducted in this area. The cement and steel manufacturing industries 
in Australia have adopted the use of alternative fuels and renewable energy sources in an 
attempt to lower greenhouse gas emissions and operational costs. The steel industry has also 
adopted the use of alternative manufacturing methods to preserve natural resources and uti‐
lise waste products. Likewise, the cement manufacturing industry uses waste products as 
partial cement replacements, often from the steel manufacturing industry, to preserve natural 
resources and lower operational costs [7].

The environmental impacts of the built environment and the need to incorporate sustainable 
design quantifying the environmental impacts of structures are continually evolving areas of 
research. This field would benefit greatly from increased industry collaboration.

Energy Efficient Buildings4
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2. Construction building material

The rate of human population growth globally has been exponential, and continued growth is 
seemingly inevitable. Australia's population alone is expected to increase to approximately 35.5 
million before 2060; this growth comes with increasing pressures for infrastructure, housing 
and other related services [8]. This trend is unfortunately not limited to Australia, many other 
developed countries have similar predictions of population growth for the next 50 years, and 
the developing countries are showing trends of much faster population growth rates. These 
trends in growth are driving a demand that has ultimately led to the built environment becom‐
ing the largest single cause of anthropogenic climate change [9]. Construction, operations and 
maintenance of buildings have an estimated accumulation of 50% of all energy usage and as 
such are causing more than 50% of all anthropogenic greenhouse gas (GHG) emissions [10]. 
In Australia, approximately 30 million tonnes of finished building products are produced each 
year, with over 56% of this mass being attributed to concrete and 6% to steel [11] as shown in 
Figure 1.

Research undertaken in Australia also shows that concrete and steel are two of the highest 
contributing materials to global warming impacts at 12 and 29% for concrete and steel, respec‐
tively (Figure 2). This evidence underlines the importance of our management of these key 
building resources. Consequently, reducing the use of these materials in structures will show 
significant reductions in environmental impacts generated from the construction sector.

Once again this trend extends beyond Australia, with figures from other developed regions 
having similar percentages of concrete and steel making up the majority of finished building 
products. The major contributor to carbon pollution and the obvious associated environmental 
impacts in both the United States and Europe can be attributed to construction activities. The 
United States construction industry is responsible for using 40% of the country's total energy use, 

Figure 1. Finished building materials required in 2005, based on mass percentage. Image reproduced from the Australia 
Government [11].
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and 16% of the yearly water supply, additionally the industry consumes on an annual basis over 
40% of the total mined raw stone, sand and gravel material and 25% of the logged raw timber [1].

Countries participating in the Organisation for Economic Cooperative Development (OECD) 
demonstrated that 25–40% of the final energy consumption can be attributed to the building 
sector [14]. Having this knowledge enables a more complete understanding of the benefits 
and impacts that a sustainable construction (SC) approach will provide globally. As discussed 
the growing population, increasing demand for the built environment and its resources will 
continue to increase, therefore any improvements using more efficient approaches or tech‐
nologies benefiting sustainability outcomes will be advantageous to the industry. When 
considering the magnitude of the global issues, even a small level of improved design effi‐
ciency could lead to significant reduction in negative environmental impacts. According to 
Hasegawa [14], by increasing the importance of improved efficiency in the structural design 
of buildings, two‐thirds of the primary factors contributing to the poor environmental perfor‐
mance of building will be reduced, resulting in the minimisation of construction and demoli‐
tion waste and in the reduction of CO2 emissions.

3. Review of existing research

3.1. Post‐tensioned and reinforced concrete suspended slab investigation

The use of post‐tensioning systems on building construction is able to significantly reduce the 
concrete volume and steel mass required for a structure, resulting in substantial reductions in 
the structure's total weight [2]. As indicated in Figures 3 and 4, a reduction in concrete volume 
ranged between 5 and 23% as well as a reduction in steel mass ranging between 23 and 44% 

Figure 2. Global warming influence from construction materials in Australia [12, 13].

Energy Efficient Buildings6
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is obtainable using post‐tensioning methods as opposed to conventional reinforcing. The out‐
comes of the investigation indicated that not only are the post‐tensioned office buildings more 
efficient in material usage, but more importantly in terms of an environmental impact assess‐
ment (EIA) through energy consumption and global warming potential.

Figure 3. The required embodied energy values of various office structure types [2].

Figure 4. Variation in building weight by span length and concrete strength [2].
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It was identified that the effectiveness of post‐tensioning is greatest for spans exceeding 10 m, 
with the highest reduction in environmental impacts achieved being 41%. However, a mini‐
mum reduction in embodied energy (EE) and the global warming potential (GWP) of 28% 
was achieved for all structure types investigated [2].

Assessment of structural weight of slabs investigated was also undertaken. Results indicate 
structural weight savings for PT in comparison to RC construction. For the slab completing 
the required design task, achieving the least EE consumptions, average weight reductions 
between 22.3 and 34.7% were observed for PT buildings.

The disproportionate contribution of steel to EE of a structure compared to its contribution to 
structural weight was also investigated. Overall, the structure's weight accounted for between 
40.8 and 59.6% of EE in previous study. These outcomes highlight the importance of steel 
usage optimisation for beneficial EE outcomes in concrete structural systems. Reduced struc‐
tural frame weight can result in additional benefits to other structural components, including 
foundations, walls and columns that contribute to the structure's overall EE. Therefore, the 
overall reduction in EE of the entire structure through the use of PT and its overall effective‐
ness may be equal to or higher than those presented here. These additional considerations 
were outside the scope of this research but will be the focus of future investigations [2].

4. Environmental impact assessment (EIA) of footings

The main objectives of this study is to utilise the focus of sustainable design to compare the 
material and subsequent environmental impacts of footings for multi‐storey structures situ‐
ated in the South Eastern region of Queensland, Australia. The structure types under inves‐
tigation were characterised by post‐tensioned (PT) and conventionally reinforced (RC) floor 
and roof flat plate slab systems. The foundations footing designs were undertaken utilising 
isolated spread footings for the 32 structural model types. All the types had constant external 
dimensions which were composed of varying concrete strength, span length and construction 
method, with all footings designs providing equivalent structural performance. Following 
this, an environmental impact assessment (EIA) was undertaken, accounting for the embod‐
ied energy requirements for each varying structure type.

4.1. Methodology

The intention of this study is to utilise the process of structural design, to compare environmen‐
tal impacts of mid‐rise office structures in the South East Queensland region when PT and RC 
construction methods have been implemented. The results of this study shall further validate 
previous findings by Miller et al. [2], which have shown improvement of the environmental 
efficiency of office buildings where PT suspended floor and roof slabs have been used. Using 
embodied energy as an appropriate quantification tool for environmental performance, an 
evaluation of the structures foundation system shall be concluded. Specifically, the use of PT 
and RC raft footings for their respective PT and RC suspended floor system superstructures.

Previous research has been conducted that has investigated the potential reduction of environ‐
mental impacts. Previous research has investigated the potential reduction of the environmental 
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impacts of concrete framed buildings. In particular, detailed comparisons were performed of 
variations in environmental performance between PT and RC buildings [1, 2]. Authors under‐
took an investigation into the effects of varying span lengths between columns and also increased 
concrete characteristic strength parameters, resulting in 32 structural variations (i.e. 16 post‐ten‐
sioned and 16 reinforced concrete structural models each composed of 4 variations in span length 
and concrete strength). The current study is intended to carry on from the previous work con‐
ducted in this field and apply the methods of assessment to the foundations of the structures to 
investigate associated manifold benefits.

This study shall utilise the same identical model characteristics for the design of a raft foot‐
ing option. Three case studies shall be investigated: Case A consists of an RC raft with an RC 
structure; Case B, an RC raft with a PT structure; and Case C, a PT raft with a PT structure. In 
total, 48 model variations of concrete building systems were considered.

Ultimately, this study will help identify the material savings that can be gained in the founda‐
tion system of a multi‐storey structure and what outcomes can be achieved in terms of struc‐
tural design efficiency in concrete buildings.

In order to achieve this, a multi‐stage research methodology was formulated. This methodol‐
ogy was categorised into two major components, structural design and environmental analy‐
sis. The structural design involved several distinct components including: (1) design definition: 
including the formulation for the design of the specific building to be analysed along with the 
identification of assumptions necessary to undertake the analysis; (2) manual calculations in 
accordance with the Australian Standard [15] to provide a detailed design of the structural ele‐
ment varied, that was used for inputs into the two‐dimensional computer analysis program, 
RAPT; (3) the structural designs were finalised using the results obtained from the computer 
analysis and these were verified using comparison with hand calculations to ensure accuracy 
and suitability of the design; and (4) the structural requirements for each element were sub‐
sequently detailed allowing a bill of quantities (BOQ) to be generated and an environmental 
performance assessment undertaken. The methodology has been summarised in Figure 5.

Utilising the allowable bearing capacity and applied working loads (1.0G + 1.0Q) initial size 
estimates (length and width) were determined in accordance with the allowable bearing 
capacity and checked with the inclusion of the self‐weight of the footing.

An initial trial depth was utilised to check for the effects of two‐way punching shear, an inad‐
equate design sections resulted in an increase in the footings thickness. Once all the critical 
design cases were satisfied, detailing of the steel reinforcement was conducted to check for 
development length at critical sections and minimum reinforcing specifications as specified 
by the Australian Standard.

4.2. Environmental impact analysis

Reducing the material requirements of a structure and its elements is only one of a wide range 
of measures that have the capacity to effectively reduce the environmental impacts of the 
construction industry. In order to keep this project in line with previous research, the same 
unit measures of embodied energy have been applied to the current study. For the footings 
constructed of 40 MPa concrete, the correlation of embodied energy is as follows: for every 
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cubic metre of concrete cast for the footings, 5670 MJ of energy is required [2]. For the embod‐
ied energy value of steel, 85.46 MJ is required per kg of installed reinforcement. These unit 
measures have then been applied to the material requirements, as determined from the bill of 
quantities, in order to determine environmental impacts of each footing system.

In order to enable future widespread application of the presented research outcomes, it is 
intended that the environmental impacts be measured, be in the form of a relative estimation, 
EE. The results provided show an indicative comparison of the environmental impacts with 
the reduction in structural frame mass, associated with utilising PT slabs over RC slab frame 
elements. More importantly, the carry‐on effects transmitted to the foundation of the structure 
allow for more lightweight footing systems to be utilised. These outcomes are presented in 
Figures 6–11 and distinguish the individual contribution associated with concrete, steel and 
overall EE as well as the percentage reduction gained from utilising a favourable PT system.
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• Overturning moment conditions generated from horizontal loading such as wind loads are 
negligible on the design actions of the footing system and will not be considered;

• Property boundaries pose no restriction upon the footing dimensions;

• The weight of overburden soil pressure can be neglected as it is assumed this has been 
accounted for in the allowable soil bearing capacity, based on geotechnical advice; and

• Shear reinforcement (stirrups) will not be utilised to resist one‐ or two‐way shearing actions 
as in practice it is not considered economical to do so.

Figure 6. Comparison of concrete strength and span length with the steel mass required in each raft footing.

Figure 7. Comparison of concrete strength and span length with concrete volume in each raft footing.
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Figure 8. Overall trend comparison of embodied energy contributed by steel.

Figure 9. Overall trend comparison of embodied energy contributed by concrete.
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Figure 10. Overall comparison of embodied energy trend.

Figure 11. Percentage reduction of overall embodied energy between Cases C to B and C to A.
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5. Results and discussion

As mentioned, the comparison of EE for each raft footing has been classified based on three cases 
based on the reinforcement/construction method utilised for the floor slabs and raft footing.

Case A: post‐tension raft with post‐tensioned structure

Considers a full PT system of floor slabs and raft footing solution. This case shall focus on 
examining the full effects of implementing a PT system for a foundation, specifically the ben‐
efits of utilising a PT raft.

Case B: reinforced concrete raft with post‐tensioned structure

Focuses on a hybrid system of PT floor slabs and a RC raft footing system. This case shall 
specifically evaluate the efficiencies of reducing the structural frame mass by utilising PT in 
the floor slab system.

Case C: reinforced concrete raft with reinforced concrete structure

Focuses on a fully conventional system of both RC slabs and raft footing options. This case 
shall be the baseline for comparison of the efficiencies of PT alternatives, Cases A and B.

5.1. Effects of increased concrete strength and span distance

One of the main purposes of this study was to investigate the controlling effects of utilising 
increased concrete strengths for the suspended slabs of a structure, as well as increasing the 
span length. Figures 6 and 7 present the results for both of these cases for the resultant quanti‐
ties of steel and concrete individually.

5.2. Steel and concrete contribution to EE

The outcomes from the environmental impact assessment have been presented in Figures 8–
11. The contribution to EE from steel is depicted in Figure 8. An increased span length shows 
a direct correlation to higher levels of EE. Case C continues to have the highest rates of EE, 
followed by Case B. Case A however appears to have a significantly lower EE level compared 
to both Case B and Case C. As the concrete strength increases no obvious change in trend 
appears for the EE levels in identical span lengths in any of the cases.

Figure 9 depicts the EE contributed by concrete with similar trends to Figure 8, with a direct 
correlation between span length and increasing embodied energy. Case C continues to have the 
highest rates of EE in all levels of span length, and Case B shows a significant reduction for the 
13.33 m span length. For example, in 32 MPa concrete strength, Case B shows a 27% EE reduction 
compared to Case C. Case A continually shows the lowest EE levels in all span lengths. There is 
a noticeable decline in EE overall (in all cases and span lengths) as concrete strength increases.

Figure 10 shows the overall comparison of EE, which combines the outcomes from both 
Figures 8 and 9. This indicates that increased span length shows a direct correlation to higher 
levels of embodied energy. Also highlighting that Case C continues to have the highest rates 
of EE in all span lengths, followed by B and then A. Figure 10 also shows a slight decline in 
EE overall (in all cases and span lengths) as concrete strength increases.
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Figure 11 shows the percentage of reduction in overall EE between Cases A, B and C. The 
obvious trend is that the EE reduction percentage is significantly larger between C and A, 
than it is between C and B. For example, with a concrete strength of 50 MPa and a span length 
of 6.67 m, C to A has a 31% higher reduction in EE than the corresponding C to B comparison. 
The greatest savings for C to A can continually be seen in the smaller span lengths, with sav‐
ings decreasing as the span length increases.

A clear trend was observed in Figure 9, comparing reductions from Cases C to B and from C to 
A. For C to B, as span length increases, the overall reduction percentage increases; however, this 
is opposite to the reduction trend in C to A, which decreases in EE reduction as span increases. 
The explanation for this is that Case A utilises a PT raft solution and that at smaller spans the 
use of PT contributes to a significant reduction in concrete volume and ultimately a higher 
EE reduction percentage; however, as span increases and the amount of columns decreases, 
the effectiveness of PT to add additional support to punching shear is reduced. The reasoning 
behind this is that, only a finite quantity of tendons can contribute to the resistance of two‐way 
shear around the critical shear perimeter, this is due to the impracticality of fitting tendons so 
close to one another. Therefore, it is more favourable to have a larger number of columns to dis‐
tribute the tendons between in order to increase punching shear resistance under each column.

Overall, this study has focused on quantifying the material saving and the associated EE 
through the utilisation of PT, it can be seen for Cases A and B, where PT has been utilised, that 
significant savings can be achieved. This was observed through both a hybrid PT option or a 
combined raft and floor slab system. The savings typically range between 7 and 40% at 6.67 m 
spans and 65 MPa concrete strength.

When considering the most efficient structure type in terms of EE and materials savings, it 
can be clearly recognised that a full PT raft and floor slab combination with 6.67 m span is the 
most effective.

6. Conclusion

As global population growth continues to increase into the future at an ever increasing rate, 
the impacts and draining effect on natural resources and the environment will continue. This 
work presents a strong discussion, which shows that a level of inefficiency currently exists in 
structural engineering design and environmental performance and that this should be recti‐
fied. As engineers, we can begin by bringing concepts of sustainable design into everyday 
practice. This investigation has delivered a comprehensive overview of the current state of 
knowledge in relation to the concrete design and construction industry, with the possible 
benefits achievable by improving its efficiency.

It was highlighted that structural engineers and other engineers alike, play a restricted role 
in the integration of sustainable alternatives to any given project, as they are at the mercy of 
the client and architects’ demands. This shows that greater focus needs to be placed on the 
integration of sustainable design solutions into structural designs through aiming to improve 
the structural effectiveness of a building. This is achieved through improved efficiency of a 
structural system while offering adequate structural performance.
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It has been shown in this investigation that through reducing material requirements in the frame 
of a structure, subsequent flow‐on effects can be achieved in the foundation system when raft 
footings are utilised. Through reducing the mass of the frame, a direct correlation can be seen 
in the reduction of the applied loads needing to be supported by the underlying foundational 
system. For this investigation, the use of raft footings has been effectively designed and detailed 
for the 48 office structure configurations considered. These configurations were separated into 
three distinct cases. Case A consisted of an RC raft with an RC structure, Case B, an RC raft with 
a PT structure and Case C, a PT raft with a PT structure, all together totalling 48 model variations.

Clear findings have been presented showing significant material efficiencies achievable in the 
Case A footing system characterised by a PT raft/frame combination, followed by a Case B, a 
hybrid RC raft/PT frame option. Overall, the PT footing system outperformed the RC footing 
systems in all cases in terms of material reductions of steel and concrete and the EIA crite‐
ria for embodied energy. For the PT raft coupled with a PT slab system a significant saving 
ranging between 27 and 40% was achieved. This was predicted due to a distinct variation in 
column loadings generated by variations in slab element types and characteristics and due to 
the advantages offered from the contribution of pre‐stressing methods. In terms of the effects 
of increased concrete strength and span length, results suggested that for material require‐
ments, the PT raft/PT frame option outperformed all other cases and was more effective at 
taking advantage of the higher strength concrete. Overall, however, as the span increased, the 
overall requirements of the footing increased linearly; also, as the concrete strength increased, 
the material and EE requirements decreased linearly, with the highest saving found in the PT 
raft/PT slab option. When comparing the results for embodied energy to previous studies, it 
showed that spread footings for shorter spans resulted in less embodied energy than the PT 
raft solution. This however was shown to be negated, due to the considerations of constructa‐
bility when spread footings acquire greater than 50% of the structural area.
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Abstract

The focus in  this  chapter  is  to  find adequate  solutions to  optimize daylighting of
buildings.  The  climatic  context  is  limited  to  Nordic  European  countries.  As  the
knowledge of the positive impact of daylight on the human health increases and people
spend most of their lives in buildings, the main objective is to create interiors with an
optimum level of daylight for humans in a way which may also contribute to energy
savings.

The solution for this complex task is showcased at a student’s studio at the campus of
the Norwegian University of Science and Technology (NTNU) in Trondheim, Norway.
The studio has been refurbished in 2016 by fundamentally changing design of the
skylights. A high potential for energy saving for electrical light has been created since
the  light  level  has  been  increased  two  to  three  times,  both  in  cloudy  and  sunny
conditions. The light is evenly distributed creating good conditions for visual tasks.
Additionally, the change of the colour of light from yellowish to white makes that the
room appears as brighter, cleaner, more spacious and more open.

The new design was developed in the frame of the DayLighting project carried out by
the Light & Colour Group at NTNU.

Keywords: daylight, sunlight, skylight, daylight factor, view out, aesthetical   
perception

1. Introduction

For many years the focus in daylighting research has been at daylight level and daylight
distribution in buildings. By adjusting these two parameters with a control system of electrical
light and shading devices, a substantial amount of savings in energy consumption can be
made possible. But the subject of daylighting also includes other issues like: view out, visual
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and reproduction in any medium, provided the original work is properly cited.
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comfort and accessibility of sunlight in interiors as important parameters of occupant’s health,
well-being and aesthetical satisfaction.

1.1. Daylight for health

Research shows that daylight is advantageous (vs. electrical light) for visual tasks if it is
delivered in a comfortable manner. It may create even and intense illumination enabling ideal
conditions for visual tasks such as reading. Daylight is also the best light source for colour
discrimination. The variation of daylight during the day stimulates the visual system and
conveys information about weather fluctuation and the passing of time. The view out through
the window is important for orientation and for keeping in contact with the outdoor environ-
ment; as such it is one of factors influencing the mental health of occupants.

Daylight is also crucial for non-visual neural system that is stimulated by the light falling at
the special type of light-sensitive neural cells in the retina called intrinsically photosensitive
retinal ganglion cells (ipRGC) [1]. The nerve impulses conveying information about light
detected by those cells contribute to regulation of hormone production and to adjustment of
human circadian rhythm to the 24 h cycle. The circadian rhythm is decisive for good
functioning of our body and brain. Daylight is the optimal light source for stimulation of the
non-visual system since it has a very high intensity and a spectrum containing much light in
the blue-green part of the visual spectrum to which the non-visual system is most sensitive.
As the morning daylight exposure of ipRGCs is most effective for the circadian rhythm
adjustment, high daylighting level in rooms where we stay in the morning, as e.g. bedrooms,
is especially important. Finally, we may underscore that importance of daylight for the health
of occupants should be considered including both, visual and non-visual systems, which are
two separate nerve paths, both receiving impulses from the retina in the eye but processing
them differently in the brain.

As the adequate light exposure during the day is important for sleep length and sleep quality,
and adequate duration of sleep is important for cognitive activity as, e.g. learning, it is logical
to expect that adequately daylit buildings may contribute to better performance of occupants.
Such correlations were actually found.

1.2. Local climate

Considering daylighting solutions the local climate has to be taken into consideration, this
topic is limited here to the region encompassing Nordic European countries.

Let us start with the most important parameter that has impact at other parameters, i.e. the
position of the sun. It may be observed that three national capitals and other large towns in
northern Europe have latitudes close to 60°: Oslo 59°54′, Stockholm 59°19′, Helsinki 60°10′,
Bergen 60°22′ and Orebro 59°16′.

Even a momentary look at the sun diagram for one of those cities, e.g. Oslo, and the sun diagram
for, say, Cairo, helps to find the most fundamental difference between daylight in the North
and in the South, i.e. the prevailing height of the sun over the horizon. The sun moves straight
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up after sunrise in Cairo. In Oslo the movement is more horizontal; the elevation angle of the
sun increases slowly over many hours and never reaches the area around the zenith. The
highest position of the sun during the year in Oslo is 53.53°, the elevation angle at noon at the
equinox is only 30.52°, while the two respective angles for Cairo are 83.37° and 60.33°.

Another interesting aspect is related to timing of the solar elevation angle. Since the position
of the sun in Nordic countries is very low, the sun is near the horizon considerably longer than
in countries situated at lower latitudes as, e.g. Cairo, 30°03′N. The very interesting question is
how long can we expect the sun to be, e.g. between 0° and 10° above the horizon? The
calculations of the percentage of daytime occurring during the first part of the year when the
elevation angle of the sun is in intervals—(0°–10°), (10° –30°) and (over 30°)—were made with
the help of the Solar Beam software [2] for Trondheim: 63°26’, see Figure 1. The results are also
presented in Table 1.

Figure 1. The sun diagram for Cairo and Trondheim generated using the Solar Beam software. The area of the Trond-
heim diagram representing 0–10° elevation angles of the sun is marked with red and the area representing elevation
angles over 30° with yellow colour.

The highest elevation angle of the sun during the shortest day of the year, 21st of December,
is only 3,35°. In the period from the 21st of December to the beginning of February the elevation
angle of the sun will never reach 10°, this occurs first on the 3rd of February. After this day the
number of hours when the sun is over 10° increases rapidly on a daily basis, but 30° sun
elevation angle cannot be observed before the 30th of March.

The highest position of the sun in Trondheim is 50.01°. There are only four days during the
year, 19th, 20th, 21st and 22nd of June, when the elevation angle of the sun is slightly higher
than 50°; at 21st of June it lasts for 12 min.
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The results are striking: the percentage of time during the year when the sun is between 0° and
10° is 35%. This means that for more than 1/3 of the whole daytime during the year we may
expect a nearly horizontal light from the sun. The time when the sun is in the 0–10° angle
interval is actually much longer than the time when it is over 30° (26%).

0–10° 10–30° 30–50° 0–50° Twilight
December 21–31 50.1 0 0 50.1 27.2

January 179.9 0 0 179.9 66.5

February 134.0 108.2 0 242.1 47.6

March 104.0 257.9 2.8 364.7 48.8

April 100.0 202.9 146.8 449.7 55.3

May 124.7 190.4 248.3 563.4 106.8

June 01–21 102.4 131.4 191.8 425.6 78.40

Together: 794.9 890.8 589.7 2275.5 430.42

35% 39% 26% 100% 19%

Table 1. The time duration in hours when the sun is in the three elevation angle intervals, calculated monthly for the
first part of the year in Trondheim.

The availability of the sunlight is also strongly dependent on the cloud cover. To look at the
frequency of sunny skies a map was generated with the help of the Satel-Light [3], see Figure 2.

The analysis made so far shows the typical features of daylight in the Nordic countries:

1. Dominating low solar elevation angle during the year.

2. Long periods of twilight and white nights in the time period close to summer solstice,
midnight sun at places north of the Arctic Circle.

3. Rather low frequency of sunny skies during the year, especially during winter.
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2. How to utilize daylight?

A new method of harvesting daylight in the Nordic climate was developed during the
retrofitting of a studio located at the campus of the Norwegian University of Science and
Technology in Trondheim, Norway. The room is located on the third floor of a three storey
building called Lavblokk Sør. The building is situated immediately south of a high raise 13
storey building, representing its largest exterior obstruction (Figure 3).

Figure 3. NTNU campus. The studio is marked by a red rectangle within the red ring.

The room is 8.2 m × 14.3 m, a total of 117 m2 and has a height of 3.4 m, as shown in Figures 4
and 5. It is one of eight student studios at the Faculty of Architecture. The students use them
as permanent working places; the typical visual tasks are drawing, making sketch models and
of course reading and writing both in the analogue and digital format.

Figure 4. The cross-section of the room.
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Figure 5. The layout of the room with drawing tables for 24 students. Location of skylights is marked with dashed
squares. The dashed lines represent steel beams.

The roof construction is made of steel beams situated across the room, as shown in Figures 4
and 5. There are four skylights in the rear part of the room. The original idea behind skylights
was to deliver daylight in the rear part of the room and to protect against direct sunlight falling
at working areas. This was achieved by the usage of translucent acrylic sandwich elements in
the pyramid-shaped skylights. Skylights are square in plan 1.8 m × 1.8 m; the height of vertical
walls surrounding each roof opening, the well, is 0.85 m.

The acrylic sandwich elements diffuse sunlight very well, but they have also a negative feature,
namely, the total transmittance of light is low, i.e. sandwich elements transmittance is 30–40%
depending on the thickness of material, something that limits daylight penetration during
cloudy weather which, as was shown in introduction, occurs in Trondheim quite often.

After including this refurbishment project in the research activity of the Light & Colour Group,
specifically in the DayLighting project carried in international cooperation, in the frame of IEA
Task 50 “Advanced solutions for retrofitting of lighting systems” [4], the scope of the project
has been widely extended.

The main objectives of the refurbishment project were to:

• Keep the energy consumption for heating at the same or lower level. It should be mentioned
that since the climate in Trondheim is rather cold and a high rise building is situated to the
south, there was no need for cooling in the studio.

• Maximize the provision of daylight, both sunlight and diffuse light from the sky; this is to
enable a reduction of energy consumption for electrical lighting.

• Create good visual conditions for all occupants in the room in any daylight condition.

The scope of the project was originally limited to replacement of dirty old acrylic sandwich
elements with two-layers low-energy glass (Figure 6).
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Figure 6. Existing skylights from the outside and from the inside.

To minimize the energy consumption for heating three-layers low-energy glass was chosen
instead of two-layers such that the U-value of the new glazing, specified at the middle of the
glass, has been 0.9 W/m2K.

The estimated transmittance of old sandwich elements is in the range 20–40% depending on
the dirt thickness and age (yellowing of material) while the transmittance of the new glazing
oscillates around 70% depending on maintenance frequency. To maximize the daylight
provision the low-iron glass was chosen to keep the light transmittance of the glazing at the
topmost level (about 4% increase comparing to the standard glass).

The vertical well walls have been covered with highly reflective mirrors, R = 96%. Such a
solution ensures that all of the light hitting surfaces of the mirrors is reflected down, i.e. not a
single ray is reflected back to the atmosphere. This is especially important in the location with
dominating low sun.

The most challenging task was to ensure the visual comfort. The sunlight passing through the
glazing and reflected from mirrors would create patches of strong sunlight in the interior. The
patches would move in the room as the sun moves on the sky. The crucial question was how
to distribute the sunlight in the room and at the same time keep the skylight transmittance at
topmost level?

To obtain the most promising solution different alternatives were tested in a scale-model study
carried out in the Daylight Lab. at NTNU, Light & Colour Group. The alternatives assumed
utilization of perfectly transparent acrylic plates which have been perforated with holes made
with the Laser Cutting Machine accessible at the workshop at the Faculty of architecture,
NTNU.

After the idea of scattering sunlight with the help of perforated acrylic plates proved to be
successful, a long design process followed. A suspension system for hanging the plates exactly
at the level needed to be aligned with the ceiling plates had to be designed. The size of the
acrylic plates had to be selected according to the dimensions of the skylight well. The thickness
of the plates had to be chosen according to the size of the plates and the size of the holes and
the distance between the holes had to be adjusted according to the thickness of the plates.

The result of this project is shown in Figures 7 and 8. Pictures were taken with a Nikon D600
camera with the fish eye EX DG positioned at the entrance to the room about 2.0 m above the
floor. Two rooms were photographed, the renovated room (on the left-hand side) and the
neighbouring room that has not been renovated (on the right-hand side). A series of 11 low-
dynamic range pictures were taken and combined afterwards into high-dynamic range HDR
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pictures. The HDR pictures visualize a room in a way that is much more similar to the way
human visual system perceives it, especially regarding lightness of surfaces.

It is clear that the general light level in the retrofitted room is significantly higher, both in the
overcast and sunny conditions. This may be observed comparing the right and the left picture
but also by looking at the high situated windows in the partition wall. The windows appear
as darker than the wall if seen from the renovated room creating impression that we are looking
into a darker room to the right; a contrary impression is created if the same windows are seen
from the room which was not retrofitted.

Additionally, the renovated room appear as cleaner, since the yellowish shade had been
removed. Interestingly, the brightest spots in the renovated room are at acrylic panels, even
very gentle sun patches on side walls appear as darker.

Figure 7. Fish eye HDR pictures of the studio under overcast sky conditions, the new solution to the left, old one to the
right.

Figure 8. Fish eye HDR pictures of the studio under clear sky conditions, the new solution to the left, old one to the
right.
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3. Potential for energy savings

The refurbishment project is not completely finished; the next step will be the replacement of
the electrical light system. New LED-luminaires will be fixed underneath the steel beams and
will be connected to a daylight-responsive control system. This will allow theoretically the
highest possible energy saving for lighting.

The results of illuminance measurements taken in June 2016 at the middle of each numbered
desk, see Figure 5, both in sunny and cloudy conditions are presented in Table 2. For cloudy
conditions both illuminance and daylight factor (D) values are presented.

On average the light level is increased by two to three times both in sunny and cloudy
conditions. We predict similar values for intermittent sky, i.e. more than doubling of the light
level. The daylight factor was increased from 2.1–2.3% in the room with the old solution to 4.8–
6.9%.

Sunny Cloudy
New (lx) Old (lx) New (lx) D Old (lx) D

1  3145 1655 1306 6.3% 454 2.2%

2  3485 1795 992 4.8% 435 2.1%

3  3490 1760 1154 5.6% 433 2.1%

4  3110 1730 1417 6.9% 456 2.2%

5  3960 2015 1252 6.1% 472 2.3%

6  4300 1900 982 4.8% 462 2.2%

7  7535 1820 1109 5.4% 431 2.1%

8  4445 1765 1327 6.4% 458 2.2%

Table 2. Illuminance measured on eight desks situated closest to the entrance.

In sunny conditions, while the sun elevation angle is about 48°, the light level in the room with
old skylights oscillates between 1600 and 2000 lx, in the room with the new solution it is around
3100–4400 lx. The variation in sunny conditions is higher as a very small percentage of light is
allowed to pass directly through the acrylic panels creating a little brighter area (7535 lx).

As the light level in the room with old skylights is rather low, doubling of this value makes
daylight illumination much more adequate to the needs of the users (300–3000 lx). This means
that the time of the daylight level on desks higher than 300 lx has been radically increased,
giving large potential for energy saving for lighting.

4. The importance of the view out of the window

The research conducted by Ne’eman et al. [5] shows that acoustic, heating, lighting, outside
view, ventilation, air conditioning and the design of work space are among the most important
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physical environmental factors affecting worker satisfaction. Daylighting and outside view,
both conveyed by windows, are the most important factors for achieving worker satisfaction.
The view out is especially important for well-being since it gives the possibility to keep contact
with the outside environment continuously [6, 7].

The existing hypotheses and research findings about preferences for view may be categorized
into three groups: the need for information about the outside environment, the need for
aesthetical experience and the need for restoration and health [8].

The need for visual information is well described by Lam [9]. A typical window conveys
information about location, time and weather conditions, but also about activities and events
outside the building. If the need for visual information is not satisfied, the ability to focus on
a work task is seriously limited.

The need for aesthetical experience has been explained by the evolutionary aesthetics [10, 11]
claiming that perceptions of beauty are evolutionarily determined, i.e. places and landscapes
which people consider beautiful are typically found in settings that are likely to support
survival of the human’s genes. This theory together with the prospect-refuge theory proposed
by Appleton [12] may explain why natural landscapes and well-kept buildings are generally
preferred.

The need for restoration and health can be explained by the attention restoration theory [13].
Natural environments have qualities that in combination seldom occur in other types of
environments. They give a feeling of being away and they create a sense of extend, i.e. what
is seen is a part of a larger area. In addition, natural environments create a sense of fascination
meaning that they encourage exploration, attract attention and hold it effortlessly [14, 15].

Consequently, for the evaluation of the view out, two categories of descriptors should be
considered:

• the content of the outside view discussed previously, i.e. qualitative descriptors, and

• the extent to which the view is actually available from a given point in the interior, i.e.
quantitative descriptors.

Both types have impact on the view quality, see Tables 3 and 4, but the responsibility may be
allocated to different professional groups. Architects designing a single building have
responsibility for most quantitative descriptors, as e.g. the width of the view from a given place
in the building as well as the possibility to see the view layers: sky, landscape and the ground.
To a certain degree they may decide about the view distance, e.g. by choosing the location of
the building on the site. Additionally, architects may attempt to include a nice landscape
element in the views from many rooms. However, there are urban and landscape planners and
municipalities who decide about the distance between buildings, width of the streets, size of
town squares and have responsibility for creation of attractive urban or rural landscapes, i.e.
are decisive for the qualitative descriptors.
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View quality
Descriptor Sufficient Good Excellent

Width of the view (glass) > 14° > 28° > 54°

Outside distance of the view > 6 m > 20 m > 50 m

Number of view layers:
- sky
- Landscape (urban
and/or nature)
- Ground

At least landscape
layer is included

Minimum two layers
are included

All layers are included

Environmental information:
- Location
- Time
- Weather
- Nature
- People

Time, weather and basic
info about location

Time, weather, location
and nature or people

All

Table 3. Assessment of the view out, quantitative descriptors.

View quality

Descriptor Sufficient  Good Excellent

Content and Quality of landscape:

- urban low quality, as e.g. toward

concrete walls, parking plot, etc.

- urban middle quality

- urban high quality, e.g. an attractive

square or with attractive elements as,

e.g. historical buildings, fountains,

sculptures, etc.

- natural/rural low quality, as

e.g. monotonous rural landscape

- natural/rural middle quality

- natural/rural high quality, e.g.

varied and including beautiful

elements as lakes, well-shaped

trees/bushes

Natural/rural –low

or urban middle

 Natural/rural

 -middle

 or urban high

Natural/rural -high

or urban high

Composition:

- poor balance between landscape

elements, e.g. more than ½ of the

view is toward one

dominating element

- good balance

- very good balance between

landscape elements

Poor balance

but at least the

central part of the

view is free from

undesired elements.

 Good balance

 and the central part

 of the view is free from

 undesired elements.

Very good balance

and the view is free

from undesired elements

Table 4. Assessment of the view out, qualitative descriptors.
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It is preferable to divide the view out quality into classes, e.g. sufficient, good and excellent,
see Table 3. For a good view it is recommended that the width of the view (window glass only)
from the observation place in the room is larger than 28°, the mean minimum outdoor distance
to other buildings/constructions is minimum 20 m and minimum two of the three view layers
are included. If the evaluation of those metrics is difficult, it may help to consider if the view
conveys environmental information about time, weather, location and nature or people, see
the last row in Table 3.

As discussed previously, for a view to meet the occupants’ needs for environmental informa-
tion, for aesthetical experience and for restoration there are expectations to the quality of the
view. Interesting question is then, how people evaluate quality of the view from their usual
occupancy places. In the research study performed in a previous work [8] in Trondheim,
Norway, over 100 subjects were visited at their work places and asked to evaluate the quality
of the view out. The quality was best predicted by the view distance, the number of view layers,
the quality of the landscape/elements and the composition of the view. This is a new finding
showing that the aesthetical experience may be more important than assumed previously.
Occupants appreciate the possibility of looking towards beautiful and well-maintained
buildings and towards well-kept parks and gardens. It appears also that a certain degree of
complexity is preferred. A variation in composition of green areas with different shapes and/
or colours of trees and shrubs is preferred. Regarding buildings, a certain variation of forms
and shapes is preferred compared to ordinary plain walls made of one material.

Anyhow, even if the view contains a beautiful element, like for example a cathedral, the
important question is how much of this element is actually included in the view? Another
question is if there are unwanted elements, like e.g. a poorly maintained building, in the view?
With other words, how is the composition of the view? Where the liked and disliked elements
are positioned, at the central or peripheral part of the view? A good method to find it out is
simply to take pictures from the place under consideration. Table 4 gives additional guidance
regarding the qualitative descriptors.

It has to be mentioned that it may be also indirect determinants that influence people’s
perception such as glare, colour rendering of glazing, contrast and clarity of the image which
may have impact on the final evaluation of the quality of the view.

5. Daylight and aesthetics

Experience-based knowledge gathered by generations of architects and building planners tells
us that daylight has a profound impact upon the aesthetic ambience of the interiors. However,
can this be scientifically proven? A full-scale study with mock-up rooms build in the Room
Lab at NTNU in 2014 [16] examined the impact of window size and room reflectance on the
perceived quality of a small room, and the correlation between various architectural quality
attributes, as shown in Figure 9.
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Figure 9. Pictures of the mock-up rooms.

The mock-up rooms were visited in the randomized way by a number of carefully selected
subjects. Statistical analysis of their answers led to the following conclusion: “overall, the
rooms with larger windows and lighter walls obtained higher ratings for all the studied
architectural quality attributes, suggesting that high levels of daylight are crucial in order to
achieve a more pleasant, exciting, complex, legible, coherent, spacious, open and spatially
defined room.” Additionally, it turned out that the window size was more important for the
aesthetical judgement than the surface colour; on average the black room with the largest
window scored higher than the white room with a small window. As this study was limited
to rather small rooms, achromatic colours and overcast sky conditions, more research is needed
for generalization.

Another full-scale experiment was carried out in a small office room situated in one of high
rise buildings on the NTNU campus to find out the aesthetical preferences of four different
daylighting systems: venetian blinds (WB), high reflecting blinds (HRB), hybrid (included
electrical light also) light shelf (HLS) and mirrored light shelf (MLS) [17], Figure 10. Results
from MANOVA indicated that both the daylighting systems and the type of sky had an effect
on the aesthetical attributes, and the significant interaction effect suggested that the aesthetical
perception of daylighting systems depends on the type of sky. The room equipped with the
high reflecting, i.e. specular, blind system, which created even and rather strong illumination,
was evaluated highest by participants, i.e. as the most pleasant, exciting, coherent, spacious,
legible and the one making the room most spatially defined, under both clear and overcast sky
conditions.
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Figure 10. Pictures of the studied office rooms with the eight different stimuli.

6. Conclusion

The most prominent question in the study of daylighting is how to create rather high daylight
level in cloudy conditions and avoid uncomfortable sunlight in sunny conditions in the same
space. This is especially problematic when intense sunlight causes discomfort when shone on
human bodies and distracts our view on computer screens. Sun shading devices are usually
used to solve this problem, but this will cause the overall light level in the room to diminish
and electrical light has to be used.

The new system developed by the Light & Colour Group at NTNU [18] in Trondheim is based
on the strategy of maximal penetration of daylight through the skylight, aided by vertical
mirrors on the walls of the skylight well, which is scattered in the room using perforated acrylic
plates. The results observed showed evenly distributed light of high intensity providing
comfortable working conditions and significant energy saving when the use of electrical
lighting is reduced. For high sun elevation angles which happen at the middle of the day during
summer, sun patches may occur, especially on the side wall, but then they are weak and does
not cause discomfort. In fact, they add luminance contrasts in the room and in this way increase
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esthetical experience. As the studied room has rather large windows towards trees, the good
view is also ensured.

Our research confirms that there is clear potential for energy saving for lighting by utilization
of daylight directly for illumination of interiors using canny designed skylights.
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Abstract

The market share of lightweight steel‐framed (LSF) construction system has grown over 
the last decades, mainly in low‐rise residential buildings, due to its advantages such 
as having small weight with high mechanical strength; reduced disruption on‐site and 
speed of construction; great potential for recycling and reuse; high architectural flexibility 
for retrofitting purposes; easy prefabrication, allowing modular construction; economy 
in transportation and handling; superior quality given off‐site manufacture control; and 
excellent stability of shape in case of humidity and resistance to insect damage. However, 
given the high thermal conductivity of steel and the lightness of this type of construction, 
it may also have some drawbacks if not well designed and executed. Therefore, special 
attention should be given to the LSF building envelope in order to minimize thermal 
bridges. Moreover, given the usual reduced thermal mass, several strategies could be 
implemented to increase thermal inertia, consequently reduce indoor temperature fluc‐
tuations, enhance the occupants comfort and increase energy efficiency. In this chapter 
an overview of the main features related to the thermal behaviour and energy efficiency 
of LSF buildings is provided alongside some related case studies.

Keywords: LSF buildings, energy efficiency, thermal behavior, thermal bridges, thermal 
inertia, case studies

1. Introduction

Sustainable development and energy efficiency are two of the most relevant concerns of 
today's humankind. Therefore, the demand to reduce energy consumption and to use more 
environmental friendly materials is increasing. In fact, today there is no doubt about the link 
between the burning of fossil fuels and the consequent release of carbon dioxide with cli‐
matic changes, for example, global warming and extreme climate events. Buildings exhibit 
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an enormous potential to mitigate greenhouse gas (GHG) emissions when compared with 
other activity sectors [1]. Thus, the use of renewable energy sources (RES) and the reduction 
of energy consumption are two top priorities, being these the major challenges of the twenty‐
first century for emerging and developed countries.

In this context, several objectives were established by the European Union in the Energy 
Performance Building Directive—EPBD (European Directive 2010/31/EU [2]) regarding 
“nearly zero‐energy buildings” for the year 2020. The EPBD addressed both the increase in 
RES and the improvement in buildings energy efficiency.

Several alternatives to traditional reinforced concrete structure and brick wall buildings have 
emerged, including the lightweight steel‐framed (LSF) buildings. Given its advantages (eco‐
nomical, functional, environmental, etc.), the market share of LSF construction system grew 
significantly, mainly in low‐rise residential buildings, making this kind of construction more 
attractive and popular [3]. Some of these advantages are as follows: high architectural adapt‐
ability [4, 5]; reduced weight; cost‐efficiency [6]; exceptionally solid relative to weight; rapid 
on‐site erection; excellent stability of shape in case of humidity; easy to prefabricate; and 
great potential for recycling and reuse, increasing building sustainability [1, 3, 7]. Section 2 
of this chapter presents a brief overview of the LSF construction system, which includes the 
 materials used, its classification regarding the position of thermal insulation, and the methods 
for manufacturing and framing.

Regarding sustainability, to perform a life cycle analysis of a building is essential to quantify 
both embodied and operational energies. To increase the sustainability label, it is vital to reduce 
both types of energies. This chapter focuses on the operational energy related to thermal behav‐
iour improvement in LSF elements or components and energy efficiency of LSF buildings.

Some advantages of LSF construction system have been mentioned. However, when not cor‐
rectly addressed during design stage, the LSF construction system may have also some draw‐
backs which could penalise its thermal behaviour and energy efficiency. Thermal bridges 
(TB), originated by the steel studs and the reduced thermal inertia (TI), are two major exam‐
ples of these possible drawbacks. These issues related to the thermal behaviour of LSF ele‐
ments are further detailed in Section 3.

Since the assessment of the energy efficiency of LSF buildings depends on so many factors 
and should be made in a holistic manner, this is not straightforward [1]. The parameters with 
influence on thermal performance and energy efficiency of LSF buildings could be grouped 
into four key factors [1]: climate [8, 9]; building envelope; occupants behaviour; and buildings 
systems. In Section 4 of this chapter, each one of these key factors will be further analysed.

Several tools to evaluate the energy and environmental performance of buildings in steel 
have been implemented. One example is the SB_Tool, also designated as ESSAT (early stage 
sustainability assessment tool), and developed by SB_Steel research project partners, mainly 
by the University of Coimbra research team, for the evaluation of the life cycle environmental 
performance of a building, which is freely available online [10]. This tool was an outcome of 
the European research project “SB_Steel—Sustainable buildings in steel” [11–13].

Some case studies related to the thermal behaviour of LSF elements and the energy efficiency 
of LSF buildings are briefly presented in Section 5 of this chapter.
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2. Overview of LSF construction system

This section provides a brief description of the lightweight steel‐framed (LSF) construction 
system. First, an overview of the main materials used in this construction system (structural 
cold‐formed steel sections, sheathing panels and insulation materials) is presented. It contin‐
ues with the typical classification of LSF construction components, concerning that the ther‐
mal insulation location within these components is described and concludes with a concise 
overview of the manufacturing processes and the framing methods.

2.1. Materials

The LSF dry construction system typically makes use of the following three main types of 
materials [1]: (i) structural cold‐formed steel sections; (ii) sheathing panels (e.g. gypsum 
plasterboard and OSB—oriented strand boards; and (iii) insulation materials (e.g. expanded 
polystyrene for ETICS—external thermal insulation coating system—and mineral wool used 
within the walls and slabs). There are also some complementary additional materials like 
self‐drilling screws for joining and fastening, air tightness and waterproof membranes, and of 
course the finishing cover layer. Figure 1 illustrates a low‐rise LSF residential building under 
construction, namely the cold‐formed steel structure frame (Figure 1a) and after the setting 
up of OSB sheathing layer (Figure 1b). Notice that, as usual, to avoid ground humidity related 
problems, there is an elevated reinforced concrete ground floor [14].

2.1.1. Cold‐formed steel profiles

There are several cold‐formed cross‐sectional steel profiles, most of them identified by a let‐
ter (e.g. U, C, Z). The structural and functional performance depends on this cross‐sectional 
shape, existing some special profiles with increased thermal (e.g. slotted web profiles) and 
acoustic performance (e.g. resilient profiles). To avoid corrosion and to increase durability, 
the steel studs are usually galvanised. The galvanisation process is often the hot‐dip zinc 
immersion technique [3]. These steel studs are used in all LSF building components, namely 
external and internal walls, roofs and slabs, except ground floor slab, which is usually in rein‐
forced concrete, as previously mentioned and illustrated in Figure 1b.

Figure 1. Example of a low‐rise LSF residential building at construction stage [14]. (a) Steel frame; (b) OSB external layer.
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2.1.2. Sheathing panels

OSB and gypsum plasterboards are the most standard sheathing panels for the outer and 
inner layers of LSF construction elements (e.g. walls), respectively (Figure 2). Notice that, 
besides their covering function, these panels may have also a relevant structural role in load‐
bearing walls regarding horizontal loads, for example, wind [15]. Besides walls, OSB panels 
could also be used in slabs (e.g. floors and roofs), its thickness being usually greater than in 
walls. Furthermore, to increase thermal inertia/mass and reduce floor vibrations, the use of a 
top thinner concrete/mortar layer (e.g. 50 mm) could be advantageous [1].

2.1.3. Joining and fastening

There are several methods for joining and fastening construction elements (e.g. two steel pro‐
files or panels to LSF structure), being this issue very relevant for the speed of erection and 
for the mechanical resistance of the assembled structure. The use of self‐drilling screws is the 
most usual fastening method, given its advantages, for example, stronger connection and 
higher durability, when compared with the use of nails [3]. Self‐drilling screws are  usually 
fabricated from heat‐treated carbon steel or from stainless steel. There are several thread types 
for thread‐forming screws, including for fastening thin sheets to thin sheets and for fixing to 
steel bases of greater thicknesses (greater than 2 mm or up 4 mm) [1].

2.1.4. Thermal insulation materials

As mentioned before, mineral wool is very often used between the steel sections as thermal 
and acoustic insulator (Figure 2). Besides, this insulation material is incombustible providing 

Figure 2. Materials in a LSF wall crosssection [30]. Legend:  Gypsum plaster board;  Cold‐formed steel profiles;  Mineral 
wool;  OSB; and  ETICS with EPS.
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an improved fire resistance to LSF components. The use of expanded (EPS) or extruded poly‐
styrene (XPS) is also very usual in the ETICS given its suitability to reduce thermal bridging‐
originated by the steel frames since, unlike the mineral wool batt insulation, it is a continuous 
thermal insulation layer (Figure 2) [16].

2.1.5. Wind and air tightness membranes

The adequate use of wind and air tightness membranes is very relevant to control heat losses 
due to air infiltrations in LSF buildings, mainly in cold climates [1]. In order to make sure that 
these air tightness membranes are correctly installed and the air infiltration rate is reduced, 
a “blower door test” or fan pressurisation method should be performed [1]. Besides heating 
energy reduction, another advantage of the adequate use of these membranes is the  mitigation 
of the risk for interstitial condensation, given the resulting reduction in the moisture content 
inside the LSF element [3].

2.1.6. Finishing options

The most usual finishing coating layers are ETICS and gypsum plasterboards for outer and 
inner sides of exterior walls, respectively, being the gypsum plasterboards also very common 
in ceilings. However, the LSF construction may have any finishing covering layer as a tradi‐
tional building with reinforced concrete structure and ceramic brick walls [3].

2.2. Classification of LSF construction

Usually, depending on the position of thermal insulation materials, the LSF construction ele‐
ments are classified as cold, hybrid and warm frame construction [7], as illustrated in Figure 3. 
When all the thermal insulation is placed between steel studs (batt insulation), it is called 
“cold frame construction” (Figure 3a), since there is higher heat loss across the steel thermal 
bridge and consequently the steel temperature decreases leading to a higher risk of interstitial 
condensation, which could be particularly relevant in colder climates. The most usual LSF 
construction type is the hybrid one (Figure 3b) where, besides the batt insulation, there is also 
a continuous layer of thermal insulation, usually in the outer side (ETICS). In cases when all 
the thermal insulation is placed outside the steel framing, the steel frame is warmer (com‐
pare Figure 3c with the other two Figure 3a, b) and therefore, it is called “warm frame con‐
struction”. Regarding the characteristics of thermal‐hygrometric behaviour, the best option 
is warm frame construction, given the continuous thermal insulation and consequent lower 
thermal transmission value (U), reducing the risk of interstitial condensation [1]. However, in 
this option, the walls are thicker, and therefore, the net floor area could be diminished.

2.3. Manufacturing and framing methods

The main LSF construction framing methods are [1]: (i) stick‐framing (or stick‐built); (ii) pan‐
elised (or areal, “2D”); and (iii) modular (or volumetric, “3D”). Stick‐framing was the first 
framing method to be used, where the steel studs are assembled together on‐site, increasing 
flexibility and reducing planning needs. Given the great suitability of LSF construction for 
industrial modular prefabrication and consequent higher erection speed and improved qual‐
ity control, the panelised and the volumetric system is being used more often. In these framing 
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methods, the wall panels, floor cassettes and the 3D modules are prefabricated in factory with 
suitable dimensions to be transported to the construction site, where they will be assembled.

In order to take advantages of both 2D panel and 3D modular LSF construction, the “Hybrid” 
modular and panel could be also used as detailed for a case study building in UK by Lawson 
and Ogden [17]. Moreover, to extend the use of LSF construction to taller multi‐storey build‐
ings, it is possible to make use of an additional primary steel frame in order to provide the 
adequate structural stability to the building [17].

Figure 3. Classification of LSF walls, inside temperature distribution and thermal transmittance values (U). (a) Cold 
frame construction; U = 0.5255 W/m2/K. (b) Hybrid construction; U = 0.3856 W/m2/K. (c) Warm frame construction; 
U = 0.2828 W/m2/K. 1—Gypsum. 2—LSF. 3—Stone wool. 4—Air gap. 5—OSB. 6—EPS. 7—ETICS. (d) Materials and 
colour legend.
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3. Thermal behaviour of LSF elements

This section includes a brief description of the thermal behaviour of LSF elements. It is easy to 
design LSF building envelope elements (e.g. walls, floors and roofs) with high thermal resis‐
tance values, even using lower thicknesses, while saving net construction areas. This goal is 
achieved by using thermal insulation materials [1]. Given the specificities of LSF construction 
[7], special attention should be given to the design stage in order to mitigate thermal bridges 
(originated by steel studs) and increase thermal inertia (if needed). These two key issues are 
addressed next.

3.1. Thermal bridges

Given the high thermal conductivity of steel, the design of building envelope components 
should follow certain rules in order to minimize the effects of thermal bridges (TB). Some 
examples of these design rules are [1]: if possible, avoid any interruption of the insulating 
layer; at least one third of the thermal insulation should be continuous (preferably external 
insulation as mentioned before in Section 2.2); at junctions of building elements, the insulat‐
ing layers have to join at full width; if interrupting the insulating layer is unavoidable, use 
a material with the lowest possible thermal conductivity; keep façade geometry simple; and 
openings (windows and doors) should be installed in contact (at least partially) with the insu‐
lation layer.

Moreover, there are some specific parameters with direct influence in the thermal transmis‐
sion of LSF construction elements including: the crosssection and number of steel frames; the 
thickness of the steel; the spacing of the steel studs; and the length of the web and flanges. 
Furthermore, there are several additional measures to mitigate the TB effects as illustrated 
in Figure 4. Since the major heat losses may occur across the steel frames, the use of thermal 
break strips along the studs (Figure 4a) is a possible strategy. The efficiency of this TB mitiga‐
tion measure will increase with the use of high‐performance thermal insulation strips (e.g. 
aerogel). Another approach could be the use of slotted steel studs as illustrated in Figure 4b. 
This strategy will increase the thermal performance of LSF elements (lower U‐value) but will 
also decrease its mechanical resistance, which should also be taken into account for load‐
bearing studs [15]. The third example presented in Figure 4 is the use of flange stud inden‐
tation. The geometry of the flange reduces the contact area between the sheathing panels 
originating a sort of thermal break given the small air gap created. The increase in the flange 
indentation size will also improve the thermal performance as illustrated in Figure 4c. In 
this case, the wall thermal resistance improvements were 9 and 16%, having as reference a 
standard steel stud.

Thermal bridges may have a very important influence on the energy efficiency of buildings, 
particularly in cold climates regarding the energy for space heating [1]. This issue is even 
more relevant in LSF buildings given the high thermal conductivity of steel [16]. Therefore, 
special attention should be given to thermal bridges mitigation at design stage, and as exem‐
plified here, there are today several strategies available.
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3.2. Thermal inertia

LSF buildings exhibit lower thermal inertia (TI) when compared with traditional buildings 
with reinforced concrete structure and ceramic brick walls, given its reduced weight and 
 consequent minor thermal mass. In practice, this means that LSF buildings may have higher 
internal temperature fluctuations. Therefore, it is important at design stage to adequately 
delineate the dimensions, exposure and shading strategies of glazed openings, with the aim 
to control solar heat gains, mainly during cooling season to prevent overheating.

It should be noted that a higher TI in buildings is not always advantageous regarding energy 
efficiency. Whenever the building has an intermittent occupation, as happens in many of the 
residential buildings during weekdays, this apparent drawback could be an advantage! In 
conventional low thermal mass LSF buildings, when the airconditioning system is turned 
on it will be much more easy and quick to cool/heat the building and achieve the required 
comfort temperature, thus reducing energy consumption and increasing energy efficiency.

Figure 4. Strategies to mitigate thermal bridges in LSF construction elements. (a) Thermal break strips [18]. (b) Slotted 
steel stud [19]. (c) Flange stud indentation [20]: (i) 1/4” cross section. (ii) 1/2” cross section. (iii) thermal performance 
comparison.
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However, if we are to take advantage of passive solar heating, a “mechanism” that stores 
solar thermal energy during the day and releases it during the night will be required. In 
this case, the thermal mass inside the building would be very useful. Therefore, sometimes 
in this circumstance, it is convenient to increase the thermal mass inside buildings, that is, 
its TI. Figure 5 illustrates several strategies to increase TI inside LSF buildings. The use of 
ETICS (Figure 5a), that is, external thermal insulation allows not only to increase TI but also to 
mitigate TB, since it is a continuous thermal insulation layer. The second example illustrated 
in Figure 5 is the use of massive materials (e.g. stones) in order to absorb and store heat. In 
this example, the stone wall was placed in front of a window to easily capture the solar heat, 
similarly to an internal Trombe wall. Figure 5c displays the average outside air and ground 
monthly temperatures (2 m deep) for Coimbra (PT) [21], as well as the difference between 
both temperatures. This temperature difference is not constant and is more significant during 
winter and summer time, reaching a value of +7.8°C in December and ‐7.0°C in July. Notice 
that, the ground is cooler during the cooling season and warmer during the heating season, 
that is, favourable in both seasons. There are several ways to take advantage of this air‐ground 
temperature difference. The use of a ground‐source heat exchange (GSHE) system based on 
air [22] or liquid (e.g. glycol fluid) flow through buried pipes is a possible strategy.

To conclude this set of examples, Figure 5d illustrates the use of a phase change material 
(PCM) in a ceiling (aluminium laminated PCM panel [23]). PCMs are able to store and release 

Figure 5. Some strategies to increase thermal inertia of LSF buildings. (a) External thermal insulation. (b) Use of massive 
construction materials [31]. (c) Make use of the enormous ground thermal mass. (d) Use of PCMs [23].
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an enormous amount of heat whenever there is a temperature change that originates a phase 
change (melting or solidifying) given the so‐called latent heat [24]. This latent heat allows the 
material to absorb or release heat without raising the material temperature, thus increasing 
the thermal inertia of the surrounding compartment.

Nowadays, a wide range of building materials or components containing PCMs can be found in 
the market [1]: boards for dry wall construction; plasters (e.g. gypsum, cement, clay); suspended 
ceiling tiles; internal window louvres; heat storage tanks; and under‐floor heating system, etc.

Given the usual lower thermal mass in LSF buildings, the performance of PCMs is enhanced 
in this type of construction. However, the efficiency of PCMs in buildings depends on a lot 
of factors. Some relevant aspects should be taken into account such as [25]: (i) location in the 
building; (ii) their volume and thermophysical properties; (iii) the phase change temperature 
range; (iv) the latent heat capacity; (v) the climatic conditions; (vi) internal and solar heat 
gains; (vii) reflectivity and orientation of the surfaces; (viii) ventilation rates; (ix) HVAC con‐
trols; and (x) architectural characteristics. A case study will be briefly presented in Section 5.2 
regarding the space heating/cooling energy performance optimization resulting from the 
incorporation of PCM drywalls in LSF residential buildings for different climates.

3.3. Energy efficiency of LSF buildings

Thermal behaviour and energy efficiency of buildings depend on a lot of factors. Moreover, 
its assessment should be performed in a holistic way, making its accurate evaluation/predic‐
tion very challenging. These parameters could be grouped into a set of four main key factors 
as illustrated in Figure 6: (i) climate; (ii) building envelope; (iii) building services; and (iv) 
human factors. These factors will be briefly described in the next sections.

Figure 6. Key factors with influence on buildings energy consumption [1].
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3.4. Climate

Climate is an external key factor with an impact on thermal behaviour and energy efficiency of 
buildings, mainly regarding energy for space heating and cooling. Obviously, climate depends 
on the building location. The main climate parameters are as follows: air temperature; solar radi‐
ation; relative humidity; wind speed and direction; ground temperature; and daylight hours.

The Köppen‐Geiger climate classification [26] is one of the most widely used. In this climate 
classification, each climate is identified by a set of three letters. The first one represents the 
main climate classification: A—equatorial; B—arid; C—warm temperate; D—snow; and E—
polar. The second set identifies the usual amount of precipitation: W—desert; S—steppe; f—
fully humid; s—summer dry; w—winter dry; and m—monsoonal. Third one categorises the 
temperature: h—hot arid; k—cold summer; a—hot summer; b—warm summer; c—cool sum‐
mer; d—extremely continental; F—polar frost; and T—polar tundra.

A common approach to characterise climate and relate outside temperature with the energy 
predictions for heating/cooling purposes is to make use of heating and cooling degree‐days 
(HDD and CDD, respectively) having as reference a base temperature, for example, 18°C. 
Figure 7 illustrates the average annual heating and cooling degree‐days computed for the 
most relevant five European Köppen‐Geiger climatic regions. The Figure clearly shows colder 
climates typical of Central (Cfb and Dfb) and Nordic (Dfc) European countries, where heating 
energy needs are largely greater than cooling needs. For southern European countries (i.e. Csa 
and Csb climate regions), the HDD are still high than CDD, but with much lower values when 
compared with the previous climate regions. Several case studies about the impact of climate 
on thermal behaviour and energy efficiency of LSF Buildings will be presented in Section 5.2.

3.5. Building envelope

The building envelope is another key factor to take into account the energy consumption of 
buildings [1]. As previously illustrated in Figure 6, some of the most important building enve‐
lope features are as follows: building shape coefficient; building orientation; air  tightness; 

Figure 7. Average annual heating and cooling degree‐days for five climatic regions [1].
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characteristics of the opaque elements (e.g. walls, roof and floors) including  thermal  insulation 
and thermal bridges (see Section 3.1); thermal mass and thermal inertia (see Section 3.2); 
translucent elements (e.g. windows) including thermal and optical characteristics of glazing 
and frames; and shading devices, overhangs and sidefins.

The building envelope component responsible for the major heat losses during winter and 
solar heat gains during summer is usually the glazed openings (e.g. windows and doors). 
These undesirable heat transfer/gains could be mitigated by selecting glazing with lower ther‐
mal transmittance values and frames with thermal breaks, using insulated window shutters 
during night‐time, designing adequate shading overhangs and sidefins, and suitable con‐
trollable shading devices (external ones are more efficient). Moreover, besides the thermal 
behaviour and energy performance of the building, the glazed building envelope is also very 
important for the thermal and visual comfort of building occupants as illustrated in Figure 8. 
In fact, the building indoor environment, for example, glare control, daylight and views, 
strongly depends on glazing features.

Given the higher suitability of the LSF system for modular construction, Murtinho et al. [4] devel‐
oped an architectural concept for multi‐storey apartment building with LSF, which is illustrated 
in Figure 9. The main features of this design concept are modularity, easiness to build, energy 
efficiency and affordability, ensuring special flexibility, net area optimization and adaptability.

3.6. Occupants behaviour

The occupants behaviour is another very important issue regarding energy efficiency of build‐
ings. In fact, buildings are inhabited and controlled by people who may contribute to increase 
or decrease energy consumption in the building. Some related examples are the occupation 
schedule (e.g. day, night or 24 h/day), the type of use (e.g. offices, residential, hospital) and the 
internal gains (e.g. the number of occupants, its metabolic activity level and equipment use). 
Obviously, the same building occupied by different people may have very different energy 
consumption values, given the differences in the occupants behaviour and comfort require‐
ments regarding, for example, the heating and cooling air‐conditioned temperature setpoints.

Figure 8. Glazing importance: energy performance and building environment [1].
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Offices have usually higher internal heat gains due to the intensive use of information tech‐
nology equipment (e.g. computers and monitors) and consequent heat release. Moreover, 
offices are usually occupied during daytime, when external temperatures are higher. These 
two office features may lead to a higher cooling energy need when compared with other 
building typologies. A good example related to the metabolic activity of occupants is a gym‐
nasium. In this case, the heat and moisture released by occupants could be very high due to 
the high metabolic activity and perhaps given the higher people density. Thus, cooling energy 
could increase and ventilation should be reinforced, not only to remove the air moisture but 
also the released metabolic CO2. Moreover, these occupants may need a lower setpoint tem‐
perature to feel thermally comfortable, and this is an additional reason why energy for space 
cooling could be higher in gymnasiums.

3.7. Building systems

Another relevant energy efficiency key factor is the building systems. Some examples are 
as follows: illumination (control and efficient lamps); appliances; space heating and  cooling; 
mechanical ventilation; hot water production; and mechanical ventilation heat recover. The 
control and efficiency of the equipment in use should be as good as possible in order to 
decrease energy consumption in the building. For instance, the electricity consumption of a 
thermal resistance heater (COP ≅ 1) when compared with an air conditioning system in heat‐
ing mode (COP  ≅ 4) will be about four times higher for the same amount of heat generated 
in the building. Moreover, the equipment systems should, whenever possible, make use of 
renewable energy sources. Two examples are solar collectors to produce domestic hot water 
and a biomass boiler for heating.

4. Case studies

In this section, several case studies related to thermal behaviour of LSF elements (e.g. walls) 
or components (e.g. earth to air heat exchanger—EAHE) will be briefly presented, namely 
the relevance of flanking thermal losses in LSF walls [27], the effectiveness of thermal bridges 

Figure 9. Modular architectural concept for multi‐storey LSF buildings [4].
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mitigation strategies [16] and the performance of an EAHE system located in the vicinity 
of a LSF building located in Coimbra, PT [22]. Furthermore, some additional case studies 
related to LSF buildings thermal behaviour and energy efficiency will be described, namely 
the “Affordable Houses” research project [5, 6], a parametric study regarding the thermal per‐
formance of LSF houses in Csb climatic regions [28], the impact of climate change on the 
energy efficiency of a LSF residential building [9] and the optimization of incorporation of 
PCMs in LSF houses in different climates [25].

4.1. LSF elements/components

4.1.1. Thermal bridges mitigation effectiveness assessment

In order to quantify and compare the effectiveness of several TB mitigation strategies in a LSF 
wall, Martins et al. [16] performed a parametric study using a 3D finite element method model 
previously validated against measured data [27]. Figure 10 illustrates the studied reference 
wall model including the materials and the layer thicknesses (Figure 10a) and also the heat 
flux values predicted for the external surface of the LSF wall (Figure 10b). Several models 
were developed allowing the evaluation of the following TB mitigation strategies: (Model B) 
thermal break rubber strip; (Model C) vertical male or female studs; (Model D) slotted steel 
studs; and (Model E) fixing bolts instead of horizontal steel plate connection. The results 
(Figure 11) showed that the combination of all those TB mitigation strategies (Model G) leads 
to a reduction of 8.3% in the U‐value, comparatively to the reference case (Figure 10), corre‐
sponding to 75% of the total impact of the steel thermal bridges.

Figure 10. Reference LSF wall model used in the parametric study [16]. (a) Materials and thicknesses and (b) heat flux 
values on external surface.
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Additionally, making use of new insulation materials (aerogel and vacuum insulation panels) 
combined with the previously mentioned TB mitigation approaches, it was possible to signifi‐
cantly reduce the U‐value of the wall (‐68%), relatively to the reference case.

Martins et al. [16] also suggested some design rules for LSF elements: (i) at least 1/3 of ther‐
mal insulation should be continuous; (ii) the importance of the assessed single TB mitigation 
strategies is very reduced if the previous condition is verified; (iii) choose thermal profiles 
with higher number of narrow slots since they are more efficient; and (iv) use two layers of 
perpendicular steel profile studs avoiding trespassing the entire wall cross section with two 
parallel steel studs.

4.1.2. Flanking thermal losses assessment

Another issue instigated by the high thermal conductivity of steel is the increased impor‐
tance of flanking thermal losses in the thermal performance of lightweight steel‐framed walls. 
Santos et al. [27] performed an experimental evaluation of flanking thermal losses in a modular 
LSF wall tested in a steel gantry (Figure 12). Using an initial validated 3D detailed FEM model 
and also several others derived from this first model, they were able to evaluate the importance 
of several parameters in the flanking thermal losses, by computing the heat flux (Figure 13).

The most relevant parameters were, by decreasing order, the support steel gantry, the perim‐
eter thermal insulation and the wall steel fixing elements. It was found that for a reference 

Figure 11. Results of the parametric study regarding the strategies for TB mitigation [16].
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wall (U = 0.30 W/m2/K), the heat flux values changed from ‐22% (external surface) to +50% 
(internal surface) having as reference a wall with a flanking heat loss set to zero, that is, an 
adiabatic wall perimeter. Notice that, flanking heat losses are relevant not only in laboratory 
tests or numerical simulations but also in real buildings given the increased steel lateral heat 
exchange with the adjacent construction.

Figure 12. LSF wall tested in a climatic chamber [27]. (a) Inside view of the LSF wall structure. (b) External thermal 
insulation (EPS).

Figure 13. Heat flux predictions on the external surface of the wall for different 3D FEM models [27]. (a) Model B: “L” 
fixing elements. (b) Model C: “L”+XPS edge insulation. (c) Model D: “L”+XPS + Steel gantry.
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4.1.3. EAHE system to increase thermal inertia

In addition to the building envelope (e.g. mitigating thermal bridges), the thermal behaviour 
and energy efficiency of LSF buildings could also be improved by making use of the huge 
thermal inertia of the ground. Santos et al. [22] monitored an earth to air heat exchanger 
(EAHE) system, located in Coimbra (PT), in order to assess its thermal and energy perfor‐
mance. This EAHE system consists of several buried ducts through which outdoor air for 
building ventilation is forced to flow by means of a fan. Figure 14a illustrates the buried pipes 
during the construction works of this EAHE, as well as the main relevant dimensions. Notice 
that, the fresh outdoor air is drawn into the EAHE through an inlet tower that contains a 
particle filter (Figure 14b).

Several parameters such as temperatures of the ground at different deeps, of the inlet and 
outlet air and the electric energy consumption of the fan have been recorded in different sea‐
sons of the year. Figure 15 illustrates some of these recorded data and also the coefficient of 
performance (COP) of the EAHE system during November (heating season).

It was concluded that energy performance was higher in cooling mode (summer time), reach‐
ing an average COP of 1.7 during September, reaching a peak hourly value of 3.3. It was also 
observed that the control of the operation of these EAHEs is vital to optimize their energy 
efficiency, that is, the system should work only when it is useful to preheat (winter) or precool 
(summer) the air drawn into the building. Moreover, it was also found that the occupancy 
schedule of the building is another important parameter, that is, the system exhibits a higher 
heating performance during night‐time (e.g. typical occupation schedule of residential build‐
ings) and a higher cooling performance during daytime (e.g. typical occupation schedule of 
office buildings).

Figure 14. EAHE buried pipes and inlet filter. (a) EAHE buried pipes installation. (b) EAHE inlet filter.
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4.2. LSF buildings

4.2.1. “Affordable Houses” Portuguese proposal

The international research project “Affordable Houses”, involving eight countries (Brazil, Czech 
Republic, China, India, Poland, Portugal, Romania and Sweden), aimed to develop affordable 
and innovative housing concepts, which are culturally adapted to each country, using the 
LSF construction system. Moreover, each country proposal should be feasible, reproducible 
and exploitable. The total duration of this research project was 1 year, and it was divided into 
two stages: (1) pre‐design stage and (2) design stage. The pre‐design stage deliverables were 
as follows: (1) socio‐economic evaluation; (2) traditional housing concept; (3) innovative con‐
cept; and (4) follow‐up with general planning for 2nd stage. The design stage had two deliv‐
erables, namely (1) final design, including the detailed description of the technical solutions, 
and (2) socio‐economic assessment.

The Portuguese proposal, prepared by a multidisciplinary team from the University of 
Coimbra, makes use of a modular LSF construction system developed by the national research 
team as illustrated in Figure 16 and detailed by Murtinho et al. [5].

Figure 16. Modular concept for LSF houses [5]. (a) Example of modular typological expansion. (b) Two jointed houses.

Figure 15. EAHE heating season performance: hourly values [22].
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The functional, structural and technological performance of the Portuguese proposal was 
evaluated and described by Santos et al. [6]. The building components and the functional 
requirements for proposed LSF residential building envelope were also presented, includ‐
ing energy performance, thermal and acoustic insulation, as well as the tools used in the 
design and performance assessment. The environmental performance of this house was 
also evaluated based on its carbon emissions. The thermal behaviour and energy efficiency 
of  buildings were evaluated in accordance with the Portuguese regulation, also perform‐
ing some advanced dynamic simulation using the DesignBuilder software as illustrated in 
Figure 17.

4.2.2. Passive thermal performance in Csb climatic regions

Thermal performance of buildings could be assessed in an active mode (i.e. with the space 
cooling/heating equipment working) or in a passive mode (i.e. with the cooling/heating 
 systems turned off). Santos et al. [28] performed a parametric analysis of the passive ther‐
mal performance of LSF residential buildings in Csb climatic regions located in southern 
European countries. With that purpose, a Portuguese low‐rise residential building (Figure 18) 
was monitored in terms of its thermal behaviour, and an advanced dynamic DesignBuilder 
model was assembled (Figure 18c, d), calibrated and validated making use of the in situ 
recorded data. The relevance of several parameters (e.g. thermal insulation, ventilation, 
windows glazing, shading devices and overhangs) on the passive thermal behaviour of this 
building was evaluated making use of a previously validated model. Moreover, an optimum 
building  envelope and operational control solution were specified, and design guidance was 
provided for the range of Csb climatic conditions. Figure 19 illustrates how to use the sug‐
gested design guidance regarding two parameters: thermal insulation for roofs, walls and 
ground floor (Figure 19a) and overhangs ratio (Figure 19b) for the Genova (IT). The sug‐
gested simplified design process is very easy to use. Taking into account the average annual 
mean temperature for the building location, in this case 16°C, it is only needed to mark this 
value in the abscissa axis, intercept with the plotted line, and the recommended value is 
obtained in the ordinated axis.

Figure 17. Modular Portuguese LSF house thermal performance assessment [6]. (a) DesignBuilder model. (b) Summer 
typical week.
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4.2.3. Impact of global warming on the energy efficiency

Obviously, global warming will induce changes on the thermal behaviour and energy efficiency 
of buildings. Santos et al. [9] assessed the impact of global warming on the energy efficiency 

Figure 18. LSF residential building and DesignBuilder model [9]. (a) Front view. (b) Rear view. (c) Front view.  
(d) Rear view.

Figure 19. Design values suggested for Genova, Italy [1]. (a) Thermal insulation. (b) Overhangs ratio.
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of a LSF residential building (Figure 18a, b) based on the predictions of Intergovernmental 
Panel for Climate Change (IPCC) for southern European countries. With that purpose, an 
advanced dynamic simulation model developed in DesignBuilder software was calibrated 
against  normative requirements regarding the thermal behaviour and energy consumption 
for space heating and cooling [29], and against a sophisticated computational fluid dynamics 
model (ANSYS CFX). Three climate scenarios were assessed, namely the annual recorded val‐
ues for Coimbra city in Portugal (Scenario 1), and assuming an average temperature increase 
of +3°C (Scenario 2) and +6°C (Scenario 3). Besides climate, the energy consumption results 
for three building occupation schedule scenarios have been compared. Moreover, a set of 
winter and summer scenario combinations has been performed to predict the annual energy 
consumption and CO2 emissions for a real occupation schedule scenario. Figure 20 illustrates 
some of the results obtained. As expected, global warming will slightly reduce the energy 
for space heating but increase cooling energy. For the most probable climate change scenario 
predicted by IPCC (winter Scenario 2 and summer Scenario 3), an annual building energy 
consumption increase of 26.5% was projected. Regarding CO2 production, the most likely 
increase in emissions was 15.0%.

4.2.4. Multidimensional optimization of PCM drywalls

As previously mentioned, the use of PCMs in LSF buildings could be an efficient way to 
increase thermal inertia without increasing the mass/weight of the building. However, to 
optimize the efficiency of the PCMs in buildings is not an easy task since it depends on a lot 
of factors and they must be assessed in a holistic way [25].

Soares et al. [25] evaluated most of these factors by performing a multidimensional opti‐
mization of the incorporation of PCM drywalls in LSF residential buildings in different 
climates. This optimization was performed using EnergyPlus and GenOpt tools. Figure 21 
illustrates the model EnergyPlus, that is, a single‐zone living room of a low‐rise LSF residen‐
tial building.

Figure 20. Annual fuel breakdown and CO2 production for winter and summer climate scenario combinations [9].  
(a) Fuel breakdown. (b) CO2 production.
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The optimum solution for each climate (Csa‐Seville, Csb‐Coimbra, Cfa‐Milan, Cfb‐Paris, 
Dfa‐Bucharest, Dfb‐Warsaw, Dfc‐Kiruna) was found considering a set of discrete variables 
in the model, namely the PCM enthalpy‐temperature function, the PCM thermal conductiv‐
ity‐temperature variation, solar absorptance coefficient of the inner surfaces, the thickness 
and location of the PCM drywalls. To better simulate real‐life conditions in the model, several 
parameters are included, mainly those related to the air conditioning setpoints, air infiltration 
rates, solar gains, internal gains from occupancy, equipment and lighting schedules.

It was concluded that the energy savings related to the use of PCMs in LSF construction were 
more evident in warmer climates. Given the higher daily external temperature amplitudes, 
PCM drywalls are particularly suitable for Mediterranean climates, with an expected energy 
efficiency gain of about 62% for Coimbra location (Csb climate). For the other climates/loca‐
tions considered were obtained values between 10 and 46% regarding the energy efficiency 
improvement.

5. Conclusions

In this chapter, the thermal behaviour of LSF elements and energy efficiency of LSF buildings 
was presented, starting with an overview of LSF construction system including materials, 
classification, manufacturing and framing methods. The advantages of LSF construction were 
mentioned, and the two main potential drawbacks (steel originated thermal bridges and low 
thermal inertia) were addressed including several design rules to enhance the thermal behav‐
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bridging and thermal inertia increase is essential to ensure a better thermal performance of 
LSF elements and an increased energy efficiency of LSF buildings. To illustrate this, several 
case studies were presented here, exemplifying the specificities of LSF construction system and 
its relevance in energy efficiency of buildings. Furthermore, in this design process, a holistic 
approach should be adopted in order to take into account the main energy efficiency key factors, 
that is, climate, building envelope, occupants behaviour (or human factors) and building sys‐
tems. Only this way, it is possible to achieve “Energy Efficient Buildings”, the title of this book.
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Abbreviations and nomenclature

2D two dimensional
3D three dimensional
CDD cooling degree‐days
CO2 dioxide carbon
COP coefficient of performance
EAHE earth to air heat exchanger
EPBD energy performance building directive
EPS expanded polystyrene
ESSAT early stage sustainability assessment tool
ETICS external thermal insulation coating system
EU European Union
GHG green‐house gas
GSHE ground‐source heat exchange
HDD heating degree‐days
HVAC heating ventilation and air conditioning
IPCC Intergovernmental Panel for Climate Change
LSF lightweight steel‐framed
OSB oriented strand board
PCMs phase change materials
PT Portugal
RES renewable energy sources
TB thermal bridges
TI thermal inertia
U thermal transmittance value [W/m2/K]
UK United Kingdom
XPS extruded polystyrene
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Abstract

The aim of the study in this chapter is to investigate performances shown by courtyard 
buildings, used widely both as microclimate regulators and as city-wide climate stabiliz-
ers especially in the hot-dry climate regions. Furthermore, this study examines atrium 
 buildings having an increasing usage rate in recent years and the presence of comfort prob-
lems in particular which have not been resolved for different climate regions. Wind velocity 
 measurements are performed in 36 different points determined in X and Y directions and 17 
different points in the Z dimension on the outside of the courtyard considered in this study. 
In addition, both atrium building typology model and courtyard building typology model 
are obtained by taking the average courtyard dimensions seen in many regions; by covering 
open space courtyard section of the geometry with a transparent glass, atrium and courtyard 
typologies can be obtained. Furthermore, thermal comfort states and energy performances of 
these two different building typologies in interior courtyard and in building internal volumes 
for hot-dry, hot-humid and cold climate region conditions as well as the effect of solar radia-
tion values exposing the building surfaces and solar movements during the day on the ther-
mal performance on the building are analysed with CFD FloEFD and Star CCM+ software.

Keywords: thermal comfort, building energy performance, courtyard and atrium 
buildings, air velocity, wind tunnel experimental, numerical analysis, CFD, FloEFD, 
Star CCM+

1. Introduction

The history of using courtyards could be traced 5000 years back to Egypt. It is one of the 
architectural elements which are used continuously in different climates and civilisations for 
thousands of years [1, 2]. The usage of atrium can be traced back to the nineteenth century in 
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Europe after development of steel and glass technologies. Nowadays, highly glazed atriums 
are constructed for many different purposes in different climates [3–5]. Contemporary archi-
tecture mainly focuses on environmental aspects especially energy conscious forms of build-
ings. In this regard, recently, certain architectural studies have been conducted to understand 
the effects of these transitional spaces on buildings’ energy consumption [6]. Two main types 
of transitional spaces, courtyard and atrium, are used widely all over the world.

Architects look for most appropriate design strategies in climatic responsive designs to inte-
grate them with building designs in order to enhance their performance. Using both courtyard 
and atrium in different climates without considering their performance in different climatic 
conditions will cause energy-related concerns, which should be eliminated. It is important 
for designers to understand how different climates affect energy performance of courtyard 
and atrium buildings and which building type is more energy efficient in different climates.

There are many types of architectural zones which moderates the outdoor and indoor climatic 
conditions without mechanical control systems. These zones are called transitional spaces. 
They can be closed, such as atrium, or semi-closed, such as balcony and porch, or open, such 
as courtyard and patio [7].

1.1. Definition of atrium buildings

Atrium-building typology is defined as building of two or more storeys high open space that 
is enclosed with a roof and having vertical volumes surrounded with usable areas. Atriums 
are open public spaces where people engage in activities, e.g. to walk around, meet, talk, wait 
and rest. When the evaluations are made in terms of the systems used in atriums, it can be 
seen that there is no common solution agreed upon. Because of their spatial role, atrium-build-
ing typologies which form the centre of buildings create a buffer zone between the building 
and the external environment whilst providing vertical and horizontal circulation between 
the layers. Atrium-building typologies play an important role for various purposes in multi-
storeyed commercial and institutional buildings; for instance serving as foyers, building 
entrances, exhibition hallways. When they are compared with traditional buildings, atrium-
building typologies require excessive energy consumption in terms of heating and cooling as 
well as ventilation, since they contain more complex air phenomena (such as the greenhouse 
effect, buffer zone and air layering). In addition, despite this excessive energy consumption, 
failure to provide user comfort conditions for a long period of time in an atrium typology 
building is problematic. Meeting the required performance criteria for reducing energy con-
sumption and to provide user comfort in atrium type buildings is possible by careful selection 
of the glass system which is used particularly in the atrium hall and by designing the building 
geometry according to climatic conditions.

When atrium-building typologies are compared to classical buildings, due to the fact that 
they contain complex climate events (sera effect, tampon area, air layering, etc.); they require 
extreme energy consumption for heating, cooling and for ventilation purposes. In spite of 
this, extreme energy consumption, the failure to obtain comfort conditions for users in typol-
ogy building is seen as a significant problem, especially when the correct glass selection in the 
glass systems used in atrium hole along with the suitable geometry design compatible with 
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topography and weather conditions could potentially solve the problems for reducing energy 
consumption and to obtain user comfort in atrium-type buildings.

Atrium-building typology is a plan type used widely in Europe and worldwide, due to a variety of 
reasons such as the ability to create innovative and prestigious locations, formation of social and 
comfortable environments along with maximized advantages due to utilization of sunlight for 
natural lighting and for warmth, as well as the presence of natural ventilation in these buildings [8].

Since these regions are designed for the actions having no continuity, it is thought to be 
warmer in the summer and colder in the winter compared to the internal environmental con-
ditions. However, this approach has changed over time to longer-term actions e.g. eating, 
drinking, sitting and these places are conditioned according to these new developed actions. 
To meet the increasing user demands together with the rich utilization purposes needed, 
complex conditions, such as heating, cooling, ventilation, air stratification, ensuring indoor 
air quality, acoustic and environmental system controls, are experimented [9].

The energy used to obtain necessary comfort levels related to actions of atrium-building 
typology reaches very high levels. In today's conditions, where the effective use of energy 
is discussed, the inadequacy of comfort conditions even with high-energy consumption and 
with the extreme energy usage in atrium-type buildings are discussed as a serious problem.

1.2. Definition of courtyard buildings

1.2.1. Courtyard as a climate moderator

When other studies about courtyard buildings are considered, the recent studies frequently 
focus on investigating thermal performance within the courtyard. These studies can be 
 classified as air movement in the courtyard, courtyard-building-sun-shadow relationship and 
thermal performances of courtyard buildings in different climate regions. In a study carried 
out on evaluating the total-energy performance of a courtyard selection, energy performance 
of a courtyard building with the same geometry and ratio and the centre atrium energy per-
formance is investigated comparatively [10–12]. In another study, where the effect of building 
form and its type on climatic performance for various climate regions are studied and from 
this perspective, the evaluation of the courtyard option is conducted in terms of the environ-
ment. Ratti et al. performed numerical analysis studies for the conditions described above [13].

When the studies related to buildings with courtyards are examined, the studies which anal-
yse thermal performance in courtyards are seen very frequently [10]. These studies can be 
classified as air movement inside the courtyards, the relationship between courtyard-build-
ing-shading and the thermal performances of courtyard buildings in different climates [8, 14]. 
In a study which examined the total energy performance of the courtyard, the energy per-
formance of central atrium and the comparisons with a courtyard building having the same 
geometry and scale have been examined [15, 16]. In the study where the effect of building 
style and form has on the climactic performance and where the evaluation of the courtyard 
option is conducted environmentally, Carlo Ratti, Dana Raydan and Koen Steemers have con-
ducted numerical analysis studies [17].
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In another study by Mohsen, which investigated the thermal performance of a courtyard 
building, evaluated the effects of the geometrical and physical parameters of the courtyard on 
the solar heat radiation exposed on the front side of the courtyard structure [18]. Muhaisen 
and Gadi performed several studies on courtyard type and courtyard buildings. These stud-
ies mainly focused on the effect of the courtyard type and solar radiation gain as well as the 
sun-shading effect. The objective of these studies conducted in 2006 was to investigate how 
to provide adequate amount of solar radiation to obtain the necessary heat for the building 
in the winter and inner courtyard envelope and courtyard type work needed to reduce the 
energy necessary for the cooling in summer or to provide sufficient shadow region [19].

In another study, the sun-shadow performance of a courtyard was examined and a mathemat-
ical model was developed in order to calculate the shaded and sunny areas of the courtyard 
building which was designed with a circular geometry. This developed model investigates 
the interaction between the sun and the courtyard buildings in circular geometry having any 
ratio or dimension. Muhaisen and Gadi examined the shading performance of polygonal 
(such as pentagonal, hexagonal or octagonal) shape courtyard types in their study investigat-
ing the courtyard style and options [19].

Studies related to thermal performance of the courtyard option using CFD are commonly seen 
in recent literatures. In the study by Rajapaksha, Nagai and Okumiya, they have examined 
passive cooling potential in single storey courtyard buildings with dense, massive envelope 
in a warm, humid climate and they have put forward the criteria and suitability of single-sto-
ried, large mass courtyard buildings for passive cooling [20]. In a study by Rajapaksha et al., 
the passive cooling potential of a single-storeyed highly massive building in a warm-humid 
climate was examined. They tested the presence of the inner yard space to minimize the heat-
ing conditions through an increase of natural ventilation and its optimization [20, 21].

1.3. Thermal comfort behaviours of courtyard and atrium buildings

When the past studies about the courtyard typology and atrium-building typology are exam-
ined, it is observed that the energy efficiency and how much the typology effects in terms of 
climatic comfort as well as how they behave, the relationship and the differences among them 
are seen to be far from having a comprehensive strategy. Therefore, the aim of the study in this 
chapter is to investigate what is the relationship between the courtyard and atrium typologies 
with the most commonly used courtyard geometries according to climatic comfort requirements 
which are needed for different climate regions and also the meteorological differences as well 
as the type of behaviour they have in terms of energy performances and comfort conditions.

2. Methodology

2.1. CFD‐numerical analysis process

In this study, Star CCM+ software is used for CFD (computational fluid dynamics) analy-
sis. For the hardware resource, a supercomputer located in the Energy Systems Laboratory 
at Texas Engineering Experiment Station has been used for analysis of the total energy 
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in a warm, humid climate and they have put forward the criteria and suitability of single-sto-
ried, large mass courtyard buildings for passive cooling [20]. In a study by Rajapaksha et al., 
the passive cooling potential of a single-storeyed highly massive building in a warm-humid 
climate was examined. They tested the presence of the inner yard space to minimize the heat-
ing conditions through an increase of natural ventilation and its optimization [20, 21].

1.3. Thermal comfort behaviours of courtyard and atrium buildings

When the past studies about the courtyard typology and atrium-building typology are exam-
ined, it is observed that the energy efficiency and how much the typology effects in terms of 
climatic comfort as well as how they behave, the relationship and the differences among them 
are seen to be far from having a comprehensive strategy. Therefore, the aim of the study in this 
chapter is to investigate what is the relationship between the courtyard and atrium typologies 
with the most commonly used courtyard geometries according to climatic comfort requirements 
which are needed for different climate regions and also the meteorological differences as well 
as the type of behaviour they have in terms of energy performances and comfort conditions.

2. Methodology

2.1. CFD‐numerical analysis process

In this study, Star CCM+ software is used for CFD (computational fluid dynamics) analy-
sis. For the hardware resource, a supercomputer located in the Energy Systems Laboratory 
at Texas Engineering Experiment Station has been used for analysis of the total energy 
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 performances of both building options in terms of energy gain-loss in the building within 
the cooling period in summer (July 21) and the cooling period in winter (January 21) for 
both building typologies and for three different climate regions are evaluated. From the raw 
data obtained through CFD Star CCM+, total heat transfer amount and solar radiation gain 
tables of vertical and horizontal surfaces for all the buildings related to the period of 24 hours 
encompassing January 21 and July 21 are created for all three climate regions. Numerical val-
ues obtained from the tables are reported separately according to the total volume of both the 
total surface area of the building and the total volume of the building. CFD Star CCM+ soft-
ware used in this study has also considered and calculated the effect of the shadow regions 
on the courtyard and building surfaces through sundials during the day for the purposes of 
heating and cooling requirements of the courtyard building.

2.2. Experimental wind tunnel process

Interior courtyard wind velocity measurements performed in the experimental period of 
this study is conducted in the wind tunnel in Physical Environmental Control located in the 
Istanbul Technical University- Faculty of Architecture. Interior courtyard wind velocity mea-
surements are performed between courtyard ground point and a height of 2h. Flow speed 
measurements are performed with computer aid under the guidance of ‘Streamline 3.03’ soft-
ware. In order to obtain velocity distribution both with and without a model belonging to the 
observation room, ‘Streamline 3.03’ CTA (Constant temperature) hot-wire type anemometer 
made by DANTEC company has been used.

A part of the statistical analysis and visual expression of the measurements have been accom-
plished with ‘DANTEC's anemometer and a commercial software called ‘ACQWIRE’ which 
has been developed for controlling traversing systems. Therefore, in addition to the anemom-
eter, a PC and a printer constitute the main parts of the hardware.

The units used in the setup are composed of ‘Traversing system', one 57 B120 motor controller 
for manual control and 56 G 00 CTA ‘interface’ computer connector and two arms moving in 
one dimension carrying measurement terminals (DANTEC), as well as Turkish Q keyboard 
and Mouse, P11 and P15 type probes. Measurements are made compatible with PC via a 
software package called ‘Streamline 3.03'. ‘National Instrument’ is developed by ‘DANTEC’ 
for hot wire anemometers. With this software; obtaining data, transforming electrical volt-
age variation obtained from the hot wire probe into velocity, as well as storing the measured 
data as files, calculating turbulence intensity and average speed data and evaluating them by 
transforming all of these into the plots are possible.

2.2.1. Properties of the wind tunnel

Physical Environment Control Wind Tunnel of Istanbul Technical University (I.T.U) 
Department of Architecture is a subsonic, open rotated, closed jet wind tunnel with Eiffel-type 
absorption. Tunnel entrance starts with 2.50 × 2.50 m × 0.30 m bell mouth. Subsequently, there 
are two flow formatting sections. For the connection between the flows formatting section to 
the observation chamber, there is an adapter module passing from 2.00 m × 2.00 m cross-sec-
tion to the 1.05 m × 1.05 m cross-section. Collector section, where the air absorption takes place, 
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is built by a sheet metal with 4 m2 of cross-section, 3.40 m height and 2.00 mm of thickness. The 
air absorbed in this section reaches to the observation room with 1 m2 cross-section by making 
the air parallel to the tunnel with the help of the bell mouth collector. In the end of the diffuser, 
total of 5.96 m long providing circular cross section with a diameter of r = 1.64 m of 1.05 × 1.05 
m2 cross-section is connected to fan pulley with 0.52 m diameter, which is connected to another 
fan pulley with a 0.52 m diameter. The fan utilized in the tunnel is an axial fan. The power of 
the motor rotating the fan is 1.5 kW and the rotation speed is 1450 rev/min (Figure 1).

Thirty-six different measurement points are determined in X and Y dimensions in the 
courtyard and measurement profiles with 34 measurement points are identified in the Z 
dimension.

According to the profile, a total of nine measurement points which are spaced with a distance 
of 0.5 cm are determined in the interval between 0 and 4 cm. due to the region where the first 
boxes of 4.00 cm are located. In the next section up to 10.00 cm, six measurement points with 
1.00 of separation are identified. A total of 14 measurement points are identified with 0.5 cm 
separation again for the region between 10.00 and 17.00 cm. Finally, five measurement points 
between 17.00 and 22.00 cm are identified. Then the probe has been placed in the observation 
room of the wind tunnel (Figures 2 and 3).

Measurement points located parallel to the side face of the observation room of the wind tun-
nel are the ‘A.B.C.D.E.F.’ points. These points are also parallel to the wind direction. ‘1.2.3.4.5.6.’ 
measurement points are the measurement points which are perpendicular to the wind direction 
(Figure 3).

Figure 1. General view of the wind tunnel in Istanbul Technical University-Department of Architecture-Physical 
Environmental Control Laboratory.
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Thirty-six different measurement points identified in the courtyard model used in this study 
are shown in Figure 3. There are total of 36 points including six of each in every dimension 
with 2.00 cm intervals in X and Y dimensions within 12.00 × 12.00 × 12.00 cm courtyard. These 
points are named as ‘A1, A2, A3, A4, A5, A6—B1, B2, B3, B4, B5, B6—C1, C2, C3, C4, C5, C6—
D1, D2, D3, D4, D5, D6—E1, E2, E3, E4, E5, E6—F1, F2, F3, F4, F5, F6’ (Figure 3).

Interior courtyard measurement values of the discussed courtyard building typology and the 
measurement results made in the windward area are explained with table and plots. Then 
the measurement values in ‘0.00H–0.25H–0.50H–0.75H–1.00H–1.25H–1.50H–1.75H’ levels 
are evaluated with tables and plots and these values are compared with each other (Figure 3).

2.3. Reference building considered for the courtyard and atrium typology

For both the chosen courtyard and atrium-type buildings, the numerical analysis and the court-
yard building typology where the interior courtyard wind-velocity measurement are performed 
in the wind tunnel is designed as two floors, with 3.00 m floor height and with 14.00 × 14.00 × 6.00 
m. outside of the building sizes and 6.00 × 6.00 × 6.00 m courtyard dimensions (Figure 4). At the 

Figure 2. Model and measurement point axis views in the tunnel-positions of measurement axis on the lateral surface of 
the wind tunnel observation section.

Figure 3. Thirty-six different measurement points for the model courtyard being measured.
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same time, all geometrical information and building envelope information related with the court-
yard typology is benefitted from the courtyard information considered in E. Yasa, V. Ok. 2014.

3. Case study methodology and creating a model geometry for CFD

For the opacity and permeability values on the transparent surfaces of the building used for 
both types of buildings in this study; reflectivity is set at 10%, absorption is set at 26% and the 
permeability is set at 64%. Thickness, density, specific heat, thermal conductivity coefficient, 
solar radiation absorption, solar radiation reflectivity, surface roughness, layer number infor-
mation as well as separate layers as mezzanine, roof tiles sitting on the ground and the layers 
on the tiling are identified separately (Table 1).

These data about the building envelope are also listed in Table 1. The data used in the simulation 
program is completed by entering the values of volume ambient temperature, boundary condition 
of the surface and heat zones, absorbency of the surfaces, reflectivity, density, specific heat and ther-
mal conductivity (Table 1). Data for Antalya which has a hot-humid climate character, Diyarbakır 
having hot-dry climate character and Erzurum with cold climate character are then entered into 
the Star CCM+ simulation software. In addition, structure envelope of the building, structure ele-
ments and data like reflectance, permeability of the building materials are also inputted. Figure 5 
shows the properties of the examined courtyard and atrium typologies the geometries.

Materials Thickness, dn (m) Thermal conductivity calculation 
value, λh W/mk

dn/λn Ud

Outer plaster 0.030 1.400 0.021 0.378

Rockwool 0.040 0.040 1.000

Aerated concrete (with  
mortar proper to TS 4916)

0.200 0.140 1.429

Inner plaster 0.020 0.870 0.023

Total 1/λ 2.473

Table 1. Information about the building envelope applied into the whole courtyard and atrium typologies.

Figure 4. The plan and perspective for the reference courtyard-building (with two storeys, with a floor height of 3.00 m 
and with external building dimensions of 14.00 × 14.00 × 6.00 m and courtyard dimensions of 6.00 × 6.00 × 6.00 m.
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Figure 5. Properties of the considered courtyard and atrium typologies.
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4. Limitations and assumptions in the case study

This study is limited to comparative analysis between courtyard and atrium typology options 
considered for application in plot centres of ‘Hot-Dry Climate’, ‘Hot-Humid Climate’ and 
‘Cold Climate’ with different characteristics dominant in Turkey. The courtyard and atrium 
are of same size and volume. Total of analysis consists 24 hours of analysis for each option has 
been made separately on hourly basis. For each building typology, 7th month and 21st day, in 
other words, July 21 constituting the example of the hottest period has been elected as the aver-
age of the long-term meteorological data for summer months or cooling period instead of all 
months and days of a year; and 1st month and 21st day, in other words, January 21, the exam-
ple of the coldest period, has been elected as the average of the longest period meteorological 
data average for the winter months or heating period. To represent the three distinct climatic 
regions examined in the study, ‘Diyarbakır-DB’ was chosen for the hot-dry climatic region, 
‘Antalya-ANT’ for the hot-humid climatic region and ‘Erzurum-ERZ’ for cold climatic region 
and long-term average meteorological climate data pertaining to such provinces were used.

The reason why these days are discussed is that data where average values are frequently 
encountered have been found out for the heating and cooling periods having examined the 
long-term meteorological data. The limitation of the courtyard and atrium building transpar-
ent surface rates, however, the transparent surface ratio of the courtyard option in non-build-
ing facades is 20%, the ratio of opaque surface is 80% and such ratio is 40% for transparent 
surface ratio and 60% for opaque surface ratio in building courtyard facades. Opaque and 
transparent surface for atrium building is exactly the opposite to solar heat gain, all thermal 
factors were kept the same in the research for the purpose of defining the building's energy 
needs by estimating to what extent solar radiation is affected by various building typologies. 
Mechanical HVAC was not included among courtyard building options. The only cause of heat 
gain is expected to be solar heat gain. Every courtyard and atrium building was considered to 
have an average floor height of 3.00. In both courtyard and atrium building options, the build-
ing was considered to have a comfort limit temperature value of 25°C for heating and cooling 
loads inside. The user entered the meteorological and topographic data for the building's 
climatic region. The index of wind direction and intensity, outdoor weather  temperatures, 
the region's sky cloudiness and direct and common solar radiation intensity were generated 
based on the data from Republic of Turkey General Directorate of Meteorology, which consti-
tuted the meteorological data entered to the software.

5. Boundary conditions

Naturally ventilated buildings are subjected to external climatic conditions in terms of their 
architectural design. The interaction between the indoor and outdoor environment results in an 
internal airflow pattern. The indoor airflow pattern is significantly affected by natural ventilation 
and outdoor conditions which in turn directs occupants’ thermal sensations. The solar radiation 
within the building produces heat gain which is then thought to cause buoyancy-driven natural 
ventilation. This natural ventilation is believed to direct the building's natural ventilation.

Defined as the product of the density, thermal conductivity and specific heat capacity, the 
heat flux coefficient quantifies a material's ability to absorb heat. It was found that the heat 
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flux  coefficient reflects the influence on thermal comfort of different surfaces. Therefore it is 
used as the basic thermo-physical property which defines materials. Various layers of each 
element of the building (walls, roof, floor) are considered to have heat flux coefficients as 
design variables. Various layers’ thicknesses in each building element are also considered as 
design variables [23].

Taking into account the courtyard and atrium building, the data is intensity: 2290 kg/m3, spe-
cific heat capacity Cp: 840 J/kg K, thermal conductivity: 0.96 W/m K, thickness: 2.00 cm for 
transparent surfaces and thickness: 115 cm, intensity: 1590 kg/m3, specific heat capacity (Cp): 
850 J/kg K, thermal conductivity: 0.65 W/m K for opaque surfaces. k-€ (standard model); near 
wall treatment: standard wall functions were used as turbulence model, while solar calcula-
tion was used for insulation calculation.

Courtyard and atrium options can include materials with different material characteristics, 
such as air as building shell and fluid and as building components, floorings, doors, windows, 
walls and roofs. Intensity: 1.2256 kg/m3, specific heat Cp: 1006.43 J/kg K, heat conduction: 
0.0242 W/m K and viscosity: 1.7894e-05 kg/m s are respective values accepted for fluid air. 
Transmission coefficient was also taken into account; 0.3499 W/m K for doors, 1.3944 W/m K 
for walls, 0.919 W/m K for roofs and 1.05 W/m K for glasses used in windows. Atrium build-
ing thermal conductivity was considered 1.05 W/m K, glass thickness 30 mm, reflection 5%, 
absorption 65% and penetration 27%.

The indoor comfort limit temperature value for the heating and cooling load within the build-
ing on January 21 and July 21 has been considered to be 25°C in both atrium and courtyard 
building options. As to the opacity and penetration values outdoors, configurations were 
made for the glasses used at windows as reflection 10%, absorption 34% and penetration 56%. 
As data entry; the time zone of the buildings, latitude, longitude, cloudiness ratio as well as 
month, date, time, minute were included. Thermal comfort and radiation model module have 
also been used for comfort calculation. The extent of absorption of light by the weather and 
the data of radiation of light indoors has been included therein. Since these factors are very 
close to zero, they were considered at 0.001098 levels.

6. Numerical solution modelling

Computational fluid dynamics (CFD) programs are powerful design tools that can predict 
detailed flow movement, temperature distribution and solar heat flux. Recently, computa-
tional fluid dynamics has been used to predict convective heat transfer at exterior building 
surfaces [1–19, 24–30].

Details of temperature distribution, airflow patterns and other comfort parameters 
would provide a better picture of the resultant thermal performance within the atrium 
in response to the changes of building design variables. CFD's main advantages for this 
application are:

1. Ability to analyse a specific or complex building or building configuration,

2. Ability to acquire very high spatial resolution data,
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3. For atmospheric conditions, high Reynolds number flows can be incorporated and

4. Access to detailed information on the flow field and the thermal field.

In these previous studies, this allowed for a detailed analysis of, the correlation of heat trans-
fer coefficient distribution over building surfaces; the influence of turbulence and wind direc-
tion; the correlation with different reference wind speeds; the thermal boundary layer, etc. 
However, some important limitations of the applied numerical models have to be empha-
sized. Considering the building shell for evaluation of the thermal comfort and energy per-
formance of the courtyard and atrium buildings also studied in CFD. A number of layers with 
varying physical properties and thicknesses constitute the wall section. The outside surface is 
subject to radiation exchange (qr, o), convection heat transfer (qc, o) and solar radiation (Is) from 
the sky. The combined convection and heat transfer (qi) within the inside surface directly 
defines the extent of air conditioning needed to preserve the intended interior temperature 
(Tf,i). The assumptions below were employed in the mathematical model:

• No heat generation is observed.

• Interface resistance is negligible due to good layer contact.

• Negligible thermal properties variation.

• Small composite roof thickness relative to other dimensions.

Therefore it is safe to assume a one-dimensional temperature variation.

Based on daily average wind speed and the direction of heat flow, the convection coefficient is 
constant. The above assumptions, lead us to a conduction equation which uses the composite 
roof for directing the heat transfer:

    
 ∂   2   T  j   ____ ∂  x   2    =   1 __  α  j       

∂  T  j   ___ ∂ t    (1)

Here, ‘c’ is the specific heat, ‘ρ’ is the density, k is the thermal conductivity, the subscript j 
refers to the layer, i.e. j = 1, 2,…, N and α is the thermal diffusivity (k/ρc). For the purpose 
of obtaining temperature variations and heat-transfer rates subject to prescribed initial and 
boundary conditions, the problem centres around the fundamental solution of Eq. (1), applied 
to all layers. Initial temperature was accepted as uniform and equal to outside ambient tem-
perature daily mean values; Tf,o, mean.

There are many different correlations in the literature to determine the external heat trans-
fer coefficient for the buildings. Palyvos summarized different correlations found in the 
literature. On the basis of thirty available linear correlations, Palyvos recommended using 
the following correlation, Eq. (2) to calculate the heat transfer coefficient (hc) for windward 
surfaces: [20]

   h  c   = 4  V  w   + 7.4  (2)

where Vw is wind velocity. With zero wind velocity, an external heat transfer coefficient value 
of 7.4 W/m2-K was used [20].
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The optical properties of the glazed facade surface (semi-transparent), i.e. a solar transmit-
tance of 36% and an absorptivity of 17.5%, were the same as those used in previous stud-
ies of an existing atrium building at Concordia University. A single glazed wall with a total 
overall thickness of 24 mm and an effective thermal conductivity of 0.0626 W/m2-K was used 
to simplify the modelling of the glazed façade. Also considered were the radiation exchange 
between the facade and the sky [23].

The correlation was used to calculate the sky temperature [14],

   T  sky   =  [  ε  sky    T   out   4    ]   1/4   (3)

where the emissivity of the sky, εsky, was calculated using the relation, εsky = 0.727 + 0.0060 Tout 
with an ambient temperature of Tout, of 25°C. The heat sources were modelled as a no-slip wall 
boundary (2.00 × 2.00 m) located in the centre of each floor. In all cases the buoyancy flux value, 
B, was assumed to be 22.63 × 03 m4 s3 (a heat source of 823 W was assumed approximately 
equivalent to four sitting persons with desktop computers) on each room floor and 14.57 × 103 
m4s3 (a heat source of 530 W was assumed approximately equivalent to seven resting persons) 
on the atrium floor. A constant relative pressure of 0 Pa was used across the room inlets and 
the atrium outlet [30].

Other value can be used in the model since the steady periodic solution is independent of the 
initial temperature distribution. The boundary conditions are given as follows:

(i) Boundary conditions at the inside surface (x = 0):

  −  k  1      
∂ T ___ ∂ x   |    

x=0
   =  h  i  ( T  f, i   −  T  x=0   )  (4)

here hi is the combined heat-transfer coefficient for inside surface; based on ASHRAE hand-
book of fundamentals [21]: hi = 9:26, W/m2K for upward direction of heat flow and hi = 6:13, 
W/m2K for downward direction of heat flow:

(ii) Boundary conditions at the outside surface (x = L):

  −  k  N      ∂ T ___ ∂ x   |    
x=L

   =  h  c, o  ( T  x=L   −  T  f, o   ) − λ  I  s   −  q  r, o    (5)

here hc,o is the exterior surface convection coefficient, Tf,o is the exterior ambient temperature 
and Is the outside surface ‘s solar absorptivity.

The coefficient (hc,o) is a function of wind speed (ʋ). Empirical values are taken from Ito et al. 
[22] as

   h  c, o   = 18.63  V   0.605   inW /  m   2  K  (6)

and

  ν =   {   0.25υ  if υ > 2m / s   0.50υ  if υ < 2m / s    (7)

The temperature (Tf,o) is determined by a sinusoidal function based on a 24-h period. Here t = 
0 corresponds to midnight, as
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   T  f, o   =  T  f, o, mean   +  A  o   sin (ωt − φ )  (8)

here Ao being the amplitude, ω is the frequency and is the phase. The solar radiation (Is) is calcu-
lated for horizontal roofs in atrium and courtyard buildings in Turkey, employing the ASHRAE 
clear-sky model [23–31]. The nonlinear radiation exchange (qr,o) is provided by [30–34, 35].

The nonlinear radiation exchange (qr,o) is given by,

   q  r, o   = εσ( T  sky  4   −  T  x=L  4   )  (9)

here  σ  is the Stefan–Boltzmann constant, ε is the surface emissivity and Tsky is the sky tempera-
ture and is considered equal to (Tf,o-12).

The airflow patterns in atrium and courtyard buildings and temperature distributions in the 
atrium and courtyard buildings are governed by the conservation laws of mass, momentum 
and energy. The mathematical model applied includes the numerical techniques to solve the 
continuity, Navier–Stokes (N-S) and energy equations for incompressible, three-dimensional 
and turbulent flow. The general form of the momentum, turbulent kinetic energy, turbu-
lent energy dissipation and energy (temperature for constant heat capacity) equations in the 
steady state form can be expressed in the general form as follows:

    
∂ (ρ  u  i   φ )

 _______ ∂  x  i  
   =   ∂ __  x  i      (   Γ  φ     

∂ φ
 _ ∂  x  i  
   )    +  S  φ    (10)

where variable (Ø) is Ø) = (u), (v), (w), (k), (ε), (h, T), respectively, ΓØ is the diffusion coef-
ficient of the variable (Ø) and SØ represents the source terms including the pressure terms, 
thermal source terms, etc., as appropriate for the variable (Ø) being solved.

6.1. Energy modelling for atrium and courtyard buildings

Heat transfer by thermal radiation, conduction and convection is an extremely important con-
sideration in many modelling cases such as the case being investigated here.

The solar radiation was considered to transmit through the glazing facade wall and heat up 
interior surfaces of the building, as well as partially absorbed at the glazing facade wall.

In order to determine the temperature distribution in atrium buildings and buoyancy item in 
energy conservation equation should be solved [32].

    
∂ ρT

 ____ ∂ t   +   
∂ ρ  V  i   T ______ ∂  X  j  

   =   ∂ ___ ∂  X  j  
    [   Γ  T,eff     

∂ T _ ∂  X  j  
   ]    +   

q
 __  c  p      (11)

where ΓT,eff is the temperature effective diffusivity; q the heat source; Cp is the specific heat at 
constant pressure.

In this research, the equation below is used to estimate the temperature effective diffusivity.

   Γ  T, eff   =   
 μ  eff  

 ____  Pr  eff      (12)

where Preff is the general Prandtl number.

Turbulent effects are united to turbulent effective diffusivity, which is the sum of turbulent 
diffusivity μ and laminar viscosity coefficient.
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   µ  eff   =   µ   1  +  µ  (13)

In the assumption of Prandtl-Kolmogorov, turbulent diffusivity μ is the result of turbulent 
fluctuation momentum energy and turbulent fluctuation dimension. l is used to denote tur-
bulent length proportional scale.

  µ1 = Cvρ  k   1/2   (14)

where Cv = 0.5478 is the empirical constant [33].

7. Modelling and simulation

The typology of examined courtyard and atrium models were depicted and digital mesh net-
works of each defined atrium and courtyard model were drawn, together with thermal regions 
of each model, model surfaces were generated including restricting conditions. Geographical 
and climatic data from various climatic regions were then entered into the Star CCM+ simula-
tion program. In addition, data pertaining to constructional materials, constructional compo-
nents and structure envelope permeability and reflectivity were entered. The thermal regions, 
building surfaces and elements thereof were determined beforehand. Later, the data for inte-
rior thermal gains was entered and analysis was conducted. The criteria included in optimiza-
tion studies were; 21st day of July for the cooling period in the summer months and 21st day of 
January for the heating period, hourly, daily, day and night building temperature and average 
temperature distributions, inter-building total temperature gain and loss values, air direction, 
air layering, air change ratio for courtyard and atrium buildings’ thermal zones, thermal zones 
among courtyard and atrium buildings, for all building surfaces and roof area; overall and 
average heat transition amount, surface temperatures, pressures and velocity distributions, 
inter-building and especially courtyard 1.60, 3.20 and 6.50 m level horizontal-section tempera-
ture, pressure and wind speed values were studied and in regard to such values, average tem-
perature and internal temperature distributions, general temperature gain, total temperature 
loss and gains of sunlight on the surface of the courtyard and atrium building were estimated. 
In order to provide better cooling and ventilation throughout the cooling season, inter-build-
ing temperature gains and losses throughout the heating season were estimated and evalua-
tions were carried out in order to reveal the effects of such results on cooling and ventilation 
load. All such values were presented in numerical and visual reports and evaluations were 
conducted and comments were made on internal temperature and average temperature distri-
butions on the courtyard and atrium building surface, overall temperature gain, total tempera-
ture loss calculations as well as their effects on cooling and ventilation, based on these values.

In the CFD software Star CCM+ program where the analysis study is performed, information 
on the building envelope such the thickness, density, specific heat, thermal conductance coef-
ficient, sun-radiation reflectivity, surface roughness, sun radiation absorbency and number of 
layers are defined whereas layers in the floorings together with (if present) separate stratifica-
tions are defined in the mezzanine floor, ground floor and roof slab. The material used in the 
flooring was examined in terms of its specific heat, density, thickness, surface roughness, sun 
radiation absorbency, thermal conductance coefficient, sun radiation reflectivity and number 
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of layers. On the other hand, by entering the values of volume ambient temperatures, bound-
ary conditions for surfaces and thermal zones, absorbency of surfaces, density, reflectivity, 
thermal conductance and specific heat, we were able to acquire the data used in the simulation 
program.

8. Result and discussion

8.1. Inner courtyard wind tunnel measurements: wind velocity and distribution results

The aim of this section is to determine air movements and the wind velocity that will occur 
in the courtyard, along with the turbulence values at the predetermined points and then to 
compare these values with the performed measurements.

First, before moving to the interior courtyard measurements for the courtyard model, velocity 
profiles are obtained for windward 3–4 axis over the wind and with ‘0.00 cm–2.00 cm–4.00 
cm –6.00 cm’ distances from the building on the building surface over the wind region at the 
building model placed in the observation room of the wind tunnel (Figure 8).

According to the velocity profile diagrams obtained as a result of the measurement, wind 
velocity reaches to 6.00 m/s at H/2 distance away from the building at approximately H/3 
height (Figure 6).

Figure 6. Wind velocity profiles of the windward region of the courtyard typology.
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Wind and turbulence values for 0.00 H- Level in courtyard, while wind speed in this level is 
average of 1.50 m/s in the points B3-B4, maximum velocity for this level in mid points of the 
courtyard reaches to 2.00–2.50 m/s. Overall average velocity is about 1.00 m/s. The turbulence 
value at this level is between 40 and 50% compared to the wind speed. As seen in Figure 9, as a 
result of the performed flow monitoring, flow decomposition occurs in the upper limit region, 
as there is no opening in front of the building (Figures 7 and 8).

Wind speed and turbulence values for 0.25H-level in courtyard: wind velocity at this level 
is between 0.80 and 1.50 m/s. Wind velocity reaches to maximum level at C3 and E2 points. 
Average wind velocity at this level is about 1.5m/s (Figure 9).

Wind speed and turbulence values for 0.50 H-level in courtyard: wind velocity at this level 
varies showing differences from the other levels in C-axis region. Velocity average values are 
between 0.90 and 1.60 m/s. Wind velocity reaches to the maximum level at the points F3 and 
F5. The velocity is 1.50 m/s at those points. The average wind velocity at the level is 1.2 m/s 
(Figure 10).

Figure 7. Flow visualization of the courtyard typology model.

Figure 8. Wind velocity and turbulence values for 0.00 H-level in courtyard.
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Wind speed and turbulence values for 0.75H-level in courtyard: wind velocity at this level is 
between 1.10 and 1.90 m/s. Wind velocity reaches to the maximum level at the points of F3 
and F4. Wind velocity at these points is 1.90 m/s. The average wind velocity at this level is 
about 1.5 m/s (Figure 11).

Figure 10. Wind velocity and turbulence values for 0.50 H-level in courtyard.

Figure 11. Wind velocity and turbulence values for 0.75 H-level in courtyard.

Figure 9. Wind velocity and turbulence values for 0.25 H-level in courtyard.
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Wind speed and turbulence values for 1.00 H-level in courtyard: this level is the H level where 
length, height and width are equal. The wind velocity at this level reaches its maximum at 
the F4-F5 and F6 points with a value of 2.40–2.50 m/s. Average wind velocity values in the 
midpoints of the courtyard are about 1.4–1.5 m/s. Overall average is about 1.8 m/s (Figure 11). 
Turbulence value at this level reaches to the lowest 20% level at A1 point and to the highest 50% 
turbulence level at F1 point. The average turbulence value here is about 40–45% (Figure 12).

Wind speed and turbulence values for 1.25 H-level in courtyard: this level is above the H 
height of the courtyard. Wind velocity at this level is between 1.80 and 3.90 m/s. Wind velocity 
reaches to its lowest level at C3 with a value of 1.80 m/s and to its maximum level at E6 point. 
The average wind velocity at this level is 2.50 m/s (Figure 13).

8.2. CFD numerical analysis results of the atrium and courtyard configuration

Due to the time and cost issues involved in wind tunnel testing, CFD is now widely employed 
for the prediction of flow fields. As the range of CFD applications continues to increase, new 
techniques have been introduced that facilitate its use in both architectural engineering and 
HVAC (heating ventilating and air conditioning) designs.

Figure 12. Wind velocity and turbulence values for 1.00 H-level in courtyard.

Figure 13. Wind velocity and turbulence values for 1.25 H-level in courtyard.
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It is particularly useful for building design and analyses, where it has been applied with con-
siderable success. CFD is used intensively as a tool for evaluating the indoor environment of 
a building and its interaction with the building envelope, as well as for analysing the outdoor 
environment surrounding the building.

CFD offers some specific advantages compared to wind tunnel testing. It does not suffer 
from scaling problems and similarity constraints, because simulations can be performed on 
full scale. CFD also provides whole-flow field data, i.e. information on the relevant param-
eters at every position in the model, while wind-tunnel measurements are generally only 
performed at a limited number of selected positions. However, the reliability and accu-
racy of CFD are important concerns and solution verification and validation studies are 
imperative.

For all the three climate regions during the night hours through the least warm period of 
January 21; the total heat loss of the buildings of the atrium type is greater than the court-
yard-type buildings. Minimum heat loss is desired at the whole building during this period. 
Average heat loss is between (-100) and (-400) W/m2. The highest heat loss is observed during 
the night hours.

The maximum heat loss is about (-290) W/m2 in Antalya, (-300) W/m2 in Diyarbakır, (−400) W/m2 
in Erzurum for the atrium option. However, heat gain at the whole building for atrium option in 
Antalya and Diyarbakır regions is higher than the option of a building with an open top particu-
larly from noon hours through the daylight.

According to this table, when the heat gain or the losses at the whole building for the 
energy performances through the January 21 heating period are evaluated, it is observed 
that in the case when courtyard or atrium is preferred in the hot-dry climate region (DB) for 
the both building options, atrium option is more suitable through the January 21 heating 
period in terms of both night and daylight performances (Figure 15). When we look at the 
24 hours total gain for the cold climate regions, atrium option seems to provide more gain. 
In this case, in terms of energy performance between the courtyard and atrium options dur-
ing January 21 periods for Erzurum, it can be concluded that the atrium is more suitable 
(Figure 14).

In the courtyard option through the night hours during the hottest July 21 period; whole 
building surface area heat gain amount for all the climate regions is less than the atrium 
option. During this period, the least heat gain is required. However, especially when we 
observe the heat gain during the morning to noon hours through the hottest July 21 cooling 
period, it is seen that the whole building heat gain for the courtyard typology for Antalya's 
hot-humid climate region is quite high compared to the atrium typology. During this time-
period heat gains are about 2500–2700 W/m2 in Antalya, 3600 W/m2 in Diyarbakır and 2200 W/
m2 in Erzurum. The heat gain ratio of the courtyard option during the noon hours of 12.00–
13.00 reaches to the twice the value of the atrium option. When the plot values for Diyarbakır, 
hot-dry climate region are examined, whole building heat gain, similar to the gain of the glass 
courtyard option in Antalya is seen to be greater than the atrium option.
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8.3. Temperature values on the front surfaces looking at the courtyard and atrium part and 
thermal comfort in atrium and courtyard typologies

Outside temperature is a climate element varying periodically depending on the rising angle 
of the sun. It varies depending on the heat, the current latitude, season, time of the day, topo-
graphic structure (slope) and the height. The heat increases during the summer months and 
when the location gets closer to the equator.

Wind and humid elements are also effective on the heat. South-directional winds increase the 
heat, but north-directional winds decrease the heat. On the other hand, the humidity-tem-
perature difference for both daily and annual periods are decreased and affect the perceived 
temperature value by preventing overheating or cooling of a region.

Wind flow conditions and wind velocities around and outside of the building and the tem-
perature of the front side which is looking at the outside of the building and the surface tem-
perature values at the front sides looking at the courtyard in courtyard typology vary quite a 
lot comparing to the atrium typology, since the velocities and directions of the winds in the 
courtyard are different. Therefore, in almost all of the day hours, both the wind speeds in the 
courtyard and the surface temperatures at the surfaces of the building facing the courtyard 
are lower, as compared to the surfaces looking toward the exterior of the building and as 
compared to the atrium typology.

If we look at the building surface temperature values, for example, in the courtyard typology 
option analysed for Antalya which has a hot-humid climate; the faces looking at the courtyard 
are seen to be at lower levels compared to the first floor in the ground level in the surface 

Figure 14. 21 January–21 July total heat transfer rate for each total whole building surface area to atrium and courtyard 
configuration.
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facade from the north side facade analysis. In addition, according to the courtyard build-
ing typology geometry, because of the shadow effects on the building surfaces, surface heat 
values where no shadow falls are seen to be at higher levels as compared to the shaded areas 
(Figure 15). Since no wind enters into the courtyard since the courtyard is closed in atrium 
option, surface temperatures on all facades looking at the courtyard are seen to be at the high-
est level compared to the courtyard option.

When the surface heat values in Antalya north side on January 21 is examined, while the 
average temperature for courtyard face at 07.00 is 10°C, the surface temperature value for the 
atrium face at the same hour is observed to be about 19°C. In courtyard typology option at 
14:00 on January 21, surface heat average value is seen to be about 21°C and for the atrium 
option 35-40°C. On January 21 at 21.00, the heat is seen to go to the heat value at 07.00 which 
is 10°C (Figure 15).

When the surface heat values in the north side of Antalya on July 21 are examined, courtyard 
surface heat values in the courtyard typology option for 07.00 is about 33°C and the average 
of the surface heat values is seen to be 38°C for the atrium facade. Since a shade area formed 
on the façade surfaces looking at the courtyard because of the courtyard geometry at 14.00 
on July 21, the average of the shaded area of the façade is about 34°C and the surface average 
of the un-shaded region is seen to be about 40°C. The average of the surface heat value in the 
courtyard typology is about 21°C and it is observed to be 40–45°C in the atrium option. The 
average surface heat values in the courtyard typology option at 21.00 on July 21 are seen to be 
21°C and it is 25°C for the atrium option (Figure 15).

8.4. The effect of daily solar movement on inner courtyard thermal performance and the 
courtyard shadowing due to courtyard typology

The exposure of courtyards and atrium building surfaces to the sun or their exposure to a 
partial shadow is dependent on the position of the sun in the sky as well as on the court-
yard geometry. The position of the sun is defined by the solar azimuth angle of the sun 
and by the elevation angle. These two angles are a function of time and latitude throughout 
the year. These can be predicted by sun tables prepared for different latitudes or by using 
possible mathematical equations for numerical computation. The form of the building and 
its geometry has a large effect on the shadow region produced by the inner surfaces and 
as a result, it effects the sun radiation received as well as the thermal performance of the 
building.

The effect of the daily sun activity is dependent on different factors such as the latitude of that 
region, the year and day of the sun. The movement of the sun is usually symmetric through-
out the year for day or night at that particular region. The solar orbit and the movement of 
the sun during the summer season are higher as compared to the winter season. This daily 
movement is an important parameter for the formation of the courtyard shape as well as for 
the formation of the envelope of the courtyard building. The change in the sun's orbital posi-
tion can be observed very clearly in the winter. The general trend in the winter has shown that 
the percentage of the sunny area on the shadowed region continues to increase as time passes 
and gets closer to 12:00 at noon.
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option 35-40°C. On January 21 at 21.00, the heat is seen to go to the heat value at 07.00 which 
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8.4. The effect of daily solar movement on inner courtyard thermal performance and the 
courtyard shadowing due to courtyard typology

The exposure of courtyards and atrium building surfaces to the sun or their exposure to a 
partial shadow is dependent on the position of the sun in the sky as well as on the court-
yard geometry. The position of the sun is defined by the solar azimuth angle of the sun 
and by the elevation angle. These two angles are a function of time and latitude throughout 
the year. These can be predicted by sun tables prepared for different latitudes or by using 
possible mathematical equations for numerical computation. The form of the building and 
its geometry has a large effect on the shadow region produced by the inner surfaces and 
as a result, it effects the sun radiation received as well as the thermal performance of the 
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The effect of the daily sun activity is dependent on different factors such as the latitude of that 
region, the year and day of the sun. The movement of the sun is usually symmetric through-
out the year for day or night at that particular region. The solar orbit and the movement of 
the sun during the summer season are higher as compared to the winter season. This daily 
movement is an important parameter for the formation of the courtyard shape as well as for 
the formation of the envelope of the courtyard building. The change in the sun's orbital posi-
tion can be observed very clearly in the winter. The general trend in the winter has shown that 
the percentage of the sunny area on the shadowed region continues to increase as time passes 
and gets closer to 12:00 at noon.
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Figure 15. North side temperature values for the faces looking at the courtyard in Antalya, hot-humid climate region.
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As the time passes, the percentage of the sunny area slowly increases. During the noon 
hours, the maximum area exposed to the sun has been observed as 45, 2617 and 4.5%. These 
results have been mentioned in the sun-shadow analysis section in the study of Ph.D. thesis 
“A method developed in the optimization of courtyard building shape  according climatic 
performance in different climate regions” by E.Yasa [36]. It has clearly shown that in the 
winter, with the increase in the latitude the surface area exposed to the sun would decrease 
throughout the day at any time. In Antalya, on January 21at no time during the day, the 
sunlight comes to the courtyard and as a result the ground of the courtyard remains in 
shadow at all hours of the day. In retrospect, wind flow enters the courtyard at every hour 
of the day. At July 21, during the time of 10:00-12.00-14.00, the courtyard ground receives 
sunlight and during other hours, for every courtyard option, the courtyard completely 
remains in the shadow.

8.5. The effect of courtyard and atrium building typology on courtyard wind conditions 
and natural ventilation for thermal comfort

The conditions which are suitable for human comfort can change according to the environ-
mental conditions at inside and outside of the building and it can also depend on the user's 
age, sex, metabolism level and the clothing used. The human body can create heat through 
its metabolism and as the result of the action, it consumes the heat that it produces. In the 
architectural design, the purpose should be to create suitable environment for every kind of 
seasonal comfort conditions.

For both typologies, when the inner building conditions as well as the comfort conditions 
around the building are studied, it is observed that in courtyard typology, the wind flow and 
velocity on the exterior as well as around the surroundings of the building are very different 
as compared to the atrium typology.

When the turbulence and wind flow values for inside the courtyard as well as the exterior 
of a building with a courtyard are studied; it is observed that for the hot-dry climate region 
and for the hot-humid region, it is seen that 2.00 m/s of wind values are seen on the aver-
age outside of the courtyard. However, on the inside of the courtyard, a very refreshing 
and comfortable, mild wind values are obtained for the hot-dry and the hot-humid climate 
environment. (Figure 16)

The leading wind vectors for the studied period of 07:00-14:00-21:00 in the numerical analysis 
is given in Table 2.

When the inner courtyard wind tunnel velocity measurement experiments are compared, 
it is observed that there are formations of turbulence and vortex at different points of 
the courtyard. (Figure 16). But vortex inside the courtyard is not affected. Moreover, it 
is observed in Figure 16 that the air speed and turbulence values inside and outside the 
courtyard is quite different between the different levels all sides of the courtyard. Inside 
the courtyard, the wind cycle and wind velocity, along with more cycles and turbulence 
magnitude values are seen during the different times of the day.
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Figure 16. The wind flow and turbulence streamline values for inner courtyard and exterior of courtyard in Antalya for 
the hot-humid climate region.
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8.6. The evaluation of inner courtyard thermal comfort as per wind tunnel experiments 
and CFD numerical analysis

The primary thermal performance of the courtyard depends primarily on the shape feature 
of the courtyard structure and dependent on the envelope of the structure's envelope; it can 
show changes related to amount of solar radiation which permeates inside from the opaque 
surfaces and as per the position of the sun. In order to obtain suitable comfort conditions, dif-
ferent strategies are utilized for different climate regions. However, all of them would create 
an advantage only when there is comfort required inside and when the solar radiation causes 
comfort or discomfort. Shading would allow for escape from heat retention in the summer, 
while avoiding shading in winter in order to retain the heat would be the primary rule.

The geometry of the courtyard form would strongly affect the shaded area ratio created by 
inner surfaces and as a result, it affects the solar radiation which is received as well as the 
thermal performance of the building. It is generally seen that deep courtyard forms are rec-
ommended in order to gain the maximum interior shaded area in the summer. However, in 
the winter using the shallow form for obtaining sunny areas would be a better solution. The 
courtyard ground would have a small effect in the winter on the heat production and heat 
transfer due to solar radiation; but in the winter this effect is less noticeable.

The study by Taleghani et al. on the effect of different building styles on building comfort and 
energy performance as well as the study by Yasa et al., on different courtyard types on energy 
and comfort as depending on the climate zone are the studies which mainly discuss the issue 
at large [22, 25, 34, 35].

Taleghani et al. made a comparison between different building forms regarding the effect 
of different building typologies on indoor energy and comfort. They showed, all else being 
equal, that the larger surface to volume ratio of a courtyard building (and its envelopes), the 
higher heat loss and consequently energy demand for heating compared to a building with 
no open space. The current research added a linear building type to these comparisons, using 
1-, 2- and 3- storey models [25, 34, 35].

Although it is found that the courtyard dwelling performing with less energy efficiency com-
pared to a building with a square floor plan of the same size, the present study showed that 
the courtyard dwelling was more energy-efficient. This discrepancy can be understood with 
reference to the surface to volume ratio of the dwellings with a square floor plan.

City Antalya (ANT) Diyarbakir (DB) Erzurum (ERZ)

Month January July January July January July

07:00 NNW NNW WNW WNW WSW ENE

14:00 SSW NNE NNW ENE W ENE

21:00 NNW NNW WNW NNW SSE ENE

Table 2. The leading wind vectors for the studied period of 07:00-14:00-21:00 for long-term meteorological mean values 
for three different climate regions for the courtyard typology.
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From the energy point of view, the energy consumption for heating and lighting of the single 
and linear shape models increases when the number of floors in the models increases. This 
amount is slightly decreased for the courtyard shape. This observation also applies to the 2- 
and 3-storey models (average of all floors). In this case, by increasing the number of floors, it is 
observed that the average of the number of comfort hours in the single-zone building decreases.

Conversely, the average of the number of comfort hours in the linear and the courtyard shape 
model increases by increasing the number of levels from one to three.

It is observed that the comfort situation on January 21 for the places which are oriented 
towards the atrium is at higher values for the surface temperature values as compared to a 
courtyard dwelling. Hence, in the January 21 heating periods, the atrium typology may be 
preferred from energy performance point of view. The reason for the optimization for dif-
ferent climates for inner courtyard comfort would be to obtain sufficient sun radiation (heat 
convection) and to either reduce the need for cooling or to get rid of it completely by creating 
sufficient shading in the summer. The sunrays (radiation) received by the courtyard is seen as 
the primary factor which affects the thermal performance of the building. The irradiation ratio 
usually depends on the location of the building, the climate conditions of the location, the 
time of the year and the configuration of the courtyard. The solar radiation which is absorbed 
has the function of increasing the surface temperatures and as a result it will increase the tem-
perature of the nearby air layers. This has an important effect on the thermal conditions of the 
courtyard empty area. As a result, it is required to allow for maximum amount of solar irra-
diation to enter the courtyard, so that the thermal performance can be achieved both in sum-
mer as well as in the winter. In order to achieve this it is evident that proper configuration and 
proportioning needs to be done in the inner region of the envelope of the courtyard building.

It is observed by calculating between the sunny areas and the shadowed areas that the self-shad-
ing generation of the courtyard building on the building surfaces which are oriented towards 
the courtyard decreases the sunny area by 4%. However in the winter, this self-shading has an 
effect of increasing the heating load by 12%. Especially in the cold region Erzurum, it is seen 
that gaining sun radiation in the winter is more important than avoiding it in the summer.

Building surfaces absorb the sun light as long as they are exposed to it. For many opaque sur-
faces, the area of surface which absorbs the sunlight depends on the absorbance of the surface. 
On the surfaces which are exposed to the sun, an agreeable strategy would be to restrict the sun-
rays before they hit the surface. In the hot summer and in relatively colder climates as well as 
in very cold and in moderate climates, this concept and the effect of the principles show differ-
ences. In the above-mentioned environmental conditions, if special design criteria are applied 
during the design stage of the building, then it can be an effective environmental regulator.

9. Conclusion

According to the CFD numerical analysis, in hot-dry and hot-humid climate, during the heat-
ing season, the differences are clearly visible. The average winter monthly heating demand 
of building courtyard; it is more than of atrium model (excluding summer month 21 July in 
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which the heating demand is zero). The average winter heating season of the year difference 
for atrium-building typology is higher than courtyard typology. This situation shows that in 
hot-dry and hot-humid climate covering the transitional space, thereby creating more transpar-
ent surface, this could potentially reduce the heating demand for atrium building. Conversely, 
overheating risk should be checked for atrium typology, which typically increases the number 
of summer discomfort hours as shown in Figure 12. Atrium typology decreases its annual 
energy use, but increases the number of discomfort hours in the summer. Contrary, courtyard-
building typology increases its annual energy use, but decreases discomfort hours in summer.

The courtyard models have a lower number of discomfort hours and higher heating energy 
demand in comparison with their atrium models. Therefore, for an atrium typology should 
be used for heating season (limiting heat losses) of the year, whereas the advantages of the 
courtyard should be used for summer (reducing overheating). When we look at the simula-
tion results, we can see that it would be efficient if we use courtyard option for 21 July cooling 
season of the year. Comparing buildings with different climatic regions and seasons of the 
year, the courtyard typology has the smallest number of summer discomfort hours. This is 
because of the shading effect of the courtyard and wind effect in courtyard for the surround-
ing building.

Dealing with solar absorption and ventilation in a courtyard is problematic. The dimensions of 
a courtyard can influence the quantity of sun and wind allowed or blocked. In summer, when 
we compare the building typology or form; with regard to comfort and energy consumption; 
less absorption and more ventilation is favourable. Conversely, more sun and less wind are 
preferable in winter. In summer, the sun angle is high and a compact form provides more 
shading while a less compact form allows more sun to penetrate in winter. Likewise, a com-
pact form breaks cold winds in winter but is less ventilated in summer. This result can con-
clude from E. Yasa's Ph.D. thesis and paper [36]. An efficient design strategy could be based 
on the weight of the heating or cooling energy consumption. Hence, this shows that the design 
of a courtyard depends on the policies of energy consumption on a national or regional level.

If we compare the orientation effect on building comfort, we can conclude that the North-
South orientation provides the coolest microclimate within a courtyard block for a pedestrian. 
This orientation keeps a courtyard shaded from the early morning till 2 hours before noon 
and again 2 hours after noon till sunset. Likewise, the indoor environment of the building 
absorbs the sun while it has provided shading for the courtyard. This makes the North-South 
orientation the least comfortable model and East-West the most comfortable model in sum-
mer from the perspective of the indoor environment. A square plan (like the 6.00 m × 6.00 m 
× 6.00 m courtyard) could be a balance that satisfies both a person within the courtyard and a 
dweller inside the building.

In the warm-dry and in the warm-humid climate regions, it has been observed that due to 
the wind flow entering the courtyard and due to the shading created from the geometry of 
the building typology; the formation of comfortable areas takes place, especially during the 
cooling period. It is observed that in the hot and humid regions, the thermal conditions in the 
summer nights can reach warm temperature values similar to day values, even though the 
temperature may be a few degrees lower at night (3 °C to 5°C).
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As a result, due to the facts that they contain more complex air patterns and that in order to 
create the fundamental comfort conditions they have a greater energy consumption and thus 
the few studies which have been conducted on courtyard- and atrium-type buildings cur-
rently are not sufficient to allow generalization of the topic. Hence, the subject matter needs to 
be investigated further with one on one measurement as well as with the use of both experi-
mental and numerical studies.
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Abstract

Energy is one of the most important catalysts in wealth generation, economic growth, and 
social development in all countries. Buildings have a significant share in total energy con-
sumed globally; therefore, they have a profound impact upon the environment. Energy 
is used in every stage of building life cycle (these stages are choice of locality, architec-
tural design, structural systems and material selection, building construction, usage and 
maintenance, demolition, reuse-regain-recycle, and waste disposal). According to World 
Watch Institute data, buildings are responsible for the annual consumption of 40% of 
the world's energy. Energy consumption of buildings can be reduced significantly in 
every stage of a building life cycle. This study investigated the energy-efficient methods 
in building life cycle. In this context, we give information about the life cycle of building 
and explain energy-efficient guiding principles in life cycle stages.

Keywords: building—life cycle, building—energy consumption, energy efficiency in 
buildings, energy and environment

1. Introduction

Buildings consume energy at different levels in every stage of life cycle. Approximately half of 
all nonrenewable resources (water, energy, and raw materials) mankind consumes are used in 
construction. Contemporary human civilization depends on buildings and what they contain 
for its continued existence, and yet our planet cannot support the current level of resource 
consumption associated with them [1].

Construction also has a major impact on the environment in its consumption of energy. For 
example, building materials occupy a great share of this consumption. The large bulk of mate-
rials used consume a great deal of energy for transport [2].

© 2017 The Author(s). Licensee InTech. 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.



There is a growing concern about energy consumption in buildings and its possible adverse 
impacts on the environment. These are issues that the building professions in the whole world 
have to address [3].

Energy consumption is rapidly increasing due to the increase in population and urbanization. 
Residential energy requirements vary from region to region, depending on climate, dwelling 
type, and level of development [4]. The construction activities consume 38% of the globally 
used energy every year [5]. There is a growing concern about energy consumption in build-
ings and its possible adverse impacts on the environment. These are issues that the building 
professions in the whole world have to address [6].

Buildings consume energy at different levels and different aims in every stage of the life cycle. 
In an operating phase, a building with at least a 50-year lifespan, energy used for production 
of materials, transportation, and construction, "at least five times" as is required in the amount 
of energy use and operating phases. A large part of the energy (35–60%) is used for heating, 
air-conditioning, ventilation, and artificial lighting at this stage. Energy-efficient approaches 
that have the potential to significant energy economy, most of the buildings if you live a long 
time considered more than 50 years. Even if only to focus on the use and operation phase is 
very important [7].

2. Methods for ensuring energy efficiency in buildings

It is not possible to bring recommendations of solution that can procure energy efficiency 
for all buildings. As the function, system, position, and importance of a building changes 
from building to building, the ways of solution providing energy efficiency will also change. 
Therefore, a conscious approach needs to be developed in order to reach the right solution at 
the stage of architectural design through enabling necessary data. In the end, the product to 
be obtained must be aimed to have the quality of being more efficient, in other words, spend-
ing less resource within a longer period of time to perform the same action.

There are very different applications targeting the decrease of energy consumption of build-
ings. Considering energy consumption in each phase of structuring is achieved with the anal-
ysis of building life cycle.

In this respect, we need to know the life cycle of building. Building life cycle is divided into 
three main phases such as the prebuilding phase, building phase, and postbuilding phase. 
These phases have some processes. Prebuilding phase includes the appropriate site selec-
tion, site planning, building form, building plan, and appropriate space organization, build-
ing envelope design choosing energy-efficient building materials, energy-efficient landscape 
design, obtaining raw materials for building material, manufacturing, and transporting them. 
The building phase includes the construction and usage processes of the building. The post-
building phase is the phase following the completion of building usage. In this phase, we 
have the demolition, recycling, and wipe-out of the building.

The methods applied so as to fulfill the energy efficiency of buildings depending upon life 
cycle phases.

Energy Efficient Buildings94
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2.1. Energy-efficient designing methods in the prebuilding phase

The prebuilding phase includes the choice of the space where construction is to be built, the 
design of the building, the choice of building materials, obtaining raw materials for building 
material, manufacturing, and transporting them. In these processes, the strategies have been 
explained with significant energy saving in building life cycle such as the appropriate site 
selection, site planning, building form, building plan and appropriate space organization, the 
design of building envelope, the choice of building material, landscape design, and benefit-
ting from renewable energy resources in sequence. These strategies are explained below.

2.1.1. Appropriate site selection

The locations of the hemisphere, slope, and aspect are important design parameters. Location 
of the building determines the microclimate conditions which has very important role in 
building energy efficiency, as it is important for learning, climatic values such as sun radia-
tion, air temperature, air circulation, and humidity, which effect energy costs [8].

The site of building and distance between other buildings are one of the most important 
design parameters, which affect sun radiation amount and air circulation velocity around the 
buildings. For this reason, the site of the building in the area should be determined to benefit 
and defend from the renewable energy resources like sun and wind [8].

In order to provide adequate protection from the prevailing wind and sun, the orientation of 
buildings on the land needs to be appropriate to the climatic conditions of the region. In cold 
regions, lower overnight temperatures cause colder, denser air to accumulate in hollows and 
valleys. Therefore, in cold regions it is advisable to position buildings on hillsides rather than 
in valleys. Such sloping areas are not affected by cold wind as much as valleys and benefit 
from more direct as shown in Figure 1 [9].

The topography of the location of the building is important because of the effect the angle 
of incidence of solar radiation, slope, and orientation of the land in terms of the use of day-
light and natural ventilation, solar radiation. If the settlement will be sloping, gained solar 
radiation energy is reduced in summer, and gained solar radiation energy increases in winter. 
Therefore, the slope of the land, the amount of incoming solar radiation, and the latitude are 
very important parameters [11].

It is well known that a south slope is warmer and has the longest growing season in the 
northern hemisphere. When a choice of site is available, a south slope is still the best for most 
building types. In the winter, the south slope is the warmest land due to two reasons: the 
south slope receives the most solar energy on each square foot of land because it most directly 
faces the winter sun. The south slope will also experience the least shading because objects 
cast their shortest shadows on south slopes [12].

Figure 2a illustrates the variation in microclimate with different slope orientations. The south 
slope gets the most sun and is the warmest in the winter while the west slope is the hottest in the 
summer. The north slope is the shadiest and coldest, while the hilltop is the windiest location. 
Low areas tend to be cooler than slopes because cold air drains into them and collects there [12].
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The best side site for a building on hilly land depends on both climate and building type. 
For envelope-dominated buildings, such as residences and small office buildings, the climate 
would suggest the sites as shown in Figure 2b.

For example, in cold climates, south slopes maximize solar collection and are shielded from 
cold northern winds. Avoid the windy hilltops and low-lying areas that collect pools of cold 

Figure 1. The change of climate conditions surrounding the building depending on the location of the building [10].

Figure 2. Suitable land for settlement according to the different climate zones [12]. (a) Microclimate around a hill; and  
(b) preferred building sites around a hill in response to climate for envelope-dominated buildings.
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air. In hot and dry climates, build in low-lying areas that collect cool air. If winters are very 
cold, build on bottom of south slope. If winters are mild, build on the north or east slope, but 
in all cases avoid the west slopes. In hot and humid climates, maximize natural ventilation 
by building on hilltops but avoid the west side of hilltops because of the hot afternoon sun. 
Also the cool low-lying areas are appropriate especially to the north of hills. For internally 
dominated buildings, such as large office buildings that require little if any solar heating, the 
north and northeast slopes are best [12].

In Figure 2, according to the information described above, according to the different climate 
zones, appropriate residential areas are shown on a theoretical terrain. In terms of climatic 
effects, the part of the slope that has the mildest qualities for each slope is defined as “thermal 
belt” [13].

Building altitude leads to differentiation of solar radiation values. As we go above the sea 
level, we get an increase in solar radiation values. The reason for this increase is dealt with 
atmospheric conditions, clarity of the atmosphere and shortening of the distance taken. In 
return, for the increase in solar radiation values, as we go above the sea level, we get a decline 
in the air temperature. With the increase of altitude, gale force also increases, which leads to 
the increase of heat loss in the building [14].

2.1.2. Site planning

In the design of buildings, distance between buildings is an important designing parameter 
that affects utilization of solar energy, wind direction, and speed concerning artificial envi-
ronment. In the design process, building should be handled as a whole with its environment. 
The distances between buildings highly affect the energy performance in the usage phase of 
building. The fact that a building remains within the shading space of other buildings influ-
ences the utilization of solar rays and will raise the consumption of energy. In order to utilize 
solar radiation, building spaces must not be less than the tallest shade height of other build-
ings. Besides, the position and distance of other buildings affect the speed and direction of 
wind on building, and this impacts the energy performance of building [15].

Orientation of building affects the ratio of the solar radiation gain of building sides, conse-
quently the total solar radiation gain of building. In addition, the side of buildings affects 
wind amount, consequently, affecting natural ventilation possibility and heat loss amount 
by convection and air lack. For this reason, according to the necessities of that region, 
buildings must be oriented for avoid of or benefit from the sun and wind according to the 
conditions [8].

As the positioning of buildings as attached to each other would decrease the building enve-
lope/volume rate, declines heat loss and gains through building envelope. In addition, posi-
tioning them in the direction of south, southeast, and southwest as an external curve crescent 
make them utilize solar ray more [16].

In London-BedZED settlement, separate houses having their own gardens were designed. So 
as to lessen the heat loss of buildings, both compact forms were used and construction groups 
were gathered together and it tried to decrease the outer surface space/volume rate as shown 
in Figure 3 [17].
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2.1.3. Building form

The shape of building which is a considerable factor affecting heat loss and gain can be defined 
through geometrical variables making up building such as the proportion of building length 
to building depth of the building in the plan, building height, type of roof, its gradient, front 
gradient, and bossages. Heat loss-gain of building may rise and decline depending upon the 
proportion of the surfaces constituting environment to volume [18].

Energy performance of building is affected by such factors as its form, volume surface rate 
and frontal motions. There is a direct relationship between the geometrical shape and energy 
performance of building.

In the conducted studies, it was observed that different results were obtained in the energy 
performance of the masses which had the same volume but made in different forms [14]. It 
was calculated that the surface area of the masses has the same volume but different forms. 
The surface of the cube that was taken as 100 was accepted as a reference (Figure 4).

The shape of building is important in areas that have different climate conditions. In cold 
climate regions, compact forms should be used which minimize the heat loss part. In hot-dry 
climate regions, compact forms and courtyards should be used which minimize heat gain and 
helps to provide shaded and cool living spaces. In hot-humid climate region, long and thin 
forms whose long side oriented to the direction of prevailing wind makes possible maximum 
cross-ventilation. In mild climates, compact forms, which are flexible more than the forms 
used in cold climate regions, should be used [8].

Figure 3. Site plan of London-BedZED ecological settlement [17].
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2.1.4. Building plan and appropriate space organization

Building plan and shapes should be effective in energy conservation. Therefore, buildings 
should be formed to ensure minimum heat gain in warm seasons and maximum in cold. Due to 
simple plan types such as square or rectangle having a reduced surface area, their heat-loss and 
-gain are also reduced. Smaller buildings, where internal space has been used efficiently, use less 
energy as they can be heated, cooled, and illuminated more efficiently than larger buildings [20].

According to the results of the research called “Construction and Energy” performed by German 
Ministry of Research and Technology, the place of space in the organization of plan is more effi-
cient than the orientation of space with respect to energy consumption [21]. The energy require-
ment of buildings can be reduced by the internal layout of the design. By making the best use of 
the sun’s radiation, the need for heating energy can be reduced. These communal areas require 
more heating, whereas spaces with a lower heating requirement such as the pantry, bathroom, 
and toilet can be used as buffer areas, reducing heat transfer to the exterior by placing these 
in areas of heat-loss. Spaces such as sun rooms, if located on south façades of buildings, also 
contribute to heating of the building and energy conservation, by storing solar radiation [20].

In the building design, stratification can perform zoning depending on buffer zone, sanitary 
spaces, noise level, lighting level, and heating need. Therefore, areas with many users and 
which are used throughout the day should face southerly direction. Thermal zoning and the 
settlement of indoors can be designed in a way to raise mutual air motion (Figure 5). Deep 
plans and the use of too many dividing elements may restrict air motion in environments [22].

2.1.5. Building envelope

Building envelope is the components such as wall, ceiling, ground, window, and door which 
separate building (conditioned space) from outdoor and let heat energy transfer into inside or 
outside. As an indoor and outdoor reagent, it has a vital impact on energy consumption [10]. 
While the cost of constructing a building envelope makes up 15–40 of the total constructional 
cost, its contribution to life cycle costs especially to energy cost is around 60% [12]. The skin 
of building performs the role of a filter between indoor and outdoor conditions, to control the 
intake of air, heat, cold, and light [24]. Building envelope should minimize the heat loss in the 
winter and the heat gain in the summer.

Figure 4. Building form-surface relationship [19].
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The physical and structural specifications of building components, such as walls, windows, 
flooring, and doors, which make up the outer shell of the building, have a significant impact 
on the energy consumption of the building. The thermal performance, thickness, and color of 
the materials used in these components play a significant role in regulating the heat loss and 
gain of the building [20]. The energy-saving features of the building components analyzed 
are described below.

Outer walls: Thermal and massive characteristics of outer walls are related to building mate-
rial constituting them and the characteristics of building element layers and how they are 
sorted. The walls that will minimize heat loss and gain are well-isolated massive walls with 
high heat-storing capacity.

The formation of outer surfaces that can get most solar radiation or be protected from radia-
tion in terms of heat gain should be handled depending upon the characteristic of climatic 
zones. To keep sunlight as much as possible in winter, wall-to-window ratio is desired not 
to exceed 15% with the use of dark and high-density materials in the parts exposed to the 
sun [25].

Roofs: In commercial and institutional buildings, roofs are generally flat, and the insulation 
can be resting on the suspending ceiling. In gabled roof construction where the attic is not 
used, the insulation is generally in the ceiling [12]. The shape, material, gradient, orienta-
tion, outer surface color, and insulating qualities of the roof determine the thermal perfor-
mance of the buildings. Therefore, roofs need to be designed in such a way to suit the climatic 
 conditions [20].

Figure 5. Spatial zoning [23].
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Thermal insulation qualities of roofs, their gradient and facade should be chosen properly to 
climatic character, their outer surface color and stratification order should, however, be cho-
sen taking heat gain and loss into account. In temperate dry and temperate humid climatic 
zone and cold climatic zones, the well-isolated gradient roofs should be preferred. In hot and 
dry climate zones, flat roofs should be preferred to reduce the impact of solar radiation; in hot 
and humid climates that allow air flow, raised or sloping roof should be arranged [9].

Windows: Windows affect energy efficiency in buildings via heat loss or gain, natural ventilation, 
and illumination. The most appropriate direction is south in terms of heat gain, after the east and 
west side. Large windows reduce the need for artificial lighting while improving daylight [26].

Windows should be designed in the magnitude that is sufficient to provide natural lighting. 
For example, window magnitude should be at least 15% of the room’s floor area [27].

While taking a decision on the transparency rates in building envelope, in which climatic zone 
the building is placed should be ascertained in advance. Since protection from solar radiation 
and wind is the basic purpose in hot and arid climatic zones, small and few windows should 
be used. In hot and humid climatic zones, by taking necessary precautions, large openings 
should be used in order to raise indoor air circulations. In cold climatic zones, to minimize the 
heat losses stemming from windows, again small and few windows should be used. Yet, so as 
to utilize the beneficial effect of solar radiations, the window openings in the southern front 
should be kept more than the ones in other fronts. In temperate climatic zones, however, it 
should be given to openings that would enable sufficient air circulation [28].

The use of windows also serves a number of essential purposes such as ventilation, natural 
lighting, and opening to scenery; it does not bring much load on constructional cost. In the 
climatic zones having cold winters, positioning window openings in the north should not 
be preferred due to the fact that heat gain from the sun is too little to be considered and air 
penetrations increase because winter winds usually blow from the north and thus heat losses 
grow. It is possible to obtain a certain amount of sun gain from the openings placed in the 
east and west, even if it is less in winter than the southern front. However, since the summer 
sun comes horizontally in the morning and afternoon hours, it is very difficult to protect these 
openings and we may face the problem of overheating. The windows looking toward south, 
however, may utilize solar rays coming horizontally in winter almost the whole day; in sum-
mer, they may be easily protected from the rays coming more vertically [29].

Because of all of these components, southern windows are the systems which can be very 
commonly used in utilizing sun passively. Yet, compared with wall, due to their weak isola-
tion qualities they are much more open to heat-loss and gain; therefore, it is needed to take 
precautions for winter and summer. In this case, the application of double-glazing gains a 
high importance. Night isolation applications, however, are necessary to dismiss the heat 
losses that may occur after sunset. These isolation elements may be shutter, roller blind, or 
jalousie fixed either from inside or outside. Or, losses should be reduced through at least 
bringing curtains strictly down. In summer days, windows may be easily protected by the 
help of eaves, sunshade, or curtain [29].
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In the front, high performance glass that has the most suitable thermal and light transmit-
tance coefficient for the desired qualities depending on climate, sun direction, and the usage 
purpose of building should be used. Energy can be efficiently used thanks to isolated joiner-
ies, low-E covered glasses, argon or krypton-filled double-glazing and air proof detailing and 
montage.

Doors: The position of outer doors should be chosen considering wind effects, heat gain, and 
losses. In cold climatic zones, windbreak is suggested in order to be protected from the wind 
effect increasing heat losses. In hot-arid and temperate climatic zones, as wind does not have 
a restorative impact on comfort, surfaces closed to wind should be preferred [9].

Floors: Floorings grounded on soil should be arranged in a way to enable the desired per-
formance in terms of heat and moisture. In cold and temperate climatic zones, well-isolated 
floorings should be preferred. In warm-humid climatic zones, however, heightened floorings 
can be preferred since air streams become important [9]. In the volumes getting sunlight, floor 
laying can be used as a thermal heat store. In floor laying, dark color materials having a high 
heat-storing capacity should be preferred. Not laying carpets on floor and leaving it open 
increase its capacity of heat absorption.

2.1.6. Choosing energy-efficient building materials

Building materials both in the production phase should have energy-efficient features in the 
use phase. Energy-efficient building material properties are described below.

Local material: In the total energy consumption of constructions, the amount of energy spent 
for transportation of the construction materials to construction sites is considerable and also 
affects the constructions’ energy efficiency and economical cost. For this reason, if the con-
struction materials are local material and are manufactured in nearby places to the construc-
tion site as much as possible, energy consumption in transportation will decrease and that 
saving in transportation will give the construction an important ecological quality [30].

Recycled resources: A large amount of energy is used in manufacturing many building mate-
rials. In the manufacture of building material, using recycled sources instead of the sources 
which are not newly processed material provides a considerable preservation of raw material 
and also a considerable amount of energy saving. Recycling building materials are essential 
to reduce the embodied energy in the building; for instance, the use of recycled metal makes 
considerable energy savings between the rates of 40 and 90% comparing the material pro-
duced from natural resources [31].

Materials manufactured through low density industrial processes: Building materials play 
a significant role in the energy efficiency of buildings. A large proportion of the total energy 
used during the building life cycle is consumed during the production of building materials 
(especially embodied energy). The proportion of the energy amount consumed in the manu-
facture of construction materials to the total energy amount of a construction with a 50-year 
process of use consumes in its life cycle processes varies between 6 and 20% depending on 
the construction methods, climate, and similar conditions [31]. The intensity of energy con-
sumption in the first of these phases for the production of buildings and their components has 
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increased with industrialization [32]. Nonexistence of heavy procedures in the manufacturing 
process will cause less energy consumption, which provides energy efficiency to materials. 
Using the developed technologies in industrial processes such as a heat recovery method 
reduces energy consumption. For instance, in cement manufacturing technology, using the 
shaft furnaces instead of the conventional rotary furnaces makes energy saving between 10 
and 40%. Similarly, the use of an arc furnace instead of a rotary furnace in the steel industry 
makes about 50% energy saving [31].

Natural materials are quickly obtained from renewable resources: Generally, the energy con-
tent of natural materials is lower than that of artificial materials since these materials are 
manufactured with less energy and labor cost. Such kinds of materials which are easy to be 
locally provided are generally among the renewable resources. Such vegetal materials used in 
constructions for instance, wood, bamboo, reed, straw, rye stalk, sunflower stalk, mushroom 
are the natural materials which are quickly gained from renewable sources [33].

Labor intensive materials: Using highly qualified man power in manufacturing materials will 
reduce the processes based upon industry, and accordingly decrease the energy consump-
tion. Materials manufactured by using renewable energy resources: especially renewable 
energy resources (solar energy, wind energy, etc.) instead of fossil fuels should be preferred 
as a primary energy supplier in the manufacturing process. For example, the adobe brick is 
dried using solar energy after it is molded [33].

Materials consuming less energy during the worksite process: The management of worksite, 
the need for electricity energy, and machines in operation, heating, and lightening affect the 
energy consumption of the worksite. As a result of the increase in mechanization in worksites, 
the electricity consumption has increased considerably as well [31].

Use of durable building materials: Use of durable materials in the buildings makes them more 
resistant and long-lasting against various factors. This delays or eliminates the need of renew-
ing material or maintenance due to impairment and aging. In this way, it is saved from the 
energy spent for the material to be used in maintenance or renewing [33].

Building materials with high thermal insulation capacity: With the choice of building mate-
rials whose thermal insulation capacity is high, the energy amount that the construction 
consumes in its usage stage will be decreased. As mentioned as examples are opaque and 
translucent insulating materials [33].

2.1.7. Energy-efficient landscape design

Through an accurate and conscious energy protected landscape design, it is possible to reduce 
the energy cost spent for heating and cooling during summer and winter seasons at 30% [34].

The ground flooring of outdoor and grass has a cooling impact via vapor transportation. The 
materials harboring heat in its body such as asphalt continue to expand heat following sun 
and they increase night time radiations. So as to reduce the cooling costs spent, using such 
materials that store heat and reflect lights little or shading them against direct solar rays are 
among the precautions to be taken [34].
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The energy conserving landscape strategies depend on a region. These landscaping strategies 
are listed by the region and in order of importance as shown in Figure 6.

Temperate climate: It should maximize warming effects of the sun in winter and maximize 
shade during the summer. Buildings should be protected away from winter winds. Summer 
breezes should be directed toward the buildings. Constantly green trees with low branches to 

Figure 6. Landscaping techniques appropriate for four different climates (temperate, very cold, hot and dry, and hot and 
humid) [12]. (a) The general tree planting logic for most country [12], (b) landscaping techniques for a temperate climate. 
The windbreak on the north side of the building should be no farther away than four times its height, (c) landscaping 
techniques for very cold climates, (d) landscaping techniques for hot and dry climates, and (e) landscaping techniques 
for hot and humid climates.
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protect them from the cold winter winds on the northern front, low shrubs or trees not high, 
should be applied on the south front, high body deciduous trees should be placed on the east-
ern and western facades for block the sun and allowing natural ventilation [12, 35].

Hot-arid climate: It provides shade to cool roofs, walls, and windows. Allows summer winds 
to access naturally cooled homes and blocks or deflect winds away from air-conditioned 
homes. North and south sides should avoid forestation, while the eastern and western direc-
tion (positioning studies may be substituted), shrubs, vines have been placed on the walls and 
deciduous trees should be implemented [12, 35].

Hot-humid climate: Channel summer breezes toward the home. Maximize summer shade 
with trees that still allow penetration of low-angle winter sun. Avoid locating planting beds 
close to the home if they require frequent watering. Should avoid forestation on the southern 
front, in the northern front, forestation should be done providing the shadow effect in sum-
mer. The eastern and western direction, shrubs, and vines have been placed on the walls and 
deciduous trees should be implemented [12, 35].

Cool climate: Use dense windbreaks to protect the building from cold winter winds. Allow 
the winter sun to reach south-facing windows. If summer overheating is a problem, shade 
south and west windows and walls from the direct summer sun. The north façade is useful in 
cold climate regions partly raised land application. Northern, eastern, and western fronts in 
constantly green shrubs and the green, the low branches of trees should be preferred. In the 
southern wind breaker, low shrubs and grass should be applied. In southeast and southwest 
direction away from the building, deciduous trees should be used [12, 35].

The ground cover may also be utilized for energy conservation in buildings. Completely or 
partially buried, construction can moderate building temperature, save energy, and preserve 
open space and views above the building [36]. If the wall and roof being covered by a layer 
of earth of substantial thickness sufficient to insulate the dwelling thermally and acoustically 
and reducing the quantity of energy necessary to maintain the interior of the building com-
fortable for the occupants even when the atmosphere is extremely hot or cold.

2.1.8. Usage renewable energy resources

Renewable energy sources (sun, wind, biomass, biogas, geothermal energy, hydro, wood, 
ocean thermal, ebb and flow, wave, sea flows) are the energy resources that can be used by all 
living creatures on the earth and accepted as inexhaustible thanks to their continuous renewal. 
It is possible to benefit from renewable energy resources with passive and active methods.

Usage renewable energy resources with passive techniques:

Passive heating: Passive solar heating systems are categorized by the relationship between 
the solar system and the building. There are three categories of passive solar heating systems: 
direct gain systems, indirect gain systems, and isolated gain systems [37]. In the passive solar 
heating system, building elements (windows, walls, floors etc.) collect and store heat and then 
distributes indoor space.
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Direct gain systems: The direct gain passive solar building has windows that admit the winter sun 
directly into the occupied space. These solar gains serve to either meet part of the current heating 
needs of building or are stored in the thermal mass to meet heating needs that arise later. Most 
direct gain buildings include: (1) large, south-facing windows (for north hemisphere) to admit 
winter sub; (2) thermal mass inside the insulation envelope to reduce temperature swings; (3) cal-
culated overhang above the south glass (or other strategy) to shade the glass in the summer while 
admitting lower angle winter insolation; (4) a means of reducing heat loss at night. In a direct 
gain building, sunlight is admitted directly to interior through glazing. It strikes massive interior 
surfaces (typically concrete floor and masonry wall surfaces), is absorbed, and is converted into 
the heat. Some of the heat from the surfaces is immediately released back into the room interior. 
The remainder of heat absorbed is conducted into the thermal mass which slowly warms up; 
later at night, the stored heat is released back to interior as shown in Figures 7 and 8 [39].

Indirect gain systems: An indirect gain passive solar system has its thermal storage between 
facade and the indoor spaces. Heat is collected and stored in an exterior wall or on the roof (with 
water or brick/concrete) of a building, and distributed to the indoor as shown in Figure 9 [37].

Isolated gain systems: Isolated gain passive solar concept contains solar collection and storage 
that are thermally isolated from the indoor space of the building. The most common use in 
isolated gain systems is a sunspace. Collection and storage are separate from the occupied 
spaces but directly linked thermally. A sunspace is a room attached to or integrated with the 
exterior of a building in which the room temperature is allowed to rise and fall outside the 
thermal comfort zone, as shown in Figure 10 [37].

Figure 7. Direct gain schematic [36].

Figure 8. Direct gain plus storage schematic [37].

Energy Efficient Buildings106



Direct gain systems: The direct gain passive solar building has windows that admit the winter sun 
directly into the occupied space. These solar gains serve to either meet part of the current heating 
needs of building or are stored in the thermal mass to meet heating needs that arise later. Most 
direct gain buildings include: (1) large, south-facing windows (for north hemisphere) to admit 
winter sub; (2) thermal mass inside the insulation envelope to reduce temperature swings; (3) cal-
culated overhang above the south glass (or other strategy) to shade the glass in the summer while 
admitting lower angle winter insolation; (4) a means of reducing heat loss at night. In a direct 
gain building, sunlight is admitted directly to interior through glazing. It strikes massive interior 
surfaces (typically concrete floor and masonry wall surfaces), is absorbed, and is converted into 
the heat. Some of the heat from the surfaces is immediately released back into the room interior. 
The remainder of heat absorbed is conducted into the thermal mass which slowly warms up; 
later at night, the stored heat is released back to interior as shown in Figures 7 and 8 [39].

Indirect gain systems: An indirect gain passive solar system has its thermal storage between 
facade and the indoor spaces. Heat is collected and stored in an exterior wall or on the roof (with 
water or brick/concrete) of a building, and distributed to the indoor as shown in Figure 9 [37].

Isolated gain systems: Isolated gain passive solar concept contains solar collection and storage 
that are thermally isolated from the indoor space of the building. The most common use in 
isolated gain systems is a sunspace. Collection and storage are separate from the occupied 
spaces but directly linked thermally. A sunspace is a room attached to or integrated with the 
exterior of a building in which the room temperature is allowed to rise and fall outside the 
thermal comfort zone, as shown in Figure 10 [37].

Figure 7. Direct gain schematic [36].

Figure 8. Direct gain plus storage schematic [37].

Energy Efficient Buildings106

Passive cooling and ventilation: Passive solar heating is divided into categories according to 
application configuration. On the other hand, passive cooling is better understood as a series 
of research fields that focus on the basic heat sinks. While this organization is helpful to sci-
entists and inventors, it is a source of frustration for designers and policy makers because so 
many workable systems involve multiple heat sinks [38]. Nonetheless, this characterization of 
passive cooling will be described below.

Ventilative cooling: Warm building air and replacing it with cooler outside air. Directing  moving 
air across occupants’ skin to cool by combination of convection and evaporation. In passive 
applications, the required air movement is provided either by wind or by stack effect. In hybrid 
applications, movement may be assisted by fans, as shown in Figures 11–13 [39].

Radiant cooling: All building objects radiate and absorb radiant energy. Building objects will 
cool by radiation if the net flow the outward. At the night, long wave infrared radiation from 
a clear sky is much less than the long wave infrared radiation radiated from a building. Thus, 
there is a net flow to the sky, as shown in Figure 14 [12].

Evaporative cooling: Water has been used to improve the thermal comfort of buildings with 
or cascades. Because when water is evaporates, energy is lost from the air and reducing the 
temperature. When water evaporates, it draws a large amount of sensible heat from its sur-
roundings and converts this type of heat in the form of water vapor. As sensible heat is con-
verted to latent heat, the temperature decreases. This phenomenon is used to cool buildings 
in two different ways. If the water evaporates in the building or in the fresh air intake, the air 
will be not cooled, but also humidified. This method is called direct evaporative cooling. If, 
however, the building or indoor air is cooled by evaporation without humidifying the indoor 
air, the method is called indirect evaporative cooling, as shown in Figure 15 [12].

Figure 9. Indirect gain schematic [37].

Figure 10. Sunspace schematic [37].
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Figure 12. A whole-house fan [40].

Figure 11. Use windows and doors for cross-ventilation [40].
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Dehumidification: The removal of water vapor from room air by dilution with drier air, con-
densation, or desiccation. In the case of condensation and desiccation, dehumidification is the 
exchange of latent heat in air for the sensible heat of water droplets on surfaces: both are the 
reverse of evaporative cooling and as such are adiabatic heating processes [39].

Figure 14. Radiant cooling from ceiling [43].

Figure 13. Air movement in stack ventilation [41, 42].
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Mass-effect cooling: The use of thermal storage to absorb heat during the warmest part of a 
periodic temperature cycle and release it later during a cooler part. Night flushing (where 
cool night air is drawn through a building to exhaust heat stored during the day in massive 
floors and walls) is an example of daily-cycle mass-effect cooling, as shown in Figure 16 [39].

Usage renewable energy resources with active techniques:

The active use of solar energy systems in buildings: It is possible to produce heat and electric-
ity with solar energy in buildings using such equipment solar collectors, photovoltaic (PV) 

Figure 15. Evaporative cooling [40].

Figure 16. Air movement in Eastgate Center Office Building [44].
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panels, and building integrated PV (BIPV). The potential application of PV panels in high-
rise buildings is more than the low-rise buildings because of higher neighboring buildings; it 
gives more possibility for direct solar radiation. Requirements for regulation of large amounts 
of PV panels are the most important problem. Because it is necessary to maintain aesthetics 
and PV panel’s productivity in buildings[45].

The active systems where solar energy is used are the systems composed of the aggregation 
of mechanic and/or electronic components that convert solar radiation absorbed via collectors 
produced for this end into energy in a desired form and permit this to be used in building. 
Through these systems, solar radiation can turn into heat and electric energy [46]. These systems 
that transform solar radiations into energy are divided into two according to the energy they 
produce: solar thermal systems producing thermal energy and thermal electric (photovoltaic) 
systems (PV systems) producing electric energy. These systems are briefly described below.

Solar energy thermal systems: Solar energy thermal systems (effective solar thermal systems) 
are the aggregation of mechanic and/or electronic components that convert solar radiation 
into thermal energy via collectors, make it possible to directly use this energy with water, air, 
and a similar fluid, or make it usable by evaluating it in a storage unit. Solar energy-efficient 
thermal systems are used for heating pool water, preheating of climatization air and heating 
environment [46]. The general operation principle of thermal systems is based on collecting 
heat via collectors, storing thermal energy to be able to use later if needed and distributing it 
to relevant fields [47].

Solar water heating systems: These systems are composed of the elements that transform 
solar radiation into thermal energy, keep and distribute this heat in an aquatic environment. 
In contrary to the fact that systems show differences depending on the complexity and mag-
nitude of necessity, all of the solar water heating systems are based on heating water, storing, 
and distributing it. As the hot water produced with the transformation of solar energy can be 
directly used for having a bath, laundry, and washing dishes depending on the characteristics 
of the system, it can also be used for supporting the conventional heating system [46].

Photovoltaic systems: The aggregations of the components that produce electric energy via 
collectors from solar radiation and make this energy usable are called photovoltaic (PV) sys-
tems. With simple or complex structuring, PV systems are used to produce electricity in a 
large number of different fields such as road lighting, lighthouses, vehicles, constructions, and 
electric power-plants. A photovoltaic system generates electric energy, stores the produced 
energy for necessary conditions and safely transfers this energy to the areas of usage. By being 
placed on fronts and roofs of buildings, photovoltaic batteries convert the solar energy coming 
to these surfaces into electric energy, as shown in Figure 17 [48].

The active use of wind energy systems in buildings: Wind energy is the fastest-growing 
renewable energy source in the world. Wind energy is a clean fuel source and does not pro-
duce atmospheric emissions that cause acid rain or greenhouse gasses. Wind energy is an 
inexhaustible energy source. More recent developments in this technology have allowed wind 
turbines to be utilized in building design. Consistent with the high performance approach to 
building design, the use of wind turbines on high buildings is significantly enhanced by their 
integration with building architecture [50].
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When the height of the structure increases the wind without interruption in direct con-
tact with structure, wind speed increases linearly with height and utilizing the turbine at 
high buildings with this feature it is possible to produce significant amounts of electricity. 
Implementation of wind turbines in high buildings in the design stage consideration of this 
parameter is required: site plan layout, wind aerodynamics in building form, local wind pat-
tern, wind speed density, frequencies of the wind speed distribution, and prevailing wind 
direction [51].

Must be designed taking into account the prevailing wind direction which mass form of the 
building and placement in the wind turbine, as shown in Figure 18. Previous studies show 
that optimal angle between the prevailing wind direction and wind turbines for maximum 
efficiency is determined as 45° [45].

Use of geothermal energy in buildings: Geothermal energy is used in heating and cooling in 
houses, greenhouse cultivation, and agriculture. Geothermal energy systems are applied in 
three different ways according to application methods such as heat pumps, downhole heat 
exchangers, and heat pipes. Their common usage in buildings is in the form of heat pipes.

Another form of geothermal energy usage is the methods where earth temperature is used. A 
little under earth, temperature is always in between 45 and 75 F (7.22 and 23.88°C) depending 
on latitude [53]. This temperature of the earth can be benefitted via air or water. The air taken 
through the funnels dug in various depths of earth is transferred into building and indoor 
is enabled to reach the same level with earth temperature. This application is ensured in the 
direction of heating in winter and cooling in summer. A similar application is performed to 
utilize the temperature of underground waters, the water circulated within the building via 
pipes expands the heat it has into internal volumes [48]. The schematic figure showing these 
applications is given in Figure 19.

Figure 17. Photovoltaic panels integrated into building [49].
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Use of hydrogen energy in buildings: Hydrogen energy can be used for heating houses, pro-
viding hot water, cooking and meeting electricity need. In order to use hydrogen here, we first 
need to produce it, then store and transfer it. Hydrogen can be produced from such renewable 
energy sources such as sun, hydroelectric, wind, and geothermal.

Nowadays, among the renewable energy sources, solar-hydrogen hybrid system strikes us as 
the most productive system. In such a system, there is a need for such constituents as photo-
voltaic panels, electrolyzer, fuel cell, hydrogen (H2) storing tank, battery pack, and inverter. 
In solar-hydrogen house energy mechanism, system works as follows [55]:

- with PV panels, electricity is produced from solar energy,

- with electrolyzer, H2 and O2 are produced,

- gases are taken into storage tank for heating place and water,

- in winter, by burning hydrogen “flamelessly” with catalytic hydrogen lighter (1.5 kW), the 
air in the ventilation system is heated,

Figure 18. Wind turbines integrated into building [52].
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- if additional electricity is needed, fuel cell runs,

- a part of the heat emerging in fuel cell is used to heat water.

Use of biomass energy in buildings: Biomass is a strategical energy resource, which is renew-
able and environment friendly, can be grown everywhere, enables socioeconomic improve-
ment, and can be used for power generation and for obtaining fuel for vehicles. Biomass is 
utilized in the energy sector by being directly burned or its fuel quality is increased with 
various processes and thus gained alternative biofuels (easily movable, storable, and usable 
fuels), which are equal to existing fuels.

From biomass is produced fuel with physical processes (size reducing-breaking and grinding, 
drying, filtration, extraction and briquetting) and transformation processes (biomassive and 
thermochemical processes) [56]. In the houses, biomass is used for biogas power generation 
adopted with airless increpation, ethanol heating adopted with the pyrolysis method, and 
hydrogen water heating adopted with the directly burning method [47].

Natural lighting: Natural lighting in buildings is carried out through a most basic windows 
and skylights. Choice of direction in the windows and roof lighting is important. The most 
suitable directions for natural lighting are south and north. The north direction is not exposed 
to radiation, but can always get daylight in the same quality. In the west and east directions, 
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In order to increase daylight’s entrance into the building, light colors should be used on win-
dows’ wings that direct the light and light shelves. Moreover, the elements used to reflect 
light must be made in a position to reflect the light to the ceiling. Wall and ceiling surfaces 
must be light colored so that the light can be spread [58]. Desirable reflectance according to 
Illuminating Engineering Society’s recommendations: ceilings >80%; walls 50–70% (higher if 
wall contains window); floors 20–40%; and furniture 25–45% [58, 59].

The proper design and selection of the daylighting systems can help in improving energy effi-
ciency and reducing environmental pollution. Windows, clerestories, and roof monitors when 
properly designed can provide of the lighting needs without undesirable heat gain and glare. 
And therefore, electric lights can be turned off or dimmed in day-lit spaces when the target illu-
minance is achieved by daylighting. Energy savings can only be achieved by implementing light 
controls, sensors, and light dimmers for the lighting system of those day-lit spaces. The usage of 
daylight in buildings decreases the electric energy consumption. For instance, it has been shown 
that artificial lighting of nondomestic buildings represents 50% of the energy consumption in 
Europe. It also has been shown that it is possible to reduce this consumption by between 30 and 
70% by combining the use of artificial and natural lighting. Potential savings depend on orienta-
tion, the size and shape of the window, and the shape and surface reflectance of the room [60–64].

Another usage of natural lighting in buildings is the use of the daylighting system. Daylighting 
is defined as “the combination of the diffused light from the sky and sunlight.” A daylighting 
system preferred function is to redirect a significant part of the incoming natural light flux 
to improve interior lighting conditions, therefore located near or in the openings of building 
envelope. Daylighting systems are divided into two categories: side-lighting and top-lighting. 
Light can come from many types of glazing configurations, which are either vertical or hori-
zontal and from the side or from the top. Side-lighting, which is more commonly observed, 
is simply a window opening. Top-lighting is an opening in the ceiling or roof element of the 
building [60]. Applications of the daylight system are discussed below, as shown in Figure 20.

2.2. Energy-efficient designing methods in building phase

Building phase includes the construction and usage processes of building. Building phase is 
possible with preferring building techniques consuming less energy and using energy-effi-
cient equipment. The energy used in construction changes according to building systems. 
For instance, in a study carried out by Hozatlı and Günerhan, it was established that frame 
construction consumes less energy than a reinforced concrete frame construction during its 
life cycle [66]. As the energy consumption of the buildings constructed with different materi-
als changes, energy consumption also changes in the buildings constructed with the same 
materials. The energy consumption of the commonly used reinforced concrete frame building 
system was analyzed according to three different building methods as follows:

1. Conventional frame building system: The most prominent characteristic of the conventional 
building system is that the whole of production is implemented in building site thanks to 
intensive man power. When it is analyzed with respect to energy consumption, the energy 
consumption of the conventional system is at a low level due to the  characteristics of the 
equipment (concrete mixer, roof crane) used in the stages of concrete production and con-
crete casting [66].
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2. Tunnel form concrete masonry system: Tunnel form masonry system requires a certain 
preliminary investment. The system is suitable for large scale and permanent productions. 
Because lifting cranes consuming a lot of energy are used to carry big and heavy forms, 
energy consumption is high. The task of curing with concrete plant and intratunnel heaters 
raises the energy consumption of the system [67].

3. Precast construction systems: Since the majority of the processes realized in the building 
area in other systems are made in the manufacturing plant, energy consumption is very 
high. In these systems, downloading components from transportation vehicles to worksite, 
their storage and mounting are performed by lifting cranes. For this reason, at these stages 
as well, the high amount of energy is consumed. While heavy duty vehicles transporting 
ready building elements from manufacturing plant to building site lead to problems in 
traffic, they also increase the consumption of energy [67].

As a result, it can be urged that in a tunnel form, precast framework and precast panel build-
ing systems, manufacturing processes create negativities to a large extent in terms of energy 
consumption and emissions, energy consumption in the conventional systems is quite less 
compared with these but more negative with respect to the formation of solid waste [67].
As it is understood from the reinforced concrete building system, there are different methods 
for the same material in the construction of buildings. Such heavy duty vehicles as lifting 
cranes, concrete pumps, and concrete transit mixers consume the high amount of energy. For 
this reason, the building methods consuming less energy should be preferred on the condi-
tion that no concession is made in the quality of building.
Usage process is the process that consumes most energy in buildings. According to WBCSD 
(World Business Council for Sustainable Development) report, 88% of the energy consumed in 
buildings is spent during usage and maintenance [68]. The applications mentioned in design-
ing process gain buildings energy efficiency during usage period. Besides this, the applications 
below have also the potential of procuring considerable energy saving during usage period.

Supporting multiuse improvement: Sustainable development advocates the combination of 
house settlement, trading area, office, and retail areas. Thus, people get the opportunity of 
living next to the places they work and shop. This renders the formation of a community 
different from traditional suburbs. 24-hour activity potential also makes the land safer [68].

Combining design with public transportation: Sustainable architecture on urban scale should 
be designed in a way to support public transportation. Thousands of vehicles coming in and 
going out the land during daily work pressure cause air pollution and traffic jam and they 
need parking areas [69].

Using energy-efficient bulbs and energy-efficient appliance: For example, the light-emitting 
diode (LED) is one of today's most energy-efficient and rapidly developing lighting technologies.

Lighting controls: Lighting requirements reply to a building design. The need for lighting, 
when during daytime, will depend on the window size and placement, and the position of 
buildings. The need for lighting is decreased by the use of automatic controls, which depend 
on the orientation of building windows, the supply of daylight, and usage of the room [70].
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Figure 20. Daylighting systems using direct sunlight [57, 65].
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High-efficiency heating, ventilation, and cooling equipment: Heating ventilating air condi-
tioning (HVAC) systems extremely influence energy consumption in buildings. The rela-
tionship between building specifications and HVAC systems are: highly efficient building 
envelopes reduce the need for heating and cooling systems. Good and intelligent designed 
buildings can reduce the need for HVAC systems. Efficiency improvements in HVAC sys-
tems can lead to substantial savings. If, for instance, energy efficiency is improved in a 
heating boiler or an air-conditioner, total savings will depend on the total need for heating 
or cooling in the building. In a well-insulated building envelope, the energy needs of the 
HVAC system are reduced. The building can be separated into thermal zones at suitable 
dimensions, reducing the need for heating, cooling and ventilation with careful building 
planning [70].

2.3. Energy-efficient methods in postbuilding phase

The postbuilding phase is the phase when the usage phase is completed. This phase includes 
the demolition of building, recycling, and destruction of it. In this phase, it is important to 
recycle the building materials and compositions used in the buildings and reuse buildings. 
After the functional uses of buildings have been completed, reutilization of them in other 
functions instead of demolishing them protects such resources as raw material, water, and 
energy. It should be enabled to reuse the building compositions of the buildings, for which 
demolition decision has been taken, such as the roof truss, woodworks. Following the saving 
of appropriate building compositions, recyclable building materials are needed to be sepa-
rated. In this way, raw material protection is provided for the building material to be repro-
duced, and thus it is saved from the energy to be consumed while processing raw material.

It is necessary to use machines and equipment as few as possible while demolishing buildings 
and select equipment procuring energy saving for demolition.

3. Conclusion

Buildings have a huge potential for energy efficiency. To obtain these large potential there is 
a need to take some regulations and initiatives to improve the efficiency in buildings. Energy 
consumption in buildings occurs in every phase of building life cycle. However, the impor-
tant phase is the usage and maintenance process of buildings where energy is consumed 
most within the scope of life cycle. During the building life cycle, the highest energy con-
sumption occurs during the usage stage. This is because this period is much longer in dura-
tion compared to the other stages and the comfort levels necessary for human health and 
working efficiency need to be provided at this stage. Therefore, in energy-efficient building 
designs, especially the usage stage should be taken into consideration. In order to reduce 
energy consumption in the usage process of building, renewable energy sources instead of 
fossil-based energy sources should be preferred. Importance to the use of renewable energy 
sources should be given. In particular, the use of active and passive systems should be noted. 
Energy simulation programs in building design should be used.
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Within the scope of this study, energy-efficient strategies described under the titles of the 
choice of settlement in the prebuilding phase, planning settlement, building form, building 
organization and planning, building envelope, choice of building material, landscape design, 
and utilization of renewable energy sources are directed to using less energy or cleaner energy 
in the usage process of buildings. Examining these strategies, it is clear that cooperation of 
very different disciplines (architecture, mechanical engineering, civil engineering, landscape 
architecture, urban and regional planning and interior architecture) is required. For this rea-
son, designing an energy-efficient building is possible with a multidisciplinary study which 
begins from the emergence of the idea of constructing a building and lasts until the demoli-
tion of the building at the end of usage period.
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Abstract

Manufacturing facilities are one among the largest consumers of energy. Efforts to
improve energy efficiency are an increasing concern for many manufacturing facility
engineering  managers.  This  can  be  achieved by  evaluating  energy  end uses  (e.g.,
lighting, processing equipment, and heating, air conditioning, and ventilation (HVAC)
systems),  and  by  implementing  measures  to  reduce  the  total  amount  of  energy
consumed for one or more of the end uses. Throughout the 40 years of its existence, the
US Department of Energy’s Industrial Assessment Center program has developed an
array of techniques to improve energy efficiency in industrial facilities. This chapter
discusses recommended assessment procedures and observed energy-saving opportu-
nities for some of the most common industrial energy systems. These systems include
lighting, compressed air, boilers and steam systems, manufacturing process heating,
HVAC, pumps, and fans. Implementation of these assessment recommendations has
been demonstrated to increase efficiency and to thus reduce energy consumption and
associated costs. While every manufacturing facility is different, and their component
industrial  energy systems equally  unique,  this  chapter  presents  a  set  of  analytical
guidelines that can be used as a template by engineering practitioners to evaluate their
facility energy use and implement subsequent energy conservation measures.

Keywords: energy management, energy conservation, manufacturing, industrial fa-
cility, efficiency

1. Introduction

As noted by Vanek and Albright [1], manufacturing facilities are one of the largest consumers
of energy in the United States, comprising approximately 32% of the energy end use in the
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country.  Efforts to improve energy efficiency are an increasing concern for many facility
engineering managers. Improved use of energy in a building provides lower operating costs.
This can be achieved by evaluating energy end uses (e.g., lighting, processing equipment, and
heating, air conditioning, and ventilation (HVAC) systems), and by implementing measures to
decrease the total amount of energy consumed for one or more of these end-use systems.

The United States Federal Department of Energy (DOE) has developed a number of programs
to address energy conservation and energy management in the US industrial sector. The
Industrial Technologies Program (ITP), of the Energy Efficiency and Renewable Energy (EERE)
division of the DOE, has a series of initiatives to assist manufacturers in identifying areas where
energy use may be decreased, as well as indicating those areas where excess energy could be
redirected for other purposes [2].

One such program regards the establishment of Industrial Assessment Centers (IACs). The
goal of these centers is to increase energy efficiency for small-to-medium-sized manufacturing
companies throughout the United States. The focus of their recommendations is for building
energy retrofits that help lower the amount of energy used in the manufacturing plant. IAC
teams consist of students and faculty, from the universities participating in this effort, who
conduct these energy audits and develop the subsequent energy-saving recommendations
[2].

The IAC’s energy audit of a manufacturing facility is conducted in three phases, consistent
with the procedure detailed by Thurman and Younger [3]. The first phase involves analyzing
the data from the facility energy bills to determine what energy is used and how this energy
use varies over time. The second phase consists of a factory walk-through inspection and audit,
looking carefully at each end-use system within the facility and recording information for later
use [3]. The last phase is where specific energy savings are identified for later implementation
by the facility. The IAC team performs a detailed analysis supporting specific recommenda-
tions with related estimates of costs, performance, and energy savings.

2. Lighting systems

In 2010, lighting consumed 700 TWh (terawatt hour) of site energy, which is 18% of the total
electricity consumption of the United States. Of the 700 TWh of electricity, industrial lighting
consumed 26% [4]. There are different lamps and lamp fixture. High-intensity discharge lights
include metal halide, high-pressure sodium, low-pressure sodium, and mercury vapor, while
fluorescent lights include T12, T8, and T5 linear bulbs and compact fluorescent lamps [5, 6].
High-intensity discharge (HID) and fluorescent lights are the most common lights in industrial
facilities. Other lamps include light-emitting diode, induction, and incandescent lighting [7].
The most common types of fluorescent lamps are T12, T8, T5, and compact fluorescent (CFL).
The number after the “T” corresponds to the diameter of the lamp in eighths of an inch (Tx
equals x/8 inches in diameter). The T12 lamp is a linear tube that in twelve-eighths inches in
diameter, or 1.5 inches in diameter. The T8 lamp is 1 inch in diameter, while the T5 is five-
eighths inches in diameter. CFLs were created to replace incandescent and HID lamps, and
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consist of an endless arc pathway formed by multiple tubes joined together [6]. Fluorescent
lamps are also required to operate in series with a current-regulating device or ballast.

A number of controls are used to operate lighting systems; these controls include occupancy
sensors, photosensors, switches, and automatic control systems that can control lighting
systems along with other systems in a facility. Depending on the manufacturing process or
task that is being performed, the light level requirements can range from five to 500 foot-
candles [8]. The Illuminating Engineer Society [8] provides guidance on these industrial-
lighting level requirements.

High-intensity discharge and fluorescent lights require a ballast to start and operate the lights
[6]. These ballasts operate with a ballast factor or ballast efficiency that is normally greater than
one. Ballasts limit the current to the correct amount that a lamp is designed for, and ballasts
deliver the essential starting and operating voltages to lamps. High-intensity discharge lights
use constant-wattage autotransformers, constant-wattage ballast, lag (reactor) ballasts,
magnetic regulator (constant-wattage) ballasts, and lead circuit ballasts for operation. For
fluorescent lights, magnetic and electronic are the two types of ballasts that are used for
operation [5].

2.1. Recommended assessment procedures

After the assessment team arrives at the facility, a kick-off meeting with the team members and
facility personnel will take place to explain the purpose of the assessment, the process of the
assessment, and the timeline for completion [3]. After the kick-off meeting, a tour of the lighting
systems will take place. Once the tour is finished, data collection may begin. Each different
lighting system needs to be identified, and the each lamp in the lighting system needs to be
counted and recorded on a data sheet [3]. Once the type of lamp is observed, the wattage of
each lamp and the ballast factor of each fixture need to be recorded. The plant personnel should
be able to assist if questions arise. Alternatively, replacement lamps and ballasts may be found
in the maintenance parts storage, and may provide this information. Further, a ballast detector
can be used to determine the type of ballast in each light, that is, whether it is electronic or
magnetic.

The operating hours of each lighting system need to be recorded and this information should
come from the facility personnel. If different areas in the plant have different lighting systems,
then the lighting system and type of lights that are in those areas should be recorded while
counting the lights. In each different area the amount of personnel traffic should be recorded
and along with the amount of vacant time. The controls and schedule of each lighting system
should be recorded and this information should be given by the plant personnel. Before the
lighting levels are taken using the light level meter, the daylighting panels or windows should
be noted [4]. Finally, the light levels in each area need to be measured and recorded. Several
measurements should be taken per area, especially in areas with critical lighting requirements.
The activities and processes in each area need to be recorded, to be able to make sure the correct
amount of light for the activity is reached at the work plane.
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The number of each type of light should be gathered together along with the wattage, ballast
factor, and operating hours. After that, these four numbers can be multiplied together to get
the annual energy usage of the lighting systems [5].

2.2. Recommended assessment opportunities

One of the most common lighting system assessment recommendations (ARs) is replacing HID
lighting with more efficient lighting. Either linear fluorescent tube T8 or T5 lighting or CFLs
are good replacements. These lights normally have a better lumen maintenance for better light
as the lamps age, and normally have a higher color rendition index (CRI) for a better differ-
entiation in color of light (particularly needed for many quality inspection tasks) [5].

Another lighting system AR is replacing T12 fluorescent lamps with T8 fluorescent lamps.
Replacing T12 lamps with T8 lamps produces an opportunity for energy and cost savings. T8
lamps have less wattage, but produce more lumens than T12 lamps [9]. The T8’s life hours and
ballast factor can be the same, higher, or lower than the T12’s.

Incandescent lamps may also be replaced with CFLs. Replacing the incandescent lamps with
CFL lamps produces an opportunity for energy and cost savings by reducing the wattage for
the same amount of lumens as an incandescent. For example, 200-watt CFL lamps have less
wattage, but produce more lumens than 500-watt incandescent lamps [9]. Further, the CFL has
a longer expected life than the incandescent lamp.

Installing occupancy sensors (motion sensors) is a possible lighting system AR for considera-
tion. Occupancy sensors will turn off the lights when an area is vacant. The lights should stay
on a minimum of 30 min after they turn on, so as long as there are gaps in the area’s traffic
longer than 30 min energy savings will be seen. The only drawback to an occupancy sensor
AR is that the lights have to be rapid start lighting systems or they will not work correctly [5].
Installing occupancy sensors in certain areas of the plant can result in a large energy and cost
savings by reducing the operating hours of a lighting system.

A related AR is incorporating photosensors with lights in areas where adequate daylighting
is available during daytime hours or in areas where daylighting panels can be installed.
Photosensors will turn off the lights when the daylighting is adequate to provide light to certain
areas of the plant. An indication of this possible AR is if areas around the perimeter of the plant
have adequate daylighting available to help with illuminating the plant floor or warehouse [3].
By discovering daylighting panels in the plant, and measuring the light levels in the areas that
have these panels, the photosensors AR can be decided upon. The light levels need to be
compared to the light level requirements for the specific processes in the area. By installing
photosensors in areas around the perimeter of the plant where daylighting is adequate for the
lights to be shut off, then this AR will result in energy and cost savings.

De-lamping (reducing the quantity of lights) in the facility is a possible energy-saving AR.
Evidence for the need for this AR is observation of areas of the plant where light levels exceed
the requirements of that area and/or have high bay lights that can be lowered to increase light
levels without hindering the processes [3]. Conducting light level measurements and looking
at the heights of lights will help determine if there are too many lumens in a certain area or if
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the lights can be lowered [10]. De-lamping areas of the facility will reduce the energy for the
lighting system by using the actual required amount of light for each area [9]. Lowering the
lights down from the ceiling can also make de-lamping available by having more lumens at
the work plane.

Turning off the lights when areas of the facility or the entire facility are vacant will save energy
for the lighting systems by reducing the operating hours of the lights. This AR will also allow
the lights to last longer and reduce replacement costs. The energy savings can be calculated
by reducing the operating hours of the lighting system [10].

3. Compressed air systems

Nearly all industrial facilities have compressed air systems, and most could not operate
without it. Inefficiencies in compressed air systems can be very significant, and energy-saving
projects can range from 20 to 50% of electricity consumption [11]. Compressed air systems are
categorized as supply side and demand side. The supply side of a compressed air system
consists of a compressor, the prime mover, control system, air dryer, air filter, and storage. The
compressor, prime mover (motor), and control system are all contained in the unit’s package.
The compressor package also contains a cooling system, which can be either air-cooled or
water-cooled. The air that is discharged from the compressor will normally flow through an
air dryer and air filter before going to air storage prior to the demand side. The demand side
of a compressed air system encompasses the piping distribution system, dedicated air
receivers, pressure/flow controllers, filters, regulators, lubricators, and end uses. Normally, the
air receiver is located close to the compressors, or immediately before the end use, and the
filters, lubricators, and regulators are also in close proximity to the end uses [11].

3.1. Recommended assessment procedures

After the kick-off meeting, the team should install power and airflow data collection equipment
and also retrieve power and airflow data from the data systems that are permanently installed
into the compressed air systems [3]. While the data are being collected or before the end of the
assessment visit, the collected data should be validated to assure all the data are accurate and
accounted for. Production process operating data and plant functions should be gathered to
establish a functional baseline for the plant [11]. While conducting the assessment, a compre-
hensive plan to observe and measure the supply-side performance of the compressed air
system should be completed. Once the supply side is observed and measured, then the
transmission from the supply side to the demand side should be observed and any required
measurements should be taken [10]. Finally, the end-use applications (demand side) should
be observed and measured.

The nameplate data are located on the side of the compressor and should be recorded in the
assessment notes, and a picture should be taken of the nameplate if available. The “cut in” and
“cut out” pressure should be recorded in the notes, and these pressure values can be found on
the compressor’s display screen. The air pressure upstream and downstream of the cleanup
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equipment (i.e., filters, dryers, etc.) should be measured with a reliable gauge [10]. The
operating pressure is assumed to be the midpoint between the cut in and cut out pressures or
this pressure can be measured [12]. The plant-floor pressures should be measured with a
reliable gauge at many different places on the plant floor. Next, the controls of the compressor
should be identified from the control panel or from plant personnel. Plant personnel should
also be able to explain how the schedule of the compressed air system is established, since the
operating hours along with the non-operating hours are critical to assessing the energy usage.
Knowing how the schedule is controlled is also critical, that is, whether the schedule is
controlled by plant personnel or a sequencer [10].

The cooling method for the compressors needs to be recorded (whether it is air or water). The
air storage should be determined by finding the sizes and number of air receivers from the
plant personnel or from the tank, and the diameter and length of the header pipes should be
measured. The number of compression stages and lubrication-type information should be
given by plant personnel or can be found on the Compressed Air and Gas Institute (CAGI)
data sheets [12]. CAGI data sheets may be produced by the manufacturer that develops the air
compressors and can be found on the manufacturer’s website using the model number of the
compressor, which is found on the nameplate. For centrifugal compressors, a performance
map that is created by the manufacturer is needed for the analysis of centrifugal compressors
[12].

The last and most important information that is needed for the analysis of compressed air
systems is the input power or airflow data. This current flow data can be provided by the plant
personnel if the plant has a recording system. If the plant does not have such a data-logging
system in place, current transducers with data loggers connected to them can be attached to
the input power lines in the power cabinet on the compressors, or at the power disconnect, to
measure the current draw of each compressor in the system [10]. Plant safety rules have to be
taken into account before opening the power cabinet or disconnect box for each compressor.
At least a week’s worth of data needs to be measured (though more is better) to be able to model
the compressed air system accurately.

Consistent with the American Society of Mechanical Engineer (ASME) protocol [13], the
analysis of the assessment data begins by using the collected data and information to create a
baseline profile of the compressed air system. The baseline profile should include power and
energy profiles, air-demand profiles, supply efficiency, identify the different operating period
types, and should include annual air demand and energy consumption. The annual energy
consumption can be estimated by using the number of each type of compressor, the motor
horsepower, the motor efficiency, the load factor, and operating hours [12]. After that, these
numbers can be multiplied together to get the annual energy consumption of the compressed
air systems. The system volume (effective volume) should also be calculated, along with a
pressure profile of the system. The high-pressure demands on the system should be validated
to be sure that the high pressure is required. Along with the pressure profile, an air-demand
profile should also be created [13]. The critical air demands and the wasted compressed air
should be analyzed. Critical air demands have to be met to assure that high product quality is
being repeated, and the compressed air waste leaks, inappropriate uses, and artificial demand
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that can decrease the efficiency of the system. The air treatment equipment should be examined
for optimization. The team should establish a target pressure for the system to increase the
efficiency of the compressed air system [11]. Balancing the supply and demand is another
recommendation that should be investigated for an increase in energy efficiency for the
compressed air system. Assessing the maintenance opportunities and evaluating the heat-
recovery opportunities are included in the final analyses.

3.2. Recommended assessment opportunities

The first and most common recommendation is lowering the overall system pressure in the
compressed air system [10]. Discussion with facility personnel will help determine the highest
needed pressure for the process equipment. By looking at the gauges on the compressor, the
display screen on the compressor, and the flow control system that is in place, the operating
pressure can be determined and can be compared with the needed pressure of the process
equipment. This recommendation can be achieved by progressively reducing the discharge
pressure at the compressor using the compressor controls, or by using a flow controller to equal
out the system pressure at the required set point for the plant [11].

The next most common recommendation is reducing the amount of leaks in the compressed
air system. An air-leak survey should be executed using an ultrasonic air leak detector, and
the decibels of each leak should be recorded. Also, if power or airflow data can be recorded
for times without any production in the facility, then a leak load can be found from this power
or airflow data during this period. This assessment recommendation can be completed by
implementing a maintenance program to check for compressed air leaks on a regular basis to
keep the percentage of leaks down. Completely reducing the leaks in a compressed air system
to zero is nearly impossible, especially for large systems, but with a well-implemented leak
program, leaks in the system can be reduced to 10% of the average airflow of the system [11].

Another indication of a possible AR is the existence of inappropriate usages of compressed air,
for example, tank sparging, part cleaning, and drying, which should be reduced or eliminated
[13]. Discussion with facility personnel can help to determine some inappropriate uses that
can be performed more efficiently with another energy source. For example, using compressed
air for tank sparging (i.e., to mix up liquids) is very inefficient compared to using a pump or
a stirrer. Using compressed air for part cleaning or drying is similarly inefficient compared to
using some type of a blower system.

Using an automatic sequencer is another potential energy-saving AR. The need for this is
indicated by having multiple compressors on a system without any automatic control, and
only having manual control by facility personnel. Automatic operation controls will rotate
compressors in and out of the system as needed and will alternate the backup compressors
into the system [11].

Recovering waste heat from the compressor is another potential energy-saving AR. Indications
of the need for this AR are having air-cooled compressors venting air to atmosphere, as well
as a need for heat recovery in some process or space conditioning in the plant [14]. Recovering
waste heat can improve the efficiency of a system that requires heat, but this AR does not
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increase the efficiency or reduce the energy consumption of a compressed air system. If the
compressors are air-cooled and are located inside a conditioned space, then venting the heat
out of the conditioned space during the summer months and into the conditioned space during
the winter months will assist the HVAC system [14].

Using an optimum-sized compressor is another potential energy-saving AR. A compressor
operating at the low end of its operational range is an indicator for this alternative [13]. An
oversized compressor can be determined by measuring the electrical current flow and
comparing the value to the motor nameplate data. The power should be plotted on the motor
curve to check to see if the motor is operating at a high efficiency point. Using an oversized
compressor motor at partial load will not be operating near its highest efficiency point, and
therefore will be using more power than needed to produce the compressed air [12]. To
calculate the optimal-size compressor, the required pressure and flow rate are needed to
compare other compressor characteristics [11]. The energy savings will result from using less
power to produce the required pressure and flow rate.

Another possible energy-saving AR regards using a dedicated air compressor. This may be
indicated by having an end use at a considerable distance from the compressors, or having an
end use that requires a higher pressure than the rest of the end users. Utilizing a dedicated
compressor for end users with high-pressure requirements will reduce the cost to produce
compressed air by making the lower-system pressure AR, discussed previously, viable [11].
The required airflow and pressure of the process equipment, which needs the dedicated
compressor, are required to size the compressor properly.

Installing a variable frequency drive (VFD) compressor is another potential energy-saving AR.
Variable frequency drives (VFDs, alternatively referred to as variable speed drives or VSDs)
change the speed of the motor to increase or decrease the amount of power consumed, which
is proportional to the output flow capacity. These drives can control the output flow capacity
of a compressor from 15 to 100% of full flow [15]. Anything below 15% of full flow can result
in the compressor being unloaded or shut off. The power factor of the motor while using a
VFD is normally better than other conventional controls, and VFDs can yield a constant
pressure band. Typically, compressors that are originally designed for VFDs have a higher
benefit while using VFDs than compressors that have been retrofitted with VFDs [15]. An
indicator for the need for this AR is having a variable load from the end users in a compressed
air system, or a compressed air system that needs a trim compressor [10]. Using a VFD
compressor will use less power more efficiently if the compressed air system has a variable
load when the load is less than the full load of the compressor. Variable speed compressor
curves are needed for the compressor to help determine the energy savings of a VFD [13].

Reducing the run time of the air compressor may also be considered, particularly if the
compressor is being operated during non-production hours [10]. Setting the compressor
controls to turn off when the compressed air system is not needed will save energy. The amount
of time that the compressor can be shut off is the primary data needed to determine the
resulting energy savings.
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If the compressor intakes are in locations where the ambient air temperature is high, then
another possible AR is installing compressor intakes in the coolest location possible [12]. If the
compressor is drawing air from an air-conditioned plant, then savings can be found by using
outside air to reduce the load on the HVAC system. However, the energy savings or efficiency
increase for compressors using cooler intake air is not easily calculated and is being researched
by IAC personnel at this time [10].

4. Boilers and steam systems

Steam, along with electricity and direct-fired heat, is one of the three principle forms of energy
that is used in industrial processes. Steam can range from 28 to 76% of the total onsite energy
depending on the type of industry [16]. Boiler systems are divided into four different subsys-
tem categories that include the generation, distribution, end uses, and recovery of steam. The
steam is created with the generation components, which include boilers, pumps, and econo-
mizers. Once the steam leaves the boiler, it flows through the distribution system, which
contains pipes, valves, and backpressure turbines. An efficient distribution system provides
the appropriate amount of steam at the right temperatures and pressures to each end use.
Steam can be used for numerous different processes and applications. Some end uses of steam
are for process heating, mechanical drive, chemical reactions, and separation of hydrocarbon
components. End-use components include heat exchangers, turbines, strippers, chemical
reaction vessels, and fractionating towers. Finally, after the steam is used by the end uses, the
condensate return system captures the condensate and sends it back to the boiler. The con-
densate is sent to a collection tank or to a deaerator tank to mix with the makeup water before
the feedwater is pumped into the boiler. A deaerator tank is a vessel that is used to reduce the
oxygen content in the boiler’s feedwater. Deaerator tanks pressurize the feedwater, and the
temperature is increased to the point of saturation, along with removing oxygen and other
non-condensable gases [16].

Heat recovery, from the flue gases of natural gas or fuel oil boilers, can increase the efficiency
of boilers by preheating the feedwater before it goes into the boiler. This heat can be recovered
by heat exchangers in the exhaust stack of the boiler, and are referred to as economizers. In
general, economizers usually can reduce fuel requirements by 5–10% [14].

Stack economizers are gas-to-liquid heat exchangers that are installed into the exhaust stack
of the boiler, to recover sensible heat from the flue gases of natural gas or fuel oil boilers. Stack
economizers can only recover sensible heat from the flue gases and can reduce the flue gas
temperature down only to about 250 F (or 121°C). If the flue gases are reduced to a temperature
below this value, then condensation can develop in the exhaust and this can decrease the life
of the economizer [17]. Stack economizers can contain bare carbon-steel tubes or finned tubes
depending on heat-recovery targets and the composition of the flue gases [14]. Condensing
economizers can be used on large or small boilers and can be an attractive energy efficiency
measure when stack economizers are not. Condensing economizers are heat exchangers that
can recover sensible and latent heat from the flue gases of a natural gas boiler. More heat can
be recovered using a condensing economizer than using a stack economizer [16].
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4.1. Recommended assessment procedures

After the kick-off meeting and facility walk-through, the target equipment and components
should be evaluated by measurement equipment, and identification and collection of essential
data for the systems should recorded [10]. These essential data include temperature measure-
ments of boiler makeup water, feedwater, shell, ambient air, stack gases, steam headers, and
the distribution piping. The required data for pressure measurements include steam headers
and branch lines, condensate return tank, deaerator, and points of usage before pressure
reduction valves [3]. The flow measurement data that are required are the boiler fuel input
rate, steam output rate, makeup water, blowdown, and the consumption of the end uses.
Finally the last set of data that are needed is the chemical measurements (conductivity), which
include the chemical concentrations (dissolved solids, chloride, and silica) for the makeup
water, internal boiler water, condensate, and feedwater [16]. Once all of the data are measured
and recorded, a system baseline can be established.

The number of different headers and the steam pressure at each header should be recorded in
the notes, along with the process of each pressure reduction, for example, whether it is throttled
or runs through a turbine. The fuel consumption is critical information that can be identified
on a meter or from plant personnel. Similarly, the feedwater usage, obtained from a meter or
from plant personnel, is also valuable information that is required. Other needed data include
the percentage of condensate return, makeup water usage, the blowdown rate, the deaerator
tank vent percentage and pressure, the feedwater usage, the load factor of the pump, the firing
rate of the boiler, and the exhaust temperature and oxygen content in the exhaust stack [16].
The total number of steam traps on each header should be known, and the number of failed
steam traps on each header, along with the number and size of leaks in the distribution system
and the heat losses from the distribution system, should be identified [17].

If there is an economizer present in the system, it should be noted, along with the application
that it is used for, and the exhaust temperatures before and after the economizer should be
measured. The isentropic efficiencies of the steam turbines should be estimated, if a steam
turbine is present in the system. The isentropic efficiency of a steam turbine can be calculated
by dividing the actual turbine work by the isentropic turbine work [18]. The inlet and outlet
pressures and temperatures of the steam should be measured, and then using the steam tables
the enthalpy at each state can be found. Once the enthalpy at each state is found, the actual
and isentropic turbine work can be found [19]. If the pressure and temperature cannot be
measured, then the isentropic efficiency can be assumed to be between 70 and 90%. Where the
larger turbines are closer to 90% and the smaller turbines are closer to 70%. Occasionally well-
designed, large turbines can have an isentropic efficiency above 90%, and small turbines can
be less than 70% if the turbine is not designed well [19].

During analysis of the assessment data, a final steam system baseline should be created using
the collected data from the assessment visit. The annual energy consumption can also be
estimated by using the number of boilers in each system, nameplate data (the rated input), the
load factor, and operating hours of the boilers [10]. After that, these numbers can be multiplied
together to get the annual energy consumption of the boilers. Once the baseline is created, then
the energy-saving recommendations can be developed.
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4.2. Recommended assessment opportunities

Recovering waste heat in the stack of the boiler presents one potential energy-saving AR. The
exhaust gas analyzer should be used to take a measurement from the flue gases in the exhaust
to determine this temperature. The higher the exhaust temperature the more heat can be
recovered [14]. This recovered heat can increase the efficiency of a boiler system, process heat
system, or HVAC systems. The heat is most commonly recovered by a stack or a condensing
economizer and is used for preheating boiler feedwater [14].

Reducing the amount of leaks in the steam system via implementing a maintenance program
is another potential energy-saving AR. Steam leaks are quite noticeable while observing the
steam system. With normal circumstances, leaks can be minimized if a well-implemented
maintenance program is used [1]. The sizes and number of leaks are the main data that are
needed to determine the energy savings for decreasing the amount of leaks in a steam system
[3].

When the oxygen content in the exhaust gases is higher than 3%, another potential energy-
saving AR is reducing this oxygen content [16]. The exhaust gas analyzer should be used to
take a measurement from the flue gases in the exhaust to determine the oxygen content in the
flue gas. Reducing the oxygen content in the exhaust gases will increase the efficiency of the
boiler. Frequently, installing an electronic oxygen trim control system on the boiler will reduce
the oxygen content [18].

Exposed piping, valves, and fittings in a steam system’s piping network indicate the need for
addition insulation to these exposed surfaces. Taking thermal images will show the hot spots
in the steam distribution system and will indicate the temperature of the hot spot [10].
Insulating the piping, valves, and fittings will decrease the heat loss of the steam system,
therefore increasing the efficiency of the steam system. Similarly, insulating hot spots on the
boiler surface will decrease the heat loss of the boiler, therefore increasing the boiler’s efficiency.

Reducing the boiler pressure is another possible energy-saving AR. Steam produced at higher
pressure and throttled for all end uses provides evidence for this potential energy-saving AR
[12]. The facility personnel can provide the boiler pressure, and the highest pressure that is
used by the processes. Reducing the boiler pressure will decrease the amount of work needed
to produce the steam.

When steam is produced at higher pressure and throttled for all end uses, an alternative
energy-saving AR involves installing a steam turbine into the steam system [18]. A steam
turbine will produce electricity while replacing the throttling valve and decreasing the steam
pressure in the system for the processes. The main required data are the current boiler pressure,
steam pressure needed by the process, and the process of pressure change between the boiler
and the next-level header.

Replacement of failed steam traps, as well as implementing an associated maintenance
program, presents the final type of energy-saving AR. Thermal images will indicate which
traps are working and which have failed [10]. Failed steam traps do not let the steam bypass
back to the steam system. Replacing failed steam traps will increase the amount of condensate
returned to the boiler.
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5. Process-heating systems

Process heating is essential in the manufacture of most industrial and consumer products.
Process-heating equipment is either fuel-fired, electric-based, or steam equipment. In the
United States, fuel-fired process-heating equipment consumes approximately 17% of the total
industrial energy consumption [20]. Process-heating equipment has many different names,
which include furnaces, kilns, heaters, ovens, lehrs, incinerators, melters, and dryers, but all
basically operate under the same rules as just heating a load to complete a task [20]. Heat-
treating furnaces are used to create mechanical properties of metals, which includes strength,
hardness, and flexibility. Heat-treating furnaces are used in the metal production industry
mostly, but also in industries that anneal and temper ceramics and glass [20]. Drying ovens are
used for water removal through direct or indirect heating. These ovens are used in industries
that need dry raw materials or finished product that contains water. Drying ovens are common
in glass, clay, food processing, textile, and chemical industries [20].

5.1. Recommended assessment procedures

Operational and maintenance requirements need to be identified by the assessment team
members. Practical requirements of each process-heating system include the energy usage and
emissions, production output, and the quality of the products [3]. If there are meters that
measure the flow rate of the fuel and flue gas oxygen content, then these data should be
recorded. Also, if any electrical power meters are installed on any equipment, this information
should be recorded. Some facilities may have data-recording systems that can produce data
that are needed for the energy assessment. The control systems and control strategies should
be determined for each process-heating system. These can include the control of the heat input,
temperature, and the air-to-fuel ratio.

The furnace type and fuel type of the furnace will need to be recorded, along with the number
of burners for each furnace in each system. The nameplate data of the furnaces are located on
the furnace or burners and should be recorded in the assessment notes, and a picture should
be taken of the nameplate if available, consistent with the ASME energy assessment standard
[21]. Plant personnel should be able to explain how the schedule of the process-heating system
is set up; the operating hours along with the non-operating hours are critical to assessing the
energy usage.

The nature of the material comprising the load or charge is very important for a process-heating
system energy assessment. Along with the type of material, the feed rate of the load, initial
charge temperature, and discharge temperature are also needed [21]. Next, an exhaust gas
sample needs to be measured using a flue gas analyzer. This measurement instrument has a
probe that needs to be inserted into the exhaust stack as close to the top of the furnace as
possible, and should make a complete seal with the port on the exhaust to avoid dilution air
in the exhaust [10]. The gas analyzer measures the exhaust gas temperature, ambient air
temperature, and oxygen content of the exhaust gas, and then calculates the excess air,
combustion efficiency, and carbon dioxide content of the exhaust gas.
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of burners for each furnace in each system. The nameplate data of the furnaces are located on
the furnace or burners and should be recorded in the assessment notes, and a picture should
be taken of the nameplate if available, consistent with the ASME energy assessment standard
[21]. Plant personnel should be able to explain how the schedule of the process-heating system
is set up; the operating hours along with the non-operating hours are critical to assessing the
energy usage.

The nature of the material comprising the load or charge is very important for a process-heating
system energy assessment. Along with the type of material, the feed rate of the load, initial
charge temperature, and discharge temperature are also needed [21]. Next, an exhaust gas
sample needs to be measured using a flue gas analyzer. This measurement instrument has a
probe that needs to be inserted into the exhaust stack as close to the top of the furnace as
possible, and should make a complete seal with the port on the exhaust to avoid dilution air
in the exhaust [10]. The gas analyzer measures the exhaust gas temperature, ambient air
temperature, and oxygen content of the exhaust gas, and then calculates the excess air,
combustion efficiency, and carbon dioxide content of the exhaust gas.
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After the load and exhaust gas information is found, the losses in the furnaces need to be
determined and recorded [21]. To find the fixture losses, the fixture material, weight, initial
temperature, and final temperature should be measured and recorded. The information that
needs to be measured to find the losses in the walls includes surface area of the walls, average
surface temperature, and the ambient temperature. For furnaces with special atmospheres
inside the furnace for certain processes, the type of gas needs to be determined. Along with
the type of gas, the initial temperature, final temperature, and flow rate of the special atmos-
phere gases need to be determined. Opening losses are one of the most common losses with a
high magnitude [18]. To determine the losses through openings in the furnace, the type, shape,
and size of the openings are needed along with the furnace wall thickness, inside temperature,
ambient temperature, and percent of time open. For furnaces that use water for cooling, some
losses will arise from this. To find the water-cooling losses, the water flow rate, inlet temper-
ature, and outlet temperature are needed [3]. Finally, the heat storage of each furnace should
be assessed and recorded. The furnace shape (rectangular or cylindrical), furnace size (height
or diameter), furnace temperature, ambient temperature, and starting wall temperature are all
required to determine the heat storage of the furnaces [3].

When analyzing the assessment data, each process-heating system requires an energy balance.
This baseline should be portrayed in units of energy per production unit or energy per unit of
time for each process-heating system [21]. The annual energy consumption can be estimated
by using the number of furnaces in each process-heating system, the rated input for the burner,
the load factor, and operating hours of the furnaces. After that, these numbers can be multiplied
together to get the annual energy consumption of the furnaces [20]. Next, the assessment
recommendations should be identified. These recommendations can include maintenance
improvements, operation enhancements, control strategy upgrades, process improvement
changes, and equipment replacements.

5.2. Recommended assessment opportunities

Consistent with the discussion of boilers in Section 4 of this chapter, heat recovery from the
flue gases of fuel-fired process-heating equipment can increase the efficiency of furnaces by
preheating the combustion air before it goes into the burner. In this case, heat can be recovered
by heat exchangers in the exhaust stack of the boiler, referred to as air preheaters. In general,
furnace efficiencies can be increased by approximately 20–30% for fuel-fired furnaces [14].
There are two types of air preheaters: recuperators and regenerators. A recuperator is fixed
heat exchanger in the exhaust stack of a furnace. This air-to-flue gas heat exchanger is used to
preheat combustion air using the flue gases. A regenerator is a container that is insulated and
filled with metal or ceramic shapes that absorb thermal energy. Regenerators can store a
moderately large amount of this thermal energy and then release that energy subsequently to
preheat the combustion air of a furnace [14]. The exhaust gas analyzer should be used to take
a measurement from the flue gases in the exhaust to determine the flue gas temperature. The
higher the exhaust temperature the more heat can be recovered. This recovered heat can
increase the efficiency of a process heat system, boiler system, or HVAC systems. The exhaust
gas sample, preferably the exhaust temperature, is used to determine the type of heat-recovery
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method to be used, and then the energy savings will be calculated by finding the amount of
heat that can be recovered from the exhaust temperature [14]. Once the amount of recovered
heat is calculated, then the increase in combustion efficiency can be found for purchasing a
heat exchanger and installing it in the furnace’s exhaust stack.

Also consistent with the discussion of boilers, another potential energy-saving AR is reducing
the oxygen content in stack gases. The exhaust gas analyzer should be used to take a meas-
urement from the flue gases in the exhaust to determine the oxygen content in the flue gas. An
indication of this AR is having oxygen content in the exhaust gases higher than 3% [18].
Reducing the oxygen content in the exhaust gases will increase the efficiency of the furnace.

Insulating the hot spots on the furnace walls is another potential energy-saving AR when such
hot spots are observed via thermal imagery on the furnace walls [10]. This may be due to bare
or inadequately insulated surfaces. Insulating these hot spots will decrease the heat loss of the
furnace, therefore increasing the furnace’s efficiency. Reducing the amount/size of openings to
the atmosphere, in the furnaces, will similarly provide another possible energy-saving AR.
These openings may be observed while examining the process-heating equipment. Reducing
the area of these openings in a furnace will also reduce heat loss, and therefore increase the
furnace’s efficiency. The implementation of these last two ARs requires the purchasing and
installing of insulation on the furnace walls.

6. HVAC systems

In 2003, heating, air conditioning and ventilation (HVAC) systems consumed about 30% of the
energy consumption for commercial buildings. Space cooling represented about 44 of the 30%
consumed by HVAC systems, while space heating and ventilation represented about 16 and
40%, respectively [22]. HVAC systems typically have one or more of four basic types of units
to produce conditioned air, along with a duct system for the air distribution to the facility or
a particular area in a facility. These four types of units are packaged units, air-handling units,
split system air-conditioning units with gas furnaces, and split system heat pump units with
auxiliary heat [23]. All HVAC units contain fans, filters, and coils. HVAC systems are used for
cooling and heating of facilities, and keeping the humidity of an area or facility to a required
level (since some processes have certain humidity or temperature requirements within a
facility).

6.1. Recommended assessment procedures

A preliminary energy-use analysis (PEA) should be completed before any level of audits [24].
The PEA provides the essential background information for energy assessments of any level.
It includes the following steps: defining the floor area of the facilities’ conditioned space and
recording the floor area. The next step is to collect at least a year’s worth of utility bill data,
and these data should be summarized to look at opportunities to change the rate schedule, if
applicable. For the PEA, the utility use, peak demand, and costs should be analyzed, along
with developing the energy cost index (ECI) of the building, which should be conveyed in
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The PEA provides the essential background information for energy assessments of any level.
It includes the following steps: defining the floor area of the facilities’ conditioned space and
recording the floor area. The next step is to collect at least a year’s worth of utility bill data,
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applicable. For the PEA, the utility use, peak demand, and costs should be analyzed, along
with developing the energy cost index (ECI) of the building, which should be conveyed in
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dollars per floor area per year [24]. The energy utilization index (EUI) should be developed
during the PEA, which should be expressed in energy use per floor area per year. The energy
performance summary should be completed to develop the ECI and EUI for each energy (fuel)
type and demand type. Once the ECI and EUI are developed, then these indices should be
compared to similar buildings that contain comparable characteristics [24]. After the compar-
ison is made, then the new energy, demand, and cost goals should be established, and then
using the new values, calculate the energy and cost savings for each fuel type.

According to the American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) [24], a level 1-walk-through analysis of HVAC systems consists of first performing
a brief walk-through survey of the facility to become familiar with the building’s construction,
operation, equipment, and maintenance. The next step is meeting with facility personnel to
learn of special problems or scheduled improvements and any maintenance issues that affect
the overall efficiency of the HVAC systems. Subsequently, a space function analysis should be
completed to determine whether or not the HVAC system efficiency has decreased due to
different functions in the building [24]. If the current functions in the facility are different from
the old functions, then the HVAC system may not be designed correctly. Finally, the energy
reduction opportunities should be identified. These opportunities should be split into two
categories: the low-cost or no-cost opportunities, and the capital investment opportunities. An
initial rough estimate of energy and cost savings should be made for the opportunities.

The HVAC unit type and manufacturer should be recorded in the assessment notes along with
the nameplate data of each unit, and a picture should be taken of the nameplate, if possible.
The nameplate should be on the side of the outside panels of the unit. The thermostat set points
should be recorded, facility personnel should be able to tell what these set points are, but it is
good practice to double check by looking at the thermostats [24]. Identification of the types of
thermostats that are used is important, that is, whether it is a basic thermostat or a program-
mable thermostat needs to be recorded. The plant could have a building management system
that can control the set points automatically [23]. Plant personnel should be able to explain
how the schedule of the HVAC systems is established; however, most of the time the operation
only has to do with the set points and outdoor temperature. The operating hours for the HVAC
systems can be found by using historical weather data for the region that the facility is located.

The fan sizes should be recorded if not on the nameplate data. The most important information
that is needed for the analysis of the HVAC systems is the input power data for each HVAC
unit. If the plant does not have a data-logging system in place, current transducers with data
loggers connected to them can be attached at the power disconnect, to measure the current
draw of each unit, as discussed in previous sections of this chapter. Also as noted previously,
facility safety rules must be considered before opening the disconnect box for each unit. At
least a few days of data need to be measured, a week’s worth of data or more would be better,
to be able to model the HVAC system accurately [23]. This power data will be used to calculate
the energy usage of the HVAC systems.
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The airflow rate data should be measured in the duct system, in different places, to determine
if any major losses are affecting the airflow. The flow rate can be measured by a pitot tube in
the duct, or a vane anemometer at an outlet of a duct. According to the Air Movement and
Control Association International [25], measuring the flow rate using a pitot tube requires a
specific technique, and is similar but not exactly the same for circular ducts and square ducts.
These measuring points should be located at the center of equal area squares in the duct. The
cross section of the duct should be divided into equal area squares, and the amount of squares
should be equal to the amount of measuring points needed [25]. For good results, the pitot
tube device should be placed in the duct at least 10 duct diameters away from the last fitting
(or anything that creates a loss in the duct system) [25]. The facility duct system layout and
duct diameters should be recorded, along with any places that have a potential loss in the duct
network.

The uses of the system should be recorded along with the temperature and humidity require-
ments of each zone in the facility [24]. The annual weather data for the region should be
researched and can be found online from the national weather service and other websites. The
building construction materials used need to be described, and this information can be
provided by facility personnel or building specification sheets [24]. The team members can
measure and record the type of walls in the building, along with measuring the building
dimensions. The sources of heat in the building should be recorded in the assessment notes.
These sources of heat can include processes, machinery, furnaces, boilers, lighting, facility
personnel, HVAC systems, air compressors, building envelope, infiltration, and plug loads.

Once all of these data are gathered, the analysis can calculate the annual energy consumption
of the HVAC systems by using the number of each type of unit, the tonnage of the unit, the
coefficient of performance (COP), the usage factor, and operating hours [23]. Subsequently,
these values can be multiplied together to obtain the annual energy consumption of the HVAC
systems.

6.2. Recommended assessment opportunities

Implementing a HVAC unit maintenance program is a potential energy-saving AR, if one does
not already exist. Many factors can reduce the efficiency of the unit, and these factors include
a reduction in evaporator airflow, refrigerant line restrictions, and refrigerant undercharging
or overcharging [25]. Implementing a HVAC unit maintenance program will keep the units in
top condition and will result in a lower efficiency loss over the lifetime of the unit. A mainte-
nance program will also increase the lifetime of each unit.

Utilizing airside economizers provides another possible energy-saving AR. Airside econo-
mizers are able to take cool dry air from the outside atmosphere and use it to cool the facility.
These economizers can be operated with either a temperature control or an enthalpy control
to determine when the outside air is suitable for cooling [23]. The use of airside economizers
will result in less power required for cooling because the compressor will not have to operate
as often.
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Another potential AR for consideration is the use of programmable thermostats and the
subsequent adjustment of set points to an optimal temperature. Observation of the thermostat
set points being lower in the summer months and higher in the winter months than needed,
as well as having non-programmable thermostats, provides evidence supporting selection of
this AR [3]. Adjusting the thermostat set points to an optimal setting will reduce the operational
hours of the HVAC system, therefore reducing the energy consumption. Using programmable
thermostats will allow a schedule to be established for the set points to be dialed back during
nonworking hours, which will reduce the run time of the HVAC units while the facility is
vacant [24].

Applying a new roof coating to the facility is another possible energy-saving AR. A new roof
coating can reduce the run time of the HVAC system by increasing or reducing the heat gain
of the building envelope [23]. For colder climates, where heat is needed the most, a black roof
coating can be beneficial. However, for hot climates, a white roof can be more beneficial to
reduce the heat gain. The implementation of this AR requires replacing the roof coating, by
just simply either painting over existing coating or removing old material and replacing with
new roofing material.

Adding insulation to the building is a potential energy-saving AR. Thermal images of the
inside and outside of the building walls will help determine whether this AR is viable or not.
Adding insulation to the building will reduce the heat gain into the building during the
summer and reduce the heat losses in the winter [23]. Therefore, the HVAC system will have
to operate less and decreases the overall energy consumption.

A building that needs dry/dehumidified air, rather than cool or warm air, should consider
installing a desiccant dehumidification system. Discussion with the facility personnel about
the temperature and humidity requirements for the areas in the building can support the
practicality of this AR. Installing a desiccant dehumidification system can take air and reduce
the humidity to a point that is suitable for the processes inside a building [24]. Desiccant units
can be used in place of HVAC units to dehumidify the air while using less energy. Since these
desiccant dehumidification systems do not heat or cool the air, and if special temperature
requirements for the manufacturing process need to be met, then this AR may not be viable [23].

7. Pumping systems

Industrial motor systems are the single largest electrical end-use category in the United States,
and pumps account for about 27% of the industrial motor energy consumption [26]. A
pumping system contains one or more pumps with motors and a piping network that includes
valves and fittings. These pumping systems are categorized as either closed-loop or open-loop
systems. Closed-loop systems recirculate the water that is contained in the piping network,
and open-loop systems contain a sump where the liquid is pulled from and the water is either
discharged back into the sump or to the needed process. Pumping systems are used for facility
HVAC processes and facility production processes [26]. In HVAC systems, heat exchangers
use water to transfer heat to air for space conditioning, and for heat exchangers the flow rate

Energy Efficiency in Manufacturing Facilities: Assessment, Analysis and Implementation
http://dx.doi.org/10.5772/64902

143



from the pump is the critical performance characteristic. Process equipment use pumps to
provide hydraulic power to machines, where pressure is the critical performance characteristic
that is needed [26].

7.1. Recommended assessment procedures

An ASME level 1 assessment should include gathering information for each pumping system
that is in the scope of the assessment [27]. The prescreening should include listing of the
pumping systems, pump type, motor nameplate data, annual operating hours, applications of
the pumps, and the control methods. During the prescreening, the systems that should be
evaluated more closely should be determined, and any systems that can affect other systems
should be noted to present the constraints on the systems [27]. The prescreening process should
sort the systems by size, energy costs, and operational hours. Fixed speed centrifugal pumps
and systems with throttling, recirculation, or by-pass controls should be a main focus of the
assessment [3].

Recording the nameplate data of the pump and motor is a protocol of the ASME energy
assessment standard [27]. The pump type and brand of the pump should be recorded also,
which may be on the pump housing or on the nameplate. Plant personnel should be able to
indicate the operating hours along with the non-operating hours, which are critical to assessing
the energy usage [3].

Primary information that is needed for the analysis of the pumping systems regards the input
power data. The procedure for obtaining these data follows the pattern from previous sections
of this chapter. The next most important data to obtain while on an assessment are the flow
rate data for the fluid in the system. Flow rate data can be given by the plant personnel if the
plant has a recording system that properly records data or be taken from a flow rate-measuring
device that is already in place on the piping network. If no flow rate-measuring device is in
place, then an ultrasonic flow rate meter can be used to measure the flow rate [10]. This device
can measure the flow rate in pipes of various diameters. For good results, the device should
be placed on the pipe at least 10 duct diameters downstream from the last fitting, valve, or
anything that creates a loss in the piping system and five duct diameters upstream [27].
Recording flow data this way is consistent with the ASME standard for measuring flow data.
Pressure data should also be recorded at various points in the system, especially at places
where large pressure drops could occur. Measuring pressure can be hard to accomplish if there
are not any pressure measuring devices in the system already. If that is the case, then asking
plant personnel may be the best way to get the pressure in the system. Data for calculating the
system head are also needed, including the elevation difference in the piping network, pipe
diameter, and the losses in the piping network [26]. The elevation difference and pipe diameter
should be measured, and the losses should be counted and recorded along with the type of
loss (valve, fitting, etc.). Pressure and head data are both an ASME standard [27]. The end uses
of the system should be recorded along with the amount of fluid needed for each use.

The last piece of information needed to analyze a pumping system is the pump curves for each
pump. These curves can be found on the manufacturer’s website using the model number of
the pump, or by contacting the manufacturer with the model number which is found on the
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nameplate. Pump curves include a head versus flow curve at particular impeller diameters,
efficiency curves, power curves, and net positive suction head (NPSH) curves [26].

From the collected data, the ideal amount of energy required for the system to achieve the
essential functions should be calculated by using the number of each type of pump, the motor
horsepower, the motor efficiency, the load factor, and operating hours. Once the optimal
amount of energy is calculated, then recommendations to increase system efficiency can be
calculated. The system curve should be calculated for each pumping system in the facility.
Only two points are needed to generate a system curve: the head at zero flow or static head
point, and one operating point [27]. The system curve is required to completely understand
the pumping system. As each recommendation is evaluated, a new system curve should be
developed before deciding on the next recommendation. The energy-saving recommendations
include reducing the system head, reducing the flow rate, confirming that pumping system
components are operating close to the best efficiency point, and changing the operating hours
of the pumping system. An optimal pumping system energy profile should be determined
using the best recommendations, while the system requirements are reached [27].

7.2. Recommended assessment opportunities

Downsizing the existing pumps in a pumping system is a potential energy-saving AR. An
indication of the possible AR is having a pump lightly loaded or flow throttled to desired rate.
An oversized pump in a pumping system can be found by measuring the power or motor
speed and plotting on the pump curve to check to see if the pump is operating at a point with
high efficiency [27]. Using an oversized pump will use more power than needed to perform
the job of the system.

Installing a VFD pump in a pumping system is a possible energy-saving AR for consideration.
In the compressed air section of this chapter, VFDs are defined. Pumps use VFDs to increase
efficiency and save energy by matching the flow rate to the requirements of the process. VFDs
can be considered to be 95% efficient for pumps from 25 to 100% of full load [28]. VFDs on
pumps offer minimum energy consumption over the entire speed range of the drive [29].
Evidence of the need for this potential AR is having a variable system flow with control by
throttling or by-pass valve. If a flow control system (throttle valve or by-pass) is in place, and
the controls are restricting the flow by more than 40% (60% closed), then VFD controls will
result in energy savings [28]. Using a VFD will use less power more efficiently if the pumping
system has a variable load.

Installing an automatic control in a pumping system is another potential energy-saving AR.
Automatic operation controls will rotate pumps in and out of operation as needed by the
system, and will alternate the backup pumps into the system [26]. The energy savings will vary
from system to system depending on the quantity and size of the pumps in the system. The
energy savings are based on the resulting reduction in power and operating hours in a
pumping system. The implementation of this AR requires the installation of an automatic
control system into the existing system, which will require sensors installed into the system
including flow rate meters, temperature sensors, and pressure gauges [26].
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Shutting off unneeded pumps in a pumping system is also a possible energy-saving AR. An
indication of need for this AR is observing several pumps in parallel operating below their
best efficiency point. An unneeded pump in a pumping system can be found by measuring
the electrical current or motor speed, and plotting on the pump curves [26]. Unneeded pumps
can be observed running at a very low efficiency, or even at dead head (which means the pump
is operating at zero flow and only recirculating water in the pump housing) [27]. This can result
in the pump overheating and subsequent damage. Shutting off unneeded pumps will reduce
the power consumption of the pumping system. The energy savings will also vary from system
to system depending on the quantity and size of the pumps.

8. Fan systems

Industrial motor systems are the single largest electrical end-use category in the United States,
and fans use about 78.7 million kilowatt-hours of energy per year [30]. This 78.7 million kWh
accounts for about 15% of the industrial motor energy consumption. Fans are used in nearly
every manufacturing facility and are used for various HVAC purposes and facility process
purposes [30].

Ventilation fans are one of the most common uses of fans in industrial facilities. They are used
for heat control during the summer; the fan creates a draft through the plant to remove the
heat from workers and machines. Local exhaust systems are designed to remove hazardous
fumes or contaminates from chemical or mechanical process inside of a facility. They are
generally located above or beside the process with a hood, and the fumes or contaminates are
ducted out of the process area. These exhaust systems can include filters and dust collectors.
Baghouses use fans and cloth bags to filter out dust particles by pulling air through the cloth
bags to filter out the unwanted particles [31]. Another industrial application of fans is me-
chanical draft systems that move air through boilers and furnaces. Mechanical draft fans
supply combustion air, deliver fuel to the burner, circulate gases for better heat transfer, and
remove combustion products [31]. Air-blast drying and air-blast cleaning are two more
applications of fans in an industrial facility. Parts that have been washed need to be dried and
this can be done by air-blast drying. Parts that need particles cleaned off of them can be put
under an air-blast cleaning fan to remove the excess or foreign particles [31]. Personnel cooling
is the frequent use of fans other than ventilation fans in facilities. These fans range from small
axial fans that are spread throughout a facility at workstations, or high volume low speed
(HVLS) that are large ceiling fans that can cool large areas inside a facility.

Every HVAC system has to contain one or more fans to distribute the airflow throughout the
zone that the system conditions. Packaged units and split system units have axial fans on the
condenser side to pull air through the condensers to cool off the refrigerant and have centri-
fugal fans for the supply air fan that forces the air into the duct system [23]. Fan performance
can be degraded due to pressure drops across filters and heat exchangers, air density can also
alter the performance of a fan system [30].
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8.1. Recommended assessment procedures

The nameplate data of the fan and motor are located on the respective housings, and should
be recorded in the assessment notes, and a picture should be taken of the nameplate if available.
The fan type, brand, and operating hours of the fan should be recorded also. The annual energy
consumption can be estimated by using the number of each type of fan, the motor horsepower,
the motor efficiency, the load factor, and operating hours [32]. Each duct system layout and
duct diameters should be recorded, along with any places that have a potential loss in the duct
network.

Similarly, the flow rate data for the gas in the system need to be recorded. A vane anemometer
or a pitot tube can be used to measure this flow rate. The vane anemometer can measure the
exit velocity in ducts of various diameters, and the pitot tube can also measure the flow rate
anywhere in the duct system [25]. The procedure for measuring the flow rate and pressure
data, using a pitot tube, is discussed in the HVAC section of this chapter.

The last piece of information needed to analyze a fan system is the fan curve for each fan.
Similar to the pump curves discussed in the previous section, fan curves can be found on the
manufacturer’s website using the model number of the fan or by contacting the manufacturer
with the model number which is found on the nameplate. Fan curves include a static pressure
versus flow curve, power curves, and fan curves for different speeds can also be found [30].

8.2. Recommended assessment opportunities

Observing an excessive flow control to reduce volume indicates consideration of downsizing
the existing fans as a potential energy-saving AR. An oversized fan in a fan system can be
found by measuring the electrical current or motor speed and comparing them to the fan
curves [30]. The power should be plotted on the fan curve to check to see if the fan is operating
at a point with high efficiency. Using an oversized fan will use more power than needed to
perform the job of the system.

Installing a VFD fan in a fan system is a possible energy-saving AR. Fans use VFDs to increase
efficiency and save energy by matching the airflow to the process requirements and by being
able to operate over a wide range of operating conditions [30]. VFDs are used for fan system
controls when the load on the system is frequently changing or a continuously variable load
is present [32]. VFDs can modulate the speed of a fan from full-design speed (100%) down to
20% of design speed [15]. Since VFDs can keep fan efficiencies high across many variations in
the system, the operating costs can be reduced [30].

Replacing standard v-belts with cogged v-belts, on existing fan drives, is a possible energy-
saving AR. Using a cogged belt can increase the drive efficiency of a fan by 2–3% [33].

Replacing the personal fans in the facility with high-volume low-speed (HVLS) fans is also
a potential energy-saving AR. Using small personal cooling fans can add up if every
employee or every workstation has one or more fans; HVLS fans use a small efficient motor
to generate a high volume of air movement. Depending on the amount of area, the placement
of the lights, and the placement of other objects close to the ceiling, a significant problem can
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be seen with the implementation of this AR. Lights or other objects that hang down far from
the ceiling have the potential to be an obstruction that can make installing HVLS fans difficult
[10].

9. Conclusions

Industrial energy assessments form a fundamental segment of energy management and
conservation engineering. Conducting energy assessments can increase energy system
efficiency and reduce energy costs for industrial facilities. Many systems in industrial
facilities, including lighting, compressed air, steam, process heating, HVAC, and fans, can
benefit from such an energy assessment. There are many opportunities for reducing energy
costs for each of these systems, and these opportunities encompass a range of implementation
costs. Some opportunities require very little or no capital to implement, while others can
extend as far as replacing an entire system requiring a large amount of capital investment to
implement.
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Abstract

Since central-based heating systems with radiators are among the most widely used
heating systems in Europe,  retrofit  measures should include heat  distribution and
heat emission elements. One of the most cost-effective measures for heating systems
is the replacement of the heat generator and circulating pump while preserving the
distribution system and heat  emitters.  Reducing the heating demand results  in an
oversized existing heating system and thus enables  a  reduction in  flow rates  and
supply temperatures.  These steps should be taken to enhance the efficiency of the
heating system without affecting the level of thermal comfort. This chapter focuses
on the issue of energy efficiency in retrofitted buildings by optimizing the existing
heating systems. The heating equipment is considered as one system, and it is not
intended to improve only individual component efficiency. The optimization goal is
to achieve a recommended or prescribed thermal comfort level with minimal energy
use.

Keywords: energy performance, energy efficiency, hydronic heating, heat emission,
thermal comfort, retrofit analysis

1. Introduction

In Europe, the building sector is responsible for 40% of the region’s energy consumption and
36% of its CO2 emissions. Because of high-energy saving potentials, the building sector has
become one of the priority areas to meet the EU’s targets for 2020 and 2050 [1]. The Energy
Performance of Buildings Directive [2] promotes nearly net-zero energy buildings as a manda-
tory regulation within 2020. This means that new buildings need less than 30–50 kWh/m2 per
year, while existing buildings consume approximately 250 kWh/m2 per year. Therefore, most
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of the energy consumption is attributable to the existing building stock. Energy savings obtained
from retrofitting existing buildings are more significant than the ones that can be obtained with
new buildings.

This fact is reflected in the Energy Efficiency Directive [3] through the requirements for:

1. Public sector to renovate 3% of the central government building stock annually to high-
energy performance level (nearly net-zero energy buildings).

2. Energy companies to reduce energy sales by 1.5% every year among their consumers.

Most of the energy savings of the retrofit can be contributed by two key targets: reducing
heating demand and increasing the efficiency of HVAC systems. An important factor in
achieving the expected reduction target is improving the efficiency of systems without
affecting thermal comfort. Typical retrofit measures to reduce the heating demand include
applying insulation layers on walls and/or replacing windows. Little attention is given to how
the improvements on the building’s envelope affect the settings and efficiency of the heating
system. Basically the increase of insulation reduces the heating demand which in turn can
reduce flow rates and/or supply temperatures. Reducing the supply temperature makes low-
temperature heating system interesting and economically viable [4, 5].

Since central-based heating systems with radiators are among the most widely used heating
systems in Europe [6], retrofit measures should include heat distribution and heat emission
elements. One of the most cost-effective measures on heating systems is the replacement of the
heat generator and circulating pump while preserving the distribution system and heat
emitters [7]. Reducing the heating demand results in an oversized existing heating system and
thus enables a reduction in flow rates and supply temperatures. These steps should be taken
to enhance the efficiency of heating system without affecting the level of thermal comfort.

This chapter focuses on the issue of energy efficiency in retrofitted buildings by optimizing the
existing heating systems. The heating equipment is considered holistically and it is not
intended to improve only individual component efficiency. The following steps are presented:

• The need for optimization

• Impact of heating technology on the optimization process

• Optimization of the hydraulic network

An integrated methodology for energy efficiency in retrofitted buildings is proposed through
coupling active and passive strategies specifically tailored for application in traditional heating
systems. The main results show how the applications of specific building energy retrofit actions
could increase the energy efficiency of the heating system without compromising thermal
comfort. Finally, a system optimization is also determined by different constraints, i.e., the use,
economy rules, and technical regulations. Nevertheless, the optimization and improvement of
the heating system efficiency in retrofitted buildings give a unique opportunity that new
buildings are not given, namely, the possibility of energy saving [8].
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2. Building envelope refurbishment

Contemporary type of building construction with smaller heat losses and demands for
increased comfort requires new concept of radiator construction and regulation of heat output.
The heat emission of a radiator depends on size, design, and mean temperature difference
between the radiator surface and the indoor temperature—excess temperature. At given
thermal constraints, the effect of geometrical and thermal parameters of a radiator could be
optimized [9]. On the other side, to maintain the desired heat output, it must be regulated
according to the condition of thermal comfort and outdoor conditions.

Control of the heat output can be realized by changing the radiator surface, by changing the
heating water inlet temperature (temperature control), or by changing the mass flow through
the radiator (mass control) [10]. The first option is not physically feasible; another option is
feasible using relatively complex control system with three-way mixing valve. This control
method is used primarily in the central control unit, which regulates the temperature of heating
water to a large number of radiators. For local regulation of the heat output, the most com-
monly used principle is by varying the mass flow of water through the heater, where the flow
change is controlled by a throttle valve. This system is easy and most affordable, so almost all
systems of local regulation of radiators are based on “throttling.” From the standpoint of
regulation, this system has several shortcomings. Since the radiator heat output varies
exponentially according to the mass flow rate, in the case of large throttling, a small change in
valve position (small change in flow rate) causes a disproportionately big change in heat
output. This situation occurs at reduced heat output, oversized radiator (also as a result of
proper dimensioning taking into account the heating-up reserve for intermittent/reduced
mode of operation of heating system), inappropriate (too high) water inlet temperature, or
because of internal and external heat sources.

Another problem is the heat output at reduced water flow rate [11]. Due to the smaller water
speed in the radiator, the retention time is longer, resulting in a lower water temperature at
the exit of the radiator and a lower average temperature of the radiator. Low water flow rate
also causes mixing of inlet water with colder water in the radiator. These result in a less effective
inlet water temperature, so the heat emitted is significantly different—lower—than expected,
according to standard calculation methods with respect to excess temperature. Heating
systems mostly operate at variable loads, which depend on the regulation. One of the tasks of
heating systems is not only to provide the necessary heat but also to adapt the heat output as
quickly as possible to the change of heat load. From this viewpoint, it is recommended to have
heating systems (including radiators) with low thermal inertia.

The refurbishment of the building envelope affects the thermal characteristics, which have a
significant effect on the heating system operating conditions and consequently on its energy
efficiency. To ensure the latter, we must consider the following aspects: the efficiency of each
component and the efficiency of the system, which is determined with the interactions of
individual components. For the whole system efficiency, the following conditions must be met:
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• properly sized and set system elements (radiators, valves, piping system, pumps, heat
generators)

• setting of local and central regulation

• optimal hydraulics

These conditions apply both to new and existing buildings. Most of the heating system
components are already determined in existing buildings. The refurbishment of the building
envelope therefore requires an adjustment of existing system components to achieve optimal
operation and consequently proper energy efficiency. The fundamental difference between the
optimization of an existing and new system is that optimal operation of existing systems is
achieved with adjusting their settings, whereas the optimization of new systems is based on
selecting components of proper quality and characteristics.

Optimization and efficiency are closely connected with internal environment quality and
operating conditions. Internal environment conditions that enable a proper quality of living
or a proper thermal comfort level must be considered [12]. Thermal comfort level of a certain
thermal environment directly determines energy use. Therefore, we cannot discuss the heating
system efficiency without the achieved thermal environment. The optimization goal is to
achieve a proper thermal comfort level with minimal energy use.

The refurbishment of the building envelope results in a decrease of the required heat for
heating and the power of radiators. Therefore, operation of the heating system has to be
adjusted to the new operating conditions. After the building envelope refurbishment, the
heating load of the outer rooms generally decreases more significantly than at the inner rooms.
The heating load decrease depends on the improvement of the building envelope thermal
transmittance and the fraction of outer wall area. A larger fraction of outer wall area results in
a more significant decrease in the required radiator power. However, thermal insulation does
not cause a significant decrease in the required radiator power for inner rooms. Consequently,
it is important that we after the building envelope refurbishment properly adjust the thermal
power of radiators according to the heating load decrease in the room in which they are
installed.

3. Radiator heat output

The radiator thermal power is defined by the supply temperature and the mass flow. For the
determination of the required thermal power of the radiator heat, losses due to transmission
(Eq. (1)) must be considered:

( )T e e i eQ U A t t= × × -& (1)

where ̇ is the heat losses due to transmission; Ue is the thermal transmittance; Ae is the area

of external wall; ti is the internal temperature; te is the external design temperature.
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selecting components of proper quality and characteristics.
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achieve a proper thermal comfort level with minimal energy use.
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a more significant decrease in the required radiator power. However, thermal insulation does
not cause a significant decrease in the required radiator power for inner rooms. Consequently,
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power of radiators according to the heating load decrease in the room in which they are
installed.
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The change of the heat load before and after the envelope refurbishment is therefore:
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where index 1 designates the properties before the refurbishment and index 2 the properties
after the latter. It is assumed that the areas of external walls as well as internal and external
temperature do not change.

The required heat is provided by the radiator, whereby its thermal power is defined according
to Ref. [13]:
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where .  is the thermal power of radiator; A is the radiator area; ∆ 𝑒𝑒𝑒𝑒  is the excess temperature;
N is the radiator exponent.

The radiator excess temperature is defined as a logarithmic temperature difference between
the average radiator surface temperature and the room temperature:
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where tS is the supply temperature; tR is the return temperature; ti is the room temperature.

The change of the emitted heat by the radiator is defined with the following relation:
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where A1 is the radiator area before the refurbishment; A2 is the radiator area after the

refurbishment; ∆ 𝑒𝑒𝑒𝑒𝑒  – is the excess temperature before the refurbishment; ∆ 𝑒𝑒𝑒𝑒𝑒  – is the excess
temperature after the refurbishment.

If we assume that the radiator area does not change and that the radiator exponent is constant,
the change of the emitted heat depends only on the excess temperature change:
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The heat required for heating is provided with the flow of heated water through the radiator.
The heat emitted from water depends on the mass flow and cooling down of the water:

( )p S RQ m c t t= × × -& & (7)

where .  is the radiator thermal power; .  is the water mass flow through the radiator; cp is the
water specific heat; tS is the supply temperature; tR is the return temperature.

The change of the emitted heat is so defined with the following relation:
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where index 1 designates the state before while index 2 designates the state after the refur-
bishment.

3.1. Radiator heat output at various conditions

From Eqs. (2), (6), and (8), the influence of building thermal envelope change on the change of
radiator heat output can be seen. It can also be seen that this change can be compensated with:

• Changing the water supply temperature (Eq. (6))

• Changing the water mass flow (Eq. (8))

Hereby, we considered the interdependence between Eqs. (6) and (8). At constant water
temperature, the return and excess temperatures change because of the water mass flow
change. The interdependence between water mass flow and the radiator excess temperature
can be depicted graphically [14, 15]. Figure 1 shows the emitted heat of a radiator with radiator
exponent n = 1.3 at standard temperature conditions: supply temperature tS = 75°C, return
temperature tR = 65°C, and room temperature ti = 20°C.

The emitted heat is shown as a relation between the heat output at standard conditions . 0 and

at other conditions . . The supply and return temperatures are included with the supply and
return excess temperature and the dependence between heat output and mass flow is ex-
pressed as a ratio between the actual and standard mass flow. Thereby, all the influences of the
heating system on the heat output are considered. With such a diagram (or numerically with
an iterative procedure), one can determine the new operating conditions for an existing
radiator.

Figure 2 shows an example of the effect of heat loss reduction on the change of radiator
operating conditions.
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Figure 1. Heat output of the radiator at operating conditions 75/65/20 [13, 15].

Figure 2. Heat output at the reduced heat demand for 33%.

Point 1 represents the radiator thermal power before the refurbishment, whereby the temper-
ature regime 75/65/20 [13] was assumed. If the radiator is properly sized and selected, the
thermal power is . . 0 = 1.0, the mass flow is . . 0 = 1.0, and the logarithmic excess tem-

perature is 49.83 K. The refurbishment of the building envelope results in a decrease in the
required radiator thermal power, e.g., 33%. Therefore, the reduced heat output of the radiator
is . . 0 = 0.67. Maintaining the (unchanged) mass flow . . 0 = 1.0 (blue line), we reach the

required heat output at the mean logarithmic excess temperature of the radiator 37 K—point
2. However, the radiator reaches the same heat output at different supply and return water
temperature combinations. Possible combinations are shown as a red line in Figure 2; charac-
teristic points on this line represent the following operating conditions:
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—Point 2: mass flow . . 0 = 1.0, supply temperature tS = 62°C, return temperature tR = 53°C.

—Point 3: mass flow . . 0 = 3.0, supply temperature tS = 57°C, return temperature tR = yy°C.

—Point 4: mass flow . . 0 = 0.24, supply temperature tS = 75°C, return temperature tR = 45°C.

The difficulty in determining the heating system operating parameters is that the reduction in
the required thermal power is generally not the same for the other rooms (other radiators). For
a room with a higher fraction of external surfaces, the reduction in the required thermal power
is more significant, e.g., 40%. This case is depicted in Figure 3.

Figure 3. Heat output at reduced heat demand for 40%.

Instead of starting point 1, the required radiator heat output at maintained water mass flow is
achieved at temperature operating conditions determined with the previously described
procedure. The new state corresponds to the temperature regime 57/51/20 or the mean
logarithmic excess temperature 33.9 K. We reach the required heat output with the temperature
and mass flow combinations depicted as the red line in Figure 3.

Figures 2 and 3 show that a higher flow rate can be necessary despite the lower thermal power
of the radiator after the refurbishment (point 3 in Figures 2 and 3) or a supply temperature
equal or lower to the previous value (point 4 in Figures 2 and 3). The dependency between the
flow rate and temperature is depicted with a red line between points 3 and 4. Therefore, in the
first step, we can determine the boundary conditions, which define optimal operation of the
heating system:

• The water supply temperature should be lower or equal to the value before the refurbish-
ment.

• Water flow rate should be lower or equal to the value before the refurbishment.
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We can depict the restrictions on the operating parameters of the heating system as constric-
tions of individual radiator operating parameters. Figure 4 shows the operating parameters
of both radiators. The maximal supply temperature is limited with point 1, whereas the
minimal value is limited with point 2.

Figure 4. Operating conditions for both radiators after refurbishment.

Since the supply temperature must be equal for all radiators, an intermediate temperature is
chosen, e.g., tS = 65°C. In this case, shown in Figure 5, the mass flow for both radiators is
determined: . 1 . 0 = 0.37 and . 2 . 0 = 0.52.

Figure 5. Radiator heat output at a unified supply temperature.

With the heating system temperature, we determine the type of the heat generator or its
temperature regime. If we want to use a gas-fired condensing boiler or a heat pump, the
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required maximal supply temperature is tS = 55°C. This temperature represents the threshold
temperature of the heating system with which we achieve thermal comfort conditions. For
heating systems with a lower temperature, a replacement of radiators with other heating
element types (fan-coil radiators, fan-coil units), where the heat output does not depend on
natural convection, is therefore applicable.

However, in the described example, a supply temperature decrease is possible at the assump-
tion that the critical radiator is replaced. Figure 6 depicts the case in which the system supply
temperature in additionally lowered to tS = 60°C (yellow line shift on Figure 6). The radiators
heat output is maintained.

Figure 6. Influence of reduced supply temperature.

Because of the lower supply temperature, a higher water mass flow is required. The required
flow rate for radiator 1 is . 1 . 0 = 0.61, which is still lower than the nominal flow rate. For

radiator 2 a flow rate of . 2 . 0 = 1.2 is required, which exceeds the base flow rate. We can

avoid a higher flow rate in the heating system by replacing the critical radiator with a radiator
with a higher nominal heat output.

4. Conclusions

During building retrofit energy use efficiency and cost-effectiveness must also be considered
besides the costs. In practice, the retrofit of a building usually consists of a building envelope
refurbishment and heat generator replacement. Because of the high cost and the interference
in living areas, the heating system (pipping and radiators) is not significantly altered. The
envelope refurbishment results in a decrease in the heat required for heating and consequently
in the lowering of the required thermal power of the radiators and the heat generator. The
lowered thermal power enables the lowering of the heating system temperature regime and
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thereby the option of using a more efficient heat generator. However, heating system efficiency
is conditioned with ensuring thermal comfort, which must be met in every case.

In this work, a method for determining the heating system operation conditions is presented.
The problem of uneven reduction in the required thermal power of radiators is exposed, which
is a consequence of uneven decreases in room heat losses. A larger fraction of outer wall area
results in a more significant decrease in the required radiator power in that room. Therefore,
new operation parameters must be determined based on the load of individual radiators. The
presented method is demonstrated on a case of two radiators with different thermal charac-
teristics.

The influence of radiators on the building system’s energy efficiency is taken into account in
two respects: with the determination of the whole system’s temperature regime and the
required mass flow rate. Both parameters are interdependent; thus, parameter optimization is
achieved under the consideration of proper boundary conditions. In the demonstrated
example, the following conditions were considered: the flow rate must be lower or equal to
the existing one—hereby minimal energy use of the circulating pump is assured. The second
restriction represents the supply temperature, which must be lower or equal to the existing
value, which is a precondition for efficient heat generator operation. The temperature of
radiators required to still ensure thermal comfort of the room was also considered. The
combination of both parameters ensures optimal and energy-efficient operation of the heating
system.
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Abstract

The high demand for electrical energy in virtually all human endeavour has engendered 
the continuous rapid growth of electricity production, transmission and distribution 
worldwide. Every habitable building structure usually requires electrical appliances and 
mechanical systems such that the cost of electrical and mechanical installation in a building 
is generally between 10% and 35% of the total construction cost. This chapter examines the 
equipment used for electrical, mechanical and lighting systems in contemporary buildings 
in Cape Town, South Africa, towards determining those materials and equipment aiding 
energy efficiency in these buildings. The research employs a multiple case study approach, 
consisting of recently completed buildings. The study established that the equipment used 
in these contemporary buildings to effect a reduction in energy consumption are compliant 
with the main specifications and policies guiding energy efficiency in buildings in South 
Africa and that owners of the Case Study buildings obtained a significant reduction in 
power consumption as a result of the installation of the identified equipment. Based on 
these findings, the study concludes that a building that is compliant with energy efficient 
systems installation standards will experience a significant reduction in utility bills, and 
savings for commercial buildings and private property owners. 

Keywords: efficiency, energy consumption, energy demand

1. Introduction

Globally, the demand for energy-powered services (energy efficiency and embedded generation) 
is growing [1]. Modern technology favours the use of electrical energy due to its numerous tech-
nical and economic benefits when compared to other forms of energy. The cost of electrical and 
mechanical installations in buildings is usually in the range of 10–35% of the total new building 
construction cost [2, 3]. Electrical and mechanical installation consists of electrical services, fire 
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protection, plumbing, vertical transport and heating, ventilating and air-conditioning (HVAC) 
[3]. The cost of electricity in commercial buildings is very high due to high energy utilisation 
factor. According to Mobley [4], commercial building owners spend 22.4% of their operating 
costs on utilities (energy and water). Electricity prices are expected to rise in South Africa until 
they reflect the costs of the new infrastructure built to generate electricity to deal with the coun-
try’s energy gap. According to GreenCape [1], the global market for energy services is driven 
by growing awareness of the impact of carbon emissions, rising electricity costs and increased 
financial returns arising from energy investments. This chapter examines the equipment used for 
electrical, mechanical and lighting systems in selected contemporary buildings in Cape Town; 
how these are specified; power demand and energy consumption in buildings and its relation-
ship to energy bills; and steps for determining equipment that aid energy efficiency. Four case 
studies consisting of commercial buildings (offices and hotels) located in Cape Town were used 
as sources of primary data. The method of data collection used in the study include interviews, 
with building owners, on-site inspections and records (architectural, mechanical, electrical and 
plumbing drawings) that show how certain equipment and system have been used to advance 
energy efficiency (generation and conservation) in the buildings.

2. Outline of buildings used in the study

The buildings used in the study are contemporary buildings located in Cape Town. The justifica-
tion for the use of these buildings are that the building must have been completed within the last 
5 years and were designed based on ‘green’ building principles with the anticipation of attaining 
a ‘green’ building rating score. Three of the buildings used in the study were awarded green star 
ratings on completion. A description of the buildings used in the study is outlined below.

2.1. Case study A

Case study A is a 11,624 m2 six storey hotel with a seemingly simplex layout, designed in an 
L-shape. The hotel owner strives to minimise the hotel’s carbon footprint and decrease energy 
utilisation. As a result, this building has many highly advanced innovative systems including 
3 kW wind turbines, photovoltaic panels, vegetated green roof, geothermal loops, occupancy 
sensors and regenerative lifts, imported from all over the world and installed to minimise the 
day-to-day running costs of the hotel.

2.2. Case study B

Case study B is the new Head Office building for an oil and gas company. The building situ-
ated in Cape Town, achieved the first ‘green’ certification in the industry category of refiners 
and marketers of petroleum products in South Africa. The building is a 9000 m2 five levels (1 
basement, ground, mezzanine, 1st and 2nd floor) in a square form. The building is a framed 
structure comprising of a large central courtyard. The project team sought to achieve energy 
conservation through the reduction of reliance on nonrenewable energy sources and the nec-
essary criteria of the Green Building Council of South Africa. A fully integrated DALI lighting 
system, complete mechanical ventilation to all usable areas and the basement and a sub-meter-
ing system are equipment used in the building to enable a reduction in energy consumption.
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studies consisting of commercial buildings (offices and hotels) located in Cape Town were used 
as sources of primary data. The method of data collection used in the study include interviews, 
with building owners, on-site inspections and records (architectural, mechanical, electrical and 
plumbing drawings) that show how certain equipment and system have been used to advance 
energy efficiency (generation and conservation) in the buildings.

2. Outline of buildings used in the study

The buildings used in the study are contemporary buildings located in Cape Town. The justifica-
tion for the use of these buildings are that the building must have been completed within the last 
5 years and were designed based on ‘green’ building principles with the anticipation of attaining 
a ‘green’ building rating score. Three of the buildings used in the study were awarded green star 
ratings on completion. A description of the buildings used in the study is outlined below.

2.1. Case study A

Case study A is a 11,624 m2 six storey hotel with a seemingly simplex layout, designed in an 
L-shape. The hotel owner strives to minimise the hotel’s carbon footprint and decrease energy 
utilisation. As a result, this building has many highly advanced innovative systems including 
3 kW wind turbines, photovoltaic panels, vegetated green roof, geothermal loops, occupancy 
sensors and regenerative lifts, imported from all over the world and installed to minimise the 
day-to-day running costs of the hotel.

2.2. Case study B

Case study B is the new Head Office building for an oil and gas company. The building situ-
ated in Cape Town, achieved the first ‘green’ certification in the industry category of refiners 
and marketers of petroleum products in South Africa. The building is a 9000 m2 five levels (1 
basement, ground, mezzanine, 1st and 2nd floor) in a square form. The building is a framed 
structure comprising of a large central courtyard. The project team sought to achieve energy 
conservation through the reduction of reliance on nonrenewable energy sources and the nec-
essary criteria of the Green Building Council of South Africa. A fully integrated DALI lighting 
system, complete mechanical ventilation to all usable areas and the basement and a sub-meter-
ing system are equipment used in the building to enable a reduction in energy consumption.
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2.3. Case study C

Case study C is a newly developed office building located in Cape Town. The building is an 
18,600 m2 office building, with approximately 500 m2 retail and 455 car parks extending over 
two basements levels. The building is a ground breaking project in the South African context 
as it is the only 6-Star Green Star SA-Design and as Built certified building in South Africa. 
The idea for the building came about and was driven by the unique combination of the devel-
oper and tenant. This chapter will discuss the initiatives such as a Sea Water Cooling System, 
an ICT system that monitors energy and water use, a lighting system that will ensure that 
lighting is only used when required and a green roof that contributes to thermal roof insula-
tion, implemented in order to obtain Green Star points, as well as detail how they operate in 
order to mitigate the carbon footprint of the building.

2.4. Case study D

Case study D is a 124 m high, 34-floor multi-story office building located in a prime location 
on the Cape Town foreshore. The building has a footprint of 114,547 m2 comprising of office 
space, seven parking levels, an atrium and a Sky plaza. The building was awarded a 5-Star 
Design rating under the Green Building Council of South Africa’s Green Star rating system, 
making it the first 5-Star Green Star skyscraper in the country. A significant amount of engi-
neering, planning and innovative forward thinking had to be carried out by the professional 
team. The professional team has focussed on energy reduction initiatives, through the adop-
tion of an efficient air-conditioning system and application of LED lighting fittings throughout 
the office space.

3. Overview of equipment used for electrical, mechanical and lighting 
systems in the case study buildings

The public power generation company in South Africa Eskom is the main supplier of electric-
ity to the buildings studied. South Africa is in the midst of an energy crisis that is resulting in 
rising energy prices, rolling blackouts (known as load shedding in South Africa) and  changing 
energy policies and incentives [1]. Power outage/load shedding comes with significant costs 
to businesses that are unable to operate during periods of power outage shutting down pro-
duction at companies [5], and causing inconveniences to residents [6]. As a result of this, end 
users in the commercial building sector (offices and hotels) have begun exploring alternative 
energy options through the use of appropriate equipment [1]. The case study buildings gen-
erated additional power from solar panels, wind turbines and a regenerative lift. Electrical 
appliances and mechanical systems are required in buildings to make the building habitable. 
Initiatives such as sea water cooling air-conditioning units, displacement ventilation units, 
geothermal loop systems, LED lighting, automated lightning and electronics that automati-
cally turns off when rooms are unoccupied (occupancy sensors) were implemented to reduce 
operational costs. The power-generating equipment together with other energy saving tech-
niques is said to reduce the consumption of electricity from the mains by 35–94% each year 
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(field survey). In the event of a power outage, electrical energy from the batteries can be 
used to run buildings for at least 30 min (field survey–case study A), which gives the gen-
erator time to start.

3.1. Electricity generation equipment

The photovoltaic solar panels, wind turbine and regenerative lifts discussed in this section are 
used as alternative means of electricity generation in case study A (hotel building) to reduce 
the reliance of the hotel on public power supply. These equipment are examples of alternative 
forms of electricity generation, which make it possible to reduce energy demand in buildings 
and increase energy efficiency.

3.1.1. Photovoltaic solar panels

Case study A makes use of a number of solar panels to generate electricity. The 240 W photovol-
taic solar panels, as shown in Figure 1, are produced locally in South Africa and have an antici-
pated production of 78,000 kWh/year. The panels are connected in series and positioned on the 
buildings to face the North-East in order to ensure that the panels maximise the sun energy. The 
system includes an Afrisum Karoo 70 KVA Grid tied inverter as shown in Figure 2, installed to 
serve as the core of the solar energy installation system, as it harvests the energy captured by 
the solar panels, and a battery bank for energy storage, and a charge controller that regulates the 
power flow into and out of the battery bank. Battery banks are typically sized in order to provide 
energy during days of no or limited sunshine.

Figure 1. 240 W photovoltaic solar panel.
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3.1.2. Huebner-Giessen 3 Kw wind turbine

Three vertical axis wind turbine that convert wind into electricity were installed in front of 
case study building A at a height of 17 m to maximise output as shown in Figures 3 and 4. 
Cape Town is well known for the high amount of wind that it generates. Therefore, using 
wind turbines as a power generating system generates power without using fossil fuels or 
producing gasses or toxic waste. Location is critical for the use of wind turbines since build-
ings can obstruct the wind flow. These turbines use the wind, a renewable energy source, to 
contribute 9 kWh to the hotel by converting wind energy into electrical energy. Although the 
wind turbine does not generate a lot of energy, it makes a small change and creates social 
awareness about alternative sources of energy.

Figure 2. Afrisum Karoo 70 KVA Grid Tied Inverter.

Figure 3. Huebner-Giessen 3 kW wind turbine here.
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Figure 4. Huebner-Giessen 3 kW wind turbines.

3.1.3. Regenerative elevators

An elevator can account for 5–10% of the energy consumption of a building. In case study A, 
there are regenerative energy drives on all elevators. Energy is saved by installing energy-
efficient lifts fitted with regenerative drives and brake system which recapture 30% of the 
input energy and feed it back into the building. This follows the principles that in order to 
move an elevator, energy must be produced to accelerate the lift. Likewise, energy must be 
removed in order to decelerate the lift as shown in Figure 5. Twin Kone elevators fitted with 
a regenerative braking system were installed in case study A.

When using a mechanical brake, the removed energy is wasted in heat. A cooler will therefore 
be required for the machine room. By contrast, a regenerative motor will recover potential 
energy stored from an elevator’s use and feed it back to the unit as electricity. The elevator 
utilises this surplus energy and transfers it back into the building’s electrical system for use in 
other areas. More specifically, the regenerated energy is connected to a battery storage bank 
that houses large batteries and charges the batteries as the lift brakes.
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The gearless traction machine, control panel and vector-controlled system are installed within 
the hoist pathway located on the side wall of the lift shaft as shown in Figure 6. This arrange-
ment of equipment frees up space normally required for separate machine rooms. The use of 
regenerative lift technology targets significant savings in energy costs, financial and reduction 
in environmental impact.

Energy received from the mains, solar panel, wind turbines and regenerative drive lift 
installed in case study A is stored in a battery room as shown in Figure 7.

3.2. Typical mechanical equipment used in the selected buildings for energy conservation

Mechanical equipment used in the buildings, apart from the regenerative lift shown in 
Figures 5 and 6, include a sea water cooling system used in case study C and mechanical 
ventilation systems used in case studies B, C and D. These are further described in this 
section.

3.2.1. Sea water cooling system

A sea water cooling system in which cold sea water is used for cooling units of the air-condi-
tioning plants as shown in Figure 8 was installed in the basement of case study building 
C. Unlike ordinary water-cooled air-conditioning systems, which make use of cold potable 
water, this air-conditioning system makes use of cold Atlantic seawater drawn from the 
harbour, where the water is normally between 14 and 16°C through a titanium plate heat 
exchanger [7]. This cooled water is then used to cool down the chiller plant when it rejects 
heat from the building. The sea water cooling plant was a radical intervention used by 
members of the project team in solving the problem of energy conservation when cooling 
the building.

Figure 5. Electricity consumption versus generation.
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Figure 7. The batteries used to store generated energy.

Figure 6. Traction less elevator shaft detail.
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3.2.2. Displacement ventilation

Case study building C makes use of air handling equipment placed at intervals on the roofs as 
shown in Figure 9. A mechanical inlet and mechanical extract system that provides air at slow 
velocities as opposed to the usual high speed velocities are used to regulate and balance the 
supply and emission of air. The air in a room is circulated based on the following process—cool 
air is sent through a diffuser, the cool air is warmed by body heat and rises, creating an upward 
convection that draws fresh air across individuals, the warmer used air and pollutants are 
extracted at ceiling level, the air handling equipment recovers wasted energy, wrings out mois-
ture and slightly cools fresh air, which is then delivered into the building through a diffuser. 
Due to this innovative ventilation system, it is found that the internal environmental air quality 
within these buildings is very good and reportedly 150% better than the legislated standard [9].

Figure 8. Diagram of sea water cooling system [8].

Figure 9. Displacement ventilation [10].
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The use of a ventilation system that ensures sufficient supply of fresh air is used in case study 
B. Economy cycle technology is used for the air-conditioning fans, which determines the quan-
tity of fresh air required and then also recycles a quantity of cooler return air, which reduces 
the energy used in cooling the air. Variable speed fans are used in delivering air to the building 
at the rate needed to circulate the conditioned air. Since case study B is long both on the East 
and West side, at certain times during the day, the building experiences both heat loss and 
gain at the same time in different areas. The HVAC system will be notified of this through the 
Building Management System (BMS) and adjusted through building heat produced by chillers 
acting as heat pumps, thereby eliminating the need for less energy-efficient electric heating.

3.2.3. Geothermal loop system

The geothermal loop system installed under the foundation of case study A, comprise of four 
Alpha–Innotec ground source heat pumps, coupled to 100 boreholes each 76 m deep, into which 
high density polyethylene (HDPE) U-bend pipes are installed. Subsequently heating or cooling 
water would be circulated through these pipes. These pipes would be connected together using 
headers and linked to the ground source heat pumps which are the central system of case study 
A’s heating ventilating and air-conditioning (HVAC) system. The geothermal loop system was 
imported from Germany since it is not available locally. Air-conditioning is a huge energy con-
sumer for hotels and the geothermal system is alleged to reduce the energy consumption of case 
study A by about 25%. This system uses water to keep the ground temperature below case study 
A at a constant 19°C throughout the year and significantly reduce the energy used for heating 
and cooling water and also the energy consumed by air-conditioning equipment. The 100 holes 
and all the high density piping used for the geothermal loop installation were positioned with 
protective foam to prevent any damage to the pipes. The piping and holes are covered by the 
basement concrete surface bed which keeps all the piping protected and out of sight. The only 
visible equipment as shown in Figure 10 is the 14 sub-header pipes that penetrate through the 
concrete surface bed and connected to the heat pumps which feed the HVAC system.

Figure 10. Geothermal loop system hole connections with valves.
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3.3. Common lighting system installed in the selected buildings

Digital Addressable Lighting Interface (DALI) lighting systems: Sophisticated lighting systems 
known as DALI are installed in case study B. The DALI lighting system is a two-way commu-
nication system that connects digital technology to lighting. The system allows the lights to 
communicate to the user, and allows the user to communicate back to the system using DALI 
regulators as shown in Figure 11, computers equipped with appropriate software or the appro-
priate Building Management System (BMS). This system allows the occupant to regulate the 
lighting with each light being individually addressable, which means each light can be dimmed 
or switched off depending on the users’ preference. The DALI lighting system has sensors, which 
have a combination of being manually switched off and on and infrared readers which can sense 
if there are people in the building and automatically switches off the light if an area is not used.

Dali lighting systems have the ability to sense daylight in a specific area in the building and 
can automatically dim lights using artificial lighting and daylight to preserve luminance lev-
els to reduce energy usage: this process is known as daylight harvesting. The lights are con-

Figure 11. Example of a Digital Addressable Lighting Interface (DALI) regulator.
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trolled by heavy materials such as gravel, sand or iron, which have high frequency regulators 
and produce no flicker or white noise. The use of these heavy materials in DALI lighting sys-
tems prevents the occupants from suffering eyestrain and headaches, which are caused by the 
older magnetic ballast installation lights. The additional benefit is a 50% reduction in energy 
losses due to ballast installation.

The lamps used by the DALI system are known as T5’s (high frequency small diameter fluo-
rescent lamps). It is acknowledged that these lights provide the highest industry standards in 
terms of lighting quality, colour, energy efficiency, with reduced maintenance costs and an 
average life span of 4 years per fluorescent. The lights can be dimmed to 10% of its total capac-
ity when necessary thereby providing improved energy savings.

Occupancy/motion sensors for lighting were also installed in case study A, B, C and D in all 
public areas and stores. This system ensures that lighting is only used when required. When 
the space is not in use, the lights are automatically turned off and signalisation displays are 
dimmed. In addition, LED lights that use up to 80% less energy and last longer than conven-
tional lighting is used in all the buildings.

3.4. Smart systems used in the selected buildings

Electricity sub-metering: An electricity sub-metering system is installed in case study B, in com-
pliance with the proposed Smart Metering Standards (NRS 049) of South Africa. Electricity sub-
metering measures energy consumption and provides users with the data necessary to monitor 
and control energy use in buildings. For example, if an area in a building is using a lot more 
energy for lighting than other areas, the building operator can identify this with the use of sub-
metering and investigate the cause. Sub-metering identifies unnecessary equipment running at 
night or during the weekends, provides the ability to provide usage evidence to the operators 
and facility managers the same day and to provide operators with feedback the next day about 
implementing changes. With sub-metering, all areas and equipment in the building that use large 
amounts of energy are monitored. Energy meters for all main electrical equipment per floor and 
for lighting and minor power use, such as plugs, are linked to the Building Management System 
(BMS) installed in case study B, which saves data and can find averages and trends, enabling 
users to know when there is a problem in the lighting or power systems of specific areas.

Automated Building Management System (BMS): This system is used in monitoring energy 
and water use and efficiency. The BMS is installed in case study B to regulate the air-condi-
tioning and lighting system to prevent energy wastage.

4. Equipment specification

Electrical, lighting and mechanical equipment in buildings are usually specified based on 
design calculations by the mechanical and electrical engineer and also in compliance with 
standards, policies and regulations subsisting in the country in which the proposed infra-
structure/building project is located. Many buildings particularly old ones still make use 
of electrical, lighting and mechanical systems that are not energy efficient and eco-friendly. 
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South Africa’s electricity sector is regulated primarily by the National Energy Regulator of 
South Africa (NERSA), with the Department of Energy (DoE) as the custodian department. 
A number of standards and policies have been developed in South Africa to guide electrical 
equipment specification in buildings [4].

The key standards specified include the following:

SANS 10400-XA:2011 with SANS 204: These construction standards require that all new 
buildings and extensions to buildings are compliant with energy efficiency and energy use 
before receiving municipal approval.

SANS 941—Energy efficiency, energy performance and labelling of electrical and electronic 
apparatus: This standard covers energy efficiency requirements, measurement methods and 
appropriate labelling of energy efficiency electrical and electronic apparatus. This standard 
was published to ensure that at the time of purchase, buyers have all the relevant energy 
consumption information at their disposal. It also has implications for manufacturers and 
importers.

SANS 1544—Energy performance certificates for buildings: This standard specifies the 
methodology for calculating energy performance in existing buildings.

SANS 50010—Measurement and verification of energy savings: This standard was published 
in 2011 and specifies the methodology for calculating energy savings. This is a required tool for 
calculating savings for projects submitted on the 12L energy efficiency tax rebate programme.

VC9008—Compulsory specification for energy efficiency and labelling of electrical and 
electronic apparatus: This specification makes the SANS 941 a compulsory standard. It 
requires that a range of electrical and electronic apparatus adhere to certain minimum energy 
performance standards. It also requires that all appliances listed display the energy efficiency 
rating on the appliance.

Proposed smart metering standard—NRS 049 (advanced metering infrastructure): This 
specification will provide a standardised approach for municipalities and the electricity sup-
ply company of South Africa (Eskom) to follow. It will serve to describe the ‘smart systems’ 
which have been mandated for use by certain consumers in the Electricity Regulation Act.

The design team of case study B observed that lighting is the greatest energy consumer when 
compared to other building elements such as the air-conditioning system (as shown in Figure 
12). Lighting is a continuous load that consumes a lot of energy. The design team therefore pro-
posed a reduction of 94% in energy consumption in the case study B by  introducing  automatic 
lighting sensor systems an improvement on the requirements of SANS 204 of 2008, sub-meter-
ing systems and BMS.

The purpose of SANS 10400-XA:2011 with SANS 204 and SANS 941 is to ensure that build-
ings are more energy efficient, while SANS 1544, SANS 50010, VC9008 and NRS 049 is 
to ensure that energy consumption in buildings is effectively managed. Energy-efficient 
buildings translate into energy savings and less pressure on the public power supply and 
national grid, a reduction in power outages and rolling blackouts and ultimately the need 
for government to build new power stations, the attendant impact of power generation 
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plants (either nuclear or coal powered through carbon emissions) on the environment is 
also reduced. The selected buildings complied with the key standards that guide elec-
trical installation that aims at reducing energy consumption and conserving energy. For 
instance, case study A, B and C installed systems—wind turbines, regenerative lifts, geo-
thermal loop systems and smart systems, with specifications above the minimum required 
is shown in Figure 12.

Compliance with the standards outlined above will make it possible for buildings to attain tar-
geted reduction in energy consumption when compared to conventional buildings that were 

Figure 12. Energy consumption based on SANS 204 requirements vs. energy consumption in case study B.
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constructed before the South African National Standards (SANS), which specifies minimum 
requirements for energy efficiency in buildings. The selected buildings targeted significant 
reduction in energy consumption. While the project team for case study A targeted a 25% reduc-
tion in energy costs above conventional building standards, those of case study B and D tar-
geted 56% and 30% reduction in energy costs, respectively. Implementing and going above the 
minimum standards saw a substantial change in energy consumption in the selected buildings.

The key policies on energy efficiency include:

Energy White Paper of 1998: This paper requires energy policies to consider energy efficiency 
and energy conservation within the framework of the Integrated Resource Plan (IRP), in meeting 
energy service needs from both the supply and demand side. It identifies the need for demand 
side management and the development and promotion of energy efficiency in South Africa.

NEES 2005, (2008): This policy sets out a national energy efficiency target of at least 12% by 
2015. Sector targets range from 9% for transport, through to 15% for industry, commerce and 
the public sector.

Integrated Resource Plan (IRP) 2010: Specific targets for renewable energy and energy effi-
ciency are set out in the IRP 2010 policy. This policy’s revised balanced scenario provides an 
overview of the proposed new-build options including renewable options. The policy also 
outlines the energy savings expected from demand-side management programmes.

A key regulation includes:

The National Energy Act (Act 34 of 2008): This Act was legislated in support of economic 
growth and poverty alleviation in South Africa, by ensuring that diverse energy resources 
are available to the economy in sustainable quantities and at affordable prices. The Act is in 
pursuant of the development of the Integrated Energy Plan (IEP). It takes into account the 
interactions among economic sectors and environmental management requirements.

5. Power demand and energy consumption in buildings and its 
relationship to energy bills

Power rating of electrical appliances is usually measured in Watts (W) whilst the rated 
demand is measured in Kilo Watts (kW). The unit of electricity consumed is measured in Kilo 
Watts Hour (kWH).

Therefore, if the rated demand of an electrical appliance is known and the length of time for 
which it is used is also known, it is possible to calculate the cost of the energy supplied to the 
consumer in order to reduce expenses made on electricity. Table 1 shows the power demand 
and energy consumption of some domestic appliances.

Managing Energy Demand in Buildings through Appropriate Equipment Specification and Use
http://dx.doi.org/10.5772/66363

177



S/No Appliance Type Rating Rated demand 
in kW

Rated current in 
AMPS

No of hours for 
1 kWH

1 Lamp 40 W 0.04 0.2 25

2 60 W 0.06 0.25 17

3 100 W 0.10 0.4 10

4 Iron Small 750 W 0.75 0.75 1.3

5 Medium 850 W 0.85 3.6 1.3

6 Toaster Regular 1000 W 1.0 4.3 1

7 Kettle Small 2000 W 2.0 8.6 0.5

8 Medium 3500 W 3.5 11 0.3

9 Water heater 50 L 1200 W 1.2 5.2 0.8

10 100 L 2500 W 2.5 11 0.4

11 Cooker (four 
plate)

Regular 8000 W 8 34 0.12

12 Large 10,500 W 10.5 45 0.1

13 Single plate 
cooker

Portable 1800 W 1.8 7.7 0.6

14 Fan Table 0.08 HP 0.06 0.25 17

15 Ceiling 0.3 HP 0.22 0.9 4.5

16 Air-conditioner Small 1.5 HP 1.1 4.7 1

17 Medium 2 HP 1.5 5.6 0.7

18 Refrigerator Small 0.2 HP 0.15 0.6 7

19 Medium 0.25 HP 0.19 0.8 5

20 Large 0.3 HP 0.22 0.9 4.5

21 Transistor radio 5 W 0.005 0.02 200

22 Stereo system 100 W 0.1 0.4 10

23 TV (black & 
white)

200 W 0.2 0.9 5

24 TV (colour) 300 W 0.3 1.3 3

25 Vacuum cleaner Small 700 W 0.7 3.0 14

26 Medium 900 W 0.9 3.9 1

27 Water pump Small 745 W 0.745 3.2 1.3

28 Washing 
machine

Automatic 600 W 0.6 2.5 2

29 Ditto + heater Automatic 3000 W 3 13 0.3

Calculated from: Watts = Amps (current) × Voltage.
And 1 HP = 0.75 W.
Source: Windapo and Windapo [11].

Table 1. Power demand and energy consumption of some domestic appliances.
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6. Determination of equipment that aid energy efficiency in buildings

Using the power ratings marked on the electrical, mechanical and lighting equipment 
(made mandatory as labels by SANS 941 in South Africa), it is possible to determine the 
equipment that optimises energy efficiency in buildings. The energy consumption level of 
the equipment can be compared to that of other comparable equipment. This can form the 
basis of value management and bringing about the improvement of energy performance in 
existing buildings.

7. Conclusion

This chapter examines the common equipment used in electrical, mechanical and lighting 
systems in four contemporary commercial buildings (offices and hotels) in Cape Town that 
aids energy efficiency. It was observed that photovoltaic panels, three 3 kW wind turbines and 
regenerative lifts were used in case study A as sources of energy generation, while geothermal 
loops and occupancy sensors were used in energy conservation. In addition, it was found that 
case study B employed an efficient lighting and sub-metering systems; case study C made use 
of a sea water cooling system, displacement ventilation, occupancy sensors and a BMS system; 
while case study D made use of LED lighting system and an efficient air-conditioning system. 
The study determined that the equipment used in these contemporary buildings are compliant 
with key specifications and policies guiding energy efficiency in buildings in South Africa. The 
chapter also presents an overview of power demand and energy consumption in buildings and 
an insight into how this is determined for household appliances and its implication for value 
management and energy efficiency initiatives. It was also observed that owners of the case study 
buildings were able to obtain significant reduction in energy consumption and running costs 
as a result of the installation of the equipment outlined above. Based on these findings, it can 
be concluded that energy-efficient equipment, which reduces energy demand in buildings, are 
widely adopted within contemporary commercial buildings in South Africa, in compliance with 
key standards, policies and regulations promulgated in South Africa to guide electrical equip-
ment specification in buildings, with the main goal of achieving improved energy efficiency and 
reduction in energy consumed by buildings and by extension reduction in utility bills. This will 
provide significant savings for commercial buildings and private property owners.

Further studies that compares the energy demand of the equipment identified in this chapter 
to more conventional equipment is required. This will provide evidence to support the long-
term energy savings/sustainability initiatives proposed by the government and private sector, 
and to present a business case for the use of these equipment in buildings.
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Abstract

In the context of building design, as investment in the built-environment continues to 
grow, the requirement to deliver low-energy buildings will become ever more press-
ing as natural resources dwindle and consumer energy costs increase. Energy efficiency 
awareness and regulations continue to rise in the Gulf Cooperation Council (GCC) coun-
tries but the majority of building stock of which the larger share in energy consumption 
has not been designed for energy efficiency. The design and construction of buildings 
in hot humid climates require high-energy consumption typically for air conditioning 
due to higher thermal loads. Regionally, there is a rising concern on the current rate of 
energy consumption due to air conditioning. The global sustainability assessment sys-
tem (GSAS), a performance-based system raised the bar of efficient design by the devel-
opment of stringent energy passive design benchmarks on the thermal cooling need in 
buildings. This chapter introduces the simulation measures undertaken to reduce the 
cooling need using a ‘showcase’ house or the ‘near Zero Energy Home’ (nZEH), which is 
currently under construction. The chapter presents and discusses the Be Lean, Be Clean 
and Be Green strategies that used to reduce the cooling demand by more than 80% and 
the overall energy consumption by 75%.

Keywords: energy efficiency, zero energy home, renewables, solar cooling, climate 
change

1. Introduction

As the population continues to grow, there will be increased pressure and demand for energy 
resources. Considering the wider impacts of carbon emissions on our climate, effective energy 
efficiency solutions are  necessary in order to achieve the overall goal of reducing these 
emissions.

© 2017 The Author(s). Licensee InTech. 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.



Qatar and in particular the Gulf Cooperation Council (GCC) countries, in general, can be 
characterised by an extreme set of climatic conditions regarding the challenges under con-
sideration. These conditions relate, among others, to aspects identified in the literature [1–3]. 
Extreme climatic conditions impose a heavy reliance on cooling, mostly electricity-based, and 
thus a strong and structural dependency of a high-energy resource. Hourly outdoor dry tem-
perature variations during a year in Doha, Qatar are shown in Figure 1. The average of high-
est outdoor temperatures during a year is 37.03°C, however, high-temperature values that 
exceed 46°C could be observed in summer. As shown in Figure 2, the temperature exceeds 
40°C for more than 300 hours, which is anticipated to be doubled when considering Doha 
climate change, by 2025.

Figure 1. Outdoor dry bulb temperature variations.

Figure 2. Temperature range in Doha.

Energy Efficient Buildings182



Qatar and in particular the Gulf Cooperation Council (GCC) countries, in general, can be 
characterised by an extreme set of climatic conditions regarding the challenges under con-
sideration. These conditions relate, among others, to aspects identified in the literature [1–3]. 
Extreme climatic conditions impose a heavy reliance on cooling, mostly electricity-based, and 
thus a strong and structural dependency of a high-energy resource. Hourly outdoor dry tem-
perature variations during a year in Doha, Qatar are shown in Figure 1. The average of high-
est outdoor temperatures during a year is 37.03°C, however, high-temperature values that 
exceed 46°C could be observed in summer. As shown in Figure 2, the temperature exceeds 
40°C for more than 300 hours, which is anticipated to be doubled when considering Doha 
climate change, by 2025.

Figure 1. Outdoor dry bulb temperature variations.

Figure 2. Temperature range in Doha.

Energy Efficient Buildings182

The hourly outdoor air relative humidity (RH) variation is shown in Figure 3. The data show 
that the daily average RH is always greater than 40%, and the daily maximum RH often goes 
above 80%. Dehumidification by air-conditioning is required all year round.

Figure 4 shows solar radiation by different orientations. Annual cumulated solar radiation 
amounts from different orientations are different. The data show that the west and south 
walls of a building receive the most solar radiation, less than the roof with an annual average 
of 54%.

Many buildings in the GCC have been constructed following international models that are 
not fit for the particular conditions imposed by the local context. For instance, the design of 
modern high-rise buildings, with unfortunate high glazing to wall ratio, increased dramati-
cally the energy consumption due to high solar gains. In addition to insufficiently insulated 
building skins, a lack of passive design measures for energy consumption control such as 
glazing and shading features and an excessive proneness to overheating result in an excessive 

Figure 3. Relative humidity.

Figure 4. Global solar radiation per month in all orientations (kWh/m2).
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reliance on active indoor climate control. Air conditioning counts for more than 60% of the 
electricity consumption in the GCC countries [4]. Moreover, this lack of responsiveness to the 
local climatic conditions also leads to problems of indoor air quality, user comfort and user 
productivity.

With energy being cheaply available, the incentive for building users to save on their energy 
consumption is weak. This is moreover the case for three major contributing factors at 
the same time: building skins, HVAC installations and user behaviour. As a consequence, 
extremely high-energy consumption and greenhouse gas emission figures. According to the 
IEA records, Qatar has both the highest CO2 emissions and energy consumption per capita in 
the world [3].

In Qatar and the GCC, not only the total annual energy consumption in buildings is very 
high, but peak demands for electricity also put a heavy burden on the infrastructures needed 
to respond to such demand pattern. In this context, building energy efficiency strategies can 
help to realise peak shaving by load reduction and load shifting.

As stated earlier, rapid population growth increases the stress on the energy infrastructure 
system, and is particularly related to the peak load and installed capacity problem.

Thermal regulation of the indoor spaces can be accomplished by simple passive design 
methods to utilise the natural sources of energy, such as the sun and the wind to provide 
domestic hot water (DHW), cooling, ventilation and lighting and to contribute to respon-
sible energy use. During recent years, building construction continued to bloom in the Gulf 
region. However, the hot and humid climate of the region makes homes demand large quan-
tity of energy for air-conditioning to achieve an acceple thermal comfort level. On a yearly 
basis, the cooling load dominates the building thermal load, while the heating load can be 
negligible for the energy use estimation in buildings. The weather in Qatar is moderate only 
during 3 months, while in most of the other months, it is warm/hot or even very hot and 
humid [1].

The concentration of carbon dioxide and other greenhouse gases in our atmosphere is now 
recognised as the driver of global warming and climate change. The Intergovernmental Panel 
on Climate Change (IPCC) advised that cut of 25–40% by 2020 would be necessary, compared 
to a 1990 baseline, to limit the global atmospheric average temperature rise to 2°C. Despite 
these publications, global emissions have increased to 40% above the 1990 baseline by 2009 
and the concentration of atmospheric CO2 is now believed to be at its highest for at least 
800,000 years [5].

Energy benchmarks were introduced for several new building types in Qatar by the Global 
Sustainability Assessment System (GSAS) [6], as given in Figure 5.

The worldwide drive towards curtailing carbon emissions and improving the sustainability 
of our social, economic and cultural networks is now well underway. Considering that cool-
ing in buildings accounts for two-thirds of all energy consumption in buildings, the use of 
passive design to limit the need for cooling, and thus the electrical consumption associated 
with cooling, is likely to lead to a significant overall reduction in carbon emissions.
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There has been a very little work available about the design of zero energy home in hot/
tropical regions [7, 8]. The literature lacks in providing similar examples from the MENA 
region and hot arid climates. Sustainability venture presents obstacles and it appears to be 
challenging, especially to find data on several countries [9]. Therefore, this chapter is com-
ing to bridge the gap through a comprehensive study of dynamic design. Simulation studies 
and analysis, calculations and a real demonstrative building are developed. In particular, 
the near zero energy home (nZEH) project will try to focus on efficient design solutions for 
residential buildings as well as the design considering the influence of the local climate, the 
endogenous energy resources and the local economic conditions. Emphasis will be given to 
the bioclimatic design of the house and the renewable energies utilisation in order to achieve 
objective towards nZEH.

2. Background

Conventionally, the main energy generation methods are by the combustion of fossil fuels 
which are limited resources on the Earth. Excessive burning of fossil fuels also intensifies 
the global greenhouse gas content, which accelerates the global warming effect. As a result, 
a novel building-design concept namely, net or near net zero energy building (NZEB) has 
emerged, which aims to reduce the energy demands of buildings from fossil fuels resources 
and to magnify the utilisation of renewable energy in buildings.

Figure 5. Energy consumption baseline for different new build in Qatar (kWh/m2/year) [6].
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In general, NZEB is defined as a building with zero net energy consumption, which means 
that the total amount of energy consumed by the building is roughly equal to the amount 
of renewable energy generated on the building site on a year-round basis [10, 11]. More 
definitions of NZEB based on different evaluation principles and across different coun-
tries were presented [12]. A strategic goal of the building technologies program of the US 
Department (DOE) is to accomplish ‘marketable zero energy homes in 2020 and commer-
cial zero energy buildings in 2025’ [13]. In Europe, in the recast of the EU Directive on 
energy performance of building (EPBD), it was specified that all new buildings shall be 
‘nearly zero energy building’ by the end of 2020 [14]. Furthermore, since October 2008, a panel 
of experts from International Energy Agency (IEA) has initiated a project entitled ‘Towards Net 
Zero Energy Solar Buildings’ [15] which was intended to analyse exemplary buildings that were 
near a zero-energy balance in order to develop methods and tools for the planning, design and opera-
tion of such buildings.

More efforts should be put on the research of near zero energy home (nZEH) in hot climate 
geographical location, especially in the Gulf region as it is lacking comprehensive research in 
near zero energy buildings.

Unfortunately, the lack of a common approach for this new type of buildings results in misun-
derstandings, endless discussions and different solutions per project [16]. Recent studies note 
that; despite the exciting phrase of ‘zero energy’, near zero energy building definition often 
lacks a clear and widely accepted explanation of what this term actually means. Researchers 
indicate that the definition of zero energy buildings concept can be constructed in several 
ways, depending on the project goals, intentions of the sponsors, concern about the climate 
changes and greenhouse gas emissions and finally, the energy costs [11, 17]. Smart technolo-
gies, efficient structure design and innovative materials should follow a robust legislation con-
tributing to healthier and more efficient living.

Improving the energy efficiency measures has taken the attention of researchers in hot, humid 
climate in the Gulf region. Experimental and theoretical studies were conducted recently to 
improve building fabric efficiency and promote enhanced indoor air quality in hot, humid 
climates [18–20]. Energy and carbon framework model has been developed and implemented 
in the Gulf region [1], as shown in Figure 6. Passive design of high-rise buildings attracted 
researchers from different parts of the world [21–25].

Figure 6. Proposed energy and carbon model structure [1].
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In China, passive design zones for different climates in18 cities representing the 5 major cli-
mate types were developed. A bioclimatic approach was adopted in which the comfort zone 
and 12 monthly climatic lines were determined and plotted on the psychrometric chart for 
each city. The potential use of nine passive design strategies was assessed and passive design 
strategy zones were identified [26].

Another study presented an integrated approach to explore how energy consumption 
could be minimised in residential buildings by optimising seven passive design measures 
for 25 representative cities. The study showed that, with optimisation, the passive design 
could reduce annual thermal load of building considerably and could replace air-condition 
systems in winter for the areas with high solar radiation [27]. Within a system transition, 
for nZEH, a complex interplay between technical and non-technical challenges emerges. 
Consequently, a holistic approach is fundamental for success when it comes to practical 
implementation.

Technical challenges concern the best trade-off between available passive design solutions, 
the development of new concepts, the integration with technical installations and energy and 
mobility systems at different scale levels (building, neighbourhood, region or state), and the 
interplay with indoor environmental requirements (air quality, thermal comfort, health and 
productivity). Relying more on passive design measures and reducing the share of active 
climate control is another technical challenge, which however also has a strong cultural com-
ponent. Financial aspects may be considered as another set of technical parameters. Life cycle 
cost or net present value will be important aspects to consider, both for selecting the economi-
cally most promising options and for providing decisive arguments to the potential investor. 
The identification of feasible business models is crucial for any development to become suc-
cessful in reality.

Non-technical challenges concern, for example, supporting energy efficiency uptake by policy 
measures such as regulation or subsidising, training building sector actors to assimilate new 
techniques and passive design concepts, and educating the public at large about the benefits 
of energy efficiency and building renovation.

Socio-cultural aspects are another important, non-technical matter of concern. As nZEH, in 
particular in the residential sector, intervenes deep into the life of citizens, it shall be sensible 
to this two-sided challenge. Reconnecting with the environmental wisdom and cultural roots 
of traditional architecture may deliver unique concepts in the Qatari or the GCC context. We 
can see that this tendency is emerging in new architecture (such as the Burj Doha tower, the 
Msheireb and Lusail developments in Doha or the Al Bahar Towers in Abu Dhabi).

Researchers in the Gulf region [1, 4, 6] developed an energy hierarchy and integrated multi-
level approach that connects sustainable developments from the national level to the project 
level to reduce the carbon emissions in Qatar, see Figure 7. The implementation of the strat-
egy in a city in Qatar forecasted more than 30% reduction in CO2 emissions compared to the 
existing standards, see Figure 8.

Previous research [28] showed that the average annual solar radiation falling on the Arabian 
Peninsula was about 2200 kWh/m2. Other researchers [29] also concluded that Saudi Arabia, a 
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country located in the Gulf region and adjacent to Qatar has great natural potential for solar 
power generation and economic incentives to develop renewable energy to meet domestic 
electricity demand. Both studies further consolidate the fact that solar energy is abundant in 
Qatar and the Gulf region. This implies that under proper design, the energy generated from 
solar energy is possible to cover part to full demand in a residential unit.

Figure 7. Passive climate design measures have always been a fundamental asset of traditional architecture.

Figure 8. Forecast impact of GSAS standard on CO2 emissions from new cities in Qatar by 2020 [1].
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An experiment of passive-house with dynamic insulation was performed in the Gulf region 
[4, 18, 19]. The experiment results revealed that dynamic insulation could reduce 17% of cool-
ing energy demand as compared with a static insulation. The findings are adequately encour-
aging to continue the research and development activities of dynamic insulation technologies, 
which can be applied into the nZEH.

Apart from the dynamic facade, a novel titled solar liquid desiccant regeneration system, 
which potentially reduces the cooling demand of an indoor space, was also studied [30, 31]. 
The study provides a good reference for such system to be employed in the nZEH. Simulation 
studies on the performance of solar absorption cooling system in another country in the Gulf 
region (UAE) were performed [32]. The simulation results showed that the solar absorp-
tion cooling system was operated at optimum COP and the chilling capacity was sufficient 
throughout the year except June–September. The insufficient cooling capacity over the June–
September period could be improved by increasing the gross area of the solar collectors. 
Therefore, solar absorption cooling system may also be a desirable option to be utilised in the 
nZEH. Detailed literature reviews and descriptions of the evaluation methods for net zero 
energy building can also be found [33].

In the current state of affairs indeed, buildings are more and more becoming smart entities 
operating in smart networks, in particular when it comes to renewable energy provision and 
the deployment of smart grid infrastructures. Buildings hereby become an agent in the energy 
infrastructure, consuming, producing or buffering different forms of energy in order to arrive 
at optimal functioning both at the building level and the district level. Accommodation of 
intermittent renewable energy production, smart control algorithms, demand side manage-
ment and buffer capacity are some of the main pillars of this new energy paradigm. A good 
example for the Qatari context would be the deployment of fourth generation smart cooling 
grids based on renewables like the Sun or geothermal energy, in combination with adiabatic 
cooling conversion.

It is important to note that recent experiences in the GCC indicate that in a smart and renew-
able energy infrastructure paradigm, energy efficiency turns out to be a critical factor for the 
feasibility of the former [34]. Energy demands and peak loads tend to be so high that, in order 
to fulfil all demands with renewable sources, energy efficiency remains paramount. Unlike 
the NZEB approach of temperate climates, extra energy consumption for indoor space cool-
ing is expected for the nZEH in the Gulf region.

3. The nZEH description and energy hierarchy

To this end, the aim is to present an exceptional prototype building that may support the 
future building sector towards nearly zero energy solutions. The proposed home design con-
cept will be a progression form of passive and bioclimatic sustainable design. A performance 
measure for the nZEH will be implemented during the design process and a real-time per-
formance indicator will be derived. The operation process after the completion of the con-
struction will be measured and monitored using a smart metering solution. This dynamic 

Towards Near Zero Energy Home
http://dx.doi.org/10.5772/66224

189



measurement can be integrated on seasonal or yearly basis to show the overall performance. 
The eco-house will be a landmark project that will reinforce Qatar’s reputation as a leading 
advocacy of sustainable development and will drive in a new generation of nZEH building 
in the region. This house will offer a genuinely sustainable, smart and healthy living environ-
ment for residents. A number of methodologies will be carried out through this 5-year project 
duration in order to achieve the aim of the nZEH.

Public and private sector of Qatar already have started the implementation of strategies 
towards minimising the carbon footprint of the building sector and improving the quality 
of life. GSAS, a performance-based sustainability rating system, is developed by the Gulf 
Organisation for Research and Development [35]. GSAS is studying the local situation in the 
Gulf region, the weather, the local standards and practices and many more, leading to the 
formulation of value statements and will help the project throughout the whole design and 
construction process to include the most efficient strategies and techniques [36]. GSAS lim-
ited the maximum annual cooling demand for new-build housing compliance in Qatar to 125 
kWh/m2 however, conventional designs exceed 250 kWh/m2. The project will develop a com-
prehensive design and market search in this direction, which will lead in a financially accept-
able, feasible and totally successful project. Figure 9 shows that the architectural language 
reflected in the villa designed to award a modern interpretation of the timeless traditional 
Qatari architecture, reflecting the culture and heritage of Qatar.

The nZEH, a detached family home, was designed in the hot-humid climate in Qatar as a 
‘showcase’ study using the following strategies: Be Lean; Be Clean and Be Green as shown in 
Figure 10.

3.1. Be Lean strategy: reduce energy need

The envelope has an impact on cooling load and day lighting considerations. It was modelled 
as a climate modifier rather than solely a means of excluding external climatic conditions. 
It consists of structural materials and finishes that make up the exterior of the building and 
separate the inside from the outside. The envelope will have the ability to minimise solar heat 
gain and avoid overheating, also to use window shading and thermal mass to attenuate heat 

Figure 9. The eco home perspective.
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gain; to allow optimum levels of natural ventilation and day-lighting. It is worth noting that 
higher humidity ratios and dust are the main barrier of using natural ventilation, hence it is 
essential to use mechanical or a hybrid ventilation system in several cities within the Gulf 
region. A novel façade design approach has been modelled and will be implemented in the 
nZEH. It will have a compact design to reduce the influence of the external environment and 
may also benefit by need of less space for the distribution of horizontal and vertical services, 
particularly for air ductwork. Assemblies of air permeable adaptive insulation cells will be fit-
ted internally over the available wall area and sealed in place using an independent, self-sup-
porting gypsum board lining system that contain and protect the cells. As the name suggests, 
adaptive insulation permits the flow of air through the cells to facilitate the recovery of build-
ing fabric heat or, as in the present case, cool loss to ventilation air. Dynamic insulation uses 
the fabric as a heat exchanger. It either captures the heat loss from the envelope via the venti-
lation air in cold climates or rejecting the heat gain via the exhaust air in hot climates. Under 
steady state conditions, the heat loss through a conventional ‘static’ wall is the same entering 
as leaving the wall, its magnitude determined by the resistance to heat flow of the materials 
used to build the wall. By contrast, the parietodynamic wall in Figure 11a shows cold outdoor 
air being drawn in through the void created by the insulation layer and pre-heated by fabric 
heat loss, recovering part of that heat loss to the building as tempered air. Use of the wall to 
exhaust chilled indoor air provides an effective means of rejecting wall heat gain in the hot 
climate, to deliver precisely the same reduction in wall U-value as a function of airflow rate.

Researchers [37, 38] reported the results from the first field trial of dynamic insulation in Abu 
Dhabi. They also investigated the use of dynamic insulation in a building facade for local 
zonal insulation and ventilation [38].

Figure 10. The nZEH strategies used in the nZEH showcase.
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The height-averaged dynamic R-value of a dynamic wall or building façade can be estimated 
using the following steady-state expression [39]:

  R  d   =   1 ___  U  d  
   =   

( T  i   −  T  o   ) × N  R  o    ______________  
  (  M −  T  o   )   ( e   −N  + N − 1 )

   

where

 M =     
 R  o    T  i   +  R  i    T  o   ________  R  o   +  R  i  

   

 N =     
 R  o   +  R  i   ____________  Rh  o  a    C  a    V  u    R  i    R  o  

   

Ti and To are indoor and outdoor temperatures, Ro and Ri are the aggregated thermal resis-
tances (R-values) between the void space and the cladding to ambient and indoor interfaces 
respectively, Rhoa the air density, Ca the specific heat capacity of air and Vu the volume flow 
rate of air per unit width of wall. Equation ignores radiation, convection, thermal inertia and 
secondary void space effects.

A study for a dynamically insulated villa showed that the dynamic U-value is 0.125 kWh/m2K 
while the static is 0.24 kWh/m2K based on the conditions shown in Figure 12 [40].

3.2. Be Clean strategy: reduce energy consumption

The use of efficient systems and effective means of control is vital to reduce the energy con-
sumption. A study showed that the energy saving of a building heating system by adopting 
model predictive control (MPC) could reach the range of 15–28% [41]. At times when ventilation 

Figure 11. Solid wall system using 50 mm eps sheet (a) Sectional schematic. (b) Air and surface temperatures.
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and daylight cannot alone meet the needs of occupants, the building services should meet the 
remaining demands as simply and effectively as practicable, in harmony with the occupants and 
the building as a whole. An essential part of the integrated design is to ensure that the energy 
supply and monitoring strategy is as coherent and environmentally sustainable as possible.

Figure 13 shows about 83% of the ambient weather conditions are not in the comfort zone, 
therefore, the following strategies are used to design a high efficient cost-effective system.

The innovative efficient system design includes:

– Variable frequency drive, two-stage indirect evaporative air conditioner coupled with liquid 
desiccant dehumidifier and the energy recovery system

– Low-grade heat driven 17.6 kW absorption chiller (input temperature range of 75–85°C), 
coupled with 35.2 kW variable refrigerant flow (VRF).

– Controls play the vital role for the sequence and operation of the system especially when 
coupled with the dynamic façade and the HVAC system as stated above.

3.3. Be Green strategy: renewables

There have been numbers of high-energy efficiency system installations coupled with the 
building to potentially generate and store useful energy from renewable energy sources for the 
occupants. The 17.6 kW ‘All in One’ absorption chiller is fully driven by renewables. The solar 
absorption chiller is fully integrated with a hybrid cooler and a thermal store. Flat plate solar col-
lectors, 50 m2, are used to charge the thermal store (75–85°C) in addition to 4 kWp photovoltaic 
for lighting auxiliaries and small power. The nZEH includes smart meters and sub-metering to 
ensure that future building performance can be continually monitored by the building operator.

The preliminary data that provide a draft description of the nZEH are presented in Table 1.

Figure 12. Dynamic U-values (W/m2K) [40].
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Figure 13. Extreme weather conditions of Doha city.

Gross area (m2) 733 m2

Number of bedrooms/occupants 7 persons

Space cooling design VRF (35.2 kW), solar absorption chiller (17.6 kW)

Water heating design Solar water heating, 50 m2

Renewable energy PV panels, 4 kWp

Lighting features LED, 4.5 W/m2

Ventilation Controlled demand, maximum 400 L/s

Building Envelope 
Characteristics

Roof U-values: 0.1 [W/(m2k)]

Walls U-values: 0.24 static, 0.07 dynamic [W/(m2k)]

Windows U-values: 1.3 [W/(m2k)], SC = 0.25, external shading

Other Features Socio-cultural, energy monitoring and control

GSAS rating target 6 stars

Table 1. Home specifications.
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4. Results and discussion

All year round energy performance of the nZEH can be estimated by integrating the compo-
nent modules of the associated system with the architectural design of the nZEH in the simu-
lation platform. The design parameters’ values of the associated systems and of the residential 
unit, as well as the control strategies which result in an energy balance of energy generation 
and energy consumption throughout a year, can also be obtained via the simulation exercises.

Figure 14 summarises the strategies undertaken to reduce the building’s cooling need. The 
baseline is based on ASHRAE 90.1 and 90.2 (2010) and current local authority’s regulations. 
Implementing conventional materials to the proposed design, the annual cooling need is 
about 180 MWh (246 kWh/m2). This figure is in agreement with the literature (250 kWh/m2). 
Applying the dynamic façade strategy will reduce the cooling need by 6.9%. Solar radiation is 
very critical, optimising the window to wall ratio, orientation, providing proper shading and 
the use of high-performance glazing can reduce the cooling need by 20%. The super-efficient 
design can reduce the cooling need by almost 50%. Figures 15 and 16 compare the baseline 
and super-efficient hourly and monthly cooling demand. The passive measures reduced the 
peak dramatically and the loads are almost flattened.

Further to the passive design, efficient cooling systems and proper controls can be applied 
to reduce the need for electricity. As shown above, the passive measures reduced the cool-
ing need by almost 50%. The most used air conditioning system for single residential homes 
in Qatar and the GCC countries is the split direct expansion unit with a typical coefficient 

Figure 14. Annual total cooling need (cooling coil) MWh.
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of  performance (COP) of 2. Moving to more efficient systems such as package systems or 
variable refrigerant flow will result in higher COP and hence reduce further the electrical 
demand. As shown in Figure 17, the use of VRF reduced the electrical need by 12%. It is antici-
pated that the energy performance of the nZEH can be further improved by the advance-
ment of the control system. Model predictive control (MPC) with weather prediction is a 
high potential option to be applied in the continuation study. In the nZEH, indirect-direct 

Figure 15. Hourly cooling loads (kW).

Figure 16. Monthly cooling demand (MWh).
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 evaporative  cooling coupled with a desiccant system (DEC_EVAP) will be used to cool the 
house during certain periods. Also, it will be used to dehumidify the air when the humidity is 
high. Coupling such system will reduce the cooling loads by further 15% without compromis-
ing the thermal comfort. Such savings could be much higher if a new comfort zone is defined.

As shown in Figure 18, the use of low-grade heat 5TR (17.6 kW) solar absorption chiller (SAC) 
driven by 50 m2 of solar water heater will reduce the cooling load by 8.5%. The integration of 
SAC with the domestic hot water demand will also reduce the needs of electricity to produce 
hot water, see Figure 19. Initially, the use of water efficiency measure (low flow fixtures) 
reduced water demand by more than 60%. As shown in Figure 19, the DHW is fully driven 
by the solar system.

Further for a clean strategy, renewable energy systems have to be applied in order to generate 
the remaining energy.

As shown in Figures 20 and 21, the use of 4 kWp to drive the auxiliaries and other small power 
is feasible. This will contribute an additional 3% reduction in annual energy consumption and 
an overall reduction of 75% compared to the baseline. Consequently, the house can be consid-
ered as near zero energy home (nZEH).

On the other hand, offsetting the 25% by renewables is not realistic and needs a lot of consid-
erations. The house requires an extra 25 kW from renewables in order to achieve the net zero 
energy building, NZEB. In such case, the use of photovoltaic panels will require more than 
200 m2 of land or roof area which is not feasible.

Figure 17. Annual cooling load (electrical) kWh.
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Figure 19. Total annual energy consumption by type using different strategies (kWh).

Figure 18. Annual cooling load (electrical) kWh.
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Figure 19. Total annual energy consumption by type using different strategies (kWh).

Figure 18. Annual cooling load (electrical) kWh.
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Figure 20. Total annual energy consumption by type using different strategies with renewables (kWh).

Figure 21. Total annual energy consumption with renewables (kWh).
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5. Conclusion

This chapter presented the drivers, challenges and innovative technologies used to design 
the ‘showcase’ or the near zero energy home (nZEH) in Qatar (hot-humid climate). Several 
energy reduction strategies, using a defined energy hierarchy, are presented. The Be Lean 
or passive design measures are implemented comprehensively to reduce the needs for cool-
ing. This is not limited to using high-performance multi-functional insulated façade, high 
performance glazing with extensive shading, the provision of day-lighting and energy effi-
cient lighting without compromising the indoor environmental quality, in order to reduce 
the thermal loads. These measures contributed in reducing the cooling needs by 48%. The Be 
Clean strategies incorporated ‘all-in-one’ efficient cooling technologies that integrated desic-
cant cooling, integrated with indirect-direct evaporative cooling, absorption cooling and VRF 
system. The 5TR solar driven (50 m2 solar collectors) absorption chiller is used to offset the 
cooling loads and the photovoltaic (4 kWp) is used to run auxiliaries and small power. The 
overall energy reduction is found to be 75%. In order to have a net zero energy building, it 
is necessary to upgrade the photovoltaic to 25 kWp, which means more than 200 m2 of area 
is required which is not feasible. Although the nZEH is in the initial construction stage, it is 
anticipated that some minor changes into the design may occur. The monitoring results will 
be reported to the industry and community which will provide the pathway to the net zero 
energy building.
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