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ABSTRACT 

 

 

PERFORMANCE BASED FA¢ADES: RETROFIT STRATEGIES FOR 

ENERGY EFFICIENCY AND COMFORT IN EXISTING OFFICE 

BUILDINGS  

 

Negin Jahed 

M.Arch., Architecture, Department of Architecture 

Supervisor: Assist. Prof. Dr. Ķpek G¿rsel Dino 

January, 2018, 242 pages 

 

The building industry is faced with a vast stock of existing buildings that are not 

sustainable and suffer from poor conditions in terms of physical problems. Energy 

retrofitting of existing buildings is considered as a rational strategy to minimize 

buildingsô environmental impact in the long term. Standard building retrofits focus on 

prescriptive measures to comply with energy standards rather than occupant 

requirements. In contrast, the proposed performance-based retrofit approach focuses, 

primarily on indoor comfort to leverage the non-energy benefits of retrofit besides the 

strategies to improve the energy performance of the building. Specifically, in the case 

of office buildings, most of the energy saving options and required high levels of indoor 

comfort are in conflict with each other and need to be balanced. This study argues the 

current approaches to the fa­ade retrofit decisions in the case of existing office 

buildings in mixed-dry climates by incorporating both values of energy efficiency and 

indoor comfort issues considering different office spatial organizations. The main 

contribution is presenting the state-of-the-art in building energy retrofit and proposing 

a performance-based fa­ade retrofit framework, which can be used by stakeholders and 

end users throughout the initial stages of a retrofit process. It can also form the basis of 

decision support tools that can be developed in the future.    

Keywords: Energy retrofit, Existing office buildings, Fa­ade retrofit, Spatial comfort. 

 



 

ii 
 

¥Z 

 

PERFORMANSLI TEMEL CEPHELER : MEVCUT OFIS  BĶNALARINDA 

ENERJĶ VERĶMLĶLĶĴĶNĶ VE KONFORUNU GELĶķTĶRME 

STRATEJĶLERĶ 

  

Negin Jahed 

Y¿ksek Lisans, Mimarlēk, Mimarlēk Bºl¿m¿ 

Tez Yºneticisi: Assist. Prof. Dr. Ķpek G¿rsel Dino 

Ocak 2018, 242 sayfa 

 

 

Mevcut binalarēn enerji yenilenmesi, binalarēn uzun vadedeki ­evresel etkilerini 

d¿ĸ¿rmek i­in mantēksal bir strateji olarak d¿ĸ¿n¿l¿r. Standart bina yenilemeleri, yolcu 

gereksinimlerinden ziyade enerji standartlarēna uymak i­in ºnleyici tedbirlere 

odaklanēr. Buna karĸēlēk, ºnerilen performansa dayalē yeniden kurulum yaklaĸēmē, 

binanēn enerji performansēnē iyileĸtirme stratejilerinin yanēsēra yenilemenin enerji dēĸē 

yararlarēndan faydalanmak i­in ºncelikle i­ mekan konforuna odaklanmaktadēr. 

¥zellikle, ofis binalarē sºz konusu olduĵunda, enerji tasarrufu se­enekleri ve istenen 

y¿ksek i­ mekan konforu dengelenmesi gerekir. Bu ­alēĸma, karmaĸēk iklim 

koĸullarēndaki mevcut ofis binalarēn cephe yenileme kararlarēna iliĸkin mevcut 

yaklaĸēmlarē ve farklē ofis mekansal organizasyonlarēnē dikkate alarak her iki enerji 

verimliliĵi ve i­ mekan konforu deĵerlerini de dahil ederek tartēĸmaktadēr. En b¿y¿k 

katkē, enerji yenilemesinin inĸasēnda ve yenileme s¿recinin ilk aĸamalarēnda paydaĸlar 

ve son kullanēcēlar tarafēndan kullanēlabilen performansa dayalē bir cephe yenileme 

­er­evesi ºnermektedir. Ayrēca gelecekte geliĸtirilebilecek karar destek ara­larēnēn 

temelini oluĸturabilir. 

Anahtar Kelimeler: Enerji yenilenmesi, Mevcut ofis binalarē, Cephe yenileme, 

Konumsal konfor. 
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CHAPTER 1 

 

INTRODUCTION  

 

ñThe only way forward, if we are going to improve the quality of the environment, is 

to get everybody involved.ò ~ Richard Rogers 

 

 

1.1. Background: Reasons for Concern 

Over the last 150 years, human activities have led to an alarming level of greenhouse 

gas emissions in the atmosphere and consequently global warming (IPCC, 2007). 

Climate change, or the drastic shifts in the existing climate patterns results in severe 

weather conditions, arctic ice melts, rising sea levels, and deforestation, which in return 

threaten agriculture, health, water supply, infrastructure, and more. According to 

Wagner et al (2016), population growth and energy use per person will point to a 2C 

rise by 2030. The climate risk analysis presented in Figure 1.1, illustrates that an 

increase of 1 ÁC in the 21th century means serious climatic changes all around the 

world. The 2ÁC level in the global climate temperature is considered by scientists as a 

tipping point and crossing this point is equal to catastrophic results. 
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Figure 1.1. Climate risk analysis (The IPCC-AR5, 2013). 

 

 

 

 

 

Figure 1.2. Color-changing lake within only three months, Lake Urmia, Iran (NASA: Images 

of change, 2016). 
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Is it too late to prevent climate change? 

In this situation, even if greenhouse gas emissions are completely halted today, the 

global warming trend would continue for at least several more decades. This is because 

of the high greenhouse gas concentration in the atmosphere as a result of centuries of 

industrialization and urbanization. Carbon dioxide, as the predominant heat-trapping 

gas, remains in the atmosphere for almost hundreds of years. In the lack of major action 

to reduce emissions, global temperature is on track to rise by an average of 6 ÁC (The 

IPCC-AR5, 2013). Some scientists argue a ñglobal disasterò is already unfolding at the 

poles of the planet. The Arctic, for example, may be ice-free in summers within just a 

few decades. However, it may not be too late to limit some of the worst effects of 

climate change. NASA (2016) indicates two approaches in responding to climate 

change: 1) mitigation, which is reducing the greenhouse gases emissions; and 2) 

adaptation, which is learning to live with, and adapt to, the climate change. However, 

if we wait until we feel the amount or impact of global warming has reached an 

intolerable level, we will  not be able to hold the line at that point and some further 

warming will be unavoidable.  

Turkey Situation 

In a joined report conducted by Germanwatch and the Climate Action Network (CAN) 

during the U.N. climate summit in Lima, the worldôs 58 highest CO2 emitter countries 

are listed. These 58 countries together are producing almost 90% of all greenhouse gas 

emissions. The report ranks each country based on their level of efforts in dealing with 

the problem. In the last version of this report (CCPI, 2017), as seen in Figure 3, in 2016 

Turkey with a rank of 51st, which is around the bottom of the list is labeled in the group 

of very poor performers in terms of energy efficiency and climate policy (Burck, 

Marten, and Bals, 2017).  
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Figure 1.3. GHG emissions per capita for 1990-2014 (Turkish Statistical Institute, 2016). 

 

 

 

According to Turkish Statistical Institute (2016), the largest portion of the Turkeyôs 

GHG emissions in 2014 was attributed to the energy sector with around 72.5% of the 

overall GHG emissions. The following sectors were industrial processes and the 

agricultural activities with respectively 13.4% and 10.6%. Figure 4 illustrates the total 

GHG emissions since 1990 till 2014, which shows a growth near 125% between these 

years.  

What are our responsibilities, as architects or engineers? 

Regarding the complex nature of the global climate change, this problem relates to the 

economic, social, and political areas. Furthermore, the solution should embrace in both 

scales of globally-coordinated and local efforts. Globally-coordinated level comprises 

the international policies between countries, which stimulate the governments, for 

example, to mitigate their CO2 emissions and adopting clean energy strategies. In the 

local scale, efforts are focused on the urban and regional level, such as improvements 

in transportation, energy efficient construction, sustainable urban planning, etc. 
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(NASA, 2016). These two scales are elaborated by environmentalists into three 

strategies of reduce, reuse, and recycle, which are known as three Rs of 

environmentalism. Researchers call these three Rs, as incremental tweaks that in the 

case of construction industry, can be implemented in variety forms. The fourth R is 

added by Bergman (2012, p.12), called rethink. He defines this category as ñtaking a 

step backò or trying to ask ourselves, what we are aiming to accomplish. By rethinking 

some already cherished assumptions in architectural design and the building industry, 

new concepts can emerge that can support energy performance and comfort 

improvements. Amongst the responsibilities of architects, (i.e. professionally, artistic, 

financial obligations), taking action against climate change accounts as an ethical 

responsibility towards the public in a rather larger scale. 

Why the building industry ? 

Based on the previously-mentioned issues, it is clear that there is a strong relationship 

between climate change and energy consumption in the fields of industry, 

transportation, agriculture, etc. However, the role of the building industry in this global 

climate crisis is greater than expected (Bergman, 2012, p.15). In order to reduce GHG 

emissions, the share of built environment in this crisis needs to be clarified. Buildings 

are responsible for almost 33% of global energy-related CO2 emissions. More than 60% 

of the worldôs electricity is consumed in residential and commercial buildings (IEA 

2008a). Buildingsô indirect and embodied energy usage is also substantial, which is not 

comprehensively addressed in global statistics. Buildings and their poor performance 

are human-made, and their need for energy conservation strategies is more critical 

(Bergman, 2012). The considerable share of building sector in total energy 

consumption of the world, besides the fact that modern human beings spend more than 

90% of their time in indoor environments, leads to an increased awareness of buildings 

performance (Leech et.al, 2002). 

 Commercial buildings, globally, are among the primary energy consumers. Between 

2010 and 2050, global heating and cooling needs are expected to increase by 84% in 
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commercial buildings and by 79% in residential buildings (¦rge-Vorsatz et al., 2015). 

Additionally, studies have shown that commercial buildings carries a great energy 

saving potential. Among the commercial sector subdivisions, office buildings have the 

highest energy consumption rates, which is elaborated in Section 2.1. The major energy 

end-use in office buildings attributes to the energy demands for lighting and space 

heating / cooling loads (IEA, 2012). Furthermore, these loads represent the largest 

potential to be minimized, especially, for the countries like Turkey that a portion of 

heating and cooling relies on fossil fuels. In the case of Turkey, the commercial sector 

have an energy saving potential of almost 30% in electricity loads and around 20% in 

fossil fuel usages (ECSSD and ECA, 2011).  

 

1.2. Motivation : Existing Past and Demanding Future 

There is no denying to the fact that sustainability accounts as the central issue of new 

construction practices, however, the growing interest towards sustainable high-

performance buildings and new construction are insufficient in solving the problem. 

Because of several reasons, new buildings are only a part of the solution. Firstly, in 

comparison to the existing buildings, they constitute only a small percentage of the 

building stock and are not enough to achieve the sustainability and energy-efficiency 

goals. Secondly, new constructions require extra land, energy, materials, and financial 

resources, thus, demolition of aging buildings means the demolition of all these indirect 

energy sources that are embodied in the existing building. Thereupon, efforts need to 

be focused on reducing the need for new constructions and, instead, improving their 

use, or applying retrofit actions should be at the first plan of attentions (Poel et al, 

2007).  

The building industry is faced with a vast stock of existing buildings that are not 

sustainable (Jagarajan, Abdullah @ Mohd Asmoni, YM Lee, and Jaafar, 2015). Since, 

the existing building stock is, mainly, the result of the construction practices under low 

energy regulations, thus, majority of them have poor condition in terms of physical 
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problems. The situation is even worse for buildings built before 1970s, when the 

thermal insulation standards became mandatory (Poel et al, 2007). Because of their 

poor condition, the existing building industry carries a great potential to minimize its 

adverse environmental impacts through the effective maintenance, improvement, reuse 

or adaptation (Gursel, 2010). In other words, maintaining the intended function and 

performance of these buildings during their lifecycle is the vital action that the existing 

building industry requires. It is projected that almost 60% of the current building stock 

will still be in use in 2050 (IEA, 2013). Meanwhile, in facing with the challenge of 

climate change, the solution should meet the long term requirements. Energy 

retrofitting of existing buildings account by researchers and professional practitioners 

as a rational strategy to minimize the environmental effects, especially, in a long 

timeline of effectiveness (Miller and Buys, 2008; Jagarajan, Abdullah @ Mohd 

Asmoni, YM Lee & Jaafar, 2015; Ahmed, Mateo-Garcia, Aude, and Norberg, 2017). 

According to Bollack, over the past twenty years, we witness a redefinition in our 

attitudes towards the past and the world as it exists. This shift is evident in the 

increasing number of retrofitting projects that develope existing new architecture by 

adapting, resusing or energy refurbishment activities (Bollack, 2013, 8). Among the 

main requirements of existing buildings; minimum fossil fuel usage, minimum 

electrical load demands, high quality of comfort and safety, and, broadly speaking, 

improved level of its performance are outstanding. These objectives can be achieved 

through energy retrofitting of the building. However, the main challenge is the proper 

implementation of retrofitting strategies regarding the each buildingôs internal 

organization in admitting energy and comfort improvements (Poel et al, 2007).  

1.3. Problem Statement 

Performative vs. prescriptive energy retrofit guidelines: The building industry has been 

supply-driven for decades. The traditional prescriptive building regulatory codes, and 

standards, as currently driven in many developed countries, enforce the traditional 

requirements of the building industry. For this reason, the building industry has passed 

its technological development and innovation levels rather low as compared to many 



 

8 
 

other industries. However, more recently, following the efforts to maintain a customer-

oriented building, Performance-Based Building (PBB) approach has attracted the 

attentions. This approach is recognized as the main stimulant for turning from supply-

driven building industry towards a demand-driven industry. The customers have been 

also changed and are expressing their requirements more precisely than the past. 

Furthermore, the main challenge of the future building industry either in new 

constructions or retrofitting existing buildings, will be focusing on end-user needs and 

requirements. This means that the project drivers need to find a language to explain the 

performance quality of a building in legible terms to the end-user (Huovila, 2005). In 

contrast to the traditional construction tenders, who act according to a detailed design 

with a pre-defined materials and components, the Performance-Based Building 

approach should perform based on a provisional design alongside performance 

requirements for those materials and components. Accordingly, the designer needs to 

initially specify the perfromative requirements, not the building components. In this 

situation, the fa­ade retrofit is faced with serious barriers in the selection of 

performance criteria and the feasibility of the alternative retrofit actions (Sims and 

Bakens, 2002). 

Although the great potential of existing building stock in conserving energy and 

eliminating CO2 emissions has been remarked, retrofit guidelines, typically address a 

set of general propositions that do not cover the specificities of each building. They 

mainly refer to prescriptive energy and comfort requirements and target technical 

specifications rather than performance requirements. In other words, their orientation 

is towards the means rather than the ends. In terms of comfort improvements, current 

retrofit practices are generally based on code defined comfort standards. Studies show 

that these practices did not lead to the expected high comfort quality in the post 

occupancy evaluations (Wagner et al. 2007). Furthermore, to minimize the 

performance gap, in terms of energy consumption and comfort, in addition to the 

determination of user needs and discomfort sources, a Performance-Based Retrofit 

Framework (PBRF) should be developed. Performance Based Building aims at using 
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performance requirements to define a building or building productôs fitness for 

purpose. The application of Performance Based Building principles will provide the 

basis for a clear communication between all stakeholders involved in the project. In 

such a situation the respective building codes and standards will also turn towards 

performance based standards. These benefits stem from a better fitness for use of the 

building itself, improved communication throughout the retrofit process, and adequate 

possibilities for innovation in and of the building process (Sims and Bakens, 2002). 

Energy demands vs. comfort in office buildings: A deeper analysis of the recent 

literature on the energy retrofit processes revealed that most of these studies and 

research works do not address any information on the selection of indicators or the 

performance criteria of the considered retrofit actions. Additionally, majority of the 

conducted fa­ade retrofit studies do not involve the fact that to what extent the indoor 

environment of the considered building responses effectively to the applied retrofit 

actions on its fa­ade system. Providing a comprehensive integration between two key 

domains of energy efficiency and comfort, mainly, fails through the fa­ade retrofit 

practices and studies. According to the 2010/31/EU European Directive, establishing 

high comfort quality entails a substantial amount of energy consumption. In this regard, 

Intergovernmental Panel on Climate Change (2007) indicates that the office buildings, 

which consume much energy on ensuring the comfortable indoor environment, carry a 

substantial potential in eliminating CO2 emissions. This is because the occupantsô 

comfort and wellbeing have a direct impact on their productivity at work and the loss 

of productivity means the loss of cost and investment of the organization. Thereupon, 

the conflict between high comfort and energy efficiency becomes more prominent in 

office buildings (Roulet, 2001). Accordingly, a firm tie between energy performance 

and the indoor comfort should be established through the retrofitting process. This 

thesis addresses the need of establishing tradeoff conflicting measures of energy 

efficiency and comfort demands thorough the selection of retrofit actions.  

The importance of the Fa­ade: The most influential building component in terms of 

energy consumption, is the building fa­ade system. Besides regulating the energy 
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consumption and indoor environmental quality, building fa­ade illustrates the building 

character and underlines its existence. From the construction point of view, it is the 

main component of the building between indoor and outdoor environment, which 

protects indoor spaces from the external adverse effects. Thermo-hygrometric comfort 

aspects, which control the heating and cooling demands of buildings are the direct 

results of heat losses or gains through the fa­ade. Daylight quality, visual, and 

acoustical comfort, all are parameters that directly depend on the fa­ade performance 

of buildings (Konstantinou, 2014, p.30).  

Decision support retrofit framework: In retrofit practices, the consideration of multiple 

retrofit alternatives can be provided for each type of intervention. The decision maker 

has to select the proper measures, even a combination of several measures from all 

available options for the same intervention. The earlier decisions play the most 

important role in the success or failure of a retrofit project, consequently, they have the 

biggest impact, although, with less effort during the whole process (Konstantinou, 

2014, p.30). Furthermore, there is a need to ease the decision making process by means 

of an initial but very essential retrofit framework. This thesis proposes this framework 

by associating comfort issues with energy efficiency measures. The framework 

identifies a set of suitable retrofit actions for existing office buildings with different 

interior spatial arrangements. Meanwhile, the proposed framework paves the way of 

selecting proper retrofit actions. 

The Lack of energy retrofit practices in Turkey: Despite all the benefits, retrofit projects 

are still only slowly being implemented in the USA and Europe level. Meanwhile, 

decision makers, such as building owners, tenants, construction stakeholders, etc. have 

few resources to value a retrofit. At the Turkish level, retrofit practices do not yet 

account as established actions, while Turkey is faced with a vast stock of existing office 

buildings that will need to be retrofitted in the near future. 

 

 



 

11 
 

1.4.  Aims and Objectives 

This thesis aims at developing an energy retrofit framework indicating applicable 

retrofit measures on office buildingsô fa­ade system to improve both energy efficiency 

and indoor comfort quality. In this regard, this thesis deals with only the goal of 

reducing energy consumption through passive actions. In order to achieve a holistic 

picture of the joint framework for both energy reduction and comfort improvements, 

the interdependent relationships among building form, fa­ade design, and interior 

spatial arrangement need to be investigated. Meanwhile, the measures are proposed 

within a structured framework consist of three sub-frameworks representing three 

scales: the building, the fa­ade, and the room. Each sub-framework presents a set of 

viable alternatives for distinct problems that can be used during decision-making in the 

initial steps of the retrofit process to achieve a general knowledge about different 

alternatives for each problem. The challenge is in balancing all of these concerns. Some 

actions are in conflict with each other or some of them have a similar impact. For this 

purpose, the proposed alternative actions that are categorized in a relationship matrix 

to realize whether they have same effects, supplemental effects, or contradictory 

effects. Finally, the recommended actions are classified according to their energy 

saving potentials in three demanding domains of cooling, heating, and electrical loads. 

The proposed framework, which is developed in this research, aims to assist the 

decision-makers in the initial steps the energy retrofitting process. This framework, by 

providing a wide view to the applicable fa­ade retrofit actions, helps the decision maker 

to understand the different alternatives. As mentioned previously, most of the energy 

saving options and required high levels of indoor comfort are in conflict with each 

other. In this regard, the proposed framework will help decision maker to choose the 

best tradeoffs among the different viable actions by indicating these conflicted actions. 

Briefly, this thesis attempts to (1) identify the current barriers to fa­ade retrofits of 

existing office buildings, (2) provide the relationship between two main objectives of 

an energy-efficient fa­ade and comfortable indoor environment, (3) provide a retrofit 

framework for fa­ade and indoor spatial comfort quality (4) develop a relation matrix 
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consisting of best tradeoffs among the energy efficiency and comfort, usable by 

decision makers. 

 

1.5. Research Questions  

Thereupon, taking into account the need to retrofit office buildings and the importance 

of implementing performance-based fa­ade retrofit actions, this thesis aims at 

answering the following main question.  

How can the passive energy improvement actions be integrated with different indoor 

environments through the fa­ade retrofitting of existing office buildings, in order to 

support decision-making? 

To be able to answer the research question, several sub-questions need to be 

investigated, as indicated below: 

1. What are the energy use profiles of existing office building stock in the USA, 

Europe, and Turkey? 

2. What is the roadmap and barriers of an energy retrofit process?  

3. Who are the decision makers of a retrofit process and what type of 

information do retrofit stakeholders find useful to support the decision-

making? 

4. Which fa­ade ïdependent pre-defined parameters of existing buildings play 

key role in energy performance of the building? 

5. What are the spatial comfort demands in different office environments?  

6. How can the impact area of passive retrofit actions be defined in different 

indoor spatial arrangements of different office buildings? 

7. How can the different energy efficiency and comfort improvement measures 

be organized? 
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1.6. Scope of the Thesis 

This thesis develops the framework for current and future retrofit practices. In the 

context of Turkey, this thesis has put its climatic concerns on one of the most critical 

climatic zone of Turkey in terms of both population and future energy demands, which 

is the Central Anatolian region. This region has known as mixed-dry climatic zone. 

Nevertheless, the applied methodology in developing the framework does not exclude 

its applicability in other geographical areas with different climates. The special focus 

of this thesis is the exploration of passive fa­ade retrofit solutions.  

1.7.  Thesis Methodology 

To answer the research question and to provide the tradeoff between energy demands 

and comfort quality, this thesis presents a framework to support decision making 

process in the early steps of the fa­ade retrofit projects. The methodology used in 

structuring the framework consists of several steps, as represented below: 

a. An extensive literature survey on energy retrofit process, essential steps, 

involved stakeholders and decision makers, the urgency of office building 

retrofitting, the fa­ade role in the performance quality of the building, how the 

performance requirements are met, especially in relation to energy efficiency 

and indoor comfort, and the particular comfort requirements of different office 

environments in terms of their interior spatial arrangements. 

b. The development of an energy retrofit roadmap and indication of key decision 

making sections and in which step, decision makers need the proposed 

framework. 

c. Extraction of passive retrofit actions and systematically organization of 

different retrofit actions effective on both energy performance and comfort 

quality. 

d. Generating a fa­ade retrofit framework and a spatial comfort sub-framework  

e. The development of a relation matrix consists of best tradeoffs among the 

energy efficiency and comfort, usable by decision makers 
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The organization of the different actions compiles a ñFa­ade Retrofit Frameworkò, 

from which the retrofit decision-maker chooses the actions to use to improve the fa­ade 

performance. To develop the framework, a systematic approach was adopted to identify 

the actions, their different indicators, and performance criteria. The presented 

framework consists more than 100 actions, which are named in the framework as 

performances. These performances although are different but mostly complementary 

and in a few cases are in conflict with each other. The relations of these different 

performances are illustrated in a relation matrix.  

 

1.8. Thesis Structure  

The structure of this thesis follows the six steps, which is illustrated in Figure 

1.4. The first chapter begins with a brief introduction followed by motivation to the 

study, problem statement, aims and objectives, research questions, scope of the thesis, 

and thesis methodology. The second and third chapters cover an extensive theoretical 

knowledge on the field with an essential effort in connecting achievable energy 

efficiency and high quality comfort. Respectively, chapter four represents the 

developed fa­ade retrofit framework as the output of the research. Chapter five gives 

the required guidelines to use the proposed framework. Finally, chapter six comprises 

the conclusion of this thesis, limitations, and the recommendations to the future 

researches.  
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Figure 1.4. Thesis structure. 
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CHAPTER 2  

 

 

2. BUILDING ENERGY PERFORMANCE AND RETROFIT PRACTICES  

 

The field of energy retrofitting of office buildings has been investigated in a wide 

variety of research, which have been allocated to discuss various dimensions of energy 

retrofitting aspects in terms of technical, financial or social considerations. The focus 

point of this thesis is mainly the technical considerations of energy retrofitting projects. 

Technical considerations in current study are attributed to improving energy 

performance and comfort in the existing office buildings as the subset of commercial 

buildings. This chapter presents the literature survey on building retrofit, beginning 

with the existing energy retrofit practices and the main steps of its process. 

Recently, the construction industry turned its emphasis mostly on the vast existing 

building stock with the necessity of retrofit and refurbishment projects. As shown in 

Figure 2.1, new construction projects in the USA are only a minor part of the whole 

building stock. For instance, in 2008, new commercial construction of the USA, covers 

only 1.8% of the entire building floor area. The economic crisis in 2007 has not reduced 

the energy demand of buildings, but it affected and increased the awareness towards 

the necessity of enhancing energy performance of existing buildings (McGraw-Hill 

Construction, 2010).  
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Figure 2.1. Commercial construction (McGraw-Hill Construction, Construction, 2010, p.6). 

 

2.1. Commercial Building Composition and Energy Use by Sector 

Commercial Buildings Energy Consumption Survey (CBECS) database, which is a 

national sample compiled by the U.S. Department of Energy, defines commercial 

buildings as all buildings that at least half of their floor-space is allocated to non-

residential, non-industrial, and non-agriculture functions. Commercial building types 

can be classified based on several factors including the number of projects, floor space, 

and their energy demand. In the USA, the major share of floor space is allocated to 

office buildings with 17% and respectively to retail (16%), education (14%), and 

warehouse projects. In terms of building numbers, the largest group of projects also is 

comprised of office (17%), retail (14%), service (13%) and warehouses (12%) 

buildings. Accordingly, office building category has the highest energy consumption 

with almost 19%. Respectively, retail (18%) and education (11%) are the highest 

energy consumers after office buildings (McGraw-Hill Construction, 2010). 
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Figure 2.2. Commercial building types and energy consumption (McGraw-Hill Construction, 

2010, p.10). 

 

2.2. Profiles of Building Industry Energy Use in the USA 

Electricity is the main energy source of buildings in U.S. The increased construction 

activities have led to a considerable growth in the electricity demands. Natural gas 

stands in the second main energy source and respectively, the third degree attributes to 

petroleum (primarily heating oil). Indeed, the vast electricity demand of buildings was 

the principal accelerator to the electricity generation growth between years of 1985 and 

2006.  
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Figure 2.3. Commercial primary energy end-use (McGraw-Hill Construction, Construction, 

2010, p.16). 

 

As seen in Figure 2.3, the major energy end-use in commercial buildings attributes 

to the lighting systems, which cover 24.8% (almost one-fourth) of a buildingôs total 

energy use. Respectively, cooling systems with 12.7% and heating systems with 12.1% 

account as the energy consumer systems in commercial buildings (McGraw-Hill 

Construction, Construction, 2010, p.10). The building industry is responsible for high 

energy consumption and its global demand is expected to grow in the future. Between 

2010 and 2050, global heating and cooling needs are expected to increase by 84% in 

commercial buildings and by 79% in residential buildings and the major number of 

buildings of the 2050s are buildings that already exist. (¦rge-Vorsatz et al., 2015). 

Energy efficiency measures are therefore crucial to reduce Green House Gas emissions 

of the building sector. 

2.3. Contemporary Retrofit Practices 

Numerous global alliances of institutions have synthesized the retrofitting of 

existing buildings in their agendas. International energy programs are implemented by 

these institutes. The International Energy Agency (IEA), established in 1974 within the 
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framework of the Organization for Economic Co-Operation and Development 

(OECD), is one of the outstanding institutes. They aim to maintain an international co-

operation among 28 countries, which are practicing IEA. The main topics of their 

research include research for improving energy security in development of energy 

efficient technologies and renewable energy resources (Hagentoft, 2017). For instance, 

the Holistic Assessment Took-Kit on Energy Efficient Retrofit Measures for 

Government Buildings (EnERGO or Annex 46) is one of the IEAôs programs developed 

for nonresidential governmental buildings in 2004 by the co-operation of the OECD 

and the IEA with the main topic of sustainability in existing buildings. Participating 

countries in EnERGO are: Canada, Denmark, Finland, France, Germany, Italy, Russia 

and United States (Fraunhofer Institute for Building Physics, 2011). The Energy in 

Buildings and Communities (EBC) program is another example of energy related 

programs of IEA to foster the integration process of energy efficient technologies 

within existing buildings and improving their performance. Turkey is included as one 

of the participated countries in these programs (Hagentoft, 2017).  

2.3.1. Retrofit practices in the USA 

With the introduction of Energy Star program, the 1990s witnessed one of the first 

market transformations towards energy-efficient buildings. Energy Star was used as a 

tool of evaluating energy consumption in existing buildings. A decade later, another 

new program namely, ñLeadership in Energy and Environmental Design for Existing 

Buildings, Operation and Maintenance (LEED-EBOM) appealed the green buildings 

market attention. The launch date of the program was in 2007 (Yudelson, 2009, xi-

xvii ). The Building Technologies Program as a particular approach to existing 

buildingsô retrofits, belongs to the US Department of Energy. This program seeks out 

the energy saving potential in buildings, especially, in the envelope system and 

proposing advanced engineering solutions. Regarding the envelope systems, this tool 

focuses on walls, roofs, foundations, windows, and doors (U.S. Department of Energy, 

2010). In 2002, Architecture 2030 as an independent organization, introduced a plan to 

reduce fossil fuel energy uses by 2030. They claimed that this goal will be not achieved 
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until existing old and poor performance buildings undergo the energy retrofitting plans 

(Architecture 2030, 2013b)   

 

 

Figure 2.4. The 2030 challenge (Architecture 2030, 2013b). 

 

In 2010, the U.S. Environmental Protection Agency declared that all new and existing 

federal buildings have to comply with energy performance standards of the 

Architecture 2030 challenge (Burnhamm 2009). Under the umbrella of the Clinton 

Climate Initiative (CCI), the Energy Efficiency Building Retrofit Program (EEBRP) 

was launched in 2007. The CCI aims to ease the implementation of retrofit projects to 

overcome the market barriers. Since 2007, above 250 retrofit projects have been either 

studies or completed (Clinton Climatic Initiative. 2009). Briefly, over the last decades, 

numerous organizations have launched and introduced programs regarding the retrofit 

plans and actions in the U.S. Besides the mentioned programs, more recent ones are: 

the Zero Net Energy Initiative for commercial buildings (2007), and the Los Angeles 

Retrofit Ordinance for City buildings (2009).  

2.3.2. Profiles of building industry energy use in Turkey  

Turkeyôs energy depends on oil and natural gas. In 2007, Turkey imported 58 million 

tons of oil equivalent natural gas and oil, which proves its dependency on imported 

energy sources of around 72%. This amount increased up to 74% in 2014 (Sarē, 2014). 
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Turkeyôs energy demand will reach up to 222 million tons of equivalent oil in 2020. 

Accordingly, Turkey has not self-sufficient energy sources and its dependency on 

imported energy sources and energy costs are increasing year by year. In 2014, the 

building sector was responsible for 33% of the total energy consumption of the country. 

Approximately, 31% of this amount was used for cooling and heating purposes in 

buildings (Bay¿lken, K¿t¿koĵlu, 2009). On the other hand, studies show that 35% of 

the existing buildings stock in Turkey has the potential to be energy efficient buildings 

(Bayram, 2009). Turkeyôs energy saving potential is estimated more than 30% by 

application of insulation in buildings (EIE, 2004). In 2008, the amount of savings 

reached by TS 825 insulation regulations, were around 4.7 billion dollars, which shows 

the vital and significant role of the heat insulation in the countryôs economy (Kanan, 

2013).  Based on the discussed facts, energy retrofitting of existing buildings in Turkey 

is an inevitable matter (Ashrafian, Yilmaz, Corgnati, and Moazzen, 2016). In this 

situation, increasing energy efficiency and the use of renewable energy sources are the 

two main actions, which can be implemented to overcome both energy costs and fossil 

fuel dependency. Compared to the renewable energy implementations, applying energy 

efficiency measures and upgrading building performance stand as the simplest and 

cheapest options (Ministry of Energy 2007).  

2.3.2.1. Turkeyôs building energy regulation 

Almost one third of the consumed energy amount in Turkey is used for heating and 

cooling. 90 % of the buildings in Turkey suffer from insufficient heat insulation 

(Energypedia, 2016). For this reason, the focus area of Turkeyôs building energy 

regulation is on thermal resistance factor. The National Standard of Thermal Insulation 

Requirements for Buildings (TS 825), indicates the buildingôs thermal insulation 

requirements. TS 825 first issued in 1999 and became mandatory in 2000. TS 825 as a 

mandatory national building energy regulation determines required minimum U-values 

for envelope system elements. In other words, TS 825 only regulates thermal insulation 

requirements. In retrofitting an existing commercial building, if the retrofit actions 

affect at least 15 percent of the aggregate area, TS 825 codes require the building 
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compliance with the latest version of the regulation (GBPN, 2013). In February 2007, 

Energy Efficiency Law came into force, which obliged industry, transportation, and 

residential sectors to implement energy improvement measures. More recently, Turkey 

tries to adapt its energy regulations in accordance with the European legislation on 

buildings. Building Energy Performance (BEP) is one of the adopted regulations that 

contemplates the utilization of district heating and / or renewable energy in buildings 

(GBPN, 2013). Turkey energy efficiency regulations have not yet comprised of 

elaborated national energy consumption survey databases like CBECS in the USA and 

the only published energy resource labels and efficiency regulations in Turkey, was 

printed on 2007 official gazette. Nevertheless, the related research in this regard have 

been published such as BEP-TR, BEP-HY, ENVER database and T¦ĶK data related 

energy consuming (Taĸpēnar, ¢elebi, & Tutkun, 2013). 

ENVER portal database 

The Ministry of Energy and Natural Resources (MENR) of Turkey has developed 

ENVER database, which as an energy efficiency database, elaborates energy 

consumption in accordance with energy regulations. Legally, buildings and companies 

regarding their floor-space area and annual energy consumption per TPE (ton 

equivalent petrol) are supposed to register in ENVER portal, fill the energy data form, 

and as final step should enter their energy usage information. The mentioned 

companies can be classified into Industrial buildings, public buildings, and private 

buildings, which have their specific regulations and requirements from the portal 

(Anon, 2016).  

B. BEP-HY and BEP-TR 

BEP-TR (Regulation of Energy Performance of Buildings) is an internet-based 

software to calculate the building energy performance, which was developed by the 

Ministry of Public Works and Settlement of Turkey. BEP-HY (Building Energy 

Performance-Calculation Method) is used as a road map to extract data related to 

annual energy consumption amounts/per space area (m2) and also the amounts of CO2 
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emissions of a building consistent with BEP regulations. It is possible to enter the 

related information like, building geometry, heating, lighting, ventilation, and 

mechanical data into the program. It can be determined the amount of demanded energy 

by the building and in accordance with EU norms via the program. The final energy 

performance evaluation data and energy card of the building become released 

according to the results of BEP-HY (Kabak, Kºse, Kērēlmaz & Burmaoĵlu, 2014).  

2.3.2.2. Retrofit practices in Turkey  

Although retrofit practices are not uncommon, however, compared to the USA and 

Europe, is placed at very low levels (Yigitcanlar, 2016, p.125). Indeed, there is a wide 

academic researches and studies in the field of energy retrofitting of existing buildings 

in Turkey, however, in practical level, the efforts are not substantial. At the academic 

level, the researchers, mainly, attempt to investigate the feasibility of the different 

energy retrofit strategies regarding two main objectives of energy and cost efficiency 

(Mangan and Ko­lar Oral, 2016; Ashrafian, Yilmaz, Corgnati, and Moazzen, 2016; 

Saĵlam, Yēlmaz, Becchio, and Corgnati, 2017).  

2.4. Building Energy Retrofitting: Definition  

In a situation that different regions have defined different expressions for the 

retrofitting of existing buildings, extracting a standard definition of retrofit neither at a 

regional or international level seems difficult. Accordingly, obtaining a comprehensive 

definition of an energy retrofitting is seen as a fundamental first step for this research. 

As Douglas (2006:1) states, ñin the world of building the terms rehabilitation, 

conversion, remodeling, restoration, reinstatement, and so forth are unhappily 

confused.ò Both authors and contractors that are acting in these projects by taking into 

account the level and the scale of the interventions, the conserved amount of energy 

and CO2 emissions, and the time span of the activities use the mentioned terms 

interchangeably. An intervention action is defined in Oxford English Dictionary as ña 

concept that involves standards/norms regarding entering a situation to change its 

consolidation, repair and reshaping of structural course or resolve it and/or non-
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structural elementsò. As mentioned, there are various types of applicable interventions 

in existing buildings to improve their performance. Depending on the buildingôs 

construction year and its sensitivity in terms of conservation values, improvement 

interventions can vary. Some of the most important actions are mentioned in 

Refurbishment Manual by Giebeler (2005), which are renovation, conversion, 

recycling, reconstruction, restoration, repair, and refurbishment. The following table, 

illustrates the related definition of each action: 

 

Table 2.1. Definition of intervention activities (Giebeler, 2005). 

Strategies Definition  

Conversion Bringing a new life to the building with a different function 

Recycling Applying a new function to a historical building 

Reconstruction Rebuilding a structure that no longer exists and no parts of the original 

building remain 

Restoration Finishing an incomplete structure and reproducing the original materials 

Renovation Bringing a new life to the building with its original function 

Repair Replacing or repairing the defective building components 

Refurbishment Implying an improvement process by cleaning, decorating, and re-

equipping. It may include retrofitting process. The load bearing structure 

and interior layouts are not included in intervention process. 

Retrofit Refers to the upgrades in existing buildings that can be either fixing and 

repairing insufficiencies in the building performance, or complying with 

required standards. 

 

According to the definitions, two terms of reconstruction and restoration covers a series 

of interventions, which do not carry any performance improvement plan, but rather, 

aim the reconstitution of the original building. Conversions, typically, target the 

structural elements of the building. The retrofit and refurbishment terms are often used 



 

27 
 

interchangeably. However, they have different meanings. The refurbishment is one of 

the more suitable synonyms to describe building retrofit, which ñinclude intact but, for 

example, outdated components or surfacesò. Refurbishment contrasts with conversion 

because ñrefurbishment does not involve any major changes to the load bearing 

structure or interior layoutò, which could be possible in whole buildingôs conversion 

(Giebeler, 2005, pp.13-14).  

According to the Oxford English Dictionary, retrofit is ñto provide (something) with a 

component or feature not fitted during manufacture; to add (a component or feature) to 

something that did not have it when first constructed.ò Based on the Cambridge 

Dictionary, retrofitting is ñto provide a machine with a part, or a place with equipment, 

that it did not originally have when it was builtò (Cambridge Dictionary, 2016). In 

buildings, retrofit refers to updates in existing buildings that can be made either to fix 

and repair insufficiencies in the building performance or to comply with current 

standards. The particular type of the retrofit for a building depends on the target of 

intervention. Several types of retrofit can be categorized as structural, energy, fire 

resistance, aesthetical, blast, and etc. (Giebeler, 2005). Furthermore, energy retrofits 

would refer to improvements done to a building with the purpose of reducing energy 

consumption and CO2 emissions level and achieving a better energy performance, in 

accordance with new energy standards (Dixon and Eames, 2013).  

 

 

Figure 2.5. Various types of retrofit actions (Giebeler, 2005). 
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In the reviewed literature, energy retrofitting is denoted as a complex form of the 

refurbishment activity (Bernier et al., 2010). However, regarding the scale of 

interventions, the boundaries of ñrenovationò and ñretrofitò have been distinguished 

clearly in other research works. In the case of commercial buildings retrofitting 

projects, Dixon et al. (2014) denote retrofit actions mainly as lighting upgrades and 

small interventions that can be carried out while occupants are still using the facility. 

While refurbishment is indicated as more deep alterations or improvements of the both 

exterior and interior characteristics of the building.  

Depending on the purpose of retrofit actions and regarding the age of the existing 

building, specific life spans are defined. According to National Park Service report, the 

historical value of the buildings is estimated when the building has reached 50 years 

(National Park Service, 2013). Historical considerations give a patrimonial (cultural or 

historical) value to buildings. Thus, energy retrofitting of historical buildings will 

require the involvement of the aesthetic, cultural, or historical concerns, which is 

beyond the scope of this thesis. By taking this fact into account, this study investigates 

retrofit actions for non-historical buildings, which have not reached the fiftieth year of 

their life, therefore, are not covered neither as historical buildings category, nor as 

heritage buildings domain. Regarding the mentioned influential factors, such as, type 

and existing condition of the building, funding source and technological means, usersô 

will, and motivation, which all are effective in a completing a successful energy retrofit 

projects, scholars have defined a distinct set of energy efficient retrofit measures 

(Weiss et al., 2012; Wilson et al., 2014). These measures mostly are applied to enhance 

the envelope system of the building, replacing or changing HVAC system, spatial 

organization, and upgrading appliances and fixtures. Considering a building as a 

system of systems is another point of view that helps recognize life times of different 

parts of that building (Giebeler, 2005, p.23). In this way, it becomes possible to identify 

which part of the building needs the first and urgent retrofit intervention. According to 

the lifetime table, the fa­ade failures appear after 20 years. 
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Figure 2.6. Life span of building systems (Giebeler, 2005). 

 

2.4.1. Building energy retrofitting: application l evels 

As Giebeler (2005) declares, different interventions in terms of scale and purpose 

require different types of retrofit actions.  Regarding the scale of the project, it can vary 

from partial repair works to a total retrofit action. According to Rajapaksha et al. 

(2013), energy retrofitting can be applied within three possible levels of minor retrofit, 

intermediate retrofit, and major retrofit. Applying interventions without targeting the 

architectural character or appearance of the building are identified by Rey (2004) as 

minor retrofit or stabilization actions. Considering simple interventions as quick and 

easy solution sets that can produce immediate benefits, like adding insulation or 

upgrading lighting systems are also allocated to minor set of actions (PCA and Arup, 

2009).  Rey (2004), denotes intermediate retrofit as substitution strategy that is along 

with applying considerable transformations to elements, components, or substance of 

the building and can be applied with minimum disruption to building occupants. 

Improving energy efficiency of an equipment or energy-related components that 

simultaneously modifies the appearance of the building, like replacing window glazing 

and doors, updating inefficient heating and cooling systems are also known as 

intermediate retrofit (PCA and Arup, 2009). In a situation that a significant or complete 
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transformation of the buildingôs envelope, heating, ventilation, air-conditioning and 

lighting systems (upon to the age and typology of the building) have been involved, 

but a large portion of the original substance of the building is preserved, a major retrofit 

(deep or restitution) action has been carried out (Rajapaksha et al., 2013, p.85). Adding, 

replacing or rearranging the roof, windows and air-conditioning systems with 

renewable energy sources and plants are also fitted in the major category, which are 

highly disruptive to buildingôs occupants. 

 

Table 2.2. Different application scales of energy retrofitting (based on Rey, 2004; PCA & 

Arup, 2009; and Rajapaksha et al., 2013). 

 

 

In the case of retrofitting office buildings, the intervention on the existing fa­ade is 

mainly significant, which needs to work on the technical installations (Rey, 2004). 

With an emphasis on fa­ade interventions, Rey (2004) proposes three main types of 

fa­ade retrofit actions: óthe stabilization strategy (STA)ô, óthe substitution strategy 

(SUB)ô and óthe double-skin fa­ade strategy (DSF)ô. He describes STA as an action 

that consists of a set of incremental interventions without fundamental modifying either 

the substance or the appearance of the building. SUB action is introduced as a strategy, 
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which carries a complete change of certain elements and transforms simultaneously the 

substance and the appearance of the building. However, the DSF strategy consists of 

partially stabilizing the original fa­ade and adding a high glass skin (Rey, 2004).  

 

Table 2.3. Different application scales of fa­ade energy retrofitting (Rey, 2004). 

 

 

2.4.2. Energy retrofitting challenges and barriers  

There is a considerable market demand for sustainable buildings in the U.S, however, 

building energy retrofit projects are not yet widespread. The annual rate of retrofitted 

commercial building sector is around 2.2 % (Olygyay and Seluto, 2010). Numerous 

factors are involved in this situation such as, the lack of information about the building 

and its systems after the design phase, long lasted payback period, and overestimation 

of savings (Bosch et al., 2003). Feasibility of a retrofit project in reality depends on the 

investment return in an expected period of time, which can be influenced adversely by 

tough economic periods. Additionally, in the case of energy retrofitting, which focuses 

only on energy, the payback period will be insufficient for a return of the investment. 

The other constraint is related to the existing buildingôs preconditions and its diagnosis 
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that are predefined like, existing morphology, materiality, orientation, and buildingôs 

size (Menassa et al., 2012; Scofield, 2009). 

 

2.5. Energy Retrofitting of Commercial Office Buildings 

Office buildings like every construction, are at risk of physical and functional 

obsolescence. After a certain time, minor maintenance will be inadequate to slow down 

the process and serious retrofitting interventions must be applied. As mentioned, 

different elements of a building have their specific lifespans and require various 

intervention plans. These particular life durations for an office building range from a 

few months; for interior fittings; to over 30 years for facade components. Generally, 

the life span of facade elements, which is around 25-30 years determines the longevity 

of retrofitting cycle of the building. In order to adapt the existing buildingôs state to 

new standards; in terms of physical, functional and energy efficiency, it is necessary to 

use the idea of a retrofitting strategy. This strategy can be framed as a full compatibility 

of the interventions specified by architecturally and technically optimized attitudes 

(Rey, 2004). 

Indeed, designing the buildings with limited life spans began since the Modern 

Movementôs space and construction broke with the past. The building stock of the late 

half of the 20th century was designed to have confined lifespan, to be adapted, absorb 

change, and detach the different component systems each with their own life cycle 

(Stratton, 1997, p.87). The other lifespan definition of building components is 

attributed to Duffyôs classification. According to the flexibility of each component in 

adjusting to the changing needs of users, Duffy and Powell (1997) divided office 

environment into main components of óShellô, óServicesô, óSceneryô, and óSettingsô 

(Figure 2.7). Duffy, Cave and Worthington (1976, pp.8-14), define shell as the 

buildingôs structure and envelope, which have the longest lifespan, almost, 70 years. 

Lighting fittings, telephone and internet cables, power systems, and suspended ceiling 

and floors are in the building services category, which can be adjusted due to the user 
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demands and, approximately, last for 15 years. The spatial organizational changes in 

response to the occupantsô requirements are related to the scenery category, such as 

partitions and dividing screens that can last for 5-7 years. Settings include office desks 

and workstations, which have the change capability of day to day. 

 

 

Figure 2.7. Office environment components and their lifespans (Stratton, 1997, p.88). 

 

Multiple parameters are involved in office buildingsô retrofitting strategies. Numerous 

research in order to develop this process have presented multi-criteria assessment 

methodology. In a research by Rey (2004), this multi-criteria methodology focuses 

simultaneously on three main criteria of sustainability: Environmental, sociocultural 

and economic. The researcher explores a global optimization of existing buildings 

based on multiple comparisons between different viable variants, which are applied to 

different case studies. The results of research confirm the hypothesis that various 

classification of retrofitting strategies must be framed according to the time of the 
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building and criteria weights (Rajapaksha et al., 2013).  Increasing greenhouse gas 

emissions as a direct result of climate change effects, combined with the demand for 

more comfortable indoor environments in office buildings, have made a growing 

concern related to the rising energy consumption of existing commercial buildings. A 

large portion of existing office buildings in major cities of the world are over 20 years 

old, which recall the necessity of the retrofitting strategies for commercial building 

stock (Rey, 2004). Seeking out the unrealized potential of existing commercial 

buildings for improving energy efficiency is the most substantial action of this stock to 

reduce carbon dioxide emissions and non-renewable energy consumptions, on one 

hand, and an improved indoor environmental quality on the other (Rajapaksha et al., 

2013, p.61).  

2.6. Main Building Stakeholders and Their Roles in Energy Retrofit ting 

In the case of existing buildings, eliminating the energy consumption can be gained 

through maintenance of the building, consistently, or applying different levels of 

energy retrofit actions (minor, moderate, major), as mentioned previously. Briefly, 

maintenance refers to applying short-term solutions to the larger problem of an existing 

building related to energy use and carbon footprint reduction (Poel et al., 2007). From 

the very beginning steps of the decision making process on whether a building needs 

energy retrofit actions, the confirmation of building stakeholders is necessary. As 

regard the fact that some stakeholders are not familiar with the complex process of 

energy retrofitting, a decision-making framework is vital to arrange their requirements 

and determine the best engineering strategies in terms of energy efficiency and comfort 

purposes (Klotz and Horman, 2010). The stakeholders in this thesis are referred to the 

people, who have a direct or indirect relation in buildingôs operation, and consequences 

of the retrofitted building. Building stakeholders can listed as: owner, tenants, 

investors, building operator, and the designers. Every group of these stakeholders has 

varying and mostly conflicting perspectives throughout the whole steps of the process 

(Bernstein and Russo, 2009; Yudelson, 2010). For instance, the owner wants to 

minimize lifecycle expanses, tenant tends to improve employee productivity or user 
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comfort. The mentioned conflicts may arise when the owner believes that the 

improvement costs for building should be partly paid by the tenants, who are benefited 

from the reduced costs of the energy consumption (Fuerst and McAllister, 2011; Poel 

et al., 2007). Energy retrofit decision are mostly concentrated on maximizing energy 

savings and reducing pay-back period. However, in some cases, the increased pay-back 

period, makes investors undesired to continue the project (Azar and Menassa, 2012). 

In the other words, motivation of the stakeholder to carry out a retrofit project plays an 

important role. These types of projects, require a comprehensive planning and 

communication with different stakeholders to align their requirements and gain an 

optimal solution for all. Alignment of conflicted perspectives of the stakeholders 

regarding how and why a building needs to be retrofitted eases the selecting act of the 

best retrofit solutions (Menassa, and Baer, 2014). In the reviewed literature, four main 

motivation domains or retrofit goal drivers, which stimulate stakeholders to retrofit 

energy performance of an existing building, have been identified (Menassa, and Baer, 

2014). Theses domains are: social, environmental, economic, and technical. Social 

concerns contain community impacts, human rights, artistic expression, and etc. 

Environmental factors refer to minimizing environmental impacts of the actions. 

Economic factors affect financial performance such as sales, profit, labor cost, etc. 

Finally, technical concerns include building fa­ade retrofit, mechanical system 

upgrading, electrical system, and plumbing system retrofit. Menassa, and Baer (2014) 

investigated 30 potential stakeholdersô requirements regarding all of these domains and 

represented the importance rate of each domain. Among them, reducing energy costs 

set in the first and main requirements of stakeholders. Then, respectively, comply with 

policy legislation, increasing energy efficiency, improving occupant productivity, and 

improving occupant comfort were assigned by participant stakeholders as the major 

concern areas in a retrofit process. It proves the fact that building stakeholders also 

believe that the desired energy retrofit outcomes can be achieved by using less energy, 

as energy conservation accounted as the key to energy security and relieving the 

negative impacts of global warming (EIA, 2012; Yudelson, 2010). Among the 

mentioned domains, the main target of the proposed retrofit framework in this thesis, 
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covers some parts of technical (mechanical system retrofits, fa­ade retrofits, electrical 

system retrofits, and plumbing system retrofits) and environmental domains. The 

importance rate for each of these items varies from one building to another, thus, they 

cannot be listed in a priority order. However, regarding the aim of this study, which 

investigates passive solutions for facade energy retrofitting, the priority option from 

the four technical actions includes only the óbuilding fa­ade retrofitsô (Table 2.4). 

 

Table 2.4. Concern areas of the thesis in developing the retrofit framework (by the author). 

 

 

2.7. Roadmap Development for Energy Retrofits 

The surveyed literature revealed that every performance retrofit process to achieve the 

considered goals, requires a proper identification on selecting the best retrofit 

alternatives. For this purpose, a systematic retrofit approach should be applied 

(Flourentzou and Roulet, 2002; Ma et al, 2012; Jafari and Valentin, 2015; Szalay, Kiss, 
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Gelesz, and Reith, 2015; Jafari and Valentin, 2017). Based on a systematic approach, 

Flourentzou and Roulet (2002) describe their method in frame of a multi-criteria 

analysis, which helps decision maker in drawing retrofit scenarios. Their approach 

include several steps and follows an iterative process. Cost calculation process, running 

an energy balance, and checking the coherence between actions are performed through 

a decision-aiding computer tool called óTOBUSô. Ma et al (2012) represent five stages 

for a retrofitting process, respectively: 1) project setup and pre-retrofit survey, 2) 

energy auditing and performance assessment, 3) identification of retrofit options, 4) 

site implementation and commissioning, and 5) validation and verification. The other 

systematic approach is proposed by Jafari and Valentin (2015). Their retrofit process 

is identified within four hierarchical steps, respectively: 1) measuring energy 

performance of the building, 2) determining the energy retrofit alternatives, 3) 

establishing the relationship between investment for retrofitting and energy 

performance, and 4) formulating an optimization model to allocate the retrofit 

investments. Szalay, Kiss, Gelesz, and Reith (2015) developed a systemic retrofitting 

methodology for public buildings and districts. They evaluated the proposed retrofit 

actions in terms of financial, technical, and legal aspects through a SWOT analysis. 

The seven steps of their approach are: 1) defining building characteristics, 2) defining 

requirements /standards, 3) identifying the relevant technical retrofitting gaps, 4) 

proposing energy strategies for intervention areas, 5) technical intervention 

possibilities, 6) intervention packages, and 7) SWOT analysis. In a project by Jafari 

and Valentin (2017), a model has been developed to evaluate the effectiveness of 

retrofitting efforts according to the investment cost and energy saving. The 

methodology of this study comprises four key steps of 1) data collection, 2) data 

analysis, 3) model development, and 4) model testing and validation.  

2.7.1. Key phases of a building energy retrofit process 

Accordingly, there are three main steps for energy retrofitting process: 1) Pre-retrofit 

process, 2) Retrofit, and 3) Post-retrofit. The building retrofit optimization framework 

aims to determine, implement and apply the most efficient retrofit scenarios in terms 



 

38 
 

of energy and comfort improvements. In the line with the reviewed literature, the 

required actions in each three phase of the retrofit process can be elaborated as 

following:  

¶ Pre-retrofit 

1. Gathering existing building information 

2. Energy Auditing and Performance Assessment 

3. Identifying energy demanding and discomfort areas 

4. Identifying retrofit actions and related technologies 

5. Selecting the best retrofit action (decision making process) 

¶ Retrofit  

6. Implementation 

¶ Post-retrofit 

7. Validation and verification 

The process starts with collecting the existing building information to characterize its 

original and pre-defined conditions in terms of Key Performance Indicators (cost 

performance, safety, energy consumption, stakeholder satisfaction, and etc.). The 

relevant technical gaps can be identified in this step. Based on the gathered general 

data, in order to achieve building energy consumption profile, an energy auditing 

survey have to be carried out. Two vital steps for energy auditing are indicated as 

manual methods (gathering energy data from walkthrough and utility bills) and 

automated methods. In parallel with energy auditing survey, discomfort and 

problematic areas by employing user comfort survey and data loggers can be identified. 

Then, a general retrofitting actions, required viable technologies would be listed. The 

related energy protocols and regulations need to be taken into account in this step. The 

fourth step; selecting best retrofit actions, as the main core of every retrofit process, 

require a multi-criteria decision aid tool (MCDA). Making an appropriate decision on 
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selecting the best action in terms of energy saving, cost, and user comfort can be 

realized by the aid of MCDA tools. By means of all these steps, the retrofitting action 

are ready to execute and implemented on site. The whole process ends with the 

validation and verification. The described process is illustrated in frame of an IDEF0 

diagram as seen in below: 

 

 

Figure 2.8. IDEF0 diagram of a systematic retrofit roadmap (by the author). 

 

2.8. Benefits and Constraints of Passive Strategies 

Passive retrofit measures including the installation of shading devices, insulation, and 

openable windows can improve the indoor comfort conditions. Itôs been proven that 

occupants of buildings relying mainly on passive systems have high degrees of 

satisfaction, even if the required codes or standards are not met adequately. The reason 

mostly attributes to the existence of adaptive opportunity, in which occupants are able 
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to adjust and change their indoor environmental condition to set their desired comfort 

level. Some characteristics of adaptive approach are: openable windows, adjustable 

blinds, local cooling/heating controls, workstation/furniture flexibility, access to 

daylight, and good views. The most significant benefit of passive strategies relates to 

the reduced energy consumption. Typically, air-conditioned buildings consume 

substantially, more energy than naturally ventilated buildings. The conducted studies 

on mixed climates also show that despite high running costs of air-conditioned office 

buildings, the satisfaction level of workers do not necessarily exceed the naturally 

ventilated buildings (Baker, 2009, pp.7-8).  

2.9. Pre-Defined Conditions of the Existing Building 

The current thesis aims to develop an energy retrofit framework, which focuses on two 

highly interdependent parameters: energy efficiency and indoor comfort. The Trias 

Energetica concept or the Kyoto Pyramid, based on Lysenôs work (1996), introduces a 

three-step approach to energy efficiency: 1) reduce the energy demand, 2) use 

renewable energy, and 3) use the cleanest possible fossil fuels (Figure 2.12). The 

proposed framework in this study focuses only on the first step of the pyramid and 

tends to identify passive retrofit actions applicable on the fa­ade system of the building 

that maintain a tradeoff between energy demand and user comfort. In the light with 

reviewed literature (Aksamija, 2013, p.18), four fundamental mechanism; thermal heat 

transfer, solar heat gain, air leakage, and lighting loads define the general performance 

and energy efficiency of a buildingôs fa­ade system.   

                         

Figure 2.9. The Trias Energetica concept (Lysen, 1996). 

Reduce energy demand

Utilize renewable energy

Effective use 

of fossil 

fuel
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2.9.1. Opaque and transparent fa­ade  

Essentially, fa­ades are classified into two main types: opaque fa­ades and transparent 

(glazed) fa­ades (Passe and Nelson, 2013; Aksamija, 2013). Opaque fa­ades are 

comprised of solid layers of masonry materials such as, stone, metal or pre-cast 

concrete claddings with embedded punched windows. Glazed or transparent fa­ades 

(i.e. curtain walls and storefront fa­ades) consist of a large glazing surface either 

transparent, or translucent glass surfaces, which are fixed by metal framing elements 

(Aksamija, 2013, p.18). The main functions of opaque components are weather and 

moisture resistance, thermal control, and infiltration control, as well as, safety and 

acoustic protection. The visual connectivity and daylighting, as well as thermal control 

are in the responsibility domain of the transparent portion of the envelope system 

(Passe and Nelson, 2013, p.194). Ochoa and Capeluto (2009) claim that the facade is 

the key issue in maintaining the desired tradeoff between energy performance and 

occupant comfort, which is sensitive to several environmental factors. Determining an 

optimal fa­ade is a complex action and often impossible due to the many, contradicting 

and interdependence parameters that drive fa­ade performance. These performance 

indicators (Figure 2.13) varies from project to project and creating the desired balance 

between energy efficiency and comfort in each building depends on its particular pre-

defined conditions (Ochoa and Capeluto, 2009). 

2.9.2. Thermal load profiles in office buildings 

The very essential requirements of an office building is to assure comfortable, healthy, 

and productive environment for its occupants. Additionally, in line with the growth 

attention towards the energy use and its environmental effects, eliminating the energy 

consumption and the consequent emitted carbon dioxide in office buildings has become 

another vital requirement of office buildings. In offices, most of the consumed energy 

is due to commonly for cooling, ventilation, heating, lighting, equipment, and catering. 

The main energy sources are electrical and fossil fuel, which can be reduced by 

extending the passive zones and benefit from passive ventilation and daylight (Burton, 
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2013, P.3). Office buildings range from being óinternal load dominantô to 

óenvironmental load dominantô. Essentially, the buildingôs characteristics determine 

the thermal load profile of that building and then, the magnitude of the energy loads. 

Furthermore, retrofit solutions and attributed strategies to the thermal performance can 

be carried out in different directions. In other words, the retrofit action criteria needs to 

be selected based on the load dominancy state of the building (Rajapaksha et al., 2013). 

 

 

Figure 2.10. Environmental loads and fa­ade performance (Carlson and Martinez Arias, 

2014). 
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External loads (Externalities) 

Energy demands in response to providing the thermal comfort for indoor environments 

in coping with the impacts from outside are known as environmental loads or 

externalities. The required retrofit solutions for externalities should follow both 

environmental and technical aspects. Environmental factors cover solar radiation, 

wind, humidity, daylight, and microclimatic effects. Technical aspects include 

envelope architecture, building form (plan form, section, and internal zoning), and 

material components (Rajapaksha, Hyde, and Groenhout, 2013, p.70). According to 

Aksamija (2013), environmental load transfer can occur through three ways: 1) 

conduction and absorption through the opaque surfaces, 2) conduction and radiation 

through the transparent surfaces (glazing areas), and 3) convection through frames of 

openings (air leakage).  

Internal loads (Internalities) 

Building energy demands in response to provide thermal comfort in coping with the 

generated loads from the indoor equipment, electrical lighting, and occupancy are 

known as internal loads or internalities (Rajapaksha et al., 2013, p.63). A study by Lam 

(2000) shows that the internal loads, which are lighting, occupancy and interior 

equipment are responsible for more than 50 percent energy use of the total energy 

consumption in a typical multi-storey office building. As Rajapaksha ett al., (2013, 

p.70) indicate, the required solutions to maintain a control over internal loads should 

be proposed by considering both non-technical and technical systems. Non-technical 

aspects cover two major profiles; the occupancy profiles and the operational profiles. 

The former represents the number, distribution, and also the diversity of the occupants 

throughout the day (over time) and the latter, includes operational hours of equipment, 

like the HVAC system regarding the presence of the occupancy (After hours that there 

are no occupants in building or any inside zone of the building the operation of the 

HVAC system should be stopped). Technical systems cover three main aspects; HVAC 

systems (with regard the installed unit type and its operational mode), lighting systems, 
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and other plant or equipment (including lifts, pumps, etc.). The success key of 

achieving both optimized indoor environment alongside saving energy is to create a 

harmony between technical and non-technical aspects. Table 2.5 illustrates a brief 

review of thermal load profiles in office buildings and the contributing building 

components.  

Both profiles of internal thermal loads and environmental thermal loads are inter-

related to each other and all these areas should be taken into account in order to 

accomplish an efficient energy retrofit process. Architectural typology, building 

function, site enclosure and climate are the other important necessities of an energy 

retrofit project.  

 

Table 2.5. Thermal load profiles in office buildings and their impacts on energy usage and 

comfort (Rajapaksha et al., 2013, p.68). 

Thermal load profiles Contributing 

component 

Impact on energy use and comfort 

Internal loads and 

occupancy (internalities) 

Lighting 

Equipment 

Computers 

Occupancy 

Heat emission to occupied spaces 

Heat and moisture emission to occupied spaces 

Heat emission to occupied spaces 

Affect the usage of lighting, equipment, and 

contribute heat and moisture to occupied spaces 

Environmental loads 

(externalities) 

External envelope 

 

 

Internal mass 

 

 

Infiltration  

(air  leakage) 

 

 

Transfers heat between outside and inside and 

increases cooling or heating demands 

 

Absorbs and stores heat and increases cooling 

demands 

 

Causes heat conduction and moisture convection 

between indoor and outdoor environment and 

increases heating/cooling loads 
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2.9.3. The impact of the buildingôs orientation  and form on developing passive 

retrofit  process 

If the building is located along its east-west axis (the long side of the building will face 

in the north and south directions) three advantages can be observed: 1) admitting more 

daylight to enter a space, 2) preventing overheating by west-facing exposures during 

summer afternoons, and 3) benefiting from solar thermal energy of south fa­ade in 

winter. As Straube and Burnett (2005) state, the south fa­ade can absorb twice the heat 

gain of east and west fa­ades in winter and west-facing fa­ade generally, increases the 

buildingôs cooling demand (Raji et al., 2017). Optimizing the winter solar absorption, 

is known as a complex dynamic function of orientation, building geometry, glazing 

ratio, heat-flow path, inter-zone heat transfer mechanisms and thermal mass (Yohanis, 

Norton, 2002). Several studies have investigated the impact of building shape on 

energy performance and have claimed that there is a tie relation between a buildingôs 

compactness and its energy demands. These studies show that building shape (deep or 

shallow), its form (compact or atrium), orientation, its surroundings, and broadly 

speaking, its predefined conditions, influence buildingôs energy demand and indoor 

comfort conditions (Steadman et al., 2000c; Aksoy and Inalli, 2006; Shahrestani et al., 

2013). The diversity of building shape types makes the classification process a 

challenging task (Shahrestani et al., 2013). However, in the literature, the correlation 

between energy performance and building shape, is mostly allocated to the cubic 

shapes with square floor plans. Studies by Steadman, Bruhnes, and Rickaby (2000c) 

and Shahrestani et al., (2013) investigate the buildingôs lighting type (sidelit or toplit) 

and internal spatial subdivisions, over the square deep and square shallow plans. Raji 

et al., (2017) investigate the impact of geometric factors for the energy-efficiency of 

high-rise office buildings in three climates of Amsterdam (mixed), Sydney (Sub-

tropical) and Singapore (Tropical). The results of their study revealed that in the case 

of the mixed climate, there is a correlation between the annual total energy use and the 

relative compactness of building shape. In this regard, the larger the envelope surface 

area, the higher the amount of heat gains and losses occur through the building skin. 
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Consequently, compact shapes are more preferable for conserving energy in mixed 

climates. The study also refers to a substantial effect of plan depth on total energy 

consumption of the building in mixed climates. For shallow plans in order to decrease 

the electric lighting demands, office areas should be mostly accommodated along the 

building perimeter. They listed building geometry factors with respect of the highest to 

lowest impact as following: building orientation, plan shape, plan depth, and window-

to-wall ratio. Nevertheless, energy retrofitting of office buildings without a 

comprehensive consideration of buildingôs predefined conditions, will have a minor 

effect on improving its energy efficiency (Aldawoud, 2008; Safarzadeh and Bahadori, 

2005; Tabesh, and Sertyesilisik, 2016). Being aware of these characteristics not only 

helps decision maker through selecting proper retrofit actions, but also helps him 

during the re-organization of the internal articulation related to the required comfort 

quality.  

In this thesis, the targeted energy retrofit measures are measures, which improve both 

energy efficiency and indoor comfort quality. Accordingly, due to achieve a holistic 

picture of the joint framework for both energy reduction and comfort improvements, 

the interdependent relationships among buildingôs form, fa­ade condition, and interior 

spatial arrangements have been investigated. 

According to the 2010/31/EU European Directive, establishing high comfort quality, 

particularly in the case of office, entails a substantial amount of energy consumption.  

This is because the fact that workersô comfort and wellbeing have a direct impact on 

their productivity at work and the loss of productivity means the loss of cost and 

investment of the organization. Thereupon, the conflict between high comfort quality 

and high energy demands becomes more prominent in office buildings (Roulet, 2001). 

Accordingly, a firm tie between energy performance of the building and its indoor 

comfort should be established through the retrofitting process. The following chapter 

describes different spatial arrangements in indoor environments of office organizations 

and their advantageous or disadvantageous related to the workersô comfort quality. 
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CHAPTER 3  

 

3. OFFICE ORGANIZATION AND ITS ELEMENTS  

 

Palmer and Lewis (1977) in their book entitled planning the office landscape, analyze 

an office organization based on its elements and the existence relationship between 

those elements. They used the phrase of sociotechnical system for such organization, 

which consists of people, technical elements, and material resources. In other words, 

each organization is comprised of four main domains: procedures, people relationships, 

environment, and product. Product is the business objective of every organization and 

its success in profitability. To achieve this objective, comprehensive office planning 

either a new organization or retrofitting an existing one, needs to consider all the four 

elements and their relationships. 

 

Figure 3.1. Major elements of office organization (based on Palmer and Lewis, 1977). 
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3.1. Different Methods in the Definition  of Office Organization  

Between 1983 and 1985 Duffy et al. developed a multi-national client-sponsored 

research program, called óORBIT (Organization, Buildings, and Information 

Technology), which was comprised of two studies. The first study was related to the 

impacts of new IT technologies on spatial organizations, and the second study was 

related to the changing pattern of work after the emersion of IT technologies. The 

workplaces based on the ORBIT studies were classified regarding two main 

dimensions of the ónature of changeô (the change potential of the environment; low or 

high) and the ónature of workô (routine or non-routine work type). Broadly speaking, 

ORBIT research analyzed office typologies upon the functional features of the office 

environment (Duffy and Chandor, 1983). Ahlin and Westlander (1991) defined 

different office types according to the physical characteristics like the plan layout. Plan 

layout is defined in two dimensions of óthe plan modelô and óroom typeô. In extending 

plan model definition, they used three basic principles of spatial organization, which 

are: 1) cell-office; 2) combi-office; and 3) open plan office. Room type in their analyses 

is used to investigate individual office rooms, instead of the entire office environment 

like plan model. The room type is divided into three classes of single-rooms, shared-

rooms (2-3 people/room), and large-rooms (more than 4 people/room). Duffy et al. 

(1973) in defining office typologies, combined the physical and functional 

characteristics. They denoted four basic office types, each with its particular work 

pattern and spatial organization. They gave nontraditional names to the categories, as 

following: 

1. Cell: individual, enclosed, static workplaces 

2. Club: high level, varied task, interactive 

3. Hive: busy, dense, open, process oriented 

4. Den: group work, project based 

Danielsson and Bodin (2008) asserted that both methods are connected strongly, thus, 

they can be equivalent to each other. In their new office typology, the Cell is equivalent 
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of private cellular office, the Club is equivalent of combi-office, the Hive is equivalent 

of open plan office, and the Den is equivalent of landscaped office. Authors, by 

claiming that both definition methods have their limitations, based on the works of 

Ahlin & Westlander (1991) and Duffy & Powell (1997), identified seven different 

types of office spaces; cell-office, shared-room office, small open plan office, medium 

open plan office, large open plan office, flex-office and combi-office. As Danielsson 

and Bodin (2008, p.25) indicates, the open-plan office includes a wide range of sub-

divisions, which varies from 4 persons-room to more than 100 workers in a shared 

space. However, none of the reviewed studies have defined internal distinction between 

various types of open-plan offices. As Kim (1999) states, internal layout of offices can 

be generally articulated based on three planning options; closed, open and combination.   

Briefly, in order to investigate the impact of office environment on workersô comfort 

it is necessary to define the considered different office spaces. The reviewed literature 

in this regard (Duffy, Cave, & Worthington, 1976; Duffy & Chandor, 1983; Duffy & 

Powell, 1997; and Danielsson & Bodin, 2008) revealed that traditionally there are two 

main methods to define office spaces; either by spatial organization or by work 

patterns, which respectively belong to the physical and functional domains of every 

office organization. However, as Danielsson and Bodin (2008) states, in spite of 

existing a firm connection between the two, considering only one of them in identifying 

office typologies will be not a holistic classification.  

3.1.1. Predominant spatial arrangement concepts from past to present  

The key point in the design of office facility is that developments in this field need to 

reflect changing philosophies of utilizing workspaces. None of these philosophies or 

office concepts completely replaced one other. Rather, they are all still in use, 

representing different basic options for office design. As Van Meel and Voss (2001, 

p.325) remark, ñOffices reflect ideas about the meaning of work and opinions about 

how work should be performed. As these ideas change over time, so does the office.ò 

Van Meel (2000), describe four predominant office types as followings: 
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¶ Cellular office: An enclosed space designed to accommodate 1ï3 

workplaces 

¶ Group office: An enclosed space designed to accommodate 4ï12 

workplaces 

¶ Open-plan office: An enclosed space designed to accommodate 13 or 

more workplaces 

¶ Combi-office: Closed offices situated in an open space which is 

designed to accommodate common facilities and group work 

 

Office environment in Van Meel (2000) framework is distinguished in three levels of 

place (central office, telework office, business office, etc.), space (cellular, group, 

open-plan, or combi office), and use (personal office, shared office, hoteling, and etc).  

 

 

Figure 3.2. Principles of different office concepts (Van Meel, 2000). 

 

The following sections elaborate some of the predomiannt office space layouts 

throughout the office building history from the pre-1960s till present and also the 

estimated office spaces for the near future.  

Bull Pen office: until the 1960s staff were placed in open space at the core of plan with 

rigid arrangements and in contrast, one or more sides of the building perimeter zones 

(windowed spaces) were allocated to single offices for executives (Palmer and Lewis, 

1977). In 1924, the first definition of thermal comfort standard published by ASHVE 
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(Ashve, 1924) and in 1938 the first code for comfort requirements in air conditioned 

environments was published (Ashve, 1938). In this situation, the development of deep 

floor plan layouts was facilitating.  

Single office: in early 1960s single office concept in deep plan buildings, brought staff 

from open spaces to closed-plan offices occupied by one two or more workers. Again 

the executives stayed in their windowed spaces. In these decades office spaces were 

typically combination of bull pen and single office concepts (Palmer and Lewis, 1977). 

Executive-core deep cellular office: from the early 1960s till the mid-1960s, the 

locations of staff and executives replaced with each other. The staff located around the 

building perimeter near windows and in an open zone and executives placed at the core 

of plan in single offices (Palmer and Lewis, 1977). 

 

 

Figure 3.3. Evolution of single office concept from pre-1950 till mid-1960s (Palmer & 

Lewis, 1977, p.3). 

 

Open-plan office: open-plan office concept was a major phase in office buildings 

history because for the first time both staff and executives are placed at the same 

interior conditions and same working zones. This period was the era of deep plan 

artificial office environments. By developing air-conditioning system and artificial 

lighting, offices extending into deeper spaces became preferred because interior spaces 

were not dependent on natural light and ventilation anymore. Design of curtain walls 
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and large windowpanes introduced in this period (Collard and DeHerde, 1997). 

Implementing openable windows converted bioclimatic building facades into fully 

sealed and protected against outside environment. In 1966, the first code of minimum 

comfort for air-conditioned environments was published by ASHRAE Standard 55-

1966.   

 

Figure 3.4. Open plan office in mid-60s, rigid arrangements (Palmer & Lewis, 1977, p.4). 

 

Landscaped office: developed in early 1970s by the Quickborner Team of Germany. 

Since, these type typically require a much deeper and larger spaces, they were not 

preferred by organizations. Like open plan concept, this concept also lays out a large 

deep floor plan, however, the arrangements are not in a rigid geometry. Workstations 

are randomly arranged along with a complete artificial lighting. Moveable screens, 

partitions, and plants are main components of this type of organization to provide 

circulation routs and identity to the working groups (Duffy et al.,, 1976, p.81). 

Combi-office: the development of office interior environments from the 70s to the 90s 

is featured by the use of communication technologies and their impact on work styles. 

Increasing the ergonomic quality of the office interiors appeared also in this era. These 

changes led the working spaces to be more workflow- oriented group spaces and the 

creation of new office layout called as combi office, which is a combination of private 

cellular offices and shared open spaces for group working teams. Implementing 

unitized curtain walls was also privileged in this period. The energy crises of the 1973 

begins energy saving issues in construction industry. The fluorescent lamps and tinted 
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(coated) glazing were one of the results of efforts to limit energy consumptions. Natural 

ventilation and daylight gains became again popular in designing interior environments 

(Palmer and Lewis, 1977; Van Meel, 2000).  

Reversible offices (current and near future office concepts): the 1990s was the era of 

efficiency and profitability trends. Work spaces were faced with new issues like, 

internet and needs for more spatial flexibilities. On the other hand, due to the high 

prices of office spaces on commercial building market, design concerns for shared 

work stations reduced. This situation provided the ground for the appearance of a new 

office concept called, Reversible Office (Pickardchilton, 2012). Reversible offices with 

their flexible arrangement, embrace different spatial organizations for different 

workersô needs. These types of layouts typically require minimum thermal mass with 

maximum flexibility like, light walls and suspended ceilings. The demand to add value 

to workplace performance transforms office definition from an IT place to a place for 

breeding creativity. As the result of information technologies, 1990s witnessed a 

second workplace revolution, which was the emersion of ñnew ways of workingò. 

Information technology changed cultural and social processes. Gradually, virtual world 

and digital tools opportunities displaced face-to-face communications (Harrison, 

Wheeler, & Whitehead, 2004).  

 

 

Figure 3.5. Spatial arrangement concepts from 1970s till today (Palmer and Lewis, 1977). 
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Tele-offices (estimation for future office spatial arrangements): achieving high 

profitability with limited budget is the goal that will be focused in near future office 

organizations more than past. There is always an emphasis on reducing initial and 

running costs from the stakeholders and building owners. In this context it is expected 

that tele-working might be a good alternative, which is indeed independent home-

offices or tele-offices, but consists of a central office for meetings or communications. 

Workers will feel more flexibility regarding their work time and place (van Meel, 

2000). The future offices are estimated to be more interactive, more specialist, and less 

individual workplace-based spaces (Stratton, 1997, p.85). 

As a matter of fact, there are many different types of office management and work 

styles, thus we witness various types of pre-dominant office layouts and spatial 

arrangements with different organizational demands (Table 3.1). However, based on 

reviewed literature on the history of different office layouts, it can be concluded that 

four main office arrangements were mostly used through the history of office buildings, 

although they are given different names by several authors and research works. These 

four distinct types are, single closed offices, group shared offices, open shared offices, 

and landscaped shared offices. Among the all conducted valuable research on the topic 

of office buildings, the view point of Francis Duffy is rather holistic. Furthermore, the 

foundation of the current thesis for the investigation of energy and comfort triggers 

within existing office buildings, is set on Duffyôs office framework, which is elaborated 

in the next section. 
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3.1.2. Duffyôs office environment framework 

In Duffyôs framework, four main types of organization namely, concentrated study 

(Cell), group process (Den), individual process (Hive), and transactional knowledge 

(Club) are examined. The following section, firstly, argues the Work Pattern typology 

of Duffyôs framework and then, the spatial requirements of different organizational 

structures will be discussed.  

3.1.2.1.  Duffyôs office environment framework: generic work patterns  

The NEW (New Environments for Working) project conducted in 1997, was an 

investigation in a joint attempt by Duffy, Eley, Giffone, & Worthington and the 

Building Research Establishment. This project was looking at the modern working 

practices and generally, the ways people work in their workplaces. The output of the 

project was four office layout typologies developed based on their particular kind of 

activities. They were broadly categorized as, Cell, Den, Hive, and Club (Duffy and 

Powell, 1997). The New Office (Duffy and Powell, 1997) principles, under the umbrella 

of the technology relied on high level of autonomy, face-to-face interactions, and 

broadly speaking highly motivated workers. Today, these types of workplaces are 

known as óknowledge workô because encourage the knowledge transfer and 

connectivity rather than linear business systems (Harrison et al., 2004, p. 29).  

 

 

Figure 3.6. Duffyôs work typology (Harrison et al., 2004, p. 27). 
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Every work pattern requires its particular organizational structure. In the other words, 

different organizational structures will  create various types of office spatial 

arrangements. Each layout type also has entirely different patterns of occupancy and 

IT equipment. The terms of ñinteractionò and ñautonomyò as two aspects of the work 

pattern, can help businesses to have a perception of how they are now and where they 

may be in the future. Interaction represents the amount of face-to-face communication 

during the work process and autonomy is the degree of individualôs control on the 

timing and work method, like when and how work processes are carried out (British 

Council for Offices, 2005). Duffy (1997) by referring to the fact that the relative 

demand for each layout will change by the time, indicates that ñIt is expected, as 

information technology changes, that many examples of the offices now identified as 

being for ógroup processesô [dens] or óconcentrated studyô [cells] will tend to converge 

into what has been called the ótransactionalô office [club] where, through deft 

management of time and space, both interaction and autonomy will be maximized.ò 

3.1.2.2.  Duffyôs office environment framework: spatial arr angements   

Duffy et al. (1976) used the term Scenery in describing the interior spatial 

arrangements, however, this thesis will continue with the well-known phrase of Spatial 

Arrangements. In exploring the relationship between different work patterns and office 

layouts, they classified spatial arrangements in four generic types: cellular, group 

space, open plan, and landscaped. These arrangements can be used for a whole office 

building, or a part of that, even for a small part of a floor plan. An existing office layout 

can be either only one of them or a combination of all types. Table 3.2 illustrates the 

provided organizational samples by Duffy et al. (1976, p.83) for every work pattern 

and suitable office spatial arrangements.   
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However, in selecting the appropriate arrangement for an office interior there may not 

be always a precise fit in the matrix, illustrated in Table 4. A wrong choice of spatial 

arrangement will lead to a difficult working conditions (Duffy et al., 1976, p.81-82). 

Cellular office concept is typically used in buildings with narrow plan with maximum 

12 meter depth. The plan architecture commonly consists spine corridors, which are 

embracing several single rooms. Almost for all services, rooms depend on building 

perimeter zone. Usually, the maximum number of workers in these kind of concepts 

does not exceed five persons. Cellular offices more than any other type provides the 

ideal satisfaction for occupants to work in behind closed doors in their own territory 

without distraction (Schittich, 2011). Group Spaces are medium-sized rooms 

containing 5-15 persons as a team workers. The proper depth of plan for these rooms 

is a little bit deeper compared to the cell offices and almost 15-20 m depth is required. 

Open Plan is the traditional way of spatial arranging a large deep floor plan, which 

contains more than 20 persons in a very rigid arranged workstations. The tasks are 

individually processed. Landscaped Office is a relatively short-lived typology, which 

developed in early 1970s by the Quickborner Team of Germany. Like open plan, this 

concept also lays out a large deep floor plan, however, the arrangements are not in a 

rigid geometry. Workstations are randomly arranged along with a complete artificial 

lighting. Moveable screens, partitions, and plants are main components of this type of 

organization to provide circulation routs and identification of the working groups 

(Duffy et al., 1976, p.81). 

3.1.2.3.  Duffyôs office environment framework: depth of plan   

As discussed in previous sections, if the purpose of a retrofit project is reducing energy 

consumption of the building and focusing on passive retrofitting solutions, the first 

essential step is identifying the impact area of those passive actions (windowed area) 

in the interior part of the building. To clarify the accessibility of an indoor office 

environment to this zone, the space-depth definition of Duffy et al. (1976) has been 

considered. The basic grammar for office plan architecture in their study is defined by 
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identifying the building core position. The location of core determines the depth of plan 

and this can lead to creation of different office arrangement possibilities. Depth of 

space in their book is defined as the distance from the main core to the building 

perimeter. Accordingly, Duffy et al. (1976, p.42) classify plan depth types as: shallow, 

medium-depth, deep, and very deep. Each type is elaborated as following: 

¶ Shallow plan: are typically linear zones, which can be created either on a 

linear space or a non-linear space. The depth in central core types ranges 

between 6-7 m and in sided core types ranges between 12-14 m. The 

provided small rooms (2:1 ratio) following a corridor are such spaces. 

These rooms can easily benefit from perimeter ventilation and natural 

daylight.  

¶ Medium-depth: some workstations may not be adjacent to the window 

wall. The distance between the core and the building perimeter ranges 

from 8 m to 12 m and if it is a side-core structure, this distance will vary 

from 16 m to 24 m. Planning a medium-depth space is easier than a 

shallow or deep space because all types of office layouts can be arranged 

in these spaces.  

               

Figure 3.7. Left: shallow space and core position type, right: medium-depth space (Duffy et 

al., 1976, p.42). 
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¶ Deep space: The depth in deep spaces with central core ranges between 

13-21 m and sided core types will give a space with near 32 m depth. 

Deep spaces can be subdivided into cellular offices, group offices or be 

used as an open-plan office without subdivisions. 

¶ Very deep space: if the distance between core and windowed wall exceeds 

20 m, that space is called a very deep space. For these kinds of office 

spaces, several circulation routs need to be defined. It is also possible to 

provide a combination of sallow and medium-depth spaces. 

 

 

             

Figure 3.8. Left: deep space, right: very deep space (Duffy et al., 1976, pp.43-44). 

 

From the view point of spatial arrangements, cellular offices and in some cases, group 

offices are spaces with shallow plans, although group offices can also be seen in 

medium-depth and deep plans as a subdivision part. Open and landscaped offices both 

require a relatively deeper floor plan (Duffy et al., 1976, p.81). 
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Figure 3.9. Different depth spaces (core to perimeter distance) (Duffy et al., 1976, p.81). 

 

3.2. Spatial Comfort in Office Environments 

As mentioned already, office spatial arrangements have a considerable impact on 

organizational performance and productivity, however, obtaining a greater efficiency 

and productivity requires the provision of a comfortable and satisfying work 

environment. De Dear and Brager (2002) claim that the insight of spatial comfort has 

evolved through the history under the influence of different social, technological, and 

cultural factors, such as technological inventions, changing work styles, and occupantsô 

changing role. On the one hand, providing an ideal spatial comfort level in every office 

environment needs to consider all these influential aspects. On the other hand, in order 

to realize the effects of each layout type on indoor comfort and energy savings it is 

essential to identify a list of both interior and exterior design variables. Reinhart (2002) 

classifies interior design variables for open-plan and landscaped open offices as 

following: óworkstation sizeô, ópartition heightô, ófloor to ceiling heightô, ócorridor 

widthô, óceiling reflectanceô, ópartition reflectanceô, and ófloor reflectanceô. For the 

influential external variables on comfort and energy efficiency, he refers to ófa­ade 
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orientationô, óblind controlô, óvisual transmittance of windowsô, óexternal obstructionô, 

and óclimate conditionsô. Vischer (2008) categorized these variables into two main 

groups: óthe environmentalô and óbehavioralô aspects of workspace. The environmental 

aspects include ambient environmental conditions (noise, lighting, air quality, thermal 

comfort), furniture layout and ergonomics (workstations, offices and shared amenities), 

and process issues, such as user participation in design, and meeting business and 

organizational objectives. The behavioral aspects include employeeôs satisfaction and 

feelings regarding their work environment in the sense of territory, ownership and 

belonging, and employee productivity. Vischer (2008) believes that environmental 

factors affect the workerôs psychological feelings, which is in a direct relation to the 

job satisfaction.  In Haynesôs (2007) theoretical framework, the office environment is 

attributed to two distinct dimensions of physical environment and behavioral 

environment. The physical environment includes comfort and office layout and the 

behavioral environment is analyzed based on interaction and distraction dimensions. 

 

 

Figure 3.10. Theoretical framework of office productivity (Haynes, 2007, p.106). 
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The mentioned studies represented a hierarchical process for workerôs perception of 

their workplace environment. As Figure 3.11 shows, a three-way definition of the 

comfort concept has been carried out in several studies regarding office indoor 

environment. It clarifies that worker needs more than healthy and safe indoor 

environment. A worker needs environmentally supportive office for his activities 

(Vischer, 1996). Occupantôs physical comfort refers to meeting the fundamental human 

needs, like safety, hygiene and accessibility, without which a building is uninhabitable. 

The functional comfort refers to the state of environment, which supports workerôs 

tasks (Vischer, 2008, p.98). The third comfort dimension, called, psychological 

comfort includes feelings of belonging, territoriality and the ability of control over the 

workspace (Vischer et al., 2003). 

 

Figure 3.11. Environmental comfort model of workspace quality (Vischer, 2008, p.101). 

 

In a review by Shea et al., (2011), which contains contributions of twenty seven studies 

on the impacts of physical work environment on comfort, a list of physical work 

environment properties has been presented. Significant factors within the physical 

work environment that may affect workerôs comfort can be classified as three broad 
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areas: ambient properties, spatial arrangements and architectural design. Ambient 

properties refer to stimulations like, noise, temperature, and air quality; spatial 

arrangements are denoted as office layout, level of enclosure (number and height of 

partitions) and privacy. Architectural design refers to issues like, daylighting, task 

lighting or the presence of windows (Figure 3.12). 

 

Figure 3.12. Physical work environment factors that impact on worker (based on Shea et al., 

2011). 

 

Literature Evaluation  

Reviewed studies demonstrated that relative influence of various factors affecting 

overall comfort perception of indoor environment varies for occupants of different 

office layouts. Visual privacy and noise level recognized as priorities for open-plan 

office users, whereas amount of light, social interaction, air quality, and thermal 

comfort were more important to private office occupants. User satisfaction regarding 

the interaction issue realized higher for employees of closed-plan offices, which have 

very low dissatisfaction rate. Briefly, even though workers are satisfied with 

interactions in open-plan layout, but their overall indoor comfort and workspace 

satisfaction is strongly tied with ambient properties such as, visual and audial privacy, 

temperature and lighting quality. Thereupon, the overall user comfort is achievable, 

firstly, through the selection of a proper spatial concept, which is the best suited to the 
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organizationôs work process and secondly, through the indications of the discomfort 

sources caused by poor fa­ade performance of the building. As discussed previously in 

the study of Shea, Pettit, and De Cieri (2011), the main discriminant comfort 

requirements are remarked as optimum temperatures, daylight accessibility and audial 

privacy.  

                            

   

Figure 3.13. The interdependent relation among indoor comfort, spatial arrangements, and 

fa­ade performance (by the author, based on the reviewed literature). 

 

In the light of reviewed literature, in order to establish the required comfort quality, the 

retrofit interventions are classified in this thesis in two categories: 1) Spatial Retrofit 

(SR) and 2) Facade Retrofit (FR). Spatial interventions represent applicable retrofit 

actions on the interior parts and are divided into internal and peripheral zones, which 

are elaborated in Section 4.2. Fa­ade interventions form the basis of the fa­ade retrofit 

framework, is represented in Section 4.3. 

 

 

Figure 3.14. The general structure of proposed retrofit actions in the Retrofit Framework. 

Indoor Comfort
Office Spatial 
Arrangements

Facade 
Performance
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The three-headed process is considered for the generating retrofit framework; 1) the 

building scale: identifying pre-defined characteristics of the existing building for 

improving energy performance, 2) the room scale: developing a spatial comfort 

framework for five different office layouts fa­ade scale, and 3) the fa­ade scale: 

organizing effective passive retrofitting actions on existing. The investigation of these 

three major dimensions structures the main approach of this thesis, which is generating 

a comprehensive passive retrofit framework for existing office buildings. Each domain 

is elaborated in Chapter 4. 

 

Figure 3.15. The three-step process of retrofit framework (by the author).  
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CHAPTER 4 

 

RETROFIT  FARMEWORK DEVELOPMENT  

 

 

In order to achieve a holistic picture of the joint framework for both energy efficiency 

and comfort, the interdependent relationship among building form, fa­ade design, and 

interior spatial arrangement needs be investigated (Figure 4.1). Here, the building 

fa­ade plays the role of a mediator between the outdoor and indoor environments. 

  

 

Figure 4.1. Interdependent relationship among three scales. 
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Architectural decisions on building form and orientation affect heating and cooling 

loads, daylight, passive ventilation, and solar heat gain opportunities. Building shape 

associates with the relative length of the overall dimensions (height, width, and depth), 

building form is defined as small-scale variations in the shape of the building. For small 

buildings, especially, with low-performance envelope systems (i.e. low level of 

insulation, high U-value windows without shading devices) the characteristics of 

shape, form, and orientation become more significant. For large buildings with low-

performance envelope, internal heat loads (occupants, lighting, and equipment) 

overcome to the fa­ade heat gains. However, in buildings with high-performance 

envelope systems (i.e. highly insulated windows with low U-value, appropriate shading 

strategies, and passive ventilation), building shape and form will have a relatively 

smaller impact on heating and cooling demands. For existing buildings there is not the 

possibility of any retrofit actions regarding the orientation changes, but through the 

decisions on choosing proper retrofit technologies it should be taken into account, since 

different building face require different strategies in terms of daylight, views, and noisy 

contexts (Harvey, 2012, p.110).  

4.1.   Identifying Pre-Defined Characteristics of the Existing Building for 

Improving Energy Performance: Building Scale 

The decision makerôs job regarding the different applicable fa­ade retrofit options is to 

understand the existing building requirements, as well as the constraints, which can 

affect negatively the building performance even, after the retrofit process 

(Konstantinou, 2015). As described in previous sections, implementing the properties 

of a high-performance fa­ade, essentially, depends on the pre-defined indicators of the 

existing building, like buildingôs location, climatic characteristics, orientation, and etc. 

According to Aksamija (2013, p.18), climatic issues need to be considered from the 

outset of an energy retrofit project and the selection process of optimal retrofit actions 

should be based on climatic considerations. This thesis has put its climatic concerns on 

the most critical climatic zone of Turkey in terms of future energy demands, which is 

the Central Anatolian region. It is known in both phrases of dry-temperate and mixed-
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dry climatic zone. Different climate classification systems have labeled this region in 

different names or codes, which is elaborated in the next paragraph. 

 

 

Figure 4.2. Effective pre-defined condition of the existing building on the performance of 

passive actions (by the author). 

 

Mixed-dry (4B) climatic zone 

According to Kºppen Classification Turkey is situated in the Temperate Mediterranean 

climatic and geographical zone. Three main climatic areas are defined for Turkey; 

Black Sea region with mild and rainy weather characteristics through the year, the 

southern and western coastlines with a typical Mediterranean climatic features, and 

finally, the central Anatolian part with cold dry winters and hot dry summers has a 
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semi-arid climate (Zinet, 2002). The central Anatolian region with a dry temperate 

climate covers a large area of Turkey. In other words, a large part of the country is 

under influence of dry temperate climatic conditions. Based on Turkey Baseline Report 

on Climate Change (2002), the mean temperature in the coldest month ranges from -

3ÁC to 0ÁC and in hottest month of the year is reported between 20ÁC and 22ÁC. 

However, as Aksamija (2013, p.11) indicates, the Kºppen Classification is often 

difficult for designers, instead, the ASHRAE classification is rather easier for retrofit 

project derivers. ASHRAE classification is developed with the cooperation of the 

International Energy Conservation Code (IECC) and the ASHRAE. The climatic zones 

are defined in eight groups and are numbered from 1 to 8 (1: very hot, 2: hot, 3: warm, 

4: mixed, 5: cool, 6: cold, 7: very cold, and 8: subarctic). Each zone has also its 

humidity label (A: humid, B: dry, and C: marine). Based on ASHRAE classification 

Turkey is placed in the mixed-climate group (4), and the central Anatolian region is 

labeled as 4B (mixed-dry) climatic zone.  

Building energy reduction projects in mixed climatic zones require combined actions 

in terms of acceptable solar exposure and adequate daylight receipts. On the one hand, 

appropriate solar control actions need to be implemented in order to distort the direct 

solar radiation in summer, on the other hand, passive heating substrates should be 

provided to collect solar heat gains in winter. In order to maximize daylight, large 

glazed fa­ades along with the proper shading devices should be taken into account 

(Aksamija, 2013, p.14). In the next sections more details of required retrofit actions 

applicable in the mixed-dry climates are described.   

Effective geometrical factors of the existing building on its energy performance  

Buildings with deep plan (compact forms) have the lowest surface area for heat loss, 

but usually, have the highest energy demands for artificial lighting and cooling 

demands and are less sensitive to orientation changes. In contrast, buildings with 

shallow plan have greater opportunities in embracing passive strategies, however, 

fitting in site and high fa­ade costs are disadvantages of these types of built forms.  
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(Raji, Tenpierik, and van den Dobbelsteen, 2017). A tradeoff between deep and shallow 

plan building, is the atrium building. The covered atrium building despite admitting 

daylight, can have difficulties in terms of ventilation. Courtyard buildings by inviting 

daylight and natural ventilation to the center of the plan, account as building with a 

high passive ratio (King, 2009). 

 

 

Figure 4.3. Considered four types of building shape in this thesis; deep, shallow, atrium, and 

courtyard. 

 

According to Raji, Tenpierik, and van den Dobbelsteen (2017), in mixed climates, the 

most energy efficient built form for square plan shapes is the compact forms with the 

ratio of (1:1), which has the lowest heating and cooling demands. However, this form 

will have difficulties in admitting daylight and higher artificial lighting demands. 

Therefore, the 2:1 shape seems slightly better than the 1:1 shape. They found also 

shapes with plan ratio of 1:1 and 3:1 compared to the 2:1 will result a low increase 

(0.8%) in total energy consumption (Figure 4.4).  
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Figure 4.4. Total energy consumption for seven plan aspect ratios (Raji, et al., 2017). 

 

From the overview of recent studies on the effect of basic geometry components 

including plan depth, plan aspect ratio, windowsô orientation, and window-to-wall ratio 

(glazing ratio and distribution) on energy performance of buildings with shallow or 

deep plans in mixed climates, the buildingôs optimal geometry properties can be 

highlighted as following (Raji, Tenpierik, and van den Dobbelsteen, 2017): 

1. The effect of plan shape (circle, square, rectangular, etc.) on building energy 

consumption is the lowest in the mixed climate.  

2. The effect of plan depth on total energy consumption is more dominant in the 

temperate climates. The more efficient plan depth ratio determined as 1:2, 

however, as a general range, this optimal ratio can be 1:1, 1:2, and 3:1. 

3. Assuming that windows are equally distributed across building orientations, for 

a deep plan design, the optimal range of the window-to-wall ratio can be 20ï

30%. For a south-facing narrow plan (with no glazing) the cooling demands 

will be considerably increased. 

4. The investigation also highlights the most sensitive orientations that potentially 

increase the total energy use (relative value) to a large extent for a wrong 
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selection of WWR in different climates; those include the west-facing exposure 

in mixed climates. 

5. The optimal solar heat gain coefficient (SHGC) is 40% for mixed climates 

(Aksamija, 2013, p.16).  

6. Solar heat gains in August month is in its high rates, which require appropriate 

solar heat protection like shading devices or low-e coated glazing (Aksamija, 

2013, p.16). 

 

 

Figure 4.5. Effects of window-to-wall ratio for mixed, dry 4B climatic zones (Aksamija, 

2013, p.22). 

 

In mixed climates for both deep and shallow plans, an optimal window-to-wall ratio in 

terms of high energy efficiency is proposed by Raji, Tenpierik, and van den 

Dobbelsteen (2017) between 20% and 30% (due to lower heat transfer through the 

fa­ade during winter and summer (Figure 4.5). Less than 20% WWR ratios refers to 

the high electrical lighting demands in building. The maximum WWR value in mixed 

climates can be 60% and upper values due to heat load transmittance will result more 

than 10% increase in buildingôs total energy usage.  Generally, due to the high 
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temperature differences between indoor and outdoor in temperate climates, building 

can have a limited range of WWR (min 20 < WWR < max 60). 

 

 

Figure 4.6. The optimal percentage of window-to-wall ratio for two plan types (1:1 and 5:1) 

in temperate climate (Raji, Tenpierik, and van den Dobbelsteen, 2017). 

 

The recommended WWR values shows that for narrow (shallow) plan shapes, to 

prevent high cooling demands due to elongate north-south facing fa­ade, both north 

and south facades should have low WWR ratios. Wrong decisions on choosing WWR 

in the south-facing fa­ade in shallow plans are more risky than deep plans; in this 

situation, the increased cooling demands for narrow plans will be up to 68%, while this 

amount for deep plan buildings is 13%. A south fa­ade always requires appropriate 

overhangs or fixed blinds and east or west fa­ades need more dynamic ones. Electric 

lighting saving varies in two different interior parts of offices (peripheral and 2th row 

zones). Using automated or manually controlled blinds in southern fa­ade, will save 

energy almost 50% to 60% in a peripheral office zone, however, electrical loads 

savings for centric parts that have not enough accessibilities to daylight (2th row zones) 

are usually low (Reinhart, 2002). The internal heat gains from occupancy, equipment, 

and electric lighting can reduce the heating demands in winter, however can also 

increase cooling demands in summer times (Raji, Tenpierik, and van den Dobbelsteen, 

2017). 
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Numerous studies have indicated that the features of both courtyard and atrium building 

types affect the indoor environment conditions and comfort levels (Aldawoud, 2008; 

Abdullah, Meng, Zhao, and Wang, 2009; Aldawoud, 2013). The courtyard form can be 

fully enclosed (four sided), semi-enclosed (three sided) or in some cases even two sided 

(Meir, Pearlmutter & Etzion, 1995). The reviewed literature in this field clarifies the 

fact that the design form can be act as a microclimate modifier to the environment. 

Many researchers such as (Tablada et. al., 2005; Muhaisen and Gadi, 2006; Muhaisen, 

2006; Aldawoud, 2008), have investigated the thermal performance of courtyard 

building with focusing on the influence of the geometrical variables of the courtyard 

on the amount of solar radiation gains. All  these studies concluded that the formôs 

surfaces need to be protected from intense solar gain and the hot dusty wind.  

Muhaisen and Gadi (2006) studied the effect of a rectangular courtyard form at four 

different climates. Finding out the relationship between courtyard form, sun location, 

and shading performance was the main focus point. The results showed that the 

courtyard proportion and the received solar radiation, substantially, affect the heating 

and cooling demands. Due to the nature of the mixed climate, which is characterized 

by having two different seasons: a hot summer and a cold winter, deeper courtyard 

proportions are preferable in eliminating the cooling loads in summer and heating loads 

in winter. Deeper forms receive less amount of irradiation in summer that leads to 

minimum cooling loads and in winter less amount of heat losses (Figure 41-42). 

Generally, courtyard buildings because of their self-shading characteristics have lower 

rates of cooling demands in summer near 4%, however, in winter, it maximizes the 

heating loads by almost 12%. This reveals that gaining solar radiation in winter is more 

critical than preventing in summer and regarding the fact that shallower courtyard 

forms (R2=1) have greater heating loads in winter times, the deeper forms (R2=0.1) are 

most appropriate courtyard types for temperate climates. They carried out the study 

based on the varying ratios of R1 and R2. The R1 (P/H) ratio represents the proportion 

of floor perimeters (p) of courtyard to its height (H) and refers to the depth of the related 

form. The range of this ratio is defined from 1 to 10. The elongation of the form is 
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represented by R2 variable, which indicates the ratio of the width of rectangular 

courtyard to its length (W/L) and ranges from 0.1 to 1. Muhaisen (2006) proposed 

optimum courtyard height to perform rational in both periods of summer and winter 

for Rome as a temperate (mixed) climatic area. This optimum proportion based on the 

R1 and R2 variables, for summer times is proposed as R1=1 and R2=0.1 and for winter 

time, the optimum ratio is suggested as R1=10 and R2=1 (Figure 4.7).  

In the case of existing buildings that changing the courtyard forms is not possible, 

authors proposed using light colors for the external surfaces and shading devices to 

deal with the overheating problems in summer. For winter times to block the heat losses 

improving the thermal properties of the opaque and glazed parts of fa­ade is 

recommended that will be discussed in following sections (Safarzadeh, & Bahadori, 

2005; Muhaisen and Gadi, 2006). 

 

 

 

Figure 4.7. Above: R1 ratio, below: R2 ratio of rectangular courtyards in examining 

their energy consumption rates (Muhaisen and Gadi, 2006). 
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Aldawoud and Clark (2008) compared the energy performance of a central atrium with 

energy performance of a courtyard with the same physical properties (square plan) in 

four climatic zones of cold, temperate, hot-humid and hot-dry (Figure 4.8). They found 

that the open courtyard building acts better in terms of energy performance for the 

shorter buildings. As much as the increasing of the building height the enclosed atrium 

present a better energy performance.  

 

 

Figure 4.8. The models of atrium and courtyard (Aldawoud and Clark, 2008). 

 

Existence of courtyards and atriums in buildings maximizes the internal passive zones 

of the building. It provides opportunities like, bringing light into the interior spaces, 

reducing lighting loads, self-shading and minimizing air conditioning loads. Despite 

all these benefits, the unpredictability of the courtyardsô thermal performance requires 

reasonable retrofit actions to adjust and improve their energy performance. For existing 

buildings, considering energy conservation measures like, optimum window-to-wall 

ratio, double-glazed windows, adding insulation, interior blinds and sealing tapes are 

the points that have been referred by the scholars (Aldawoud, 2008; Aldawoud and 

Clark, 2008; Safarzadeh and Bahadori, 2005) in this field.  
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Window-to-wall ratio  and glazing types in courtyards and atriums 

In a study by Aldawoud (2008), energy consumption of a courtyard in temperate 

climate, glazed with 30% surface area (ratio) and having double low-e glass was 40% 

lower than a courtyardôs total energy consumption with single clear glass. For 

courtyards in temperate climate with glazing ratio of 67% at 10 floor height, the total 

energy consumption by implementing double clear glass reduced by 40% compared 

with single clear glazing courtyard. In case of having double low-e glass, energy 

consumption was 51% lower than single clear glazing. For triple clear glass, total 

energy consumption was lower by 54% than a single clear glazing courtyard. The 

results of a study by Tabesh and Sertyesilisik (2016), revealed that energy consumption 

of the courtyards with 40% window-to-wall proportions and triple glazing compared 

to the courtyards with 80% glazing ratio and single glazing type is considerably low 

for all climates of cold, temperate, and hot.  

Integrated usage of courtyard and atrium 

Tabesh and Sertyesilisik (2016) studied how integrated usage of an atrium and 

courtyard can improve an office buildingsô thermal performance. The context of their 

research was three cities of Erzurum, Istanbul, and Diyarbakir; representatives of 

respectively, cold, temperate, and hot climatic areas in Turkey. They found that using 

passive characteristics of courtyards and atrium, especially, their integrated usage can 

improve energy performance of the building. They have defined three usage patterns 

for different months of the year for each climate (Figure 4.9). They proposed an 

integrated usage of courtyard and atrium in order to achieve the optimum performance 

in all months of the year for each climatic zone. Accordingly, for Istanbul as the 

representation of the mixed climatic area, from May until mid-October, the courtyard 

state is more energy efficient for building, however, November till April, it needs to be 

covered with appropriate glazing types (single, double, or triple) and be prepared as an 

atrium mode. 



 

81 
 

 

Figure 4.9. Integrated usage of courtyard / atrium (Tabesh &Sertyesilisik, 2016). 

 

4.2.   Developing a Spatial Comfort Framework for Five Different Office 

Layouts 

In this thesis, the targeted passive retrofit measures are those that improve both energy 

efficiency and indoor comfort quality. Accordingly, in order to achieve a holistic 

picture of the joint framework for both energy efficiency and high comfort quality, the 

interdependent relationships among buildingôs form, fa­ade condition, and interior 

spatial arrangements have been investigated. Reviewed literature revealed that 

establishing high comfort quality entails a substantial amount of energy consumption. 

Particularly, in the case of office buildings, providing high levels of indoor comfort 

quality comes to being more important than energy consumption concerns. This is 

because the fact that workersô comfort and wellbeing have a direct impact on their 

productivity at work and the loss of productivity means the loss of cost and investment 

of the organization. Thereupon, the conflict between high comfort quality and high 

energy demands becomes more prominent in office buildings. Accordingly, a firm tie 

between energy performance of the building and its indoor comfort should be 

established through the retrofitting process. 
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Figure 4.10 Developing spatial comfort framework for five different office layouts  

 

To answer the question of how the internal zones can benefit from the opportunities of 

the applied passive retrofit actions on the building fa­ade, firstly, the internal zones 

should be clarified in terms of type, depth, and work pattern. As argued previously, 

different office organization, regarding its work style and requirements, have different 

interior spatial arrangements. Several typologies on defining spatial arrangements are 

represented by several researchers. However, this thesis has put its focus on Duffyôs 

office framework, which is substantially, more comprehensive than the rest. In this 

regard, to investigate the internal office potentials in benefiting from the applied 

passive retrofit actions on buildingôs fa­ade, five different types of office spatial 

arrangements have been identified. These types named as, Mono, Multi, Mass-rigid, 

Mass-flex, and Mobile office types (Figure 4.11). 
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Figure 4.11. Considered five office plan type (based on central / sided core positions of 

Duffyôs typology). 

 

In the light of Duffyôs framework, five classes have been identified to carry out the 

spatial comfort exploration in this thesis. Of these classes, four types are based on 

Duffyôs category, which are the Cellular, the Group, the Open-plan, and the Landscape 

office, and one other type is added that describes the future reversible office concepts, 

called in this thesis as the Mobile type. All types are considered based on square plan 

shape with two states of core positions; central core or side core. In first state, core is 

located in the center of plan, which houses corridorsô intersection zone usable by 

multiple workers. In the latter state, the core is located in one side of the plan and the 

center of plan is allocated again to circulation routs and multi-functional spaces. 

Accordingly, these five classes are Mono, Multi, Mass-rigid, Mass-flex, and Mobile. 

Mono attributes to the cellular office concept, Multi represents group office, Mass-

Rigid represents open-plan office with rigid open arrangement of workstations, Mass-

Flex represents landscaped office with flexible partitioned arrangement of 
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workstations, and finally, Mobile attributes to the reversible office concept with high 

autonomy and interaction working style. Following sections elaborate each layout type. 

Mono office type 

The mono type represents a closed single office plan; an enclosed space with ceiling 

height, which separates interior space and work stations into private or semiprivate 

zones. From the view point of visual and audial privacy, this type account as a desirable 

option, however, prevents the sunlight absorption into the internal office spaces (Kim, 

1999). The distraction, interruption, and cognitive stress levels are in lower rates in the 

closed and private office environments. Consistently, workers, who require high 

concentration, report complains of distractions in all layout types, except closed private 

offices (Seddigh, Berntson, Danielson and Westerlund, 2014). Mono office spaces with 

great accessibility to the passive zone, are in the subset of shallow-plan offices.  

 

 

Figure 4.12. Mono office plan (based on central / sided core positions of Duffyôs typology). 

 

Comfort concerns in Mono offices 

As discussed in the literature review, these types of office building, are private and 

closed-plan rooms, which have a strong passive zone. These space types are mostly 

under the influence of fa­ade performance. Although, all the occupants have adequate 
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accessibility to the windowed walls, but in the case of fa­ade failure, they will be under 

the influence of discomfort problems related to the all thermal, visual, and audial 

domains. Despite the guaranteed visual privacy in enclosed private offices, acoustical 

privacy may not be able to achieve same satisfaction rates. This might be due to the 

using of the light-weight materials, lack of insulation, and improper construction 

approaches (Kim and de Dear, 2013).  

Multi office type 

These types are shared open spaces for group working teams. The interaction 

level of the workers is along with separation elements. Typically, are medium-sized 

rooms containing 5-15 persons as team-workers. The proper depth of plan for these 

spaces is a little bit deeper compared to the cell offices and almost 15-20 meter depth 

is required. From the view point of spatial arrangements, group offices can be arranged 

in shallow and medium-depth plans, in some cases in deep plans (Duffy, Cave, and 

Worthington, 1976, p.81). The occupants of these office types have full or partial 

access to the windowed area and compared to the open deep offices have greater 

passive zone opportunities. 

 

Figure 4.13. Multi office plan (based on central/sided core positions of Duffyôs typology) 

 

 



 

86 
 

Mass-r igid office type 

Mass-rigid type represents a traditional open-plan office with a rigid arrangement of 

rows of workstations. As mentioned in previous sections, the open-plan office has 

become the dominant choice of workspace strategies, primarily, for economic reasons 

(Bril l, Weidemann, and BOSTI Associates, 2001; Vischer, 1996; Brookes and Kaplan, 

1972). Open offices with fewer interior walls allow larger group of employees to be 

accommodated (Vischer, 2005). Open-plan offices aid inter- and intra-team relations 

and more open workspace generates greater group sociability (Brookes and Kaplan, 

1972). McElroy and Morrow (2010) conducted an experimental study on a retrofitted 

office project in which some employees were moved from a 1970s-style cubicle office 

environment to an open-plan office configuration. They realized that office retrofit 

actions (involving the combined use of brighter decor, new furniture, greater openness, 

and higher workspace density) resulted positive changes in employeeôs perceptions of 

organizational culture. The occupants of the retrofitted office find their new workplace 

more innovative, less formal, providing more professional control, greater co-worker 

satisfaction, and bringing up greater collaboration than their previous closed-plan work 

environment. However, despite all these positive changes, the workers of retrofitted 

office complained the degree of distraction due to the lack of personal spaces. As 

Brennan, Chugh, and Kline (2002) indicate, workers who have moved from 

conventional offices to open offices, usually, claimed feelings of physiological and 

psychological stress. Generally, distractions and lack of user control systems were the 

main reported dissatisfaction aspects by occupants.  

The open plan layout is ñmore generic and less responsive to individual controlò 

(Harrison, Wheeler, and Whitehead, 2004). Several studies have conducted on the 

investigation of the privacy, which is the outstanding difference between open-plan 

offices and closed plan offices. The studies on the benefits and risks of adopting an 

open-plan workspace strategy demonstrate the required attention towards the potential 

disadvantageous, such as increased distraction, noise, and reduced privacy (Leaman 

and Bordass, 2005; Smith-Jackson and Klein, 2009; Davis, Leach, and Clegg, 2010). 
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Kim, and de Dear (2013) found that generally, the positive impact of ease of interaction 

on user satisfaction was rated by occupant almost less than half of the unwanted 

impacts of noise, and visual privacy. This means that benefits of improved social 

interactions were smaller than the risks of decreased levels of visual and acoustical 

privacy resulting from openness of office configuration. The accessibility to the passive 

zone in this type of arrangement is not possible for all workstations. The internal zones 

have limited access to natural ventilation and daylight.  

 

 

Figure 4.14. Mass-rigid office plan (based on central/sided core positions of Duffyôs typology) 

 

Comfort concerns in Mass-rigid office types 

De Croon et al. claim that workplace openness eliminates user privacy and job 

satisfaction. Authors regarding the overload theory (Desor 1972; Oldham and Fried 

1987) and privacy theory (Sundstrom et al. 1980), pointed out that open workplaces 

(without permanent or temporary partitions) and high-density offices have negative 

effects on workers in terms of concentration problems and the lack of acoustic and 

visual privacy. Accordingly, in the internal zones of Mass-rigid offices, the major 

discomfort problems attributed to the high rates of distractions and noise, the lack of 

daylight, outside view (in zones without access to windows), and low rates of visual 

privacy.  
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Mass-flex office type 

The concept of open landscaped office is named in this thesis as mass-flex office. As 

mentioned in previous sections, although landscaped office provides a rapid 

communication and optimum flexibility for arrangement and rearrangement of 

workstations (Palmer and Lewis, 1977), however, this layout type requires relatively 

deeper space which made this concept to not been desired as much as the other types 

(Duffy, Cave, and Worthington, 1976, p.82). Palmer and Lewis (1977) the writers of 

Planning the Office Landscape, in describing this type indicate that ñoffice landscape 

concept is too often associated with open-plan officeò. Although they are not 

interchangeable, but the required space depth for a landscaped office and for an open-

plan office is same. Accordingly, in the proposed framework for spatial comfort section 

in this thesis, landscaped office is investigated as a subset of open-plan concept but 

with additional moveable and flexible partitions and interior screens. For this reason, 

the comfort issues of this type is investigated under the Mass-flex concept. Mass-Flex 

concept as a partitioned open plan work space, with shorter, temporary walls or 

partitions, simultaneously, increases privacy and spatial flexibility of the open space. 

Workers are able to adjust their visual privacy by means of separator screens and 

moveable partitions.   

 

 

Figure 4.15. Mass-flex type office plan (based on Duffyôs typology). 
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Mobile office type 

Mobile type attributes to the offices mostly known as non-territorial workplaces. In 

several studies, it has been given various names like, reversible office (Pickardchilton, 

2012), non-territorial office (Preiser and Vischer, 2005, p.149), and multi-space office 

(Schittich, 2011). Regarding spatial arrangement features, this concept comprises all 

types of office layouts; closed single offices, group zones, and open shared 

workstations. The major distinction aspect of this type is that autonomy and interaction 

level of workers are in very high levels and the defined work zone and working time 

boundaries are at very low level, sometimes, without any limitation. The spatial 

opportunities of communication, informal meeting and exchange spaces are improved 

with adjustable room sizes and the cluttered office spaces provide more convenient 

corporate working and motivational conditions. As Schittich (2011, p.13) describes, 

besides the mentioned interfused working zones, the main components of these offices 

are ergonomically beneficial meeting rooms, coffee bars, small lounge areas, think-

tanks, and other communication zones. The work style of these offices is defined as 

diffusive work style (Preiser and Vischer, 2005, p.157). In a diffusive work style, 

workers can carry out their tasks in various workstations. Both autonomy and 

interaction levels are in their high levels.  

 

 

Figure 4.16. Mobile type office plan (based on central/sided core positions of Duffyôs 

typology). 

 



 

90 
 

The impact area of passive retrofit actions within interior  zones 

Since, the aim of this thesis is developing passive retrofit framework for improving 

fa­ade performance in existing office buildings, the impact area of the proposed fa­ade 

retrofit framework needs to be clarified. It should be identified to what extend these 

actions are feasible for each type of the spatial organization. For this purpose, the 

passive zone ratio must be clarified. Passive zone (PZ) is defined as ñthe floor area of 

the building lying within a distance of twice the floor to ceiling height from the 

perimeter; and the PZ ratio is the proportion of passive zone to total floor area (Baker, 

2009; Baker & Steemers, 2000).  

 

 

Figure 4.17. Passive zone ratio (Baker, 2009; Baker & Steemers, 2000). 

 

In other words, passive zones in the interior parts of the building are areas near the 

window or the perimeter zones. Technically, these areas have the maximum possibility 

to be lit with daylight and naturally ventilated through windows. This zone is defined 

by researchers in various phrases, like, passive zones (King, 2009), peripheral offices, 

and 2nd row offices (Reinhart, 2002). Internal zones of the building that their lighting 

and air quality depend on the mechanical and electrical equipment is known as the 

active zone (King, 2009) or 3rd row offices (Reinhart, 2002) (Figure 4.18-4.19). The 

higher the ratio of passive to active areas, the better the total building energy 

performance will be.  
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Figure 4.18. positionsô of peripheral, 2nd row, and 3rd row office zones (Reinhart, 2002). 

 

Accordingly, in terms of passive zone accessibilities in interior spaces, office indoor 

environment can be classified into internal (3rd row and 2nd row) zones and peripheral 

(perimeter-windowed-area) zones. Internal zones in deep plan buildings have 

minimum access to passive opportunities, thus, need to be lit artificially and ventilated 

mechanically. However, peripheral zones and, partially, 2nd row zones with a good 

access to windowed areas (passive zone) of the building, are latest to the natural 

daylight and ventilation opportunities (Duffy et al., 1976, p.145; Baker, 2009; and 

Reinhart, 2002). In the case of atrium buildings, both internal and peripheral zones have 

accessibility to passive zone. 
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Figure 4.19. Peripheral zones (strong passive areas) and internal zones (partially passive 

areas) (based on Baker, 2009; King, 2009; and Reinhart, 2002). 

 

For identifying the depth of passive zone in our five office typology, Duffyôs space-

depth classification (shallow, medium-depth, deep, and very deep) is taken into 

account. Following results can be drawn:  

¶ Shallow plan spaces comprising cellular office arrangements have a 

passive zone (distance between circulation route to window wall) with the 

minimum and maximum space depth, respectively, from 4 m to 6 m. 

¶ Medium-depth spaces have a passive zone (distance between circulation 

route to window wall) with the minimum and maximum space depth, 

respectively, from 6 m to 16 m. 

¶ Deep spaces have a passive zone (distance between circulation route to 

window wall) with the minimum and maximum space depth, respectively, 

11 m and 19 m.  

¶ Very deep spaces have a passive zone (distance between circulation route 

to window wall) with an over 20 m space depth. 
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Figure 4.20. Passive zones in deep (above) and very deep spaces (below). 

 

 

 

Table 4.1. Summarized Duffyôs space depth dimensions and provided passive zone in each 

type (based on Duffy, Cave, and Worthington, 1976, pp.42-44). 

 

Space depth Shallow space Medium-

depth space 

Deep space Very deep 

space 

Plan depth (core to 

perimeter walls) 

6 ï 8 m 8 ï 18 m 13 ï 19 m Over 20 m 

Passive zone-2nd 

row depth  

4 ï 6 m 6 ï 16 m 11 ï 19 m Over 20 m 

 

 

Thereupon, by taking the plan-depth classification and the passive zone definitions into 

account, it is possible to identify that to what extent each of the five layout types 

encompasses peripheral and 2nd row zones and therefore, can access to the passive zone 
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opportunities. Mono office types have the greatest passive zone among the other types. 

Every enclosed private offices are arranged near the windowed area. Furthermore, their 

passive zone is peripheral. Multi office types encompass both individual and group 

workstations and can be arranged within both shallow and medium-depth spaces. Their 

spatial arrangement can encompass both peripheral and 2nd row zones. Mass-Rigid and 

Mass-Flex office types as open plan offices, as mentioned previously, need to be 

arranged in deep spaces, consisting of three zone types of peripheral, 2nd row, and 3rd 

row zones. Mobile office types with their flexible spatial arrangements consist of 

different layouts and, consequently, varied depth of spaces. Similar to the Mass-Rigid, 

and Mass-Flex office types, Mobile office types encompass passive zones in three 

levels of peripheral, 2nd row, and 3rd row zones. Regarding the aim of this thesis in 

developing passive retrofit framework for improving fa­ade performance in existing 

office buildings, the impact area of the proposed framework is mainly on the peripheral 

and 2nd row office environments, which are known as passive zones. The internal office 

zones have lower opportunities in receiving the advantageous of the passive design 

outputs. According to the passive zone ratio of each plan type and the related spatial 

arrangement, it can be concluded that the most responsive office type for the proposed 

retrofit framework is first, Mono office types with low plan depth and high passive 

zone ration. Despite their high latent to the passive opportunities, workers have more 

flexibility than other office types in adjusting their comfort conditions. Mobile office 

types set at the second plan after Mono offices in terms of their responsiveness to the 

framework. Although Mobile offices are the most flexible type in terms of both 

autonomy and interaction, however, they need a substantial floor area, which may not 

be possible for all office organizations.   

Table 4.2 illustrates a summary of reviewed details and information regarding all the 

five office typology of this thesis. 
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4.2.1. Spatial comfort framework for peripheral and internal office zones 

This section, firstly, discusses the steps of the generating the energy retrofit framework, 

considering spatial re-arrangements, which is comprised of viable alternatives for 

distinct problems that can be used by decision maker in the initial steps of the retrofit 

process to achieve a general knowledge about different alternatives for each problem. 

As mentioned in previous chapter, the indoor environment is under influence of the 

several variables and comfort triggers. In this thesis three fundamental comfort 

domains, which are affected by building fa­ade performance are considered: thermal 

comfort, daylight, and acoustic comfort. This is consistent with research revealing that 

these categories account by occupants as the most important factors in distinguishing 

the comfort level of the space (Al horr et al., 2016).  

As Table 4.3 shows, the comfort framework is defined in a hierarchical structure 

comprised of six levels of ñdiscomfort problemò, ñmain goalò, ñcomfort domainsò, 

ñcomfort criteriaò, ñperformance criteriaò, and ñperformance optionsò. The problem is 

placed at the top level, followed by the specific goal in the frame of one of the three 

domains of comfort, which are contributed to the related comfort indicators, each 

indicator is extended to a number of performance criteria that are finally specified by 

one or more recommended performance options. This kind of formalization helps the 

user to reach a set of viable performance recommendations as solutions to the existing 

problems. Accordingly, for a set of distinct spatial discomfort problems, related actions 

and their possible options are proposed. The detailed information is illustrated in the 

Table 4.3 and the problem-solution framework for peripheral and internal office zones 

are illustrated, respectively, in Table 4.4 and Table 4.5. 
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Table 4.4. Spatial comfort framework for peripheral office zones (by the author). 
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Table 4.5. Spatial comfort framework for internal office zones (by the author). 
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4.3.   Effective Passive Retrofitting A ctions on Existing Fa­ade System in 

Mixed-Dry Climates: Fa­ade Scale 

As discussed previously, the comfort quality in offices is broken down into relevant 

performance criteria in the frame of three main categories of thermal comfort, daylight, 

and acoustic comfort. All these three categories are investigated individually for three 

non-load bearing fa­ade systems; single-skin cladded fa­ades, single-skin glazed 

fa­ades (curtain walls), and double-skin fa­ades. The proposed passive interventions 

in the fa­ade retrofit framework for this thesis are presented upon seven strategies, 1) 

reducing heat loss in winter, 2) reducing overheating in summer, 3) providing natural 

ventilation, 4) increasing daylight opportunities, 5) reducing glare effects, 6) reducing 

stuffiness, and 7) reducing external and internal noise. 

 

 

Figure 4.21. Passive retrofitting criteria applicable on existing fa­ade system (author). 
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4.3.1. Fa­ade Retrofit Framework 

The followed steps in developing the fa­ade retrofit framework is in the same hierarchy 

and structure of the spatial comfort framework. This framework divides the comfort 

subject into three smaller parts and analyzes the contribution of each part to the whole 

problem. This process reduces the complexity of the subject for different stakeholders. 

According to Saaty (1972), a hierarchical frame simulates the intrinsic operation style 

of the human mind. Particularly, when faces with multi-criteria complex subject, the 

mind begins to classify them into groups based on certain features they share with 

together. Structuring the criteria helps to create a basis for formal assessment of the 

problem, while all related objective and subjective factors are taken into consideration.  

As shown, on the one hand, some comfort indicators are very common among the 

performance criteria, such as R-value, U-value, and glazing type and layers. On the 

other hand, some of them are in a strong conflict with each other, and some of them 

have a supplement relations, which strength the performance in solving the problem. 

Environmental quality in office buildings is defined as the existence of thermal 

comfort, indoor air quality, lighting and acoustic comfort, and avoidance of 

performance attenuation in the working process of office occupants (Reffat and 

Harkness, 2001).  

Table 4.6 represents the proposed actions for three fa­ade types to deal with thermal 

discomfort problems, Table 4.7 represents the proposed actions to deal with visual 

discomfort problems, and finally, Table 4.8 illustrates the viable retrofit actions to 

avoid audial problems, respectively. 
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Table 4.6. Fa­ade retrofit framework for improving thermal comfort (by the author). 
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