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ABSTRACT

PERFORMANCE BASES®&RETROFANDHRATEGIES FOR
ENERGY EFFICIENCY AND COMFORT IN EXISTING OFFICE
BUILDINGS

Negin Jahed
M.Arch., Architecture, Department of Architecture
Supervisor: Ass s t . Pr o frsel Do . Kpek G¢
January, 2018, 24@ages

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
buldngs é environment al i mpact in the | ong t
prescriptive measures to comply with energy standards rather than occupant
requirements. In contrast, the proposed performaased retrofit approadocuses,

primarily on irdoor comfort to leverage the nemergy 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

comfat are in conflict with each other and need to be balanced. This study argues the
current approaches to the fa-ade retrofit
buildings in mixeddry climates by incorporating both values of eyeefficiency and

indoa comfort issues consideringifferent office spatial organizations. The main

contribution is presenting the staiéthe-art in buildirg energy retrofit and proposing
aperformancdba s ed f a- ade r et rcanfbe usedbyrstakelwldeosrakd, whi ¢
endusers throughout the initial stages of a retrofit process. klsarform the basis of
decisionsupport tools that can be developed in the future.

Keywords: Energy retrofit, Existingfficeb u i | d i n g $qfit, Spatial eothfert. r e



¥Z

PERFORMANSLI TEMEL CEPHELER : MEVCUTOFIS BKNAL ARI NDA
ENERJK VERKMLKLKJKNK VE KONFORUNU GELKKT]
STRATEJKLERK

Negin Jahed
Y¢éksek Miinsagnddikmar | ék Bl ¢ myg
Tez Y°%°net iPof. BriKp e Ks &i; 8 5 e | Di no
Ocak2018, 242sayfa

Mevcut bi nal arén enerji yenil enmesi , bi nal a
deketi madnt eksabktrateji ol arak d¢gkenegl ¢r. St al
gereksinimlerinden ziyade ener ji standartl a
odaklaré r . Buna karkél ek, °nerilen performansa
bi nanén enerji performanséné iyilexktirme str
yarar |l aréndan faydal anmak i -in °ncelikle i -
¥zelli biepl aféess®z &oeaujsiu D& s aivaudsielea, se- ene k|
y ek i - mekamrfengehéomeas.i gerekir. Bu -al exr
kokul liarmedakt otephei yahat éme nkeacutar | ar éna
yakl ak éfnd rakrléé wosfails omegkaani zasyonl aréné di kkat e
verimlilifjJi ve i - mekan konforu dejerlerini
katke, enerji yenil emesinin inkasénda ve yen
ve son kull akadélaame| adr akefangpam fyamilenmneansa dayal
-er-evesi .°nleyrrnéeckat eglalrecekt e geli ktirilebile
temelini .olukturabilir

Anahtar Kel i mel er : Enerji yenil enmesi , Me v

Konumsal konfor.
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CHAPTER 1

INTRODUCTION

AThe only way forward, if we are going to improve the qualithefenvironment, is

to get everybody involved. 0 ~ Rich

1.1. Background: Reasons for Concern

Over the last 150 years, human activities haveadeah alarming levebf greenhouse

gas emissiongn the atmospherand consequentlglobal warming(IPCC, 2007)

Climate change, or the drastic shifts in the existing climate patterns results in severe
weather conditionsarctic ice meltgising sea levelsand deforestation, which in return

threaten agriculture, health, water supply, infrastructure, and.maerding to

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

rise by 2030.The climate risk analysis presented in Figurg, lllustrates that an

i ncrease of 1 AC in the 21th a@weundthe y mean
wor |l d. The exlabalclimate tenhperatuiecdnsidered by scientists as a

tipping point and crossing this point is equal to catastrophic results.
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Figure 1.1. Climaterisk analysigThelPCC-ARS5, 2013.

Figure 1.2. Color-changing lakevithin only three monthd_ake Urmia, Iran (NASA: Images
of change, 2016).



Is it too late to prevent climate change?

In this situation, een if greenhousgas emissions are completely halted today, the
global warming trend would contile for at least several more decadéss is because

of the high greenhouse gas concentration in the atmosphere as a result of centuries of
industrialization and urbanizationa@on dioxide asthe predominant hedtrapping

gas, remaing the atmosphere f@amosthundreds of years. In thack of major action

to reduce emissions, global temperature is on track to rise by an averade @te
IPCGAR5,2013) Some scientists argue a fAgl obal
polesof the planet. e Arctic, forexample, may be ieBee insummes within just a

few decadesHowever,it may not be too late to limit some of the worst effects of
climate changeNASA (2016) indicates two approaehin responding to climate
change 1) mitigation, which isreducing the greenhouse gasamissions; and 2)
adaptation which islearning to live with, and adapt to, the climate chahtygvever,

if we wait until we feel the amount or impact of global warming has reached an
intolerable level, we W not be able to hold the line at that point awane further

warming will be unavoidable.

Turkey Situation

In a joined report conductdry Germanwatch and the Climate Action Netw(ZiAN)

duringt he U. N. c¢l i mate summi t CO emittericounatries t h e
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,7204s seen in Figure 3, in 2016
Turkey with a rank of 51, which is around the bottom of the list is labeled in the group

of very poor performersn terms of energyefficiency and climate policy (Burck,
Marten, andBals, 2017)
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Figure 1.3 GHG emissions per capita f@®902014(Turkish Statistical Institute, 2016).

According to Turkish Statistical Il nstitute (
GHG emissions in 2014 was attributed to the energy sector with around 72.5% of the

overal GHG emissions. The following sectors weralustrial processeand the

agricultural activities withrespectively 13.4% ant0.6%. 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 proéltes tahe
economic, social, and political areas. Furthermore, the solution should embrace in both
scales of globalhkcoordirated and local efforts. Globallyoordinated level comprises

the international policies between countries, which stimulate the governments, for
example, to mitigate their G@&missions anddopting clean energy strategies. In the
local scale, efforts ar@€used on tharbanand regional leveluch asmprovements

in transportation, energy efficient constructiossystainable urban planningtc.



(NASA, 2016). These two scales are elaborated by environmentalists into three
strategies ofreduce reuse and recycle which are known as thre&s of
environmentalism. Researchers call these tR®es incremental tweaks that in the

case of construction industry, che implemented in variety form3he fourthR is

added by Bergman (2012, p.12), caltethink He defines this catec
step backodo or trying to ask oByrsetenkiges, wha
some already cherished assumptions in architectural design and the building jndustry

new concepts can emerge that can suppogrggn performanceand ©mfort
improvementsAmongst the responsibilities afchitects (i.e. professionally, artistic,

financial obligationg, taking action against climate change accounts as an ethical

responsibility towards thpublic in a rather largescale.
Why the building industry ?

Based on thereviouslymentionedssuesit is clear that there is a stronglationship

between climate change andenergy consumption in the fields ofindustry,
transportation, agriculture, etdowever, the role ahebuilding industryin this global

climate crisis is greater than expected (Bergman, 2012, p.15). In ordeiuteGHG

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

are responsible for almost 33% of global enegjated CQemissionsMore than 60%

of the worldodéos electricity is conl&Amed in
2008a). Buildingsd indirect and embodied e
comprehensively addressed in global statistics. Buildings and their poor performance

are humanmade, and their need f@nergy conservation strategies is moréicai

(Bergman, 2012). The considerable share of building sector in total energy
consumption of the wor|desides the fact that modern human beings spend more than

90% of their time in indoor environments, leadsn increased awarenes$afidings

performance(Leech et.al, 2002).

Commercial buildings, globally, are among fremary energyconsumersBetween

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



commercial buildingsind by 79%n residential building$ | r-\pesatz et al., 2015).
Additionally, studies have shown thabmmercialbuildings carries a great energy
saving potential. Among the commercial sector subdivisions, office buildings have the
highest energy consumption rates, which is elaborated in S@ctiohhe majoenergy
enduse inoffice 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 @wurthata portion of
heding and coolingelies onfossil 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 aB€A, 2011)

1.2. Motivation: Existing Past andDemanding Future

There is no deying to the fact thasustainability accoustas the centraksueof new
construction practices, howevelhet growing interest towards sustainable high
performance buildings and new construction areffitéent in solving the poblem.
Because ofeveralreasons, ew buildings arenly a part of the solution. Firstly, in
comparison to the existing buildingfiey constitute only a small percentage of the
building stockandarenot enough to achieve ttsestainability and energgfficiency

goals. Secondlypew constructinsrequire extra land, energy, reatls, 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 constructionsirstdad,improving their

use, or applying retrofit actions should ht the first plan of attentior{®oel et al,
2007).

The buildingindustry is faced with avast stock of existing buildings that are not
sustainabléJagarajanAbdullah @ Mohd Asmoni, M Lee, andJaafar, 2015)Since,
the existing building stocis, mainly, the result of the construction practices under low

energy regulations, thus, majority of them have poor condition in terms of physical



problems. The situation is even worse for buiggi built before 1970s, when the
thermal insulation standards became mandatory (Poel et al, B¥rguse otheir

poor conditionthe exising building industry carriea great potential to minimize its
adverse environmental impacts througheffectivemaintenance, improvement, reuse

or adaptation(Gursel, 2010). In other words,aimtaining the intended function and
performance of thedmuildingsduring their lifecyclas the vital action that the existing
building industry requirest is projectedtha almost60% ofthe current building stdc

will still be in use in 2050 (IEA, 2013). Meanwhile, in facingth the challenge of
climate change the solution should meet the long term requirementerdy
retrofitting of existing buildingsiccounty researchers and professional practitioners
as a rational strategy to minimize the environmental effeetpecially, in a long
timeline of effectivenesgMiller and Buys, 2008; Jagarajan, Abdullah @ Mohd
Asmoni, YM Lee & Jaafar, 2015Ahmed, MateeGarci, Aude, andNorberg, 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 developstayj new architecture by
adapting, resusing or energy refurbishment activiBesdlack, 2013, 8)Among the

main regirements of existing buildingsminimum fossil fuel usage, minimum
electrical load demands, high quality of comfort and safety, anddlyrepeaking,
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
i mpl ementati on of retrofitting inteinalat egi e s
organization in admitting energy and comfort improvemépe®! et al, 2007).

1.3. Problem Statement

Performative vsprescriptiveenergyretrofit guidelines Thebuilding industryhas been
supplydriven for decades. The traditional prescriptive building regulatory codes, and
standards, as currently driven in many developed countries, enforce the traditional
requirements of thbuildingindustry. For this reason, tiheilding industy has passed

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



other industries. However, more recently, following the efforts to maintain a customer
oriented building, Performandgased Building (PBB) approach has atteactthe
attentions. This approach is recognized as the main stimulant for turning from-supply
driven building industry towards a demaddven 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-eser needs and
requirementsThis means thahe project drivers need to find a language to explain the
performance quality of a building legible terms to the engser(Huovila, 2005) In
contrast to the traditional construction tenders, who act according to a detailed design
with a predefined materials and componentbe PerformaneBased Building
appoach should perform based on a provisional design alongside performance
requirements for those materials and components. Accordinglgesigner needs to
initially specify the perfromative requirements, not the building compongntkis
situation, the  f a - a d as facesl twitho geiiotis barriers in the selection of
performance criteria and the feasibility of thkernative retrofit actions (Sims and
Bakens, 2002)

Although the great potential of existing building stock in conserving energy and
eliminating CQ emissions has been remarkestrofit guidelines, typic# address a

set of general propositions that do not cover the speigfiof eachbuilding. 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 erlddgerms of comfort improvements, cent

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 PerfonBased Retrofit

Framework (PBRF) should be developPérformance Based Building aims at using



performance requirementso define a building or bui l
purpose.The application oPerformance Based Buildinginciples will providethe

basis fora clearcommunication between all stakeholdergolved in the project In

such a situation the respectibeilding codes and stdards will also turn towards
performance based standardibese benefits stem from a better fitness for use of the
building itself, improved communication throughout th&ofit process, and adequate

possibilities for innovatiomn and of the building proce¢Sims and Bakens, 2002).

Energy demands veEomfort 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 imfation on the selection of indicators or the
performance criteria of the considered retrofit actions. Additionally, majority of the
conducted fa-ade retrofit studies do not
environment of the considered burld responses effectively to the applied retrofit
actions on its fa-ade system. Providing
domains of energy efficiency andtroitomf ort
practices and studief.ccording to the2010/31/EU European Directiyestablishing

high comfort quality entails a substantial amount of energy consumption. In this regard,
Intergovernmental Panel on Climate Change (2007) indidad¢s$he office buildings,

which consumenuchenergy on ensuring the comfortable indoor environmesatrya
substantial potential in eliminating G@missions. This is because thec cupant s 6
comfort and wellbeing have a direct impact on their productivity at work and the loss

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

the conflict between high comfoeand energyefficiency becomes more prominent in

office buildings (Roulet2001). Accordingly, a firm tie between energy performance

and the indoor comfort shoulde established through the retrofitting process. This
thesis addresses the need of establishing tradewifflicting measures of energy
efficiency and comfort demandisorough the selection of retrofit actions.

The 1 mpor t an c €&he mdstinfliéneal beildingacahmponent in terms of

d

energy consumption, isthe budi ng f a- ade regwatng thenenerggesi des



consumption and indoor environmental quality
character andinderlinesits existence. From theonstruction point of view, it is the

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

protects mdoorspaces from the external adverse effects. Therhygrometric comfort

aspects, which control the heating and cooling demahdsiitlings are the direct

results of heat | osses or gains through th
acoustical comfort, al | are parameters that
of buildings Konstantinou, 2014, p.30).

Decision supportetrofit framework:In retrofit practicesthe 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 opions for the same interventiomhe 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 prog€sastantinou,

2014 p.30. Furthermore, there isreeed taease théecision makingrocesdy means

of an initial but very essential retrofit framewoikhis thesis proposes this framework

by associating comfort issues witknergy efficiency measureShe framework
identifiesa sé of suitableretrofit actions forexisting office buildingswith different
interior spatial arrangements. Meanwhilee fproposed framewornkaves the way of

selecting proper retrofit actions.

TheLack ofenergy retrofit practices in Turkelpespiteall thebenefits, retrofit projects
are still only slowly being implementdd the USA and Europe level. Meanwhile,
decision makes, such as building ownetgnantsconstruction stakeholderstc.have
few resources to value a retroffit the Turkish levelretrofit practices do noyet
aacount as established actiomghile Turkeyis faced with a vast stock of existing office

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

10



1.4. Aims and Obijectives

This thesis aims at developing an energyrofit framework indicating applicable
retrofit measures on office buildingsdé fa-
and indoor comfort quality. In this regard, this thesis death wnly the goal of

reducing energy consumption through passiggons.In order to achieve a holistic

picture of the joint framework for both energgductionand comforimprovements

the interdependent rel ati onshi pemtermarmong bu
spatial arrangememteed to benvestigated Meanwlile, the measures are proposed

within a structured framework consist of three -f@meworks representing three

scalesthe building, thef a - ,anddéheroom Each subdrameworkpresents set of

viable alternatives for distingroblems that can be usédring decisiormakingin 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 somehei havea similarimpact. For this

purpose, the proposed alternative actithrag arecategorized in a ref@nship matrix

to realizewhether they have same effects, supplemental effects, or contradictory

effects. Finally, the recommended actions aresdiasl 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
decisionmakersn the initial stepshe energyetrofitting process. This framewaqrxy
providing a wide view to the applicabl e fa
to understand the different alternatives. As mentioned previously, most of the energy

saving options and required high levelsindoor comfort are in conflict with each

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

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

Briefly, this thesisattempts to (1)dentify the currentbarriersto f a - eettloéts of

existing office buildings, (2provide therelationshipbetween two main objectives of
anenergye f f i ci ent f a-ade and ¢@)mpfowdearetrdfit e i ndo:

frameworkf or f a - aar epatial camnfoit quality (4) delop a relation matrix

11



consistingof 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 performandeas ed f a-ade retrofidt actions,

answering the following main question.

How can the passive energy improvement actionstegrated with different indoor
environments through the fa-ade retrofitting
support decisiommaking?

To be able to answer the research question, severatjuadions need to be

investigated, as indicated below

1. What are thenergy use profilesf existingoffice building stockin the USA,
Europe, and Turké&y

2. What is the roadmap armhrriersof an energy retrofit process?

3. Who are the decision makers of a retrofit process drat type of
information do retrofistakeholders find useful to support the decision
making?

4. Whi c¢ h ifdependeahtepreefined 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 spatiahrrangementsf different office buildings?

7. How can the differentnergy efficiency and comfort improvemenéasures

be organized?

12



1.6. Scope of he Thesis

This thesis develops the framework for cutremd future retrofit practicesn the
context of Turkey, this thesis has put its climatic concernsnenofthe most critical
climatic zone of Turkey in terms bbth population antuture energy demands, which

is the Central Anatolian regioithis region has known as mixedy climatic zone
Nevertheless, the applied methodology in developing the framework does not exclude
its applicability in other geographical areas with different climabs. special focus

of this thesis is the exploration of passi
1.7. Thesis Methodology

To answer the research questard to provide the tradeoff between energy demands
and comfort quality, this thesis presents a framework to stgjazision making
process in the early steps of the fa-ade

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 makéhg urgency of office building
retrofitting,t he f a-ade role in the performance
performance requirements are met, especially in relation to energy efficiency
and indoor comfort, anthe particular comfort requirements of different office
environments in terms of their interior spatial arrangements.

b. The development of an energy retrofit roadraag indication of key decision
making sections and invhich step, decision makers neé#lte poposed
framework.

c. Extraction of passive retrofit actions and systematically organization of
different rerofit actionseffective on both energy performance and comfort
quality.

d. Generatingaf a- ade r et raodaispatiaf conaan stibaonewok

e. The development of eelation matrixconsiss of best tradeoffs among the

energy efficiency and comfort, usable by decision makers

13



The organiation of the differenfactionsc ompi | es at AidéarFrB dEr &me wor k C
from which theretrofit decisioamaker choses the actistouseto mpr ove t he f a- ad
performanceTo develop the framewoyk systematic approagras adoptetb identify

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

framework consists more than 100 actions,cvhare named in the framework as
performancesThese 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 thesisllows thesix steps which isillustrated in Figure
1.4. The first chapter begins with a brief introduction followed by motivation to the
study, problem statement, aims and objectives, research questapesp§the thesis,
and thesisnethodology. The second and third chaptenger an extensive theoretical
knowledge on the field with an essential effort in connecting achievable energy
efficiency and high quality comfort. Respectively, chapter four repteste
devel oped fa-ade retrofit f Chaptesfivegivkss as t he o
the required guidelines to use the proposed framewanklly, chapter sixcomprises
the conclusion of this thesis, limitationand therecommendationso the fuure

researches.
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1. INTRODUCTION

i LITERATURE REVIEW
4. FRAMEWORK
5. GUIDELINES

6. DISCUSSION & CONCLUSION

2.

Building Energy Performance and

Retrofit Practices

3.

Ll

Office Organization and Its Elements

Pre-Defined Condition of Existing
Buildings In Mixed-Dry Climates

Fagade Retrofit Framework

Spatial Comfort Framework For
Office Buildings

The roadmap to use the framework

Figure 1.4. Thesis structure
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CHAPTER 2

2. BUILDING ENERGY PERFORMANCE AND RETROFIT PRACTICES

The field of energy retrofittingof office buildings has been investigated in a wide
variety of research, whidiave been allocated to discuss various dimensions of energy
retrofitting aspects in terms of technical, financial or social considerafibesocus

point of thisthesisis mainly the technical consideratioofenergy retrofitting projest
Technical cosiderations in current study are attributed to improving energy
performance and comfort in the existing office buildings as the subset of commercial
buildings. This chaptempresents the literature survey on building retrofit, beginning

with the existing eargy retrofit practiceandthe main steps afs process

Recently, he construction industry turned its emphasis mostly on the vast existing
building stock with the necessity of refit and refurbishment projectés shownin
Figure 2.1 new constructio projects inthe USA areonly a minor part of the whole
building stock. For instance 2008,newcommercial construction of tRéSA, covers

only 1.8% ofthe entire building floor area. Tleeonomic crisis in 2007 has metluced

the energy demand diuildings, but it affected and increased the awareness towards
the necessity of enhancing energyfpenance of existing buildings (McGrakill
Construction, 2010
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Figure 2.1. CommerciakonstructionMcGraw-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 ledsalf of their floorspace is allocated to non
residential, noandustrial, and notagriculture functionsCommercial building types

can beclassifiedbased orseveral factors includinipe number of projects, floor space,
and their energy demand. the USA, the major share of floor space is alltathto

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 (%), service (13%) and warehouses (12%)
buildings.Accordingly, office buildingcategoryhas the highest energy consumption
with almost 19%.Respectively, rail (18%) and education (11%jre the highest

energy consumers after office buildin@décGraw-Hill Construction, 2010
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Figure 2.2. Commercial buildig types and energy consumptidricGraw-Hill Construction
2010, p.10).

2.2. Profiles of Building Industry Energy Usein the USA

Electricity is the main egrgy source of buildings ib.S. The increased construction
activities haveled to a considerable growth ithe electricity demands. Natural gas
stands in the second main energy source and respectively, the third degree attributes to
petroleum (primarily heating oil)ndeed, the vast elgity demand of buildings was

the principal accelerator to the electricity generation grdetiveen years of 1985 and

2006.
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Figure 2.3 Commercial primary energy eatge (McGrawHill Construction, Construction,
2010, p.16).

As seen in Figure 2,3he major energy endse in commercial buildingstributes
to thelighting systers, which cover24.8% (almost oneourth) ofab ui | di ngo6 s
energy useRespectively, goling systems with 12.7% and heating systems with 12.1%
account as the energy consemsg/stemsin commercial buildings(McGraw-Hill
Construction, Constructior2010, p.1R The buildingindustry is responsible fdrigh
energy consumption and its global demand is expected to growfuttine Between
2010 and 2050, global heating atwbling needs are expected to increas&4s in
commercial buildingsand by79% in residential buildingand the major number of
buildings of the 2050s are buildings that already eXist. r-\{pesatz et al., 2015).
Energy efficiency measures are therefongial to reduce @enHouseGasemssions
of the building sector.

2.3. Contemporary Retrofit Practices

Numerous global alliances of institutions have synthesized the retrofitting of
existing buildings in their agenddaternational energy programs are implemented by

these institutes. The International Energy Agency (IEA), established in 1974 within the

20
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framework of the Organization for Economic -Operation and Development
(OECD), is one of the outstanding institutesey aim to maintain an internationalco
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 resolktagentoft, 2017)For instance,

the Holistic Assessment Toddt on Energy Efficient Retrofit Measures for
Government BuildingEnERGO orAnnex 4§is one of theé E Apdograms developed

for nonresidential governmental buildings2004 by the capperation of he OECD

and thelEA with the main topic obustainability m existingbuildings. Participating
countries in EnNERGO are: Canada, Bank, Finland, France, Germantgly, Russia

and United State@raunhofer Institute for Blding 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 performan€arkey is included as one

of the participated countries ingbeprogramgHagentoft, 2017)

2.3.1. Retrofit practicesin the USA

With the introduction of Energy Starogram, the 1990s witnessede of the first
market transformations towar@nergyefficient buildings.Energy Stamwas useds a

tool of evaluating energy osumption in existing buildings. A decade latempther
new pr ogr abeadarshipmie Engrgy afid Environmental Design fasting
Buildings, Operation an¥aintenane (LEED-EBOM) appealed the green buildings
market attention. The launch date of the program was in 2007 (Yudelson x2009
xvii). The Building Technologies Progranas a particular approach to existing
buildingretrofits, belongs to th&JS Department oEnergy This program seeks out

the energy saving potential in buildings, especially, in the envelope system and
proposing advanceengineering solutions. Regarding the envelope systems, this tool
focuses onvalls, roofs, foundations, windows, and doorsJDepartment of Energy,
2010). In2002,Architecture 2030 as an independent organization, introduced a plan to
reduce fossil fuel energy uses by 2030. They claimed that this gobewdt achieved
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until existing old and poor performance buildings ugddhe energretrofitting plans
(Architecure 2030, 201B)

60% 70% 80% 90% | |CARBON
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TODA) 2015 2020 2025 2030

Fossil Fuel Energy Reduction Fossil Fuel Energy Consumption

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

In 2010,the U.S. Environrantal Protection Agenayeclared that all new and existing
federal buildings have to comply with energy performarstandards of the
Architecture 2030 challeng@Burnhamm 2009)Under the umbrella of the Clinton
Climate Initiative (CCI), theEnergy Efficiency Building RetrofitrBgram (EEBRP)
waslaunched in 2007. The CCI agto ease the implementation of retrofit projects to
overcomehe market barriers. Since 2007, above 250 retrofit projects have been either
studies or completeddlinton Climatic Initiative. 2008 Briefly, over the last decades,
numerous organizations have launched and introduced programs regarding tie retrof
plans and actions in the U.Besides the mentioned programs, more recent ones are:
the Zero Net Energinitiative for commercial buildings (2007)nd the Los Angeles
Retrofit Ordinancéor City buildings (2009).

2.3.2. Profiles of building industry energy usein Turkey

Turkeyob6s energy depeln2087Tukeyingported 58 miionn at ur al
tons of oil equivalent natural gas and,aithich prove its dependency oimported

energy sourcesf around 72. This amount increased up to 74% in 2014 §4014).
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T ur k engrgysdemand will reach up to 222 lioih tons of equivalent oil in 2020.
Accordindy, Turkey has not sefufficient energy sourceand its dependency on
imported energy sourcemd energy costs arecreasingyear by yearin 2014,the
building sector was responsible 8% o0f thetotal energy consumptiasf the country
Approximately, 31% of this amountwas used for cooling and hewaj purposes in
buildings (Bayl k e n, K¢ t ¢ ©rothelother ha@d) sbudigs show that 35% of
the existing buildingstock in Turkey hathe potential to be energy efficient buildings
(Bayram, 2009)Tur key 6s ener gy savi ngthap3%dent i al [
application of insulation in buildings (EIE, 2004 2008, the amount of savings
reached by TS 825 insulation regulatiomnsre around 4.7 billion dollars, which shows
the vital and significant role of the heat insulatiortiec o u n t rngndygKarem, o
2013). Based on the discussed facts, energy retrofitting of existing buildings in Turkey
is an inevitable mattefAshrafian, Yilmaz, Corgnatiand Moazzen, 2016)In this
situation,increasingenergy efficiency anthe use ofenewable energy sources #re

two main actios, which can be implemented to overcome both energy costs and fossil
fuel dependencyCompared to the renewable energy implementatapyyingenergy
efficiency measures and updmag building performancetand as the simplest and
cheapest optis(Ministry of Energy 2007).

23.21Tur keyds building energy regul ation

Almost one third ofthe consumed energy amountTurkey is used for heating and

cooling. 90% of the buildings in Turkeyuffer from insufficient hat insulation

(Energypedia, 2016). For this reason,&¢ f ocus area of Tur keybo:s
regulation $ on thermal resistance factohélNational Standard of Thermhbidsulation
Requirementdor Buildings (TS 825) indicatest he bui | diimsgala t her me
requirements. TS 825 first issued in 1999 and became mandatory inT&8R5 as a

mandatory national building energy regulation determines required minimualugs

for envelope system elements. In other words, TS 825 only regulates thesuteztiam
requirementsin 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 regulaf@BPN, 2013)In Februay 2007,

Energy Efficiency Law came into force, which obliged industry, transportation, and
residential sectors to implement energy improvement measMore recently, Turkey

tries to adapt its energy regulations in accordance with the European legisiatio
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 BHR, BERH Y , ENVER database and T] KK

energy consuming (Takpénar, ¢elebi, & Tutkun
ENVER portal database

The Ministry of Energy and NaturaleRourcefMENR) of Turkey has developed
ENVER database, which as aneegy efficiency database, elaborates energy
consumptionn accordanc&ith energy regulations. Legally, buildings and companies
regarding their floospace area and annual energy consumption per TPE (ton
equivalent petrol) are supposed to register in ENY&Ral, 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 nements from the portal
(Anon, 2016).

B. BEP-HY and BEP-TR

BEP-TR (Regulation of Energy Performance ofiiBings) is an internebased
software to calculate the building energy perforogarwhichwas developed by the
Ministry of Public Works and Settlememf Turkey. BERPHY (Building Energy
PerformanceCalculation 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 ofa building consistent with BEP regulation$.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 pragiThe final energy
performance evaluation data and energy card of the building become released
accading to the results of BERY ( Ka b a k , K°%se, Kérélmaz & Bu

2.3.2.2 Retrofit practicesin Turkey

Although retrofit practices are not uncommon, however, compared to the USA and
Europe, is placed at very low levels (Yigitcanlar, 2016, p.128ged, there is a wide
academic researches and studies in the field of energy retrofitting of existing ksuilding
in Turkey, however, in practical level, the efforts are not substaAtithe academic
level, the researchers, mainly, attempt to investigate the feasibility of the different
energy retrofit strategies regarding two main objectofesnergy and cosfffeciency
(Mangan andK o - | ar O Ashrhfian, ¥nGaz, €orgnati, and Moazzen, 2016

Sajlam, Yélmaz, Becgchio, and Corgnati, 201
2.4. Building Energy Retrofitting: Definition

In a situation that different regions have defined different expressions dor th
retrofitting of existing buildingsextracting a standard definition of retrofgither at a
regional or internatinal level seems difficult. Accordinglgbtaining a comprehensive
definition of an energy retrofitting is seen afsiadamental first step for this research.
As Douglas (2006:1)states,fin the world of building the terms rehabilitation,
conversion, remodeling, restoration, reinstatememd so forth are unhappily
confused Both authors and contractotisat areacting in theseprojects bytaking into
account thdevel andthe scaleof the intervention, the conservedmount ofenergy
and CO2 emissionsand the time span of the activities use the mentiotexdhs
interchangeablyAn intervention action is definedinOxfr d Engl i shaDi cti on
concept that involves standafidorms regarding entering a situation to change its

consolidation, repair and reshaping of structural course or resolve it andfor non
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structural elemenés As mentionedthere are various types applicable interventions

in existing buildingsto improve their performance Dependi ng on t he
construction year and its sensitivity in terms of conservation values, improvement
interventions can vary. Some of the most important actamesmenioned in
Refurbishment Manuaby Giebeler (2005), which argenovation, conversion,
recycling, reconstruction, restoration, repair, and refurbishment. The following table,

illustratesthe réated definition of each action:

Table 2.1. Definition of intervention activities (Giebelei2005).

Strategies | Definition

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

Recycling Applying a new function to a historical building

Reconstructior] Rebuilding a structure that no longer exists andparts of the origing

building remain

Restoration Finishing an incomplete structure and reproducing the original mate

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

Repair Replacing or repairing the defective buildicgmponents

Refurbishment| Implying an improvement process by cleaning, decorating, anc
equipping. It may include retrofitting process. The load bearing stru

and interior layouts are not included in intervention process.

Retrofit Refers to thaipgrades in existing buildings that can be either fixing

repairing insufficiencies in the building performance, or complying

required standards.

According to the definitions, two termsrmatonstructiorandrestoratiorcovers a series
of interventions, which do not carry amerformance improvememian, but rather,
aim the reconstitution of the original buildin@onversions typically, target the

structural elements of the buildingheretrofit and refurbishmererms are often used
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interchangeablyHowever, they have different meanings. The refurbishmsesre of
the more suitable synonyms to describe bui

exampl e, outdated components or surfaceso.
because fdArefurbishment does not i nvol ve &
structure or i nt dbeipossiblelinawhaeubtildiGgcomvarsion h ¢ o u |

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

According to theDxford English Dictionaryretrofitis i1 t poovide (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 constructddhsed on the Cambridge

Dictionary, retrofittingisit o pr ovi de a onapacewtheequpmenty a par
t hat it did not o r i g i(Qammbridgy Diciomarye 20l8me n i t W
buildings, retrofitrefers to updates in existing buildindggt can be made either to fix

and repair insufficiencies in the building performance to comply with current
standardsThe particular type of the retrofit for a building depends on the target of
intervention. 8veraltypes of retrofit can be categorized stsuctural,energy fire

resistance, aestheticéllast and etc(Giebeler,200). Furthermore energy retrofits

would refer to improvements done to a buildimigh the purpose of reducing energy
consumption and CDemissions level and achieviagbetter energy performance, in

accordance with neenergy standard®ixon andEames, 203).

Retrofit

Structural Aesthetic Energy Fire resistance Blast

Figure 2.5 Various types of retrofit actior(&iebeler,2005.
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In the reviewed literature, energy retrofitting is denossdh complexform of the

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

i nterventions, the boundaries of Arenovati on
clearly in other research works. In the case of commercial buildings retrofitting

projects, Dixon et al. (2014)enoteretrofit actions mily as lighting upgrades and
smallinterventions 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 wddtrofit actions and regarding the age of the existing
building, specific life spans areftleed. 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 builaigs. Thus, energy retrofitting of historical buildings will
require the involvement of the aesthetoultural, or historicalconcerns, which is
beyond the scope of this thesis. By taking this fact into accthimstudyinvestigates
retrofit actions fomonthistorical buildingswhich have not reacheldefiftieth year of

their life, therefore, are not covereeither ashistorical buildingscategory, nor as
heritage buildingslomain.Regarding the mentioned influential factossch astype
andexisting conditionof the buildingfunding sourcend technological meansser$

will, and motivation, which all are effective in a completing a successful energy retrofit
projects, scholars haveefined a distinct set of energy efficiemetrofit measures
(Weisset al., 2012Wilson 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 fixtu@mnsidering a building as a
systemof systems is another point of view that helps recognize life times of different
parts of that buildingGiebeler2005,p.23).In this way, it becomes possible to identify
which part of the building nesdhe first and urgent retrofit intervention. Accorg to

the lifetime tabé, thef a - faildres appear after 20 years.
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heating i 5 | 35
building envelope as a whole I 70 | 60
insulating glass units I 50 | 35
windows I A | 40
flat roofs Ir 55 | 40
pitched roofs 70 | 60
| | 60

render, facades i 130
0 10 20 30 40 50 60 70

U lifetime in years max  Hlifetime in years min

Figure 2.6. Life span of building systenm(&iebeler,2009.

2.4.1. Building energy retrofitting: application | evels

As Giebeler(2005) declars, different interventions in terms afcale and purpose
require different types of retrofit actionRegarding the scale of the project, it can vary
from partial repair works to a total retrofit actioAccording toRajapaksheet al.
(2013),energy retrofitting can bappliedwithin three possible levels of minor retrofit,
intermediate retrofit, and major retrofApplying interventions without targeting the
architectural character or appearance of the buildnegidentified by Ry (2004) as
minor retrofit or stabiliation ations. Considering simple interventions as quick and
easy solution sets that can produce immediate benefitsatidleng insulationor
upgrading lighting systemare also allocated to minor set of actigRE€A and Arup,
2009). Rey (2004), denotes intermiade retrofit as substitution strategy thealong

with applying considerablgansformations to elements, components, or substance of
the buildingand can be ggied with minimum disruption to building occupants
Improving energy efficiency of an equigmt or energyelated components that
simultaneously modifies the appearance of the buildingrdigkacing window glazing
and doors, updating ineffent heating and cooling systems are also known as

intermediate retrofifPCAand Arup 2009).In asituation that a significant or complete
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transf or mat i o nervedpe, heating, veniilatibrgiricondjtidoreng and

lighting systems (upon to the age and typology of the buildiage been involved

but a large portion of the original substan€éhe building is preserved major retrofit

(deep or restitution) action has been carriedRajapaksha et aR013, p.85)Adding,

replacing or rearranging the roof, windows and-cainditioning systems with

renewable energy sources and plartsalsofitted in the major cagory, which are

highyd srupti ve

to

buil di ngds

Table 22. Different application scaled energy retrofitting (based on Re2004;PCA &
Arup, 2009;andRajapaksha et al2013).

Retrofit application levels

+ Stabilization actions
» Unmodified appearance

¢ e.g. adding insulation,
changing lighting system

* Substitutionaction

¢ Modified components &
appearance

* e.g. replacing window
glazing, updating HVAC

» Complete envelope
transformation +
preserved original
building substance

* Highly disruptive to
occupants

* e.g roof upgrading &
renewable energy plants

In the case ofetrofitting office buildings,

t he

ntervent.i

on

mainly significant, which needs to woda the technical installation®&ey, 2004).

Wi t h
fa-adéerofi
(SUB) 6

an

emphasi s

t

satcatbiiolniszatdtome strategy

occupant s.

on t he

oRey (2084)peojposs threa manrtypes oft | on s

(STA) 6,

and-s it mef a-oallisExetdetdesaribes §THA as an action

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

the substance or the appmace 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 stabilizingh e or i gi nal fa-ade and adding a hi

Table23 Di fferent application Rg2004ps of fa-ad

Fagade retrofit application levels

* Stabilization strategy * Substitution strategy » double-skin facade
strategy
* Incremental interventions + Complete change of * Original fagade partially
certain elements stabilized + adding a high

+ Unmodified substance or glass skin

building appearance » Modified substance and
building appearance

2.4.2. Energy retrofitting challenges and hrriers

There is a considerable market demand for sustaibaidtingsin the U.S, however,
building energy retrofit projects are not yet widesprélte annual rate of retrofitted
commercial building sector is around 22 (Olygyay and Seluto, 2010Numerous
factors are involved in this situatieach asthelack of information about the building

and its systems after the design phasgg lasted payback periodnd overestimation

of savinggBosch et al., 2003)-easibility of a retrofit project in reality depends on the
investment return in an expected period of timieiclv 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 constraintis relatedtotheexistg b ui | di ngdés precondi t i «
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that are predefined |ike, existing morphol og

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

2.5. Energy Retrofitting of Commercial Office Buildings

Office buildings like every construction, are at risk @hysical and functional
obsolescence. After a certain time, minor maintenance will be inadequate to slow down
the process and serious retrofitting interventions must be appglgednentiaed,
different elements of &uilding have their specific lifgpans andequire various
intervention plansThese 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 facadelements, which is around -3 years determines the longevity

of retrofitting cycle of the building.
new standards; in terms of physical, functional and energyesftigi it is necessary to
usethe ideaof a retrofitting strategy. This strategy carfi@@nedas a fullcompatibility

of the interventions specified by architecturally anchitécally optimized attitudes
(Rey, 2004).

Indeed, @signing the buildings with limited life spans began since the khode
Movement 6s space and construction broke
half of the 28' century was designed to have confined lifespan, to be adapted, absorb
change, and detach the different component systems each with their owyckfe
(Stratton, 1997, p.§7 The other lifespan definition of building components is

I n or

wi t h

attributed to Duffyds flexibiktyoseaadhicommponantam . Accor d

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

enviomnment intomai n componenBSer o S@eStheerlylod ,n @@ O Set
(Figure 2.7. Duffy, Cave and Worthingtor(1976, pp.814), defineshell as the
buil dingds structure and envelope, whi ch hav

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

and floors are in the building services category, which can be edjdse to the user

32



demands and, approximately, last for 15 years. The spatial organizational changes in
response to the occupantsOd requirements al
partitions and dividing screens that can last f@ryears. Settigs include office desks

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

Shell [ = S mmarnsasessan o 50 to 75 years
Building shell : {1 ,

Services
Building services

10 to 15 years

Scenery 5to 7 years
Fitting out elements

Settings Day to day
Office furnishings

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

Multiple parameters are involved in office buildidgstrofitting strategies. Numerous
research in order to develop this process have presentedcntalia assessment
methodology. In a research by \RE004), this multicriteria methodology focuses
simultaneously on three main criteria of sustainabiligvironmental, sociocultural
and economic. The researcheploresa global optimization of existing buildings
based on multiple comparisons between different viable variants, which are applied to
different case studies. The results of research confiemhiipothesis that various

classification of retrofitting strategies must be framed according to the tirttee of
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building and criteria weight§Rajapakshaet al, 2013). Increasing gredrouse gas
emissions as a direct result of climate change effeotalined with the demand for
more comfortable indoor environments in office buildings, have made a growing
concern related to the rising energy consumptioexcsting commercial building#

large portion of existing office buildings in major cities of the'ld@re over 20 years
old, which recall the necessity of the retrofitting strategies for commercial building
stock (Rey, 2004). Seeking out the unread potential of existing commercial
buildings for improving energy effieincy is the most substantadtion of this stock to
reduce carbon dioxide emissions and -nemewable energgonsumptions, on one
hand, and an improved indoor environmental quality on the gReapaksha et al.
2013 p.61).

2.6. Main Building Stakeholders and Their Rolesin Energy Retrofit ting

In the case of existing buildingsliminatingthe energy casumption can be gained
through maintenance of the building, consistentlly,applying different levels of
energy retrofit actions (minor, moderate, major), as mentioned previouslylyBrie
maintenance refers to applying shtatm solutions to the larger problem of an existing
building related to energy use and carbon footprint reducoel (et al.2007).From

the very beginningtes of the decision makingrroceson whether duilding needs
energy retrbt actions the confirmation of building stakeholders is necessasy.
regard the fact thatiome stakeholders are not familiar with the complex process of
energy retrofiing, a decisioamaking framework is vital to arrange theequirements

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 whohave a direct or indirect relationtinu i | dperdigndasmd 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 wéieles othe process
(Bernstein andRusso, 2009; Yudelson, 2010for 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 hbat t
improvement costs for building should be partly paid by the tenants, who are benefited
from the reduced costs tife energy consumption (Fuerst avidAllister, 2011;Poel

et al., 2007)Energy retrofit decision are mostly concentrated on maximizingggner
savings andeducing payback period. Howeveim some cases, the increased-pagk

period, makes investors undesired to continue the pr@)eer andMenassa, 2012

In the other wordanotivation ofthestakeholder to carry out a retrofitgpect phys 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
regardng how and why a building needs to be retrofitted eases the selectfglaet

best retrofit solutions (Menassa, ddaer, 2014)In the reviewed literatureptir main
motivation domains or retrofit goal drivers, whistimulate stakeholders to retrofit
energy performance of an existing building, have been identified (Menassa, and Baer,
2014. Theses domains arspcial, environmental, economic, and techni&dcial
concerns contain community impacts, human rightsstartiexpression, 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 buildinfg a - aetfadit, mechanical system
upgrading, electrical system, and plumbing system rethMéhassa, and Bae2{14)
investigated 30 potential stakehol dersé
represented thienportance rat®f each domainAmong them, reduciop energy costs

set in the first and main requiremeif stakeholdershen, respectivelycomgy with

policy legislation increasing energy efficiencymproving occupant productivityand
improving occupant comfomvere assigned by participant stakehoddas themajor
concern areas 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 seadityelaeving the
negative impacts of global warmingEJA, 2012; Yudelson, 2010).Among the

mentioned domainshe main target of thproposed retrofit framework in thtkesis
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coverssome parts ofechnical(mechanicabystem retrofitsf a - retdbofits, electrical

system r&ofits, and plumbing system retrofijsand environmental domainghe

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 thig,stdch

investigates passive solutions facadeenergy retrofitting, the priority option from

the four technical actfiaometeirddled@éds (only the

Table 2.4 Concern aremof the thesis in developirtge retrofitframework (by the author).

Building facade
retrofit

Passive retrofit actions

Reducing effects of outdoor environment Reducing energy consumption
Noise protection Passive cold draught Passive solar heat & Heat protection Passive solar use
(summer + winter) control (winter) light control (summer) (summer + winter) (summer + winter)
Different cladding Thermal breaks Dynamic shading devices High R-value cladding materials | Redirecting / reflecting
material layers daylight systems
Airtightness Switchable low-e coated Insulated facade panels
Insulated or laminated glazing Low U-value multi-pane
glazing Low U-value windows Insulated glazing & frame windows
Low-¢ coated (outer glass pane)
Acoustic breaks Window storm panels windows Low U-value multi-pane High visual transmittance
windows glazing
Acoustic insulation High window sill heights | Low SHGC glazing (high-iron
glasses) Low-e coated windows Angular-selective thin films
Airtightness Low-¢ coated (inner glass
panes) windows Spectrally selective glazing Internal/external window covers | Double-skin facades
Double-skin fagades
Airtightness Natural ventilation Air/water resistant facade

2.7. RoadmapDevelopmentfor Energy Retrofits

The surveyed literatunevealed that every performance retrofit process to achieve the
considered goals, requires a proper identification on selecting the best retrofit
alternatives. Br this purpose, a systematic retrofit approach should be applied
(Flourentzou an®Roulet,2002; Ma et al, 2012; Jafari ak@lentin, 2015; Szalay, Kiss,

36



Gelesz, andReith, 2015Jafari andvalentin, 2017. Based on a systematic approach,
Flourerizou andRoulet (2002) describéheir method in frame of a muitriteria
analysis, which helpsgecision maker in drawingetrofit scenarios. Their approach
include several steps and follows an iterative pro€&sst calculation processinning

an energy balancand checking the coherence between actions are performed through
adecisiomai di ng comput er Mactual(20t2nrépresedt five JtaQdsU S 6 .
for a retroitting process, respectively: lyqect setip and preetrofit survey, 2)
energy auditingand performance assessment, @ntification of retrofit options, 4)

site implemenation and commissioning, and #lidation and verification. The other
systematic approach is proposed by Jafari\asléntin (2015. Their retrofit process

is identified wthin four hierachical steps, respectively: 1) easuring energy
perfaomance of the building, 2) elermining the esrgy retrofit alternatives, 3)
establishing the relationship between investment for retrofittengd energy
performance, and 4)ofmulating anoptimization model to allocate the retrofit
investments. Szalay, Kiss, Gelesz, and R@@15 developed a systemic retrofitting
methodology for public buildings and districts. They evaluated the proposed retrofit
actions in terms of financial, technicand 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 inention areas, 5) technicalintervention
possibilities, 6) mtervention packages, and 7) SWOT analysis. In a projedafayi

and Valentin (2017, a model has beedeveloped to evaluate the effectiveness of
retrofitting efforts according to the vaestmentcost and energy saving. The
methodlogy of this study comprisefour key steps of 1fata collection, 2) data

analysis, 3) model development, and 4)del testing and validation.
2.7.1. Key phases of a building energy retrofit pocess

Accordingly, thereare three main steps for energy retrofittprgcess 1) Preretrofit
process, 2) Retrofit, and 3) Pastrofit. The building retrofit optimization framework

aims to determine, implement and apply the most efficient retrofit scemariesns
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of energyand comfortimprovements.In the line with the reviewed literaturaghe
required actions in each three phase of rteofit process can be elaborated as

following:

1 Preretrofit

1. Gathering existing building information

2. Energy Auditing and Performanéessessment

3. ldentifying energy demanding and discomfort areas

4. Identifying retrofit actions and related technologies

5. Selecting the best retrofit actigdecision making process)
1 Retrofit

6. Implementation
1 Postretrofit

7. Validation and erification

The processtarts with collecting the existing building information to characterize its
original and predefined conditionsin terms ofKey Performance Indicators (cost
performance, safety, energy consumption, stakker satisfaction, and etc.)h&
relevant technidagapscan be identified in this stef@ased 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 (gatheg 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 neffitting actions,required vidle technologies would be listed. The
related energy protocols and regulations need to be taken into account in tHibetep.
fourth step; selecting best retrofit actions,the main core of every retrofit process
require a multcriteria decision aid tool (MCDA). Nking an appropriate decision on
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selecting the best action in terms of energy saving, cost, ardcamfort can be
realized by the aid d¥ICDA tools.By meangf all these steps, the retrofitting action
are ready to execute anchplemented on site. The whole process ends with the
validation and verification. Thdescribedorocess isllustratedin frame of an IDEFO

diagram as seen in below:

Building specific ~ WlakthoughUtility bills User Data  Legal energy list of retrofit  Multi-  Costgrisk Testand Buildng
: KPIs survey logger standards actions criteria  assessmént commissioning Operation & =
99 T 7 survey
| Ts82S (energy&comfort deacision | monitoring
Lo | Gather existing 2 : ) |
building’s N - 1
information Energy auditing :
| 1
: s \
! . g Identi |
! Diagnostics & ‘ 2 fv |
H ! N -~ applicable |
1 discomfortareas = | el tens :
] v v |
| | o ———— e o e e .
| I ;
Select best : || Execution& |
retrofitactions | | implementation |
| I
I |
- - -

I v '
|

; Validation &

| verification
|
I
|

v
Facade and Spatial
Retrofit Framework

Energy service companies(ESCOs) and designer

Enerelated stakeholderr

Figure 2.8 IDEFO diagram of a systertia retrofit roadmaplfy theauthoj.

2.8. Benefitsand Constraints of Passive Strategies

Passive retrofit measures including the installation of shadi&wvices insulation, and

openable windowsan improvethe indoor comfort conditionslt 6 s been proven
occupantsof 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 ad change their indoor environmental condition to set their desired comfort
level. Some characteristics of adaptia@proach areopenable windowsadjustable
blinds local cooling/heating contrqglsworkstation/furniture flexibility access to
daylight ard good views The most significant benefit of passive strategies relates to
the reduced energy consumption. Typically,-cinditioned buildings consume
substantially, more energy than naturally ventilated buildings. The conducted studies
on mixed climatesalso show that despite high running costs cttamditioned office
buildings, the satisfaction level of worked® not necessarily exceethe raturally
ventilated buildinggBaker, 2009, p.7-8).

2.9. Pre-Defined Conditions of the Existing Building

Thecurrert thesis aims to develop an energy retrofit framewahich focuseson two

highly interdependent parameters: @yeefficiency and indoor comfariThe Trias

Energetica concept or the Kyoto Pyramid b a s ed o n 129¢)sirgreaddcesawo r k  (
threestep approach to energy efficiency: 1) reddke energy demand, 2)sel

renewable energy, and 3) use the cleapessible fossil fuels (Figure 2.12The

proposed frameworkn this studyfocuses only on the first step of the pywd and

tends to identify passive retrofitactiocagp p|l i cabl e on the fa-ade sysH
that maintain a tradeoff between energy demand and user comftire light with

reviewed literature (Aksamija, 2013, p.18), four fundamental mechanisrmahheat

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

and energy efficiency of a buildingdés fa-ade

Utilize renewable energy

Effective use
of fossil
fuel

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

40



2.9.1. Opaqueandtransparentf a - ade

Essentially, fa-ades are classified into t
(gl aze k)Padseaand Netson, 2013; Aksamija, 20Bpaque d&rea- ades
comprised of solid layers of masonry materials such as, stone, mepaécast
concrete claddings with embedded punched
(i . e. curtain wall s ahalarge tglazmg Jurfaoeneitherf a - a d e
transparent, or translucent glass surfaces, which are fixed by metal fraemmened

(Aksamija, 2013, p.18). The main functions of opaqamponentsare weather and

moisture resistanceghermal control, and infiltration control, as well as, safaty

acoustic protectianrhe 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, 2Q038194). Ochoand Capeluto (2009) claim that the facade is

the key issue in mataining the desired tradeoff between energy performance and
occupant comfort, which is sensitive to seVeravironmental factoretermining an

optimal fa-ade is a complex action and of't
and interdependencempa met er s t hat dr i ve pdrfaaimamake per f
indicators (Figure 2.1)3varies from project to project and creating the desired balance

between energy efficiency and comfort in each building depends on its panicla

defined conditions (OcleoandCapeluto, 2009).

2.9.2. Thermal load profiles in office buildings

Thevery essential requirements of an office building is to assure comfortable, healthy,
and productive environment for its occupamtdditionally, in line with the growth
attention towardshe 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 buildisgin officesmost of theconsumednergy

is due tocommonly for cooling, ventilation, heating, lighting, equipment, and caterin

The main energy sources agéectrical 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 Of fi ce buil dings range from being 0i
6environment alEsséntallydih ed obmiinladnitnég.6 s characteri s
the thermal load profilef thatbuilding and then, the magnitude of the energy loads.
Furthermoreretrofit solutionsand attributed strategi¢s the thermal performance can

be carred out in different directiond$n other words, the retrofit action criteria needs to

be selected based on the load dominancy state of the buiRhfapaksha et aR013.

- Indoor temperature

Solar radiation Solar shadings

Reflectance

Outdoor

temperature . ,
P Air movement/

ventilation

Insulation

Thermal mass

Daylighting

Wind

Openings

Outdoor relative -

humidity Moisture barrier Indoor humidity

Figure 2100Envi r onment al | 0 a d s(CadspondandfMartinezdAeias,p er f or man c €
20149).
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External loads (Externalities)

Energy demanslin responseéo providingthe thermal comfort fandoor environmerst

in coping with the impacts from outsidere known as environmentdbads or
externalities. The requiredretrofit solutions for externalitiesshould follow both
environmental and technical aspecEnvironmental factors coveplar radiation,

wind, humidity, daylight, and microclimatic effects. Tewah aspects include
envelope architecture, building form (plan form, section, and internal zoning), and
material component@Rajapaksha, Hyde, ar@roenhout, 201,3p.70). According to
Aksamija (2013) environmental load transfer can occur through thregswa)
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 response to provide thermal comfort in coping vifité
generated loadffom theindoor equipment, electrical lighting, and occupalacg
known as internal loads or internalitig®ajapaksha et ak013 p.63).A study by Lam

(2000) showsthat the intemal 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 mulitorey office buildingAs Rajapaksha ett al(2013

p.70) indicatethe required solubins to maintain a control over internal loads should

be proposed by consideringpth nontechnicaland technical systemslontechnical
aspects cover two majorgdiles; the occupancy profilesmd the operational profiles.

The former representie numberdistribution, and also the diversity of the occupants
throughout the day (over timahd the latter, includesperational hours of equipment,

like the HVAC systenmtegardinghe presence of theccupancy (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 issajonal mode), lighting systems,
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and other plant or equipment (including lifts, pumps, etc.). Shecess key of
achievingboth optimized indor environment alongside saviegergy is to create a
harmony between teclmal and nortechnical aspectslable 2.5 illustrates a brief
review of thermal load profiles in office buildings and the contributing building

conponents.

Both profiles of internal thermal loads and environmental thermal loads are inter
related to each other and all these areas shouldkke tato 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 25. Thermal load profiles in office buildings and their impacts on energy usage and
comfort Rajapakshat al.,2013 p.68).

Thermal load profiles | Contributing Impact on energy use and comfid
component
Internal loads and Lighting Heat emission to occupied spaces
occupancyinternalities) | Equipment Heat and moisture emission to occupied spaces
Computers Heat emission to occupied spaces
Occupancy Affect the usage of lighting, equipment, a

contribute heat and moisture to occupied spaces

Environmental loads External envelope Transfers heat between outside and inside
(externalities) increases cooling or heating demands
Internal mass Absorbs and stores heat and increases coo
demands
Infiltration Causes heat conduction and moisturonvection
(air leakage) between indoor and outdoor environment &

increases heating/cooling loads
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2.9.3. Theimpactoftheb ui | d riemtgtionsanddorm on developing passive
retrofit process

If the building is located alonits eastwestaxis(the long side of the building will face

in the north and south directiorthyee advantagesan beobservedl) admittingmore

daylight to enter a spac®) preventingoverheating by wedtacing exposures during

summer afternoons, ar8) benefitingfroms ol ar t her mal energy of
winter. As Straube and BurnetR005) statet h e s o ut absbrlawica thecheat a n
gain of east andanawestta cfian ga dfeas- a dne stgeennteerra | |
buil di ngds Rajicetal. 2087). @ptimang the winter solar absorption

is known asa complex dynamic function of orientation, building geometry, glazing

ratio, heatflow path, interzone heat trafisr mechanisms and thermal mass (Yohanis

Norton 2002).Several studies have intgmted the impact of building shape on
energy performance and have claimed that t
compactness and its energy demands. These studies show that buildinglebp e

shallow) its form (compact or atrium)oriengtion, its surroundings, and broadly
speaking, its predefined conditions, infl
comfort conditions (adnan et al.2000c; Aksoy and Inalli, 200@hahestani et al.,

2013. The diversity of building shape typesakes theclassification process a
challenging taskShahrestani et al2013) However, in the literature, the correlation

between energy performance and building shape, is mostly allocatbe tobic

shapes with square floor plans. StudiesStgadnan, Buhnes, and Rickaby (2000c)
andShahestanietal(2013 i nvestigate the buildingbds |
and internal spatial subdivisionsyer thesquare deep arstjuareshallow plansRaji

et al.,(2017) investigateéhe impact of geometric factors for the eneegfyciency of

high-rise office buildings in three climatedf Amsterdam ihixed), Sydney (Sub

tropical) and Singapore (Tropicallhe results of their studevealed that in the case

of themixedclimate thereis a correlation between the annual total enesgyand the

relative compactnessf building shapeln this regardthe larger the envelope surface

area, the higher the amount of heat gains and lassesthrough the building skin.

45



Consequentlycompat shapes are monereferablefor conserving energyn mixed
climates The study also refer® asubstantial effect of plan deptn total energy
consumptiorof the buildingin mixedclimates.For shallow plans in order to decrease
the electric lighting dmands office areashouldbe mostlyaccommodatd along the
building perimeter. They listed building geometry factors with respect of the highest to
lowest impact as followindouilding orientation, plan shape, plan depth, and wirdow
to-wall ratio. Nevertheless, reergy retrofitting of office buildings withouta
comprehensive considerati onwibHavelamindrdi ngdés pr
effect on improving its energy efficiencglflawoud, 2008 Safarzadeh anBlahadori,

2005 Tabesh, an&ertyesilisik, 2016) Being aware of these characteristics not only
helps decision maker through selecting proper retrofit actions, but also helps him
during the reorganization of the internal articulation related to the required comfort

quality.

In this thess, the targeted energgtrofit measureare measures, whiégmprove both

energy efficiency and indoor comfort quali#ccordingly, dueto achieve a holistic

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

the interdepettent relationships among buildingg f or m, f aandimegsiorcondi t i on
spatial arrangemeshave beninvestigated

According to the 2010/31/EU European Directivaabhshing high comfort quality,

particularlyin the case of officeentails asubstantial amount of energy consumption.

This is because the fact that workersé comfo
their productivity at work and the loss of productivity means the loss of cost and

investment of the organization. Thereupom tlonflict 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 retm§tprocessThe following chapter

describes different spatial arrangements in indoor environments of office organizations

and their advantageous or disadvantageous r e

46



CHAPTER 3

3. OFFICE ORGANIZATION AND ITS ELEMENTS

Palmer and.ewis (1977) in their bookntitledplanning the office landscapanalyze

an office organization based on its elements and the existencemslap between

those elementdhey 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,
environmentand productProduct ighe businesshyective of every organization and

its success in profitability. To achieve this objectizemprehensive office planning
either anew organization or retrofitting an existing oneeds taonsiderall the four

elemertts and their relationships

People’s
Relationships
Work
Patterns

Physical characteristics

Work :
Patterns :

Facade
Efficiency

Spatial
Organization

. .
. .
.
"sssssssssssssEsssESsEESSSESSSSESESSsssssssssssssssast®

Figure 3.1. Major element®f office organizationlfased on Palmer and Lewif77).
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3.1. Different Methodsin the Definition of Office Organization

Between 1983 and 1985 Duffy et aleveloped a muhnational clentsponsored

research progr am, call ed 00ORBI T (Organi zat
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 ltanging pattern of work after the emersion of IT technologies. The

workplaces based on the ORBIT studie®re classified regarding two main

di mensions of the é6énature of changedé (the ch
hi gh) and t h e(rouiineartnarrowineavbrk type)rBkoadly speaking,

ORBIT research analyzed office typologies upon the functiontures of the office

environment (Duffy andChandoy 1983). Ahlin and Westlander (1991) defined

different office types according to thhaysical characteristics like the plan layout. Plan

|l ayout is defined in two dimensions of &6the
plan model definition, they used three basic principles of spatial organization, which

are: 1) ceHoffice; 2) combioffice; 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 sioghas, shared

rooms (23 people/room)and largeooms (more than 4gople/room).Duffy et al.

(1973) in defining office typologies, combined the physical and functional
characteristics. They denoted four bagffice types, each withits particular work

patern and spatial organizatiohheygave nontradional names to the categories, as

following:

Cell: individual, enclosed, static workplaces
Club: high level, varied task, interactive

Hive: busy, dense, open, process oriented

0N

Den: group work, project based

Danielsson and Bodir2008 assertd thatooth methods are connected strongly, thus,

they can be equivalent to each other. lirthewoffice typology,theCell is equivalent
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of private cellularoffice, theClub is equivalent of cominffice, theHive is equivalent

of open plan officeand the Den is equivalent of landscaped office. Authdrg
claiming that both definition methods have their limitations, based on the works of
Ahlin & Westlander (1991) and Duff& Powell (1997, identified seven different
types of office spaces; caiffice, sharedroom office, small open plan office, medium
open plan office, large open plan office, fleftice and combbffice. As Danielsson

and Bodin (2008, p.25) indicates, the oymdan office includes a wide range of sub
divisions, which varies from 4 persersom to more than 100 workers in a shared
space. Howevenone of the reviewed studies halefined internal distinction between
various types of opeplan offices. As Kim (1999) statgsternal layout of offices can

be generally articulated based on three planning options; closed, open and combination.

Briefly,in or der to investigate the i mpact of

it is necessary to define the considered diif¢ioffice spaces. The reviewed literature

in this regard Duffy, Cave & Worthington 1976 Duffy & Chandoy 1983; Duffy&
Powell, 1997 and Danielsso& Bodin, 2008) revealed that traditionally there are two
main methods to define office spaces; eithgrspatial 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, consideririg one of them in identifying

office typologies will be not a holistic classification.
3.1.1. Predominant spatial arrangement concepts frompastto present

The key point in the design of office facility that developments in thisfd need to
reflect changing philosophies afilizing workspacesNone of these philosophies or
office concepts completely replacanhe other. Rather, they are all still in use,
representing different basic options for offidesignAs Van Meel and Vos$2001,

p.325 remark Officesreflect ideas about the meaning of work and opinions about
how work should be performed. As these

Van Meel (2000), describe four predominant office types as followings:
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71 Cellular office: An enclosed space designed to accommodide 1
workplaces

1 Group office: An enclosed space designed to accommoddi2 4
workplaces

1 Openplan office: An enclosed space designed to accommodate 13 or
more workplaces

1 Combtoffice: Closed offices situated in an open space which is

designed to accommodate common facilities and group work

Office environmenin Van Meel(2000) frameworks distinguished in threlevels of
place (central office, telework office, business office, etspace(cellular, group,

openplan, or combi office), andse(personal office, shared office, hotgjirand etc).

Figure 3.2. Principles of diferent office concepts/an Mee| 2000)

The following sections elaboratsome of the predomiannt office space layouts
througlout the office building history from the pf@60s till present and also the
estimated office spaces for the near future.

Bull Pen dfice: until the 1960sstaff wereplaced in open space at the core of plan with
rigid arrangements and in contraste or more sides of the building perimeter zones
(windowed spaces) were allded to single offices foexecutivegPalmer and_ewis,
1977).In 1924 the first definition of thermal comfort standapdiblishedoy ASHVE
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(Ashve, 1924) anth 1938 thefirst code for comfort requireménin air conditioned
environmentsvaspublished (Ashve, 1938 this situationthe development of deep

floor plan layoutsvas facilitating.

Singleoffice: in early 1960single officeconceptin deep plan buildingbrought staff
from open spaces to clospthn officesoccupied by one two or more workefgjain
the executives stayed in their windowed spabreshese decades office spaces were

typically combination of bull pen and single office cepts(Palmer and.ewis, 1977).

Executivecore deep cellular dfice: from the early 1960s till thenid-1960s,the
locations of staff and executivesplaced 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 officegPalmer and_ewis, 1977).

PJ AR
2 L L}
oy
mEAk NG

ofd | G { PO Drirly

Bull Pen Single office Executive-core

cellular office

Figure 3.3. Evolution of single office concefitom pre1950 till mid1960s (Palmer &
Lewis, 1977, p.B

Openplan office: openplan 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 zon&sis period was the era afeep plan
artificial office environmerg By developing akconditioning system and artificial
lighting, officesextendingnto 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 inttaced in this period (Collard and DeHerd&97)
Implementing openable windows converted bioclimatic building facades into fully
sealedand protected againstutsideenvironmentIn 1966, the first code of minimum
comfort for airconditioned environmentwas published by ASHRAE Standard-55
1966.
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Ul 0000
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( ,:hr_.ﬂ gal gl gt
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Figure 3.4 Open plan officén mid-60s rigid arrangementdalmer &Lewis, 1977 p.4).

Landscaped ffice: developed in early 1970s likie Quickborner Team of Germany.
Since, these type typically require a much deeper and larger szesiere 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. Movealrkess,
partitions, and plants are main components of this type of organization to provide
circulation routs and identity to the working gropsiffy et al., 1976 p.81).

Combioffice: the development of officeterior environment§rom the 70s to th@0s

is featuredby the use of communication technologies and their impaatook styles.
Increasing the ergonomic qualitythie office interiors appeared also in this era. These
changes led the working spaces to be more workftovented group spacesdaithe
creation of new office layout called as combi office, which is a combination of private
cellular offices and shared open spaces for group working telampéementing
unitized curtain walls was also privileged in this period. The energy crisee 1873

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 populaesngthing interioenvironments
(Palmer and_ewis, 1977 Van Meel, 2000).

Reversible officesc(rrent and near futurefice concepts the 1990s was the era of
efficiency and profitability trends. Work spaces were faced with rsswes like,
internetand needs for morspatial flexibilities. On the other hand, due to the high
prices of office spaces acommercial building marketjesign concerns for shared
work stations reduced his situation provided the ground for the appearance of a new
office concept calledReverdble Office (Pickadchilton, 2012. Reversilte offices with

their flexible arrangementembrace different spatial organizations for different
workersé needs. These types of |l ayouts
maximum flexibility like, lightwalls and suspended ceiling$ie demand to add value

to workplace performance transforms office definition from an IT placeptace for
breeding creativityAs the result of information technologies, 1990s witnessed a

second workplace revolution, whishkas t he emer si on of Anew

Information techology changed cultural and social processes. Graduatiyalworld
and digital tools opportunitieglisplaced facdéo-face communications (Harrison,
Wheeler, & Whitehead, 2004).

T'T W H 1|
AR 1 ]
fjh— l
L° B2 | [fal §od 9ol g0l | £ T PRERLL]
Landscaped Combi-office Reversible
office office

Figure 3.5. Spatial arangement @anceptdrom 1970s till todayPalmer and Lewis, 1977
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Teleoffices (estimation for future office spatialrr@ngements achieving high
profitability with limited budget is the goal that will be focusadnear future office
organizationsmore than pastThere is always an emphasis on reducing initial and
running costs from the stakeholders and building owners. In this context it is expected
that teleworking might be a good alternative, which is indeedependent home
offices or teleoffices, but consists of a central office for meetings or communications.
Workers will feel more flexibility regarding their work time and plagan Meel,

2000. Thefuture offices ar@stimated tdoe more interactive, merspecialist, and less

individual workplacebased space${ratton, 1997 p.895.

As a matter of fact, there are many different types of office management and work
styles, thuswe witness various types gfreedominant office layouts and spatial
arrangementsvith different orgaizational demands (TabRk1). 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,
althoughthey 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 officAsaong the all conducted valuable research on the topic

of office buildings, the view point of Francis Duffyratherholistic. Furthermore, the

foundation of the current thesis fttre investigatiorof energy and comfort triggers

within existing office buiordk,dhichigeaabrateds s et

in the next section.
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312. Duf f yos

I n

(Cell), group process (Den), individual process (Hive), anmusaetional knowledge

(Club) are examined. The following section, fiystarguesghe Work Pattern typology

of

Duf fyos

Duf fyods

of fi

framewor k,

f r ,ahe spatal réquiraments of differaent orgarianal

structures will be discusde

3.1.21.Duf f yods

The NEW (New Environments for Workingproject conducted in 1997, was an
investigation in a jointattempt byDuffy, Eley, Giffone, & Worthingtonand the
Building Research Establishmenthis project was looking at th@odern working
practicesand generallythe ways people work in their workplac&he output of the
project wagfour office layout typologiesleveloped based dher particular kind of
activities. They were broadly categorized as, Cell, Den, Hareg Club Duffy and
Powell, 1997. The New Offic€Duffy and Powell, 1997) principles, under the umbrella
of the technolgy relied on high level of autonomy, fade-face interactions, and

broadly speaking ighly motivated workersToday, hese types of workplaces are

k nown

as

of fi

camewerk v i

ce

6knowl edge

envi

four

wor ko

coneentmatedtstydy e s

ronment f

because

connectivity rather than lear business systems (Harrison et24Q4, p. 29).

r on meattetns f r amewor k :
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Every work pattern requires its particutaiganizational structure. In the other words,

different organizational structuse will create various types ofoffice spatial
arrangements€ach layout typalso has entirely different patterns of occupancy and

I T equi pment. The terms of Ai nttewd&t i ono &
pattern can help businesses to have a perception of how they are now and where they

may be in the future. Interactisapresents the amount of faleface communication

during the work processnd autonomy iis the degree of [
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 thahe relative

demand for eaclayout will change by the time, indicates thiatl i expected, as

information technology changes, that many examples of the offices now identified as
being for o6group prrtorcetsesck sHt J dyed s[]c eolrl sH]c om
i nto what has been called the O6transact:i
management of time and space, both interac

3.122.Duf fyds office envir ormmamgements f r amewor k:

Duffy et al. (1976) usedl the term Sceneryin describing the interior spatial
arrangements, however, this thesifi continue with thewvell-knownphrase oSpatial
Arrangementsin exploring the relationship between different work patterns and office
layouts, they classified spatial arrangements in four generic types: cellular, group
space, oen plan, and landscapéethese arrangements can be used for a whole office
building, or goart 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 typable3.2 illustrates the
providedorganizational sampldsy Duffy et al. (1976, p.83) forevery work pattern

andsuitable office spatial emngements.
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However, in selecting the appropriate arrangement for an office interior there may not
be always a precise fit in the matribustrated in Table 4. A wrong choice of spatial
arrangement will lead to a difficult working conditiori3uffy et al.,1976, p.8182).

Cellular office concept is typically used in buildings with narrow plan with maximum
12 meterdepth. The plan architaee commonly consists spine corridors, which are
embracing several single room#\Imost for all servicesroomsdepend on building
perimeter zoa. Usually, the maximum number of workénsthese kind of concepts
does not exceedvie personsCellular offices more than any other typeovides the
ideal satisfaction for occupants to work in behind closed dodfseinown territory
without distraction (Schittich, 2011)Group Spacesare mediurrsized rooms
containing5-15 persons as a team workers. The prolegth of plan for these rooms

is a little bit deeper compared to the cell offices and alme&01b depth isrequired.
Open Planis the traditiomal way of spatial arranging large deep floor plan, which
contains more than 20 personsaiwery rigid arranged workstations. Thesks are
individually processed.andscaped Offices a relativelyshortlived typology, which
developed in early 1970s llye Quickborner Team of Germariyke open plan,tis
concept also lays out a large deep floor plan, Wewehe 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 arkntification of theworking groups
(Duffy et al.,1976, p.81).

3.1.23.Duf fyds of f i camewerk depthafpame nt f

As discussed in previous sections, if the purpose of a retrofit project is reducing energy
consumption othe buildingand focusingon passive retrofitting solutions, the first
essential step is identifying thmpact area of those passive actipnwgérdowed area)

in the interior part othe building. To clarify the accessibility of an indoor office
environment to this zone, the spatspth definition of Duffyet al. (1978 has been

consideredThebasic grammar for office plan architectumetheir study is defined by
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identifyingthebuilding core positionThe location of cordetermines the depth of plan
and this can lead to creation of different office arrangement possibilities. Depth of
space intheir book is defined as the distance from the main core to the building
perimeter Accordngly, Duffy et al. (1976, p.42) classifylandepth typess: shallow,

mediumdepth, deep, and very deé&ach type is elaborated as following:

1 Shallow planare typically linear zones, which can be created either on a
linear space or a ndimear spaceThe depth in central core types ranges
between 6/ m and in sided core types ranges betweeld4lth. The
provided small rooms (2:1 ratio) following a corridor are such spaces.
These rooms can easily benefit from perimeter ventilagioth natural
daylight

1 Mediumdepth:some workstationsnay not be adjacent to the window
wall. The distance between the core aneé building perimeter range
from 8 m to 12m and if it is a sideorestructure this distance will vary
from 16 m to 24m. Planning a mediurdepth space is easier than a
shallow or deep spadecausall types of office layoutsan be arranged

in these spaces

. EEE core

B—

! circulation L | circulation

TS to12m
-

-~ W e
| s 4 Tvl“s - -
| plus core ! i 1 s

12to 14m
|

~

Figure 3.7. Left: shallow space and core position typght: mediumdepth spacéDuffy et
al., 1976, p.42).
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1 Deep spaceThedepth in deep spaces with central caegesbetween
13-21 m and sidedcore types will give a space with near B2depth.
Deep spaces can be subdivided into cellular offices, group offices or be
used as an opgnian office without subdivisions

1 Verydeep space: if the distance between corerandowedwall exceeds
20 m, that space is bad a very deep space. For théseds of office
spaces, several circulation routs need to be defined. It is also possible to

provide a combination fallow and medien-depth spaces.

13to2lm 6te7m
)

- core S

__ circulation

over
20m

xoen | [l W

Figure 3.8. Left: deep spaceight: very deep spa¢®uffy et al, 1976, pp.4314).

From the view point ofpatial arrangementsellular offices andth some casegyroup
offices arespaces with shallow planslthoughgroup offices canalso be seen in
mediumdepth and dep planss a subdivision par©Open and landscaped officlesth

require aelativelydeegrfloor plan(Duffy et al.,1976,p.81).
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Figure 3.9. Different depthspaces (core tperimete distance)Duffy et al.,1976, p.81).

3.2. Spatial Comfort in Office Environments

As mentioned already,ffice spatial arrangementsave a considerable impact on
organizational performance émproductivity,however, obtming a greater efficiency

and productivity requires the provision ofa comfortable and satisfying work
environmentDe Dearand Brager (200Zlaim thatthe insight of spatial comfort has

evolved through the histoynder the influence dfifferent social, technological, and

cultural factors, suchastem ol ogi cal i nventions, changing wc
changing roleOn the one handypviding an ideal spatial comfort level in every office
environment need® consider all these influential aspe€s the other handh order

to realize the effects of each layout typeindoor 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 ogdan and landscaped open offices a

f ol | o warkstafion sip§ @artition heigh§ &loor to ceiling heighh 6 cor r i dor
widthd c&eiling reflectancg partition reflectano@ and &loor reflectancé . For the

influential external variables on comfort and energy efficiency, he refeisft@a - a d e
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orientationé, Oblind controlé, Ovisual tr a
and Ocl i ma tMischer ¢2008)i categarines thegariablesinto two main

groups: O6the environmental 6 andonmdnmhavi or a
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 nieesiimgss and
organizational objectives. The behavioral aspects include emplsees at i sf act i or
feelings regardingheir work environment in the sense of territory, ownership and
belonging, and employee productivityischer (2008) believe that envirmmental
factors affect the workerds psychological
job satisfaction.In Hayne® &007)theoretical frameworkhe officeenvironmenis

attributed to two distinct dimensions of physical environment and behabi

environment. The physical environmeantludescomfort and officelayout and he

behavioral environment snalyzed based anteraction and disaction dimensions.

i Physical Environment

Office Layout

Office /
Occupier ! Comfort i Office
Work : ! Productivity
Pattern \
Interaction
Distraction

+ Behavioural Environment

Figure 3.10. Theoretical framework of office productivity (Haynes, 2007, p.106).
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The mentioned studiegpreserada hi er ar chi c al process for wo
their workplace environmenAs Figure3.11 shows, athreeway definition of the
comfort concepthas been carried out in several studiegardingoffice indoor
environment It clarifies that worker needs more than healthy and sadeor
environment. A workemeeds environmentally supportive office for hisiates
(Vischer,1996).© cupant 6 s physical comfort refers to
needs, like safety, hygne and accessibility, without whictbailding is uninhabitable.
The functional comfort referstothet at e of environment, whi ch
tasks (Vischer, 2008, p.98)The third comfort dimension called, psychological
comfort includes feelingsf belonging, territoriality and the ability of control over the
workspacgVischer et al.2003).

Occupant

satisfaction
and well-being

[Rhysicallcomfort]

Figure 3.11 Environmental condrt model of workspace quality/{scher, 2008, p.101

In a review by Shea et a(2011), which contains contributionstefenty seven studies
on the impacts ophysical work environmenbn comfort, a list of physical work
environment properties has been presenfaghnificant factors within the physical

work environment that magffectw o r k e r 6 scandelaskifeedas treebroad
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areas: ambient properties, spatial arrangements and architectural desigent
properties refer tostimulations like,noise, tempetare, and air quality spatial
arrangementare denoted agffice layout, level of enclosurghumber andheight of
partitiong and privacy. Architectural design refers tssues like, ddighting, task

lighting or the presence of windows (FiguBel?).

Comfort Triggers

Ambient properties Spatial Architectural

organizations design

* Noise « Office layout * Daylighting
» Temperature * Level of enclosure * Electric lighting
* Air quality * Privacy * Presence of windows

Figure 3.12. Physical work environment factors that impact on wotkesed orghea et al.,
201D).

Literature Evaluation

Reviewed studieslemonstrated that relativiefluence of various factors affecting
overall comfort perceptionf indoor environmentvariesfor occupants of different
office layouts.Visual privacy and noise leveecognized agriorities for openplan
office users, whereas amount of light, social interaction, air quality, and thermal
comfortwere more important to private office occupanitsersatisfaction regarding

the interaction issueealizedhigher for employees of closgdan offices, which have
very low dissatisfaction rateBriefly, even thoughworkers are satisfied with
interactions in opeplan layout,but their overallindoor comfort and workspace
satisfaction is strongly tied with ambient properties such as, \asghudial privacy,
temperature and lighting qualitfhereupon, 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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organi zationds wor k pr oc eatiofis odtheddiscorefatond | vy , t
sourcex aused by poor f a- ad eAspliscusted previausigie of t he
the study ofShea, Pettit, and De Cieri (2011), the main discriminant comfort
requirements are remarked as optimum temperatures, daylight biitessid audial

privacy.

Office Spatial Facade
> Indoor Comfort >> Arrangements >> Performance >

Figure 3.13. The interdependemelation amongndoor comfort spatial arrangementand
fa-ade p ¢bythecautmdasedm thereviewed 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 categorieSpajial Retrofit
(SR) and 2)FacadeRetrofit (FR). Spatial interventions represent applicable retrofit

actions on the interior parts and are divided into internal and peripheral zones, which

are el aborated in Section 4. 2. Fa-ade interyv

framework,is representeth Section 4.3.

Retrofit Framework

Spatial Interventions Facade Interventions

* Internal zones
* Peripheral zones

¢ Single-skin cladded facades

¢ Single-skin glazed facades
(curtain walls)

* Double-skin facades

Figure 3.14. Thegeneral structure of proposed retrofit actions in the Retrofit Framework.
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The threeheadedorocesss considered fothe gerrating retrofit framework; 1he
building scale:identifying predefined characteristics dhe existing building for
improving energy performance, 2he oom scale: developing a spatial comfort
framework for five different office layouta - ade scal e, and 3)
organizing effective passive retrofitting axts onexisting.The investigation ofhese

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.

- ey
- ~~

~

Pk / b 3 \
7 ! N, \
’ \, \
/I’ II @ \\\ \
/ ! FACADE

I
7 I
{ Components and Measures\‘

\

Figure 3.15. The threestep process afetrofit framework (by the author).

67

t



68



CHAPTER 4

RETROFIT FARMEWORK DEVELOPMENT

In order to achieve a holistic picture of the joint framework for both energy efficiency

and comfort, the interdependent relationsdmpongb ui | di ng f orm, f a-ade
interior spatial arrangementeeds be investigated (Figure ¥.Here, the building

f a - play<ethe role of anediator between the outdoor and indoor environments

Building
(shape, form, orientation)

i iy

* Deep or shallow form
* Plan depth
* North-sought/east-west

Facade = n E Room
(Passive retrofit actions) \ / (Spatial arrangement)

e \
[ + Heat protection

* Solar heat control

* Solar heat and
daylight gains

* Cold draughts and
moisture control

* Noise protection

Q#__ 11 -/

Figure 4.1 Interdependent relationshmongthree scales.
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Architectural decisions on building form and orientatiofecf heating and cooling
loads, daylightpassive ventilatigrand solar heat gain opportuniti€duilding shape
associates with the relative length of the overall dimensions (heigtih, and depth),
building form is defined as smadkale variationsithe shape of the buildingor small
buildings, especially, with lowperformance envelope systerni.e. low level of
insulation, high Wvalue windows without shading devices) thearatteristics of
shape, form, and orientation become more significant. For large buildings wih low
performance envelopenternal heatloads (occupants, lighting, and equipment)
overcometo thef a - &editegains. However, in buildisgvith high-performane
envelope systes\i.e.highly insulated windows with low &alue, appropriate shading
strategies, and passive ventilajiobuilding shape and form will have ralatively
smallerimpact onheating anatooling demands. For existing buildsifere is nothe
possibility of any retrofit actions regardirtige orientation changes, birough the
decisions on choosing proper retrofit technologiskould be taken into account, since
different building face require different strategies in terms of dayMigws and noisy
contexts (Harvey, 2012, p.110).

4.1. Identifying Pre-Defined Characteristicsof the Existing Building for

Improving Energy Performance: Building Scale

Thedecsi on maker 6s job regarding thestdi fferent
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, implementingpituperties

ofahighper f or mance f a- adathepedefinediridicatoisfthe, depend
existing building | i ke buil dingés | ocation, <climatic
According toAksamija (2013, p.18)climatic issues need to be considered fthm

outset of an energy retrofit project and the selection process of optimal retrofit actions

should be based on climatic consideratidrs thesis hagut its climatic concerns on

the most criticatlimatic zoneof Turkey in terms of future energiemands, which is

the Central Aatolian region. It is known in both phrases of-tkjhperate and mixed

70



dry climatic zone. Different ghate classification systems haadeledthis regionin

different names or codes, which is elaborated in the next pphagra

Building
(shape, form, orientation)

'/Deep or shallow form
* Plan depth
* North-sought/east-west

B BLC
Fﬂﬂ/

Figure 4.2. Effective predefined condition of the existing buildirgg the performance of
passive actionfoy theauthor).

Mixed-dry (4B) climatic zone

According toK °© p pCeassificationTurkey is situated in theemperate Mediterranean
climatic and geographical zon&@hree 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 cemral Anatolian part with cold dry winters and hot dry summers has a
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semtarid 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 odiry temperate climatic conditions. Basedlamkey Baseline Report

on Climate Chang€2002),the mean temperature in the coldest month ranges from

3A Qo 0A Gand in hottest month of the year is reported betweeéh @hd 224 C
However, as Aksamija (2013, p.11) indicates, ke p p@assification is often
difficult for designers, insteadhe ASHRAE dassification is rather easier for retrofit
project deriversASHRAE 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 mixeclimate group (4), and the central Anatolian region is
labeled as 4B (mixedry) climatic zone.

Building energy reduction projects in mixed climatanes 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, paskeating substrates should be

provided to collect solar heat gains in winter. In order to maximize daylight, large

gl azed fa-ades along with the proper shadin;q
(Aksamija, 2013, p.14). In the next sections more detdilequired retrofit actions

applicable inthemixed-dry climates are described.
Effective geometrical factors of the existing building onits energy performance

Buildings with deep plan (compact forms) have the lowest surface area for heat loss,
but wsually, have the highest energy demands for artificial lighting and cooling
demands andire less seits/e to orientation changes. In contrast, buildings with
shallow plan have greater opportunitiesembracingpassive strategies, however,

fitting in site and high fa-ade costs are d
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(Raji, Tenpierik, andan den DobbelsteeR017). A tradeoff between deep and shallow
plan building, is the atrium building. The coverdduan 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).

Deep plan Shallow plan

: Courtyard
Atnum :

Figure 4.3.Consideredour types of buildingshape in this thesis; deegiyallow atrium, and
courtyard

According to Raji, Tenpierik, and van den Dobbelsteen (201 Mpxed climates, the

most energy efficient built form for square plan shapes is the corgrat 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 shapefolihdyalso
shapes with plan ratio of 1:1 and 3:1 compared to the 2:1 will result a low increase

(0.8%) in toal energy consumption (Figure %.4

73



140.0

m Temperate m Sub-tropical = Tropical ARelative compactness

200%

- z
o ~~
T 1300 250 127.5 Ao =R
120.8 6 3
U 1300 1176 1172 1183 1194 §§
. “~
§ o
“w
Z 1100 160% ¢ &
o A S 8
2 1000 ° 8
; 100. A 918 94.7 140% Z «
.- - - . ) b4
5 900 134;,1' :84.2E 134,9:6 85.9 87.5 S g
3 P m mall 'm! 2.0 | 120% & 2
b | 1 | 1 . o>
§ 80.0 : 15.7 1 X BH Y - 3 5.7 £
0 L ' ' 100% & &

8:1

10:1

Figure 4.4 Total energy consumption for seven planexspatios (Raji, et §12017).

From the overviewof recent studies on the effect of basic geometry components
uding dept h,

(glazing ratioand distribution) on energy performance of buildimgth shallow or

i ncl pl an pl an aswtewdlraioat i o, Wi n¢
deep plansn mixed climates, théuildingd ®ptimal geometrypropertiescan be

highlighted as followindRaji, Tenpierik, and van den Dobbelsteen, 2017

1. The effect of plan shape (circle, square, rectangular, etc.) on building energy

consumption is the lowest inghmixed climate.

2. The effect of plan depth on total energy consumption is more dominant in the
temperate climage 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 thawindows are equally distributed across building orientations, for
a deep plan design, the optimal range of the wintewall ratio can be 20
30%. For a soutfacing 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 viegshg 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-bbwoated glazingAksamija,

2013, p.16)
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Lighting 20% window to wall 40% window to wall 60% window to wall 80% window to wall

Figure 4.5 Effects of windowto-wall ratio for mixed, dry 4B climatic zones (Aksamija,
2013, p.22).

In mixed climates for both deep and shallow plans, an optimal witdavall ratio in

terms of high energy efficiency is proposed by Rdjenpierik, and van den
Dobbelsteen (2017) between 20% and 30% (due to lower heat transfer through the
f a - a dng wirden and summer (Figure 4.9 ess 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 i n buinéraly, dug dosthethigh a | en
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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).

(a) Temperate - deep plan (1:1) (b) Temperate - narrow plan (5:1)

N | | - \/

Window to wall % Window to wall %

Total energy consumption (KWH)

Figure 4.6. The optimal percentage of windea-wall ratio for two plan types (1:1 and1)
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 orthut h f aci ng fa-ade, b
and south facadeshould have low WWR ratios. Wrong decisions on choosing WWR

inthe soutk aci ng fa-ade in shallow plans are mor
situation, the increased cooling demands for narrow plans will be up to 68%, while this

amount for deep plan ddings is 13%A sout h fa-ade al ways requi
overhangs or fixed blinds and east or west f
lighting saving varies in two different interior parts of offices (peripheral and 2th row
zones). Using automatedr manwual ly controlled blinds in
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 (Reinhgr2002).The internal heat gains from occupancy, equipment,

and electric lighting can reduce the heating demands in winter, however can also
increasecooling demands in summer times (Raji, Tenpierik,\zaamdden Dobbelsteen,

2017).
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Numerous studies havedicated that the features of both courtyard and atrium building

types affect the indoor environment conditions and comfort levels (Aldawoud, 2008;
Abdullah, Meng, Zhao, arid/ang, 2009Aldawoud, 2013 Thecourtyard forncan be

fully enclosed (four sidedemienclosed (three sided) or in some cases even two sided
(Meir, Pearlmutter & Etzion, 1995The reviewed literature in this field clarifies the

fact thatthe design form can b&ctas amicroclimate modifier to the environment.

Many researchers sueh (Tablada et. al., 200BJuhaisen and Gadi, 2006; Muhaisen,

2006; Aldawoud, 2008)have investigated the thermal performance of courtyard
building with focusing onthe influence of the geometricahriablesof the courtyard

on theamount ofsolarradiationgains All these studiesoncluded that he f or mé s

surfaceseed to be protectdtbm intense solagainand the hot dusty wind.

Muhaisen and GadRQ06)studied the effect of a rectangular courtyard form at four
different climates. Finding ouhe relationship between courtyard form, sun location,
and shading performance was the main focus pdiné results showed that the
courtyard proportion and the received solar radiation, substantially, tféebtating

and coolhg demands. De to the nture d the mixed climate, which is charactextz

by having two different seasons: a hot summer and a cold wageper courtyard
proportions are preferable in eliminating the cooling loads in summer and heating loads
in winter. Deeper forms receive leamount of irradiation in summer that leads to
minimum cooling loads and in winter less amount of heatds (Figure 442).
Generally, courtyard buildings because of their-skHding characteristics have lower
rates of cooling demands in summer near, 4%wever,in winter, it maximizesthe
heating load by almost12%. Thisrevealghatgaining solar radiatiom winter is more
critical thanpreventingin summerand regarding the fact that shallower courtyard
forms R2=1) have greater heating loadsumter times, the deeper formZ=0.1) are

most appropriate courtyard types for temperate climates. They carried out the study
based on the varying ratiosRi andR2 TheR1 (P/H) ratio represents the proportion

of floor perimetersy) of courtyard tots 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 byr2 variable, which indicates the ratio of the width of rectangular
courtyard to its lengthW/L) and rages from 0.1 to 1Muhaisen (2006) proposed
optimum courtyard height to perform rational in both periods of summer and winter
for Rome as a temperafmixed)climatic area. This optimum proportidiased on the

R1 and R2 variable§r summer times is pr@sed as R1=1 and R2=0.1 and for winter
time, the optimum ratics suggetedas R1=10 and R2=1 (Figure 3.7

In the case of existing buildings that changing the courtyard forms is not possible,

authors proposed using light colors for the external surfacdsshading devices to

deal with the overheating probleim summer. For winter times to block the heat losses

improving the thermal poperti es of the opaqueées and gl az
recommended that willdbdiscussed ifollowing sectiong(Safarzadeh& Bahadori,

2005 Muhaisen and Gadi, 2006
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Figure 4.7. Above: R1 ratio, belowR2 ratio of rectangular courtyards in examining

R=9
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their energy cosumption ratesuhaisen and Gadi, 20R6



Aldawoud andClark (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 ofold, temperate, hdtumid and hedry (Figure 4.8. They found
thatthe open couylard buildingactsbetterin terms ofenergy performance for the
shorter buildings. Asmuch agheincreasing of théuilding height the enclosed atrium
present better energy performance.

Courtyard wall
Conditioned

Skylight

Zone

Conditioned

Adiabatic

Adiabatic
wall

wall

Figure 4.8. The models of atrium and courtygldawoud andClark, 2008.

Existence of courtyards and atriums in buildingasximizes the internal passive zones

of the building. It provides opportunities likktinging light into the interior spaces,
reducing lighting loads, setfhading and minimizing air conditilng loads. Despite

all thesebenefits the unpredictability of h e ¢ o uhertna perfalnsadce requires
reasonable retrofit actions to adjust and improve their energy performance. For existing
buildings, considering energy conservation measures diggmnum windowto-wall

ratio, doubleglazed windows, adding insulatioimterior blindsand sealing tapese

the points that have been referredtbg scholars Aldawoud, 2008 Aldawoud and

Clark, 2008; Safarzadeh amhhadori, 2005in this field.

79



Window-to-wall ratio and glazing types in courtyards and atriums

In a study byAldawoud (2008), energy consumption @fcourtyardin temperate
climate, glazedvith 30% surface are@atio) and having double lowe glassvas 40%

| ower t han a | enargy rcangmatiord With single tlear glass-or
courtyards in temperate climatgth glazingratio of 67%at 10 floor height, the total
energy consumption by implementidguble clear glasseeducedby 40% compared
with single clear glazing courtyardh case of havinglouble lowe glass, energy
consumption was 51% lower than single clear glazing.tkple clear glass, total
energy consumption was lower by 54% thasirggle ckar glazingcourtyard The
results of a study byabeshand Sertyesilisik (20)6revealed that energy consumption
of the courtyards with 40% windete-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

Tabeshand Sertyesilisik 2016 studied how integrated usage of an atrium and
courtyard can i mprove an office buildings6 t
research was three cities of Erzurum, Istanbul, and Dakatbrepresentatives of
respectively, cold, temperate, and hot climatic areas in Turkey. They found that using
passie characteristics of courtyards and atrj@specially, theiintegrated usagean
improve eneryg performance of the building.hey havedefined three usageatterrs

for different months bthe year for each climat@rigure 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. Accordinfy Istanbul as the
representation of the mixed climatic area, from May until-@aober, the courtyard

state is more energy efficient for building, however, November till Apnke&ds to be
covered with appropriate glazing typsmgle, double, atriple) and be prepared as an

atriummode.
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Courtyard Is More 'Energy Efficient Compared to the Atrium

City
Usage period

Istanbul (mild and humid)
May until mid-Oct.

City
Single glazing on skylight
Double glazing on skylight
Triple glazing on skylight

Istanbul (mild and humid)
Nov. until Apr.
Nov. until Apr.
Nov. until Apr.

Erzurum (cold) Diyarbakir (hot and dry)
May until mid-Sept. Apr. until Aug.
Atrium Is More En'ergy Efficient Compared to the Courtyard
Erzurum (cold) Diyarbakir (hot and dry)
Oct. until Apr. Apr. until July
Oct. until Apr. Sept. until 15th Mar.
Oct. until Apr. Oct. until 15th Mar.

Figure 4.9. Integratedusage of courtyardatrium(Tabesh &ertyesilisik,2016).

4.2. Developing a Spatial Comfort Framework for Five Different Office

Layouts

In this thesis, the targetgassivaetrofit 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 relationshipsam g bui | di ngods

spatial arrangements have been investigated. Reviewed literature revealed that

form,

establishing high comfort quality entails a substantial amount of energy consumption.

Particularly, in the case of office lidings, providing high levels of indoor comfort

quality comes to being more important than energy consumption concerns. This is

because the fact t hat wor ker so

comfort

productivity at work and the loss of prodwitly 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 aisdindoor comfort should be

established through the retrofitting process.
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Figure 4.10 Developing spatial comfort framework for five differeagifice layouts

To answer the question of how the internal zones can benefit from the opportunities of

theappi ed passive retrofit actions on the buil
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 sever al researchers. However,
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 &ci ons on bui | difenegtoypes bfeoffice dmatial f i v e
arrangements have been identified. These types named as, Mono, Multridihss

Mass-flex, and Mobile office types (Figure 4.11).
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Figure 4.11 Considered fivaffice plantype (based on centrélsided coe positionf

typology).

Il n the |

spatial comfort exploration in this thesis. Of these classes, four types are based on

Duf fyéds

ight of

Duf f y 0 een ilentdied e¢ovcarny &uf thef i ve ¢

Duf f y o s,whiehtarelhg Getlujar,the Group,the Openplan, andhe Landscape

office, and one othetype is added that describes the future reversible office concepts
called in this thesis as the Mobile typdl types are considered based on square plan

shape with two states of core positions; certtoaé or side core. In first state, core is

|l ocated

multiple workers. In the latter state, the core is located in one side of the plan and the

i n t he center

of

pl an,

wh i

ch

center of plan is allocated again tacdlation routs and muHunctional spaces.

Accordingly, these five classes are Mono, Multi, Mag&l, Massflex, and Mobile.
Mono attributes to the cellular office concepdulti represents group officdlass

Rigid represents opeplan office with rigd open arrangement of workstatioMass

Flex represents

landscaped office with flexible partitioned arrangement of
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workstations, and finallyiMobile attributes to the reversible office concept with high

autonomy and interaction working style. Followingtsans elaborateachiayout type.
Mono office type

The mono type representsctosedsingle office plan; an enclosesgpace with ceiling
height, which separates interior space and work stations into private or semiprivate
zones. Fromhe view point of visal and audial privacy, this type accountatesirable
option, however, prevents the sunlight absorption intontteenal officespace (Kim,

1999). The distraction, interruption, and cognitive sttegsels are in lower rates in the
closed and private flice envronments. Consistently, workers, who requirigh
concentration, report complains of distractions in all layout types, except closed private
offices(Seddigh, Berntson, Danielson ansterlund, 2014Mono office spaces with

great accessibilityo the passive zone, are in the subset of shagtlaw offices.

Figure 4.12 Mono office plan(based on centralsidedcoe posi ti ons of Duffyobs t

Comfort concerns in Monooffices

As discussed in the literature review, these types of offickeling, are private and
closedplan rooms, which have a strong passive zdimese space types are mostly

under the influence of Ilfheocauphas hpve adegoatemance. A
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accs si bility to the windowalde, theyWillbeunddsut i n
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 satisfactios.rates might be due to the

using of the lightweight materials, lack of insulation, and impromenstruction
approaches (Kim ande Dear, 2013).

Multi office type

These types are shared open spaces for group working teams. The interaction
level of the vorkers is along with separation elements. Typicallg mediurrsized
roomscontaining 515 persons as teamorkers.The proper depth of plan for these
spacess a little bit deeper compared to the cell offices and almo&0IBeterdepth
isrequired. Fra the view point ofpatial arrangementgroup offices can be arranged
in shallow and mediundepth plans, in some cases in deep p(&ndfy, Cave, and
Worthington, 1976p.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 opportures.

Figure 4.13. Multi office plan(based on centraidledcoe posi ti ons o0)f Duf fyods
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Massrigid office type

Massrigid type represents a traditional opglan office with a rigid arrangement of
rows of workstations. As mentioned in previous sectidhe operplan office has
become the dominaxhoice of workspace strategigsimarily, for economic reasons
(Brill, Weidemann, anBOSTI Associates, 2001; Vischer, 1983ookes and Kaplan,
1972. Open offices with fewer interior walls allow larger group of employees to be
accommodated (Vischer, 2005). Opgglan offices aid interand inte-team relations

and more open workspace generates greater group soci@bilitykes andKaplan,
1972). McElroy and Morrow (201@onducted an experimental stuslya retrofitted

office projectin which some employees were moved from a 1%t@e cubicleoffice
environment to ammpenplan 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 emplpgeegtions of
organizational culture. The occupants of the retrofitted office find their new workplace
more innovative, less formal, providing more professional control, greatsoideer
satisfaction, and bringing up greater collaboration than their presiossdplan 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, andKline (2002 indicate, workers who have moved from
conventional offices to open offices, usually, claimed feelings of physiological and
psychological stres§enerally, distractions and lack of usentrolsystems were the

main reported dissatisfaction aspects by occupants.

The open pl moregehaiyand less resgponsiveo i ndi vi dual
(Harrison, Wheeler, and Whitehead, 2004). Several studies dungrictedon the
investigation of the privacy, which is the outstandinffedencebetween opeiplan
offices and closed plan officeShe studies on the benefits and risks of adopting an
openplanworkspace strategy demonstrite required attention towards the potential
disadvantageousuch as increased distraction, noise, and reduced privacy (Leaman
and Bordass, 2005; Smiffackson and Kin, 2009;Davis, Leach, andClegg, 2010).

86

cont



Kim, andde 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. Thgeans that benefits of improved social
interactions were smaller than the risks of decreased levels of visual and acoustical
privacy resulting from openness of office configuratibine accessibility to the passive
zone in this type of arrangement is possible for all workstations. The internal zones

have limited access to natural ventilation and daylight.

Figure 4.14 Massrigid office plan(based on centraidedcors o si t i ons of Duf fyds

Comfort concerns in Massrigid 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 pernanent or temporary partitions) and higénsity 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 Magid offices, the major
discomfort problemsttributed 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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MassHflex office type

The cancept of open landscaped offisenamed in this thesis as mdiex office. As

mentioned in previous sections, although landscaped office provides a rapid
communication and optimum flexibility for arrangement and regearent of

workstations (Palmer andewis, 1977), however, this layt type requires relatively

deeper spacehich madethis concepto not been desired as muchtlas other types

(Duffy, Cave, and Worthington, 1976.82). Palmer and Lewis (1977) the writers of

Planning the Office Landscapie, describing thistype indct e t hat dAof fi ce | an
concept is too often associated with oppech an of fi ce 0. Al t hough t
interchangeable, but the required space depth for a landscapednifioe an open

plan officeis sameAccordingly, in the proposed framework f@atial comforsection

in this thesislandscaped office is investigated as a subset of-pf@nconcept but

with additional moveable and flexible partitions and interior screens. For this reason,

the comfort issues of this type is investigated under the-@ssonceptMassFlex

concept a 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 partions.

Figure 4.15 Massflex type officeplafl based on Duf fyds typology)
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Mobile office type

Mobile type attributes to the offices mostly known as-temitorial workplaces. In
several studies, it has been given various names like, reversibke (#ffakardchilton,
2012), norterritorial office (Preiser andischer, 2005p.149, and multispace office
(Schittich,2011). Regarding spatial arrangement features, this concept comprises all
types of office layouts; closed single offices, group zores] 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 limitafitve spatial
opportunities of communication, informal meeting and exchange spaces are improved
with adjustake room sizes anché cluttered office spaces provide more convenient
corporate working and motivational conditions. 8shittich 011, p.13) desgbes,
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
diffusive work style (Preiser and Visché&Q05 p.157). In a diffusive worlstyle,
workers can carry out their tasks in various workstatiddsth autonomy and

interaction levels are in their high levels.

Figure 4.16 Mobile type office plar(basedn centrabided corep®i t i ons of Duf f y¢
typology).
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The impact area of passiveetrofit actions within interior zones

Since, the aim of this thesis is developing passive retrofit framework for improving

fa-ade performance in existing office buildi
retrofit framework needs to be clarifieli.should be identified to what extendete

actions are feasible for each type of the spatial organization. For this purpose, the
passive zone ratio must be clarified. Passiv
the building lying within a distance of twice the floor to ceiling heighimfrthe

perimeter; and the PZ ratio is the proportion of passive zone to total floor area (Baker,

2009; Baker & Steemers, 2000).

partition partition

3 row zone = 6h 2" row zone = 4h  Peripheral zone =2h

Figure 4.17. Passive zone ratio (Baker, 2009; Baker & Steemers, 2000).

In other wordspassive zones ithe interior parts of the building are areas near the
window or the perimeter zon€kechnically, hese areas havee maximumpossibility

to be lit with daylight and naturally ventitd through windowsThis zone is defined

by researchers in various phradiésg, passive zones (King, 2009gripheral offices

and 29 row offices(Reinhart, 2002). Internal zones of the building that their lighting
and air quality depend on the mechanical and electrical equipment is knola as t
active zone (King, 2009) or%row offices (Reinhart, 2002) (Figure18-4.19. The
higher the ratio of passive to active areas, the better the totalinigushergy

performance will be.
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3"9row
offices

Figure4.18.posi tionsé of peri pher al (Reinhartd002)o w,

Accordingly, in tems of passive zone accessibilitiasinterior spaces, officendoor
environmentan be classified into internéd™ row and 2 row) zones and peripheral
(perimeterwindowedarea) zones. Internatones in deep plan buildingshave
minimum access to passivpportunitiesthus, need to be lit artificially and ventilated
mechanically. However, peripherabnes and, partially,"? row zones with a good
access to windowed areas (passive zone) of the buildinedatest to the natural
daylight and vatilation opportunities (Duffy et gl.1976 p.145; Baker, 2009; and
Reinhart, 200 In the case of atrium buildings, both internal and peripheral zones have

accessibility to passive zone.
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AT R d ;
nternal Zone | 3" row office zone pgor

2" row office zone

|§ Peripheralzone
L 1

Windows

Figure 4.19 Peripheral zones (strong passive areas))internal zonepértially passive
areas)based on Baker, 2009; King, 2009; @&einhart, 2002).

For identifying the depth of passive zaneour five office typology Duf f yds space
depth classificationshallow, mediundepth, deep, and very deejs) taken into

account. Following results can be drawn:

1 Shallow plan spaces comprising cellular office arrangements have a
passive zone (distance between circulation route to window wall) with the
minimum and maximum space deptbspectiely, from 4 m to6 m.

1 Mediumdepth spaces have a passive zone (distance between circulation
route to window wall) with the minimum and maximum space depth,
respectivey, from 6 m to 16 m.

1 Deep spaces have a passive zone (distance between circulation route to
window wall) with the minimum and maximum space depth, respectively,

11 mand 19 m.
1 Very deep spaces have a passive zone (distance between circulation route

to window wall) with an over 20 npace depth.
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_over 20m

very deep

1ajwpad

Mobile Offices

11to19m
deep
space

Mass Offices

6tol0m

medium depth
space

Multi Offices

4to5m ., 2m

shallow
space

Mono Offices

Figure 4.20 Passive zones in deep (above) and very deep sfimtew).

Table4lSummari zed Duffybs space depth di mensi ons:s
type (based on Duffy, Cave, and Worthington, 1976, pp42

Space depth Shallow space| Medium- Deep space Very deep
depth space space
Plan depth (core to 61 8m 81 18m 137 19m Over 20 m
perimeter walls)
Passive zon@"™ 47 6m 67 16 m 117 19 m Over 20 m
row depth

Thereupon, by taking the platepth classification and the passive zone definitions into
account, it is possible to identify that ¥chat extent each of the five layout types

encompasses peripheral afttirdw 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 agad 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 mediyth spaces. Their
spatial arrangement can encompass botiplperal and 2 row zones. MasRigid and
MassFlex office types as open plan offices, as mentioned previously, need to be
arranged in deep spaces, consisting of three zone types of peripiaaly,2and &

row zones. Mobile office types with their filble spatial arrangements consist of
different layouts and, consequently, varied depth of spaces. Similar to thd&Maks

and MasdgFlex office types, Mobile office types encompass passive zones in three
levels of peripheral,™ row, and &' row zonesRegarding the aim of this thesis in
devel oping passive retrofit framework for
office buildings, the impact area of the proposed framework is mainly on the peripheral
and 29row office environments, which are knows passive zoneghe 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 mesgionsive 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 adjust 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 naealibstantial 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 2nes

This section,ifstly, discusses the steps of the generating the energy retrofit framework,

considering spatial rarrangements, which isomprised of viable alternatives for

distinct problems that can be used by decision maker in the initial steps of the retrofit

proces to achieve a general knowledge about different alternatives for each problem.

As mentioned in previous chapter, the indoor environmeanaer influence of the

several variables and comfort triggers. In this thesis three fundamental comfort
domains, wdi h are affected by building fa-ade per
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 comfot level of the space (Al horr et al., 2016).

As Table 43 shows the comfort framework is defined in a hierarchical structure
comprised of six |levels of Adiscomfort pr obl
Acomfort criteriao,iperifdomammaaneecopgtri s d.aoTh
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 performarmeria 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
problemsAccordingly, for a set of distinct afial discomfort problems, related actions

and their possible options are proposed. The detailed informigtilustrated in the

Table 4.3 and the problesolution framework for peripheral and internal office zones

are illustrated, respectively, in Tablel and Table 4.5.
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Table 4.4 Spatial comfort framework for peripheral office zoifleg the author).

~ Spatial  Spatial
Discomfort Main P P Spatial Performance Standard
Comfort Comfort S Performance x Source
Source Goal 5 Criteria Requirements
Indicator No.

»n

Downdraft

Cold Radiant

Too Glare Too Stuffy

Too Noisy

>
=
=
=
=
T

Preventing cold flows penetration

Providing air movement

Providing acceptable

Providing glare-free

providing quiet space

humidity rates

daylight

Spatial Arrangement: Peripheral Zones of All Arrangement Types

SC.1. Reducing $C.1.1. Decreasing the height of |Acceptable resultant | Petermann and
penetration of cold  |windows temperature {mean Menchaca, 2017)
dawneraughts SC.1.2. Improving window U- radk’,mt t(?mpﬂeratu:e) (Duffy, et.al., 1988,

value & sealants: refer to TC.9.1, | Willter719:€ _23,,(: pp.143-144)/
and TC.15. an? in summer: 20°C - (Hoffmann, et.al.,
$C.1.3. Using low-e coatings and 246 2012)
window storm panels: refer to The avergae
TS, temperature range: 20

- . and 26 °C
SC.1.4. Placing the radiators on

Temperatures above

the external walls 35 °C are not

SC.2. Reducing cold S$C.2.1. Reducing total amount of | permitted. Petermann and
radiation effecton  |glazing Menchaca, 2017)
occupants nearthe [g¢.2.2. Increasing the sill height
windows

SC.2.3. Improving the glazing (Berardi, 2015)
performance if percent glazing is /(ASHRAE, 2001b,
high: refer to TC.3, & TC.4. chapter 30)/

SC.2.4. Using low-e coatings on (Harvey, 2012, pp.70:
room-side glazing: refer to 72)/ {Hollands et al.,
T65:2; 2001)

SC.2.5. Redirecting extracted (Duffy, et.al., 1988,
heat of artificial light from the p.146)

internal parts to peripheral area

SC.3. Providing indirect ~ |SC.3.1. Using small openings at |Acceptable opening | (Duffy, et.al., 1988,

airflows in winter  |high level area for passive p.144)/
SC.3.2. Reducing thermal ventilation: at least 5%
radiation of heated room of the floor area
surfaces Acceptable opening
$C.3.3. Using high admittance | 2rea for smoking relief: oo 1975)
surfaces at least 2.5% of the
floor area
SC.3.4. Using partially open (Sgndergaard,
windows as winter ventilators Morten, Hansen &
DELTA, 2017)

5C.4. Providing natural $C.4.1. Using large openings at (Duffy, et.al., 1988,
ventilation in lower level on several walls p.144)/
summer

SC.5. Increasing relative  |SC.5.1. Using anti-static spray-on |Acceptable humidity | (Duffy, et.al., 1988,
humidity coatings in case of dry interior  |percentage fora p.142)

space normal office with
average temperature
of 20°C :40-70 %

SC.6. Reducing vertical Increase in (Duffy, et.al., 1988,
temperature temperature per p.143)
gradients meter in height of

room: less than 1.5 °C

SC.7. Optimizing external [SC.7.1. Using internal controls:  |minimum illumination |(Reinhart, 2002)
glazed percentage in |refer to section TC.6.5 in first for office space: 500
peak solar radiation |framework lux
hours $C.7.2. Using External controls:

refer to TC.6.4 in first framework
$C.7.3. Using automated or
manually controlled blinds in
southern fagade
SC.8. Reducing internal SC.8.1. Adding acoustical Maximum relative (Price Engineer,

noise of passive
ventilation

absorber baffles in inlet & outlet
ventsin airflowducts

SC.8.2. Using attenuated vent
openings

SC.8.3. Using attenuated double
windows

$C.8.4. Adding external
attenuator connected to the
window

loudness of space
(Noise Criteria, NC):
Large open office: NC
40-45

Secretarial /drawing
office: NC 50

2011)/ (Harvey,
2012, p.225)

(Conlan, Harvie-
Clark, and Apex
Acoustics,2017) /
(Harvey, 2012,
p.225)/
(www.machacoustic
s.com)
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Table 4.5 Spatial comfort framework fanternaloffice zonegby the author).

Spatial Spatial
Comfort Comfort
Indicator No.

Standard
Requirements

Discomfort Main

Spatial Performance

o Performance
Criteria

Source

Source Goal

Spatial Arrangement: Internal Zones of All Arrangement Types

Too Dimmed

Too Noisy

o
(@]
=
e
=
©
o
o3
©
2
>

Low Sense

Personality  Privacy

Low relative loudness of space

SC.9. Reducing artificial $C.9.1. Extracting warm air Acceptable resultant  |(Duffy, et.al., 1988,
lighting heat loads  |through lighting fittings temperature (mean  (P-146)
$C.9.2. Applying displacement radiant temperature)  [shahzad, Brennan,
ventilaiton in winter: 19°C-23°C  |Theodossopoulos,
and in summer: 20°C - |Hughes, & Calautit,
24°C 2015
$C.10.  Providing cool supply|SC.10.1. Applying cross-flow The avergae (Price Engineer,
air flows ventilation temperature range: 20 2011) / (Duffy, et.al.,
§C.10.2. Using displacement and 26 °C 1988, p.146)/
ventilation + openable windows Temperatures above  |{Shahzad, Brennan,
35°C are not Theodossopoulos,
§C.10.3. Using combined supply- permitted. Hughes, & Calautit,
extract ceiling diffusers 2015)
$C.10.4. Dividing office space
into supply and extract zones
SC.10.5. Placing ceiling supply-
extract air diffusers closely
SC.11.  Reflecting heatinto |SC.11.1. Extracting warm air {Duffy, et.al., 1988,
the space through the space above the p.146)
ceiling
SC.12. Increasing the §C.12.1. Reducing partitions' minimum illumination |(reinhart, 2002}
impact range of height for office space: 500  |/(Schittich, 2011,
natural daylightin  [$C.12.2. Slopped down ceilings  [lux p-42) / (Aksamija,
internal office zones |for rooms with smaller vision 2013, p.60)
areas
§C.12.3. Using light-directing
pipes, refer to VC.2 and VC.3
sections
$C.12.4. Adding desk lamps or
dimmer switches
§C.13.  Reducing internal SC.13.1. Separating zones based |Maximum relative (Duffy, et.al., 1988,
reflection of sound  |on noise and work patterns loudness of space pp.133-139)/
{Noise Criteria, NC): ~ |(Harvey, 2012,
5C.13.2. Providing buffer zones |Large open office: NC pp.224-225) /
s 40-45 (Zhang, Kang, and
SC.13.3. Using high sound- Secretarial fdrawing Jiao, 2012)/
absorbing ceiling (Reinhart, 2002) /
SC.13.4. Providing carpeted office:NC:50 (Vischer, 1989)/
floors (Passero, & Zannin,
$C.13.5. Masking internal noise 2012)
§C.13.6. Using higher panels to
separate teamwork zones
$C.13.7. Using movable and
divider partitions
SC.13.8. Adding free-standing
sound absorbent partitions
SC.14.  Reducing visual $C.14.1. Reducing the partition (Reinhart, 2002)/
obstructions around |height, refer to the section (Schittich, 2011,
the workstations SC.12.1. p42)
S§C.15.  Increasing daylight |SC.15.1. Using high-reflectance |Providing a minimum
partitions basic illuminance of
$C.15.2. Using high-reflectance {300 lux
ceiling surfaces
SC.15.3. Using artificial lighting (IEA, 2000a) /
systems (Harvey, 2012) /
z Z Baker and Steemers,
SC..1.5:4. /'\pp{ynng dynamic ‘2002)/ (Aksamiia,
artificial lighting systems 2013)
$C.15.5. Integrating daylight
with artificial lighting
SC.15.6. Using warm colors in
north-faced rooms
SC.16. Increasing the SC.16.1. Providing more (Kim, & de Dear,
degree of enclosure |partitions with optimum height 2013)/ (Maher and
von Hippel, 2005)
SC.17.  Incorporating colour |SC.17.1. Incorporating color in {Schittich, 2011,
in workstaitons workstations p-42) / (Duffy, et.al,,
1988, p.145)

§C.17.2. Adding different colours
to different workstations
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4.3. Effective PassiveRetrofitting Actionson EXx i st iSgstemiha - ade
Mixed-Dry Climates: Fa-ade Scal e

As discussed previously, the comfort quality in offices is broken down into relevant

performance criteria in the frame of three maategories of thermal comfort, daylight,

and acoustic comfort. All these three categories are investigated individually for three

nonl oad bearing fas&de sV addmsd-skih glazedd k s , sing
fa-ades (curt aisnk iwalédTae proposacthpdssivktervebtions

in the fa-ade retrofit f rupomsewmtrategies,d)r t hi s t h
reducing heat loss in winte2) reducing overheatingpn summer, 3providing natural

ventilation,4) increasing dylight opportunities 5) reducing glare effects, 6) reducing

stuffiness, and 7) reducing external and internal noise.

Facade
(Passive retrofit actions)

-~ \
[+ Heat protection

* Solar heat control

* Solar heat and
daylight gains

* Cold draughts and
moisture control

* Noise protection
LR IS

HIBHEHIS)

Figure421.Passi ve retrofitting criteria applicable
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431. Fa- ade Rantewookf i t F

The followed steps in developingthea - ad e r et risarfthe samé hiesarmaleyw o r k
and structure of thepatial comforframework.This frameworkdivides the comfort

subject into three smaller parts and analyzes the contribution of each part t@kbe wh
problem. This process reduces the complexity of the subject for different stakeholders.
According to Saaty1972) a hierarchical frame simulates the intrinsic operation style

of the human mind. Particularly, when faces with ractiieria complex sulect, the

mind begins to classify them into groups based on certain featureshidueyvgith

together Structuring the criteria helps to create a basis for formal assessment of the
problem, while all related objective and subjective factors are takenonstderation.

As shown, orthe one hand, some comfort indicators are very common among the
performance criteria, such asvBlue, Uvalue, and glazing type and layers. On the
other hand, some of them are in a strong conflict with each other, and stmeenof
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 comfprand avoidance of
performamre attenuation in the working process of adfioccupants (Reffat and
Harkness, 2001)

Table 4.6 represents the proposed actions
discomfort problems, Table 4.7 represents the proposed actions to deal with visual
discomfort problemsand finally, Table 4.8 illustrates the viable retrofit actions to

avoid audial problems, respectively.
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Table 4.6 F a - a d e framework @fimprovingthermal comfort (by the author).

iindows)

Reducing heat

panes of galls within the
frame)

cladding frames

(www.westeckwindows.com)

E TC.1.1. Using TC.1.1.1. clay- or concrete- |(Aksamija, 2013)
S transfer by using nonstructural masonry |based brick veneer
% high thermal cladding materials cladding
b resistant cladding  |TC.1.2. Using metal-  [TC.1.2.1. Colour-coated |(www.ruukki.com)
? materials based cladding materials [steel and aluminium
? TC.2. Reducing heat TC.2.1. Using insulaiton |TC.2.1.1. Fiber reinforced |(Berardi & Dembsey, 2015)/
3 transfer by using integrated opaque polymers (FRPs) panels or |(Trubiano, 2013)
€ thermally insulated |panels
% panels TC.2.2. Using panels with|TC.2.2.1. Aerogel-filled (Trubiano, 2013) / (Moretti, et
o translucent insulation  |multi wall polycarbonate  [al., 2017)
s materials (TIMs) panels
‘E TC.2.2.2. Vacuum- (Capozzoli, Fantucci, Favoino &
s insulated panels (VIPs) or  [Perino, 2015) /(Aksamija,
& Phase-change materials ~ [2013)/ (Bigaila & Athienitis,
= (PCMs) 2017)
TC.2.3. Using insulating [TC.2.3.1. Thin-shell precast |(Aksamija, 2013)
concrete units concrete panels
TC.2.3.2. Insulated
concrete forms (ICFs) or
blocks (ICBs)
gj TC.3. Reducing conductive |TC.3.1. Using multipane |TC.3.1.1. Double- or triple- |(Harvey, 2012)
e & convective heat  |glazing system glazed windows
;.: transfer through the
3 glass panes TC.3.2. Using gass-filled |TC.3.2.1. Argon-or
g windows Krypton-or filled windows
‘g‘. TC.3.3. Using insulated  |TC.3.3.1. vacuum-insulated|(Harvey, 2012)/ (Muneer etal,
: glazing units windows + hard low-e 2000)
E»: coatings
s TC.3.4. Using TC.3.4.1. Silica aerogel (Berardi, 2015) /(Harvey, 2012,
§ transparent insulation  |layers p.85)
E for inclined windows and
§- skylights
v TC.4. Reducing conductive |TC.4.1. Using insulated  |TC.4.1.1. Thermally broken |(Harvey, 2012) / (ASHRAE,
i: heat transfer framing materials and luminum frames 2001b, chapter 30)
g through the frame  |spacers (between the  [1€.4.1.2. Coated aluminum|(Harvey, 2012),
H

TC.4.1.3. Incorporating

(Harvey, 2012) / (Bredsdorff et

the frame into the al., 1998)
insulated wall
TC.4.1.4. Silica aerogel (Harvey, 2012) / (ASHRAE,
spacers 2001b, chapter 30)
TC.4.1.5. Pultruded (Harvey, 2012) / (CADDET,
fibreglass frames 1999) / (ASHRAE, 2001b,
TC.4.2. Using composite [TC.4.2.1. Aluminum-clad [(Harvey, 2012)
frames (for maximum  |wood frames
insulating) TC.4.2.2. vinyl frames/  |(Harvey, 2012, p.85)

vinyl-clad wood frames

(www.quakerwindows.com)
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00

{insulated low-e glazing

TC.7.3.3. Using Aerogel-fileld
or Vaccum insulated glazing

(Dowson, Harrison, Craig & Gill,
2011)/ SCHULTZ, JENSEN, &

TC.S5. Reducing heat loss by  [TC.5.1. Using low-emissivity |TC.5.1.1. Soft and hard low-e  |(Harvey, 2012), (Hollands et al,
liminating the gs (low-e or heat- films 2001)
emission of infrared (IR) |mirror windows)
di (from wind 7C.5.2. Applying low-e 7C.5.2.1. Adding a coating on  |(Harvey, 2012, pp.70-72)
to outside) coatings to the inner surface |surfaces #3
of the inner glazing 7C.5.2.2. Adding a low-e |(Holtands et al., 2001)
coating only on one surface of
the inner glazing in triple-
|glazed windows
TC.5.3. Using interior TC.5.3.1. Adding interior storm |(US department of Energy) /
ind gs panels on windows (efficientwindowcoverings.org) /
TC.5.3.2. Using mid-pane (http://www.sunshadeblindsyste
blinds ms.co.uk)
TC. 5.4. Using exterior storm |TC.5.4.1. Using exterior storm
{ TC.6. Reducing heat TC.6.1. Applying low-e TC.6.1.1. Applying low-e (Harvey, 2012, p.76) (Selkowitz,
§ p from gs on the inner side of [coating on the surface #2 2010) / (www.metroglass.co.nz)
=~ window by blocking the [the outer glazing of double- [7¢.6.1.2. Using flippable |(Feuermann & Novoplansky, 1998)
heat transfer from or triple-glazed windows windows with low-e coating
window to interior
g (controlling direct solar |TC.6.2. Using reflective films |TC.6.2.1. Using silver mirror-  |US department of Energy
radiation) on east and west facing like films (transparent)
3 [facades TC.6.2.2. Spectrally selective
low-e coated glazing units
; TC.6.3. Providing self-shade windows Ibl gov
§ S |
TC.6.4. Using exterior TC.6.4.1. Using mesh window  |www. energy.gov
! {shading devices screens
TC. 6.4.2. Horizontal and DILRS. L/ WWWWEINOLCOMIAWNINES
|adiustable shading devices on |[
f;
T7C.6.4.3. Vertical and (US department of Energy)/
adjustable shading devices on |(www.wbdg.org)
west, east, and north facing /(www.greenglobes.com)/
facades (Stevens, 1998) / (Vassigh &
TC.6.4.4. Exterior fixed egg- Chandler, 2012)
crate shading boxes
(combination of horizontal &
vertical shadings)
TC.6.4.5. Using fritted glass
louvers
TC.6.4.6. Adding roller shutters
on external side of the existing
windows
TC. 6.5. Using light coloured |TC. 6.5.1. Venetian blinds (US department of Energy) /
and open weave fabric (durable & ic) (S , 1998)/ (energy.gov;
interior shading devices TC.6.5.2. Vertical louverd baliblinds.com)/ (windows.Ibl.gov
i )/(http://www.sunshadeblindsyste
TC.6.5.3. Roller blinds ms.co.uk)
TC.6.5.4. Adjustable Cellular
shades
7C.6.5.5.Using mid-pane blinds
B |rc7. Reducing solar heat TC.7.1. Using glazing TC.7.1.1. Using switchable low- |(Harvey, 2012, pp.73-76)
§ through y with high visible e glass coatings (Rosencrantz et al, 2005)
P the window panes and low NIR  |T€.7.1.2. Using high-iron glass
! (controlling indirect {transmittance
solar radiations) TC.7.2. Synchronizing the | TC.7.2.1. Using angular- (Granqvist, 2003)
: solar issivity with I thin films
5 TC.7.3. Using Insulated 7C.7.3.1. Using Electrochromic |( 2013) (US dep
© glazing systems |glass of energy)
8 TC.7.3.2. Using Spectrally
T selective double-lite air-

unit KRISTIANSEN, 2005)
TC.7.4. Using triple insulated | TC.7.4.1. Triple-lite air- (Aksamija, 2013)
glazing sy insulated clear or low-e coated

glazing units

TC.7.4.3. Triple insulated
glazing units integrated with
PCMs (as a passive heat
source)
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Too hot summers +too cold winters

% TC.8. Reducing both TC.8.1. Using windows  |TC.8.1.1. Spectrally (www.energy.gov)
= winter heating loads |with lower U-value and |selective low-e coated
3 and summer cooling |lower SHGC glazing units
‘E loads {balancing TC.8.1.2. Silica aerogel {Harvey, 2012, p.85)
8 heating & cooling layers between window
é requirements) panes in double-glazed
= windows
o TC.8.1.3. Using triple- {Harvey, 2012, p.82) / (Brunger
-g glazed windows with etal, 1999)
.U'E multiple low-e coatings
% TC.8.2. Using windows  |TC.8.2.1. Using motorised |(Harvey, 2012, pp.78-79)
"‘. with lower U-value and [shading devices and roof |(Carmody etal., 2004)
_q=_= larger SHGC in south overhangs for summer
«© e o « ne
> facade (in heating time (solar radiation level
2 dominated climates) is low in summer time at
2 south facades)
z
; TC.8.2.2. Adding low-e {Harvey, 2012, pp.78-79)
] coating on surface #3ina
-‘g; double-glazed window
A
E TC.8.2.3. Using low-iron {Henry and Dubrous, 1998)
é glass types
g‘ TC.8.2.4. Using vacuum (Harvey, 2012, pp.78-79)
insulated windows
° TC.9. Reducing infiltration |TC.9.1. Sealing joints and |TC.9.1.1. Magnetic air US department of energy
E of outside air caulking cracks between [sealers and latex caulks
; through walls from |window components
¥ stack effects, and
?é wind loads TC.9.2. Using Rainscreen |TC.9.2.1. Pressure- (Aksamija, 2013}
= systems equalized rainscreens
= {PERs)
TC.9.3. Using exterior TC.9.3.1. Refer to sections:
and interior window TC.5.3.1, TC.5.3.2,, and
coverings TC.5.4.1.
TC.9.4. Using air flow TC.9.4.1. Elastomeric {Henry Company, 2012)
barriers emulsion 1 and (Aksamija, 2013)
TC.9.4.2. Microporous
laminate
5 TC.10. Reducing moisture  TC.10.1. Using Semi- TC.10.1.1. Semi- (Aksamija, 2013, p.36)
"§ infiltration through |permeable vapor permeable, Semi-
% facade panels barriers impermeable, or
= Impermeable vapor
g barriers
A TC.10.2. Using water- TC.10.2.1. Adding two {Glass, Kochkin, Drumheller &
resistive barriers (WRB) |layers of felt {WRB) on Barta, 2015)
stone cladding or stucco
stud walls
TC.10.3. Using non- TC.10.3.1. Unbacked vinyl
absorptive cladding siding and insulated vinyl
materials siding cladding
TC.10.4. Using ventilated | TC.10.4.1. Fiber Cement  [(Roberts & Guariento, 2009)
rainscreens systems. Panels (FCP), Terra cotta, |(facadetech.com)
Refer also to section: Aluminum Composite
TC.9.2 Material (ACM)

104




TC.11.

Providing fresh air
flows

TC.11.1. Providing
dynamic fenestration

TC.11.1.1. Using
automated operable
windows

TC.11.2. Providing
passive ventilation by
using optimal window
sash types

TC.11.2.1. bottom hung
windows (opening to
inside)

{Richter et al. 2003)/ (Roetzel,
Tsangrassoulis, Dietrich, &
Busching, 2010).

TC.11.2.2. Horizontal
pivoted, lower part
opening to outside

TC.11.2.3. Casement
windows or side hung
windows (opening to
inside)

US department of energy

TC.11.3. Providing
passive ventilation by
optimal distribution of
windows

TC.11.3.1. Several bottom
hung winodws opening to
inside

{Richter et al. 2003}/ (Roetzel,
Tsangrassoulis, Dietrich, &
Busching, 2010).

TC.11.3.2. Both sides of
bottom and above opening

TC.11.4. Night
ventilation

{Vassigh & Chandler, 2012}

TC.11.5. Using open
fagade systems

TC.11.5.1. Using Louvered
panels

Single-skin glazed fagades (curtain wall systems)

Too hot, Too cold

igh thermal resistance of spandrels and glazing units

TC.12.

Reducing conductive
& convective heat
transfer through
mullions and other
opaque parts of
curtain wall

TC.12.1. Expose only a
small part of metal
frames to the exterior

(Harvey, 2012, p.85)

TC.12.2. Using super
insulated panels behind
the spandrels

TC.12.2.1. Vacuum-
insulated panels (VIPs)

{Capozzoli, Fantucci, Favoino &
Perino, 2015)

TC.12.3. Increasing
opaque part (spandrel
areas) with additional
insulation on the inside

TC.12.3.1. Using back-
coated glass spandrel areas

{Harvey, 2012, p. 86) /
{Aksamija, 2013, p.28)

TC.12.3.2. Using single lite
of back-coated glass

{Aksamija, 2013)

TC.12.3.3. Applying
shadow boxes

TC.12.4. Using
integrated power
generating systems

TC.12.4.1. Opaque
photovoltaic glass
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