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ABSTRACT

The UAE as a leading country in the region has set goals to reduce CO2 emissions by 2020 in line with
Copenhagen Accord. However, the challenge is considered great since the UAE has been identified as one of
the highest ecological footprint in the World in 2007. The future plans in the country invest heavily on
sustainability frameworks and future plans such as Abu Dhabi Plan 2030. While the sustainability codes and
regulatory frameworks have been recently developed in the country, the regulations are only applicable to minor
percentage of the overall building stock. In general the new buildings represent only 0.5% to 2% of the total
building stock. Therefore, sustainability guidelines for existing building refurbishment are considered to be
critical to reduce the energy consumption in the built environment and associated CO2 emissions.

This research has studied the existing urban development in the Emirate of Abu Dhabi, and identified the
commercial buildings as a major contributor to the energy consumption in the capital, with almost one third of
the total energy consumption being accounted for commercial uses. An additional 25% for governmental usage
has common elements with commercial buildings, yet needs to be further detailed for their sub-categories. The
paper has identified two building prototypes as representation of the existing commercial building stock for the
periods from 1980-1989 and 1990-1999 and prior to the implementation of the Estidama pearl building rating
system for new construction.

Computer modelling was used to assess the savings in electricity consumption, associated cooling loads, energy
consumption, and CO2 emissions for the selected 1980s prototype, with an indication of the annual electricity
savings for a typical floor layout for a 1990s prototype. The 1980s case study of 17 stories building was
modeled in three simulation models; typical floor, roof floor, and ground and mezzanine floors. Building
simulations for each of the models were conducted to assess savings due to individual elemental refurbishment
and combined scenarios considering upgrades to 1 and 2pearl rating thermal properties. The potential reduction
in cooling loads for the overall building varies dramatically depending on the refurbishment application. For the
upgrades to 1 pearl rating standard, the savings ranged from 0.21% in the case of roof, to 5.13% and 11.90% in
the case of the wall and fenestration upgrades respectively. However, for the upgrades to 2-5 pearls rating
requirements, the savings were estimated at 0.22% for the roof upgrades, 5.61% and 14.67 for the wall and
fenestration upgrades respectively.

The study indicated that the savings achieved through refurbishment of the roof is negligible compared to that
for the replacement of glazing due to the roof area being 6.4% of the building’s external envelope while the
glazing forms 25.2% of the same. In this context, the glazing upgrades are considered the most efficient
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solution. The study also concluded that individual elements of the building, and individual floors could be
looked at for prioritized refurbishment strategy depending on the individual savings that could be achieved,
easement of implementation, and economic feasibility.

Moreover, the study highlights that combined solutions achieve greater savings than when individual
refurbishment applications are considered. The savings for the overall building are considered significant
estimated at 18.90% and 22.12% for the 1 pearl and 2 pearls upgrades respectively.

Solar gain and external conduction gain analysis indicated that the elements behavior and specifically the
external conduction gain profile varies for the various applications. As an example, the 2 pearl combined

scenario has 0.0727 MWh less annual conduction gain than the sum of the individual scenarios.

The economic feasibility study indicated that the most feasible refurbishment solution for the building prototype
of 1980s is for 2 pearls glazing upgrade, where 9 years payback period could achieve savings of 164.2157
MWhe of annual electricity consumption. However, it was noted that the highest savings for the combined
solution in the case of 2 pearls upgrades would return its capital cost in around 16 years. The simple payback
period calculations excludes the savings in government electricity cost subsidies, evaluation of building envelop
performance upgrades such as humidity resistance, air tightness, aesthetical appearance, as well as future
increases in the cost of electricity. It is expected that once all the benefits are quantified, the Simple Payback

Period (SPP) analysis will result in reasonable timeframe for the owners to recoup their initial investment cost.

Finally, the research is concluded by extrapolating the annual reduction in electricity consumption to represent
the savings across Abu Dhabi. For the 1980s, the implementation of a combined retrofitting scenario to 2 pearls
rating requirements; is estimated to achieve annual reduction in electricity consumption of 18,433 MWeh/yr.
Whereas, the refurbishment of the most economically feasible solution to upgrade the building glazing to 2
pearl rating standards, can achieve an overall reduction of 12,214 MWeh/yr. CO2 emissions reduction for the
combined solution of 2 pearls rating is estimated at 9,530,968 KgCO2/yr.

Moreover, an indication of the typical building prototype upgrade for the period from 1990-1999 has indicated
that the overall savings for Abu Dhabi for the 1990s buildings, when the glazing elements are upgraded, are
28,599 MWeH/yr and 20,152.MWeh/yr for the 2 pearls and 1 pearl rating respectively.
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CHAPTER 1: INTRODUCTION



1 INTRODUCTION

1.1 OVERVIEW

Climatic change has been globally recognized as a serious challenge. International agreements, conferences, and
protocols have aimed to set mitigation measures to reduce CO2 emissions. In 2010, in a correspondence for the
United Nations Framework Convention on Climatic Change, the UAE has announced their decision to being
associated with the Copenhagen Accord (MoFA 2010). The accord targets reduction in CO2 emissions by
2020. However, the mitigation measures vary depending on the local sources of CO2 emissions within each of
the participating countries. The source of energy and the rates in energy consumption directly related to the
CO2 emissions released into the atmosphere.

Energy consumption in the built environment represents a great percentage of the total energy consumed in
different sectors. The built environment is responsible for approximately 40% of primary energy consumption
(Petersdorff et al 2010). It is also one of the major contributors to the greenhouse gases (GHG) emission, and
heat island effect. Opportunities to conserve energy in buildings are very broad and can contribute to achieving

highly efficient buildings.

In the UAE, the building construction sector has been an active and fast growing business for the past two
decades. According to The UAE National Media Council (2010) the construction sector represented the second
highest gross domestic product (GDP) growth in 2008. This continuous growth of the construction industry in
the UAE has led to raised concerns of its impacts on the environment. The recognition of the sustainable
development approach is relatively new in the Gulf region including the UAE. In this context, sustainable
development is defined as “Development that provides people with a better life without sacrificing or depleting
resources or causing environmental impacts that will undercut the ability of future generations to meet their
needs.” (Richard & Dorothy 2011, p. 655).

The new trend in sustainable construction is a natural response to mitigate the environmental impacts of the
building construction industry, especially since the UAE has been identified as the country with the highest
ecological footprint per person worldwide on 2007 (WWF 2010). The ecological footprint is defined as “A
concept for measuring the demand placed on Earth’s resources by individuals from different parts of the World,

involving calculations of the natural area required to satisfy human needs.” (Richard & Dorothy 2011, p. 639).
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In the UAE, the governmental agencies are playing a great role to mitigate the situation through building
regulations that aim in reducing the environmental impact of the built environment. The UAE’s commitment to
reduce CO2 emissions in the near future are reflected in the sustainability frameworks in 2020 and 2030. A
recent announcement in November 2013 has been to announce the first commercial Carbon capture and storage
project in the UAE. The project is led by Masdar and ADNOC, and aims to reduce the CO2 emissions related to
oil industry (The National 2013). All efforts with no doubts are targeting the achievement of a sustainable living
in the future. In light of such efforts, and efforts to reduce energy consumption within the built environment, it
has to be noted that even if the regulatory frameworks aims at developing a net-zero CO2 emissions for the new
buildings, there will remain an excessive building stock with high energy consumption hence high Carbon
emissions. Although the new sustainability standards and regulations targets new buildings, the existing
building stock adds up only to a total of 0.5 to 2% of the total construction. Peacock et al (2008) & Langston et
al (2008). Therefore, the building stock prior to implementation of sustainability and energy efficient building
standards, remain a major contributor to the CO2 emissions. The only solution to mitigate this situation is by
implementing building refurbishment strategies to energy consumption and associated CO2 emissions.

Many researches have been conducted on this regard, and shared knowledge on building refurbishment supports
the idea that low-cost refurbishment applications can greatly benefit the existing structure, reduce CO2

emissions, and reduce reliance on renewable energy to offset the CO2 emissions released.

1.2 BUILDING REFURBISHMENT

Energy saving strategies include both active and passive techniques, and are applicable to both new designs and
existing buildings. There are many aspects that were previously investigated under this subject; they include
mechanical systems, thermal comfort, GHG emissions, economic feasibility, users’ behavior, social aspects,
standards and regulations. The list of parameters and related topics in which energy saving strategies could be
approached seem endless, and are interlinked.

Many researches were conducted to investigate the strategies in which energy savings in buildings could be
achieved. Refurbishment of existing building stock is envisaged as a mean of reducing CO2 emissions in the
short to medium term, which makes it a preferable option compared to pure reliance on green energy sources.
Sunikka & Boon (2003). According to Lockwood (Lockwood 2009 , p. 48), the US Green Building Council has
identified green retrofitting as “any kind of upgrade at an existing building that is wholly or partially occupied

to improve energy and environmental performance, reduce water use, and improve the comfort and quality of
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the space in terms of natural light, air quality, and noise—all done in a way that it is financially beneficial to the

owner. Then, the building and its equipment must be maintained to sustain these improvements over time.”

With the main target of reduction in energy consumption in existing buildings, the refurbishment process is
applicable to most of the existing building typologies and uses including residential, commercial, governmental,
healthcare, education, etc. he outcome from the refurbishment process, specifically those targeting energy
savings, are of great importance for future governmental planning of construction of new power plants,
management of existing and future energy demand, reduction of CO2 emissions, and reduction of peak loads
across the country. The savings also impact the planning for future infrastructure utilities, and public services.
There are many refurbishment strategies that could be implemented in existing buildings. However, the
applicability, feasibility, and outcome of each strategy can vary dramatically. Prior to making decisions on
which refurbishment strategy is to be implemented, a pre-assessment study helps identifying the feasibility and
expected outcome of the technique. For example, in an office building, an improved Heating, Ventilation, and
Air Conditioning (HVAC) system can achieve great savings in energy consumption but will be a costly
application. Whereas, looking at improvements through passive techniques might achieve less saving in energy

consumption but will be much more feasible.

Refurbishment for office buildings has been envisaged as the next big thing by Lockwood (2009). It has also
been preferred over a complete redevelopment of an office building from an economic feasibility perspective as
highlighted by Addy and McCallum (2012). Another research conducted by Anderson and Mills (2002)
highlighted that refurbishment of existing office buildings has a reduced environmental impact over the
building’s redevelopment. The study indicated that the building redevelopment has increased impact over
refurbishment of an air conditioned office building by 13-14%, and 20% for naturally ventilated offices. The
environmental impact estimated includes 40-50% embodied energy.

However, there are constrains that usually are considered as limitations for any refurbishment process for an
office building. Rhoads (2010) has identified the unavailability of capital cost and lack of incentives as the
financial related limitations to the refurbishment process. Moreover, the limitations in technologies and its
implementation process applicable to building refurbishment could contribute to the restrictions of application.

Another aspect related to enforcement of policies and regulatory frameworks for building refurbishment.
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1.3 THE IMPACT OF PASSIVE REFURBISHEMENT

Passive design has been an integrated design approach for decades. The passive design is a regionally
responsive design that responds to the climatic conditions by minimizing heat gain, heat loss, maximizing
natural ventilation benefits, and natural daylight. Similar to the approach in the new buildings, passive
refurbishment techniques follow the same concept for existing buildings. Passive refurbishment strategies
include upgrades in thermal performance of building envelope, minimizing thermal bridging impact,
maximizing benefits from shading devices, optimizing natural daylight, etc. Whereas active refurbishment
strategies targets upgrades in mechanical building systems, such as upgrades in HVAC system which seems to
be one of the most common active retrofitting techniques. Others include integration of Building Management
Systems (BMS).

Passive refurbishment strategies aim at increasing building performance with no or minimal use of energy after
installation, whereas active strategies are usually requires or produces energy. The cost associated with any of
the refurbishment strategies shall be carefully selected. Prior to making decisions on which refurbishment
approach is feasible, it is important to analyze the existing conditions of the building to be retrofitted. Based on
the current conditions, the building can be categorized into any of the four levels of refurbishment as identified
by BRE (2002) based on their actual conditions at the time of assessment. The four levels of refurbishment are
categorized based on levels of interventions required, as following;
— Level 1: requires minimal intervention such as addition of internal blinds, repainting of the building
interior, replacement of low-energy IT solutions
— Level 2: is an intermediate level of refurbishment beyond what is identified in the previous level. This
level is expected to incorporate lighting and systems control integration or replacement
— Level 3: represent major refurbishment applications such as raising floors, external walls, addition of
external solar applications, etc.

— Level 4: is when the building requires demolition or redevelopment due to very poor conditions.

For passive refurbishment strategies, the applications might range between any of the three intervention levels.
However, the reduction of environmental impact of the building is considerable. For example, upgrading
thermal insulation of the building envelope can reduce cooling loads by 26% as highlighted by a study

conducted by Hiroshi et al (2006) in Shanghai. Another study on office buildings in Malaysia, has indicated that
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a strategy as simple as increasing the air conditioning temperature set point is a costless strategy that can
achieve up to 24% savings if the set point in increased by 4° C compared to the base case of 22° C (Saidur
2009). Another study in the UAE highlighted that upgrades in thermal performance of building envelope and
glazing in residential villas can achieve up to 37.2% reduction in cooling loads. (AlNagabi et al 2012).

1.4 SUSTAINABLITY STANDARDS FOR EXISTING BUILDINGS

Countries around the World have already established sustainability rating systems that aim to reduce the
environmental impact of the buildings. Such rating systems like Leadership in Energy and Environmental Design
(LEED), Building Research Establishment Environmental Assessment Method (BREEAM), and Green Star are
used as tools to assess the sustainability aspects of the building during the design and construction stages.
However, recently emphasis has been to minimize environmental impact of existing buildings during operation
stages. For example, LEED Existing Buildings +n Operation and Maintenance (LEED EB+OM) sustainability
rating system has been introduced by the US Green Building Council as a rating system that addresses the
operation and maintenance of the existing buildings. LEED stands for Leadership in Energy and Environmental
Design, the rating systems established by USGBC set measures to design, construct, and operate a sustainable

development both on building scale and urban development scale (USGBC 2013).

The UAE as a young country, however, has only introduced green building regulations recently. The Emirate of
Abu Dhabi introduced the Estidama Pearl Rating System; which is a green building rating system; and enforced
mandatory requirements on all new buildings since 2010. Estidama provides three sustainability tools targeting
the villas, building, and large developments. The Pearl systems corresponding to these three tools are Pearl
Villa Rating system, Pearl Building Rating System, and Pearl Community Rating System. The Pearl Building
System is used for several building uses i.e. offices, multi-residential, retail, school, and mixed use buildings.
The Pearl Rating System is used to rate the developments from 1 to 5 pearls, where 1 pearl rating is mandatory
for all developments, and 2 pearls are mandatory for all governmental buildings. This research will use the Pearl
rating system standards.

Although the green building regulations were made mandatory, such regulations target new buildings only,
whereas the larger stock is represented in the existing buildings. The lack of policies and sustainability
standards for existing buildings in the UAE, and the limited research addressing energy savings through

building refurbishment, have triggered this research.
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1.5 AIMS AND OBJECTIVES

The study primarily focus on identifying existing building typologies of commercial buildings in Abu Dhabi,
which represent the development in construction methods, material use, architectural style which influence the
behavior of the building in terms of energy consumption and thermal performance parameters.

The building prototype shall be assessed against several retrofitting scenarios to investigate an effective yet
economically feasible strategy to upgrade the existing building stock to reduce energy consumption. The

research investigates the upgrades in thermal performance of building envelope.
AIM

The purpose of the study is to explore the potential of energy savings by retrofitting existing buildings in Abu

Dhabi Metropolitan through passive design techniques with main focus on commercial buildings.

OBJECTIVES

The objectives identified for the study include the following:
— To assess the energy consumption in the existing commercial buildings in Abu Dhabi
— To identify sample building typologies corresponding to the evolution of construction practices and
building regulations in 1980s & 1990s
— To understand the chronological development in building construction and its relation to energy

consumption and CO2 emissions

— To explore the impact of retrofitting existing buildings through passive techniques on energy savings
and CO2 emissions reduction. The passive techniques include;
— Upgrade of thermal insulation for the external walls, for two different wall sections U-value
— Upgrade of the thermal insulation for the roof, for two different roof sections U-value
— Replacement of the glazing materials, for two different glazing solar heat gain coefficient and U-
value

— Combined Solutions
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— To assess the feasibility and economic viability of the retrofitting process through simple payback
applications

— To assess the refurbishment impact on the total existing building stock represented by the studied
typology. This aims to allow for policy makers to understand the estimated energy savings on a large

scale.

1.6 RESEARCH OUTLINE

This research is presented in six main chapters, supported by 5 appendices. The following is a brief description
of the content for each of the chapters.

The first chapter:
This chapter is an introductory chapter that provides an overview of the major topics addressed in the research
in general terms. The chapter is concluded by listing the research aims and objectives.as well as outlining the

research paper.

The second chapter:

The literature review provides detailed study of the previous researches conducted to assess potential of energy
savings in existing buildings through buildings refurbishment. The chapter also identifies the energy
consumption pattern in the UAE, then identifies the major sectors within the built environment which highly
contributes to the energy consumption in the country. The chapter then reviews the existing building stock in
Abu Dhabi, and analyze the construction development to identify representative prototypes for commercial
buildings in the 1980s and 1990s.

The third chapter:

This chapter identifies the various research methods related to this topic, and compares the method to identify
the most relevant research method within the context of this study. The chapter then presents the preferred
research methodology and discusses the relevant tools. The chapter also presents a comparison between
building simulation tools, and provides a validation of the selected tool. A summary of the research
methodology for this study is then concluded.

7|Page



The fourth chapter:
The fourth chapter presents the case study, the simulation data input, and the simulation method. The chapter
also provides an identification of the user validation for the case study, The simulation scenarios are also
presented in details.

The fifth chapter:

This chapter presents the results concluded from the research and provides a critical discussion of the results.
The chapter highlights the results for cooling loads energy, and CO2 emissions of the studied models. It also
highlights the solar gain and external conduction gains associated with each of the scenarios. The chapter then
presents an economic feasibility study of the refurbishment solutions, and then is concluded by magnifying the

result on a larger scale to represent the saving in Abu Dhabi.
The sixth chapter:

This chapter is considered the final chapter within the research, which presents the conclusion of this study and

recommendations for future studies.
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CHAPTER 2: LITERATURE REVIEW
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2 LITERATURE REVIEW

2.1 OVERVIEW

Energy consumption in the built environment represents a great percentage of the total energy consumed in
different sectors. The built environment is responsible for approximately 40% of primary energy consumption
(Petersdorff et al 2010). It is also one of the major contributors to the greenhouse gases (GHG) emission, and
heat island effect. Opportunities to conserve energy in buildings are very broad and can contribute to achieving

highly efficient buildings.

Many researches were conducted to investigate the strategies in which energy savings in buildings could be
achieved. Energy saving strategies include both active and passive techniques, and are applicable to both new
designs and existing buildings. There are many aspects that were previously investigated under this subject;
they include mechanical systems, thermal comfort, GHG emissions, economic feasibility, users’ behavior,
social aspects, standards and regulations. The list of parameters and related topics in which energy saving

strategies could be approached seem endless, and are interlinked.

This chapter presents the literature review and collected data which leads to the identification of the existing
gap and highlights the opportunities for investigations in this field. First, the chapter discusses previous
researches conducted to estimate energy savings through various refurbishment strategies with focus on passive
techniques over active strategies. Then, the chapter presents the current status in the UAE and primarily in Abu
Dhabi to identify the existing building stock, building typologies, and construction methods. The chapter is
concluded by identification of the problem statement and setting the aims and objectives of this research in light

of the collected data.
The following section highlights the outcome of previous studies conducted in this field to investigate potential

energy savings through building refurbishment techniques. The studies cover different climatic conditions,

different building typologies, and both direct and passive retrofitting techniques.
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2.2 ASSESSMENT OF REFURBISHMENT STRATEGIES THROUGH PREVIOUS
STUDIES

There are many refurbishment strategies that could be implemented in existing buildings. However, the
applicability, feasibility, and outcome of each strategy can vary dramatically. Prior to making decisions on
which refurbishment strategy is to be implemented, a pre-assessment study helps identifying the feasibility and
expected outcome of the technique. For example, in an office building, an improved Heating, Ventilation, and
Air Conditioning (HVAC) system can achieve great savings in energy consumption but will be a costly
application. Whereas, looking at improvements through passive techniques might achieve less saving in energy
consumption but will be much more feasible.

Following is a summary of selected previous studies conducted to assess potential of energy savings in existing
buildings. The studies cover building typologies ranging from low-rise residential buildings to office buildings
and high rise commercial buildings. The selected studies mainly focus on cooling strategies; however few
addressed the implications during heating days. The literature review below categorizes the reviewed studies

according to the refurbishment systems investigated being passive techniques or active techniques.

2.2.1 PASSIVE STRATEGIES

Passive design strategies can be used to reduce energy consumption not only during the early design stages, but
also can be employed to achieve energy savings in existing buildings. Techniques such as upgrading building
glazing, thermal performance for walls and roof, using shading devises, using various window typologies, the
use of natural ventilation, and many other strategies have been tested by researchers for various building

typologies, and different climatic conditions.

A study conducted by Gugliermetti & Bisegna (2007) investigated the potential energy savings in residential
buildings and small office buildings in five different cities in Italy, representing the Mediterranean climate, due
to the integration of reversible windows. The study highlighted that previous studies undertaken on the same
topic did not take into consideration the occupants’ thermal comfort and the cooling loads in summer. Another
aspect of the study is considering overheating effects in winter due to heat gains through the reversed window
system. Previous studies were conducted for different building properties in relation to winter overheating, but

those did not explore the reversed window system specifically.
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The reversed window system suggested in the study has one clear pane, and another reflective one, and the
system allows the window to be closed on both ways. The study investigated the impact of thermal properties
and the reflectance of different glazing materials and systems. In order to estimate the energy savings using the
reversed window system, the paper defines several scenarios of heating, cooling, and glare control strategies in
which occupants contribute to the control system such as openings. The strategies include natural ventilation,

shading devices (external shutters and internal curtains), forced ventilation, and mechanical HVAC systems.

The results of this study have highlighted that reversible windows system can contribute to energy savings in
the residential buildings and small offices located in Mediterranean climatic conditions. The reflective pane is
always facing the warmer environment, in other words the reflective coat is external in summer, and internal in
winter. The potential for energy savings depend on the techniques used to mitigate the overheating that occurs
in winter. While energy savings are less in buildings located in colder winters due to use of natural ventilation
to overcome winter overheating problem, the mechanical ventilation reduces the savings in warmer winters.
Also, it has been indicated that both the reversed window system utilized for both east and west facades
increases the energy saving by 10%-15% compared to the south facing windows.

Another study was conducted on a case study of a conventional design of a residential building in Spain where
the study investigated energy savings through passive strategies. Ruiz & Romero (2011) recommended several
passive strategies for both reducing heating and cooling levels. Energy savings of a combined solution has been

estimated to be 13% of the original building design.

The paper has analyzed the context of the building and listed its characteristics and features. Then simulated
two groups of passive strategies, the first group included the heating strategies running one simulation for each
strategy same has been performed for the cooling strategy.

All results were compared to the basic model which reflects the conventional design

Final model has been recommended using the most appropriate at all strategies, those were changing building
orientations to south, increasing glazing area to 20% at both the north and south facades

Adding a 35 cm framings to the windows and adding a 2 cm XPS CO2 expendable polystyrene insulation to the
external walls. The cost analysis has indicated that minimal costs are added to the conventional design to

achieve the energy savings of 13%.
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On a different level, a study was conducted to assess the potential of energy savings on a large development
scale, under an initiative by the US Environmental Protection Agency (EPA), which was launched to measure
the contribution of the heat island reduction (HIR) techniques. This initiative led to the conduction of a pioneer
project named the Urban Heat Island Pilot Project (UHIPP) taking into consideration five cities within the
United States. The project realized the urbanization's great role in the increase of carbon emissions and the heat
island effect. This study, conducted by Akbari & Konopacki (2005), is perceived as a continuation of the

previous studies, and expanding the HIR strategies assessment to include all the states.

The study identified building prototypes for residential, office, and retail buildings both for the pre 1980s
buildings, and post 1980s taking into consideration both electricity and gas systems. The study assessed energy
saving potential through considering three sets of strategies;
e Direct HIR strategies, i.e. reflective roofs, and trees for shading;
e Indirect HIR strategy which consider the urban setting in terms of the use of reflective materials in
paving and buildings, as well as increase in vegetated surfaces; and
e A scenario considering a combination of indirect and direct HIR strategies
Energy savings were presented in relation to the heating-degree-days, and cooling-degree-days (HDD,
and CDD).

The results of the study have indicated that the direct HIR strategies contribute to more than three quarters of
the energy savings for all buildings. They also indicate that the highest potential for energy savings in a gas-
heated building is in residential typology with a maximum of 25% savings for pre 1980s, and 20% for post
1980s.The highest savings in peak electricity demand is in the office buildings typology which is estimated to
be a maximum of 1.0 kw/1000 sq.ft for pre-1980s buildings, whereas both the residential and office buildings
has a maximum savings of 0.4 kW/1000 sq.ft for post-1980s buildings.

2.2.2 COMBINED PASSIVE AND ACTIVE STRATEGIES

Another research addressed an office building typology, with focus on passive strategies to achieve reduction in
energy consumption. In Malaysia, Saidur (2009) conducted a study to assess the potential of energy savings in

office buildings by calculating energy intensity, global warming gas emissions, and economic viability of the
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suggested energy saving strategies. The strategies include: upgrading building insulation, improved glazing
system, use of compact fluorescent lamps (CFL), adjusting the temperature set point for the air conditioning
system to a higher temperature, as well as savings by higher efficiency electric motors. It has to be noted here
that energy savings and emissions have been calculated for high-efficiency motors (HEM), and the variable
speed drives (VSD) at different operational loads. The economic viability has also been estimated through
calculating the expected payback periods of the strategies. The study used extensive database provided by the

Malaysian Energy Center (PTM) collected through energy auditing for 68 office buildings.

As part of the study, the results have been compared to other countries where several researchers have
conducted similar studies. This is perceived not only as comparison of the energy consumption and emissions,
but also it is a validation to the research methodology conducted since the results were similar to those from
Thailand which has similar climatic characteristics.

The results of the study have indicated that air conditioning is the highest energy consumer among building
appliances and equipment, followed by lighting system, lifts and pumps, and others which are represented by
the following percentages respectively: 59%, 19%, 18%, and 6%. Also, it has been indicated that both the CFL
fixtures, and upgrading building insulation are cost effective measures with an estimated payback period of less
than 33% of the product life span. A strategy such as increasing the air conditioning temperature set point is a
costless strategy that can achieve up to 24% savings if the set point in increased by 4° C compared to the base
case of 22° C. Moreover, the study concluded that the utilization of the HEM and VSD are considered

economically viable.

Another study conducted on an auditorium building typology highlighted the potential of reducing cooling loads
up to 70% of the building’s original status. The study, conducted by Flores et al (2008), investigated the
integration of passive design strategies to achieve a better thermal performance hence reduction in energy
consumption with minimal addition to the conventional building costs. It was conducted on an existing
auditorium building in Santa Rosa, Argentina. Based on this study, an improved design of the same building is
to be constructed in a different location in Argentina. The new design is to consider several passive solar
strategies for energy savings while maintaining minimal additional costs. A comparison between the original
design and the modified one is conducted. In order to validate the results on the ground, field measurements

were taken.
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A study was conducted on the first project - an auditorium building in Santa Rosa- in winter to understand the
thermal behavior of the building. The building heating and cooling strategies included building insulation,
double glazed openings, heating system with controls for heating degree-days, natural ventilation, glazing areas,
and thermal capacity for cooling season. The researchers measured the outdoor climatic conditions, and the dry

bulb temperature inside the building through field measurements.

The assessment on the first model was based on building parameters and data including; outdoor temperature,
solar irradiance on horizontal surface, building parameters and properties, site, building materials, and building
orientation. The results indicated general thermal satisfaction except where great differences in temperature
between the coldest and warmest spaces within the auditorium occur, as it gets colder in higher levels. The
study recommended to reduce the heating loads required through passive techniques while avoiding the

overheating effect in summer.

Based on the first project, another auditorium building is to be designed in a different city — General Pico-
which has a warmer winter but has higher cooling loads in summer. The base model is simulated exactly as the
first project built in Santa Rosa, but then was modified to reduce energy consumption for both heating and
cooling loads. For heating, the modified design used both solar air collectors and glazing areas for solar heat
gains. The model indicated overheating in Summer, therefore, cooling strategies were incorporated. Those
include natural ventilation, shading, insulation, paint color, and vegetation, as well as a cooling system. The

simulation indicated 70% reduction in cooling loads.

After the second project was built and in order to validate and compare the results, the field measurements were
taken for the modified design after construction. The measurements were taken in winter —unoccupied building-
and summer —fully occupied building. The measurements indicated a success in terms of reducing the vertical
differences in temperature to only 1°C within the building. In summer, the average temperature is about 23°C
which is within the comfort zone. The cooling system is required to perform in the extremely hot summer days.

The new design achieved around 50% reduction in heating loads due to improved envelope insulation, direct
and indirect solar heat gain, and air collectors. Another 70% reduction in cooling loads was achieved during

summer time.
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A study by Ehsan et al (2012) investigated the provision of an optimized solution for retrofitting buildings in
terms of cost efficiency and energy savings. The authors recognize the complicated inter-linked nature of the
problem where multi aspects contribute to the overall performance of the building. The researchers reviewed
several optimization solutions including cost-benefit analysis, multi-criteria analysis, multi-objective
optimization, and energy rating systems, and therefore decided to approach the problem by applying a multi-
objective optimization model. The problem was approached by presenting the multi-objective optimization
model, then applying the model to an existing residential building in Portugal constructed in 1945. A list of
building refurbishment strategies have been presented comparing the implementation costs vs. the energy

savings obtained.

The study has taken into consideration four variables for retrofitting strategies which are different solar
collectors, alternative insulation of building materials for walls and roof, and alternative window properties. The
calculations have considered each strategy separately for simplification of equations. It has to be noted also that
the equations used to calculate energy consumption for heating purposes took into consideration 26 parameters,
while 6 were considered for cooling, and 5 for domestic hot water. Thermal performance and energy
consumption of the base case model before applying the retrofitting strategies has been calculated using the
Portuguese building thermal model (RCCTE) which did not take into consideration energy consumption by

lighting systems.

The results of the study have emphasized that the application of a multi-objective optimization model on a
residential building in Portugal has a non-linear relationship, where it is critical to study the deviation of
implementation costs vs. energy savings for the various retrofitting actions, i.e. the cheapest implementation
cost presented in the study was around 1791 € with about 15,263 kWh/year energy savings, whereas a one level
advanced retrofitting strategy would cost about 1834 € with about 20,229 kWh/year savings.

Such a study provides decision makers with a good insight to establish a criterion for selection of an optimized
building retrofitting scenario without compromising the cost efficiency of the solution.

The study has also recommended a further development to similar optimization model that would take into
consideration other factors related to indoor environment such as thermal comfort, and air quality.

On a different aspect, a research was conducted to evaluate efficiency of design strategies in energy savings for

different climatic zones, with focus on comparison on thermal performance in temperate-humid and hot-dry
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climate. Similar to the studies conducted by Gugliermetti & Bisegna (2007) and Ehsan et al (2012), the study
addressed thermal performance of the building envelope. Building envelope is one of the major building
elements which contribute to energy consumption due to heat transfer. The study indicated that a one level
upgrade in refurbishment solutions although of around 2.5% increased cost would result in 32% additional

annual energy savings.

Another study conducted by Yilmaz (2007) investigated the thermal behavior of the building envelope in terms
of the walls U-value and thermal storage characteristics. In order to emphasize the importance of considering
both parameters, the study considers two different climatic zones which are the hot-dry, and the temperate-
humid climates. A typical living room in a residential building with same orientation has been selected in two
different cities in Turkey, one in Istanbul which has temperate-humid climate, the other in Mardin which has
hot-dry climate. Three different wall compositions have been analyzed, wall 1 and 2 has the same U-value,
whereas wall 3 has almost three times higher U-value but is a thick masonry wall.

The calculations indicate that although the U-value is the same in wall 1 and 2, their thermal behavior is
different. What is more important to note is that the traditional masonry wall which has higher U-value is more

suitable for hot-dry climate because of its high thermal mass property.

The researcher also addressed the problem in two case studies in Mandrin using experimental method. Field
measurements were taken for two rooms in each of the two residential buildings. One building is a traditional
17" century building ~Mungan house, the other is a modern building —Demir House 1990- that applied the
Turkish Standards TS 825, Heating Energy Conservation Standard for Building in Turkey.

The field measurements were taken hourly for rooms of same orientation, and measured the temperature in
several points. The first set of measurements showed the differences in temperature in the rooms for the
traditional and the modern houses, as well as the overheating problem in summer for the modern house.

A second set of measurements were taken hourly for a third room, which measured the air temperature, wall
surface temperature, and humidity level. The purpose of this study is to study of the contribution of thermal
mass in the design. The results indicated that the indoor temperature is almost even throughout the day and
night due to the high thermal capacity of the traditional wall.

As a final step, a questionnaire was conducted for the residents in both traditional houses and modern houses in

the city to study their perception in terms of thermal, visual and air quality aspects. The survey included 68
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traditional houses, and 32 modern ones. The questionnaire consisted of 36 questions with answered scaled in
five points from being cold to being hot. The results of the survey supported the results of the experimental

study.

In conclusion, the paper indicated the importance of thermal mass concept over the U-value characteristics in
hot-dry climate. As well as highlighting that although the degree-day concept specified both Istanbul and
Madrin within the same climatic zones, the cities do not have the same climatic characteristics. Therefore, the
application of the TS 825 standards for both cities is not the best decision for energy conservation.

Further to the studies highlighted above, another study was conducted in China addressing upgrading of
building insulation as one of the effective solutions to reduce energy in existing buildings. A combination of
active and passive strategies, however, has proven to be efficient and achieve reductions in annual load up to
40% and 67% in Beijing and Shanghai respectively. The study conducted by Hiroshi et al (2006) addressed the
thermal quality of the indoor environment in the urban areas within the residential sector. A three layered study
approach was developed which included a questionnaire survey, experimental method, and mathematical
method. Both the questionnaire and the field measurements were conducted for 8 cities in China representing
the different climatic zones in china. The cities included: Harbin, Urumagi, Beijing, Xian, Shanghai, Changsha,
Chongging, Kunming, and Hong Kong. The survey period ranges from 1998 till 2004, included a total of 810

houses for questionnaire survey, and 76 for field measurements.

The questionnaire was based on a questionnaire model previously developed for a study in Japan. The survey
meant to collect data related to building characteristics, heating periods, operation time for heating/ cooling
systems, clothing types, and so on. The questionnaire was distributed to different social classes in the different
cities, including pupils and their families, middle class families, and high class families. Along with the
questionnaire, the families were provided with two liquid crystal thermometers, and were asked to measure the
temperature in the living room and the bedroom, for five days, three times a day. Another set of field
measurements were conducted to measure indoor and outdoor temperature, as well as humidity levels.

The results were discussed for winter and summer seasons based on the conducted survey. The results were
summarized for eight parameters including buildings year of construction, building height, floor area,

heating/cooling systems, operation periods of heating/cooling systems, peak heating/cooling periods,
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temperature differences between the outdoor and indoor living room and bedroom temperatures, and the

relation between the clothing factor and the room temperature.

The results of the experimental study was summarized for the eight cities indicating the thermal comfort levels
using the psychrometric chart compared to the ASHRAE thermal comfort definition. The results were also
summarized to indicate the variation in indoor temperatures and humidity levels for three cities in winter:

Urumgi, Changsha, and Chongging, and for Shanghai and Hong Kong in summer.

Based on the data collected from the questionnaire survey, and the field measurement, as well as weather data
previously developed by ZHANG, mathematical calculations were used to estimate the heating and cooling
loads for a model apartment both in Shanghai, and Beijing. The calculations were conducted for a base case
model for both cities, and then developed cases 2 to 11 with several energy saving techniques including
building insulation, increased ventilation, and shading by a balcony element, as well as a combination of several
cases. In Beijing, the thermal insulation contributes to a maximum of 26% reduction in annual loads, whereas
the reduction of air exchange rate contributes to a maximum of 28.4% savings. The shading through balconies
was not an effective strategy. The combination of the best strategies contributes to total savings of 40% in
heating and cooling loads. In Shanghai, thermal insulation tends to increase the cooling loads, whereas
reduction of air exchange rate contributes to a maximum of 13.1% reduction in annual loads. With regards to
shading by balcony, higher savings occur in summer but the overall annual reduction is estimated to be 1%. The
combination of the strategies contributes to about 67% reduction in annual loads.

2.2.3 ACTIVE SYSTEMS

A research conducted in Hong Kong to assess potential of energy savings in existing high rise commercial
buildings representing 15% of the total building stock. The study indicated that this sector contributes to around
60% of total energy consumption in buildings, and that the Mechanical Ventilation and Air Conditioning
(MVAC) system is the major contributor of the energy consumption. This research conducted by Philip &
Chow (2007) addressed the direct refurbishment techniques to improve building energy efficiency. The
strategies included the following areas: enhancements in chillers, mechanical ventilation system, fresh air

delivery, optimization of airside systems, increasing temperature by 2° C, integration of interior shading, and
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Geothermal Heat Pump (GHP) system. With regards to the active systems, the findings of the research were
positive as it concluded that major reduction in energy consumption within existing high rise commercial
buildings could be achieved as following; The low-temperature air distribution system reduces the MVAC
electricity consumption by 27%; GHP system reduces the total energy consumption of the building by 17%
compared to the baseline model, at the same time the reduction of 31-41% of the peak MVVAC load and peak
building demand can be dropped by 31-41% respectively.

In conclusion, the study investigated the different heating and cooling systems within the eight cities for
residential buildings. It also investigated the users’ contribution to the thermal environment, whether it was by
opening the windows for cooling, the pattern in which they operate the mechanical systems if existed, their
clothing patter, and so on. Also, the study suggested economical energy saving strategies applicable for
residential apartments in Beijing and Shanghai.

In addition to the research conducted globally to assess the potential of energy savings in existing buildings
through refurbishment strategies and their economic feasibility. The following section aims at investigating the
case of the Emirate of Abu Dhabi, the energy consumption in the built environment, Abu Dhabi’s existing
building stock, applicable building codes and regulations through the history, and identifying building
prototypes based on chronological development of construction methods, architectural style, materials use, and

building performance.
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2.3 ENERGY CONSUMPTION IN THE UAE

After the discovery of oil in the UAE in 1960s, and the formation of the United Arab Emirates in 1971, the
UAE witnessed a rapid development in all sectors. The energy consumption increased dramatically, which
mainly is due to growth in population, economy, and urbanization. According to Kazim (2007) the population
has doubled every 5 years since 1980 to reach around 3.25 million capita by year 2000. During this duration the
UAE continued to have the highest energy consumption per capita compared to average rates in Europe, Middle
East, the United States, and the World as shown in Figure 1. The peak energy consumption per capita in this
duration has occurred in the 1990s, where it has gradually started to reduce towards 2000s. Similarly, Al-Iriani
(2005) indicates that the electricity consumption average annual growth rate in UAE for the period from 1980 to

2000 is around 10% which is much higher than the world average growth rate of 3%.
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Figure 1 UAE’s energy consumption per capita compared to other regions from 1980 to 2003. ( Kazim 2007, p. 434)
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2.3.1 ENERGY CONSUMPTION PROFILE IN THE EMIRATE OF ABU DHABI

According to the recent release of Abu Dhabi Census Center (SCAD 2012), electricity consumption profile
witnessed constant increase since 1972. However, there has been slight fluctuation in certain periods which can

be best explained in the economical, industrial, and building construction development in the Emirate.

The data collected from the Abu Dhabi Statistics Center, Appendix A Table Al, the data stipulates the
electricity consumption in MWH in the three regions of the Emirate: Abu Dhabi, Al Ain, and Al Gharbeia. It is
with no doubt that Abu Dhabi witnessed the highest consumption of all time due to its status among the three

regions in terms of economic development and political importance.

Based on the collected data, the following line chart -Figure 2- has been developed to illustrate the

chronological increase in electricity consumption on a cumulative yearly basis. It compares all three regions
together with the total consumption in the Emirate as a whole.
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Figure 2 Consumption of Electricity by Region in the Emirate of Abu Dhabi from 1972 — 2010. (SCAD 2012)

22 |Page



2.3.2 SECTORAL ENERGY CONSUMPTION

It is important to understand the energy consumption per building sector in the UAE in order to identify the
most critical areas where refurbishment opportunities have the greatest impact in energy savings.
Building Sectors in the UAE can be grouped under the following sectors based on the building uses;

— Residential Sector

— Commercial Sector — Offices, Retail, etc.

— Governmental Sector — Community facilities, and other governmental buildings

— Industrial Sector

— Agriculture Sector

— Others

The above sectors are based on the land use categories specified by the Abu Dhabi Urban Planning Council,
which is the legislative body which controls and regulates Abu Dhabi urban development.
UPC (2013) states the guidelines for development review process applicable to both master planning urban

scale projects as well as single building projects.

Table 1 lists both main land use categories and sub-categories of each sector.

Table 1 General Land Use Type in the Emirate of Abu Dhabi. (UPC 2013, p.2)

General Land Use Types

Specific Land Use Types

General Land Use Types

Specific Land Use Types

Residential

Single unit household

Two to four households

Multi households

Institutional living

Employee housing (permanent)
Employee housing (temporary)
Guest worker housing (permanent)
Guest worker housing (temporary)
Palace residential

Infrastructure

Transportation
Utilities

Commercial

Automobile/vehicle sales,
leasing & rental

Business services
Personal services
Restaurants, cafes and fast-food
Retail sales

Convenience Retail
Shopping Complex

Office

Commercial recreation
Hotel

Community Services

Governmental services
Police

Civil defence
Community centre
Cultural institutions
Petrol Station

Mosque

Other religions

Post secondary education
Private school

Public school
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Conference/Convention/Exhibition Centre
Other sales and service (walk in)

Public health care
Other

Industrial General Industrial Open Space & Developed open space
Heavy Industrial recreation Natural open space
City serving industrial Archeological
Research and Development

Agricultural Farm
Other

According to the categories mentioned previously, Abu Dhabi Statistics Center (SCAD) 2011c has identified
the electricity usage percentage per sector in the Emirate of Abu Dhabi since 2008. The data acquired from both
Abu Dhabi Distribution Company, and Al Ain Distribution Company was presented in the SCAD (2011c)
publication regarding energy and environmental statistics.

Table 2 shows the percentage of electricity consumed per sector in the emirate of Abu Dhabi for the period
from 2008 until 2011.

Table 2 Percentage of Electricity Consumption Per Sector. (SCAD (2011c), p.6)

Sector 2008 2009 2010 2011
Total 100 100 100 100
Domestic Sector 39.6 37.7 359 30.7
Commercial 30.8 31.7 32.1 28.8
Government 16.9 16.2 161 25.1*
Agriculture 9.1 9.2 8.2 7.0
Industry 24 3.7 7.2 8.0
Other Sectors 1.2 14 0.6 04

Source: Abu Dhabi Distribution Company, Al Ain Distribution Company
"Note: New meters were installed from 2008 and the cumulative reading of those meter were billed in 2011 for Al Garbia (Al Marfa)

The latest figures for the year 2011 indicates nearly an equal percentage of electricity consumption in the

residential and commercial sector; both contributing to almost 60% of overall electricity consumption in the

Emirate.
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However, Radhi (2009) has indicated that the energy consumption for the residential sector in Al Ain for year
2005 accounts for the nearly 46% of its energy consumption. The industrial sector is the second highest
consumer of energy among all sectors which accounts for nearly 25% of the consumed energy in 2005.

Figures 3 & 4 highlight the sectoral energy consumption in year 2005 and 2011 for Al Ain and Emirate of Abu
Dhabi respectively.

1.4% | 2.5%

- J

Figure 3 Sectoral Energy Consumption in Al Ain 2005. (Radhi 2009)
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Figure 4 Sectoral Energy consumption in the Emirate of Abu Dhabi 2011 (Source: SCAD 2011c and Author)

Since this study focuses on the buildings prior to Estidama Pearl Rating implementation and the endorsement of
the International Building Code tailor fir for the Emirate of Abu Dhabi, it is important to have an insight to the
building stock prior to 2000s. According to Kazim (2007), in 1998, commercial sector in the UAE was
responsible for 15.1% of its energy consumption, whereas 16.2% was caused by the residential sector. Again,
this confirms that the energy consumption of both residential and commercial sector is almost equal. This trend
has been almost consistent in the capital city of Abu Dhabi. However the residential sector contributes highly to
energy consumption in other cities such as Al Ain. This is mainly due to Abu Dhabi having established a central
business district (CBD) in an early stage during its development contrary to a city like Al AinSince the existing
data indicates high energy consumption within the built environment in the UAE, and in light of the efforts
internationally which highlights the potential of energy savings in existing buildings, the following section
highlights the gap in refurbishment studies in the UAE.
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2.4 THE GAP IN REFURBISHMENT STUDIES IN THE UAE

In the UAE, there has been limited research addressing energy savings through building refurbishment. In the
past decade, there has been an increased awareness towards the need for implementing sustainable design
approaches in new buildings which lead to establishing sustainability rating system in Abu Dhabi. However,
there are no policies strictly addressing the energy saving aspect in existing building retrofitting. Unlike other
countries which already implement sustainability ratings specifically designed for existing buildings, the UAE
has not yet enforced any regulations in this area. The US Green Building Council, for example, has already set
guidelines as part of the optional LEED rating system for existing buildings. LEED stands for Leadership in
Energy and Environmental Design, the rating systems established by USGBC set measures to design, construct,

and operate a sustainable development both on building scale and urban development scale (USGBC 2013).

However, a group of researchers in the UAE has launched a research project to assess the potential of energy
saving in existing buildings in five of the Emirates; Abu Dhabi, Dubai, Sharjah, Ajman, and Ras Al Khaimah
(AlINagabi et al., 2012 and Alawadi et al., 2013). First, the research aimed at identifying the existing building
stock in all five emirates in order to identify typologies for the second phase of analysis. However, due to lack
of data at the time of research, especially in Abu Dhabi, the study focused on federal housing built by the
Ministry of Public Works (MoPW). The first phase identified four prototypes responsive to the construction in
1974-1979, 1980-1989, 1990-1999, and 2000-2012. The first stage concluded that in a 1991 villa typology,
approximately 37.2% reduction in annual cooling loads could be achieved if thermal insulation is upgraded to
the requirements of 1 Pearl Rating based on the Abu Dhabi Urban Planning Council, Estidama requirements
(UPC 2013b).

The second phase of the research was more detailed, where five villa typologies were simulated through IES-
VE virtual environment software tool. The five prototypes represented the periods from 1970s, 1980s, 1990s,
2000s, and 2010s. the study conducted at minimum three simulations for each prototype; a base case, upgrade to
1 pearl rating, and upgrade to 2 pearl rating. The upgrade targeted thermal insulation for external walls, and
roof, and glazing solar heat gain coefficient and u-value. The total reduction in annual cooling loads ranged
from 27.5% to 29.8% in the case of upgrading to 1 pearl requirement, and from 28.5% to 30.8% in the case of
upgrades to 2 pearl rating requirements. The study, however, recommended upgrading the houses to 1 pearl

rating as the additional savings were minimal in the case of upgrading to 2 pearl.
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Based on the pioneer research project highlighted above, a significant gap in available validated information in
the field of building refurbishment and energy savings in existing buildings has been identified. Also, as noted
earlier, the lack of data to enable such studies has been identified. Therefore, it is essential to bridge this gap
and further investigate the potential of energy savings in existing building stock through applications of
refurbishment strategies. As one of the research contributors to the previously conducted research project, the
author is aiming to investigate the potential in energy savings in existing buildings in Abu Dhabi through
building retrofitting strategies. However, this study aims to focus on commercial building typologies rather than

residential buildings.

The following section investigate the history of urban development in Abu Dhabi, this is to identify the existing
settlements and the relevant periods of which the existing building stock is referred to, which also identifies the

existing commercial building stick.

2.5 DEVELOPMENT HISTORY IN ABU DHABI

The Emirate of Abu Dhabi is considered one of the growing Emirates in the country and the region. It has
notably been developed in the past decade. This development was a natural response to the increase of
population. The Statistics Center — Abu Dhabi (SCAD 2011a) has indicated that the growth of Abu Dhabi
population in 2010 is estimated to be nine times compared to 1975, with a growth rate of 4.5% from 2001 to

2005. This growth is directly linked to increasing land development and building construction industry.

In order to understand the status of the existing building stock in Abu Dhabi, and due to lack of data on existing
building stock, an insight of the urban development of the Emirate is essential within the economic and urban
growth context. The Emirate of Abu Dhabi pre-1960 and oil discovery was an organic vernacular settlement,
which grew according to the needs of the residents. The settlements were mostly nearby the coast; since the
residents were reliant on fishery and pearl collection from the Gulf Sea.

Pre-1960s the buildings were mostly two storeys buildings as seen in the following Figure 5
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Figure 5 ""Ariel View Showing Residential Neighborhoods in the 1950s in Al Bahya Town.” (Abu Dhabi Municipality & Town Planning
Department 2003, cited in AlKaabi 2011, p. 123)

According to AlKaabi (2011), the first master plan prepared for Abu Dhabi Island was proposed in 1962 and
later updated in 1966. In 1968, settlement in Abu Dhabi was still around the north-west along the cost, as shown
in Figure 6. These master plans produced after the discovery of oil from Abu Dhabi have to be assessed in
conjunction with the economic and political developments which occurred during the late 1960s and early
1970s; as economic and political development had great impact on the status of both Abu Dhabi and Dubai.

The United Arab Emirates was announced as a state in 2" of December 1971. That is also happened to be after
the first exports of oil both in Dubai and Abu Dhabi in 1962 and 1969 respectively. (National Media Council
2008). Parallel to those events, the Municipality of Abu Dhabi was founded in 1962. At first, the municipality
was named as "Department of Abu Dhabi Municipality and Town Planning"”. Later, the need for a well-planned
city had led to the issuance of a royal decree in 1969 to appoint the first municipal board. (ADM 2013).
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Figure 6 Ariel View of Abu Dhabi in 1968. (A_Bl_.l Dhabi Municipality & Town Planning Department 2003, cited in AlKaabi 2011, p. 134)

Similar to the recordings of AlKaabi (2011), in conference the 17" ICOMOS General Assembly (2011),
researchers from Abu Dhabi Authority of Culture and Heritage (ADACH) explained that the initial master plans
proposed for Abu Dhabi city early 1960s have been put into implementation later in the decade.

From that point onwards, Abu Dhabi city witness a transformable urban development, introducing various land
uses including residential developments and supportive infrastructure and community facilities.

The initial implementation phase of the master plan was planned between 1962 and 1968. Later stage was
proposed by 1974. During that stage, the Department of City Planning in Abu Dhabi was chaired by Dr. Abdul
Rahman Hassanein Makhlouf. (Abu Dhabi awards 2013).

As noticed in Figure 7, the city is based on a grid-system urban morphology. The majority of the urban
development occurred in the northern-east part of the island. The residential and mixed-use developments were
mainly between the streets currently known as Corniche Street, and Electra Street North-South and Salam Street
to the East until the Old Souq area to the west. The industrial zone was further down towards the south-east of
Electra St.
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Figure 7 Part of Abu Dhabi in 1974. ( ADSIC

2.5.1 FIRST BUILDING DEMOLITION MOVEMENT

As the Department of City Planning in Abu Dhabi became functional, the implementation of the planned urban
development took place. Unfortunately, and according to Chabbi & Mahdy in conference The 17" ICOMOS
General Assembly (2011), p.77;

“The design and construction of the buildings had often been of inferior quality because the demand was so
high and quality control mechanisms were not fully in place, therefore in the following decade, a wave of
““reconstruction” was undertaken to replace this stock of buildings.”

It is obvious that the population growth that started in 1970s has led to great transformation in the urban
development in the Emirate of Abu Dhabi. But what is also clear, is that the building construction which took
place as the expatriates movement towards the country increased, has been of poor quality that many of the
buildings had to be deconstructed later on. Another reason why building demolition took place at that point in
time, is that the low-rise horizontal city development was moving towards vertical developments where new
building heights were allowed. Of course this led to more and more structures being reconstructed to allow for
higher buildings.
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2.5.2 ABU DHABI AFTER 1980s

Contrary to the situation during 1970s, the urban development in the Emirate was more organized and
controlled since 1980s. That is basically due to the earlier formation of the Department of City Planning, and
the efforts that took place as the city developed. This, if anything, indicates that the majority of the existing
building stock in the Emirate of Abu Dhabi, and within the Island in particular, has been developed in the 1980s

onwards.

Although, great efforts have been made after the establishment of the department of City Planning in Abu
Dhabi; it wasn’t until 2007 when the Abu Dhabi Urban Planning Council (UPC) was formed by the law 23 of
2007. (UPC 2011). The Urban Planning Council has developed the 2030 vision of the Emirate and published
the Urban Framework Plans for the Emirate of Abu Dhabi. This vision aimed at a well-planned sustainable built

environment in the Emirate of Abu Dhabi including plans for the Western Region, Abu Dhabi, and Al Ain.

2.6 BUILDING STOCK IN ABU DHABI

This section aims at identifying the geographic boundaries of the study within th Emirate of Abu Dhabi, as well
as understanding the existing building stock. The section first explains the jurisdiction of the Emirate of Abu
Dhabi and identifying the major cities then narrows down to the area of the study. This is followed by the

analysis of the existing settlement and the understanding of the existing building stock.

2.6.1 DEFINING GEOGRAPHIC BOUNDARIES

The Emirate of Abu Dhabi which accommodated nearly 2.0 million residents in 2010, consists of three regions:
Abu Dhabi, Al Ain, and the Western Region as well as the Emirates Islands. (SCAD 2011a).

A recent survey by the General Census of Population, Housing and Establishment, 2005 (SCAD 2012b) has
indicated that Abu Dhabi Region is the first contributor to the provision of housing units in the Emirate with
137,857 housing units, followed by Al Ain with 83,528 housing units. While the Western region contributed to
only 20,002 units of a grand total of 243,251 housing units in the Emirate in 2005.
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Both Abu Dhabi and Al Ain regions are the most inhabited and developed regions within the Emirate of Abu
Dhabi. And since Abu Dhabi region contributes to 85% of completed buildings within the Emirate (SCAD
2011b); the research project has considered Abu Dhabi region to be the focus of the study.

In order to understand the chronological order of building construction in Abu Dhabi in a geographical context,
analysis of the settlement growth and expansion of urban development is essential. The analysis is required, to
develop a detailed understanding of the urban settlement in Abu Dhabi City and Abu Dhabi Metropolitan in

particular.

Abu Dhabi Metropolitan includes Abu Dhabi City and the sub-urban and rural settlements outside the Island.
Abu Dhabi Island is the core settlement where the major development has taken place for the past forty or more
years. Other recent developments such as Mohammad Bin Zayed City, Khalifa A City, Khalifa B City, Masdar
City, Al Raha Beach Development, And other future cities are all developments located outside the Island.
There are also other sub-urban and rural settlements outside the Island within Abu Dhabi Metropolitan which
are relatively old and includes low density housing projects such as Al Rahba, Al Shamkha, Al Bahia, Al
Wathba, Al Samha, and others which were developed mainly with prototypes of extended family housing.

Figure 8 illustrates the precincts of Abu Dhabi Metropolitan based on Plan Abu Dhabi 2030 as part of the urban

structure framework plan.
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Figure 8 Precincts map of Plan Abu Dhabi 2030. ( UPC 2010, p. 85)

2.6.2 URBAN DENSITY - AN INDICATION OF CHRONOLOGICAL SETTLEMENT

It is understood that areas with higher densities are the areas where the urban development first started to
expand, which does not necessarily imply that existing buildings in those areas are the oldest but could be for
the most part.

The following map —Figure 9- illustrates the population density in Abu Dhabi Island in 2005. It shows that the
northern central and northern eastern part of the Island has the highest densities, which happens to be also the
part where the relatively older buildings exist. This has been also highlighted by Dr. Essam Saleh — from the

town planning department of the Abu Dhabi Municipality- during an interview on June 28", 2012.
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The same has been concluded in the previous section 2.5, where the urban development after discovery of oil all
through the formation of the town planning department in the Abu Dhabi Municipality and later after the
formation of Abu Dhabi Urban Planning Council has been explained. The chronological urban development
reflects the existing building stock in each of the timeframes.
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Figure 9 Population density by sector on Abu Dhabi Island matching DPE census data and building points with DMA sector boundaries.
(Abu Dhabi Spatial Data Infrastructure 2012, p.1).

As highlighted earlier, this research mainly focuses on the commercial buildings inclusive of mixed-use and
office buildings in Abu Dhabi. Therefore, the industrial zone located outside the Island which is Mussafah

Industrial City will be beyond the scope of this study.

Having set the research project physical boundaries based on population and building densities as well as land
use structure, it is critical to analyze the building construction development in this context based on the various

land uses throughout the intended timeframe scope of the study.
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2.6.3 EXISTING BUILDING STOCK DATA

As explained earlier, building construction in Abu Dhabi has started after the discovery of oil in the 1960s. The
earliest census data obtained from the Census Center — Abu Dhabi is dated back to 1975 with 10 years’ time
interval for data collected. Other data was available from official publications in Abu Dhabi which mainly

covers the years from 2001 to 2010. The data collected is combined and presented in Table 3.

Table 3 Summary of Abu Dhabi Existing Building Stock (Statistics Center — Abu Dhabi)

Year/Type of Building _1975 1 198 f 1995 ) 2001 f _2005 ) 2010 m
Number |Number |Number |Number |Number |Number |
',Vl”a_ _________ | 1601 | 4741 | 7194 [ 5285 | 10,803 I
Apartment/ multistorey 4,468 29,235 47,925 15,095 3,632 I
\Deluxe Apartment 0 0 617 160 0 !
Residential® |ArabicHouse _ _ _ _ _ | 13450 | 1475 f 230 [ _O0_f_O0_ | N/A :
IPopular/ low-cost House 6,386 7,871 6,987 11,644 13,434 |
,[Single Storey Building 0 0 1,206 5,413 4,602 |
________ Others _ ____ __ _ | 8742 | 20506 | 23679 [ 27427 | 7537 | _ _ __
Total 34,647 63,828 87,838 65,028 40,008 | 270,428
Hospitals (all)_ _ _ _ _ _ IREYZSN V2N 7S 7S N
(Health Centers (all) N/A N/A N/A N/A 435 435
Healthcare Facilities |Clinics (all) N/A N/A N/A N/A 239 239
\Government Hospitals _ [ 2 | 10 | 13 | _ 12 | 13 | 12 |
!Government Clinics - Centers| N/A N/A N/A N/A 48 48
;Private Schools 12 54 149 178 201 184
) IGovernmental Schools 77 159 246 316 322
Education i —
Universities (all) N/A N/A N/A N/A 9
I[Colleges and Institutes (all) N/A N/A N/A N/A 20
Hotels | 10 19 39 49 55 115
Commercial** | 13,736 55,635 76,419 98,917 | 117,254 | 165,072

Sources: SCAD (2010): Abu Dhabi in Figures: 2010.
SCAD (2011a): Abu Dhabi in Figures: 2011.
SCAD (2011b): Building Completion Statistics: March Quarter 2011.
SCAD (2012): Abu Dhabi: Development Statistics: 1960-2010.
SCAD Census Data for Abu Dhabi from 1975 to 2005 obtained directly from the Statistics
Center of Abu Dhabi

Notes:

* For Residential units, data reflects the units within Abu Dhabi only. However the total
number of units for Year 2005 includes residential units in the Emirate inclusive of Al Ain
and the Western Region

** Commercial category is assumed to reflect the building stock categorized under
"Buildings" as per SCAD (2012) data.
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The data collected from Abu Dhabi Statistics Center (SCAD 20120) - represented in Appendix A Table A2- is
summarized in the chart representation of the data provided in Figure 10. The chart indicates that the building
stock in the Emirate of Abu Dhabi gradually increased from 1968 to late 1970s. The years 1978-1980 witnessed
a great increase in the number of buildings constructed with almost 22,600 new units were constructed. The
increase in the total number of new buildings constructed in Abu Dhabi continued until 1986 were the existing
building stock started to decrease gradually. However, the construction industry picked up again and the

building stock was increasing steadily from 1993 onwards with minor fluctuations.
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Figure 10 Key Statistics of Construction Activity in The Emirate of Abu Dhabi. (SCAD 2012)

Data collected from the Statistics Center — Abu Dhabi included a breakdown of different building land uses in
terms of building permits numbers, mostly for years from 2005 to 2010. The land uses include:

Residential Public Utilities Temporary
Commercial Agricultural Annex of low cost house
Industrial Residential and Commercial | Others

Also, the various types of building permits were obtained for the same period. This includes total number of

permits for the following categories: New, Refurbishment, Temporary, Demolition, and Others.
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Based on the data collected, and as indicated in Table 4, both the Residential use and Temporary buildings have
the highest number of building permits from year 2005 to 2009, followed by the industrial and public utilities
uses. Total number of building demolished for years 2009 & 2010 combined in Abu Dhabi is 371 permits.

Table 4 Building/ Demolition Permits in Abu Dhabi (2005-2010). (SCAD)

Number of Permits
2010* | 2009* | 2008 2007 2006 2005
(AD) * (AD (AD+ | (AD+ | (AD+

Permit Category Permit sub-category (AD) +WR) | WR) WR) WR)
New New Buildings 2,066 1,429

Permits for Renewal or amendments 642 655
Refurbishment Additions 1,872 | 2,609

Improvements and decorations 2,028 22
Demolition Demolition 107 264
Others Others types of permits 274 211
Residential 4,473 3,718 1,401 852 907 705
Commercial 968 388 222 134 67 67
Industrial 638 338 229 252 192 169
Public Utilities 3 424 335 240 250 278
Agricultural 80 0 0 0 0 0
Residential and
Commercial 6 296 0 0 0 0
Temporary 279 3,629 1,768 949 3,682 3,162
Annex of low
cost house 174 889 957 1,566
Others 821 26 0 0 0 0
Total 7,268 8,819 4,129 3,316 6,055 5,947

Sources:

* SCAD (2011a)

** SCAD (2010)

Notes: Years 2005-2008 includes permits for Abu Dhabi and the Western Region

As concluded from the above statistics and data, commercial buildings are one of the major contributors to
energy consumption in Abu Dhabi. Therefore, it is vital to further study and analyze the status of the existing
commercial building stock to identify the best typologies representing the buildings in Abu Dhabi. Also, it is
important to investigate the total Gross Floor Area (GFA) of the commercial buildings. This will allow
identifying the impact of the refurbishment strategies —topic of this study- on a large scale covering the overall
existing commercial building stock.

The following section addressed the statistics and data regarding the existing commercial building stock.
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2.6.4 EXISTING COMMERCIAL BUILDING STOCK

As indicated in the chronological development in the city of Abu Dhabi, and through the construction and
demolition stages that affected the existing building stock in the Island, it is noted that the majority of the
existing commercial building stock from mid-1980s is located in the northern east part of the island -namely,
the developments between the streets currently known as Corniche Street, and Electra Street North-South and
Salam Street to the East until the Old Souq area to the west. This zone includes the Central Business District
(CBD) in Abu Dhabi.

From mid-1990s onwards, the development in Abu Dhabi island extended towards Al Muroor Street and
Airport Road to the south, and towards Al Bateen and the west side on the Corniche. In the recent years, the
mixed use developments reached out to the Grand Mosque District starting. The following Figure 11 indicates
the units per building within the northern part of the island, and Figure 12 provides an indicative breakdown of
the existing uses within the island of Abu Dhabi. Both figures representing units densities and land use
breakdown supports the data provided earlier, and defines clear separation between three decades of existing
mixed-use development;

1. 1980s - 1990s
2. 1990s - 2000s
3. 2000s - 2010s
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Figure 11 ADCP Properties Units by Sector in Abu Dhabi Island. ( ADSIC 2009, p.5)
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Fure 12 Abu Dhabi Land Use Allocation Tracking. (ADSIC 2009, p.9)

Besides the analysis conducted on the urban development and master planning level development in Abu Dhabi
to understand the existing building stock and commercial building stock; and due to the lack of data and
information; interviews with contemporary architects and engineers were conducted. Interviews with Arch.
Munir Kosnik and Eng. Elias Shahin on The 2" of April 2013 and The 25" of August 2013 respectively
concluded that the leasable spaces in the island of Abu Dhabi were considered as commercial uses, and that the
buildings designed since 1980s were considered for either office or residential uses. Therefore majority of the
existing commercial building stock are residential conversion of the buildings, especially for the buildings
constructed from 1980s to mid-1990s.

A recent publication by the Abu Dhabi Urban Planning Council included an assessment of the existing office
market (UPC 2010b). The study highlighted that the existing building stock as of 2009 is of poor quality office
space, and that residential conversion contributes to a good portion of the available office space.
The study gave a ranking of four levels A to D; A being the best quality office space based on international
quality and professionally managed space to D being the worst quality.
— Grade A offices represent less than 17% of the existing building stock majority of which are built
recently (after 2005) for governmental or semi-governmental entities such as Abu Dhabi Investment
Authority, Al Mamoura Building, AlDar HQ, etc.

— Grade D offices represent residential conversions with the poorest quality of office spaces.
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The following chart -Figure 13- provides a percentage breakdown of an overall 1.8 million square meters of
office space as of 2009 in Abu Dhabi.
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Figure 13 Percentage breakdown of the existing office space in Abu Dhabi as of 2009. ( UPC 2010b, Author)

According to the study, around 800,000 square meters of office space is provided within the Central Business
District. Whereas around 550,000 square meters of grades B and C office spaces are provided along Al Muroor
road and Abu Dhabi road. Most of the other office supplies within the island of Abu Dhabi are also of Grades B
and C. Around 200,000 square meters of Grade A office spaces are provided outside the island within the Abu
Dhabi Metropolitan. (UPC 2010b).

The total office space in Abu Dhabi in 2007 was indicated at 1.4 million square meters (UPC 2010a). And since
the Grade A office buildings represent around 300,000 square meters and has just recently been developed,
200,000 square meters of which were developed outside the island, then it is assumed that at least 93% of the
1.4 million square meters office space as of 2007 are grades B,C and D.

Moreover, and based on the previous data, it is concluded that Grade D office space of 160,000 square meters
are those who were built in early to mid-1980s, and within the CBD area. It is also concluded that the Grade B
and C buildings within the Almuroor and Airport roads represent the building stock in 1990s.

For this study, and based on the above, the following figures in Table 5 will be considered;
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Table 5 Summary of Office Building Survey from 1980-1999. (UPC 2010a, UPC 2010b, Author)

Period Location Grade Office Space — GLA* Office Space —
(Square Meters) GFA*(Square Meters)
1980-1985 CBD D 160,000 200,000
1986-1989 CBD C (44% of 800,000) 280,000 350,000
1990-1999 CBD B (30% of 800,000) 360,000 450,000
1990-1999 Muroor — Airport C (60% of 550,000) 330,000 412,500
Roads
1990-1999 Muroor — Airport B (40% of 550,000) 220,000 275,000

Roads

Note: * GLA = 0.8 * GFA (Gross Floor Area) (Source: UPC 2010b).

It has to be noted that the office space available per capita as of 2009 is much lower than the international

standards representing only 1.9 square meters per person. (UPC 2010b).

According to the data provided in the previous sections, the following is concluded,;

— Commercial buildings as well as residential buildings are the major contributors to energy consumption

within the existing building stock in Abu Dhabi city.

— Commercial buildings — with reference to statistics collected under the category of Buildings- witnessed

a boom in construction late 1970s to mid-1980s. From 1986-1993 the existing stock decreased. After
1993, building stock increased gradually till 2010.

— Around 3% of total permits issued on 2009 in Abu Dhabi were demolition permits. However, 4.5% were

the permits given for new commercial building construction.

The following section provides an insight to the different building regulations that governed the building design

and construction in Abu Dhabi.
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2.7 BUILDING REGULATIONS IN ABU DHABI

Buildings codes and regulations are usually set by the government to regulate building performance and
building design parameters. In Abu Dhabi, the Municipality of Abu Dhabi (ADM) is the regulatory authority
which sets the building codes, review the building applications, and issue the building permit. The Municipality
of Abu Dhabi (ADM) was found in 1962. It was called “Department of Abu Dhabi and Town Planning”.
However, the need for a well-established municipal board was recognized. In 1969, the first municipal board
was appointed by the issuance of a royal decree (ADM 2013).

The first local order (1) of 1976 was issued related to building regulations. These regulations were followed by
the issuance of Decree (4) of 1983 related to building construction regulations, followed by an amendment
concluded by Decree (4) of 1985. Administrative law (20/94) of 1994 was later issued related to executive list
of the previous building regulations. The issued regulations did not set a specific criteria or requirements for
building performance related to energy savings such as building envelope thermal performance. However,
recommendations were stipulated under Article (43) of 1983 - Chapter 2 Architecture and Design Building
Regulations. The recommendations included the following (ADM 1983);
Building orientation and use of shading elements in relation to prevailing wind
— The use of thick walls and insulated walls
— The use of thermal insulation and water proofing for the roof. As well as using shading devices for the
roof such as pergolas
— Provide windows to floor ratio that do not exceed 1:6. It is recommended to use shading devices for the
windows
— For glazing, reflective glazing is recommended. Where direct solar gain is anticipated, double glazed
reflective glazing is recommended
— The selection of windows framing with minimal infiltration
— For exterior building finishing, paints selection of white and light colors is recommended.
While all the above relate to building thermal performance, these recommendations were not set as regulations

and were never enforced on any building development.
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It was not until 2009 that the Department of Municipal Affairs (DMA) —Higher committee of Abu Dhabi
Building Codes has issued the 2009 International Building Code for Abu Dhabi. However, the building code
has not been made mandatory as yet. (DMA 2013).
In 2010, Estidama Pearl Rating Systems minimum requirements were made mandatory by the Executive
Council Order of May 2010. For all new buildings, at least 1 pearl rating must be met, whereas governmental
buildings are required to meet a minimum of 2 pearls under the Pearl Building Rating System. (UPC 2013b).
Estidama is the Arabic word of sustainability. Estidama team has been formed in 2007 as part of the Abu Dhabi
Urban Planning Council. Estidama issued three different rating systems including;

— Pearl Building Rating System (PBRS)

— Pearl Community Rating System (PCRS)

— Pearl Villa Rating System (PVRS)
As highlighted above, all buildings subject to this study fall within the timeframe where no specific regulations
were enforced relevant to building performance and energy savings. However, it has been noted that after the
building demolition which occurred in 1970s, many international consultancy firms moved to establish new
business in the UAE. Also, many professionals and contractors were inspired by the international trends and
best practices in building design and construction. This trend influenced the quality of the building design and
construction, therefore many of the buildings designed late 1980s onwards started to use thermally insulated
walls and double glazing windows providing a better building envelope performance than that specified in the
concurrent regulations at that time. Interviews conducted with Arch. Munir Kosnik, Eng. Elias Shahin, Arch.

Azza Al Sayed who worked in Abu Dhabi during that time all confirmed the same.
The following section presents the different trends in building design and construction in Abu Dhabi with

regards to commercial buildings. The section identifies representative building typologies for existing buildings
subject to this study for the timeframe from 1980-1989 and 1989-1999.
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2.8 DEFINING BUILDING TYPOLOGIES

As highlighted in the previous sections, the existing building stock in Abu Dhabi mostly refers back to mid-
1980s. However, there were no regulations set to control building performance in terms of energy efficiency
and thermal performance of the building envelope. It wasn’t until 2010 that Estidama pearl rating systems were
made mandatory. Therefore, in terms of regulatory framework, the existing building stock should have been
treated the same with regards to energy and thermal performance. However, as noted earlier, this wasn’t the
case since the buildings designed in the late 1980s were of better design and construction quality. This section
will further investigate the identified timeframes for this study being 1980-1989 and 1990-1999. In order to
identify the building typologies, the architectural character and construction materials of each period have to be
identified. Besides the background research conducted earlier, the lack of available data and information has
been bridged through the following;
— Review of data collected through EMPORIS database which provides buildings related information
globally (EMPORIS 2013)
— Personal interviews with Architects and Engineers who have worked in the construction industry in the
UAE since 1970s.
— Field observation in Abu Dhabi

The building database collected and provided by EMPORIS online is presented in a comparative format in
Appendix B. A total of 217 buildings are provided with information related to their height, year of construction,
architectural style, location, visual image representation, consultants, etc.

The analysis of the data collected indicates that the majority of the buildings go back to 1980s with few
exceptions which are hotel establishments, or iconic buildings such as Etisalat tower, and other few residential
buildings which were constructed early 1980s and late 1970s.

The buildings from mid-1980s until 2010s range from 15-25 storeys in height with low to high rise buildings
category. The higher the building the recent it was constructed. Also, it is noted that the majority of buildings
pre-1990s were of postmodern architectural style and with concrete structures. Steel was introduced late 1990s,
and more complex structures after 2010 as taller buildings and skyscrapers were constructed. Modern

architectural style was introduced from mid-1990s onwards, and it was more evident after year 2000.
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Furthermore, personal interview with Eng. Elias Shahin on 25th of August 2013 —who has been working in Abu
Dhabi since 1970s- highlighted the following;

Buildings in 1970s were low-rise buildings from 3-5 storeys usually ground floor, mezzanine floor, and
two typical floors. In 1970s there was no building review process similar to what is existing nowadays,
however the building design was reviewed as part of the review process run by Sheikh Khalifa
Committee, which was a governmental department responsible for providing loans for Emirati residents
to build their houses. There was also the social services and commercial buildings department. Very few
of those buildings still exist, and mostly around what is known as Electra and Jawazat streets

Buildings in 1980s and 1990s were on average around 20 stories height.

The buildings in 1980s were mainly conventional window design, single glazing, solid concrete
structure with plaster or paint finishing. Stone cladding was introduced at a later stage in the same
period. Majority of the buildings used no wall insulation (hollow block) and were poor in terms of
thermal performance.

Towards the end of 1980s, the buildings started using wall insulation and double glazing. Also curtain
walls and aluminum cladding started to appear in some of the buildings designed late 1980s and early
1990s.

There is a change in the AC system used between pre-1990s and post-1990s. The majority of the
buildings used window type air conditioning units before 1990s with few exceptions of iconic buildings.
It was later that the central AC system was used for provision of cooling systems within the buildings.

It has also been noted that the majority of the existing building stock from the 1980s is around whats is
known as Tourist club area, Hamdan Street, and Khalifa Street.

Office buildings were defined under what was called commercial building. The buildings were designed
to suite residential units, offices, and ground floor retail spaces.

Integration of external shading was not given attention at any time because the building regulations did
not allow for any extrusions beyond the plot line, and the building owners wanted the maximum built

area to be used for profitability.

Another interview conducted with Architect Munir Kosnik on 2nd of April 2013 — who has been working in the
UAE since late 1980s- highlighted the following;
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In late 1980s and 1990s any leasable space was called under commercial space. In other words, whether
the building is designed for a residential apartment or for offices both were accommodated under
commercial building terminology

It is difficult to identify existing stand-alone office buildings which go back to 1980s.

Buildings in 1980s followed a conventional design approach with concrete buildings.

A mix of glazing and solid external cladding was used still used in late 1980s and early 1990s.

Building insulation and double glazing were in use in 1989 onwards.

An interview with Architect Azza Al Sayed on 5th January 2012 — who has been working in Abu Dhabi since
1970s- highlighted the following;

There were no specific requirements for building performance in terms of energy consumption and
thermal performance. International Building Code however was made available in 2009 but was not
mandatory; however some consultants were guided by the draft code.

Sheikh Khalifa Committee -which was a part of the Abu Dhabi Municipality and is no longer available-
had in position all buildings drawings and specifications pre and during 1980s; as they were approving
the grants for Emirati people.

There were main consultants and contractors who had influenced the market and provided a better

quality product based on best practices. Some of which are still working till date.

Based on the data provided above, the interviews, and personal walk-throughs and observatory analysis of the

existing building stock in Abu Dhabi, the following summary of the existing commercial building typologies is

concluded —presented in Table 6.
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Table 6 Comparison Summary of Existing Commercial Building Typologies in Abu Dhabi from the period from 1980 to 2000. (Author)

Comparison Criterion

Buildings from 1980 to 1989

Buildings from 1990 to 1999

Building use Mixed use- offices as residential | Mixed use- offices as residential
conversion conversion.
Stand-alone office buildings
Building Height 15-20 floors 20-25 floors

Architectural Style

Post-modern

Post-modern and Modern

Construction Material

Concrete

Concrete and Steel structures

Cladding Type

Block wall with plaster or paint
finishing.

Stone cladding introduced later.

Curtain wall type.
Aluminum cladding.

Stone Cladding

Wall Insulation

No wall insulation

Thermal insulation provided

Glazing type

Single glazing

Double glazing

Shading

Not prioritized

Not prioritized

Air Conditioning System

Window type unit

Central AC system

Based on the literature review and background research presented earlier, the identification of the research

problem, and the research aims and objectives have been developed. The following section presents the problem

identification, followed by the aims and objectives.
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2.9 PROBLEM STATEMENT

Since the discovery of oil in 1960s, the UAE has been rapidly developing. The construction industry has
negatively impacted the environment on many levels, one of which is related to the huge consumption of energy
in the built environment which contributed to nearly two-fifth the total energy consumption. Recently, the
country became effectively involved in global environmental initiatives such as Montreal Protocol in 2013.
Such involvement reflects the growing awareness of the country towards protecting the environment and saving

the natural resources.

The efforts of the Abu Dhabi Urban Planning Council through mandating minimum requirements for building,
villa, and community developments through the enforcement of the Estidama Pearl Rating Systems, is
considered a step towards achieving the goals set for the country to reduce energy consumption, use of
alternative clean energy resources, and many others. The environmental initiatives, regulations, and
requirements adopted in the UAE are applicable and targeting new buildings only. However, in Abu Dhabi the
existing building stock, which contributes to more than 70% of the existing building stock as of 2005 to 2010

statistics, lacked any enforcement of sustainable building regulations.

In the Emirate of Abu Dhabi, around 85% of the existing building stock is accommodated in Abu Dhabi city. In
2011, the energy consumption of commercial buildings and residential buildings evenly contributed to nearly
60% of the total energy consumption of the built environment. Moreover, additional 25% was identified as the

energy consumed by governmental buildings, which also included governmental offices and facilities.

Having mentioned the above, it is essential to investigate the means to reduce energy consumption in the
existing building stock in Abu Dhabi, specifically for office buildings which together with the governmental
buildings contributes to around 55% of total energy consumption in the built environment. In this context, and
due to lack of validated information, this research aims to investigate the energy savings potential in
refurbishing existing buildings in Abu Dhabi through passive strategies. The study focuses on commercial
buildings in the Abu Dhabi Metropolitan, and it covers the buildings built pre-1970s to 2010 with focus on two
case studies of one building built in 1980s and another in 1990s. A financial feasibility study will be conducted
to weigh the passive strategies proposed within the refurbishment process in terms of its cost versus its

efficiency in achieving higher energy savings.
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CHAPTER 3: METHODOLOGY
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3 METHODOLOGY

3.1 METHOD SELECTION

Selection of an appropriate research method is essential to enable the study being conducted within the
applicable limitations of the studied program. A full understanding of the applicable research method used to
assess the energy savings in existing buildings is important prior to initiating the study. Also, a comprehensive
understanding of the limitations of the preferred methodology is required to assist in the application of the
methodology during the research timeframe. Such limitations include research resources, time, applicability to

the research problem, validity of the research method, and economic feasibility.

3.2 COMPARISON OF RESEARCH METHODS APPLICABLE TO THE RESEARCH

The assessment of the contribution of passive design strategies in energy savings in existing buildings could be
investigated through the following four research methods, i.e. laboratory approach, modeling approach, field
measurement approach, and literature review approach. Each of those approaches has its limitations when
applied to this research, as discussed in this section.

In general, there are two approaches mostly applied by the researchers in this field which are modeling and field

measurement approaches.

3.21 LABORATORY APPROACH

The laboratory approach is an experimental type of research methods. It involves a controlled environment in a
physical lab, where controlled variables are standardized forming a baseline to enable the investigation related
to the effect of an independent variable throughout the study. The results of the study will be seen through the
dependent variables or the outcomes in comparison to the standardized (baseline) scenario (Ross & Morrison,
2012).

Within the context of this particular research, the application of this approach to the designed research problem
is quite limited. Not only this approach would be expensive and requires a lot of time to perform, it also is

complicated to structure due to requirements of research instruments, and the means to control the research
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environment. Researchers in this field do not tend to apply this approach to their studies. And for the purpose of

this study, it is also not preferred.

3.2.2 MODELING APPROACH

The modeling approach is another type of experimental research method defined by Ross & Morrison (2012).
Typically, a representative physical model of the experiment is developed to clone the actual conditions and
context from reality to a different scale controlled environment in order to facilitate conducting the experiment.

The application of the modeling approach to this study could be translated through a digital model instead of a
smaller scale physical model. That is to simulate the exact conditions from real life through simulation software
and digital tools. This application of the modeling approach is less time and resource consuming. It is also

widely applied by the researchers in this field.

3.2.3 MODELLING APPROACH THROUGH SIMULATION MODEL

The simulation tools can provide the best assessment and flexibility when it comes to assessing and comparing
several strategies in terms of thermal and energy performance. It is a cheaper method compared to experimental
method, and does not require extensive human and physical resources.

The validation process is a key element when it comes to utilizing a simulation method. If the model was not
validates, the results could not be validated as well.

The errors in simulation tools are related to the users input. i.e. weather data.

The limitations of this method include the assessments of aspects such as social and users behavior which are

best approached in the survey method.

Energy modeling and building simulation has become a widely popular and reliable tool used by researcher and
designers in the past few decades. Designers tend to use such tools prior to building construction to ensure a
highly efficient building performance. On the other hand, researches utilize these tools in conducting studies

and investigations on the built environment in timely manner, minimal human and financial resources. Building
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simulation has proven to be reliable research method with several software packages available both on
commercial and academic scales. Building simulation software are capable of conducting CFD analysis,
thermal modeling, energy simulation, daylight analysis , and many other parameters. Software such as Energy
Plus (Ruiz & Romero 2011, Fumo et al. 2010), DOE-2 (Akbari & Konopacki 2005, Cho & Haberl 2010, Lam et
al. 2010), eQUEST (Ke et al. 2013), EOTECT (Raia et al. 2011, Saadah & AbuHijleh 2010), IES Virtual
Environment (Azhar et al. 2010, Al-Masri & Abu-Hijleh 2012, AINagabi 2012, Alawadi 2013) have been

utilized for researches to assess energy consumption and thermal comfort.

Moreover, some researches were conducted on simulation tools specifically developed for the academic
research, or for specific purposes. Examples of such tools were used by Philip & Chow (2007), who used
PRISM CO simulation tool for cooling and heating load estimations, and used TRACE 600 for energy
simulation. However, Gugliermetti & Bisegna (2007) used TMY, and WINDOWS 4.1 for thermal simulation
but were not validated but only referred to previous papers who used same tools. IENUS a research-only energy
simulation tool was utilized, and was validated through comparison with the results of a small office building

with same Mediterranean climatic conditions.

Another research by Ruiz & Romero (2011) used Energy Plus TM tool for thermal simulation, that was
developed by the US Department of Energy. Also employed LIDERIT software tool for assessing compliance
with the Codigo Technico de La Edification regulations. Another tool that was employed for assessing
environmental impact of the modified model vs. the original model is CALENDER.

3.24 FIELD MONITORING APPROACH

Field monitoring approach is a type of observational research method (Research Methodology c. 2005).
Typically, the study is directly related to the actual physical environment where the variables are measured

through adequate instruments, and then extract the recorded data for analysis.

In this study, field monitoring approach could be applied to monitor several variables within the existing
buildings. This includes measurements of Lux levels, thermal heat gain of the building elements, and other

variables needed for the study. The field monitoring approach requires field measurement equipment, human

53|Page



resources, and a well-designed methodology to where and when the field measurements are taken and the
existing building is monitored.

Many researchers use this approach to explore the existing conditions and then study the impact of a specific
independent variable after implementation such as the study undertaken by Flores et al (2008) where two

physical buildings were monitored including an original building, and another modified design.

Limitations of this approach are reflected through the time constraints limiting the study, as well as the
requirements for various field measurement equipment that would offset the cost of the study to higher levels as
more detailed data is required.

Also, it has to be noted that within the context of this study, the passive strategies will have to be implemented

in order to be tested. Therefore the application of this approach is deemed incompatible for this study.

3.25 EXPERIMENTAL FIELD RESEARCH

The experimental research method is best used for studying thermal comfort levels for existing buildings when
discussing parameters such as dry-bulb temperature, humidity levels, daylighting. The calibration of the
measurement tools is a critical issue, unfortunately none of the papers discussed have mentioned the equipment

calibration process, instead have mentioned the types of equipment, and their specific location and function.

The field measurement method is found appropriate only when the study is considering certain parameters as
mentioned previously, and when the time of the study is not limited. It has to be noted that the equipment might

be expensive which adds to the research project costs.
It has to be noted here that none of the papers discussed under this group had employed the field measurement

method as the only research method employed. The results were usually compared to questionnaire survey
results, or results obtained through simulation tools.
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3.26 LITERETURE REVIEW APPROACH

Literature review approach is typically used as a research method when extensive database of previous studies
have been conducted on a specific topic. Basically, the new study reviews the existing data available through
previous researches, and applies analytical studies to explore a proposed problem of a study.

In this study, the previous studies in the same field in UAE are limited. Therefore the literature review approach
could be applied only through comparing the proposed problem to other studies conducted in the same region
with similar climatic conditions stating the similarities and limitations of the study, in other words a case study
approach. This usually gives indicative figures to how much passive techniques are able or not to reduce energy

consumption in existing buildings.

3.2.7 MATHMATICAL CALCULATION APPROACH

The mathematical calculation research method is heavily dependent on other supporting methods for data
collection which is basically utilized in the mathematical analysis of the problem. Therefore, the validation of
the results are usually more complicated, and might require other methodologies for validation, such as field
measurements, case studies, or comparison with literature review.

There are several mathematical analysis methods including linear and non-linear calculations. The greater the
number of parameters considered, the more complexity levels are present in applying the mathematical method.

An example of the level of complexity is found in the study conducted by Saidur (2009) where a multi-objective
optimization model was developed and had to utilize programming softwares to present the results. This method
has also been utilized by Ehsan et al (2012) and Ibrahim (2002) supported by other research methods.

However, the calculation method is useful to employ this methodology for economical and feasibility studies.
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3.3 PREFERRED RESEARCH METHOD

Having briefly discussed alternative research approaches above, and through further assessment and
understanding of the pros and cons of each method, the preference has been given to the modeling approach to
conduct this particular study. This judgment has taken into consideration the limitations in the research
timeframe, the human resources required, the instruments/ equipment needed to conduct the research and other
aspects such as cost of the study.

Computer modeling is a time efficient research method, it allows the researcher to study multi dependent and
independent factors, and it is most suitable to compare several energy saving strategies prior to implementation
for the specific context, geographic location, and climatic characteristics of a building—unlike the measurement
field method.

Following is a brief of each of the limitations considered during the process of the research method selection for

this study.

3.3.1 RESEARCH TIME DURATION

Among the research methods highlighted earlier, the literature review would require the minimal timing since
no experiments are required and that it is purely based on previous studies. Second least time consuming is the
modeling approach since it requires more time modeling the sample buildings and performing the simulation, as
well as the time required for training to learn the energy simulation software selected for the study. Similarly,
the laboratory approach will require more time to structure and prepare the experiment, and will require more
observation time throughout the study. Moreover, the field monitoring approach will consume the longest time
duration since the study aims to study the existing buildings all year round including summer and winter energy
consumption, and peak times. Therefore, a minimum estimate for collecting this data will be minimum one

year.

3.3.2 RESARCH RESOURCES

Here again literature review will only require the efforts of the researcher himself/herself, while extensive
database of previous studies required to be available. Similarly, the modeling approach will require the same

human resources, but more research facilities such as an IT Lab, and energy simulation software.
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On the other hand, both the laboratory and the field measurements approaches will require additional resources
including research assistants, research instruments and equipment. And in the case of laboratory approach, there

should be a physical research facility available to conduct the experiment.

3.3.3 FINANCIAL COSTS

With regard to the overall cost of the research, the least research expenses will be where less research resources
are required. Therefore literature review approach will not require high financial costs, whereas modeling
approach will require additional costs of the simulation software and training. Higher costs are estimated for
both laboratory and field monitoring approaches due to additional human resources, and research instruments

requirements.

3.34 MODELLING APPROACH SELECTION

Having mentioned the above factors, it is noted that although literature review approach is the most efficient in
time, cost, and resources it will be insufficient for this study due to technical data requirements and limited
previous studies conducted in UAE in this field.

Also, it is noted that the laboratory approach requires high research resources, time duration, and financial costs.

In addition, it is not a common research method in this field.

Field measurements approach is one of the research methods best applicable to this type of study, it will provide
sufficient technical data, but will require more time and cost compared to the modeling approach. Therefore, the

field monitoring approach has been eliminated for this particular study.

The modeling approach is deemed sufficient for this study since it is considered feasible in time, cost, and
resources requirements. Moreover, it provides the tools necessary to study the interdependent relation between
many variables at the same time, which is critical in this study that requires assessment of alternative scenarios

of passive design retrofitting techniques prior to implementation.
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3.4 SELECTION OF SIMULATION TOOL

There are several building modeling softwares available that could be employed for this study. Many available
softwares have been verified by different agencies and have the capability to perform highly accurate energy
simulation of the model.

Those softwares could be grouped into two categories;
— awhole building energy simulation, which analyze the total energy consumption of the building; and
— adetailed simulation tool, which considers a particular aspect of the building such as thermal bridging,
natural ventilation, etc. (Hirsch et al 2011)
For the purpose of this study a detailed energy simulation is required to identify the potential of energy savings
due to integrating passive retrofitting techniques.

A research conducted by Crawley et al (2005) analyzed twenty simulation softwares, their capabilities in
thermal modeling, CFD analysis, solar insulation, building envelope, and other capabilities. The compared
simulation softwares included BLAST, BSim, DeST, DOE-2.1E, ECOTECT, Ener-Win, Energy Express,
Energy-10, EnergyPlus, eQUEST, ESP-r, HAP, HEED, IDA ICE, IES <VE>, PowerDomus, SUNREL, Tas,
TRACE, and TRNSYS.

The research stipulated the pros and cons of each of the computer modeling softwares. Appendix A includes an
extract of the summary comparison of the 20 computer modeling softwares (Tables A3 — A7). The tables
indicated that IES VE, EnergyPlus, and TRANSY'S tools are capable of conducting most of the solar analysis
and insolation analysis requirements. However, for advanced fenestration analysis, other software tools are
deemed sufficient such as IDA ICE.

For this study, building envelope calculations is considered critical. The study highlighted that calculations for
outside surface convection were based on ASHRAE requirements in the case of IES VE software. It also
highlighted that IES VE is the only software that is capable of conducting general building envelope
calculations related to inside radiation view factors, radiation-to-air component separate from the exterior

detailed convection, and air emissivity/ radiation coupling.

However, other studies have utilized other computer modeling tools. As highlighted earlier, Gugliermetti &

Bisegna (2007) has conducted a study using a research-only software (IENUS) as a main tool for energy
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simulation. Although the study has mentioned that the software allowed for adjustments to include several

parameters, the author did not validate the model employed for his study.

Another study conducted by Ruiz & Romero (2011), successfully estimated the energy savings through Energy
Plus. However, it was not clear what were the heating and cooling systems used in the conventional design
studied, and whether parameters such as infiltration has been considered through the building thermal

simulation.

A more complex study conducted by Akbari &Konopacki (2005) analyzed data which included both statistical
analysis and energy simulation. The paper discussed the data collected and the parameters that were used as an
input for the simulation tool. The data did not only include the building characteristics, but it also included the
weather data. A clear classification of the climatic zones were identified and discussed as it was utilized
throughout the study to obtain the results.

Since this paper is a continuation of previous studies by the same authors, the verification of the DOE-2
simulation tool has been referenced to their previous work. And the methodology is also validated by
referencing to the project of the US Environmental Policy Act (EPA) which is the Urban Heat Island Pilot
Project (UHIPP).

Another study has utilized several software tools. A study conducted by Philip & Chow (2007), highlighted in
the previous chapter, have used the simulation through PRISM CO which utilized data from energy audit. The
PRISM CO model, and even the further developed models mostly were used for a single variable/ parameter.
The models ignored the electricity consumption used for lighting. With regard to the energy simulation software

TRACEG00, few variables were still under the uncertainty zone such as people load.

For this study, IES VE has been used as an energy modeling tool to assess energy savings and reductions in
cooling loads for the building prototype. In a comparison with 20 commonly used energy simulation software,
IES VE provided various interlinked parameters and assessment options including building envelope, daylight
and solar variables which are important for this study (Crawley et al. 2008). IES has proven high reliability and

accuracy of its results with advanced features.
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3.5 IES VIRTUAL ENVIRONMENTN SOFTWARE VALIDATION

As highlighted previously, many researchers have been using IES VE for energy simulation and thermal
modeling. The software, which was compared with another 19 computer modeling tools was proven to be of
high capabilities and reliability, especially for this type of research and analysis. (Crawley et al. 2008). This
simulation software has also been used for the previous research project, of which this study is a continuation
for. The study has assessed energy consumption of five housing typologies and analyzed annual cooling load
savings through IES VE 6.4. (AlNagabi et al., 2012 and Alawadi et al., 2013).

It is important through to validate the software within the context of the study. A study conducted by AlNagabi
(2013) have validated the software by modeling an existing villa as a case study and comparing the results with
the actual total energy consumption. The researcher has also contributed to the previous study (AINagabi et al.
2012) which adopted IES software for the research.

The software validation case study was selected from the Emirate of Sharjah, and is presented in the following

Table 7 and Figure 14 below. The IES model indicated similar trend in total monthly energy consumption, with
minor deviations in the monthly energy consumption for the months from May to August. AlNagabi (2013)
explained that the deviation is justified due to the building typology which is a school, in which the occupancy
profile varies in the summer months due to minimal occupancy of the building facilities where students are

mostly off during Summer.
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Table 7 Validation model results. (AINagabi (2013), pp. 60)

Month Actual Simulated
Energy Consumption Energy Consumption
(Mwh) (Mwh)
January 4.29 2.63
February 4.22 4.10
March 6.74 6.33
April 7.24 10.07
May 12.56 14.78
June 11.82 16.67
July 18.34 18.97
August 14.71 19.28
September  16.74 16.70
October 12.49 12.92
November 9.80 7.99
December 7.22 3.93
.25
N
=
= 20
c
RS
B8 15
E
>
g 10 /
O =¢=Actual
>
o 5 - .
@ == Simulated
c
Lu O T T T T T T T T T T T 1
= > o+ — — — —
S 555235533338
2 2 8 <237 ®E 9 EE
S o 2 Z o b o o
- 2 O =2 9
s 8 o o
n z 0
Months

Figure 14 Comparison of tested villa actual and simulated energy consumption. AlNagabi (2013), pp. 60)

As a conclusion of the validation case study an average annual energy consumption deviation of 6% from the
actual results was identified. However, the deviation is much less for the months where the building is fully
occupied.
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3.6 SUMMARY RESEARCH METHODOLOGY

The research methodology which best applies to this particular study is the modeling approach, in which data
collected will be analyzed through a quantitative, qualitative, and graphical quantitative analysis, as well as

interpretations of interviews and observations.

3.6.1 LITERATURE REVIEW, DATA COLLECTION AND ANALYSIS

The study requires investigation to identify the existing building typologies which represents the total stock of
buildings in Abu Dhabi Metropolitan. The data collected should reflect the total number of buildings in each
category as well as building Gross Floor Area (GFA). The data collected should be analyzed to identify the
common design and construction building typology of commercial buildings in 1980s and 1990s. An
understanding of existing and previous building regulations is also essential.

The data collected is presented within the literature review section of this study, and further analysis will be

curried on in relevant chapters as required.

3.6.2 BUILDING MODELING AND SIMULATION

The study will conduct two sets of building simulation using IES Virtual Environment 6.4 software;
— The first set will model and analyze the existing buildings as they are currently with no modifications
— The second set will model and analyze the modified buildings assessing the various proposed passive

retrofitting techniques by conducting several simulation runs independently.

The following passive retrofitting techniques will be explored:
— Thermal insulation for external walls
— Thermal insulation for roof

— Glazing materials for external openings

The following parameters will be assessed using the software;

— Room cooling plant sensible load
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— Chiller energy

— Auxiliary chiller energy

— Heat rejection fan/ pump energy
— Total system energy

— Total equipment energy

— Total energy

— Sensible heat balance

— Sensible internal gains breakdown

— Total Carbon emissions

The details of the simulation models and scenarios will be further discussed in the following chapter.

3.6.3 SIMPLE PAYBACK PERIOD COST ANALYSIS AND STATISTICAL ANALYSIS

A simple payback period cost analysis will be conducted to assess the financial feasibility of the building
refurbishment process. The analysis will be conducted based on simple payback period, similar to what have
been implemented in the previous research project conducted by AlNagabi et al (2012) and Alawadi et al
(2013). The analysis will be based on market based prices of the proposed retrofitting applications.

3.6.4 ANALYSIS METHOD

— Analysis of data collected regarding stock of existing buildings in Abu Dhabi Metropolitan to identify
two case studies representing commercial buildings in 1980s and 1990s.

— Analysis and assessment of energy savings of refurbishment strategies for the selected case studies in
comparison with the baseline as built model.

— Cost analysis of retrofitting strategies and comparing energy savings achieved with reference to

expenses.

The following Chapter identifies the simulation models, scenarios, input parameters, and output parameters

addressed in the study.
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CHAPTER 4: SIMULATION MODELS
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4 SIMULATION MODELS

4.1 INTRODUCTION

In order to initiate the computer modeling and simulation for the studied case, it is important to identify the
simulation scenarios, simulation input data, and any associated assumptions. Since the research addresses
building typologies from earlier decades, it is deemed necessary to understand the simulation input parameters
to reflect the exact conditions and not using the software default values and assumptions.

The research targets to conduct energy simulation and thermal modeling for 9 simulation models including the
baseline model, and 8 refurbished building scenarios. The first section explains the parameters of the case study,
followed by an explanation of the general input data for the baseline model. Then the chapter presents the
simulation input for the 8 refurbishment scenarios besides the trial scenarios explanation. The chapter also
presents a summary of the simulation variables which concludes the simulation input parameters to be assessed

through the computer modeling and simulation for the 9 scenarios.

4.2 THE CASE STUDY

The case study building is a mixed-use building typology located in Abu Dhabi in Electra Street. The building
is located on a 50 x 80 square feet plot. The building represents a typical prototype of the 1980s in Abu Dhabi.
It is a concrete structure building, single glazed, with no walls insulation. The building consists of 15 typical
floors each of 3.4 meters height, and a mezzanine and ground floor building with a total height of 7.4 meters.
Figure 15 is a photo of the case study building.

The building is designed as a mixed-use building following the norms in Abu Dhabi during the time of design
and construction. The typical floor was designed to either be utilized for office spaces or accommodate a four
two bedrooms residential units. However, the ground floor has been allocated for retail-office spaces, and the

mezzanine was allocated for office spaces.
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Figure 15 Real time case study building photo.

421 TYPICAL FLOOR

The typical floor covers an area of 447.1 square meters. The external walls surface area is 289.68 square meters,
and a net external glazing area of 93.84 square meters. The following Figure 16 and Figure 17 are extracted
from the simulation model of the typical floor which represents the typical floor plan and an external
perspective image of the model.

422 MEZZANINE FLOOR

The mezzanine floor covers an area of 344.1 square meters. The external walls surface area is 269 square
meters, and a net external glazing area of 73.68 square meters. The following Figure 16, Figure 17 and Figure
18 are extracted from the simulation model which represents the mezzanine floor plan and an external
perspective image of the model.
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4.2.3 GROUND FLOOR

The ground floor covers an area of 344.1 square meters. The external walls surface area is 132.64 square
meters, and a net external glazing area of 270.56 square meters. Figure 16, Figure 17 and Figure 18 are
extracted from the simulation model of the ground floor which represents the floor plan and an external
perspective image of the model.

Typical Floor Plan

L

Mezzanine Floor Plan _ ‘ l |
1
Pl

Ground Floor Plan Q
%

Figure 16 Typical floor plans of the IES-VE model.
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Figure 17 Typical floor three dimensional image of the IES-VE model.

Figure 18 Three dimensional image of the IES-VE model for ground and mezzanine floor.
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4.3 BASELINE MODEL INPUT

4.3.1 GEOGRAPHICAL LOCATION AND WEATHER DATA

The case study building is located in Abu Dhabi City in Electra Street. The building is oriented approximately
45 degrees East-North. In order to set the weather data file and geographic setting of the building, the computer
model used the IES-VE tool of APLocate. Thorough this tool, the identified location data was linked to the the
software built-in data related to Abu Dhabi Intl Airport, United Arab Emirates. Daylight adjustments have been
set to zero. Following are the location data and site data input used for APLocate tool;
Location Data:

— Longitude: 54.65° E

— Latitude: 24.43° N

— Altitude: 27m meters above sea level

— Time Zone (hours ahead of GMT): 4 hours
Site Data

— Ground reflectance: 0.20

— Terrain Type: City

— Wind exposure (CIBSE heating loads): Normal

4.3.2 ABU DHABI’'s CLIMATIC CONDITIONS

The United Arab Emirates is characterized by its hot arid desert climatic, whereas the main characteristics are
known to be the high temperature, and the low rainfall levels (The UAE National Media Council. 2010). The
outside maximum dry bulb temperature can reach to 46.5°C. The weather data design file is based on ASHRAE
Standards; however, the weather data file selected was AbuDhabilWEC.fwt which is generated by IES-VE.

The following Table 8 provides more details of the assumption. The table is a generated report from the

baseline model.
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Table 8 Location and Site Data. (Source: IES-VE APLocate)

Location & Site Data

Location Abu Dhabi Intl Airport
Region United Arab Emirates
Latitude 2443 N

Longitude 5465 E

Altitude 27.0m

Time zone 4.0 hours

Hours ahead of GMT

« Daylight Saving Time

Time adjustment 0.0 hours

From

Through

Adjustment for other months | 0.0 hours

« Site Data

Ground reflectance 0.2

Terrain type City

Wind exposure Normal

(CIBSE Heating Loads)

Weather Simulation Data

ApacheSim File

AbuDhabilWEC.fwt

Design Weather Data

« Design Weather Data Source & Statistics

Source of Design Weather
ASHRAE weather location

Monthly percentile for Heating Loads desigh weather
Monthly percentile for Cooling Loads design weather
« Heating Loads Weather Data

Outdoor Winter Design Temperature

* Cooling Loads Weather Data

Max. Outside Dry-Bulb

Max. Outside Wet-Bulb

Weather model data

Temperature Humidity
Dry bulb T Min Dry bulb TMax  Wet bulb
T

at Max

dry bulb

(°C) (°C) (°C)

Jan 19.50 29.50 18.00
Feb 23.40 33.80 17.80
Mar 26.70 38.00 18.90
Apr 28.60 41.80 20.30
May 29.60 44,10 21.10
Jun 31.00 45.20 21.90
Jul 33.80 46.10 23.60
Aug 34.00 46.50 23.30
Sep 30.40 43.10 23.10
Oct 30.20 43.10 21.60
Nov 23.50 35.00 19.80
Dec 20.70 31.20 18.80

ASHRAE design weather database

Abu Dhabi Intl Airport , United Arab Emirates
99.6 %

0.4 %

11.5°C

46.5°C
23.6°C

Solar
Radiation
Linke
Turbidity
Factor

2.31
2.37
2.56
2.85
3.06
3.22
3.29
3.13
2.84
2.65
2.44
2.38
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4.3.3 THERMAL CONDITIONS

This section stipulates the simulation input and assumptions used to generate the thermal properties of the
baseline model. It has to be noted that many of the parameters deviate from the default software tools settings

due to the nature of the project as an old dated building design and systems.

4.3.3.1 ROOM CONDITIONS
All rooms are set to the same profile as following;

— Heating: heating profile is set off continuously

— District Hot Water System (DHW): is set to zero consumption

— Cooling: Cooling profile is set working between 8:00am to 6:00pm with constant profile. The cooling
set point is set to 23 °C based on comfort zone set by ASHRAE. UCLA Energy Design Tools Group
(2011).

— Plant Auxiliary System: the auxiliary system is set on between 8:00am to 6:00pm

— Model Setting: model settings are set to defaults; with solar reflected fraction of 0.05, and furniture mass
factor of 1

— Humidity Control: humidity is set within 30% to 70% relative humidity based on thermal comfort
guidelines of ASHRAE. UCLA Energy Design Tools Group (2011).

4.3.3.2 SYSTEM
The main system utilized is a cooling only system, where low efficient air conditioning systems were used.

The COP was assumed to be 2.2 based on the ASHRAE 90-1975 effective in 1980.

4.3.3.3 INTERNAL GAINS
The building zoning was divided into five zones based on functionality and relevant thermal conditions. The

detailed report of the thermal conditions input of all zones has been generated through IES-VE tools and is
provided in Appendix C, Table C1.

— Corridor: Corridor internal gains include Fluorescent lighting is assigned to maximum power

consumption of 13W/m2
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Kitchen: Kitchen internal gains include Fluorescent lighting is assigned to maximum power
consumption of 9W/m2, and cooking assigned to maximum power consumption of 10W/m2

Lobby: internal gains include Fluorescent lighting is assigned to maximum power consumption of
12W/m2, and miscellaneous lift assigned to a maximum power consumption of 5W/m2 . Based on Abu
Dhabi building code which was in use in 1980s, Article (55) regarding provision of elevators states that
for buildings over 15 storeys minimum three elevators should be provided of minimum capacity of 6
people each (ADM 1983). However the estimated consumption of 5W/m2 is assigned to the maximum
power consumption in the simulation model based on the KONE energy calculator (KONE 2013).
Office: Office internal gains include computers set at 20W/m2 for maximum sensible gain and
maximum power consumption, and is set to a profile from 8:00am to 6:00pm.

The default setting is also similar to what has been used in a study conducted by Hammad & Abu-Hijleh
(2010) which is conducted for a typical office space in Abu Dhabi. The study assumed occupancy of two
computer desks per 32 square meters, where the computer uses 370W. When the same is calculated
based on the total office area of the simulated building the average power consumption for computers
would be 22W/m2 which is close to the default setting.

Use of fluorescent lighting was selected for internal heat gain based on illuminance level of 500 lux for
office spaces based on IESNA requirements (Block 2000), accordingly maximum power consumption is
assumed 11W/m2.

For people occupancy, the assumption is to dedicate 12 square meters per person. Although the average
office space in Abu Dhabi as per UPC (2010b) was 1.9 square meters per person, this is not considered a
representative ratio for this type of buildings, since the building prototype is typically designed for either
residential or office uses. According to Hammad & Abu-Hijleh (2010), a typical office space in Abu
Dhabi provides 16 square meters per person. However, based on the layout of this building an average
of 36 people could be accommodated, therefore the habitable space dedicate to each person is around 12
square meters. Based on these assumptions, the occupancy density for the building simulation is
assigned to 12 m2/person with maximum sensible gain of 90W/person, and latent sensible gain of
60/person.

Washroom: washroom internal gains include fluorescent lighting set at 9 W/m2 for maximum sensible

gain and maximum power consumption.
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4.3.3.4 AIR EXCHANGES

— All rooms are set to an infiltration rate of 0.25 air change per hour.
— Auxiliary ventilation is set to a maximum of 2 air change per hour, and a variation profile set from 8:00

am to 6:00pm.
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4.4 SIMULATION MODELS

441 TEST SIMULATION MODELS

Prior to starting the final simulation of the studied scenarios, and due to complexity of the simulation for high-
rise building model, it is necessary to run test simulations to minimize modeling errors to minimal.
Therefore, the author conducted several test simulations on a typical floor of the studied building. The test

model was tested to identify the following parameters are within the expected range;

4.4.1.1 AIR TEMPURATRE

The model thermal conditions for cooling set point was defined as 23° C and the cooling profile is set to a daily
profile from 8:00 am to 6:00 pm. Therefore, a successful simulation model shall reflect a flat line of 23°C where
the cooling system is operational. Figure 19 present the output of annual air temperature profile in one sample
room within the typical floor. As noticed in the figure, the air temperature profile is responsive to the outdoor

air temperature profile where the cooling is off, and is represented in a constant formula —flat line- where the
cooling is operational.

8

Temperature (°C)
I}) 1 $ 1 $ 1 $ 1
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Dete: i 01/Jan to Fi 31/Dec

Figure 19 Annual air temperature profile for room identified Living-01. (IES VE Tool)
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4.4.1.2 RELATIVE HUMIDITY

The relative humidity has been set within the recommended range as per ASHRAE thermal comfort parameters
which are in the range between 30% and 70%. Figure 20 present the output of annual relative humidity profile
in one sample room within the typical floor. The figure highlights that the annual relative humidity profile is
responsive to the limits set for relative humidity with maximum value of 70% and minimum value of 30%.
Where the cooling system is off —outside the occupancy profile settings- the relative humidity profile represents

the actual outdoor conditions.

100

Percentage (%)
?.8.3.%.8.3.8 .8,

10 T T T T T T T T T T T |
Jan Feb Mar Apr May Jun Jul Aug Sep ot Nov Dec Jan

Cete: i 01/Jan to Fi 31/Dec

Figure 20 Annual relative humidity profile for room identified Living-01. (IES VE Tool)

4.4.1.3 ROOM CO2 CONCENTRATION

An important indication of whether the modeling is representatives of the as-built conditions, is the room CO2
concentration. CO2 concentration is one parameter that indicates a habitable space and is directly linked to the
cooling loads. High room CO2 concentration could be identified where reductions in cooling loads beyond the
actual conditions occur. According to ASHRAE the room CO2 concentration shall be less than 1000 ppm.

Figure 21 present the output of annual room CO2 concentration profile in one sample room within the typical
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floor. The figure highlights that the maximum CO2 concentration level is around 595 ppm where the cooling is
off. However, it is further reduced to around 360 ppm when the cooling system is operational.
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Figure 21 Annual room CO2 concentration profile for room identified Living-01. (IES VE Tool)

4.4.1.4 COOLING PLANT SENSIBLE LOAD

Similar to the air temperature profile, the annual cooling plant sensible load is an indication of the model
behavior compared to the actual conditions. Since the cooling system is set to a daily profile from 8:00 am to
6:00 pm; the simulation results shall reflect the same. Figure 22 present the output of annual cooling plant
sensible load profile in one sample room within the typical floor. The figure highlights that the annual cooling
load profile is responsive to the outdoor conditions; i.e. during the Summer months, the cooling load is at peak,
where it is reduced during Winter Months. Also, it is noticed that the cooling load is zero when the cooling
system is off.
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Figure 22 Annual cooling plant sensible loads profile for room identified Living-01. (IES VE Tool)

4.4.1.5 THERMAL ZONING

Moreover, a trial simulation was conducted for the typical floor with the internal partitions, and without the
internal partitions. The comparison of sensible cooling loads for both models is used to identify whether the
internal zoning will have impact on the study. Based on this comparison, the final model for the overall
structure is defined. Figure 23 indicates the typical floor models as-built, and with connected spaces. The model
to the left defines the rooms as different zones, which typically consumes more time for analysis. To the right, a
modified model has considered the IES ModellT function to connect spaces. The function was used for the

office spaces only, and was selected with removal of partitions.
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Figure 23 Typical plan IES model. To the left is the model as-built conditions, to the right is the model with connected spaces.

The results highlighted an overall difference of 5% on the total room cooling sensible load. The differences
range from 3.4% to 5.2% on the monthly cooling loads. Table 9 stipulates the monthly and yearly room cooling
plant sensible loads in MWh for the typical floor based on a simulation model for the as-built conditions of
separate spaces, and a simulated model with connected spaces for office spaces. Figure 24 summarizes the
difference in cooling load profile of the two models graphically. It is noticed that the difference during the
Summer from May to September witness the greatest deviation in the results.

Based on the comparison highlighted above, the author decided to simulate the building on the basis of as-built

conditions to minimize the modeling errors.
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Table 9 Comparison on room cooling plant sensible loads between connected spaces model and as built model.

Room cooling plant sens. load (MWh)

Date Typical Floor as built  Typical Floor with connected spaces
Jan 01-31 0.9059 0.8651
Feb 01-28 1.8522 1.7698
Mar 01-31 4.8052 4.5588
Apr 01-30 9.6783 9.1826
May 01-31 14.0266 13.314
Jun 01-30 17.2003 16.3085
Jul 01-31 18.6062 17.694
Aug 01-31 19.5397 18.5494
Sep 01-30 16.8354 15.961
Oct 01-31 11.9635 11.3382
Nov 01-30 7.5186 7.1125
Dec 01-31 2.5366 2.3937
Summed total 125.4686 119.0477
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Figure 24 Typical floor space zoning comparison.

79|Page



442 SIMULATION SCENARIOS

The simulations scenarios are set to analyze the thermal parameters of the building envelope, and the impact of
the upgrades for the external wall insulation, roof insulation, and external glazing. This research will use the
minimum requirements for the 1 pearl rating for the building envelope upgrades, that will be based on the
requirements stipulated under the Estidama U-value calculator for the 1 pearl rating and 2-5 pearl rating. Where

the 2-5 pearl rating standards are used, the research will refer to the standards as 2 pearl scenario.

The first set of simulation is the baseline scenario for the as-built conditions. The second set targets the thermal
insulation upgrades for the external walls to the requirements of the Abu Dhabi Urban Planning Council
Estidama requirements as stipulated in the Pearl Rating System set for Abu Dhabi. This set includes two
scenarios; the first is the upgrade to 1 Pearl rating with the requirements for wall U-value of 0.32 (W/m2.K), the
second is for 2Pearls rating with the requirements of 0.29 (W/m2.K).

The third set consists of two scenarios for upgrades of glazing properties to 1 Pearls rating requirement for
glazing U-value of 2.2 (W/m2.K) and glazing SHGC value of 0.4. The second scenario improves the
performance for 2 Pearl rating to 1.9 (W/m2.K) and 0.3 respectively.

The fourth set consists of upgrades of the roof thermal insulation in two scenarios similar to the above. The 1
pearl rating scenario requires roof u-value of 0.14 (W/m2.K), whereas the second scenario for 2 pearl rating
requires roof u-value of 0.12 (W/m2.K).

The fifth and final set of model is a scenario of all combined solutions of 1 pearl, and 2- pearls requirements.
Table 10 provides a summary of the minimum requirements in compliance with 1 Pearl rating, and the

advanced requirements to achieve the optional credit 2 Pearls (Abu Dhabi Urban Planning Council 2010).

Table 10 Summary of thermal performance requirements in compliance with 1 pearl & 2-5 pearls rating.

Element Baseline Model 1 Pearl 2-5 Pearls
RE-R1 Required RE-2 Optional Target Value
Target Value

Infiltration 2.000 ach 0.350 | ach 0.200 | ach

Wall (U-value) | 1.600 W/m2.K 0.320 | W/m’.K 0.290 | W/m*.K

Floor (U-value) | 0.25 W/m2.K 0.150 | W/m*.K 0.140 | W/im’.K

Roof (U-value) | 0.505 W/m2.K 0.140 | W/m’.K 0.120 | W/m*.K

Glazing (U- 5.811 W/m2.K 2.200 | W/m’.K 1.900 | W/m*.K

value)

Glazing (SHGC) | 81 % 40 % 30 %
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Table 11 summarizes the scenarios based on different simulation input variables which were used for the case
study. For easy comparison the table uses two different symbols for the baseline and the modified parameter.
The symbol O is used where the baseline value is used, and the symbol X is used where an upgrade is proposed
and evaluated.

Table 11 Summary of IES model simulation input variables

Scenario Baseline Wall  Wall Glazing Glazing Roof Roof Combined Combined
) Model 1 2-5 1Pearl 2-5 1 2-5 1 Pearl 2-5 Pearls
Variables  U-value SHGC Pearl  Pearls Pearls ~ Pearl Pearls

(WIm2.K) (%)

External ~ Baseline n.a. 0] - - 0] 0] 0] O - -
Walls
0.320 n.a. - X - - - - - X -
0.290 n.a. - - X - - - - - X
Glazing Baseline Baseline O o] @] - - @] o] - -
2.200 0.4 - - - X - - - X -
1.900 0.3 - - - - X ; - - X
Roof Baseline n.a. ) ) ) ) ) - - - -
0.140 n.a. - - - - - X - X -
0.120 n.a. - - - - - - X - X
Notes:

O : the baseline value is applied
X : an upgrade is applied

n.a.: not applicable

45 SIMULATION PROCESS

The case study building consists of a total 17 floors with 15 typical floors, mezzanine and ground floors.
Therefore, the simulation processing through IES-VE is likely to be interrupted by model complexity and its
requirements for advanced IT systems. In order to minimize any unwanted IT related errors and delays, the
researcher decided to split the simulation into three different models.

The simulation process begins with identifying the breakdown of the building structure for easy analysis and

arrangement of the results. The building has been divided into three models as following;
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— Typical floor simulation model
— Ground floor and mezzanine floor simulation model

— Roof floor simulation model

The simulation and the study will be conducted separately for each of the models. For each of the models the 8
scenarios will be generated, as described in the earlier section. A total of 23 simulations shall be conducted
inclusive of;

— 7 simulations for the typical floor model

— 7 simulations for the ground and mezzanine floors model

— 9 simulations for the roof floor model

All results from the models will be presented statistically and imported into a table form using MS Office —
Excel program. The results from the typical floor model will be multiplied by 14 to represent the overall results
for all typical floors except for the roof floor. The results will be added to the ground and mezzanine floors
results as well as the roof floor model results.

Although the roof floor is represented architectural in the same manner as the typical floor, it has been
identified as a separate IES model since the roof is exposed directly to the external atmosphere, which shall
increase the solar gain and energy consumption for this floor in particular.

The final step shall be presenting the overall results for the whole structure in the coming sections of this paper.
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CHAPTER 5: RESULTS AND DISCUSSION
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5 RESULTS AND DISCUSSION

5.1 INTRODUCTION

This chapter will include the results of this research and discuss the savings that are achieved through various
refurbishment strategies. This section will also discuss the economic feasibility of the proposed scenarios to
nominate the most feasible option which achieves the greatest energy savings within an economically viable
solution context. The study presented in this chapter will also evaluate the overall savings of the existing
building stock in Abu Dhabi which is represented by the studies typology.

Comprehensive and critical analysis of the results is required to understand the potential of energy savings by
employing thermal envelope upgrades. The results will be presented for the room cooling plant sensible loads,
the system energy, the auxiliary system energy, the total electricity consumption. It is also essential to
understand the sensible heat balance which includes the conduction gain in the external building envelope
elements. It has to be noted that during the studies conducted for the previous research project —refer to Chapter
2- that the behavior of the cooling load profile and related energy savings when combined refurbishment
solutions are employed, has to be explained through the elemental heat gain, and overall envelope sensible heat

balance.

The chapter will first present the outcome of the refurbishment solutions for thermal insulation upgrades for
external walls, followed by glazing upgrades, thermal insulation upgrades for the roof, and the combined
refurbishment solutions. A discussion around the building envelope performance in terms of solar gain and
external conduction gain will be presented to support and justify the results of combined versus individual
refurbishment scenarios. The chapter will then provide an economic feasibility assessment section. The chapter
will be concluded by assessing the potential of energy saving for the total GFA of the existing building stock in

Abu Dhabi, which is represented by the case study.
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5.2 EXTERNAL WALLS INSULATION REFURBISHMENT

The refurbishment application for the external walls of the building focuses on upgrading the thermal
performance of the walls. Therefore, the refurbishment technique proposed is addition of thermal insulation.
There are two types of thermal insulation upgrades to the existing buildings, which are locally common. These
include thermal insulation boards of different thicknesses, thermal properties, and material properties, and the
application of a curtain wall which could be externally fixed to the existing structure.

This section will present and discuss the results of two different scenarios to upgrade the thermal performance
of the external walls. The scenarios selected are the upgrades to U-value of 0.32 W/m2.K and 0.29 W/m2.K;

which are based on the Estidama Pearl Rating System requirements for 1 pearl, and 2-5 pearls rating.

5.21 TYPICAL FLOOR

The results for the typical floor —presented in Table 12- indicated cooling loads savings of around 5.67% for the
1 pearl wall upgrade, and 5.80% for the 2 wall pearl upgrade. The reduction in annual chillers energy and
related auxiliary chiller system and heat rejection system are estimated at 5.14% and 5.26% for the 1 pearl and 2
pearls scenarios respectively. The savings in the annual energy consumption were 3.54% and 3.63% for the 1
pearl scenarios and 2 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 3.752 MWeh/yr, and
3.840 MWeh/yr for the 2 pearls wall. Also, the annual reduction in CO2 emissions are estimated at 1,940
KgCO2 and 1,985 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. CO2 emissions were estimated
based on the IES Vista Analysis results of Total Carbon Emissions CE including carbon emissions from the
building and its systems and based on type of fuel used to generate electricity in Abu Dhabi excluding any
contribution from renewable energy.

For a monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.
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Table 12 Load, Energy and Carbon results of external wall upgrades for typical floor model.

Wall- 1 Wall-2

Pearl Pearl
Wall- 1 Savings Wall-2 Savings

Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 125.4686 118.3528 5.67% 118.1854 5.80%
Chillers energy (MWh) 56.1426 53.2564 5.14% 53.1885 5.26%
Ap Sys chillers energy (MWh) 56.1426 53.2564 5.14% 53.1885 5.26%
Ap Sys heat rej fans/pumps energy (MWh) 16.8428 15.9769 5.14% 15.9566 5.26%
Total system energy (MWh) 83.2134 79.4628 4.51% 79.3745 4.61%
Total electricity (MWh) 105.8156 102.0636 3.55% 101.9753 3.63%
Total energy (MWh) 105.897 102.1464 3.54% 102.0581 3.63%
Total CO2 Emissions ((kgCO2) 54,723.00 52,783.00 3.55% 52,738.00 3.63%

It is noticed that the additional savings beyond the 1 pearl rating upgrades and minimal for external wall
upgrades in the typical floor, with a range of 0.08% to 0.13%. Also, it is noticed that the overall savings in the
case of 1 pearl upgrade from the baseline case is still modest. This is explained due to the fairly good thermal
performance of the external wall section which is calculated to have a U-value of 1.6 W/m2.K. The construction
of the external wall as-built, although has no thermal insulation application, it was designed with air gap
between two high density concrete blocks. This explains the modest reductions in cooling loads, energy

consumption, and CO2 emissions.

5.2.2 ROOF FLOOR

The results for the roof floor —presented in Table 13- indicated cooling loads savings of around 5.94% for the 1
pearl wall upgrade, and 6.09% for the 2 wall pearl upgrade. This is slightly greater than the results shown for
the typical floor, and that is mainly due to the external building envelope in case of the roof floor includes the
roof element which is almost three times of better insulation than the baseline wall section. This means that the
overall building envelope in case of the roof floor will have better performance than that for the typical floor.
The results also indicate a reduction in annual chillers energy and related auxiliary chiller system and heat
rejection system, estimated at 5.39% and 5.52% for the 1 pearl and 2 pearls scenarios respectively. The savings
in the annual energy consumption were 3.73% and 3.82% for the 1 pearl scenarios and 2 pearl scenario

respectively.
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Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 3.9896 MWeh/yr, and
4.0848 MWeh/yr for the 2 pearls wall. Also, the annual reduction in CO2 emissions are estimated at 2,062
KgCO2 and 2,112 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.

Table 13 Load, Energy and Carbon results of external wall upgrades for roof floor model.

Wall- 1 Wall-2

Pearl Pearl
Wall- 1 Savings Wall-2 Savings

Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 127.3355 119.7668 5.94% 119.5863 6.09%
Chillers energy (MWh) 56.8844 53.8155 5.39% 53.7423 5.52%
Ap Sys chillers energy (MWh) 56.8844 53.8155 5.39% 53.7423 5.52%
Ap Sys heat rej fans/pumps energy (MWh) 17.0653 16.1447 5.39% 16.1227 5.52%
Total system energy (MWh) 84.1811 80.1926 4.74% 80.0975 4.85%
Total electricity (MWh) 106.78 102.7904 3.74% 102.6952 3.83%
Total energy (MWh) 106.8647 102.8762 3.73% 102.781 3.82%
Total CO2 Emissions ((kgCO2) 55,222.00 53,160.00 3.73% 53,110.00 3.82%

Similar to the typical floor, the additional savings beyond the 1 pearl rating upgrade were minimal, estimated to
be within a range of 0.09% to 0.14%. Generally, the savings in cooling loads, energy consumption, and CO2

emissions are greater than the typical floor, which has been explained earlier.

5.2.3 GROUND AND MEZZANINE FLOORS

The results for the ground and mezzanine floors —presented in Table 14- indicated cooling loads savings of
around 3.88% for the 1 pearl wall upgrade, and 3.98% for the 2 wall pearl upgrade. The reduction in annual
chillers energy and related auxiliary chiller system and heat rejection system are estimated at 3.58% and 3.67%
for the 1 pearl and 2 pearls scenarios respectively. The savings in the annual energy consumption were 2.53%
and 2.59% for the 1 pearl scenarios and 2 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 5.0284 MWeh/yr, and
5.1512 MWeh/yr for the 2- pearls wall. Also, the annual reduction in CO2 emissions are estimated at 2,600
KgCO02 and 2,663 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.
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Table 14 Load, Energy and Carbon results of external wall upgrades for GF and Mezz floor model.

Wall- 1 Wall-2
Pearl Pearl
Wall- 1 Savings Wall-2 Savings
Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 245.7228 236.1836 3.88% 235.9506 3.98%
Chillers energy (MWh) 107.9103 104.0423 3.58% 103.9478 3.67%
Ap Sys chillers energy (MWh) 107.9103 104.0423 3.58% 103.9478 3.67%
Ap Sys heat rej fans/pumps energy (MWh) 32.3731 31.2127 3.58% 31.1843 3.67%
Total system energy (MWh) 155.2918 150.2647 3.24% 150.142 3.32%
Total electricity (MWh) 198.4932 193.4648 2.53% 193.342 2.60%
Total energy (MWh) 198.6329 193.6059 2.53% 193.4831 2.59%
Total CO2 Emissions ((kgCO2) 102,649.00 | 100,049.00 2.53% 99,986.00 2.59%

The results indicate higher energy consumption for the ground and mezzanine floors compared to the typical
and roof floors. That is due to the high ratio of glazing in the ground floor level which is used for retail and
office spaces. The additional savings beyond the 1 pearl rating upgrades were minimal and even less than the
previous two models for the typical and roof floors. The additional savings ranges between 0.06% and 0.09%.

5.24 ALL BUILDING

The results for the building consist of 14 typical floors, roof floor, and ground and mezzanine floors. The results
—presented in Table 15- indicated cooling loads savings of around 5.13% for the 1 pearl wall upgrade, and
5.61% for the 2 wall pearl upgrade. The reduction in annual chillers energy and related auxiliary chiller system
and heat rejection system are estimated at 4.98% and 5.10% for the 1 pearl and 2 pearls scenarios respectively.
The savings in the annual energy consumption were 3.44% and 3.52% for the 1 pearl scenarios and 2 pearl
scenario respectively.

Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 61.5460 MWeh/yr,
and 63.0002 MWeh/yr for the 2 pearls wall. Also, the annual reduction in CO2 emissions are estimated at
29,760 KgCO2 and 32,565 KgCO2 for the 1 pearl and 2 pearls upgrades respectively.
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Table 15 Load, Energy and Carbon results of external wall upgrades for the building.

Wall- 1 Wall-2
Pearl Pearl

Wall- 1 Savings Wall-2 Savings

Output Baseline Pearl (%) Pearl (%)

Room cooling plant sens. load (MWh) 2129.6187 2020.4583 5.13% 2010.1325 5.61%
Chillers energy (MWh) 950.7911 903.4474 4.98% 902.3291 5.10%
Ap Sys chillers energy (MWh) 950.7911 903.4474 4.98% 902.3291 5.10%
Ap Sys heat rej fans/pumps energy (MWh) 285.2376 271.034 4.98% 270.6994 5.10%
Total system energy (MWh) 1404.4605 1342.9365 4.38% 1341.4825 4.48%
Total electricity (MWh) 1786.6916 1725.1456 3.44% 1723.6914 3.53%
Total energy (MWh) 1788.0556 1726.5317 3.44% 1725.0775 3.52%
Total CO2 Emissions ((kgCO2) 923,993.00 | 894,233.00 3.22% 891,428.00 3.52%

The annual cooling load profile for the three scenarios i.e. baseline, Wall 1 Pearl and Wall 2 Pearls; are
presented in Figure 25. It is noticed that the upgrades positively impacted the building performance in terms of
cooling loads reduction. The greatest reductions are noticed during the summer months from June to September.
For monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.
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Figure 25 Comparison for Monthly Room Cooling Plant Sens. Load (MWh) for Wall Upgrades.
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5.3 BUILDING FENESTRATION REFURBISHMENT

The refurbishment application for the building fenestration focuses on upgrading the thermal performance of the
glazing. The external glazing could be replaced with higher performance of thermal resistance, and improved
solar heat gain coefficient (SHGC).This section will present and discuss the results of two different scenarios to
upgrade the thermal performance of the building fenestration. The scenarios selected are the upgrades to U-
value of 2.2 W/m2.K and 1.9 W/m2.K; and SHGC of 0.4 and 0.3; which are based on the Estidama Pearl Rating
System requirements for 1 pearl, and 2-5 pearls rating.

5.3.1 TYPICAL FLOOR

The results for the typical floor —presented in Table 16- indicated cooling loads savings of around 11.02% for
the 1 pearl glazing upgrade, and 13.50% for the 2 glazing pearl upgrade. The reduction in annual chillers energy
and related auxiliary chiller system and heat rejection system are estimated at 9.96% and 12.20% for the 1 pearl
and 2 pearls scenarios respectively. The savings in the annual energy consumption were 6.87% and 8.41% for
the 1 pearl scenarios and 2- pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl glazing upgrades is estimated at 7.271 MWeh/yr,
and 8.901 MWeh/yr for the 2 pearls glazing. Also, the annual reduction in CO2 emissions are estimated at 3,760
KgCO2 and 4,603 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.

Table 16 Load, Energy and Carbon results of external glazing upgrades for typical floor model.

Glazing - 1 Glazing -2
Pearl Pearl
Glazing- 1 Savings Glazing -2 Savings
Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 125.4686 111.6365 11.02% 108.5303 13.50%
Chillers energy (MWh) 56.1426 50.5493 9.96% 49,2955 12.20%
Ap Sys chillers energy (MWh) 56.1426 50.5493 9.96% 49.2955 12.20%
Ap Sys heat rej fans/pumps energy (MWh) 16.8428 15.1648 9.96% 14.7887 12.20%
Total system energy (MWh) 83.2134 75.9404 8.74% 74.3098 10.70%
Total electricity (MWh) 105.8156 98.5444 6.87% 96.9144 8.41%
Total energy (MWh) 105.897 98.624 6.87% 96.9934 8.41%
Total CO2 Emissions ((kgCO2) 54,723.00 50,963.00 6.87% 50,120.00 8.41%
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It is noticed that the additional savings beyond the 1 pearl rating upgrades are greater than that achieved through
external wall upgrades in the typical floor. The savings in the case of fenestration upgrades ranges from 1.54%
to 2.48% which is almost 19 times greater than the case of wall upgrades. Also, it is noticed that the overall
savings in the case of 1 pearl upgrade from the baseline case is significant. This is explained due to the
significant difference between the thermal performance of the external glazing as-built conditions; which is a

clear single glazed window panels; and the proposed upgrades.

5.3.2 ROOF FLOOR

The results for the roof floor —presented in Table 17- indicated cooling loads savings of around 11.57% for the 1
pearl glazing upgrade, and 14.20% for the 2-5 glazing pearl upgrade. The reduction in annual chillers energy
and related auxiliary chiller system and heat rejection system are estimated at 10.48% and 12.86% for the 1
pearl and 2-5 pearls scenarios respectively. The savings in the annual energy consumption were 7.25% and
8.90% for the 1 pearl scenarios and 2-5 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl glazing upgrades is estimated at 7.7473

MWeh/yr, and 9.5098 MWeh/yr for the 2-5 pearls glazing. Also, the annual reduction in CO2 emissions are
estimated at 4,006 KgCO2 and 4,917 KgCO2 for the 1 pearl and 2-5 pearls upgrades respectively. For a
monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.

Table 17 Load, Energy and Carbon results of external glazing upgrades for roof floor model.

Glazing - 1 Glazing -2
Pearl Pearl
Glazing - 1 Savings Glazing -2 Savings
Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 127.3355 112.6073 11.57% 109.2521 14.20%
Chillers energy (MWh) 56.8844 50.925 10.48% 49.5692 12.86%
Ap Sys chillers energy (MWh) 56.8844 50.925 10.48% 49.5692 12.86%
Ap Sys heat rej fans/pumps energy (MWh) 17.0653 15.2775 10.48% 14.8708 12.86%
Total system energy (MWh) 84.1811 76.4326 9.20% 74.6696 11.30%
Total electricity (MWh) 106.78 99.0327 7.26% 97.2702 8.91%
Total energy (MWh) 106.8647 99.1162 7.25% 97.3532 8.90%
Total CO2 Emissions ((kgCQO2) 55,222.00 51,216.00 7.25% 50,305.00 8.90%

Similar to the typical floor, the additional savings beyond the 1 pearl rating upgrades are greater than that

achieved through external wall upgrades in the typical floor. The savings in the case of fenestration upgrades
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ranges from 1.35% to 2.63% which is almost 15 to 19 times greater than the case of wall upgrades. Also, it is
noticed that the overall savings in the case of 1 pearl upgrade from the baseline case is still significant, similar
to the case in the typical floor. However, it is slightly reduced than the savings in the typical floor since the
contribution of the glazing to the overall exposed envelope is less in the case of the roof. The glazing to the
exposed surface area of the building envelope in the case of the roof floor is 12.7%, whereas in the typical floor
itis 32.3%.

5.3.3 GROUND AND MEZZANINE FLOORS

The results for the ground and mezzanine floors —presented in Table 18- indicated cooling loads savings of
around 18.32% for the 1 pearl glazing upgrade, and 23.27% for the 2 wall glazing upgrade. The reduction in
annual chillers energy and related auxiliary chiller system and heat rejection system are estimated at 16.89%
and 21.45% for the 1 pearl and 2 pearls scenarios respectively. The savings in the annual energy consumption
were 11.93% and 15.16% for the 1 pearl scenarios and 2- pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl glazing upgrades is estimated at 23.6931

MWeh/yr, and 30.0891MWeh/yr for the 2-5 pearls glazing. Also, the annual reduction in CO2 emissions are
estimated at 12,250 KgCO2 and 15,557 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a
monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.

Table 18 Load, Energy and Carbon results of external glazing upgrades for GF and Mezz floor model.

Glazing - 1 Glazing -2

Pearl Pearl
Glazing - 1 Savings Glazing -2 Savings

Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 245.7228 200.7012 18.32% 188.5416 23.27%
Chillers energy (MWh) 107.9103 89.6848 16.89% 84.7648 21.45%
Ap Sys chillers energy (MWHh) 107.9103 89.6848 16.89% 84.7648 21.45%
Ap Sys heat rej fans/pumps energy (MWh) 32.3731 26.9054 16.89% 25.4294 21.45%
Total system energy (MWh) 155.2918 131.5977 15.26% 125.201 19.38%
Total electricity (MWh) 198.4932 174.8001 11.94% 168.4041 15.16%
Total energy (MWh) 198.6329 174.9389 11.93% 168.5421 15.15%
Total CO2 Emissions ((kgCO2) 102,649.00 | 90,399.00 11.93% 87,092.00 15.16%

The results indicate significantly higher energy savings for the ground and mezzanine floors compared to the

typical and roof floors, when the building fenestration is upgraded. That is due to the high ratio of glazing in the
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ground floor level which is used for retail and office spaces; which is 2 times greater than solid external walls
area where window to wall ratio is around 67%. The additional savings beyond the 1 pearl rating upgrades
were considerably greater than the previous two models for the typical and roof floors with approximately 5%
additional reduction in cooling loads.

Generally, the additional savings range from 3.22% to 4.95%; which is 53 to 55 times greater than the
additional savings in the case of wall upgrades from 1 to 2 pearl rating. This is one of the significant notes,
where great emphasis shall be given on glazing upgrades for similar buildings over wall upgrades. However, the
economic feasibility will be addressed at a later section to understand the financial viability of such

refurbishment application.

5.34 ALL BUILDING

The results for the building consist of 14 typical floors, roof floor, and ground and mezzanine floors. The results
—presented in Table 19- indicated cooling loads savings of around 11.90% for the 1 pearl glazing upgrade, and
14.67% for the 2 pearl glazing upgrade. The reduction in annual chillers energy and related auxiliary chiller
system and heat rejection system are estimated at 10.78% and 13.29% for the 1 pearl and 2 pearls scenarios
respectively. The savings in the annual energy consumption were 7.45% and 9.19% for the 1 pearl scenarios
and 2 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl glazing upgrades is estimated at 133.2372
MWeh/yr, and 164.2157 MWeh/yr for the 2 pearls glazing. Also, the annual reduction in CO2 emissions are
estimated at 68,896 KgCO2 and 84,916 KgCO2 for the 1 pearl and 2 pearls upgrades respectively.

Table 19 Load, Energy and Carbon results of external glazing upgrades for the building.

Glazing - 1 Glazing -2

Pearl Pearl
Glazing - 1 Savings Glazing -2 Savings

Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 2129.6187 1876.2195 11.90% 1817.2179 14.67%
Chillers energy (MWh) 950.7911 848.3 10.78% 824.471 13.29%
Ap Sys chillers energy (MWh) 950.7911 848.3 10.78% 824.471 13.29%
Ap Sys heat rej fans/pumps energy (MWh) 285.2376 254.4901 10.78% 247.342 13.29%
Total system energy (MWh) 1404.4605 1271.1959 9.49% 1240.2078 11.70%
Total electricity (MWh) 1786.6916 1653.4544 7.46% 1622.4759 9.19%
Total energy (MWh) 1788.0556 1654.7911 7.45% 1623.8029 9.19%
Total CO2 Emissions ((kgCO2) 923,993.00 | 855,097.00 7.46% 839,077.00 9.19%
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The results indicate significant energy savings which is closer to the percentage identified in the typical floor.
The additional savings beyond the 1 pearl rating upgrades were considerably greater than the previous case for
wall upgrades. The additional savings estimated at 2.77% for the cooling loads, compared to a 0.48% for the
wall upgrade.

Generally, the additional savings range from 2.73% to 2.77%; which is 5 times greater than the additional
savings in the case of wall upgrades from 1 to 2 pearl rating. However, the 1 pearl refurbishment for the
building fenestration is estimated to save 2.3 times greater cooling loads than for the wall refurbishment
application. The economic feasibility study will emphasize on the viability of the solution.

The annual cooling load profile for the three scenarios i.e. baseline, Glazing 1 Pearl and Glazing 2 Pearls; are
presented in Figure 26. Similar to the wall upgrades, the glazing upgrades positively impacted the building
performance in terms of cooling loads reduction. The greatest reductions are noticed during the summer months
from June to September. For monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.
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Figure 26 Comparison for Monthly Room Cooling Plant Sens. Load (MWh) for Glazing Upgrades.
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5.4 EXTERNAL ROOF INSULATION REFURBISHMENT

The refurbishment application for the building’s roof implies upgrading the thermal performance of the
externally exposed element of the roof. Therefore, the refurbishment technique proposed is addition of thermal
insulation. This section will present and discuss the results of two different scenarios to upgrade the thermal
performance of the roof. The scenarios selected are the upgrades to U-value of 0.14 W/m2.K and 0.12 W/m2.K;
which are based on the Estidama Pearl Rating System requirements for 1 pearl, and 2-5 pearls rating. Since the
roof insulation upgrade is only applicable on the roof floor; the results presented in this section will be

specifically for the roof floor model, and the overall building.

5.4.1 ROOF FLOOR

The results for the roof floor —presented in Table 20- indicated cooling loads savings of around 3.44% for the 1
pearl roof upgrade, and 3.64% for the 2-5 roof pearl upgrade. The reduction in annual chillers energy and
related auxiliary chiller system and heat rejection system are estimated at 3.12% and 3.30% for the 1 pearl and 2
pearls scenarios respectively. The savings in the annual energy consumption were 2.16% and 2.28% for the 1
pearl scenarios and 2 pearl scenario respectively. It is noticed that the savings are generally the lowest when
compared to wall or glazing upgrades, that is mainly because the roof area is only around 6.4% of the overall
building envelope.

Annual reductions in electricity consumption for the 1 pearl roof upgrades is estimated at 2.3083 MWeh/yr, and
2.4396 MWeh/yr for the 2 pearls roof. Also, the annual reduction in CO2 emissions are estimated at 1,193
KgCO2 and 1,261 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.
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Table 20 Load, Energy and Carbon results of roof upgrades for roof floor model.

Roof - 1 Roof -2

Pearl Pearl
Roof- 1 Savings Roof-2 Savings

Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 127.3355 122.9523 3.44% 122.7032 3.64%
Chillers energy (MWh) 56.8844 55.1088 3.12% 55.0079 3.30%
Ap Sys chillers energy (MWh) 56.8844 55.1088 3.12% 55.0079 3.30%
Ap Sys heat rej fans/pumps energy (MWh) 17.0653 16.5326 3.12% 16.5024 3.30%
Total system energy (MWh) 84.1811 81.8729 2.74% 81.7417 2.90%
Total electricity (MWh) 106.78 104.4717 2.16% 104.3404 2.28%
Total energy (MWh) 106.8647 104.5565 2.16% 104.4252 2.28%
Total CO2 Emissions ((kgCO2) 55,222.00 54,029.00 2.16% 53,961.00 2.28%

It is noticed that roof insulation upgrades are less effective than wall and glazing elements refurbishment. The
results for roof insulation upgrades for 1 pearl rating indicated 2.5% less savings in annual cooling loads
compared to wall insulation for the same rating level. Moreover, the additional savings for the upgrades from 1
pearl rating to 2 pearl rating for roof u-value is minimal, which ranges between 0.08% and 0.20%. Generally,
the cooling loads, energy consumption, and CO2 emissions for the baseline model are greater than that for the
typical floor. However, the savings are not greater due to the existing insulation for the roof compared to the

walls with no thermal insulation application for the existing conditions.

5.4.2 ALL BUILDING

The results for the building consist of 14 typical floors, roof floor, and ground and mezzanine floors. The results
—presented in Table 21- indicated cooling loads savings of around 0.21% for the 1 pearl roof upgrade, and
0.22% for the 2-5 roof pearl upgrade. The reduction in annual chillers energy and related auxiliary chiller
system and heat rejection system are estimated at 0.19% and 0.20% for the 1 pearl and 2-5 pearls scenarios
respectively. The savings in the annual energy consumption were 0.13% and 0.14% for the 1 pearl scenarios
and 2-5 pearl scenario respectively.

As mentioned in the previous section, the nominal savings are the same as achieved for the single floor of the
roof. Annual reductions in electricity consumption for the 1 pearl roof upgrades is estimated at 2.3083

MWeh/yr, and 2.4396 MWeh/yr for the 2-5 pearls roof. Also, the annual reduction in CO2 emissions are
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estimated at 1,193 KgCO2 and 1,261 KgCO2 for the 1 pearl and 2-5 pearls upgrades respectively. For a

monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.

Table 21 Load, Energy and Carbon results of roof upgrades for the building.

Roof - 1 Roof -2
Pearl Pearl
Roof - 1 Savings Roof -2 Savings
Output Baseline Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 2129.6187 2125.2355 0.21% 2124.9864 0.22%
Chillers energy (MWh) 950.7911 949.0155 0.19% 948.9146 0.20%
Ap Sys chillers energy (MWh) 950.7911 949.0155 0.19% 948.9146 0.20%
Ap Sys heat rej fans/pumps energy (MWh) 285.2376 284.7049 0.19% 284.6747 0.20%
Total system energy (MWh) 1404.4605 1402.1523 0.16% 1402.0211 0.17%
Total electricity (MWh) 1786.6916 1784.3833 0.13% 1784.252 0.14%
Total energy (MWh) 1788.0556 1785.7474 0.13% 1785.6161 0.14%
Total CO2 Emissions ((kgCO2) 923,993.00 | 922,800.00 0.13% 922,732.00 0.14%

Contrary to the refurbishment applications for the glazing and external walls, the refurbishment of the building
roof has minimal if not negligible contribution to the reduction in the overall building’s cooling load, energy
and electricity consumption. For example, the external wall upgrades to 1 pearl rating contributes to electricity
saving 26 times higher than that for the roof upgrade for the same rating level.

The annual cooling load profile for the three scenarios i.e. baseline, Roof 1 Pearl and Roof 2 Pearls; are
presented in Figure 27. Similar to the wall & glazing upgrades, the roof upgrades positively impacted the
building performance in terms of cooling loads reduction. The greatest reductions are noticed during the
summer months from June to September. However, it has to be noted that the annual cooling loads exceed 300
MWh for the 1 & 2 pearls upgrade in July and August unlike the results shown for the wall and glazing. That is
mainly due to the minimal impact of the roof upgrades in the case of tall buildings as explained earlier. For

monthly breakdown of the Load, Energy and Carbon results; refer to Appendix E.
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Figure 27 Comparison for Monthly Room Cooling Plant Sens. Load (MWh) for Roof Upgrades.

5.5 COMBINED REFURBISHMENT SOLUTION

The combined refurbishment solution investigates the savings that could be achieved if all above three scenarios

are applied all together. This section presents the results for the individual models for the typical floor, roof

floor, ground and mezzanine floors, and the overall building; in which the combined solution refers to

refurbishment for the external wall and glazing in the typical floor, ground and mezzanine floors. However,

combined refurbishment solution for the overall building and the roof floor model implies the refurbishment for

the external walls, glazing, and roof.

This section will present and discuss the results of two different scenarios for each of the models. The scenarios

selected are the upgrades of the u-values for the external envelope, and glazing upgrades that responds to the

requirements stipulated to achieve Estidama Pearl Rating System requirements for 1 pearl, and 2 pearls rating.
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5.5.1 TYPICAL FLOOR

The results for the typical floor —presented in Table 22- indicated cooling loads savings of around 17.93% for
the 1 pearl upgrade, and 20.82% for the 2-5 wall upgrades. The reduction in annual chillers energy and related
auxiliary chiller system and heat rejection system are estimated at 16.22% and 18.82% for the 1 pearl and 2
pearls scenarios respectively. The savings in the annual energy consumption were 11.18% and 12.98% for the 1
pearl scenarios and 2 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl upgrade is estimated at 11.8381 MWeh/yr, and
13.7393 MWeh/yr for the 2 pearls upgrade. Also, the annual reduction in CO2 emissions are estimated at 6,121
KgCO2 and 7,104 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.

Table 22 Load, Energy and Carbon results of combined upgrades solution for typical floor model.

Combined - Combined -

1 Pearl 2 Pearl
Combined- Savings Combined - Savings

Output Baseline 1 Pearl (%) 2 Pearl (%)
Room cooling plant sens. load (MWh) 125.4686 102.9726 17.93% 99.3509 20.82%
Chillers energy (MWh) 56.1426 47.0364 16.22% 45.5739 18.82%
Ap Sys chillers energy (MWh) 56.1426 47.0364 16.22% 45.5739 18.82%
Ap Sys heat rej fans/pumps energy (MWh) 16.8428 14.1109 16.22% 13.6722 18.82%
Total system energy (MWh) 83.2134 71.3749 14.23% 69.4731 16.51%
Total electricity (MWh) 105.8156 93.9775 11.19% 92.0763 12.98%
Total energy (MWh) 105.897 94.0586 11.18% 92.1567 12.98%
Total CO2 Emissions ((kgCQO2) 54,723.00 48,602.00 11.19% 47,619.00 12.98%

It is noticed that the additional savings beyond the 1 pearl rating upgrades are greater than in the individual
elements upgrades scenarios. This is explained through the difference in the solar gain and external conduction
profiles for the external envelope; further investigations has been conducted and presented later in this chapter.
The results indicated additional savings that ranges from of 1.80% to 2.98%. Also, it is noticed that the overall
savings in the case of 1 pearl upgrade from the baseline case is considerable. The total of the individual savings
for the glazing and external walls in the typical floor model add up to 16.70%. This is less than the savings in
the cooling load when both upgrades are implemented simultaneously; which results in 17.93% savings.
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5.5.2 ROOF FLOOR

The results for the roof floor —presented in Table 23- indicated cooling loads savings of around 23.62% for the 1
pearl upgrade, and 27.19% for the 2 pearl upgrade. The reduction in annual chillers energy and related auxiliary
chiller system and heat rejection system are estimated at 21.42% and 24.65% for the 1 pearl and 2- pearls
scenarios respectively. The savings in the annual energy consumption were 14.82% and 17.06% for the 1 pearl
scenarios and 2- pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 15.8382 MWeh/yr,
and 18.228 MWeh/yr for the 2 pearls wall. Also, the annual reduction in CO2 emissions are estimated at 8,188
KgCO2 and 9,424 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown of the
Load, Energy and Carbon results; refer to Appendix E.

Table 23 Load, Energy and Carbon results of combined upgrades solution for roof floor model.

Combined- Combined-

1 Pearl 2 Pearl
Combined- Savings Combined-2 Savings

Output Baseline 1 Pearl (%) Pearl (%)
Room cooling plant sens. load (MWh) 127.3355 97.2532 23.62% 92.7087 27.19%
Chillers energy (MWh) 56.8844 44,7012 21.42% 42.8629 24.65%
Ap Sys chillers energy (MWh) 56.8844 44.7012 21.42% 42.8629 24.65%
Ap Sys heat rej fans/pumps energy (MWh) 17.0653 13.4104 21.42% 12.8589 24.65%
Total system energy (MWh) 84.1811 68.3432 18.81% 65.9531 21.65%
Total electricity (MWh) 106.78 90.9418 14.83% 88.552 17.07%
Total energy (MWh) 106.8647 91.0268 14.82% 88.6367 17.06%
Total CO2 Emissions ((kgCQO2) 55,222.00 47,034.00 14.83% 45,798.00 17.07%

Similar to the typical floor, the additional savings beyond the 1 pearl rating upgrades are greater than in the
individual elements upgrades scenarios. The results indicated additional savings that ranges from of 2.24% to
3.57%. It has to be noted, however, that the results for the roof floor model indicates better savings than the
typical floor for the combined scenario. That is because the roof refurbishment adds to the overall savings with
additional 5% for the cooling loads.

The total of the individual savings for the roof, glazing and external walls in the roof floor model for the 1 pearl
rating add up to 20.95%. This is less than the savings in the cooling load when both upgrades are implemented
simultaneously; which results in 23.62% savings. This is explained through the difference in the solar gain and
external conduction profiles for the external envelope; further investigations has been conducted and presented

later in this chapter.
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5.5.3 GROUND AND MEZZANINE FLOORS

The results for the ground and mezzanine floors —presented in Table 24- indicated cooling loads savings of
around 23.42% for the 1 pearl upgrade, and 28.80% for the 2 pearl upgrade. The reduction in annual chillers
energy and related auxiliary chiller system and heat rejection system are estimated at 21.60% and 26.56% for
the 1 pearl and 2 pearls scenarios respectively. The savings in the annual energy consumption were 15.25% and
18.76% for the 1 pearl scenarios and 2 pearl scenario respectively.

Annual reductions in electricity consumption for the 1 pearl wall upgrades is estimated at 30.2955 MWeh/yr,
and 37.2588 MWeh/yr for the 2 pearls wall. Also, the annual reduction in CO2 emissions are estimated at
15,663 KgCO2 and 19,263 KgCO2 for the 1 pearl and 2 pearls upgrades respectively. For a monthly breakdown
of the Load, Energy and Carbon results; refer to Appendix E.

Table 24 Load, Energy and Carbon results of combined upgrades solution for GF and Mezz floor model.

Combined - Combined -

1 Pearl 2 Pearl
Combined - Savings Combined - Savings

Output Baseline 1 Pearl (%) 2 Pearl (%)
Room cooling plant sens. load (MWh) 245.7228 188.179 23.42% 174.9468 28.80%
Chillers energy (MWh) 107.9103 84.6061 21.60% 79.2497 26.56%
Ap Sys chillers energy (MWHh) 107.9103 84.6061 21.60% 79.2497 26.56%
Ap Sys heat rej fans/pumps energy (MWh) 32.3731 25.3818 21.60% 23.7749 26.56%
Total system energy (MWh) 155.2918 124.9974 19.51% 118.0336 23.99%
Total electricity (MWh) 198.4932 168.1977 15.26% 161.2344 18.77%
Total energy (MWh) 198.6329 168.3385 15.25% 161.3748 18.76%
Total CO2 Emissions ((kgCO2) 102,649.00 86,986.00 15.26% 83,386.00 18.77%

The results indicate higher energy consumption for the ground and mezzanine floors compared to the typical
floor for the combined solution; however the savings in cooling loads are slightly less than the roof floor. That
is due to the high ratio of glazing in the ground floor level which is used for retail and office spaces, where
refurbishment of the glazing components highly contribute to the savings compared to the typical floor.
However, the savings for the roof floor are almost the same as the ground and mezzanine floors savings; due to
the additional savings achieved through roof refurbishment. The additional savings beyond the 1 pearl rating
upgrades are greater than that for the individual elements refurbishment. The additional savings ranges between
3.51% and 5.39%.

The total of the individual savings for the glazing and external walls in the ground and mezzanine floor model

for the 1 pearl rating add up to 22.20%. This is less than the savings in the cooling load when both upgrades are
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implemented simultaneously; which results in 23.42% savings. This is explained through the difference in the
solar gain and external conduction profiles for the external envelope; further investigations has been conducted

and presented later in this chapter.

5.54 ALL BUILDING

The results for the building consist of 14 typical floors, roof floor, and ground and mezzanine floors. The results
—presented in Table 25- indicated cooling loads savings of around 18.90% for the 1 pearl upgrade, and 22.12%
for the 2 pearl upgrade. The reduction in annual chillers energy and related auxiliary chiller system and heat
rejection system are estimated at 17.14% and 20.05% for the 1 pearl and 2 pearls scenarios respectively. The
savings in the annual energy consumption were 11.85% and 13.86% for the 1 pearl scenarios and 2 pearl
scenario respectively.

Annual reduction in electricity consumption for the 1 pearl upgrades is estimated at 211.8671 MWeh/yr, and
247.837 MWeh/yr for the 2 pearls. Also, the annual reduction in CO2 emissions are estimated at 109,545
KgCO02 and 128,143 KgCO2 for the 1 pearl and 2 pearls upgrades respectively.

Table 25 Load, Energy and Carbon results of combined upgrades solution for the building.

Combined - Combined -

1 Pearl 2 Pearl
Combined - Savings Combined - Savings

Output Baseline 1 Pearl (%) 2 Pearl (%)
Room cooling plant sens. load (MWh) 2129.6187 1727.0486 18.90% 1658.5681 22.12%
Chillers energy (MWh) 950.7911 787.8169 17.14% 760.1472 20.05%
Ap Sys chillers energy (MWh) 950.7911 787.8169 17.14% 760.1472 20.05%
Ap Sys heat rej fans/pumps energy (MWh) 285.2376 236.3448 17.14% 228.0446 20.05%
Total system energy (MWh) 1404.4605 1192.5892 15.09% 1156.6101 17.65%
Total electricity (MWh) 1786.6916 1574.8245 11.86% 1538.8546 13.87%
Total energy (MWh) 1788.0556 1576.1857 11.85% 1540.2053 13.86%
Total CO2 Emissions ((kgCO2) 923,993.00 | 814,448.00 11.86% 795,850.00 13.87%

The results indicate significant energy, cooling load, and CO2 emissions savings for the overall combined
refurbishment solutions applied to the building. The reduction in cooling loads is slightly higher than achieved
in the typical floor. That is due to the contribution of roof retrofitting application, as well as the high savings in
the ground and mezzanine floors for glazing refurbishment. Generally, the savings in the typical floor could be

generalized for the overall building as a representation of the reduction in cooling loads, energy, and CO2
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emissions reduction. Although, it has to be noted that the behavior of the ground, mezzanine and roof floors
vary than that for the typical floor. That is due to the high ratio of glazing in the ground floor level which is
used for retail and office spaces, where refurbishment of the glazing components highly contribute to the
savings compared to the typical floor. And, the savings for the roof floor are almost the same as the ground and
mezzanine floors savings; due to the additional savings achieved through roof refurbishment. The additional
savings beyond the 1 pearl rating upgrades are greater than that for the individual elements refurbishment. The
additional savings ranges between 2.01% and 3.22%.

The total of the individual savings for the roof, glazing and external walls for the overall building for the 1 pearl
rating add up to 17.23%. This is less than the savings in the cooling load when both upgrades are implemented
simultaneously; which results in 18.90% savings. This is explained through the difference in the solar gain and
external conduction profiles for the external envelope; further investigations has been conducted and presented
later in this chapter.

5.6 SOLAR GAIN AND EXTERNAL CONDUCTION GAIN

The results as presented on the previous sections indicated that the combined refurbishment solutions, where
several retrofitting applications are applied simultaneously, are more efficient than when individual scenarios
are implemented. In order to explain the buildings behavior according to the results indicated, further
investigations were conducted to understand the thermal performance of the building envelope when individual
elements are refurbished, and when the combined solutions are implemented. This study has been conducted on
a sample room within the building floors, which is the southern-west corner room.

Prior to presenting the results for solar gain and external conduction gain, it is necessary to define both
parameters as measured in the IES-VE tool for better understanding of the results. The following are the
definitions as stipulated in the IES-VE manual (IES 2013, p. 42)

“Solar gain: Solar radiation absorbed on the internal surfaces of the room, plus solar radiation absorbed in
glazing and transferred to the room by conduction.
External conduction gain: Heat conducted into (or if negative, out of) the room through the internal surfaces of

externally exposed elements, including ground floors.”
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According to the definitions above, the solar gain depends on the radiation absorbed on the internal surface of
the room. Therefore, the results presented in Figure 26 indicates that the external wall refurbishment in the
typical floor have the same exposure to solar gain as for the baseline. However, since the composition of the
glazing varies than the baseline, the solar gain when the glazing elements are replaced is less than that for the
walls. It is also noted that the for the combined solutions, for 1 pearl rating and 2-5 pearls rating, that the solar
gain is similar to that for the glazing respective to the same rating upgrades. This is explained through the
calculations criteria for the solar; in the case of walls upgrade only, the glazing elements still transfers great
amounts for solar radiation, which results in all models where no glazing upgrades are implemented remain of
the same total solar gain value; meaning that the glazing elements are the weakest elements within the building
envelope that allows for the solar radiation transfer into the building.

However, once the glazing elements are upgraded, less solar radiation is allowed into the building. This is why
the upgrades for the glazing elements into 1 pearl, and 2-5 pearls rating result in similar solar gain for the
overall upgrades for the typical floor respectively. This behavior has also been noticed for the other floors,
where the glazing has been the weakest element for solar radiation exposure and solar gain transfers. For further

details on the results, please refer to Appendix E.
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Figure 28 Solar gain profile for the typical floor.
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Having analyzed the building envelope reaction to solar gain, it is necessary to understand the external
conduction gain which will further explain the behavior of the building through refurbishment of the individual
elements versus the combined refurbishment solution. The following Figure 27 presents the results for the
external conduction gain for the sample room in the typical floor. The results indicate negative figures for the
months between November to March for the baseline, and wall upgrades scenarios, and December to March for
the glazing and combined refurbishment models. The negative figures indicate that the heat transfers from
inside the building to outside, unlike the summer months where the building interior is heated through the

external conduction gain properties.
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Figure 29 External conduction gain (MWh) for Typical Floor.

In order to tabulate the difference in the building behavior when combined solutions are applied and when
individual elements are applied, the following comparison for 1 pearl rating upgrades —presented in Table 26-
indicates that the nominal difference in the external conduction gain between the sum of the individual
refurbishment solutions to the baseline, and the combined solution to the baseline vary slightly. Although the
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difference is minimal, which around 0.0386 (MWh), it still contributes to the additional savings when a
combined solution is implemented over individual scenarios. Figure 28 presents the results for the 1 pearl
ratings upgrades graphically for the walls, glazing, and combined solution for the typical floor. It is noticed that
the difference between the individual refurbishment applications, and combined scenario in terms of external
conduction gains are the greatest during the summer from June to September, and in the winter from December

to January.

Table 26 External conduction gain (MWAh) for the typical floor.

| External conduction gain (MWh) Absolute Difference (MWh)
1 Pearl Glazing 1 Wall 1 Pearl Baseline Baseline - Baseline - Baseline - Sum of
(combined)  Pearl wall glazing combined individual
savings

Date
Jan 01-31 -0.0798 -0.1082 -0.2154 -0.2501 0.0347 0.1419 0.1703 0.1766
Feb 01-28 -0.0476 -0.0628 -0.1558 -0.1821 0.0263 0.1193 0.1345 0.1456
Mar 01-31 -0.0231 -0.0153 -0.1129 -0.1199 0.007 0.1046 0.0968 0.1116
Apr 01-30 0.0345 0.0774 0.0014 0.0221 0.0207 0.0553 0.0124 0.076
May 01-31 0.0968 0.1796 0.1185 0.1696 0.0511 0.01 0.0728 0.0611
Jun 01-30 0.1261 0.2343 0.1783 0.2526 0.0743 0.0183 0.1265 0.0926
Jul 01-31 0.1546 0.2779 0.2289 0.3144 0.0855 0.0365 0.1598 0.122
Aug 01-31 0.1538 0.2808 0.2257 0.3156 0.0899 0.0348 0.1618 0.1247
Sep 01-30 0.123 0.2276 0.1675 0.2396 0.0721 0.012 0.1166 0.0841
Oct 01-31 0.061 0.1219 0.047 0.0832 0.0362 0.0387 0.0222 0.0749
Nov 01-30 0.0022 0.0273 -0.0554 -0.0455 0.0099 0.0728 0.0477 0.0827
Dec 01-31 -0.0578 -0.0754 -0.1713 -0.197 0.0257 0.1216 0.1392 0.1473
Summed 0.5437 1.1652 0.2566 0.6027 0.5334 0.7658 1.2606 1.2992
total
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Figure 30 External Conduction Gain (MWH) for 1 Pearl refurbishment scenarios for the typical floor.

The study has been conducted for the typical floor, roof, and ground and mezzanine floor. It has been noticed
that the external building envelope behavior —in all cases- had the same differences in the external conduction
gain profile for the individual versus the combined solutions. The study was conducted for both the 1 pearl
upgrades set, and 2 pearls upgrades set. The following Figure 29 highlights the external conduction gain for the
roof floor when the refurbishment applications for 2 pearls rating are simulated. It is noted that both the external
walls, and roof have similar behavior profile, which varies from the glazing. That is again supports the results
highlighted for the solar gain analysis, where glazing has been identified as the weakest element for solar gain.
In this example, the 2 pearl combined scenario has 0.0727 MWh less conduction gain than the sum of the
individual scenarios. For the results of the 1 and 2 pearls sets of refurbishment scenarios for all models, refer to
Appendix E.
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Figure 31 External Conduction Gain (MWH) for 2 Pearl refurbishment scenarios for the roof floor.

In this section above, it is concluded that the combined refurbishment scenario results in higher savings and
better building envelope performance. However, in order to understand the economic feasibility of these
scenarios the following section presents a simple payback period study, for future considerations of optimal
refurbishment solution.
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5.7 ECONOMIC FEASIBILITY OF THE BUILDING ENVELOPE
REFURBISHMENT

The economic feasibility study of the proposed refurbishment solutions is critical to allow for a comprehensive
understanding prior to making decisions of which building elements and which refurbishment technique shall be
implemented in order to reach the desired outcome to reduce energy consumption. The economic viability study
presented in this section has been based on simple payback period analysis where the consideration of reduction
in electricity consumption is the main objective. Similar, to the results presented for the energy savings earlier,
this section will address the economic feasibility for the refurbishment applications to each of the models and
for the overall building. The economic feasibility has been considered based on the current market analysis, and

the available applications for wall insulation, roof insulation, and glazing replacement.

5.71 REFURBISHMENT APPLICATIONS AND CURRENT AVAILABILITY IN THE UAE
MARKET

As highlighted earlier, there are two applications for external walls upgrades, which are available in the UAE
market; the addition of thermal insulation boards, and the curtain wall application. For the roof refurbishment, a
simple addition of thermal insulation boards is available, whereas the glazing panels are easily replaced.

For selection of available thermal insulation materials, and better understanding of the market applications, the
research highlights the materials adopted by the UPC Estidama product database stipulated under Estidama
Villa Product Database (EVPD) as guidance. (UPC 2013c). Figure 30 illustrates a thermal insulation product
that could be used as a curtain wall application to provide additional external insulation mechanically fixed to
the existing structure and then covered by external cladding finishing. Another method is shown in Figure 31

which illustrates insulation boards that could be fixed internally to the existing building envelope.
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Figure 33 Insulation board application for building envelope. (UPC 2013c, p.1)
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The estimated cost of the different refurbishment scenarios was calculated based on an estimated refurbishment
unit cost inclusive of the material, transportation, and installation costs in the UAE. The estimated cost is
highlighted in Table 27.

Table 27 Refurbishment unit cost in the UAE. (Manneh et al 2013, p. 5)

Refurbished construction | Unit refurbishment cost (AED/ m2); inclusive of supply,

element installation and painting (not for glazing)
1 Pearl requirements 2 Pearls requirements
Wall (insulation boards) 140 165
Wall (curtain wall) 300 325
Roof 125 150
Glazing 260 280

5.7.2 REFURBISHMENT COST SAVINGS

Prior to calculating the simple payback period (SPP), the cost savings due to reduction in electricity
consumption has to be calculated. Tables Tables 28 - 31 present the cost savings for each of the individual
floors models, and the overall building for each of the refurbishment scenarios. The cost savings were estimated
based on electricity unit cost rate of 0.33 AED/KWeh Which is highlighted in tables 28- 31.

Table 28 Cost savings due to refurbishment applications for the typical floor.

1 Pearl Configuration 2 Pearls Configuration

Refurbished Cooling Electricity” Cost Cooling Electricity” Cost
construction load saving saving saving load saving saving saving
element (MWh/yr) | (MWch/yr) | (AED/yr) | (MWh/yr) (MWeh/yr) (AED/yr)
Wall 7.1158 3.7520 1,238.16 7.2832 3.8403 1,267.30
Roof n/a n/a n/a n/a n/a n/a
Glazing 13.8321 7.2712 | 2,399.496 16.9383 8.9012 2,937.40
All 22.496 11.8381 | 3,906.573 26.1177 13.7393 4,533.97

* Assuming a HVAC system with a coefficient of performance (COP) of 2.2 based on ASHRAE 90-

1975

** Using electricity rate of 0.33 AED/kW;h
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Table 29 Cost savings due to refurbishment applications for the roof floor.

1 Pearl Configuration

2 Pearls Configuration

Refurbished Cooling Electricity” Cost Cooling Electricity” Cost
construction load saving saving saving load saving saving saving
element (MWh/yr) | (MWchlyr) | (AED/yr) | (MWh/yr) (MWeh/yr) (AED/yr)
Wall 7.5687 3.9896 | 1,316.568 7.7492 4.0848 1,347.98
Roof 4.3832 2.3083 761.739 4.6323 2.4396 805.07
Glazing 14.7282 7.7473 | 2,556.609 18.0834 9.5098 3,138.23
All 30.0823 15.8382 | 5,226.606 34.6268 18.2280 6,015.24

* Assuming a HVAC system with a coefficient of performance (COP) of 2.2 based on ASHRAE 90-

1975

** Using electricity rate of 0.33 AED/kW;h

Table 30 Cost savings due to refurbishment applications for the ground and mezzanine floors.

1 Pearl Configuration

2 Pearls Configuration

Refurbished Cooling | Electricity” Cost Cooling Electricity” Cost
construction | load saving saving saving” | load saving saving saving”
element (MWh/yr) | (MW:h/yr) | (AED/yr) | (MWhlyr) (MWeh/yr) (AED/yr)
Wall 9.5392 5.0284 | 1,659.372 9.7722 5.1512 1,699.90
Roof n/a n/a n/a n/a n/a n/a
Glazing 45.0216 23.6931 | 7,818.723 57.1812 30.0891 9,929.40
All 57.5438 30.2955 9,997.515 70.776 37.2588 12,295.40

* Assuming a HVAC system with a coefficient of performance (COP) of 2.2 based on ASHRAE 90-

1975

** Using electricity rate of 0.33 AED/kW;h

Table 31 presents both the overall cost savings and the unit cost savings. The unit cost savings will be used later
to verify the overall savings that could be achieved in Abu Dhabi if the refurbishment applications are
implemented on a wide scale for all buildings presented through the studied prototype.
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Table 31 Cost savings due to refurbishment applications for the overall building.

1 Pearl Configuration 2-5 Pearls Configuration
Cooling L Cooling L

Refurbished construction load EIectr_lcny C.O St load Electr_luty C.OSt**
element saving sawrr]l/g savm/g saving sawﬂlg savm/g

(Mwhiyr) | (MWeDYT) | (AEDIYD | hyyry | (MWeY)- | (AEDIYT)
Wall (4746.84 sq.m.) 109.1604 61.5460 20310.18 | 119.4862 63.0002 20.790.07
Roof (447.1 sq.m.) 4.3832 2.3083 761.739 4.6323 2.4396 805.07
Glazing (1751.84 sq.m.) 253.3992 | 133.2372 | 43968.276 | 312.4008 | 164.2157 5419118
All (GFA 7394.7 sq.m.) 402.5701 | 211.8671 | 69916.143 | 471.0506 | 247.8370 81786.21
Unit Savings
Wall (4746.84 sq.m.) 0.0148 0.0083 2.7466 0.0162 0.0085 2.8115
Roof (447.1 sq.m.) 0.0006 0.0003 0.1030 0.0006 0.0003 0.1089
Glazing (1751.84 sq.m.) 0.0343 0.0180 5.9459 0.0422 0.0222 7.3284
All (GFA 7394.7 sq.m.) 0.0544 0.0287 9.4549 0.0637 0.0335 11.0601

* Assuming a HVAC system with a coefficient of performance (COP) of 2.2 based on ASHRAE 90-1975
** Using electricity rate of 0.33 AED/kW;h

5.7.3 SIMPLE PAYBACK PERIOD STUDY

The estimated SPP was calculated by dividing the refurbishment cost by the cost of the energy saved annually —
as highlighted in the previous tables. Table 32 summerizes the results of the simple payback period study for all
individual floors, and for the overall building. As highlighted, the glazing elements upgrade to 2-5 pearl rating
is the most economically viable solution to in all scenarios, where 9 years payback period could achieve savings
of 164.2157 MWhe of annual electricity consumption.

It also, have to be noted that the upgrades in the combined solution for the overall building to 2-5pearl rating
when thermal insulation boards for the walls are used along with roof, and glazing refurbishment, has a SPP of
around 16 years. Therefore, the additional cost used for the refurbishment could be justified by the significant
savings as well as the fact that this simple payback period did only consider the rewards from energy savings
perspective only. It is important to highlight — within this context- that the payback period calculations excludes
the savings in government electricity cost subsidies, evaluation of building envelop climatic performance
upgrade such as humidity resistance, air tightness, aesthetical appearance, as well as future increases in the cost
of electricity. It is expected that once all the benefits are quantified, the SPP analysis will result in reasonable

timeframe for the owners to recoup their initial investment cost.
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Table 32 Summary of the SPP for all configurations.

1 Pearl Configuration

2-5 Pearls Configuration

Cost Simple Simple
MODEL | Refurbished construction Refurbishment savin payback | Refurbishment | Cost saving | payback
element cost (AED) (AED /Sf) period cost (AED) (AEDl/yr) period
(yn (yn
Wall (insulation boards) 40,555.20 123816 | 32.75 47,797.20 126730 | 37.72
Wwall (curtain wall) 86,904.00 123816 | 70.19 94,146.00 126730 | 74.29
oo: Roof n/a n/a n/a n/a n/a n/a
9 Glazin
0 g 24.398.40 239950 | 10.17 26,275.20 2.937.40 8.95
-
< . .
O All (insulation boards) 64,953.60 390657 | 16.63 74,072.40 4,533.97 16.34
>_ .
- All (curtain wall) 111,302.40 | 390657 | 28.49 120,421.20 | 4,533.97 26.56
Wall (insulation boards) 40,555.20 131657 | 30.80 47,797.20 1,347.98 | 35.46
Wall (curtain wall) 86,904.00 1,316.57 66.01 94,146.00 1,347.98 69.84
Roof 55,887.50 761.74 73.37 67,065.00 805.07 83.30
& Glazing
S 24.398.40 2,556.61 9.54 26,275.20 3,138.23 8.37
-
- ) )
u All (insulation boards) 12084110 | 522661 | 23.12 141,137.40 6,015.24 | 23.46
O .
2 All (curtain wall) 167,1890.90 | 522661 | 31.99 187,486.20 6,015.24 | 31.17
Wall (insulation boards) 56,229.60 1,659.37 | 33.89 66,270.60 1,699.90 | 38.99
" )
x wall (curtain wall) 120,492.00 | 1,659.37 | 7261 130,533.00 1,699.90 | 76.79
- Roof n/a n/a n/a n/a n/a n/a
[agl
<z 8zing 89052580 | 781872 | 11.45 | 9641240 | 992040 | 9.71
zZ
2z ) )
=N All (insulation boards) 14575540 | 9,997.52 14.58 162,683.00 | 12,295.40 | 13.23
x w .
T All (curtain wall) 210,017.80 | 9,997.52 21.01 22694540 | 12,295.40 | 18.46
Wall (insulation boards) 664,557.60 | 20,310.18 | 32.72 783,228.60 | 20,790.07 | 37.67
Wall (curtain wall) 1,424,052.00 | 20,310.18 | 70.12 | 1,542,723.00 | 20,790.07 | 74.20
o Roof 55,887.50 761.74 73.37 67,065.00 805.07 83.30
= Glazing
o 45547840 | 43,968.28 | 10.36 | 49051520 | 54,9118 | 9.05
5 . .
o All (insulation boards) 1,17592350 | 69,916.14 | 1682 | 1,340,808.80 | 81,786.21 | 16.39
3 All (curtain wall)
< 1,935417.90 | 69,916.14 | 27.68 | 2,100303.20 | 81786.21 | 25.68
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Based on the above, it is recommended to invest on a combined refurbishment scenario for the 2-5 pearl rating
standards where the capital cost allows for such application. Where financial restrictions on the capital cost, it is
recommended to upgrade the building glazing, especially for the ground floor since it is an easy application, and
contributes greatly to the energy savings. Table 33 summerized the potential savings in the cooling loads,
energy, and Carbon emissions for the overall building once the refurbishment scenarios are applied. Figure 32

highlights the savings in percentage compared to the baseline.

Table 33 Summary Comparison for Load, Energy, and Carbon Savings for the overall building.

Room Ap Sys
Refurbished | cooling Chillers Ap SYs heat rej Total Total Total Total
. chillers system L Carbon
construction | plant sens. energy energy fans/pumps energy electricity energy Emissions
element load (MWhyr) energy (Mweh/yr) | (MWh)
(MWh/yr) (MWhyr) (MWh/yr) (MWhyr) (KgCO2/yr)
Baseline 2129.6187 | 950.7911 | 950.7911 | 285.2376 | 1404.4605 | 1786.6916 | 1788.0556 923.993.00
.5 Wall 2020.4583 | 903.4474 | 903.4474 271.034 | 13429365 | 1725.1456 | 1726.5317 894.233.00
= ®
§ ; Roof 2125.2355 | 949.0155 | 949.0155 284.7049 | 1402.1523 | 1784.3833 | 1785.7474 922.800.00
— = 1
g Glazing 1876.2195 848.3 848.3 254.4901 | 1271.1959 | 1653.4544 | 1654.7911 855.097.00
All 1727.0486 | 787.8169 | 787.8169 236.3448 | 1192.5892 | 1574.8245 | 1576.1857 | 814,448.00
Wall
c a 2010.133 | 902.3291 | 902.3291 | 270.6994 | 1341.483 | 1723.691 | 1725.078 | 891,428.00
o
c:s S | Roof
o 5 2124.986 | 948.9146 | 948.9146 | 284.6747 | 1402.021 | 1784.252 | 1785.616 | 922,732.00
S-?‘g Glazin
N § J 1817.218 | 824.471 | 824.471 247.342 | 1240.208 | 1622.476 | 1623.803 | 839,077.00
All
1658.568 | 760.1472 | 760.1472 | 228.0446 | 1156.61 | 1538.855 | 1540.205 | 795,850.00
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Room Ap Sys
cooling Chillers 3::”52:; heat rej sTsott:rIn Total Total
plant sens. energy energ fans/pum e\rlwergy electricity energy
load (MWh/yr) (MWh/;Ir) ps energy (MWh/yr) (Mweh/yr) (MWHh)
(MWh/yr) (MWh/yr)
W Wall Savings (%) 5.13% 4.98% 4.98% 4.98% 4.38% 3.44% 3.44%
M Roof Savings (%) 0.21% 0.19% 0.19% 0.19% 0.16% 0.13% 0.13%
M Glazing Savings (%)| 11.90% 10.78% 10.78% 10.78% 9.49% 7.46% 7.45%
H All Savings (%) 18.90% 17.14% 17.14% 17.14% 15.09% 11.86% 11.85%
B Wall Savings (%) 5.61% 5.10% 5.10% 5.10% 4.48% 3.53% 3.52%
B Roof Savings (%) 0.22% 0.20% 0.20% 0.20% 0.17% 0.14% 0.14%
 Glazing Savings (%)| 14.67% 13.29% 13.29% 13.29% 11.70% 9.19% 9.19%
= All Savings (%) 22.12% 20.05% 20.05% 20.05% 17.65% 13.87% 13.86%

Figure 34 Summary Comparison for Load, Energy, and Carbon Savings for the overall building.

In conclusion, the significant 22.12% reduction in cooling loads could be achieved with a simple payback

period estimated at 16 years, when 2-5 pearls rating combined solution refurbishment is applied.
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5.8 POTENTIAL ENERGY SAVINGS ACROSS ABU DHABI

This study aimed at conducting an assessment of the potential energy savings in Abu Dhabi. Since this case
study has been identified as a representation of the commercial building in Abu Dhabi for the period from 1980
— 1989, and based on the studies presented in the literature review; it is considered that the case study represents
an overall of 550,000 square meters of office space GFA.

Table 34 presents the overall unit savings and the overall savings in electricity consumption in Abu Dhabi for
the existing buildings stock built in the period from 1980 to 1989. The annual savings of the electricity
consumptions are estimated at 18,433.52 MWeh for the combined solution upgrades to 2-5 pearl rating
retrofitting application. Whereas, the refurbishment of the most economically feasible solution to upgrade the
building glazing to 2-5 pearl rating standards, can achieve an overall reduction for the same buildings estimated
at 12,213.97 MWeh/yr. CO2 emissions reduction for the combined solution of 2-5 pearls rating is estimated at
9,530,968.13 KgCO2/yr, whereas that for the 1 pearl combined solution upgrade is estimated at 8,147,693.62
KgCO2/yr.

Table 34 Summary of Annual Electricity Savings in Abu Dhabi for 1980s Buildings.

Unit Savings Abu Dhabi 1980s Buildings
1 Pearl 2-5 Pearl 1 Pearl 2-5 Pearl
Rating Rating Rating Rating
Electricity Electricity Electricity Electricity
saving saving saving saving

(MWehlyr) (MWehlyr) (MWehlyr) (MWehlyr)

Wall (4746.84 sq.m.) 0.0083 0.00852 4,577.64 4,685.80
Roof (447.1 sq.m.) 0.0003 0.00033 171.69 181.45

Glazing (1751.84 sq.m.) 0.0180 0.02221 9,909.86 12,213.97
All (GFA 7394.7 sq.m.) 0.0287 0.03352 15,758.17 18,433.52

Having stated the above, and in consideration of the building prototype identified earlier for the 1990s building
stock, it can be concluded that the ground floor level with great percentage of external glazing can be
considered as a representation for the 1990s buildings. The difference could be summarized for the baseline in
the case of 1990s building; it shall use clear double glazed panels with U-value of 3.0 W/m2.K and SHGC of
0.7, HVAC COP of 3.0, and an open space plan. Therefore, the modifications above were introduced to the

ground floor model to conclude a rough estimation as a start point for further investigation on the behavior of
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the typical office floor for a 1990s building, and the potential reduction in electricity when the building is
upgraded to 1 pearl rating and 2 pearls rating for the glazing elements. Table 35 highlights the savings in
electricity consumption in Abu Dhabi if glazing has been refurbished to the 1 pearl and 2 pearls rating
standards. Since the existing building stock is higher for this building prototype (represented in a total GFA of
862,500 sg.m.); the overall savings for Abu Dhabi are estimated at 28,598.86 MWeH/yr and 20,152.07
MWeh/yr for the 2 pearls and 1 pearl rating respectively.

Table 35 Summary of Annual Electricity Savings in Abu Dhabi for 1980s Buildings.

Unit Savings Abu Dhabi 1990s Buildings
1 Pearl 2-5 Pearl 1 Pearl 2-5 Pearl
Rating Rating Rating Rating
Electricity Electricity Electricity Electricity
saving saving saving saving
(MWeh/yr)  (MWeh/yr)  (MWeh/yr) (MWeh/yr)
Glazing 0.0234 0.03316 20,152.07 28,598.86

Although, the above results for the 1990s prototype is rough, it is considered indicative of the situation and will

require further studies to better estimate the savings for various techniques.

The following Chapter presents a set of recommendations for further studies in light of this research. Also, it

concludes the study by presenting the major findings of this research.

118 |Page



CHAPTER 6: CONCLUSION AND RECOMMENDATION
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6 CONCLUSION AND RECOMMENDATIONS CONCLUSION

The UAE has witnessed rapid growth in the urban development in the past few decades. Since the discovery of
oil in 1960s, and the increase in population, the construction industry has been a greatly active sector in the
country. This development, however, was accompanied with great growth rate in energy consumption in the
Emirates. According to Al-Iriani (2005), the average growth rate in energy consumption in the UAE for the
period between 1980 and 2000 was estimated at 10% annual growth rate, which topped that for the world
estimated at 3%. In the UAE, the built environment is estimated to contribute to nearly 40% of the total energy
consumption, in which around 98%-99.5% were built prior to enforcement of green building regulations in the
country such as Estidama Pearl Rating System in Abu Dhabi. (Alawadi et al. 2013). Therefore it is estimated
that the major savings in energy consumption can be achieved through refurbishment of the existing building
stock. This increased demand in energy consumption, and the environmental impact of the existing building
stock triggered the question whether refurbishment applications can significantly reduce the energy
consumption and positively contribute to the achievements of the national goals in reducing CO2 emissions by
2030.

The research studied the urban development in Abu Dhabi since 1960s to identify the existing building stock,
and the typologies responding to the development of construction methods and materials. It has been identified
that around 54% of the existing building stock in Abu Dhabi is categorized under commercial and governmental
sectors, which gives more value to conducting research on office buildings. The research also concluded that the
existing building stock mainly include the buildings constructed in 1980s onwards. The buildings prior to 1980s
were mostly demolished due to two main reasons; being of poor quality, and having changed the regulations for
buildings heights to more vertical development. The study has investigated the building regulations applicable
to the building envelope thermal performance, and concluded that there were no specific standards enforced on
this regard. However, it wasn’t until the year 2010 when Estidama Pearl Rating requirements for minimum one
pearl rating for all new buildings, and two pearls for governmental buildings have been enforced.

Based on the literature review, and the studies of the existing building stock, two building prototypes were
identified to represent office buildings in the 1980s and 1990s. The major differences between both prototypes

have been identified to be as following;
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For the buildings in the 1980s;
— Mixed use buildings with conversion from residential to commercial spaces
— Post-modern Architecture
— 15-20 stories height
— Plaster finishing with stone cladding introduced in the late 1980s
— No external wall insulation
— Single glazing
—  Window-type HVAC units

For the buildings in 1990s;
— Both mixed-use residential conversion, and stand-alone office buildings
— Post-modern and modern Architecture
— 20-25 stories height
— Curtain wall and/or fully glazed facades, aluminum cladding, and stone cladding
— Concrete and steel structure
— Double glazing
— Central AC system

The literature review of the existing building stock and analysis of the chronological order of the urban
development in Abu Dhabi facilitated identifying the total GFA representative of each of the periods from
1980-1989 and 1990-1999.

Further to the identification of representative prototype for commercial buildings in 1980s and 1990s and the
estimated total GFA for each decade, a case study of an existing building in Abu Dhabi has been selected. The
building represents the mixed-use buildings built in the 1980s. Computer modelling was used to assess the
savings in electricity consumption, associated cooling loads, energy consumption, and CO2 emissions for the
selected prototype. The 17 stories building was modeled in three simulation models; typical floor, roof floor,
and ground and mezzanine floors. Severn to Nine building simulations for each of the models were conducted
to assess savings due to individual elemental refurbishment and combined scenarios considering upgrades to 1
and 2 pearls rating thermal properties. The potential reduction in cooling loads for the overall building varies
dramatically depending on the refurbishment application. For the upgrades to 1 pearl rating standards, the
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savings range from 0.21% in the case of roof, to 5.13% and 11.90% in the case of the wall and fenestration
upgrades respectively. However, for the upgrades to 2 pearls rating requirements, the savings were estimated at

0.22% for the roof upgrades, 5.61% and 14.67 for the wall and fenestration upgrades respectively.

The results indicated that the savings in the typical floor were the closest representation to the results for the
overall building; that is because the total GFA representing the typical floor is around 82% of the total building
GFA. Also, it has been noted that the savings from the roof refurbishment is considered negligible for the
overall building savings. On the other hand, the glazing upgrades have proven to be the most effective solution
which achieves the highest savings. One of the important conclusions of this study is the fact that individual
elements of the building, and individual floors could be looked at for prioritized refurbishment strategy
depending on the individual savings that could be achieved, easement of implementation, and economic
feasibility.

Moreover, the study highlights that combined solutions achieve greater savings than when individual
refurbishment applications are considered. Solar gain, and external conduction gain analysis was conducted to
understand the results for the combined solution. Based on the analysis, it has been noticed that the elements
behavior and specifically the external conduction gain profile varies for the various applications. The solar gain
analysis identified the glazing as the weakest element, where the overall solar gain is always linked to the
glazing properties. An example for the set of upgrades to 2 pearls was presented where it has been noted that
both the external walls, and roof have similar behavior profile, which varies from the glazing.. In this example, the 2
pearls combined scenario has 0.0727 MWh less annual conduction gain than the sum of the individual scenarios.

For the combined solutions, the savings for the overall building were significant and were estimated at 18.90% and

22.12% for the 1 pearl and 2 pearls upgrades respectively.

The feasibility study indicated that the most feasible refurbishment solution for the building prototype of 1980s
is for 2 pearls glazing upgrade, where 9 years payback period could achieve savings of 164.2157 MWhe of
annual electricity consumption. However, it was noted that the highest savings for the combined solution in the
case of 2 pearls upgrades would return its capital cost in around 16 years. It is important to highlight — within
this context- that the payback period calculations excludes the savings in government electricity cost subsidies,
evaluation of building envelop climatic performance upgrade such as humidity resistance, air tightness,

aesthetical appearance, as well as future increases in the cost of electricity. It is expected that once all the
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benefits are quantified, the SPP analysis will result in reasonable timeframe for the owners to recoup their initial

investment cost.

Finally, the research is concluded by magnifying the annual reduction in electricity consumption to represent
the savings across Abu Dhabi. For the 1980s, the implementation of a combined retrofitting scenario which
targets upgrading the external walls, roof, and glazing to 2-5 pearls rating requirements; is estimated to achieve
annual reduction in electricity consumption of 18,433 MWeh/yr. Whereas, the refurbishment of the most
economically feasible solution to upgrade the building glazing to 2-5 pearl rating standards, can achieve an
overall reduction for the same buildings estimated at 12,213.97 MWeh/yr. CO2 emissions reduction for the
combined solution of 2 pearls rating is estimated at 9,530,968.13 KgCO2/yr.

Moreover, an indication of the typical building prototype for the 1990s has been provided, based on the building
characteristics concluded from the literature review. Since the buildings in the 1990s have a predominant
feature of high ratio of external glazing —if not fully glazed- the refurbishment was targeted for the glazing
elements only. Based on the initial estimates, the overall savings for Abu Dhabi for the 1990s buildings represented
by the sample floor are estimated at 28,598.86 MWeH/yr and 20,152.07 MWeh/yr for the 2 pearls and 1 pearl rating

respectively.

6.1 RECOMMENDATIONS FOR FUTURE RESEARCH

Further to this research, there are several opportunities for continuation and problems to be further investigated.
With regards to potential of energy savings, cooling load reduction, and CO2 emissions reduction, further
investigations could be conducted on the building prototype representative of the period from 1908 to 1989. The
investigations could target refurbishment strategies of various types of glazing including triple-glazing panels.
Also, a combination between active and passive retrofitting strategies could be investigated.

As highlighted during the research, there is a major difference between the HVAC systems and their efficiency
for those used in 1980s and 1990s. Further research could target the potential savings due to replacement of the
HVAC system.

Moreover, further studies could be conducted on an existing building representative of the 1990s for
comprehensive analysis of the cooling loads, energy, and CO2 emissions through implementation of various
retrofitting strategies.
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On another level, the research could be used as a basis to investigate formation of retrofitting policies and
regulations similar to that established for the US Green Building Council as LEED for Existing Buildings. Since
the Abu Dhabi Urban Planning Council has already established the Estidama Pearl Rating System, there is great
benefit to form a rating system for existing buildings. The formation of standards, regulations, and policies for
upgrades in the existing building thermal performance need to be further investigated from a regulatory
framework perspective.

Another aspect that could be further investigated is the construction constraints and opportunities,
implementation strategies, and other constructability aspects of the retrofitting strategies. Such investigations

shall identify any potential risks associated with the retrofitting strategies suggested in this research.

Finally, detailed economic feasibility study could be conducted to evaluate the additional benefits associated
with building envelope refurbishment inclusive of humidity resistance, air tightness, sound insulation, building
durability, etc. Also, parameters such as governmental subsidies and inflation rates shall be taken into
consideration to provide a better picture of the payback period versus the identified benefits of the building

retrofitting.
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APPENDIX A - LITERATURE REVIEW SUPPORTING DATA

Table A36 Consumption of Electricity per Region in MWh. (Source: SCAD 2012, p. 67)

Year Total Abu Dhabi Al Ain Al Garbia
1972 223314 198,741 24573 0
1973 336 242 200 242 37,000 0
1974 428 537 ERERET 51,000 0
1975 629 350 540,281 89 069 0
1976 B45 072 710,224 134748 0
1977 1219023 1,029,651 189,372 0
1978 1377251 1,121,522 255 729 0
1979 1878240 1,490.011 379229 0
1980 2376367 1,846,765 529 602 0
1981 2870532 2,205,829 664 703 0
1982 3426085 2557424 B6S, 661 0
1983 3207 402 2848 166 059 236 0
1984 4148 808 3065922 1,082,976 0
1085 4523 421 3348037 1,175,384 0
1086 5 400 085 4130064 1,351,021 0
1987 5 950056 4,492 728 1,457,328 0
1988 6 464 500 4 863,535 1,600,074 0
1989 6 830 833 5,096,929 1,733,904 0
1990 & 605 590 4 670,690 1,935,000 0
1991 6724047 4 636,047 2,088,000 0
1992 7.079 949 4 881049 2,198,000 0
19932 7.787.185 5 462,137 2325048 0
1994 8351385 5 006,447 2444038 0
1995 0074210 6212210 2 862,000 0
1996 10,246 470 7,201,470 3,145,000 0
1997 10,883 760 7,462 760 3.421,000 0
1998 16,104 368 10,810,768 4 181,580 1,112,020
1999 17 507 862 11,515,152 4741220 1,251,490
2000 10,128 380 12,158 360 5442130 1527 890
2001 20,648 660 12,063 260 5,083 830 1701,570
2002 22398 850 14,178 270 £,205,720 1024 860
2003 23 289990 14,924 760 5,506,630 1,858 600
2004 24365 800 15 620 760 6,569, 450 2,175,590
2005 25423 862 16,158 411 6,849 131 2416320
2006 27323017 17 376,073 7,091,412 2,855 532
2007 20342 214 18577 267 7,528 700 3,236,247
2008 31,480,854 19,803 400 7881 926 3.795 420
2009 34716,166 22 062 262 8,474 342 4179 562
2010 30,173,140 24850010 g 081,380 5 241 750
1972 to 2010 net change, %6
17 442 12 404 36,857

Sources:

+ Abu Dhabi Water and Electricity Cornpany (ADWEC) (2000-2009)
« Abu Dhabi Water and Electricity Authority (ADVWEA) {1994-1999)
+ Department of Water and Electricity (1972- 1993

MNotes:
1. 2002-2003 Al Ain and Al Ghrabia figures are estirmates
2. Consumption include interral Electrical Consumption by Power Stations and Technical Losses Through the Network
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Table A2 Key Statistics of Construction Activities (Source: SCAD 2012, p. 69)

1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

Buildings

3,007
4,540
6,072
7,604
9,136
10,668
12,200
13,736
16,872
20,007
23,074
41,905
46,738
46,746
48,988
51,230
53,473
55,635
55,001
54,367
53,733
53,099
52,465
51,831
51,194
70,431
73,483
76,419
83,080
86,358
89,636
92,914
96,192
98,917
103,523
108,202
112,882
117,254

126,817

Housing

6,625
10,001
13,378
16,754
20,130
23,506
26,883
30,259
37,117
43,975
50,743
75,447
84,416
88,683
92,949
97,216
101,482
105,749
85,532
90,865
96,198
101,532
106,865
112,199
117,532
141,514
147,657
153,800
180,354
187,338
194,321
201,305
208,289
215,273
213,368
223,329
233,290
243,251
248,686

Total

53
135
55
117
222
325
552
787
2,310
2,242
2,758
3,748
4,188
4,590
5,130
4,999
4,636
4,457
7,854
5,760
5,301
7,918
5,064
4,862
5,989
5,457
6,028
5,505
5,925
5,897
7,844
9,568
7,366
6,536
7,513
7,499
7,606
8,555
9,631

Permits Issued by Region
Abu Dhabi

29
71
27
74
162
232
378
488
1,433
1,475
1,720
1,619
2,042
2,468
2,620
2,808
2,263
2,380
2,331
2,946
3,315
3,423
3,196
3,062
3,787
3,482
4,633
4,036
4,119
4,224
5,234
7,348
5,677
4,241
4,994
5,073
5,327
5,947
6,055

Al Ain

24
64
28
43
60
93
174
299
877
767
1,038
2,129
2,146
2,122
2,510
2,191
2,373
2,077
5,523
2,814
1,986
4,495
1,868
1,708
2,087
1,777
1,061
1,162
1,611
1,501
2,476
2,096
1,577
2,164
2,381
2,293
2,144
2,608
3,576

134|Page



136,380 254,121
145,943 259,556

155,506 264,991
165,072 270,428

1968 to 2010 net change, %
5,389 3,982 21,782 28,021 14,148

Sources for building and

houses: Sources for number of permits:

+¢ Building and housing unit Census (1995-2001) «» Department of Municipality and Agriculture (2003-2004)

¢ Central Statistical Administration (1985) < Abu Dhabi Municipality and Al Ain Municipality (1976-2002)
¢ Population and housing census (1980) «» Abu Dhabi Municipality (1975)

«»+ Building and housing unit surveys (1972,1992) < Department of Town Planning, Abu Dhabi (1968-1974)

Note: Figures for buildings and housing for the period 2006 - 2009 estimated based on the primary result of the frame
update project conducted by SCAD in October 2010

Table A3 Comparison of 20 simulation software according to their capabilities (Source: Crawley et al 2005, p. 21)

ABBREVIATIONS IN THE TABTLES

X

feature or capability that 1s available and m common use (e.g. a mature facility, well supported
documentation/mterface/examples)

feature or capability that 1s partially implemented (e.g.. it addresses part of an issue. does not yet fully
represent the underlying physics or 1s a work-in-progress)

optional feature or capability that 15 not included m the standard distribution or requires additional
payment and/or a download.

optional feature or capability that is intended for research use (e.g.. links to experimental data.
validation tests, and options to invoke alternative correlations or modify the underlying solution
techmique)

feature or capability that requires considerable domain expertise or knowledge of the underlying models
(e g computational fluid dynamics, 2D/3D conduction, fire evacuation)

feature or capability that requires input data that can be difficult to obtamn (e.g.. parameter estimates
from optimuzation, difficult to obtamn curve fits. no manufacturer data available, little or no research has
been done to characterize model coefficients)
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Table A4 Comparison of 20 simulation software according to their capabilities (Source: Crawley et al 2005, p. 26)

Table 3 & 2068|342 |8 |g|. ala |&E |2 m |
Building Envelope, Daylighting and Solar % £ g o g .53 5 Ela|a |2 |4 % & :T:J v @ ; & é 2
2SR (|55 & || (7|7 T (2|82 |5 B
Solar analysis
= Beam solar radiation reflection from outside and ¥ P % x X
inside window reveals )
= Solar gain through blinds accounts for different X 3 X x X x X
transmittances for sky and ground diffuse solar -
= Solar gain and daylighting calculations account
for inter-reflections from external building P X b4 x7 X P b4 x*
components and other buildings
= Creation of optimized shading devices X
= Shading surface transmittance X P X X X X X X"
= Shading device scheduling X X X P X X | x ¥ x| x P X | x| x X
= User-specified shading control X X P | X* X x® XX X X X X
= Bi-directional shading devices P : X x® X X X X X
= Shading of sky IR by obstructions X | x : X X | x X X X
Insolation analysis
= time-invariant and/or user stipulated® X pe X P X X X X
= distribution computed at each hour™ X X X X X EI%
= distribution computed at each timestep¥ X EI®
= Beam solar radiation passes through interior . -6
windows (double-envelope) X P X X X XX F X X
= Track insolation losses (outside or other zones) X X

*" Does not include specular reflection from obstructing bedies or diffuse shading. Insolation calculation for any shape of room and includes surfaces within the room.
®No specular reflection
* Using embedded scripting engine allows a function to be called each time-step to change shading parameters or shading masks.
: For two blind positions and daylighting accounted for in light switching for multiple sensors and circuits per thermal zone.
Via surfaces
2 User defines where direct sunlight (insolation) falls in a room, e.g., put 45% on the floor and 55% on the back wall or the application distributes insolation in the same pattern for all hours.
3 Time-invariant except for sunspaces, where solar distribution is calculated hour-by-hour
* Ateach hour, application calculates the distnbution of direct sunlight (insclation) entering via each window (at nn-time or calculated and stored for retrieval at mm time).
% Direct solar radiation impinging on surfaces is calculated every hour, but the obstructed fraction due to shading surfaces is caleulated hour-by-hour every two weeks.
* Must be caleulated outside the building model and requires additional data.
7 Ateach timestep, application calculates the distribution of direct sunlight (insolation) entering via each window (at run-time or calculated and stored for retrieval at run time).
 For sunspaces (atriums) only, not used for double envelope buildings

* With separate add-in for double sheet facades
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Table A5 Comparison of 20 simulation software according to their capabilities (Source: Crawley et al 2005, p. 27)

Table 3 e | 215 |=& a2 |2 | | . w A | E |2 w | @
Building Envelope, Daylighting and Solar = = % < = f gg £ %8 & z 8 = v -’3 = & z @
4 |8 |2 |8 5| s gflg | §F | 3|8 |2 |B[ZE|x|B |8 |F | |2
= 2|8 & [#9 & |58 |F SE 2|7 FE
Advanced fenestration
* Contrellable window blinds X X X X" X X X X X X X X
*  Between-glass shades and blinds X X X X X X X X X X
* Electrochromic glazing X" X X X X E®
*  Thermochromic glazing X X X 1 =
* Datasets of window types™ PPl X P X P X | X | P7 | X" | X7 | X X X P X
* WINDOW 5 calculations B X b il X
* WINDOW 4.1 data import X e 3 hoa X 3 X X
®  Dirt correction factor for glass solar and visible E P x x P X E"
transmittance

*  Movable storm windows X X X X X X X X
*  Bi-directional shading devices P ? X hes X X X X X
*  Window blind model* X X X X xX* x= X X
*  User-specified daylighting control X X X X X X X X X X X
*  Window gas fill as single gas or gas mixture X X X X X X X
General Envelope Calculations
*  Qutside surface convection algorithm

o BLAST/TARFP X 3 X X

o DOE-2 X 3 X X X

o MoWiTT ? X X X

o ASHRAE simple X B X X X X X X X

" Using embedded scripting engine allows a fimction to be called each time-step to change glass parameters based on analysis results.
7' Multiple representations possible: as part of a constructions optical properties, as solar obstructions associated with the zone or as explicit surfaces with full treatment of convection and radiation exchange.
7* With freely available elecirochromic/thermochromic plug-in developed at Welsh School of Architecture.
By apphmg a comrection factor outside the building model (Type-36) or defining several windows in WINDOW 3 and switching from one to the other during simulation based on conditions or control signal
™ Conventional, reflective, low-E. gas-fill, electrochromic, and\\.'ﬂ\DOW 5] ].E‘EI by-layer custom glazing description
7 Extensible window ].ibmr} with possibility of defining individual 3" mderpolvnomla.l transmission versus angle of incidence curves.
7 Window 4 single band calculation for layer-by- laierdesmpmus or accepts Window 5 mmultiband output for compesite window descriptions
Window 5 import only by manual editing of optical data_Frames and edge-of-glass properties modeled via explicit surfaces
" Configuration of window glazing and window assembly defined: perfmman;e calculations based on Window 4.
™ Checklist with 11 glazing types and two frame types, or advanced mmerical data mput for up to 25 windows.
* Window 4.1, 5.1 and 5.2 ¢ data import capabilities
*! Via general fan]m, for sut constructions thermophysical and optical properties during simulation
** Slat-type shading devices such as Venetian blinds coupled to daylighting, with movable slats and associated slat-angle confrols
** Intelligent controller manages operable exterior or interior window shades for passive heating/cooling/daylighting
* Using embedded scripting engine allows a fimction to be called each time-step to change shading parameters or shading masks.
¥ Uses combined MoWiTT, TARP and ASHPAF formmlations for various portions

”
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Table A6 Comparison of 20 simulation software according to their capabilities (Source:

Crawley et al 2005, p. 28)

@
Table 3 e | BB |8 |n2/2 |8 |2 |. ~le e E | w | @
Building Envelope, Daylighting and Solar 2 - E & %‘1 f 2 g =] ;5 8 3..'- z E = |2 .’3 & g | & &
J |2 |2 | B > B (58 5|82 |8 | 2|8 |5 |8 |8 |F | |&
= = o B B b4 = m B =
2 = [ Pr] & 4 =2 = é @ =
o Ito. Kimura. and Oka (1972) correlation X X
o User-selectable X : X X X X X X X X
= Inside radiation view factors X X 3 X X X X X
- Radmtm_n—to-au‘ c.nmpnnem separate from detailed x x 3 X x X % x < x P X
convection (exterior)
®  Air emissivity/radiation coupling X
Sky model
= Isotropic” X X X X X | x| X X X X X X
*  Anisotropic® X X X X X X X X x* X X X X
*  User-selectable X X X X X X
Daylighting illumination and controls
= Interior illumination from windows and skylights X X X X X b X X X X X X X X
* Stepped or dimming electric lighting controls™ X X 3 X X X X X X X X X X X
®  Glare simulation and centrol X P X X X X X
®*  Geometrically and optically complex fenestration I = e e =
systems using bidirectional transmittance h :
* Radiosity interior light interreflection calculation : X by X X b
®* Daylight illummance maps X X X X X b
= Daylighting shelves { X X x* X b
»  Tubular daylighting devices” i X b X
Movable/transp: t insulati X X P X ’ X X i X X P X
Zone surface temperatures” X X E Pe X X X | X X= X X X X X X X

** Can specify different correlations by surface type (e.g. all exterior windows)
*7 Uniform solar radiation and dllumination distrbution

** For energy sinmlation calculations

?" Sky radiance, diffuse solar radiation and illummation vary with sun position
* For design day calculations

*! ASHRAE, Perez and Kondratjev

** LBNL split-flux dayhghting model

** Including heating and cooling effects

** Through a link with Radiance

** Through a link with Lumen Designer

* Resolution can be increased via use of Radiance to define shelf properties and Light sensor characteristics. Tubular devices require combined Radiance & surfaces description

*" Inchuding ilhmminance. solar zam, thermal resistance

** Antomatic operable might time window insulation

* Wall, window, door, floor, ceiling, roof

1" Reverse calculation from heat flows (module added by EMPA)
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Table A7 Comparison of 20 simulation software according to their capabilities (Source: Crawley et al 2005, p. 29)

w
m = = ] : e 2 3
Table 3 = Sl = e | € laz2ls | 2 |5 . & E | g w |2
Building Envelope, Daylighting and Selar z = |2 | "E" f éﬁ g ) %.} E 3' ; i L’f g 2 z Z
2155 |R g |& (=93 |&8|% |7 |7 5 |2 E|E
[
Airflow windows X X X o X X X X X
Surface conduction
*  l-dimension X X X X X X X X X X X X X X X X X X X
= 2- and 3-dimension P X RI ]
Ground heat transfer
* ASHRAE simple method"™ X
*  1-dimension P X X P X X X X X X X X X X X X X X P | O"
* 2- and 3-dimension slabs : X' R ] o | R o'
* 2 and 3-dimension basements P : X R 0 o R o=
Wariable thermophysical properties X I X X
Phase change materials ] 1 0 R X E
Building integrated photovelfaic system accounts for
heat removed from surfaces layers which have X : X X X P E
defined electrical characteristics
"% User selectable in some versions
" Also temperatures within constructions as well as full energy balance at each surface
" As an additional zone with flow network or CFD domain
'™ ASHRAE (20014)

" Through additional component (optional TESS libraries)
"*2.D and 3-D ground calculations for basements and slabs using awxiliary programs.
""" Through a link with the Solum software (Santos et al. 2003)
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APPENDIX B - EXISTING BUILDING EMPORIS DATABASE

Table B1 List of Existing Buildings in Abu Dhabi and their properties. (Source: EMPORIS 2013)
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[derisfication Strazire in Generd Us Lovation i Brmirate of A Dhath e dbmieal Dt Trvaive dC ormpar o5
Bralding Hame Tewr [Heght |BualdngTyps  |Seuctwal |Aechitechaal | |Frimary Oos Srecomty Do |Compler o ity Heghiiap |Heght Floos  |Comststion |Comsenction. |Flacrto [Elevators
iaterial  [Style inmeters  |(Architectdl) [(above  [Start End ceiling
i st Zoud) heish )
commercia shopping cestes, Achitect: A2sod Architechue R
St Tower 010 A0 |spsoraper oomotets poetmoder | afioerenial PRSI [ The gue Shams A Dbt (31000 0 310 00 74 2006 2010 270m (7 o
Etitad Tomer 2 [Eibad Towess] 011 05 m | depseraper comerdte | medemmiom | reddestdl Etitadt Towers A Dhabd (30530 m (305 30 7 79 2007 2011 uctitect: DB Destan (P Lid)
hatel/servicd
Bt Tower 1 [Blihad Towers] 011 20 ;| sepseraper comerste  moderniom | spatments Bttt Towess Ao Dhai 127761 m 277 61 m 70 011 Avchitect: DB Design (P Lid)
ation Tow wee B e derdial 017 68 m | depeeiaper readentd Hiation owate o Dt 260 00 s 2007 017 [ gerwrd conbractor
it T oover 5[k T owers 011 J6i | dpsciaper Conctds | modermisn | smmersial fice Etitd Towers o D {380 3 1360 34 1 i i1 ctitat, G Destan (P L
it T oover A[EAbuat T ower 011 T |sepsciaper Cocis e res dertal it T ovwers v Db TR0 12 D0 31 i1 b, TE] Doestan (P 1
it T omer S[Ehibuad T owers 011 HEm | skeeraper e e vy i T ovrers S Db, {317 50 10317 501 1 £ i1 Sacbivest, DE] Diesin (P 1
apatal Flas Reanemiial Towi 011 0 | sepraper et rea et apatal Flaza o Dbt T 5l 0 31
Erctitect: K ohe Deder B
s Dot Irvestment Aathority Tower (3006 125 m | slgsoraper oomorets modermiom | oommercial office Comiche Sieeet A Dhati 12500 . 125 00 m 0 2001 2006 13 Lsanviates
41 Masgan Towsr [Sovrwsh Square] 012 184m | depseraper conerste comemercial office Somran quate 41 Maryah I8 and |t Dhati 18400 37 012 rchite: G oethach Partners, e,
1 ihatem Towes [SowwanSquare] 017 184m | sepseraper conerete commercial office Sowwran quare 1 Meryah Istand s Dhati 15400 m 37 012 fuscitest: G oetiach Partnersine.
TR Bhieies & Pl
Grou, Al AL Majil Engineering
M stionsl B arik of AbuDhasi Headiuaters 2002 173 m_|slyscrapes moderriom  oommercial office Sheikh Khalifa Bteest i Dbt 17200 33 1995 2002 1 Consritar, Caslos Ot Architect
Factiteel: dvlan Ar dhftects,
Bayraarts Hilton Tower Hotel 1994 165 m|syscraper potmodesn |hotel Corsichie Rosd o Dhabi 16490 (16480 1 0 1994 Connitarts
Coagital 0 st 010160 m_ | dpscraper ool i D 160 00 55 2008 010 rcitsct RMIN Dibsi
41 Sarats Tevwer [Bosww it Sepaare] 012 160 m | pscraper omistets oo ercial office Siomrorain S uare 41 Waryah [ol an | s Dbt 16000 1 1 012 Lrctitsct: G oethach Partners ins
41 Sila Towwer [Fowewah Souare] 011 160 m | shopseraper comrets commercial office Stomrean e 1 Wergah [sland | Dhati 16000 m 1 2011 rckitert: G oettarh Partners ine
Lochitect: Adel A Mol Enginwering
Ftisal st Haslepaartors 2001 160 m | spssraper et et it pont Roact i Dbt 160100 1 27 2001 o sttar, Carlos Ot Architest
Capital Flaza Office Tower[Capital Plaza] 2011 157 m_|slyscrapes postmodern | commereial office Capital Plaza fu Dhabi {13650 m (15650 m 3 004 011
Capital Flaza Hotel Tower [Capital Flasa] 3011 146 m|slyscraper postmodern Ihugtel apital Plaza Ao Dhabi 14550 m 14550 m 31 004 011
composite governmental
41 Bt Tower 1 [41 Batr Towers) 017 145 m | seyseraper stracte office 21 Bt Tower i1 Dbt 4500 m 7 2008 012
oo osite et sntal
41 Babe Towee 2 [ Babr Towers] 012 145w |skyseraper struchze office A1 B Toweer s Dbt 145,00 m 20 2009 2012
Fitsalt Radio Mast Em |met (rired o Dhabi 1220 m |15 00
Lrchitsc: Antine Eticksom
Lrchitecueal e por ticm, More Grong
Le Royal Mesidien Hotel 1993 12l m |sysoraper moderriom  lhotel Khalifa Bin Zayed Strest A Dhabi 1070w 12070 m 32 1993 onsdtants Intermational Lid,
Lurchiteet: N o Gronp © onlterts
Ui o Hationsl B ik 2 1996 120 m_|siyscraper commercial office uou Dbt 17000 m 21 1994 Internetional Ltd Carlos Ot Arehiteet,
i Kb O Refining Company Tower 2004 117 m |siyscraper postmodern ADNOC Heatquarters i Dbt 1w e 2001 2004
sons Diuehi e Processing Compay
Towst 2004 117 m | psoraper et et ADNOGC Headiguarters i Dot 117,00 m 2 2001 004
Shelih 2y #8 Diasulian &1 Nain
Wosiu 115 m s idamic moss i Db 11500 m_ (115,00 1 lighting conaltant, consrete supplise
composite structural
tder Hoadguarters 2010 110 m | shepssraper siruchus__ scpressionism | commercial office it Dbt 1003 m b a0ta Lastitsst: MZ Architacts
Wlarina Wl Viswing Towsr 100 m | eservation tovrsr s Dbt 10000 1
¥ o T s Be R T Lo
ZATICO Tower [Zadoo mdGasso Towsrs] Wim  [highiss building Zasdso anid G ason Towsts b Dhati 9300m [9300m 0 Dty
Tk Mk en Seke T Ten
GA5C0 Tower [Zade wnd G aseo Towers] 93m |highise building Fadeo and Gasoo Tawers Ao Dhabi 92.00m 93.00m 70 Daly
s Dihshi Wil Ol Clompangy
Bulding W |highise building ou Dhabi_ 18992 m (5092 m 24
T otovta 0 Fbwar Cordre | 1000 87 m  |meferise baldng concidr  podmoden | rertdl spertmerts bt i Kais Cordre o Dt S0 T [EEE)
Fotouts & Fhwar Cortre I 1000 87 m  |mgforise building |concrels  podmodesn|retal parments Fotoh & Khair Corre i Dl 8700 17 1593
T ohota £ Kbt Cotre 111 1000 &7 |highrise maldng [conotds  postiodern rertal sparients bt ] Khais Cortre S D 7000 1 7 [T
dhops pstarar, Lcits o Witnbetty Alfisem Tong &
Fimitatas Palascs 3005 71 lhighriss building lsonorsts  postrodes [hotel fiiwss certer  |Cernichs Rose b Dhai 1085 m (7035 m 3 2003 2005 oo
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Tdertifi cation Structire in Creneral Usee [ oeation in Emirais of Abu Dhabi Techrical Data, Trvelved C ompani es
Bulding Hame Tear |Height |Duldng Typs  |Suctal |Architechwal  |Primary Uss Secondary Use |Complex Zone City Height(tip |Height Floors  |Comstuction [Consiruction |Floorto  |Elevators
Iaterial  [Sigle inmetas  |(Architectwd) [(ebove  [Stast End ceiling
i etz aonadl eisht ()
design Archutect Henoy, Archubect
Eexuny, Glass supplier: interpane Glas
Industzis 4G, Irterior fitlut: Depa
Ferrari World Abu Dhati 2010 45w fhall steel amusement ¥ as Iefand ¥ as [sland b Dhabi 45.00 m 3 2007 010 Lid
The Gaft DS R, shams DEspn Archiect
Sun Tower 2010 slgscraper conerete red dertial redaurant b Dhabi shams AboDhabi 30745 m 65 2007 010 Architect: RW Ammstrong
Ivfasina Elue EilE] slgecrape res dential aring Square Al Fean Isiand_|Abu Dl 51 EilE]
Giean Trirace 2012 sopecraps res dertial asiis Sqare Al Rean [dand |Abo Dhaki 50 2012
Tala Towa Fil¥] Syscraps ros dertial farina Square A Reem Tdand |Abo Dhabi £ EilF]
commercial offics,
red dertial
SEEA Towe: 2011 slogscraper modezmism Jominiwn purking Ao Dbl (22231 m 47 2008 2011
Evwog Biews 2012 slegeczaper res dertial arine Square Al Fea Isiand_|Abu Db, 3 006 201z
&1 Maha Towr 2012 skscrapsr ros dertial arina Square Al Reem [dand_|Abu Dhabi ] 012
RAK Tome: 011 Siscraps: rod dertial arina Square Al Reem Tsand_ {Abo Dhati 5 011
iofasine H o ghts 11 011 Slgsoraper ros deriial ifaring Square Al Roem Tsiand_ {Abu Dhabi ] 011
Iufasing H eghis 2011 slegsczapez res dertial Maring Square Al Fream Isiand_|Abu Dbl ] 011
Eiit)
Infizity Tower 2011 ki gherise building modemism | rondominivm asing Soquare Al Rean Island |Albu Dhaki 32 2011
Silver Tawe: kighezise building res dertial Carriche Road At Dhaki 14190 m 20 fuchitect: Casda & Associates
Srand Milletriam Al Pabds Fill] ighorics tuilding kel o deriial ez Bin Zaged St est Eba Dbk & Eill] Diepa Ltd
o erial e,
res dertial
Ein fua Centre bigfrzise building au macarile A1 W da Steeet b Dl (12901 m 26
V3R h Wam dan Bin
41 din Towe: bigfrzise tuilding res dertial Mohanmed Street Ao Dl 12298 m 26
ahia Tower 1958 bighorics tuilding hitel Corrichs Road AbaDabi [13504m 2 199§ 1998 consaltant
b Dhabi Grand Hotel ighrics tuilding Fhlifa Sirert EboDali (13535 m B
e Miftary City Tower | ighriss buildng At Dhabi (12085 m 75
Zayed Military City Tower 11 bigherise building Ao Dbal {12985 m £
Zayed Military City Tower 111 Eigerise building Abo Daki 12085 m 25
Zayed iy City Towet [V ighrics tuilding b Dhati (12085 m B
Zayed Miitary City Tower ¥ Highriss building ZboDhati 12585 m i
Zayed Military City Tower V1 ighrise building At Dhali (12085 m 23
Zayed Miitary City Tower ¥ 11 bigherise building Ao Dbl 12085 m 25
Zayed Military City Tower ¥ 101 Lighrice tuil ding b Dbaki (12085 m F
ZayedMilitary City Tower [ bighriss tuilding AbaDhabi [129.85 m 25
ZayedMiftary City Tower & ighriss building EboDhabi (12085 m 25
o Dihabi Woarld Trade Cecte: Buil ding kighezise building At Dhaki [116.14m 25
Comamervial ofive,
The Six Towars | [The Six Towers] 2005 bighriss tuilding res dertial The Six Towers AboDhabi 112405 m 25 2004 2005
o eraal AR
The Six Towsrs 2 [The Six Towers] 2005 bigheriss tuilding res dertial The Six Towers AbaDhabi 12405 m £ 2004 2005
T erichs B oad and Lulw
Baxi ¥as Towe 1938 Lighezise building Street At Dhaki 112985 m 25 1938
Azchitect: Arthur Exickson
Etisalst Tower 1926 kighezise building postmodem Ao Dhaki {12095 m 25 1025 1926 fuxchitectwal Corparation
Bamiaram T owsr ighrics tuilding At Dhati (12465 m 2]
Aa Towe ighoriss buildng office At Dhali_ (12465 m 2]
[Hizas Atmed Al Obady Tower Eigherise building Al Dl [110.45 m ]
hamper of (ommeres & Idusty
Euilding bigferise tuilding Coriche Road Ao Dhali {11948 m 23
eetor E07, Flol O,
commercial offics, Sheikh Khalifs Bin Zayed|
TowerSector B-07, Plot C-42 bighrise tuilding red dertial Strsst AbaDhabi [114.12m 23 2005 2007 Achitect: Planar
Bt Bin Abmad B lding [ ighriss buildng Commernial ofioe Livra Srest Ebo Dhati_ (11045 m ] 1950
Al Widkirby Building 1957 bighesise building commercial office Al Dbl |115.45 m 2 1997
bdalla A Mvas Evilding 1993 Ligerise building Abo Dbabi (11045 m 23 1993
D0, OFCO & ADGAS Tower 1 ighorics bl dng Ebo Drab (11437 m
1 SRERR e dan Din
41 Maha Rotana Suites 2002 bighriss tuilding hotel Mohammed Strest AbaDhabi [12284m 22 2002
Brchitect Dowan Aachitedts &
1 Nuwrais Building [T 1999 bigherise building A1 Wuwrais Buildings Ao Dk [114.27 m 22 1999 Enginears
Brchitect, D wan Architedis &
Al Nurais Bilding [T 1992 kigherise tuilding 21 Wuwais Buildings AboDhabi 11427 m 22 1992 Engineers
Frchitect Dewan Aachiteds &
A1 Nuwais Building | 1999 bigheriss tuilding 21 Wuwais Buildings AbaDhabi 11427 m 22 1999 Engineers
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Tdentifi cation Stouchare in General Ussge Location in Emirate of Abu Dhabi Techmical Data TnvelvedC oupanies

Building Name Vear |Height [BuldingType  [Stuctwd [Architectural  [Primary Use [GecondaryUse  [Complex Zone City Height (i) [Height Floars [Construction [Construction [Floarts [Elevatars

Material  |Style inmeters  |(Architectural) |(above  |Start End ceiling
in meter aozodl ‘Deisht ()
commezcial ofice,

Three Sails Tower 1998 i gh rise building residential it Dihab 110916 m 22 1998  Architect: WZMH Architects
Erctatect TUng Branmen
 AssociatesIne, Tailibert Gulf

4t Dhati Marine Operating C ompary Envirormient. Design Architect: Khiib

Headguarters 1997 i gh rise buil ding postmodern |eommercial office 4t Dhabi 111427 m 22 1997 & Alami AtuD habi

Dinna Tower 1995 i gh rise building haliFa S eet it Db {11427 m i 1995

Ahmed Al Dimiri Building 1993 i gfx rise building At Dhabi (11427 m i 1993

Hanna Certre i gfs rise building At Dbl 110907 m 21

Livea Centre Tower [ [Liwa Certre] i gf rise building reddental liwa Centre At Dirabi 199,33 m 21

Liwa Centre Tower [T [Live Centre] i g rise building red dental wa Centre oy Db 19933 m 21

Liwa Certre Tower [II [Liwa Cenire] i gh-rise building resdental liwa Centre Au Dhati 19933 m i

Al HosanFlaza g rise building A Dhatt {10907 m Hi

Eetar W1 T, PTG CO36;
Building n°206, Sultan
41 Dana Tower tighrise building |ooncrete red dental BinZayed Stree At Dihabi 19933 m 21
41 Diar Dana Hotel tighs rise building hotel Electes Strest At Dhabi 1117.25 m 21
Eirifei Bark Building i gy rise building office Luls Street A Dt 109107 1 21
|1 K hazana Insurance Tow er i gh-rise building office E-11, FlotNo 126 s Dhat 1109 07 21
|3heilcha Shamea Building 1995 i gh-rise building office A Dhat {10907 m 21 1995
[Bheiich Mobamm ed Enilding 1995 i gh rise buil ding st Dihabi 1100 07 m 21 1995
|Rropelty mansgemert, constucion |
A1 Masaood Tower i ghy rise building Dani Vas (Najds) Street At Dhsabd 110338 1 20 company
A1-Otaibia Tower i g rise building Hen clan Strest i Dhabd 110338 m 20
 Zrohitect Architertural & Enghessing
Atimed A1 Otiai daly Tower i g rise building 4 Dhiabd 110398 1 20 Condtants
Liberty Tower i ghs rise buil ding Khalifa Bin ZayedStreet st Dihab 1103 88 m 20
Modema i rise building residental Cannon S quars At Db 94,60 m 20
Sheikh Rashid Bin Sased

HEEC Buil ding 1 g rise building office A1 Mactoum Strest 4t Dhsabd 110338 m 20
Sheikh Rashid Bin Saeed

A1 Ghaith Tower i g rise building office A1 Madtoum Strest 4t Dhabd 110338 1 20
Rash d Fin Zayed AT
Makioum Street (2nd

Tower Sector Wil Plot €13 2006 i gh rise buil ding rertal apertments Sireef) st Dbt 104,60 m 20 2006

eetar B, Flot CU%,
‘heikh Khalifa Bin Zayed)

Tower Sector E-06, PLet C-02 2006 i g rise tuilding |concrete reddental office Strest At Disabi 194,60 1 20 2006

commercial office,

b Dhati Trade Center Tower [ 2002 i gh rise building modermism residential, hotel 4 Dhati Trade Certer b Dihab {10338 m 20 1908 2002

o ezcial CTce,

b Dhati Trads Center Tower 11 2002 fi g rise buil ding madsrmism reddential, hotel st Dhati Trade C erder At Disabi 1103.38 m 20 1998 2002

commercial office,

At Dhati Trade Center Tower 11 2002 i gh rise building : dentisl, hotel s Dhati Trade C erfer At Dhabi {10338 20 1992 2002

commezcial oifice,

b0 Dhati Trade Center Tower IV 2002 i gh rise building modermism residential, hotel b Dhati Trade Certer i Dbk 1103.38 m 20 1998 2002
 ZriHitect: D ewan Archite s &

41 Quiraisi Tower 1999 i gfs rise building PlotC-18, Sector E-6 At Disabi 10338 m 20 1999 Engineers

Shelkh Hath dan Bin  Zrchitect: D ewan Arcrits s &

IMillerivm Tow er 1999 ti g rise building modsrrism uriversity Mobhanm ed Street At Dirabi 191,48 m 20 1999 Engineers

Darvish BiniKaram Towst 1998 i ghs rise building Han clan Strest At Dhabi {10338 20 1998

Crovwne Plaza Hotel 1998 1 g rise building postmodern |hotel 4 Dhatd 111167 20 1995 1998  Achitect: CansultLimited

Sheikh Rashicd Bin Sased  Architect: Dewan Architects &

A1 Khazeaji Tower 1997 i ghs rise building reddental A1 Maktoum Strest At Disabi 194,60 m 20 1997 Engineers
 Zrchitect Arkan Ardhitects,

It 4Bin Zuyed Building 1996 i gy rise building 4 Dhatd 110388 1 20 1995 1996 Conmltants

Rashed 41 Dhaheri Buil ding 1995 i gh-rise building 4 Dhati 110338 m 20 1995

A1 Wahda Tower 1995 i gh-rise building Salam Street A Dhati {10338 m 20 1995 Architect: Planar

Hetel IntesC ortinertel 1982 i gh rise building modermism hotel 41 Khali dya Street At Dbk 111167 m 20 1982 Architect: BTA Architects, Ine

Hervute] Center Hotel 1976 i gh rise building hotel At Dhati {11167 m 20 1976

Hilton C amiche Residence 1 gfs rise building hitel Corriche Road At Disabi 110609 m 18

RadissonSAS Hotel g rise building hiotel At Disabi 110609 m 19

A1V asat Tower i gy rise building office Dani Vas Street At Dirabi 199,69 m 18

Green House i g rise building office Dani Vas Steeet 4 Disabi 198,68 m 19

A1 Oteiba Tower i gh-rise building office Bani Vas Street 4 Dhabi 193,63 m 19
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Identification Struehuze in General cm_m Location in Emirate of Abu Dhati echrical Dala Tevolved C ompani ss
Building Name Vear |Height [BuildingType  |Stuctwal |Aschitechursl |Primary Use SecondaryUse  [Complex Zone City Height(tiy) |Height Flocrs |Construstion |Comstuction |Floortor  |Blevatoes
Material |3yl inmeters  |CArchitectural) [(above  [Start End ceiling
in_mueter ound] beisht. ()
o eretal aifice, Fari Tas Seet (Mg g
BinSweed Bulding bighrrise building red dential Street AbuDhabi [04.28 m 19
AL adam Tower 1905 bighrrise building tes dental Sheilh Ham dan Sirect AbuDhabi. [20.87 m 19 1995 Engineers
BinSuhail Buildng 1993 i gherise building. At Dhabi 198 68 m 19 1993
WEBEKWEHEBW 19937 i ghe-rise buil ding Abu Dhabi 198 68 m 19 1992
[Sheraton Resdence Highrioe building, At Dhalbi_ |93.40 m [
{Bin Ham ooda Tower higherise building [ Sheikh Khifa Street A Dhabi_[03.49 m [ Axchiect Cassa & Associakes
Sheikha Avsha Birt Ali Building i ghe-rise buil ding | At Dhabi (9349 m 13
A1 Diar Sands Hotel hi ghe rise tilding hotel At Dhabd 110050 m 13
PR Hatn dat B
City Cartrs i phe rise building commercial affice ohammed Street AtuDhabi 19349 m 13
el Zayed the S ecod
Eidorado Cinema Buil ding highrise building I office (Electrs) Sireet AbuDhabi [03.40 m 12
Brchte o Attt O onsing
ARBIFT Building highrrise building commercial affice Hamal Sireet Abu Dhabi_[03.40 m 12 Group
ot era
Sheilch T shnoon Tawer 2002 bighrrise building commercial office |office AbuDhabi. [03.40 m 13 2000 2002
K hali chya I all 1998 i gherise building Khali dya Strest At Dhabi 93,49 m 13 1998
Mchaumed Sherife Hussein Building 1995 high rize building red dental shop(s) 5020 LivraStreet Abu Dhabl 185,14 m 13 1995
Badar Tawer Highrise building, Abu Dhabi_ [82.30m i
E 13, Flots C-51 Tigh rise building B Dby |88.30 1 17
415 afa Tower i gherise buil ding 1 Ocetil s Sheikh Zayed 15t Strest Abu Dhabi (8830 m 17
commercial GTiGE,
red dartial,  Architect: W oty Gronp C onsul tats
41 Mubhairy Group Buil ding 1995 i ghe rise building mercantile F hali dhya Street AbuDhabl [84.35 m 17 1995 1995 International Ltd
Erctitect: Hof Gfoup O orsutants |
ADCO Headguarters 1995 hi gl rise building Corniche Road AbuDhabl 188,30 m 17 1996 1995 International Lid
Fands Holel Highirise building, hatel Zayed 2nd Sreel At Dbl |80 34 m 1]
&1 Diat R agency Hotel 1091 T gh rise buil ding itsl b Dhati |55.34 16 1997 Architect: Casaa & Associates
At Dhati Corniche R esidence Hotel i phe rise il ding hotel Abu Dhabi [83.75 m 15
o eretal aifice,
The Six Towers 3 2005 bighrise building res dential The Six Towers AbuDhabi_|74.43 m 15 2004 2005
Commeretal alfice,
The Six Towers 4 2005 highrise building red densial The Six Towers AbuDhabi_[74.43 m 15 2004 2005
Commeretal Giice,
The Six Towers 5 2005 bighrrise building red dential The Six Towers AbuDhabi |74.43 m 15 2004 2005
comumercial ciice,
The Six Towers§ 2003 i ghe-rise buil ding red dertial The Six Towers AbuDhabi (74.43 m 15 2004 2005
Crown Frince Tower | 1996 bighrise building AbuDhabi_|7791 m 13 1996
Crown Prince T ower 11 1996 i gherise building At Dhabi (7791 m 15 1996
Crown Prince T ower 11T 1996 i gherise buil ding At Dhabi [7791 m 15 1996
Crown Prince Towe: IV 1996 i g rise building A Dhabl 17791 m 13 1996
Architect: Arkan Architects.
Usion National Bank 1996 hi ghe rise building Coroiche Street At Dhabl [77.91 m 13 1995 1996 Consultants
olden Tulip Dalma Suites Hotel Tower ] high rize building hotel Sheikh Hamdan Street AbuDhabl (78,17 m 14
1 Flawda Fotana Suites Hotel Highirioe building, hatel 51d Adrport Fload At Dbl |78.17 m 4
A5G Dbt Mabonal s ancs Compay
Headguarters i ghe-rise buil ding Sh Khafila Street At Dhabi 172.71 m 14
Gl den Tullip Dalma Suites Hotel Tower 1T i gherise buil ding hotel Sheikh Ham dan Street AbuDhabi 7817 m 14
Sheikh Zayed Mililary Hospital i gherise building hospitel AbuDhabi 132.62m 14
A1 Dias Falm Hotel Highrise building, hatel Abu Dhabi_ |78.17 1 T4
Faraok International Stationery Building bighrrise building office Lulu Sireet AbuDhabi. {7271 m 14
Giffin T ower 1996 i ghe-rise building At Dhabi 7271 m 14 1996
Dewan Clommercial D evelgpment Tower bighrrise building AbuDhabi 16752 m 13
olden Tilip Dalma Suites | bighrrise building AbuDhabi 16752 m 13
Gl den Tullip Dalma Suites [T i ghe-rise buil ding At Dhabi 16752 m 13
A1 Diar Iina Hotal hi g rise tilding hotel Abu Dhabi 72,59 m 13
Bin Tahnoon T ower i ghe rise building res dertial shopping certer |Eastern Road Ak Dhabi 136 76 m 12
rtETIO; 1t ot L epa Lt | Design
Architect: Asymptote Architectars,
Architedt: Dewan Architertsds
Enginews Tike & Partners WL.L. Abu
'V as Hotel At Dhahi 2009 i gherise buil ding hotel ¥ as Island At Dhabi 12 2007 2009 Dhati
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Idertification Structure in Greneral Usy Location in Bruirate of Abu Dhati Techrical Data Trvalved C cmparies
Erilding N ame Vear |Height |Evildng Type  |Stuched |Aschilecwal  |Frimary Use SecomduryUse | Complex Zome City Height (ig) |Heght Flows |Censtuction |Constucion |Floc-ie [Elevalors
Material  |Sigle inmeters  |(Architsctiwal) [(above  [Start End ceiling
i muetec Zronad) beishirnd
Erchiteet, 4 dhuan 2 Salfanies Enigr -
Hilton Intsrmaticnal AbuDhabi low-rise building modstiom  |hotel AtuDhabi [55.84m 10 Abu Dhati
ez antal
ADVWE & Buil ding love-ise building dffice A1 Hejda Street Abu Dhabi_[45.496 m 10 Isterior fit-out: Depa Lid
Sheraton Abu Dhabi 1978 love-ise building el Corniche Road Abu Dhabi_|45.46 m 10 1979 Isterior fit-out: Depa Lid
vermmental
Ministzy of Foreign Affairs love-ise building dffice AbuDhabi [37.17 m 2 Interior fit-out: Depa Lid
Shangri-La Hotel Low-rise building hitel Eebireen the Bridges AbuDhabi_|44.28 m 5
Erhater Wikken ekhe O, Teo 20
Car Park low-rise building Zadso and Gasco Towers AbuDhabi [15.58 m K Daly
A F erdaws Tower Lov-rise building Salam Street Abu Dhabi
Bin Ghanan T ower lov-rise building Hamdm Strect A Dhabi
The Eilue Towe low-rise building Khakifa Sireet b Dhabi
Dhaki Tower Lo rise building Abw Dhabi
Rabdn Complex Lo rise building Airport Road At Dhabi 1068 Zrchitect; Galdea Flanners
Saadiyal Tower lov-rise building Eleciza Sireet A Dhabi
Al M ansoari Office Tower v rise building Commercial affice Lbw Dhabi
Al Dhsheri Offics Towsr Low-rise building commercial office Abu Dhabi
Axab Tower lov-rise building Sheilch Ham dan Sireet A Dhabi
Fdoon Towa lov-rise building Al e Szeet A Dhabi
BinSuwad [ ower o riss building 1 T da St est b Dhabi
Al Manara Tower Lo rise building & Muroor Tower Abw Dhabi
Eiim B Tower love-rise building Electa ireet A Dhabi
Al Khnbarah Tower lov-rise building A Dhabi
Al Moosa Towsr Low-rise building 4t Dhati Highway Abu Dhabi
Deera Tawe: Lo rise building Khalifa Sirert A Dhabi
City Towe love-rise building A Dihaki Road b Dhabi
Sagar Tower i rise building Hazda Strest b Dhabi
Tavam Towet 11 Lo rise building Khalifa Sirest Abw Dhabi
Flaza Tower low-rise building At Dhabi
Hearma T ower lov-rise building b Dhabi
Al Mansow Tower Low-rise building A1 Salam Steest Abu Dhabi
A15dada Tower Lo rise building Abw Dhabi
A Eader Tower love-ise building Iaidan Allttihad Strect At Dhabi
A1 S alam Tower Low-rise building Abw Dhabi
Sultan T ower Building L. rise building Abu Dhabi
Garden Tower love-ise building At Dhabi
Shelkh Sultan HinSuroor 4 Fraben
Office Tawer love-tise building commezcidl office At Dhabi
Saman T ow e love.rise building FHam dam el b Dhabi
Ailine Towe: o rise building Sheikh Khalifa Strast b Dhabi
rporl pawenge
Abu Dhabi Airport Termingl 1 low-rise building terminal Airport Road Abu Dhabi
Abw Dhabi Airport C argp Terminal hall irport Road Abw Dhabi
At Dhaki Air Traffic C ozl Towes dirpot ower direcraft traffic irport Road b Dhabi
Tufarina Mal low.rise bualding hopping cerder | lice skaling b Dhabd
ditport pamenger Erchitect SHamore Owings & Wermill]
Etitiad Passenge: Terminal 3 2009 Lo rise building terminal irport Road Abu Dhabi 2006 2002 (ew York)
halidya Towes | 2006 lov-ise building commezcidl office Khali dya Tow ers b Dhabi 2005 006
Khalidys Tower 2 3006 Lo rise building roddential Khatidya Towers Abw Dhabi 3005 3006
Khalidys Tower 3 3006 L. rise bilding rosdential Khatidya Towars Abw Dhabi 3005 2008
rport pamenge
Abw Dhabi Airport Tarming 2 2005 low-rise building terminal irport Road Abu Dhabi 2005
Erchatect 13 swvan Architeds &
Gibca Towsr 1993 Low-rise building office Khalifa Strest Abw Dhabi 1093 Enginsers
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APPENDIX C -SIMULATION INPUT DATA

Table C1 Thermal Conditions Input in IES Baseline Model for Washroom Thermal Template

Thermal Template: Washroom

Room Conditions

« Heating

Profile

Setpoint: Constant

Hot Water consumption
« Cooling

Profile

Setpoint: Constant

* Model Settings

Solar Reflected Fraction
Furniture Mass Factor
Systems

HVAC System
Auxilliary vent. system
DHW system

* Heating

Radiant Fraction
Capacity

« Cooling

Radiant Fraction
Capacity

¢ Humidity Control

Min. % Saturation

Max. % Saturation

* System outside air supply
Min. Flow Rate

Add. Free Cooling Capacity
Variation Profile
Internal Gains

e Fluorescent Lighting : Fluorescent Lighting Washroom
Max Sensible Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile
Dimming Profile

Air Exchanges

« Infiltration

Type

Variation Profile
Adjacent Condition

Max A/C Rate

« Auxiliary ventilation
Type

Variation Profile
Adjacent Condition

Max A/C Rate

Rooms using this template

Room ID Name
[LO1B0008] LO1 Bathroom
[LO1B0005] LO1 Bathroom
[LO1B0011] LO1 Bathroom
[LO1B0002] LO1 Bathroom
[LO1W0000] LO1WC

off continuously
19 °C
0.00 l/(h-pers)

8 - 6 weekday working (no lunch)
23°C

0.05
1.00

Main system
Main system
Main system

0.20
unlimited

0.00
unlimited

30 %
70 %

0.80 l/(s:-m?)
0.00 AC/h
off continuously

9.00 W/m2

9.00 W/m?

0.45

Electricity

8 - 6 weekday working (no lunch)
on continuously

Infiltration

on continuously
External Air
0.25 AC/h

Auxiliary Ventilation

8 - 6 weekday working (no lunch)
External Air

2.00 AC/h
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Rooms using this template

Room ID
[LO1WO0003]
[LO1WO0002]
[LO1WO0001]
[LO1B0012]
[LO1B0013]
[LO1B0014]
[LO1B0015]
[LO1W0004]
[LO1WO005]
[LO1WO006]
[LO1WO0007]
[LO1B0016]
[LO1B0017]
[LO1B0018]
[LO1B0019]
[LO1WO0008]
[LO1WO0009]
[LO1WO0010]
[LO1WO0011]

Name
LO1WC
LO1WC
LO1WC

LO1 Bathroom
LO1 Bathroom
LO1 Bathroom
LO1 Bathroom
LO1WC

LO1 WC
LO1WC

LO1 WC

LO1 Bathroom
LO1 Bathroom
LO1 Bathroom
LO1 Bathroom
LO1 WC
LO1WC
LO1WC
LO1WC

Table C2 Thermal Conditions Input in IES Baseline Model for Office Thermal Template

Thermal Template: Office

Room Conditions

« Heating

Profile

Setpoint: Constant
Hot Water consumption
« Cooling

Profile

Setpoint: Constant

« Model Settings

Solar Reflected Fraction
Furniture Mass Factor
Systems

HVAC System
Auxilliary vent. system
DHW system

* Heating

Radiant Fraction
Capacity

« Cooling

Radiant Fraction
Capacity

¢ Humidity Control
Min. % Saturation
Max. % Saturation

* System outside air supply

Min. Flow Rate

Add. Free Cooling Capacity

Variation Profile
Internal Gains

« People : People Office
Max Sensible Gain

Max Latent Gain

off continuously
19°C
0.00 l/(h-pers)

8 - 6 weekday working (no lunch)
23°C

0.05
1.00

Main system
Main system
Main system

0.20
unlimited

0.00
unlimited

30 %
70 %

0.80 l/(s:m2)
0.00 AC/h
off continuously

90.00 W/P
60.00 W/P
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Occupant Density
Variation Profile

e Fluorescent Lighting : Fluorescent Lighting Office
Max Sensible Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile
Dimming Profile

*« Computers : Computers Office
Max Sensible Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile

Air Exchanges

e Infiltration

Type

Variation Profile
Adjacent Condition

Max A/C Rate

« Auxiliary ventilation
Type

Variation Profile
Adjacent Condition

Max A/C Rate

Rooms using this template

Room ID Name
[LO1B0010] LO1 Bedroom
[LO1B0001] LO1 Bedroom
[LO1B0003] LO1 Bedroom
[LO1B0004] LO1 Bedroom
[LO1B0007] LO1 Bedroom
[LO1B0006] LO1 Bedroom
[LO1B0000] LO1 Bedroom
[LO1B0009] LO1 Bedroom
[LO1L0000] LO1 Living Room
[LO1L0002] LO1 Living Room
[LO1LO003] LO1 Living Room
[LO1L0001] LO1 Living Room

12.00 m2/person
8 - 6 weekday working (no lunch)

11.00 W/m?

11.00 W/m2

0.45

Electricity

8 - 6 weekday working (no lunch)
on continuously

20.00 W/m?

20.00 W/m?

0.22

Electricity

8 - 6 weekday working (no lunch)

Infiltration

on continuously
External Air
0.25 AC/h

Auxiliary Ventilation

8 - 6 weekday working (no lunch)
External Air

2.00 AC/h
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Table C3 Thermal Conditions Input in IES Baseline Model for Corridor Thermal Template

Thermal Template: Corridor

Room Conditions

* Heating

Profile

Setpoint: Constant

Hot Water consumption
« Cooling

Profile

Setpoint: Constant

* Model Settings

Solar Reflected Fraction
Furniture Mass Factor
Systems

HVAC System
Auxilliary vent. system
DHW system

* Heating

Radiant Fraction
Capacity

« Cooling

Radiant Fraction
Capacity

¢« Humidity Control

Min. % Saturation

Max. % Saturation

* System outside air supply
Min. Flow Rate

Add. Free Cooling Capacity
Variation Profile
Internal Gains

e Fluorescent Lighting : Fluorescent Lighting Corridor

Max Sensible Gain
Max Power Consumption
Radiant Fraction
Fuel

Variation Profile
Dimming Profile

Air Exchanges

e Infiltration

Type

Variation Profile
Adjacent Condition
Max A/C Rate

« Auxiliary ventilation
Type

Variation Profile
Adjacent Condition
Max A/C Rate

Rooms using this template

Room ID
[LO1C0000]
[LO1C0001]
[L01C0003]
[LO1C0002]
[LO1C0005]
[LO1C00086]
[LO1C0007]
[L01C0008]
[MZNNO00O]

Name

LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor

Mezanine offices

off continuously
19°C
0.00 l/(h-pers)

8 - 6 weekday working (no lunch)
23°C

0.05
1.00

Main system
Main system
Main system

0.20
unlimited

0.00
unlimited

30 %
70 %

0.80 I/(s-m2)
0.00 AC/h
off continuously

13.00 W/m?2

13.00 W/m?

0.45

Electricity

8 - 6 weekday working (no lunch)
on continuously

Infiltration

on continuously
External Air
0.25 AC/h

Auxiliary Ventilation

8 - 6 weekday working (no lunch)
External Air

2.00 AC/h
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Rooms using this template

Room ID
[MZNN0001]
[MZNN0002]
[MZNN0003]
[MZNN0004]
[MZNNO005]
[MZNNO006]
[MZNN0007]
[MZNN0008]
[MZNN0009]
[MZNN0010]
[MZNN0011]
[MZNN0012]
[MZNN0013]
[MZNN0014]
[MZNNOO015]
[L01C0009]

[L01C0010]

[L01C0011]

[L01C0012]

[GRNDO00O]
[GRND0002]
[GRNDO0003]
[GRNDO005]
[GRNDO006]
[GRND0007]
[GRND0010]
[GRNDO0011]

Name

Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
Mezanine offices
LO1 Corridor
LO1 Corridor
LO1 Corridor
LO1 Corridor
Ground Retail
Ground Retail
Ground Retail
Ground Retail
Ground Retail
Ground Retail
Ground Retail
Ground Retail

Table C4 Thermal Conditions Input in IES Baseline Model for Kitchen Thermal Template

Thermal Template: Kitchen

Room Conditions

* Heating

Profile

Setpoint: Constant
Hot Water consumption
« Cooling

Profile

Setpoint: Constant

« Model Settings

Solar Reflected Fraction
Furniture Mass Factor
Systems

HVAC System
Auxilliary vent. system
DHW system

* Heating

Radiant Fraction
Capacity

« Cooling

Radiant Fraction
Capacity

¢ Humidity Control

off continuously

19 °C

0.00 l/(h-pers)

8 - 6 weekday working (no lunch)
23°C

0.05

1.00

Main system
Main system
Main system

0.20
unlimited

0.00
unlimited
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Min. % Saturation

Max. % Saturation

* System outside air supply
Min. Flow Rate

Add. Free Cooling Capacity
Variation Profile

Internal Gains

* Fluorescent Lighting : Fluorescent Lighting Kitchen
Max Sensible Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile
Dimming Profile

« Cooking : Cooking

Max Sensible Gain

Max Latent Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile

Air Exchanges

e Infiltration

Type

Variation Profile
Adjacent Condition

Max A/C Rate

« Auxiliary ventilation
Type

Variation Profile
Adjacent Condition

Max A/C Rate

Rooms using this template

Room ID Name

[LO1KO0003] LO1 Kitchen
[LO1K0001] LO1 Kitchen
[LO1K0002] LO1 Kitchen
[LO1K0000] LO1 Kitchen

30 %
70 %

0.80 l/(s:m2)
0.00 AC/h
off continuously

9.00 W/m2

9.00 W/m2

0.45

Electricity

8 - 6 weekday working (no lunch)
on continuously

10.00 W/m?

0.00 W/m2

10.00 W/m?

0.60

Electricity

8 - 6 weekday working (no lunch)

Infiltration

on continuously
External Air
0.25 AC/h

Auxiliary Ventilation

8 - 6 weekday working (no lunch)
External Air

2.00 AC/h
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Table C5 Thermal Conditions Input in IES Baseline Model for Lobby Thermal Template

Thermal Template: Lobby

Room Conditions

* Heating

Profile

Setpoint: Constant

Hot Water consumption
« Cooling

Profile

Setpoint: Constant

* Model Settings

Solar Reflected Fraction
Furniture Mass Factor
Systems

HVAC System

Auxilliary vent. system
DHW system

* Heating

Radiant Fraction
Capacity

« Cooling

Radiant Fraction
Capacity

¢« Humidity Control

Min. % Saturation

Max. % Saturation

* System outside air supply
Min. Flow Rate

Add. Free Cooling Capacity
Variation Profile

Internal Gains

e Fluorescent Lighting : Fluorescent Lighting Lobby
Max Sensible Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile
Dimming Profile

* Miscellaneous : Miscellaneous Lift
Max Sensible Gain

Max Latent Gain

Max Power Consumption
Radiant Fraction

Fuel

Variation Profile

Air Exchanges

« Infiltration

Type

Variation Profile
Adjacent Condition

Max A/C Rate

« Auxiliary ventilation
Type

Variation Profile
Adjacent Condition

Max A/C Rate

Rooms using this template

Room ID Name

[LO1CO0004] LO1 Lobby
[LO1L0004] LO1 Lobby
[LO1L0005] LO1 Lobby

off continuously
19°C
0.00 l/(h-pers)

8 - 6 weekday working (no lunch)
23°C

0.05
1.00

Main system
Main system
Main system

0.20
unlimited

0.00
unlimited

30 %
70 %

0.80 l/(s:m?)
0.00 AC/h
off continuously

12.00 W/m?

12.00 W/m?

0.45

Electricity

8 - 6 weekday working (no lunch)
on continuously

5.00 W/m?

0.00 W/m?2

5.00 W/m?2

0.22

Electricity

8 - 6 weekday working (no lunch)

Infiltration

on continuously
External Air
0.25 AC/h

Auxiliary Ventilation

8 - 6 weekday working (no lunch)
External Air

2.00 AC/h
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Table C6 Thermal Conditions Input in IES Baseline Model for VVoid Zone

Thermal Template: Void

Room Conditions

* Heating

Profile

Setpoint: Constant

Hot Water consumption
« Cooling

Profile

Setpoint: Constant

* Model Settings

off continuously
19°C
0.00 l/(h-pers)

off continuously
23°C

Solar Reflected Fraction 0.05
Furniture Mass Factor 1.00
Systems

HVAC System Main system
Aucxilliary vent. system Main system
DHW system Main system
* Heating

Radiant Fraction 0.20
Capacity unlimited

« Cooling

Radiant Fraction 0.00
Capacity unlimited

¢« Humidity Control

Min. % Saturation 0%

Max. % Saturation 100 %

* System outside air supply

Min. Flow Rate 0.80 I/(s-m?)
Add. Free Cooling Capacity | 0.00 AC/h

Variation Profile
Internal Gains

Air Exchanges

* Natural ventilation
Type

Variation Profile

off continuously

None

Natural Ventilation
on continuously

Adjacent Condition External Air

Max A/C Rate 6.00 AC/h
Rooms using this template
Room ID Name
[VOID0001] Void
[VOID0000] Void
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APPENDIX D - SIMULATION INPUT DATA

D WALL Description Extemal Wall-Baseline
Standard Generic
Outside surface
Emissivity ~ 0.900 Resistance m3W) 0.0299 [/] defautt Solar absoptance  0.700
Inside surface
Emissivity  0.900 Resistance (m3¥ /W) 01198 [¥] defautt Solar absoptance  0.550
[] Metal Cladding
[~] This is a ground contact wall {not an extemal wall) value adjustmer
Construction layers (outside to inside)
Specific \
M atetial Thickness | Conductivity| Denzity Heat Reszistance HaploLt,!r iw | cat
alena m Wimk) | ko/me Capacity | mek.Aw Gﬁ?‘i'{‘g%’ Ategory
Jkgk) slkam
PLASTER [DENSE] 0.0150 05000 1300.0 1000.0 Plazter
Concrete Lightweight [modified) 0.2000 1.7000 1900.0 93338 0.000 Caoncretes
Cavity 01000 0.1800
Concrete Lightweight [modified) 0. 2000 1.7000 1900.0 9333 0.000 Concretes
PLASTER [DENSE] 00150 0.5000 13000 1000.0 Plaster
[ Copy |[ Paste |[ Caviy |[ Inset |[ Add |[ Delete |[ Fip | |  System Materials || Project Materials
Construction thickness  0.5300 m U-value (W/m*K)

(hvahe mehod Urabe 18000 Witk
Total Rvalue 0.4753 mAW value method | ASHRAE value m

Figure D 35 Wall construction details for baseline model.
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D WALL1 Description Extemal Wall{1 pear]

Standard Generc
Cutside suface
Emissivity  0.900 Resistance (m3¥W) 0.0299 [¥] defautt Solar absorptance  0.700
Inside surface
Emissivity  0.500 Resistance m3AV) 01158 [¥] defautt Solar absorptance  0.550
[] Metal Cladding
[ This is @ ground contact wall {not an extemal wall) value adjustmen
Caonstruction layers {outside to inside)
Specific Y
Matarial Thickness | Conductivity| Density Heat Resistance Hap.mt‘.' i | Cat
= m I Capacity | mékAw Gﬁ?‘i,'}:‘%‘ ategary
kg K) el
PLASTER [DEMSE] 0.0150 0.5000 1300.0 1000.0 Flaster
Concrete Lightweight [modified) 0.2000 1.7000 1900.0 9338 0.000 Concretes
Cawity 01000 01800
Concrete Lightweight [modified] 0.2000 1.7000 1900.0 933.8 0.000 Concretes
POLYURETHAME BOARD 0.0625 0.0250 300 1400.0 Inzulating M aterials
PLASTER [DEMSE] 0.0150 0.5000 1300.0 1000.0 Flagter

[ Copy || Paste || Cavity || nset |[ Add || Delete || Fip |

| System Materials || Project Materials

Construction thickness  0.5925 m U-value (W/m*K)
Total Rovalue 29753 mA/W vawemethod | ASHRAE ke "
Figure D 36 Wall construction details for Pearl 1 model.
D WALL11 Description | Bxtemal Wall{2 pear]
Standard Generic
Cutside surface
Emissivity  0.900 Resistance (m3AWW) 0.02599 default Solar absomtance 0700
Inside surface
Emissivity  0.500 Resistance (m3AW) 0.1158 default Solar absomptance 0.550
[] Metal Cladding
[] Thig is a ground contact wall {not an extemal wall) value adjustmer
Construction layers {outside to inside)
Specific W
M aterial Thicknezs | Conductivity| Denzity Heat Resziztance Hap.mt‘.' i |Cat
alena m Wik | ka/me Capacity | meK.Aw Gﬁs_'sj'[r('{’ ategory
JikaK] sfkgm
PLASTER [DENSE] 0.0150 0.5000 1300.0 1000.0 Flaster
Concrete Lightweight [modified) 0.2000 1.7000 1900.0 933.8 0.000 Concretes
Cavity 0.1000 01800
Concrete Lightweight [modified) 0.2000 1.7000 1900.0 933.8 0.000 Concretes
POLYURETHAME BOARD 0.0706 0.0250 300 1400.0 Insulating Materials
PLASTER [DEMSE] 0.0150 0.5000 1300.0 1000.0 Flazter

| Copy || Paste || Cawity |[ Inset |[ Add || Delete |[ Fip |

Construction thickness  0.6006 m

Total R-value 3.2933 m3AW

| System Materials ||  Project Materials

U-value (W/m*K)

U-value method | ASHRAE -

Figure D 37 Wall construction details for Pearl 2-5 model.

U-value 0.2833 Wim=K
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D BEXTwW Description  External Window (baseline)
Shading devices
Local Mone E| External Nornie E| Interna None (2]
Outside surface Frame
o Material Softwood
Emissivity 0.837 atena Difnoo hd Standard Generic Surface area ratio 1.0
Resistance (m3K/W) 0.0299 || default Percentage 20.00 %o
Resistance 0.1526 maKn
Inside surface
S Absorptance 0.7
Emissivity 0.837 P
) Outside surface  1,gg
Resistance (m2 W) 0.1198 |[/|default area ratio
Inside surface  1,gp
area ratio
U-value 3.3080 W mz-K
Construction layers (putside to inside)
Type of Convection
Thickness |Conductivity|  glass or coefficient | Resistance Outzide Inside: Refractive |  Outside Inside
Description [m] k) bilind Gas K [Pk | Transmittance | reflectance | reflectance index emissivity | emizsivity
CLEAR FLOAT Bhikd 0.0080 1.0600  Uncoated 0.780 0.07a0 0.070 1.526
| Copy || Paste | | Insert || Add || Delete | System Materials || Project Materials

U-value Visible light properties
U-value (glass only) 6.4369 Wim2-K A o ]
e [ — U-value method | ASHRAE - Visible light normal transmittance  0.76
Figure D 38 External Glazing construction details for Baseline model.
Table D 37 External Glazing construction details for Baseline model.
External Window [Baseline]
U-value (glass only) 6.4369 W/mz.-K
Net U-value (including frame*) 5.8111 W/mz.-K
Outside surface air-film resistance 0.0299 m2K/W
Inside surface air-film resistance 0.1198 m2K/W
THETA 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
T(D) 0780 0779 0.776 0.770 0.759 0.736 0.688 0.581 0.348 0.000
T(R) 0.032 0.032 0.032 0.033 0.035 0.036 0.037 0.038 0.036 0.000
Short-wave shading coefficient 0.8966
Long-wave shading coefficient 0.0364
Total shading coefficient 0.9329
SHGC (center-pane) 0.8116
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D BTl Description  External Window [1 Pearl]
Shading devices
Local Mone |Z| External None E| Interna None E|
Outside surface Frame
Emissivity 0.837 Material ISm‘twcm:l—v, Standard Generic Surface area ratio 1.0
Resistance (m2/W) 0.0295 [V]default Percentage 20.00 %o
Resistance 0.1526 maK MW
Inside surface
Emissivity 0.837 Absorptance .7
Resistance (m /W) 0.1198  [7] defauit grf:ifsﬁi“rfﬁce 1.00
Inside surface 1 pg
area ratio
U-value 3.3080 Wm2eK
Construction layers (outside to inside)
Type of Convection
Thickness |Conductivity| glass ar coefficient | Resistance Outside Inzide Refractive |  Outside Inzide
D escription (m] [t ekl blind Gag WK [ "] [ Transmittance | reflectance | reflectance index emigsivity | emiggivity
CLEAR FLOAT Bk 0.0080 0.0610  Uncoated 0417 0.070 0.070 1.526
Cawity 00120 Air 2.0800 01730
CLEAR FLOAT Bhdbd 0.0080 0.0610  Uncoated 0.414 0.ova 0.070 1.526
| Copy || Paste | | Inzert || Add || Delete | System Materials || Project Materials
U-value Visible light properties
U-value (glass only) 1.9228 W fm2-K N
U-value method | ASHRAE - Vigible light normal transmittance 0.76
Met U-value (induding frame)  2.1998 Wm2K
Figure D 39 External Glazing construction details for Pearl 1 model.
Table D 38 External Glazing construction details for Pearl 1 model.
External Window [1 Pearl]
U-value (glass only) 1.9228 Wimz-K
Net U-value (including frame*) 2.1998 W/mz.-K
Outside surface air-film resistance 0.0299 m2K/W
Inside surface air-film resistance 0.1198 m2K/W
THETA 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
T(D) 0173 0.172 0.167 0.158 0.146 0.130 0.108 0.076 0.028 0.000
T(R) 0227 0.227 0.227 0.228 0.227 0.224 0.214 0.187 0.124 0.000
Short-wave shading coefficient 0.1994
Long-wave shading coefficient 0.2604
Total shading coefficient 0.4598
SHGC (center-pane) 0.4000
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D EXTwii Description  External Window [2 Pearl]
Shading devices
Local MNone E| External Mone El Interna MNone U
Outside surface Frame
Emissivity 0.837 R \—,Softwood b Standard Generic Surface area ratio 1.0
Resistance (m3/\W) 0.0299 || default Percentage 20,00 %
Resistance 0.1526 e
Inside surface
S— Absorptance 0.7
Emissivity 0.837 P
Resistance (m2/W) 0.1198  [7] default gri':'?:ﬁi”rface 100
Inside surface  1.pg
area ratio
U-value 3.3080 Wfm2eK
Construction layers (outside to inside)
Type of Convection
Thickness |Conductivity|  glass or coefficient | Resistance Outside Inside Refractive | Outside Inzide
Description [m] [ Ak bilind Gas Wl [ | Transmittance | reflectance | reflectance index emissivity | emissivity
CLEAR FLOAT Bhikd 0.0060 0.0370  Uncoated 0.252 0.070 0070 1.526
Cavity 00120 Air 2.0800 01730
CLEAR FLOAT EhiM 0.0060 0.0370  Uncoated 0.253 0.070 0.0v0 1.526
| Copy | | Paste | | Insert | | Add ” Delete | System Materials || Project Materials

U-value Visible light proper ties
U-value (glass only) 1.5486 Wm2eK — o ]
i [ S U-value method \ASI—|RAE—Y, Visible light normal transmittance  0.76
Figure D 40 External Glazing construction details for Pearl 2-5 model.
Table D 39 External Glazing construction details for Pearl 2-5 model.
External Window [2 Pearl]
U-value (glass only) 1.5486 W/im2-K
Net U-value (including frame*) 1.9005 W/mz-K
Outside surface air-film resistance 0.0299 m2K/W
Inside surface air-film resistance 0.1198 m2K/W
THETA 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
T(D) 0.064 0.063 0.060 0.055 0.049 0.041 0.032 0.021 0.008 0.000
T(R) 0236 0.236 0.235 0.233 0.230 0.223 0.211 0.184 0.124 0.000
Short-wave shading coefficient 0.0736
Long-wave shading coefficient 0.2713
Total shading coefficient 0.3450
SHGC (center-pane) 0.3000
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D ROOF Description Roof (baseline)

Standard Generic
Outside suface
Emissivity  0.500 Resistance (m3W)  0.0259 [¥] default Solar absoptance  0.700
Inside suface
Emissivity  0.500 Resistance (m3W) 0.1074 [¥] default Solar absoptance  0.550
[ Metal Cladding
Construction layers (outside to inside)
Specific W
Matarial Thickness | Conductivity| Diensity Heat Fesistance Hapth!r i | Cat
Siena m W] | kadn? Capacity | mei.Aw GES,'SJ,'[;:'{’ ategory
Jilkg K] S0
COMNCRETE TILES 0.0500 1.1000 21000 8370 Tiles
INSULATION BOARD - Dubai Company 1SOFOAR 0.0500 0.0330 320 8370 0.000 Inzulating Materials
Felt/Bitumen Layers 00050 0.5000 17000 1000.0 0.000 Agphalts & Other Roofing
SCREED 0.0500 04100 12000 2400 Screeds & Renders
Concrete Lightweight [modified] 02500 1.7000 1300.0 933.8 0.000 Concretes
[ Copy |[ Paste |[ Cavity |[ Inset |[ Add |[ Delete |[ Fip | |  System Materisls || Project Materials
Construction thickness  0.4050 m U-value (W/m*K)

Uvsho method Uvdve 008 WK
Total Rvalue 1.8396 mAW “value method | ASHRAE -value m

Figure D 41 Roof construction details for Baseline model.

D ROCF1 Description Reof [1 Pearl]
Standard Generic
Outside surface
Emissivity  0.900 Resistance (m3/W) 0.0299 [¥] defautt Solar absoptance 0.700
Inside surface
Emissivity  0.500 Resistance (m3AWW) 01074 [¥] defautt Solar absoptance  0.550
[] Metal Cladding
Construction layers (outside to inside)
Specific y
W aterial Thicknezs | Conduchivity| Denzity Heat Resistance Happttl_r i | Cat
alena m WK | kadne Capacity | meK.w GES_'S’,'[‘;{’ Alegory
JkoK] selkgm
COMCRETE TILES 0.0500 1.1000 2100.0 a3rn Tiles
INSULATION BOARD - Dubai Conmpany |SOF0ARM 02204 00330 320 a3rn 0.000 Insulating M aterials
Felt/Bitumen Layers 0.0050 0.5000 1700.0 1000.0 0.000 Azphalts & Other Roofing
SCREED 0.0500 04100 1200.0 8400 Screeds & Renders
Concrete Lightweight [modified) 0.2500 1.7000 1900.0 9958 0.000 Concretes
[ Copy |[ Paste |[ Caviy |[ Inset |[ Add |[ Delete |[ Fip | | System Materials ||  FProject Materials
Construction thickness  0.5754 m U-value (W/m>K)

fEmE Urae 01400 wneK
Total Rvalue 7.0033 mA W value method | ASHRAE -value 0

Figure D 42 Roof construction details for Pearl 1 model.
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D ROOFI1 Description  Roof [2 Pear]

Standard Generc
Outzide surface
Emissivity ~ 0.900 Resistance (m3AW)  0.0299 [] default Solar absoptance  0.700
Inside surface
Emissivity ~ 0.500 Resistance (m3/W) 0.1074 [¥] default Solar absoptance  0.550
[ Metal Cladding
Construction layers (outside to inside)
Specific Y
Matarial Thickness | Conductivity[ Denzity Heat Fesistance Hap_mtJ_r i | Cat
S m wAmE] | kgdme Capacity | KA Gﬁ?‘ﬁ,'ﬁ:‘%‘ ategary
JAkg K] SR
COMCRETE TILES 0.0500 1.1000 21000 2370 Tiles
IMSULATION BOARD - Dubai Compangy 1SOF0AM 02597 0.0330 320 2370 0.000 Inzulating b aterialz
Felt/Bitumen Layers 0.0050 0.5000 1700.0 1000.0 0.000 Azphalts & Other Roofing
SCREED 0.0500 0.4100 12000 240.0 Screeds & Renders
Concrete Lightweight [modified] 0.2500 1.7000 1300.0 933.8 0.000 Concretes
[ Copy |[ Paste |[ Caviy |[ Inset |[ Add |[ Delete |[ Fip | | System Materals || Project Materials
Construction thickness 0.6147 m U-value (W/m*K)

U-value method | ASHRAE U-value 0.1200 Wim=K
Total Rvalue 8.1942 mHAW z

Figure D 43 Roof construction details for Pearl 2-5 model.
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APPENDIX E IES RESULTS

Table E1 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for Baseline Model

/ Room cooling plant sens. load (MW

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Moy 01-30
Dec 01-31
Summed total

0.9059
1.8522
4.8052
9.6783
14.0266
17.2003
18.6062
19.5397
16.8354
11.9635
7.5186
2.5366

125.4686

Chillers energy

(MWh)

Date
Jan01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nowv 01-30
Dec 01-31
Total

0.39
0.7e01
2.165
4.0051
5.8512
7.6953
8.6786
8.0828
7.9639
5.2899
33013
1.0593
56.1426

Ap Sys chillers
energy (MWh)

0.39
0.7601
2.165
4.0051
5.8512
7.6953
8.6786
8.5828
7.9639
5.2899
3.3013
1.0593
56.1426

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
lul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mo 01-30
Dec 01-31

Total CE (kgCQ2)

Summed total

1627
1817
2938
4124
5307
6621
7254
7455
6789
4927
3654
2211
54723

Ap Sys heat rej Total system
fans/pumps energy (MWh)
0.117 1.3244
0.228 1.8169
0.5495 3.7086
1.2015 6.0666
1.7554 8.4347
2.3086 10.8642
2.6036 12.1375
2.6948 12.5329
2.3892 11.2143
1.587 7.6932
0.9904 5.147
0.3178 2.2731
16.8428 83.2134

Total electricity

3.1459
34943
5.6837
79757
10.2598
12.8037
14.0311
14,4188
13,1299
9.5295
7.0674
4.2758
105.8156

Total energy

3.1469
3.5450
5.6837
7.9803
10.2715
12,8087
14.0311
14.4188
13,1359
9.5295
7.0674
4.2777
105.897
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Table E2 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 1 Pearl Wall Scenario

Pearl 1 - Wall Room cooling plant

sens. load (MWh)

Date

Jan01-31 1.0853
Feb 01-28 2.017
Mar 01-31 4.7584
Apr01-30 9.2074
May 01-31 13.1215
Jun01-30 15.9749
Jul 01-31 17.2209
Aug 01-31 18.1011
Sep 01-30 15.6486
Oct 01-31 11.2546
Nov 01-30 7.2578
Dec01-31 27053
Summed total 118.2528

Chillers energy
(MWh)

Date

Jan 01-31 0.4588
Feb 01-28 0.8253
Mar 01-31 2.1457
Apr01-30 3.8145
May 01-31 5.4848
Jun 01-30 7.1993
Jul 01-31 81179
Aug 01-31 8.4005
Sep 01-30 7.4835
Oct 01-31 5.0029
Nov01-30 3.1958
Dec01-31 1.1275
total 53.2564

Ap Sys chillers
energy (MWh)

0.4588
0.8253
2.1457
3.8145
54848
7.1993
81179
B8.4005
7.4835
5.0029
3.1958
1.1275
53.2564

Total CE (kg02)

Date
Jan 01-31 1673
Feb 01-28 1861
Mar 01-31 2926
Apr 01-30 3996
May 01-31 5060
Jun 01-30 6287
Jul 01-31 6877
Aug (1-31 7063
S5ep 01-30 6467
Oct 01-31 4734
MNov 01-30 3583
Dec (1-31 2257
Summed total 52783
Ap Sys heat rej
fans/pumps Total system
energy (MWh)  energy (MWHh)
0.1377 1.4141
0.2475 1.9026
0.6437 3.6838
1.1443 5.8187
1.6454 7.9583
2.1598 10.2193
2.4354 11.4085
2.5201 11.7759
2.2451 10.5898
1.5009 7.3201
0.9587 5.0098
0.3383 2.362
15.9769 79.4628

Total electricity

3.2354
3.5791
5.6587
7.7278
9.7835
12,1588
13.3022
13.6617
12.5055
9.1564
6.9302
4.3645
102.0636

Total energy

3.2366
3.6313
5.6587
7.7335
9.7951
12,1638
13.3022
13.6617
12.5114
9.1564
6.9302
4.3666
102.1464
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Table E3 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 2 Pearl Wall Scenario

Pearl 2 - Wall Room cooling plant

sens. load (MWh)

Date

Jan 01-31 1.0882
Feb 01-28 2.0195
Mar 01-31 4.7571
Apr01-30 9.196
May 01-31 13.1014
Jun 01-30 159473
Jul 01-31 17.1898
Aug 01-31 18.0687
Sep 01-30 15.6213
Oct 01-31 11.2378
Nov 01-30 7.2507
Dec 01-31 27097
Summed total 118.1854

Chillers energy
(MWh)

Date

Jan 01-31 0.4599
Feb 01-28 0.8263
Mar 01-31 2.1451
Apr01-30 3.8099
May 01-31 5.4767
Jun 01-30 7.1881
Jul 01-31 8.1053
Aug 01-31 8.3874
Sep 01-30 7.4725
Oct 01-31 4.9956
Nov 01-30 31929
Dec01-31 1.1285
Summed total 53.1885

Ap Sys chillers
energy (MWh)

0.4599
0.8263
2.1451
3.8099
54767
7.1881
B.1053
8.3874
7.4725
4,996
3.1929
1.1285
53.1885

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1674
1861
2925
3993
5055
6280
6859
7054
6459
4729
3581
2257
52738

fans/pumps Total system
energy (MWh) energy (MWh)
0.138 1.4155
0.2479 1.9039
0.6435 3.6828
1.143 5.8128
1.643 7.9478
2.1564 10,2048
2.4316 11.3922
2.5182 11,7588
2.2417 10.5755
1.4988 7.3112
0.9579 5.005
0.3385 2.3633
15.9566 79.3745

Total electricity

3.2368
3.5804
56579
7.7218
9.7729
12.1443
13.2858
13.6447
12.4911
9.1474
6.9264
4.3657
101.9753

Total energy

3.238
3.6326
5.6579
7.7265
9.7846

12,1483
13.2858
13.6447
12.4971
9.1474
6.9264
4.3678
102.0581
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Table E 4 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 1 Pearl Glazing Scenario

Pearl 1 - Glazing Room cooling plant

sens. load (MWh)

Date

Jan 01-31 0.6054
Feb 01-28 1.3424
Mar 01-31 3.9517
Apr01-30 85225
May 01-31 12.524
Jun 01-30 15.5056
Jul 01-31 16.8337
Aug 01-31 17.7432
Sep 01-30 15.2474
Oct 01-31 10.7449
Nov 01-30 6.5906
Dec 01-31 2,025
Summed total 111.6365

Chillers energy
(MWh)

Date

Jan 01-31 0.2714
Feb 01-28 0.5558
Mar 01-31 1.8202
Apr01-30 35372
May 01-31 5.2429
Jun 01-30 7.0093
Jul 01-31 7.9611
Aug 01-31 8.2556
Sep 01-30 7.3211
Oct 01-31 4.7965
Nov 01-30 2.9256
Dec01-31 0.8526
Summed total 50.5493

Ap Sys chillers
energy (MWh)

0.2714
0.5558
1.8202
35372
5.2429
7.0093
79611
8.2556
7.3211
4.7965
29256
0.8526
50.5493

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1547
1679
2707
3810
4898
6155
6772
6956
6357
4595
3401
2072
50963

fans/pumps Total system
energy (MWh) energy (MWh)
0.0814 1.17
0.1667 155
0.545 3.2603
1.0612 5.4583
1.5729 7.6439
2.1028 9.9723
23883 11.2047
2.4787 11.587¢
2.1963 10.3787
1.4359 7.0518
0.8777 4.6585
0.2558 2.0042
15.1648 75.9404

Total electricity

29917
3.2288
5.2355
7.3673
9.459
11.9118
13.0983
13.4734
12.2943
8.8881
6.579
4.0071
98.5444

Total energy

2.,9924
3.2787
5.2355
7.372
9.4807
11.9168
13.0983
13.4734
12.3003
8.8881
6.579
4.0088
98.624
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Table E 5 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 2 Pearl Glazing Scenario

Pearl 2 - Glazing Room cooling plant

sens. load (MWh)

Date

Jan 01-31 0.4897
Feb 01-28 1.1675
Mar 01-31 3.7043
Apr01-30 B8.2494
May 01-31 12.2262
Jun 01-30 15.1881
Jul 01-31 16.50098
Aug 01-31 17.4131
Sep 01-30 14.9362
Oct 01-31 10.4725
Nov 01-30 6.3365
Dec 01-31 1.8371
Summed total 108.5303

Chillers energy
(MWh)

Date

Jan 01-31 0.2265
Feb 01-28 0.4861
Mar 01-31 1.7203
Apr01-30 3.4266
May 01-31 5.1224
Jun 01-30 6.8808
Jul 01-31 7.83
Aug 01-31 8.122
Sep 01-30 7.1952
Oct 01-31 4.6862
Nov 01-30 28228
Dec01-31 0.77e7
Summed total 49.2955

Ap Sys chillers
energy (MWh)

0.2265
0.4861
1.7203
3.4266
5.1224
6.8808
7.83
8.122
7.1952
4.6862
28228
0.7767
49.2955

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1517
1832
2640
3736
4817
6073
6684
GB76
6273
4521
3332
2021
50120

fans/pumps Total system
energy (MWh) energy (MWh)
0.068 11118
0.1458 1.4589
0.5161 3.1305
1.028 5.3145
1.5367 7.4872
2.0642 9.8052
2.349 11.0343
2.4385 114138
2.1585 10.2145
1.4059 6.9085
0.8468 4.5249
0.233 1.9055
14.7887 74.3098

Total electricity

29334
3.1382
5.1056
7.2236
9.3123
11.7447
12.9279
13.2997
12.130¢
8.7447
6.4452
3.9084
96.9144

Total energy

29341
3.1877
5.1056
7.2283
9.324
11.7487
12.9279
13.2997
12.1365
8.7447
6.4452
3.91
96.9934
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Table E 6 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 1 Pearl Combined Scenario

Fearl 1 Combired Room cooling
plant sens. load (MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mov 01-30
Dec 01-31

Summed total

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec01-31

Summed total

0.7344
1.4428
3.8108
7.9265
11.4585
14.0964
15.2558
16.104
13.8825
9.901
6.2288
2,1311

102.9726

0.3196
0.5949
1.7629
3.2959
4.8116
6.4388
7.3225
7.5921
6.7687
4.4549
27791
0.8955

47.0364

Ap Sys chillers
Chillers energy (MV energy (MWh)

0.3196
0.5949
1.7629
3.2959
4.8116
6.4388
7.3225
7.5921
6.7687
4.4549
27791
0.8955
47.0364

Total CE (kg€032)

Date
Jan 01-31 1579
Feb 01-28 1706
Mar 01-31 2658
Apr 01-30 3648
May 01-31 4608
Jun 01-30 5776
Jul 01-31 6343
Aug (1-31 6520
Sep 01-30 5986
Oct 01-31 4386
MNov 01-30 3303
Dec (1-31 2101
Summed total 48602
Ap Sys heat rej
fans/pumps Total system
energy (MWh) energy (MWh)
0.0959 1.2328
0.1785 1.6017
0.5289 3.186
0.9888 5.1448
1.4435 7.0831
1.9316 9.2307
2.1967 10.3745
2.2776 10.725
2.0306 9.6805
1.3365 6.6077
0.8337 4.4682
0.2686 2.0602
14.1109 71.374%

Total electricity

3.0543
3.2796
5.1611
7.0537
8.9082
111703
12.2681
12.6108
11.5762
8.444
6.3885
4.0628
93.9775

Total energy

3.0552
3.3305
515611
7.0583
8.9199
11.1752
12.2681
12.6108
11.5821
8.444
6.3885
4.0648
94.0586
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Table E 7 IES Monthly Results for Cooling Loads, Energy and Carbon for Typical Floor for 2 Pearl Combined Scenario

Fearl 2 Combired Room cooling
plant sens. load (MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mov 01-30
Dec 01-31
Summed total

0.6001
1.252
3.5373
7.6138
11.1075
13.7149
14.8636
15.7025
13.5086
9.5823
5.9424
19258
99.3509

Chillers energy

(MWHh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug01-31
Sep 01-30
Oct 01-31
Nowv 01-30
Dec01-31
Summed total

0.2671
0.5188
1.6526
3.1693
4.6695
6.2844
7.1637
7.4295
6.6173
4.3259
2.6632
0.8125
45.5739

Ap Sys chillers
energy (MWh)

0.2671
0.5188
1.6526
3.1693
4.6605
6.2844
7.1637
7.4295
6.6173
43259
26632
0.8125
45.5739

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg€032)

Summed total

Ap Sys heat rej

1544
1654
2594
3563
4512
5672
6238
6411
5884
4279
3225
2045
47619

fans/pumps Total system
energy (MWh) energy (MWh)
0.0801 1.1645
0.1556 1.5023
0.4958 3.0425
0.9508 4.9801
1.4009 6.8984
1.8853 9.03
2.1491 10.1681
2.2289 10,5137
1.9852 9.4637
1.2978 6.44
0.799 43174
0.2438 1.9523
13.6722 69.4731

Total electricity

29861
3.1807
5.0176
6.5891
8.7235
10.9685
12.0617
12.3995
11.3794
8.2763
6.2378
3.955
92.0763

Total energy

2.987
3.231
5.0176
6.8938
8.7352
10.9745
12.0617
12,3995
11.3853
8.2763
6.2378
3.9569
92.1567
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Table E 8 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for Baseline Model

PW Room cooling plant sens. load

{MWh)
Date
Jan01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aup 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31
Summed total

1167
2.3083
5.3366
9.9375
14.0887
17.1c48
18.4735
19.3478
16.7773
12.0334

7.7868

29138

127.3355

Chillers energy

{MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31
Summed total

0.4876
0.9403
23791
411
58764
7.681
86249
8.9052
7.9404
53181
3.4099
12116

56.8844

Ap Sys chillers
energy (MWh)

0.4876
0.9403
2.3791
411
5.8764
7.681
8.6240
8.9052
7.9404
5.3181
3.4099
1.2116

56.8844

Total CE (kgC02)

Date
lan01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-20
Dec 01-31

Summed total

Ap Sys heat
fans/pumps

rej

0.1463
0.2821
0.7137

1.233
1.7629
2.3043
2.5875
2.6715
2.3821
1.5954

1.023
0.3635

17.0653

1692
1938
3082
4195
3324
6611
7218

6774
4946
3727
2313
55222

Total system
energy (MWh)

1.4516
2.0538
3.9869
6.203
8.4674
10.8455
12.0676
12.432
11.1837
773
5.2882
24714
84.1811

Total electricity

3.2728
3.7286
5.962
8.1121
10,2925
12.785
13.9612
14.3178
13.0994
9.5662
7.2085
4.4738
106.78

Total energy

3.2741
3.7825
5.962
8.1167
10.3042
12.79
13.9612
14.3178
13.1053
9.5662
7.2085
4476
106.8647
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Table E 9 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 1 Pearl Wall Scenario

.= Wall Room cooling plant sens. load {

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mov 01-30
Dec 01-31
Summed total

1.3934
2.525
5.3094
9.4332
13.1231
15.8496
16.9862
17.7932
15.4897
11.2562
7.4945
3.1132

119.7668

Chillers energy

(MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31
Summed total

0.5757
1.0266
2.3679
3.9059
5.4855
7.1486
8.0229
B8.2758
7.4193
5.0035
3.2916
1.2923

53.8155

Ap Sys chillers
energy (MWh)

0.5757
1.0266
2.3679
3.9059
54855
7.1486
80229
B.2758
7.4193
5.0035
3.2916
1.2923
53.8155

Total CE (kg02)

Date
Jan 01-31 1752
Feb 01-28 1996
Mar 01-31 3075
Apr 01-30 4058
May 01-31 5061
Jun 01-30 6253
Jul 01-31 6813
Aug (1-31 6979
S5ep 01-30 6423
Oct 01-31 4734
MNov 01-30 3647
Dec (1-31 2368
Summed total 53160
Ap Sys heat rej
fans/pumps Total system
energy (MWh)  energy (MWHh)
0.1727 1.5664
0.308 2.1868
0.7104 3.9724
1.1718 5.937s
1.6456 7.9592
2.1445 10.1534
2.4069 11.285
2.4828 116139
2.2258 10.5062
1.5011 7.321
0.9875 5.1343
0.3877 2.5766
16.1447 80.1926

Total electricity

33873
3.8408
5.9475
7.8467
9.7843
12.0929
13.1787
13.4997
12.4218
9.1572
7.0547
4.5787
102.7904

Total energy

3.3889
3.8953
5.9475
7.8513
9.796
12.0979
13.1787
13.4997
12.4278
9.1572
7.0547
4.5812
102.8762
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Table E 10 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 2 Pearl Wall Scenario

Pearl 2 - Wall Room cooling plant

sens. load (MWh)

Date

Jan 01-31 1.3978
Feb 01-28 25293
Mar 01-31 5.3089
Apr01-30 9.4209
May 01-31 13.1012
Jun 01-30 15.8192
Jul 01-31 16.952
Aug 01-31 17.757
Sep 01-30 15.4593
Oct 01-31 11.2372
Nov 01-30 7.4866
Dec 01-31 3.1168
Summed total 119.5863

Chillers energy
(MWh)

Date

Jan 01-31 0.5774
Feb 01-28 1.0284
Mar 01-31 2.3677
Apr01-30 3.9009
May 01-31 5.4766
Jun 01-30 7.1363
Jul 01-31 8.009
Aug 01-31 8.2612
Sep 01-30 7.4069
Oct 01-31 4.9958
Nov 01-30 32884
Dec01-31 1.2937
Summed total 53.7423

Ap Sys chillers
energy (MWh)

0.5774
1.0284
2.3677
3.9009
5.4765
7.1363
B8.009
8.2612
7.4069
4.9958
3.2884
1.2937
53.7423

Total CE (kg02)

Date
Jan 01-31 1753
Feb 01-28 1598
Mar 01-31 3075
Apr 01-30 4054
May 01-31 5055
Jun 01-30 6245
Jul 01-31 6804
Aug (1-31 6959
Sep 01-30 6415
Oct 01-31 4729
MNov 01-30 3645
Dec (1-31 2369
Summed total 53110
Ap Sys heat rej
fans/pumps Total system
energy (MWh) energy (MWh)
0.1732 1.5688
0.3085 2.1689
0.7103 3.9721
1.1703 5.9312
1.643 7.9477
2.1409 10,1374
2.4027 11.267
2.4784 11.5948
2.2221 10.4302
1.4987 7.310%2
0.9865 5.1301
0.3881 2.5785
16.1227 80.0975

Total electricity

3.3895
3.8431
5.9472
7.5402
9.7728
12.0768
13.1606
13.480¢
12.4058
9.1472
7.0505
4.5806
102.6952

Total energy

3.3911
3.8976
5.9472
7.8449
9.7845
12.0819
13.1606
13.4806
12.4118
9.1472
7.0505
4.5831
102.781
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Table E 11 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 1 Pearl Glazing Scenario

Pearl 1 - Glazing Room cooling plant

sens. load (MWh)

Date

Jan 01-31 0.8382
Feb 01-28 1.7601
Mar 01-31 4.4385
Apr01-30 8.719
May 01-31 12.4942
Jun 01-30 15.3592
Jul 01-31 16.5814
Aug 01-31 17.4201
Sep 01-30 15.0777
Oct 01-31 10.7339
Nov 01-30 6.8079
Dec 01-31 2.376
Summed total 112.6073

Chillers energy
(MWh)

Date

Jan 01-31 0.3559
Feb 01-28 0.7193
Mar 01-31 2.0161
Apr01-30 36168
May 01-31 5.2309
Jun 01-30 6.95
Jul 01-31 7.859
Aug 01-31 £.1248
Sep 01-30 7.2524
Oct 01-31 4.792
Nov 01-30 30136
Dec01-31 0.9941
Summed total 50.925

Ap Sys chillers
energy (MWh)

0.3559
0.7183
2.0161
36168
5.2309
6.95
7.859
8.1248
7.2524
4,792
3.0136
0.9941
50.925

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1604
1790
2838
3863
4890
6120
6703
GET7E
6311
4592
3450
2167
51216

fans/pumps Total system
energy (MWh) energy (MWh)
0.1068 1.2802
0.2158 1.7657
0.6048 3.5151
1.085 5.5617
1.5693 7.6282
2.085 9.8953
23577 11.072
2.4375 11.417¢
2.1757 10.2894
1.4376 7.0451
0.9041 4.7729
0.2982 2.1884
15.2775 76.4326

Total electricity

3.1016
3.4414
5.4902
7.4708
9.4533
11.8348
12.9656
13.3034
12.205
8.8823
6.6933
4.191
99.0327

Total energy

3.1027
3.4945
5.4902
7.4755
9.465
11.8388
12.9656
13.3034
12.211
8.8823
6.6933
4.193
99.1162
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Table E 12 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 2 Pearl Glazing Scenario

Pearl 2 - Glazing Room cooling plant

sens. load (MWh)

Date

Jan 01-31 0.6995
Feb 01-28 1.5615
Mar 01-31 41722
Apr01-30 84287
May 01-31 12.1762
Jun 01-30 15.0194
Jul 01-31 16.2347
Aug 01-31 17.0655
Sep 01-30 14.744
Oct 01-31 10.4425
Nov 01-30 6.5377
Dec 01-31 21702
Summed total 109.2521

Chillers energy
(MWh)

Date

Jan 01-31 0.3013
Feb 01-28 0.6396
Mar 01-31 1.908
Apr01-30 3.4992
May 01-31 5.1021
Jun 01-30 6.8115
Jul 01-31 7.7187
Aug 01-31 7.9813
Sep 01-30 7.1174
Oct 01-31 4.6741
Nov 01-30 2.9042
Dec01-31 0.9108
Summed total 49.5692

Ap Sys chillers
energy (MWh)

0.3013
0.6386
1.908
3.4992
5.1021
6.8125
7.7187
79813
7.1174
4.6741
29042
0.9108
49.5692

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1567
1738
2768
3784
4803
6027
6603
6781
6220
4513
3387
2111
50305

fans/pumps Total system
energy (MWh) energy (MWh)
0.0904 1.2092
0.1919 1.6617
0.5724 3.3745
1.0498 5.4089
1.5306 7.4609
2.0437 9.7155
2.3156 10.8895
2.3944 11.231
2.1352 10,1138
1.4022 6.8927
0.8713 4.6307
0.2732 2.0802
14.8708 74.6696

Total electricity

3.0306
3.3378
5.3496
7.318
9.286
11658
12.7832
13.1168
12.0235
8.729
6.5511
4.0828
97.2702

Total energy

3.0317
3.3905
5.3496
7.3227
9.2977
11.661
12.7832
13.1168
12.0354
8.729
6.5511
4.0847
97.3532
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Table E 13 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 1 Pearl Roof Scenario

Pearl 1 - Roof Room cooling plant

sens. load (MWh)

Date

Jan 01-31 1.2513
Feb 01-28 2.3366
Mar 01-31 5.2117
Apr01-30 9.6118
May 01-31 13.5508
Jun 01-30 16.4546
Jul 01-31 17.6706
Aug 01-31 18.535
Sep 01-30 16.0898
Oct 01-31 11.6279
Nov 01-30 7.6285
Dec 01-31 29838
Summed total 1229523

Chillers energy
(MWh)

Date

Jan 01-31 0.5204
Feb 01-28 0.9515
Mar 01-31 2.3285
Apr01-30 39782
May 01-31 5.6587
Jun 01-30 7.3535
Jul 01-31 83
Aug 01-31 85762
Sep 01-30 7.6622
Oct 01-31 5.154
Nov 01-30 3.3458
Dec01-31 1.24
Summed total 55.1088

Ap Sys chillers
energy (MWh)

0.5204
09515
2.3285
39782
5.6587
7.3935
B3
8.5762
7.6622
5.154
3.3458
1.24
55.1088

Total CE (kg02)

Date
Jan 01-31 1714
Feb 01-28 1946
Mar 01-31 3048
Apr 01-30 4106
May 01-31 5177
Jun 01-30 6418
Jul 01-31 7000
Aug (1-31 7181
Sep 01-30 6587
Oct 01-31 4835
MNov 01-30 3684
Dec (1-31 2332
Summed total 54029
Ap Sys heat rej
fans/pumps Total system
energy (MWh) energy (MWh)
0.1561 1.4943
0.2855 2.0684
0.6985 3.9212
1.1935 6.0318
1.6976 8.1843
2.218 10,4718
2.49 11.6452
2.5729 12,0043
2.2986 10.822
1.5462 7.5156
1.0037 5.2049
0.372 2.5084
16.5326 81.8729

Total electricity

3.3154
3.7432
5.8963
7.9407
10.0094
12.4113
13.5388
13.8901
12.7377
9.3528
7.1252
4.5107
104.4717

Total energy

3.3168
3.7971
5.8963
7.9453
i0.0211
12.4163
13.5388
13.8901
12.7436
9.3528
7.1252
4.5129
104.5565
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Table E 14 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 2 Pearl Roof Scenario

Pearl 2 - Roof Room cooling plant

sens. load (MWh)

Date

Jan 01-31 1.2564
Feb 01-28 2.3385
Mar 01-31 5.2049
Apr01-30 9.5933
May 01-31 13.5202
Jun 01-30 16.414
Jul 01-31 17.6247
Aug 01-31 18 4884
Sep 01-30 16.0504
Oct 01-31 116047
Nov 01-30 7.6196
Dec 01-31 2.988
Summed total 122.7032

Chillers energy
(MWh)

Date

Jan 01-31 0.5224
Feb 01-28 0.9523
Mar 01-31 2.3257
Apr01-30 3.9707
May 01-31 5.6463
Jun 01-30 7.3771
Jul 01-31 B8.2814
Aug 01-31 8.5573
Sep 01-30 7.6462
Oct 01-31 5.1445
Nov 01-30 33422
Dec01-31 1.2417
Summed total 55.0079%

Ap Sys chillers
energy (MWh)

0.5224
09523
2.3257
3.9707
5.6463
73771
B.2814
8.5573
7.6462
5.1446
3.3422
1.2417
55.0079

Total CE (kg02)

Date
Jan 01-31 1716
Feb 01-28 1946
Mar 01-31 3047
Apr 01-30 4101
May 01-31 5169
Jun 01-30 6407
Jul 01-31 6987
Aug (1-31 7169
Sep 01-30 6576
Oct 01-31 4829
MNov 01-30 3681
Dec (1-31 2334
Summed total 53961
Ap Sys heat rej
fans/pumps Total system
energy (MWh) energy (MWh)
0.1567 1.4959
0.2857 2.0694
0.6977 3.917¢
1.1912 6.0219
1.6939 8.1682
2.2131 10.4504
2.4844 116211
2.5672 11,9798
2.2939 10.8013
1.5434 7.5044
1.0027 5.2001
0.3725 2.5106
16.5024 81.7417

Total electricity

3.318
3.7442
5.8927

74931
9.9933

12,3899
13.5147
13.865¢
12.7169
9.3406
7.1205
4.5129
104.3404

Total energy

3.3194
3.7981
5.8927
7.9356
10.005
12,3949
13.5147
13.8656
12.7229
9.3406
7.1205
4.5152
104.4252
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Table E 15 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 1 Pearl Combined Scenario

Fearl 1 Combired Room cooling
plant sens. load (MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mov 01-30
Dec 01-31
Summed total

1.1086
1.9213
4.127
7.6222
10.621
12.8833
13.8119
14.5427
12,6582
9.2372
6.1532
2.5666
97.2532

Chillers energy

(MWHh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug01-31
Sep 01-30
Oct 01-31
Nowv 01-30
Dec01-31
Summed total

0.4597
0.7826
1.8894
3.1727
4.4726
5.9478
6.7379
6.9597

6.273
4.1862
2.7485
1.0711

44.7012

Ap Sys chillers
energy (MWh)

0.4597
0.7826
1.8894
3.1727
44725
5.9478
6.7379
6.9597
6.273
4.1862
2.7485
1.0711
44.7012

Total CE (kg02)

Date
Jan 01-31 1674
Feb 01-28 1832
Mar 01-31 2753
Apr 01-30 35565
May 01-31 4380
Jun 01-30 5445
Jul 01-31 5950
Aug (1-31 6035
Sep 01-30 5653
Oct 01-31 4185
MNov 01-30 3282
Dec (1-31 2219
Summed total 47034
Ap Sys heat rej
fans/pumps Total system
energy (MWh) energy (MWh)
0.1379 1.4154
0.2348 1. 8488
0.5668 3.3504
0.9518 4.9844
1.3418 6.6424
1.7843 8.5924
2.0214 9.6146
2.0879 Q.9028
1.8819 9.0151
1.2559 6.2584
0.8245 4.4284
0.3213 2.2891
13.4104 68.3432

Total electricity

3.2365
3.5236
5.3255
6.8935
8.4675
10,5318
11.5082
11.7887
10.9317
8.0947
6.3488
4.2912
50.9418

Total energy

3.2379
3.5775
5.3255
6.8982
8.4792
10.5369
11.5082
11.7887
10.9377
8.0947
6.3488
4.2937
91.0268
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Table E 16 IES Monthly Results for Cooling Loads, Energy and Carbon for Roof Floor for 2 Pearl Combined Scenario

Fearl 2 Combired Room cooling
plant sens. load (MWh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Mov 01-30
Dec 01-31
Summed total

0.9447
1.6936
3.8046
7.2414
10.1765
12.3865
13.2956
14.0105
12,1697
8.8378
5.8148
2.333
92.7087

Chillers energy

(MWHh)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug01-31
Sep 01-30
Oct 01-31
Nowv 01-30
Dec01-31
Summed total

0.3943
0.6909
1.759
3.0185
4.2926
5.7467
6.5289
6.7441
6.0751
4.0245
2.6116
0.9766
42.8629

Ap Sys chillers
energy (MWh)

0.3943
0.6909
L759
3.0185
4.2925
5.7467
6.5289
6.7441
6.0751
40245
26116
0.9766
42.8629

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nav 01-30
Dec (1-31

Total CE (kg02)

Summed total

Ap Sys heat rej

1830
1771
2668
3461
4259
5311
5809
5950
5520
4078
3190
2156
45798

fans/pumps Total system
energy (MWh) energy (MWh)
0.1183 1.3303
0.2073 1.7293
0.5277 3.1802
0.9055 4.784
1.2878 6.4084
1.724 8.331
1.9587 9.3429
2.0232 9.6225
1.8225 8.7589
1.2074 6.0483
0.7835 4.2503
0.293 2.16682
12.8589 65.9531

Total electricity

3.1515
3.4044
5.156
6.6931
8.2335
10.2705
11.2365
11.5084
10.6745
7.8845
6.1707
4.1683
88.552

Total energy

3.1528
3458
5.156

6.6978

8.2452

10.2755
11.2365
11.5084
10.6805

7.8845

6.1707

4.1708

BB.6367
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Table E 17 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for Baseline Model

PW Room cooling plant sens. load

(MW h)

Date

Jan 01-31 4,8277
Feb01-28 7.1878
Mar01-31 123987
Apr01-30 19.5385
May 01-31 260515
Jun 01-30 30.8737
Jul01-21 22,9321
Aug01-31 34.3809
Sep 01-20 301718
Oect 01-31 227376
Nowv 01-30 16.3251
Dec 01-31 22974
Summed total 245.7228

Chillers energy
{MWh)

Date

Jan 01-31 1.969
FebQ1-28 29151
Mar 01-31 5.3629
Apr01-30 8.0453
May 01-31 10.8182
Jun 01-30 13.6593
Jul 01-31 15.1512
Aug01-31 15.6213
Sep01-30 14.0371
Oct 01-31 2.9111
Now 01-20 7.0112
Dec 01-21 3.4085
Summed total 107.9103

Ap Sys chillers
energy (MWh)

1969
2.9151
5.3629
8.0453

10.8182
13.6593
15.1512
156213
14.0371
9.9111
7.01132
3.4085
107.9103

Total CE (kgCO2)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep 01-320
Oct 01-31
Newv 01-30
Dec 01-21
Summed to

Ap Sys heat
fans/pumps

3

tal

rej

0.5907
0.8745
1.6089
2.4136
3.2455
4.0978
4.5453
46864
42111
2.9733
2.10324
1.0226
2.3731

2745
4283
6256
7945
9656
11715
12720
12036
11972
90832
7249
4944
102849

Total system
energy (MWh)

3.7585
5.0179
8.282
11,7196
15,2792
19,0186
20.9498
21.5609
19,5113
14,0808
10.2681
5.7451
155.2918

Total electricity

7.2432
8.2502
12.1014
15.3654
18.7473
226637
246031
252142
23,1548
17.568
140212
9.5607
198.4932

Total energy

7.2457
8.339
12,1014
15.3729
18.7664
22,6718
24,8031
25.2142
23.1646
17.568
14.0213
9.5644
198.6329
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Table E 18 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 1 Pearl Wall Scenario

Pearl 1 - Wall Room coeling plant
sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

5.3563
7.6822
12,5156
18.9078
24,7172
29.0255
30.8381
32.1874
28.3966
21.7249
16.059
87731
236.1836

Chillers energy

{MWh)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-20
Jul 01-31
Aug01-31
SepQ1-30
Qct 01-31
Now 01-30
Dec01-31
Summed total

2.1786
3.1137
541
7.7899
10.2781
12,9112
14,3035
14,7331
13.3184
9,5012
6.90386
3.601
104.0423

Ap Sys chillers
energy (MWh)

2.1786
3.1137
541
7.7899
10.2781
12,9112
14,3035
14,7331
13.3184
98,5012
6.9036
3.601
104.0423

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh)

0.6536
0.9341

1.623

2.337
3.0834
3.8733
4,2911
4.4199
3.9955
2.8503
2.0711
1.0803

31.2127

3886
4417
6288
7774
9332
11216
12150
12439
11490
2807
177
5072
100049

Total system
energy (MWh)

4.0313
5.2769
8.2433
113877
14.5769
13.046
19.8479
20.4063
18.577
13,5478
10.228
5.9957
150.2647

Total electricity

7.5157
8.5083
12.1626
15.0334
18.045
21.6911
23.5012
24.0396
22.2205
17,0351
13.8813
5.8109
193.4648

Total energy

7.5185
8.598
12.1626
15.041
18.0641
21.6993
23.5012
24.0396
22,2303
17.035
13.8813
9.815
193.6059
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Table E 19 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 2 Pearl Wall Scenario

Pearl 2 - Wall Room coeling plant

sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

5.3686
7.6538
12,519
18.852
24,686
28.9814
30.7884
32,1343
28.3532
21.6993
16.0512
8.7834

235.9506

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

2.1835
3.1183
5.4114
7.7835
10,2654
12,8933
14,2834
14,7116
13.3008
9.4908
6.9005
3.6052

103.9478

Ap Sys chillers
energy (MWh}

2.1835
3.1183
5.4114
7.7835
10,2654
12,8933
14,2834
14,7116
13.3008
9.4208
6.9005
3.6052
103.9478

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

0.655
0.9355
1.6234
2.3351
2.07%0

3.868

4,285
4.4135
3.9903
2.8472
2.0701
1.0816

31.1843

3889
4420
6289
7769
9325
11204
12137
12424
11478
8800
7175
5078
99986

Total system
energy (MWh)

4.0376
5.2829
8.3451
11.3794
14.5605
18.0227
19.8217
20.3724
18.5542
1353432
10.2239
6.0011
150.142

Total electricity

7.5221
8.5144
12.1644
15.0252
18.0286
21.6678
23,475
24,0317
22.1577
17.0216
13.8772
9.8164
193.342

Total energy

7.5249
8.6041
12.1644
15.0327
18.0477
21.676
23.47%
24,0217
22.2074
17.0216
13.8772
2.8205
193.4831
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Table E 20 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 1 Pearl Glazing Scenario

Pearl 1 - Glazing Room coeling plant
sens. load [MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

3.9118
5.6525
9.8998
15.8946
21.227
25.2645
26.9905
283108
24.8183
18.6616
13.3182
B8.7517
200.7012

Chillers energy
{MWh)

1.5982
2.2939
4.3515
6.57
&.8601
11.3886
12.746
13,1629
11.88599
&8.261
5.754
2.7828
89.6848

Ap Sys chillers
energy (MWh}

1.5982
2.2939
4.3515
6.57
8.8651
11.388¢6
12.746
12,1639
11.865859
&.261
5.7594
2.7828
89.6848

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

0.4795
0.6382
1.3054

1.571
2.6595
3.4166
3.Ba238
2.9492

3.561
2.4783
1.7382
0.8348

26.9054

Total CE (kgC02)

3496
38865
5577
6954
2382
10193
11103
11324
10516
7974
6431
4523
90399

Total system
energy (MWh)

3.2763
4.2096
6.9672
9.8018
12.7401
16.0666
17.8231
18.3664
16.694
11.9356
8.7855
4.9216
131.5977

Total electricity

(Mwh)

6.7612
7.4426
10.7865
13.4476
16.2081
19.7117
21.4764
22.0196
20.3375
15.4228
12.4387
8.7472
174.8001

Total energy

(MWh)

6.7635
7.5308
10.7865
13.4551
16.2273
19.7199
21.4764
22.0196
20.3473
15.4228
12.4387
8.7508
174.9389
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Table E 21 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 2 Pearl Glazing Scenario

Pearl 2 - GlazingRoom cooling plant
sens. load (MWh)

Date

Jan01-31 3.3067
Feb 01-28 4.907
Mar 01-31 8.9546
Apr01-30 14.875
May 01-31 20.1106
Jun 01-30 24,0566
Jul01-31 25.7521
Aug01-31 27.0354
Sep 01-30 23.6206
Oct 01-31 17.607
Nov 01-30 12.3339
Dec01-321 5.978
Summed total 188.5416

Chillers energy
(MWh)

Date

Jan01-31 1.3547
Feb 01-28 1.9929
Mar 01-31 3.969
Apr 01-30 6.1572
May 01-31 8.4131
Jun 01-30 10,8996
Jul01-31 12.2447
Aug 01-31 12.6492
Sep 01-30 11.3851
Oct 01-31 7.8341
Nov 01-30 5.3955

Dec01-31 2.4696

Ap Sys chillers
energy (MWh)

1.3547
1.9929
3.969
6.1572
8.4131
10.8996
12.2447
12.6492
11.3851
7.8341
5.3955
2.4696
ELSR

Total CE (kgC02)

Date
Jan01-31
Feb 01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh)

0.4064
0.5979
1.1907
1.8472
2.5239
3.2699
3.6734
3.7948
3.4155
2.3502
1.6186
0.7409

3332
3663
5320
6676
8080
9864
10766
11038
10191
7687
6163
4213
87092

Total system
energy (MWh)

2.9597
3.8178
6.4699
9.2652
12.1525
15.431
17.1714
17.6973
16.0637
11.3806
8.2674
4.5244

125820 T

Total electricity

6.4447
7.0513
10.2893
12,911
15.6206
19.0761
20.8247
21.3506
19.7072
14.8678
11.9207
8.3401

Total energy

6.4469
7.1389
10.2893
12,9185
15.6397
19.0843
20.8247
21.3506
19.717
14.8678
11.9207
8.3437

15815421
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Table E 22 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 1 Pearl Combined Scenario

Pearl 1 Room cooling plant sens.

load {Mwh)
Date
Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

4.4063
6.0783
9.8843
15.0318
19,5664
23.0208
24.4762
25.6658
22.657
17.3721
12.8696
7.15086
188.179

Chillers energy

{MWh}

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

1.7935
2.4642
4.3448
6.2207
&.1928
10.4803
11.7278
12,0921
10.95944
7.739
5.6124
2.9442
84.6061

Ap Sys chillers
energy (MWh}

1.7935
2.4642
4.3448
6.2207
8.1928
10.4803
11.7278
12,0921
10.9544
7.739
5.6124
2.9442
84.6061

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh}

0.538
0.7353
1.3035
1.8662
2.4578
3.1441
3.5183
2.6276
3.2983
2.3217
1.6837
0.88332

25.3818

3627
3980
5572
6719
7932
9582
10419
10664
9928
7623
6309
4632
BE9BE

Total system Total electricity

energy (MWh} (MWh)

3.5305
4.4322
6.9586
9.3477
11.8661
14.8859
16.4994
16.9731
15.5558
11.257
8.5454
5.1418
124.9974

7.015
7.664
107779
12.9935
15.3342
18.531
20.1527
20.6264
19.18593
14.7442
12.2027
8.957
168.1977

Total energy

7.0177
7.7534
10,7779
13.001
15.3533
18.5392
20.1527
20.6264
15.209
14.7442
12.2027
89611
168.3385
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Table E 23 IES Monthly Results for Cooling Loads, Energy and Carbon for GF + Mezz Floor for 2 Pearl Combined Scenario

Pearl 2 Combined Reom cooling
plant sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

3.7678
5.2869
8.8893
13,9327
18,3389
21.6775
23.0938
24.2402
21.3267
16.2209
11.82
6.3421

174.9468

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

1.5358
2.1482
3.9421
5.7757
7.6859
9.9366
11.168
11,5145
10.4556
7.2732
5.1874
2.61689
79.2497

Ap Sys chillers
energy (MWh}

1.5358
2.1482
3.9421
5.9757
7.6959
9.9366
11.188
11,5145
10.4556
7.2732
5.1874
2.6169
79.2497

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21

Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

0.4607
0.6445
1.1826
1.7327
2.3088

2.981
3.3504
2.4544
3.1367
2.1819
1.5562
0.7851

23.7749

3454
3768
5301
6420
7588
9217
10043
10276
9566
7310
6023
4412
83386

Total system Total electricity

energy (MWh) (MWh)

3.1954
4.0212
6.435
8.7652
11.2201
14.179
157717
16.2222
14.8554
10.6512
7.937
4.7162
118.0336

6.6801
7.2532
10,2542
12.415
14.6882
17.8241
12,4249
19.8754
18.498%9
14.1284
11.6503
8.5315
161.2344

Total energy

6.6826
7.2424
10.2543
12.4225
14.7073
17.8323
19,4249
19.8754
18.5086
14,1284
11.6503
8.5356
161.3748
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Table E 24 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for Baseline Model

/ Room cooling plant sens. load (MW

Date

Jan 01-31 186773
Feb01-28 35.4269
Mar01-31 85.0081
Apr01-30 164.9722
May 01-31 236.5126
Jun 01-30 288 8427
Jul01-21 211.8924
Aug01-31 327.2845
Sep 01-20 2826447
Oect 01-31 202.26
Nowv 01-30 1293723
Dec 01-31 45.7238
Summed total 2129.6187

Chillers energy
{MWh)

Date

Jan 01-31 7.9166
FebQ1-28 14.4968
Mar 01-31 38.052
Apr 01-30 68.2267
May 01-31 98.6114
Jun 01-30 129.0745
Jul 01-31 145.2765
Aug01-31 150.2857
Sep01-30 133.4721
Oct 01-31 B9.2878
Now 01-20 56.63294
Dec 01-21 19.4503
Summed total 950.7911

Ap Sys chillers
energy (MWh)

7.9166
14.4968
38.052
68.2267
98.6114
129.0745
145.2765
150.2857
133.4721
89.2878
56.6294
19.4503
950.7911

Total CE (kgCO2)

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep 01-320
Oct 01-31
Newv 01-30
Dec 01-21
Summed total

282135
31659
50470
69876
89318
111024
121454
124808
113752
83007
62132
38211
923993

Ap Sys heat rej Total system

fans/pumps energy (MWh})
2.375 23.7517
43486 32.5083
11.4156 64.1853
20,4676 102.855
29.584 141.8324
38.7225 181.9629
43.5832 202.9424
450851 209.4535
40.042 187.6952
26.7867 129.5156
16.992 27.7143
5.8353 40.0399
285.2376 1404 4605

Total electricity

54.5586
60,899
97.6352
135.1373
172.677
214.7005
234.9997
241.3952
2200728
160.5472
120.17324
73.8957
1786.6916

Total energy

54.5764
61.7599
97.8352
135.2138
172.8716
214.78306
234.9997
241.3952
2201725
160.5472
1201734
73.9282
1788.0556
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Table E 25 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 1 Pearl Wall Scenario

Pearl 1 - WallReom cooling plant Total CE (kgCOz2)

sens. load [MWh)

Date Date

Jan 01-21 21.7175 Jan01-321 29000
Feb01-28 38.2285 Feb01-28 32408
Mar 01-21 24,4598 Mar 01-31 50334
Apr01-30 157.7489 Apr01-30 67913
May 01-21 222.5069 May 01-31 25497
Jun 01-20 269.8389 Jun 01-30 105845
Jul01-31 290.4042 Julo1-31 115646
Aug01-21 204.9506 Aug 01-21 118723
Sep01-20 264.2543 Sep01-30 108802
Oct 01-31 191.3227 Oct 01-21 20029
Now 01-30 125.455 Now 01-320 61066
Dec01-21 49,5811 Dec 01-31 38084
summed total 2020.4583 Ssummed total 894233

Ap Sys heat rej
Chillers energy Ap Sys chillers fans/pumps Total system Total electricity  Total energy

{MWh)

energy (MWh)

energy (MWh)

energy (MWh)

Date

Jan 01-31 9.1775 9.1775 2.7541 253951 56.1986 56.2198
Feb01-28 15.6945 15.6945 4.7085 34.0799 62.4565 63.3315
Mar 01-31 37.8177 37.8177 11.3452 63,8861 97.3319 97.3319
Apr 01-30 £65.0988 65.0988 19.529 987871 131.0693 131.1473
May 01-31 92.5508 92.5508 27.7646 133.9523 164.7983 164.9915
Jun 01-20 120.85 120.85 36.2551 171.2696 2040072 204.0904
Jul 01-31 135.977 135.977 40,7936 190.8519 222.9107 222.9107
Aug0l-31 140.6159 140.6159 42,1841 196.8828 228.8231 228.8231
Sep01-30 125.5067 125.50867 37.6527 177.3404 209.7194 209.8177
Qct 01-21 24,5452 24,5452 25.264 123.2502 1542819 1542818
Now 01-30 54.9364 54.9364 16.4804 854995 117.9588 117.9588
Dec 01-31 206783 206783 B5.2042 41.6403 75.4928 75.5286
Summed total 903.4474 903.4474 271.034 13429365 1725.1456 1726.5317
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Table E 26 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 2 Pearl Wall Scenario

Pearl 2- Wall Reom cooling plant
sens. load [MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

22.0012
38.4561
84,4273
157.0569
221.2068
268.0628
288.3976
302.8521
262.5107
190.2629
125.0476
49.808

2010.1325

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

9.1925
15.7149
37.8105

65.023
92.4158
120.663

135.7666
140.3964
125.3227
24,4306
54.8855
20.6579
902.3291

Ap Sys chillers
energy (MWh}

9.1995
15.714%9
37.8103

65.023
22.4158
120.663

135.7666
140.3964
125.3227
54,4306
54.8855
20.65759
902.3291

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21
Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

2.7602
4.7146
11.3427
19.5074
27.7246
36.1985
40,7301
42,1187
37.5582
25.3291
16.4672
6.2087
270.6994

29078
32472
50314
67725
85150
105369
115107
118149
108319
79735
60954
39043
891428

Total system
energy (MWh)

25.4232
34.1064
63.8764
98.6898
133.7774
171.0273
190.5795
196,5964
177.1014
123,202
85.4338
41.6658
1341.4825

Total electricity

56.2268
62.4331
97.3222
130.5706
164.622
203.7649
2226368
228.5381
209.4759
1542324
117.8973
75.5168
1723.6914

Total energy

56.248
63.3581
97.3222

131.0486
164.8166
203.8481
222.6368
228,5381
209.5786
1542224
117.8973
75.5528
1725.0775
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Table E27 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 1 Pearl Glazing Scenario

Pearl 1 - Glazing Room coeling plant Total CE (kgCOz2)
sens. load [MWh)
Date Date
Jan 01-21 13,2256 Jan 01-31 26758
Feb01-28 26.2082 Feb01-28 29161
Mar 01-31 59,6621 Mar 01-31 463132
Apr01-30 143.9286 Apr01-30 64157
May 01-21 209.0572 May 01-31 21845
Jun 01-30 257.7021 Jun 01-30 102539
Jul01-31 270.2437 Jul01-31 112614
Aug01-31 294.1357 Aug 01-21 115786
Sep 01-30 253.3596 Sep01-30 105825
Oct 01-31 179.8241 Oct 01-31 76896
Now 01-30 112.3945 Now 01-20 57505
Dec01-31 37.4777 Dec 01-21 35698
Summed total 1876.2195 Summed total 855097
Ap Sys heat rej
Chillers energy Ap Sys chillers fans/pumps Total system Total electricity  Total energy
(MWh) energy (MWh} energy (MWh}) energy (MWh) (MWh) (MWh)
Date
Jan 01-21 5.7537 5.7537 1.7259 20.9365 51.7466 51.7598
FebQ1-28 10.7944 10.7944 3.2378 27.67532 56.0872 56.9271
Mar01-31 31.8504 31.8504 9.5542 56,1265 89.5737 89.5737
Apr01-30 59.7076 59.7076 17.9128 91.7797 124.0606 124.1386
May 01-31 87.4966 &7.4966 26,2494 127.3829 158.2274 158.4221
Jun 01-30 116.4688 116.4688 34.9408 165.5741 198.3117 198.3949
Jul 01-31 132.0604 132.0604 39,6177 185.7609 217.8182 217.8182
Aug 01-21 136.8671 136.8671 41,0805 192.0104 223.9506 223.9506
Sep01-30 121.86177 121.86177 36.4849 1722852 2046627 204.7625
Oct 01-31 £80.204 80.204 24,0819 1177083 1487385 148.7385
Now 01-30 49.766 49.766 14.9301 78.7738 111.238 111.238
Dec 01-31 15.7133 15.7132 4.7142 35,1788 69.0376 69.0671
Summed total 848.3 848.3 254.4901 1271.1959 1653.4544 1654.7911
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Table E 28 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 2 Pearl Wall Scenario

Pearl 2 Glazing Roem cocling plant
sens. load (MWh)

Date

Jan 01-21 10.882
Feb01-28 22.8135
Mar 01-31 64,087
Apr01-30 138.7953
May 01-21 202.4538
Jun 01-30 251.7094
Jul 01-21 273.124
Aug01-31 287 8883
Sep01-30 247.4714
Oct 01-31 174.6645
Now 01-30 107.5826
Dec01-31 33.8876
Summed total 1817.2179

Chillers energy
{MWh)

Date

Jan 01-21 4,827
Feb01-28 9.4379
Mar01-31 29.9612
Apr01-30 57.6288
May 01-31 85.2288
Jun 01-30 114.0433
Jul 01-31 129.5834
Aug01-31 134,3385
Sep01-30 119.2353
Oct 01-31 78.115
Now 01-30 47.8189
Dec01-31 14,2542
Summed total 824.471

Ap Sys chillers
energy (MWh}

4.827
9.4379
29.9612
57.6288
&5.2288
114.0433
129.5834
134,3385
119.2353
78,115
47.8189
14,2542
824.471

Total CE {kgC02)

Date

Jan01-31 26137
Feb01-28 28247
Mar 01-31 45046
Apr01-30 62764
May 01-31 20321
Jun 01-30 100913
Jul01-31 1109851
Aug 01-21 114082
Sep01-30 104233
Oct 01-21 75494
Nowv 01-30 56198
Dec 01-21 34718
Summed total 839077
Ap Sys heat rej

fans/pumps Total system

energy (MWh}

1.4488
2.831
8.9885
17.289
25.06832
34.2124
38.875
40,3016
35.76597
23,435
14.3451
4.2761
247.342

energy (MWh}

19.7312
259041
53.6714
89.0771
124.4342
162.4203
182.5411
188,7215
169.1861
1149923
762467
332816
1240.2078

Total electricity

50.5429
54.3239
87.1173
121.3594
155.2788
195.1579
214.5985
2206632
201.5651
146.0226
108.7046
67.1405
1622.4759

Total energy

50.556
55.1572
87.1173

121.4374
155.4734
195.2411
214.5085
2206632
201.6634
146.0226
108.7046
67.1684
1623.8029
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Table E 29 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 1 Pearl Roof Scenario

Pearl 1 Reof - Roem coeling plant
sens. load [MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

18.7616
35.4552
84,8832
164.6465
2359747
288.1325
311.0895
326.4717
281.9572
201.8545
129.214
46.7936

2125,2355

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

7.9424
14.508
38.0014
68.0949
98,3837
128.787
144.9516
149,9567
133.1939
89,1237
56.5753
15,4787
949.0155

Ap Sys chillers
energy (MWh}

7.9494
14.508
38.0014
68.0949
98.3837
128.787
144.9516
148.9567
133.153%
£9.1237
56.5753
15,4787
949.0155

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21
Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

2.3848
4.352
11.4004
20.4281
29.5187
38.6362
43,4857
44,9855
39.9585
26.7375
16.9727
5.8438
284.7049

28237
31867
50436
69787
29171
110831
121276
124587
1136086
82898
62089
38230
922800

Total system
energy (MWh)

23.7944
32.5229
64.1236
102.6836
141.5493
181.5892
202.52
209.0258
187.3335
1252022
87.631
40.076%
1402.1523

Total electricity

54.6012
60.9136
97.5695
134.9659
172.3932
214.3268
234.5773
240.9675
219.7111
160.2338
120.0901
739326
1784.3833

Total energy

54.6191
61.7745
97.5695
135.0424
172.5885
214.4099
234.5773
240,9675
2159.8108
160.2238
120.0901
73.9651
1785.7474
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Table E 30 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 2 Pearl Roof Scenario

Pearl 2 Roof Room cooling plant
sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

18.7667
35.4571
84.8764
164.628
2355441
288.0919
311.0436
326.4251
281.9178
201.8313
129.2051
46.7978

2124,9864

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

7.9514
14.5088
37.9986
68.0874
28.3813

128.7706
144.933
149,9378
1331779
29,1143
56.5717
15,4804
948.9146

Ap Sys chillers
energy (MWh}

7.9514
14.50838
37.9986
68.0874
28.3813

128.7706
144.933
149.9378
13317759
£9.1143
56.5717
15,4804
948.9146

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21
Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

2.3854
4.3522
11.3996
20.4258
29,515
38.6313
43.4801
44,9308
39.9538
26.7347
16.9717
5.8443
284.6747

28239
31867
50435
69782
291632
110820
121263
124575
113595
82890
62086
38232
922732

Total system
energy (MWh)

23,797
32.5239
64.12
102.6739
141.5332
181.5678
202.4959
209.00132
1873128
129.29
87.6262
40.0791
1402.0211

Total electricity

54.6038
60.9146
97.5659
134.9562
1723778
214.3054
234,5532
240,942
2196503
160.2216
120.0854
739248
1784.252

Total energy

54.6217
61.7755
97.5659
135.0327
172.5724
214.3885
234.5532
240,943
215.7901
160.2216
120.0854
73.9674
1785.6161
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Table E 31 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 1 Pearl Combined Scenario

Pearl 1 Combined Reom cocling
plant sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

15.7965
28.1588
£67.3625
133.625
190.60&84
233.2537
251.8693
2685.6645
2296702
185.2233
106.226
30.5526

1727.0486

Chillers energy

{MWh)

Date

Jan 01-31
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

B6.7276
11.5754
30.9148

55.536
20.0278

106.5713
120.9807
125.3412
112.0252
74,2538
47.2683
16,5523
787.8169

Ap Sys chillers
energy (MWh}

B.7276
11.5754
30,9148

55.536
&0.0278

106.5713
120.9807
125.3412
112.0252
742538
47.2683
16,5523
787.8169

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21
Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

2.0185
3.4731
9.2749
16.6612
24.0086
31.9708
36,2935
37.6019
33.6086
22.2886
14.1a01
4.965
236.3448

27407
29656
45677
61356
76824
95892
105171
1080329
99385
72932
55833
36265
814448

Total system Total electricity

energy (MWh) (MWh)

22.2051
28.7048
54.913
86.3565
117.6712
152.7081
171.357
177.0259
159.818%
110.0232
75.5326
36.2737
1192.5892

53.0117
57.102
88.3588
118.6388
148.5165
185.4471
203.4143
208.9663
192.1578
141.054%
107.9905
70.1274
1574.8245

Total energy

53.0284
57.957%
88.3588
118.7154
1487111
185.5289
203.4143
208,9663
192.2961
141.0549
107.9905
70.162
1576.1857
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Table E 32 IES Monthly Results for Cooling Loads, Energy and Carbon for All Building for 2 Pearl Combined Scenario

Pearl 2 CombinedRoom cooling
plant sens. load (MWh)

Date

Jan 01-21
Feb01-28
Mar 01-31
Apr01-30
May 01-21
Jun 01-30
Jul01-31
Aug01-31
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

12,1139
245185
£2.2161
127.7673
184.0204
226.0726
244,4738
258.0857
2226168
159.2109
100.8284
35.8383

1658.5681

Chillers energy

{MWh)

Date

Jan 01-21
Feb01-28
Mar01-31
Apr01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-21
Sep01-30
Oct 01-31
Now 01-30
Dec01-31
Summed total

5.6625
10.1023
28,8375
53.1644
77.3613

102.6649
117.9887
122.2716
109.1729
71.8801
45.0838
14,9685
760.1472

Ap Sys chillers
energy (MWh}

5.6693
10.1023
28,8375
53.1644
77.3613

102.6649
117.9887
122.2716
109.1729
71.8801
45.0838
14,9685
760.1472

Total CE {kgC02)

Date

Jan 01-31
Feb01-28
Mar 01-31
Apr01-30
May 01-31
Jun 01-30
Jul01-31
Aug 01-31
Sep01-30
Oct 01-31
Now 01-20
Dec 01-21
Summed total

Ap Sys heat rej
fans/pumps
energy (MWh})

1.7004
3.0302
8.6515
15.94595
23.2082
31.09392
35,3985
36,6822
32.752
21.5585
13,5257
4.4913
228.0446

26700
28855
44283
59763
75025
93936
103156
105580
97462
71282
54363
35198
795850

Total system Total electricity

energy (MWh) (MWh)

20.8287
26.7827
52.2109
83.2746
114,2061
148.93
167.468
1732.0366
156.1061
106.8595
72,6909
24.2146
1156.6101

51.637
55.1374
85.6567

115.5555
145.0507
181.6676
199.5252
204.9768
188.485
127.8911
105.1502
68.0698
1538.8546

Total energy

51.6534
56.0344
85.6567
115.6335
145.2453
181.7508
199.5252
204,9768
188.5833
137.8911
105.1502
£68.102
1540.2053
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