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Abstract: Due to the scarcity of water and the harsh desert climate of the United Arab Emirates (UAE),
water and energy are two of the main challenges for the design of sustainable buildings in the UAE.
Relevant literature calls for the consideration of building systems and materials at the design stage to
achieve high-performing buildings and to save on the operational costs of the building. The aim of
this research was to design a high-performance building that meets the environmental sustainability
requirements for water and energy, in the city of Dubai to reflect the technological advancements
of the UAE Mars mission. This has been achieved through following an integrated design process,
which was mainly focused on the evaluation and specification of the building engineering systems
based on performance, besides the goal of achieving visually appealing building with advanced
structural design. The performance verification of the final building design, which considered
engineering systems design from conception and through the design and detailed design stages,
revealed a 15% reduction in water consumption and a 60% reduction in energy consumption. This
provides a valuable contribution to architectural engineering practice, by demonstrating a case study
for enhancing energy and water efficiency via building design, which consequently contributes to
the environmental sustainability of the built environment.

Keywords: environmental sustainability; sustainable design; integrated design process; energy
saving; water saving

1. Introduction

Climate change presents a pressing and complex global challenge. Furthermore, the
built environment consumes large amounts of energy and water, and produces pollution
and waste during construction and operation. Against this background, environmentally-
driven development approaches need to be adopted to improve the planning, designing
and operating of buildings which are adaptive to changes brought about by the climate
and the everyday needs of occupants while being sustainable over the long term.

Governments around the world continue to develop and actively adopt sustainable
codes and standards, as well as green building rating systems. However, traditional
practices for design, construction, and operation of buildings are in desperate need of
review. Relevant research has found that decisions made early in the design stage affect
the building’s performance during operation [1], and integration of design, engineering
and construction is key for the development and delivery of sustainable, high-performance
buildings [2]. Yet, integration of engineering disciplines remains as one of the main
challenges when adopting environmental sustainability assessment methods [3]. Hence,
research and practice concerned with sustainability of the built environment are required
to focus on investigating the role of design and integration in the environmental impacts
across the life cycle of a building.
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In the United Arab Emirates (UAE), the environmental impact of energy and water
use, and the transition to a lower carbon economy present significant challenges. Rapid
economic and population growth, leading to a high level of urbanization, coupled with
the harsh hot climate, are the main reasons for the UAE’s increased energy demands and
ecological footprint [4-6]. Contemporary buildings in the UAE use almost six times more
energy than traditional buildings [7]. Not only that, but UAE buildings consume about
68-76% of electricity, compared to the global average of 40%, with almost half of this
energy used for air conditioning [8]. Moreover, water is a challenge in the Middle Eastern
countries, having only 1% of the available fresh water in the world [9]. The scarcity of
oil reserves’ resiliency and water shortages in the Gulf region are mainly the reason for
prioritizing energy and water categories when assessing the environmental sustainability
of buildings in this region [10].

There is a major possibility of decreasing the energy consumption of both new and
existing buildings, which leads us to the concept of retrofitting, which is the process of
modifying existing solutions with new or improved ones. The retrofitting of an existing
office building in the UAE to move towards achieving a low-energy building shows a
significant energy saving of 41.7% compared to the base case. This achievement has
been obtained by improving the values of some sensitive parameters in the retrofitting
alternatives, such as roof insulation, wall insulation, and the type of AC system [11]. To
reduce the energy consumption of buildings, engineering methods/approaches have been
developed, which include building energy simulation tools and software packages, which
deals with a building’s parameters and the surrounding environment; for example, the
operation schedules, the heating, ventilation, and air conditioning (HVAC) system, climate
conditions, shading information, insulation, and new building technologies [12,13].

The reduction of building energy and water consumption is a priority for the UAE
government; this is evident by the use of different sustainability codes and regulations.
While international established rating systems such as the Building Research Establishment
Environmental Assessment Method (BREEAM) and Leadership in Energy and Environ-
mental Design (LEED) have been used in the UAE since 2007, more UAE-centered systems
have been emerging since 2009. Estidama, Al Sa’fat and Barjeel systems are now used
for environmental sustainability assessment in Abu Dhabi, Dubai and Ras Al-Khaimah
emirates, respectively. These emerging rating systems were found to diffuse environmental
sustainability across the UAE through different mechanisms, such as: raising clients’ aware-
ness, training and certifying construction professionals in sustainability, and managing
the use of sustainable systems and products [14]. The Al Sa’fat green building rating sys-
tem [15], which was introduced in 2016 to replace the Dubai Green Code, has been in place
since 2010. It focuses on water use reduction and waste water reuse; and encourages indoor
water efficiency. The overall reduction goal of Al Sa’fat is 20% in energy consumption as
well as carbon dioxide emissions, 15% of water consumption and 50% of waste. Therefore,
the main objective of the research presented in this paper is to address this challenge
through a case study focusing on the design process to improve building performance in
response to energy and water use.

The city of Dubai is an appropriate model for the rapid urban growth in the UAE, as
it had an annual urban growth rate of more than 10% between 1985 and 2015. This makes
the city one of the fastest growing cities in the world. The aim of the case study presented
in this paper was to design a high-performance building in the city of Dubai that saves
on energy and water consumption and follows the Al Sa’fat green rating system of Dubai.
This aim has been achieved through following an integrated design process, which was
mainly focused on the evaluation and specification of the building engineering systems
based on performance, to design an exhibition building as a pavilion to present the UAE’s
Mars mission achievements, besides the goal of achieving a visually appealing building
with advanced structural design.

The paper is organized as follows; Section 2 provides an overview of the integrated
design process for the Hope Pavilion project as well as the details of the different systems
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of the building, which is followed by the analysis of the building performance in Section 3,
which shows that the final building design revealed a 15% reduction in water consumption
and a 60% reduction in energy (electricity) consumption; lighting performance has also
improved as a result of the focus on the external envelope. Finally, Section 4 discusses these
results and their impact on design and practice.

2. Building Integrated Design Process

The design process is a methodical series of steps that helps in planning and producing
a product [16], and, with regard to buildings, develops and improves the identification
of the risks and opportunities for delivering the project successfully. The building design
process is very complex, and it involves different participants from different professions.
Additionally, design is a highly information dependent process, it consumes and produces a
huge amount of information following a complex exchange of design information between
various design spheres.

Design can be seen as problem solving, decision making, and an information pro-
cessing activity. While there is no one definition for design, from a systems point of view,
Gray and Hughes [17] defined building design as a system to solve a user problem by
breaking it into smaller problems, integrating knowledge from experts about the problem,
exchanging information and making decisions. Gray and Hughes [17] go further to divide
building design into two stages; first: the concept (scheme) design stage, and second:
engineering design, which they further divide into two stages: engineering design by
architects and engineering design by engineers. While useful, it implies that building
engineering systems are to be considered later in the design process, losing the opportunity
to improve performance. Furthermore, focus should be given to the integration processes
and activities between the different design disciplines as early as concept design, in order
to meet the various requirements for sustainable design.

To meet the requirements for high-performance sustainable design in the climatic and
site conditions in Dubai, the approach followed in the case study presented in the following
section, draws from Al-Bizri and Gray conceptualization of design as “an interaction between
design processes triggered by the selection of its objects”, where the selection of one building
component to satisfy a set of key performance criteria affects the choice of other design
elements [18]. Al-Bizri and Gray assert that when several design problems—such as water
and energy consumption in this case study, besides aesthetics and structural stability—are
considered either simultaneously or as an interlinked set, the output from one design
problem may become the input to another design problem, for example, the layout of the
floor plans was optimized several times to accommodate the right size for the service rooms
which house part of the mechanical ventilation system. This was the approach used to
iteratively and simultaneously evaluate different options for the different building systems
(architecture, construction, structure, mechanical and electrical) for the Hope Pavilion
project (example of the decision matrix used for evaluating three mechanical ventilation
systems is provided in Table 1), using decision matrixes with continuous feedback loops,
especially when one decision about one building system or component affects another
decision, in order to achieve the overall goal of designing a high-performance building
which addresses the two main challenges associated with energy and water consumption
in Dubai. The main performance constraints used in the evaluation process were drawn
from the Al Sa’fat system requirements [15] as well as time, cost, and constructability.
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Table 1. The components of the construction system.
Mechanical Systems
Criteria Weight Factor Variable Air Volume Constant Air Volume Solit Air Conditioners
(VAV) (CAV) P
Space Needed 0.2 5 3 1
Cost 0.15 2 4 4
Appearance 0.15 5 3 2
Installation Time 0.1 3 4 3
Best Suited to Building Type 0.1 4 3 4
Energy Efficiency 0.2 5 4 2
Capacity 0.1 4 4 2
Total 1 4.15 3.55 24

2.1. Integrated Design Process for the Hope Pavilion Building

The integrated design process for the Hope Pavilion building is achieved through
the following phases: problem definition; research and case study analysis to develop
the program; systems research to develop the concept design; detailed building design;
and finally, performance verification to test and validate that the design achieves the high-
performance targets. These phases unfolded in an iterative manner rather than linear, while
ethical and environmental impacts were considered through the design process.

The research and case studies analysis phase considered different case studies for
relevant buildings; it led to more focus on the building envelope as it plays a strategic role
in the energy and environmental performance of the building. The main objective was
that the building envelope is required to respond accordingly to outside factors, provide
occupant comfort and meet energy efficiency requirements. High-performance sustainable
facades can be defined as exterior enclosures that use the least possible amount of energy to
maintain a comfortable internal environment, which promotes health and productivity for
the building’s occupants [19]. As a result, it was decided to focus on the building envelope,
which should contribute to energy reduction as well as to reflect the essence of the Hope
Pavilion building as a reflection of the technological advancements of the UAE and its
Mars mission. Moreover, as a result of the users” analysis the building itself was sought
to be designed to fit 10-15 people in the exhibition area at one time, to provide a unique
experience for visitors.

Then, the systems research phase focused on evaluating different options for the differ-
ent building systems—construction, structure, mechanical, lighting, and waste
water—against relevant criteria which were developed based on the project aim of design-
ing a high performance building envelope that addresses the environmental sustainability
requirements and challenges of Dubai, as requested by Dubai building codes and the
Al Sa’fat system. Furthermore, the building was sought to be aesthetically pleasing and
demonstrate the advancements of UAE science and technology developments manifested
by the Mars mission. The evaluation criteria included time, cost, constructability, and per-
formance aspects. Concept development then emerged as a result of the systems evaluation
process [18]. First, the focus was on the shape and form of the main building in response
to the site and climate requirements, and then more focus was given to the design of the
external envelope to address the high-performance and futuristic aesthetic needs.

Climate-specific guidelines must be considered during the design process of high-
performing building enclosures. Therefore, following the site selection, climate analysis
was conducted to study the monthly radiation and temperature for Dubai, as shown in
Figures 1 and 2. Furthermore, the design was guided by psychrometric charts for Dubai,
which are shown in Figure 3. This information has been obtained using climate consultant
software, by using an existing Energy Plus weather (epw) file of the Dubai city climate
which was imported into the software. The psychrometric chart helps the designers develop
design strategies to create comfortable indoor environments by designing the envelope of
the building to help in modifying or filtering the external climate conditions.
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LOCATION: Dubai, ARE, UAE
RADIATION RANGE Latitude/Longitude: 25.25° North, 55.33° East, Time Zone from Greenwich 4
Data Source: IWEC Data 412174 WMO Station Number, Elevation 8 m
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Figure 1. Monthly radiation range plot of Dubai’s climate.

TEMPERATURE RANGE LOCATION: Dubai, ARE, UAE
ASHRAE Standard 55-2004 using PMV Latitude/Longitude: 25.25° North, 55.33° East, Time Zone from Greenwich 4
Data Source: IWEC Data 412174 WMO Station Number, Elevation 8 m
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Figure 2. Monthly temperature plot of Dubai’s climate.
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PSYCHROMETRIC CHART LOCATION: Dubai, ARE, UAE
ASHRAE Standard 55-2004 using PMV Latitude/Longitude: 25.25° North, 55.33° East, Time Zone from Greenwich 4
Data Source: IWEC Data 412174 WMO Station Number, Elevation 8 m
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Figure 3. Psychrometric chart of Dubai’s climate.

The climate analysis showed that Dubai is mostly hot in the summer while it has some
records of cold weather during the winter. Accordingly, the best single cooling design
strategy is sun shading, which accounts for 22.2% of the hours in a day, which can be
considered along with other cooling strategies. The internal heat gain accounts for 15.7%
of hours of the day, which is due to internal loads such as appliances, lights and users. As
Dubai is relatively humid in the summer, the direct evaporative cooling strategy could
account for 6.5% hours of the day. Referring to the data shown, air conditioning will always
be needed, but it can be reduced if the building design minimizes heat gain. Additionally,
the glazing on the west side should be minimized to reduce heat gain in summer and
during the fall, specifically in the afternoon, which can also be solved by incorporating
planting. Most of the glass openings should be oriented to the north and shaded by vertical
fins since there are no passive solar needs. All of these recommendations were adopted for
the design of the Hope Pavilion building.

The detailed design phase was focused on the assessment of the building’s passive
and active systems in terms of their environmental performance and impact. The detailed
design is presented in the following parts of this section. Finally, the final phase focused
on the performance verification and the optimization of the design and its engineering
systems in order to achieve and exceed energy and water reduction targets as prescribed by
the Al Sa’fat rating system. The results of this phase are presented in Section 3 of this paper.

As described above, this design process considered the different building systems
from the start and used decision matrixes to evaluate different building systems and
components, the process was sought to be iterative and integrated, no one system was
designed in isolation from other systems. For example, when considering the construction
system, a comparison was conducted between prefabrication, 3D printing and on-site
construction methods in terms of construction time, cost, energy and waste generation,
and while 3D and prefabrication scored similar in the decision matrix, but prefabrication
was used because its use was more cost-efficient than 3D printing. Another example was
the research and evaluation conducted for the external envelope, which considered the
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aesthetics besides the integration of the PV panels into the chosen system. Moreover,
different software applications were used to enable the design and analysis process.

2.2. Description of the Hope Pavilion Building

The Hope Pavilion building is located in the Burj Park area in downtown Dubai as
shown in Figure 4a,b below, which both show the site in 3D and plan views. The pavilion’s
building is designed with two floors, and divided into three main areas: first, the ground
floor exhibition area, which enables a unique insight into the Hope probe’s journey to Mars
by using smart screens to reflect the different stages from its launch to its arrival on Mars.
It will allow the visitor to explore Mars’ life and atmosphere and visualize the conditions
on Mars. Additionally, some information will be displayed by suspension from the ceiling,
then the visitor will be able to exit the exhibition by entering the Mars walkway. Second,
the café, which is also located on the ground floor, has an outdoor area facing the Dubai
fountain. Third, offices for the employees are located on the first floor with a viewing
balcony. Figures 5-7 present the building plans and section, and the following sub-sections
describe the final design of the Hope Pavilion building as a result of the integrated design
process described above.

D86
————— Burj Khalifa o
i
(300 m far from the park) The Burj park
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Figure 4. Location of the Hope Pavilion in downtown Dubai in the Burj Park area: location in Dubai (a) and Google Maps (b).
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Figure 5. Ground floor plan.
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1. Balcony
2. Offices

Figure 6. First floor plan.
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Figure 7. The building section showing all the construction systems.

2.2.1. Construction System

The construction system for the building is comprised of: (a) the walling system, which
is a combination of fully insulated precast concrete panels with a U-value of 0.15 W/m?K
finished with GRC cladding, and specially designed glass curtain walls to increase the
panoramic views with U-value of 1.6 W/m?K; (b) hollow core slab for the first floor from the
same supplier of the precast concrete panels to ensure integration, and; (c) metal decking
roof from King span. These components comply with the Al Sa’fat code and were chosen
based on energy performance, constructability, cost and time criteria. Table 2 summarizes
the components of the construction system. Suitable internal finishes and components,
such as the suspended ceiling, internal partitions, walkway finishing material, and the
panoramic elevator, were chosen based on their evaluation to integrate the engineering
systems, improve performance, and provide aesthetical appeal. Steel circular hollow
sections were used for the external envelope where building integrated photovoltaic (BIPV)
were fixed. The structural system is explained in the following section.
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Table 2. The components of the construction system.

Type of System Description U-Value (W/m?K)
Fully Insulated Wall Panels + GRC Cladding

External Wall (with no U-value) 0.15
ES 40 Curtain Wall System
Curtain Wall (Visual Light Transmittance = 0.9 1.6
Solar Heat Gain Coefficient = 0.86)
Fire Rated Skylights
Skylight (Visual Light Transmittance = 0.95 1.0
Solar Heat Gain Coefficient = 0.7)
Flooring Precast Hollow Core Slab 0.4
Roofing Kalzip Deck Roof System 0.2

The pertinent values of the visual light transmittance and solar heat gain coefficient
(SHGC) of the curtain wall and the skylight are 0.9, 0.86, 0.95, and 0.7, respectively.

2.2.2. Structure System

The Hope Pavilion’s architectural form is developed as a steel structural system
formed by interconnected pipes arranged as a beam-to-beam grid, forming a curvy surface
enclosing the main building structure, which is supported by steel frames as shown in
Figure 8.

Figure 8. The Hope Pavilion building structural system.

The Hope Pavilion’s curved form is developed by a curved-edges barrel vault-shaped
structural system with a curvature pointing outward at the mid-span and shoulders.
The curvatures of the barrel vault help to support the outer structure’s self-weight and
prevent roof buckling, and stabilize the whole building by preventing lateral movement.
Furthermore, the form curvatures contribute to the building’s aesthetic form, which appears
as a self-inflating capsule.

Figure 9 presents the final stress analysis of the building’s outer surface with a distri-
bution of stresses with no major high-intensity areas.
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Figure 9. The final stress analysis of the building envelope.

The Hope Pavilion building geometry is optimized to support the architectural form.
The maximum span of the envelope at mid-height is 32.3 m and the barrel vault curved
edges are spaced at 30.3 m (maximum vault width). The highest maximum curvature of
the roof is 10.5 m. The Hope Pavilion serviceability performance, in terms of deflection, is
less than the maximum acceptable limits; see Table 3.

Table 3. Hope Pavilion serviceability criteria (deflection).

Building Service Curved Envelope

Standard Criteria—Max Limit

Performance Performance
Live Load Span/180 =32.3 m/180 = 0.18 m (7 in) 1.91 cm (0.753 in)
Dead and Live Loads Span/120 = 32.3 m/120 = 0.27 m (10.5 in) 6.5 cm = (2.559 in)

2.2.3. Mechanical System

For the HVAC system, variable air volume (VAV) is used to cool the pavilion. The VAV
systems vary the airflow at a constant temperature. The advantages of VAV systems over
constant-volume systems include more precise temperature control, reduced compressor
wear, lower energy consumption by system fans, less fan noise, and additional passive
dehumidification.

Table 4 shows the load calculation for each zone. Zone 1 is located on the ground floor
with a total area of 143.5 m2. Zone 2 and zone 3, which are located on the first floor, have a
total area of 173 m? and 203.5 m?, respectively. Table 3 provides all the details regarding
the size of the main duct and the cooling capacity for each zone, including the volume flow
rate and the air volume for each zone. The duct supply and return layouts for the ground
floor and the first floor are shown in Figure 10.
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Table 4. Load calculation for each zone.

Parameters Zone 1 Zone 2 Zone 3
Vol =V =A x h=(143.5) x (4) = o _ _ 3 Vol =V =A x h=(2035) x (7) =
Volume of the plan 574 m3 Vol=V=A xh=(173) x (3) =519 m 1424.5 m3
Volume flow rate Vg = Vol x ACH/3600 m®/s = Vg = Vol x ACH/3600 m®/s = Vi = Vol x ACH/3600 m3/s =
(574 m3) x (6)/3600 = 0.96 m>/s (519 m3) x (6)/3600 = 0.865 m>/s (1424.5 m3) x (6)/3600= 2.374 m3 /s
. A =Vg/v=(096m3/s)/(6m/s) = A=Vg/v=(0865m3/s)/(6m/s) = A=Vg/v=(2374m3/s)/(6 m/s) =
Area of main duct 0.16 m2 0.144 m? 0.395 m?
Height of main duct H=(A/AR)? = (0.16 m?/2)!/2 = H=(A/AR)"/? = (0.144 m?/2)'/?= H = (A/AR)? = (0.395 m?/2)!/2 =
0.282 m 0.268 m 0.444 m
) . W=A/H=0.16m?/0.282 m = W=A/H=0.144 m?/0.268 m = W=A/H=0.395m2/0.444 m =
Width of main duct 0.567 m 0.537 m 0.889 m
Power calculation Qumk =0.96 m*/s= (0.96 m*/s) Qar = 0.865 m*/s = (0.865 m* /) Qarr =2.374 m®/s= (2.374 m®/s)
(6.51 N/m?)/0.65 = 9.614 Watt (6.51 N/m?)/0.65 = 8.663 Watt (6.51 N/m?)/0.65 = 23.776 Watt
. =0.96 m3/s = (0.96 m>
Air volume %ﬁ N(}mg)rjlg(é > :(8.616411\}\7 ;tsg 73m? _ 30wy — 2306.66 Cfm 035 m? _ 30m’_y _ 9713333 Cfm
Capacity 47=5¢ 5.766 = 6 t 678=7t

N

Y

Figure 10. Duct layouts for supply and return for ground and first floor.

2.2.4. Lighting System

The light level and the power density for each space in the Hope Pavilion have been
defined according to the function of each space and the given area with the selected
luminaire type for each to give the most benefit for the project, as shown in Table 5. The
luminaire type is also provided for each space according to its function. The table below
provides recommended light levels from the Illuminating Engineering Society of North
America (IESNA) Lighting Handbook and LPD levels from the IECC 2021 (using the
Space-By-Space Method for calculations) [20].
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Table 5. Light levels from the Illuminating Engineering Society of North America (IESNA).

Light Level Lighting Power o
Room Type (Lux) Density (W/m?) Luminaire Type
. Direct down light/Indirect
Reception 200-300 97 lighting /Decorative light
Exhibit Space 300-500 15.7 Direct down light
Café 200-300 7.0 Indirect lighting / Decorative light
Corridor 50-100 7.1 Roof recessed lighting
Toilet 100-300 10.6 Direct down light
Office— . .
Private/Closed 300-500 12 Direct down light
Meeting room 300-500 13.3 Direct down light

2.2.5. Wastewater System

The design of the Hope Pavilion considered the recycling of wastewater. Grey water
is a very cost effective and convenient method of reusing water for many applications, and
is especially appropriate for a building that implements high sustainability to save clear
water input. Different companies were considered for the grey water product selection,
which are Emvees Grey Water Sewer Systems, Green Water UAE, and Al Kafaah. Based
on the decision matrix selection criteria, the Al Kafaah system was selected because it is
highly efficient and cost-effective.

3. Building Performance Analysis and Verification

Following the concept development and detailed design stages, analysis was un-
dertaken to verify the building performance and whether the integrated design process
had achieved its targets in terms of high performance. This section presents the analysis
of the passive and active systems of the building, which contributed to achieving high
performance, especially in relation to water and energy consumption.

3.1. Passive Systems

Passive strategies such as orientation, natural ventilation, and natural lighting could
be used to reduce energy consumption of the Hope Pavilion in terms of reducing the
cooling load by improving indoor thermal comfort. In addition to the orientation of the
building, which was indicated in Figures 5 and 6 above based on the climatic analysis
provided in Section 2 of the paper, the natural lighting strategy was used as follows:

Natural Lighting

The pavilion will be provided with natural lighting during the daytime instead of
artificial lighting, which is important in terms of reducing the energy consumption of the
lighting system. The design allows natural light to come in through the curtain wall and
the skylight, as shown in Figure 11. Daylight analysis and simulation were conducted
using Revit software and the results are shown in Tables 6 and 7.
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Figure 11. Daylighting strategy.

Table 6. Daylight simulation without envelope.

Without Envelope

sDA 300/50 95%

ASE 1000/250  80%

Pass No

Table 7. Daylight simulation with envelope.

With Envelope

sDA 300/50 61%

ASE 1000/250  19%

Pass Yes

e  (sDA): Spatial daylight autonomy describes how much of a space receives sufficient
daylight during operating hours. The floor area in the building model that achieves
300 lux for at least half of the analysis hours counts as meeting the daylighting
threshold. A value between 55-74% indicates a space in which daylighting is accepted
by occupants.

e  (ASE): Annual sun exposure, describes how much of a space receives too much direct
sunlight. The floor area exceeds the simulated value of 1000 lux for at least 250 h
per year.

The analysis shows that the annual sun exposure is dramatically decreased after
adding the envelope, which means it works to shade the building and control the glare.
The spatial daylight autonomy will decrease, but the building will receive the needed
amount of daylight.

As well as containing energy-generating materials, the outer shell provides shading
for the pavilion; it will also reduce heat gain and energy consumption.
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3.2. Active Systems

The active strategies that were used to reduce water consumption and provide the

building with an active source of energy are detailed as follows:

3.2.1. Grey Water System

Table 8 gives the details of the water usage. The analysis shows that 15% of the water
is recycled through total water use. The recycled water will be used for flushing the toilets.

Table 8. Water use analysis.

Water Usage

WATER USE ANALYSIS FOR NON-RESIDENTIAL BUILDING

Variables: Net Sq Ft per person

Space Efficiency

Occupancy Males
Females
Total

Work days per year

Lav faucet use (minutes)

Lavatory faucet flow rate

180
0.9
0.5 (fraction of total occupancy)
0.5 (fraction of total occupancy)

Gross Square Footage

Net Square Footage

Net Square Feet/Person

Occupancy (persons)

1 (mustequal 1) Males
245 Females
3
05 gallons per minute (per code for all Frequency of
PUBLIC space) use perday Amount per use
Flush fixtures per person (gallons)
Toilets-Males (flush) 5 1.6
Toilets-Females (flush) 3 1.6
Urinals-Males (flush) 2 1
Flow fittings
Commercial lavatory faucets
(flow/min) 6 1.5
SUB-TOTAL-PLUMBING (Gal/year)
OCCUPANCY ADJUSTMENT FACTOR
ADJUSTED SUB-TOTAL-PLUMBING
Other Systems
Comfort systems (HVAC) Gallons/yr
Landscape irrigation Gallons/yr
Pools, fountains, spas Gallons/yr
Process equipment (food, medical, etc.) Gallons/yr
TOTAL WATER USE

TOTAL BLDG

SQUARE
FOOTAGE
4850
4365
180

24.25
12.125
12.125

ANNUAL
WATER USE
(GAL PER
YEAR)
23,765
14,259

5941

48,718

Amount of Grey Water Consumed

Ideal Standard

Electronic spout with power supply

Kitchen spout

Flow rate: 1.7 L/min

Flow rate: 3.8 L/min

Amount of grey water:
flow rate per min: 8 (1.2) + 2 (3.8) =17.2 L/min
Total amount of grey water per day = 107 L
Total amount of grey water per year = 27,392 L




Sustainability 2021, 13, 8529

150f18

3.2.2. Building-Integrated Photovoltaics

Building-integrated photovoltaics (BIPV) are used to replace conventional building
materials in parts of the building envelope, such as the roof, skylights, or facades. They are
increasingly being incorporated into the construction of new buildings as a principal or
ancillary source of electrical power, although existing buildings may be retrofitted with
similar technology [21]. The advantage of integrated photovoltaics over more common
non-integrated systems is that the initial cost can be offset by reducing the amount spent
on building materials and labor that would normally be used to construct the part of the
building that the BIPV modules replace [22]. These advantages make BIPV one of the
fastest growing segments of the photovoltaic industry.

The integrated photovoltaic system consists of integrating photovoltaic modules into
the building envelope. It is serves as the building envelope material and as a power
generator. By using BIMSolar software, the BIPV used in the envelope was simulated to
run the yearly irradiance calculation to show the best area to allocate the BIPV with the
highest irradiance as shown in Figure 12. As a result of the simulation, the number of PV
panels was found to be equal to 183 with a covered PV panel area of 389.2 m.

Figure 12. Envelope irradiance simulation.

The building energy consumption has been calculated for the base case (without
envelope), with an envelope, and finally with BIPV. The results of the calculation are
detailed as follows:

e Energy assessment for the base case:

The yearly energy consumption for the base case is 271 kWh/m?, as shown in Figure 13.

Benchmark Comparison
KWh/m?/yr

1105

ASHRAE 90.1

267

o

-40
(@ (b)

Figure 13. Building energy consumption benchmark comparison (a)—271 kWh/m?/year—and
building sketch (b).

e  Energy assessment with building envelope:
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When the envelope is integrated with the building, the yearly energy consumption was
found to be 244 kWh/m?, which leads to a 10% energy reduction, as shown in Figure 14.

Benchmark Comparison
KWh/m?/yr

974

ASHRAE 90.1 249 -

-39
(a) (b)

Figure 14. Building energy consumption (244 kWh/m? /year) (a) with envelope integrated (b).

e  Energy assessment with BIPV:

The third case consists of the PV panels integrated into the building envelope and the
calculation shows a yearly energy consumption of 108.2 kWh/m? which leads to a 60%
energy saving compared to the base case as shown in Figure 15. The Hope Pavilion energy
consumption reduction through the three design steps is summarized in Figure 16.

Figure 15. Building energy consumption with envelope and BIPV: 108.26 kWh/m? /year.

=
o~
-
w ~
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5z 3
©a
S
O35
&
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BASE CASE WITH ENVELOPE PV PANELS
INTEGRATED

Figure 16. The Hope Pavilion energy consumption reduction through the three design steps.

A recent report from the United Nations Environment Program stated that energy
consumption in both new and existing buildings can be cut by an estimated 30-80%



Sustainability 2021, 13, 8529

17 of 18

References

if today’s proven green technologies are utilized. Some existing buildings in the UAE
consume 220-360 kWh/m?/year. The current regulations, which many buildings are
implementing retrofits to meet these standards, are 160-260 kWh/m? /year. Best practice
in the UAE shows its most energy efficient buildings consuming 110-160 kWh/m? /year,
however, the aim is to reach a nearly zero-energy building (nZEB)

4. Discussion and Conclusions

The design of the Hope Pavilion project followed an integrated engineering process to
achieve a high performing, futurist, and aesthetically pleasing building. The design inte-
grated efficient building construction components to reflect modern building technology, a
unique steel structure to ensure strength and durability, and high performing mechanical
and electrical engineering systems to save energy and reduce water consumption. The
focus of the project was on the design of the external envelope, which provided the image
for the Hope Pavilion to reflect the achievements of the Mars mission, as well as providing
a source of active energy for the operation of the building and the envelope itself. As
shown in the analysis presented above, 15% of the water is recycled through the total water
use; natural lighting and ventilation were improved using passive design approaches such
as orientation, location of openings, and the addition of the external envelope; and 60% of
the savings have been achieved through the integration of the envelope and the PV panels
for electrical power generation.

The contribution of this case study is twofold. First, it provides an example of the
adoption of the integrated engineering design process, which considers the different
building systems from the concept phase, through the iterative evaluation of the different
building components and elements, to achieve high performance. Second, it demonstrates
a case study to improve lighting performance through the use of external envelopes, which
also provided active sources of energy for the building when PV panels were integrated
into it, leading to a more sustainable and high-performing, as well as architecturally and
aesthetically pleasing building.

However, the analysis presented in this paper comes with limitations, because only the
design data was considered. More data needs to be analyzed during the use of the building.
Building occupants’ behavior might play a significant role in the energy consumption of the
completed building [23], leading to the question of how the actual energy usage compares
to the design. Therefore, future research is needed to re-evaluate building performance
using actual energy data. Furthermore, a detailed analysis of the whole life cost will also
be useful to support the findings of this case study.
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