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Abstract: Over recent years, the sustainability and resilience concept has increased its significance
in the construction industry. Sustainability is associated with implementing best practices in the
construction industry, while resilience is the adaptability and tolerance of systems in harsh conditions.
The concepts are learned in the construction process. Moreover, building automation is growing
rapidly, and buildings are becoming increasingly dependent on complex systems and technology and
susceptible to unanticipated failure. Though sustainability and resilience concepts are interlinked,
limited research quantifies their combination, resulting in a limited comprehension of how both
concepts interact during application by developers in a smart building. Therefore, this study has
established a financial model that employs Net Present Value (NPV) in studying the inference and
clampdown of investment in both concepts. NPV was estimated using indirect and direct costs and
benefits derived from the continuous integration of sustainability and resilience in a smart building.
To quantify sustainability, its three components had to be quantified. Reduced energy expenditure
and government environmental incentives were used to calculate the environmental component.
Workers’ cost savings, fire insurance cost savings, and additional system maintenance costs were
used to calculate the economic component. The social component of sustainability measured hard-to-
quantify attributes like productivity, indoor environment quality, reputation, extra profit, services,
and safety. To quantify them, a survey and RII method were used. The two concepts were then
coupled by estimating the benefits and costs of installing and keeping resilience tools in design that
are sustainable in the smart building and the impact study on the NPV outcome. Application of the
design model was also carried out on four smart buildings that were selected in Dubai. The result
indicated that coupling sustainable approaches and resilience yields higher NPV by at least 22%.
Nevertheless, for NPV to be maintained positively and reduce the cost of failure, faulty detection
tools should be assimilated while designing sustainable and smart buildings. The findings of this
study will contribute to the benefit of other researchers, developers, investors, managers, engineers,
and anyone who is involved in the design or construction process of intelligent buildings.
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1. Introduction

The concepts of sustainability and resilience have become the pivot of numerous
research efforts and trends, and their application is widely used in different sectors. There-
fore, the need to quantify both of them is very crucial. As a result of the benefits derived
from the concepts, a score of research is being conducted to integrate and quantify the
concepts [1]. The attempts to integrate and quantify the concepts are emerging from differ-
ent fields such as urban planning, landscape planning, urban drainage systems, and civil
infrastructures. The world is experiencing rapid modernization, where new technologies
are used every day, and engineers and designers are becoming keen on the performance of
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buildings. Over recent years, there has been an increased demand for modern construction
processes and design, which necessitate the application of new and intelligent technology
for a smart structure that satisfies the client’s needs and achieves a high level of sustainable
performance [2].

Additionally, several approaches have been used to implement resilience in smart
buildings, creating highly resilient structures. However, a few have emphasized integrating
sustainability and resilience in smart buildings [1]. This suggests that some buildings have
advanced technology that can enable them to meet sustainability goals and be environmen-
tally friendly. Others could have advanced technology that could help detect defects in
the system, preventing failure and allowing quick recovery in case of any failure. The im-
portance of sustainability has grown in recent years and is regarded as a critical factor in
modern projects [3]. Different opinions exist about sustainability, with one describing it
as a normative concept that enhances the balance between different generations. It is also
perceived as the ability to utilize the available earth resources to meet our current needs
without necessarily depleting them so they can meet the needs of the future generation [4].
In this definition, sustainability can also mean a method to stabilize the Triple Bottom Line
(TBL). TBL comprises the social, economic, and environmental consequences of growth [5]
(pp- 3, 6-8).

As mentioned, sustainable or resilient buildings may be financially beneficial. How-
ever, their integration will be more profitable. A few studies quantified smart building
sustainability and resilience after extensive research. There was no financial model that
quantified and coupled smart building costs. One study used as a starting point for this
study evaluated the costs and benefits of intelligent systems and then performed a sensitiv-
ity analysis to assess building system durability. The sensitivity analysis was based on a
rough hypothetical assumption of increased energy consumption, which was considered a
sign of smart building system failure [6].

Thus, functionality loss or fault cost was used to quantify smart building system
resilience. Cost-benefit evaluation was used to measure smart system sustainability and
resilience. A realistic financial model was created using NPV to analyze data from four
Dubai smart buildings. The costs and benefits of four smart buildings in Dubai were
retrieved, along with data from a survey and other studies, to formulate the model and
determine the sustainability component variables for calculations. The aim of this work is
to develop a financial model that could be used to quantify the sustainability benefits of
having smart systems in buildings while at the same time quantifying the benefits of having
resilience integrated alongside sustainability. Driven by the fact that the new emerging
intelligent buildings are becoming a growing trend in the modern world, the need for
integrating the concept of resilience with sustainability in those intelligent buildings is of
high importance due to the numerous benefits of such integration.

The findings of this study will contribute to the benefit of other researchers, developers,
investors, managers, engineers, and anyone who is involved in the design or construction
process of intelligent buildings. The following points will summarize the contributions to
the body of knowledge:

Quantify the resilience of smart building systems.

Couple both sustainability and resilience using a cost-benefit evaluation method.
The contributions of this study to the business are summarized in the following points:
Measure the financial damages that might occur when resilience is not coupled with
sustainability.

e  Minimize the possible financial losses and turn them into a potential profit.

2. Literature Review
2.1. Methods to Assess and Quantify Sustainability

Today, buildings continue to adopt new technical innovations under the concept of
sustainability to improve their environmental performance [7]. Due to this, the need for
assessment methodologies to capture and quantify the benefits of integrating sustainable
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solutions in buildings has become necessary. First method: The Award Rating System is
one of the most well-known assessment tools widely used nowadays and is dependent on a
points system used to weigh the environmental impacts of the evaluated building. Some of
those assessment methodologies include Building Research Establishment Environmental
Assessment Methodology (BREEAM); Leadership in Energy and Environmental Design
(LEED), developed in 1993 in the USA by the Green Building Council; and DGNB, which
are the initials of its developer Deutsche Gesellschaft fiir Nachhaltiges Bauen, the “German
Sustainable Building Council. Nevertheless, these tools do not explicitly consider any
monetary value nor a real measured quantification [8,9]. Other methods include the Life
Cycle Assessment (LCA) and the Net Present Value (NPV). LCA is a widely recognized
framework for quantifying the potential environmental impacts of targeted systems and
providing a basis for informed decision-making [10]. This assessment method bases its cal-
culation of the benefits of sustainability on the outcomes of producing a particular product.
LCA is a systematic approach that considers the environmental burdens and benefits of a
product or system from raw material extraction through production, use, and end-of-life
disposal or recycling. According to [11], in the construction industry, LCA plays a crucial
role in assessing the environmental performance of buildings and infrastructure projects.
By conducting an LCA, stakeholders can identify opportunities to reduce environmental
impacts, optimize resource use, and make informed decisions to enhance sustainability.
LCA in construction typically considers factors such as energy consumption, greenhouse
gas emissions, water usage, waste generation, and other environmental indicators [12].

Several studies have highlighted the importance of LCA in the construction indus-
try. For example, research by [13] emphasized the significance of LCA in identifying the
environmental hotspots in building materials and construction processes. By conducting
LCAs on different building materials and construction techniques, stakeholders can com-
pare environmental performance and select options that minimize overall environmental
impacts. LCA aims to measure the impacts of constructing a certain structure (building)
from the first moment of its construction until it reaches the end of its life by quantifying
the building’s consumed energy, gas emissions (greenhouse gases), solid waste, and water
waste. However, LCA seems to address the environmental aspect of sustainability. Another
similar method for sustainability assessment is the NPV method, which focuses more on
the economic aspect of sustainability. It is also a very important tool for the analysis of a
process/system from its cradle to [14,15]. This method is mostly used to obtain a more
accurate analysis of costs and benefits, converting them into an equivalent present value
that could be positive or negative. A negative number indicates that the project is not
worth investing in, while a positive number indicates that the project is worth investing
in [16-18].

There are many other methods that could be used to quantify sustainability, such
as the Clean Development Mechanism Sustainable Development (CDMSD) method, the
Benefits Assessment Method, and the Climate Community Biodiversity (CCB) method.
These three methods measure the qualitative benefits of sustainability. In other words, they
compare a situation in which a sustainable solution has been implemented to a baseline
situation in which the solution has not been implemented. For example, comparing carbon
emissions after implementing a sustainable solution to the emission before implementing a
sustainable solution [19]. The methods will be the focus of this study.

2.2. Resilience Definition and Dimensions

The resilience concept has been widely discussed, defined, and reviewed in multiple
studies. Some studies describe it as a way of preventing a structure or building from
failing [20]. Some describe it as a way of measuring the durability of a structure [21].
Nonetheless, most studies define resilience as a human group’s capability to withstand and
recuperate from the agitation to build their infrastructure and environment. According
to [1], resilience is directly connected to members of society and how they strive to build
their environment.
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Figure 1 illustrates the meaning of resilience by studying the performance of three
systems before and after a disruptive event. As the figure illustrates, System 1 returned to
its original performance level after a drop in performance, being exposed to a disruptive
event such as a temporary power outage in a computer network causing a brief disruption
in service. While System 2 could not fully recover without being affected by the disruptive
event, the new level of performance with which it started functioning was less than the
original one. An example of a disruptive event for System 2 could be a cyberattack that
compromises the security of its data, leading to ongoing issues and reduced functionality
even after the initial attack has been mitigated. As for System 3, the system started to
collapse gradually after being exposed to the disruptive event. A potential disruptive
event for System 3 might occur as a natural disaster, such as a hurricane or earthquake,
which causes significant damage to essential infrastructure. This damage would result in
a sustained deterioration in functionality, ultimately leading to the failure of the system.
These examples illustrate varying degrees of resilience to disruptive events among the
systems analyzed, with some systems capable of complete recovery, others facing persistent
difficulties, and still others enduring long-term consequences.

Negative effects due to
Disruptive disruptive events start

4 events appearing
System #1 original
performance
level
: System #2 new steady
— e e o == performance
MOP(t) : level
collapse
to t1 t2 Time
Absorptive Adaptive capability/
capability Restorative

(Sys#1)  capability (Sys#1)

Figure 1. Illustration of resilience capabilities: [22].

2.3. Methods to Assess and Quantify Resilience

As defined, resilience is the ability of human communities to withstand and recover
from the perturbations in their built environment and infrastructure. This definition
connects resilience directly to communities and societies rather than the built structures.
Due to this relationship, it can be concluded that the impact of the bridge damage can
be quantified by the traffic disruption costs and the socioeconomic benefits of its prompt
recovery [1]. This means that one way of indicating the amount of resilience a structure
has is by studying the effect of the structure’s failure on its surroundings and the benefits
of its quick recovery. One of the most commonly used methods to quantify and measure
resilience is the labeling system. Similar to the concept of the awarded points rating systems
used to quantify sustainability in buildings, new assessment tools have recently begun
to be used to quantify and rate the resistance strength of structures. One of the emerging
methods is the Certification of the Predisposition of Resistance of Edifices to Disasters
(CePRED). This certification evaluates buildings by offering them a “Blue shields” labeling
system, where five blue shields indicate a very high resistance against potential disasters
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and extreme conditions, while one blue shield indicates poor performance when it comes
to withstanding those extreme conditions [23].

Another method is the Risk Assessment Method. As mentioned earlier in the previous
section, this method tends to quantify the monetary value, measuring the expected cost
resulting from a certain process or function of a building or a structure. But when it comes
to resilience, this method is used to quantify the damages that would result from the failure
of that process or function or even the losses incurred during the recovery period of that
process or function. To be more precise, to quantify risk using this method, a function
that multiplies the probability of failure occurrence by the resulting consequence of failure,
estimated in monetary units, is used [24]. However, due to the growing need to measure
and quantify resilience, many other different methods were used to achieve the goal, such
as benefit assessment models, cost-to-benefit assessment models, resilience index, decision
flow diagrams, performance-based frameworks, etc. [1,22,23].

2.4. Integrating New Technologies in Buildings to Create Intelligent Buildings

Over recent years, the world’s rapid evolution and the corresponding changes in
people’s needs have necessitated integrating information technology into the construction
sector. In the United States of America, the phrase “intelligent building” was first used at
the beginning of the 1980s. An intelligent building is a unit that governs and controls the
building services environment by optimizing user comfort, safety, energy consumption,
and work efficiency using new computer technologies [25]. According to the European
Intelligent Building Group, intelligent buildings are those that maximize the productivity
of their occupants by providing a comfortable internal environment with minimal lifetime
costs. Similarly, inhabitants of the Intelligent Building Institute of the United States define
intelligent buildings as entities that provide a cost-effective and productive environment
for their inhabitants by optimizing the four basic elements of a building, which include
structure, systems, services, and management [18]. Intelligent buildings are characterized
by incorporating emerging innovative advanced technologies into their system components.
The technologies are installed within the building subsystem services. The qualities that
make the buildings efficient and productive begin to be generated as soon as they start
using these technologies. This enables the building to offer high levels of functionality,
safety, flexibility, energy, thermal efficiency, and acoustical and visual comfort [18].

Nevertheless, using advanced technologies in buildings is insufficient to make build-
ings intelligent. There should be a successful integration of these technologies into the
building for intelligent buildings. Incorporating technologies such as the Internet of Things
(IoT), Building Automation Systems (BAS), Communication Management Systems (CMS),
Office Automation (OA), as well as Energy Management Systems (EMS) allows for control-
ling, supervising, and enhancement of the integration process between the implemented
subsystems [18]. This study will follow the Intelligent Building Institute definition of
intelligent buildings as those that integrate various building systems to manage resources
in a coordinated manner, with the goal of enhancing technical performance, flexibility, and
cost savings from the perspectives of building owners and managers [26].

Additionally, sustainability and resilience are essential components of smart buildings,
especially concerning their systems. Highlight the significance of wireless monitoring
systems for sustainable parameters in intelligent buildings and the necessity for a sustain-
able assessment model grounded in the “whole life cycle” [27]. This supports the notion
that intelligent buildings should be assessed based on the criteria of overall sustainability,
encompassing environmental, economic, and social factors [28]. Emphasize the importance
of energy conservation, environmental protection, and intelligence in intelligent buildings,
as discussed by [29].

Furthermore, due to the rapid increase in the earth’s population, the intensifying
urbanization, and the scarcity of land, compacted design approaches need to be imple-
mented, allowing for a wider spread of higher buildings worldwide [23,30]. This emerging
trend has evolved rapidly over time, where people not only focus on reaching new heights
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but also seek to provide comfortable spaces, energy-efficient systems, environmentally
friendly structures, and iconic landmarks that resemble more than just places to live and
work [31,32]. In an attempt to attain these aspirations, various advanced technologies
were integrated into buildings, leading to the emergence of the intelligent building con-
cept. Intelligence building has become a crucial part of sustainable development. It has
brought both positive and negative understanding of how buildings affect our environment.
To meet sustainability requirements, it is necessary to apply fundamental practices and
principles, such as construction and building techniques and customizing products and
buildings. The benefits can be realized by measuring the employee’s productivity level and
the amount of savings in expenses [33]. Additionally, intelligent buildings are significant
in controlling and monitoring techniques and methods in modern buildings. They help
preserve smart systems and detect future failures [18]. There are many other examples that
integrate advanced technologies into buildings to fulfill sustainability requirements, such
as the Okhta Tower in Russia, the World Trade Center Towers in Bahrain, the Lighthouse
Tower in Dubai, and many others.

2.5. Coupling Sustainability and Resilience

The terms “sustainability” and “resilience” appear to dominate many research trends
in different fields, including civil infrastructure, buildings, urban drainage systems, land-
scape, and urban planning. However, few studies examine both terms using the same
methodology or approach, particularly in intelligent buildings [30]. Hence, since this study
will focus on quantifying and integrating sustainability and resilience in smart buildings,
similar studies have been reviewed. A similar study by [24], “Coupling and measuring
resilience and sustainability in facilities management,” studied the effects of buildings’ cool-
ing systems failing during heat waves. The study used a risk assessment model to measure
and combine resilience and sustainability. This model used two variables to quantify lost
system functionality: cost and probability. For sustainability losses, environmental, social,
and economic elements were measured independently. The amount of money measured
the resilience of a building lost due to decreased staff productivity whenever the cooling
systems failed, beginning when the heat wave reached the building and continuing until
the full performance was restored. The monetary value of the total quantified losses was
then calculated by adding the quantified losses in terms of sustainability and resilience [24].
A similar study, “Cost-benefit evaluation for building intelligent systems with special
consideration on intangible benefits and energy consumption”, aimed to evaluate the costs
and benefits of the intelligent systems and then perform a sensitivity analysis to assess the
durability of the building’s systems and decide whether these systems are worth investing
in or not. However, this study did not mention anything explicit about sustainability or
resilience, and the sensitivity analysis was based on a rough hypothetical assumption of
an increased level of energy consumption. The evaluation method proposed in that study
could be used to quantify and couple sustainability and resilience.

The study suggests that an evaluation method is required to quantify and couple
sustainability and resilience [18]. This indicates that, during the calculation process, the
research prioritizes the intelligent building’s intangible and tangible benefits and costs
and uses them to determine the NPV. The tangible components used in the calculation
include savings on the future value cost of energy, the cost of fire insurance, labor, and
the additional cost of maintaining the smart system [24]. The calculation of the intangible
components consisted of the expected future value of the intelligent building’s benefits.
The intangible components were then measured using the Analytical Hierarchy Process
(AHP) to derive the value of the intangible benefits, which included reduced service time,
increased rates on rentals, and increased efficiency of the employees [6].

Integrating “sustainability” and “resilience” into intelligent buildings has many benefits.
Real validation was needed to establish this integration’s benefits. Intelligent buildings with
sustainability and resilience are convenient, efficient, and comfortable. What happens when
a defect arises? How might this affect stakeholders? What would failure cost? Is it worth
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investing in a smart, sustainable building? All of these questions must be answered to
determine if the benefits of this integration outweigh the drawbacks. Table 1 summarizes
various research studies investigating how smart technologies, sustainability, and resilience
influence project costs. In this study, the study’s outcome has concluded that the application of
a smart system increases the profitability of the building, hence generating a high NPV. In case
some faults emerge before detection, NPV exhibits a steep drop. This study demonstrates
that the implementation of smart technology creates sustainable structures and buildings
with increased profitability, while the incorporation of resilience within the building not only
reduces potential failure-related losses but also enhances their financial performance.

Table 1. Summary of the literature about the relation between cost efficiency and different implementation.

Study Type References
Cost savings due to implementing smart technologies [6] and [34-39]
Cost savings due to implementing sustainable approaches [34-39]
Cost savings due to implementing smart and resilient technologies [30] and [40-43]

Cost savings due to implementing smart technologies and sustainable

A . - 44
approaches and maintaining their resilience [6,44]

Based on the studies found in Table 1, it can be concluded that most smart buildings are
designed to be sustainable. In other words, integrating smart technologies into any building
is usually aimed at making the building more convenient, highly efficient, comfortable, and
even environmentally friendly. However, only a few studies addressed all four concepts
concurrently; two are listed in the table below. One of them consists of studies on smart,
resilient systems and the financial savings that would result from such integration [44],
while the other one suggests a cost-benefit evaluation method for integrating smart systems
into buildings, using LCA and NPV to determine if investing in those systems is worth
it. In addition, a sensitivity analysis was integrated into this study to check the effects of
the increased energy consumption, which indicates the failure of the intelligent building
systems on the NPV [6]. In addition, a sensitivity analysis was integrated into this study to
check the effects of the increased energy consumption, which indicates the failure of the
intelligent building systems on the NPV [6].

2.5.1. Environmental Attributes

As mentioned in the literature review, sustainable approaches have been used widely
in many intelligent buildings, from providing natural ventilation to natural lighting. Uti-
lizing these approaches seems to help reduce the building’s total energy consumption.
Studies have revealed that HVAC, lighting, and security systems account for almost half
of the building’s total energy consumption [45]. Table 2 summarizes the most common
attributes used to measure the environmental component.

Table 2. Summary of the literature on the quantified attributes of the environmental component.

Attribute Reference
Energy expenditure [46,47]
Environmental incentives [47,48]

2.5.2. Social Attributes

Many attributes could be considered when it comes to quantifying the social costs of
a structure or a system. Such social attributes include the functionality and usability of
the created space that utilizes that system, the indoor environment quality and comfort,
reputation (measured by the number of people coming to rent spaces in the building,
whether it is a residential or an office building), rate of productivity of people working
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in the space (in case it is an office building), quality of services, profits coming from the
exclusive rental rate, and market position. Nevertheless, almost all of the abovementioned
attributes are difficult to measure. Therefore, the Relative Importance Index (RII) method
was used to make that quantification more tangible. As for the first step to initiate the
quantification process, some of the most used indices to quantify the social component are
shown below. A summary of each index and the list of references can be found in Table 3.

Table 3. Summary of the literature on the quantified attributes of the social component.

Attribute Reference
Productivity and indoor environment quality [39] and [49-53]
Reputation and the extra profit [6,39,54]
Services and safety [55,56]

2.5.3. Economic Attributes

The economic cost is likely the easiest to quantify since it is already expressed in
monetary terms. Compared to the social and environmental attributes of sustainability,
many attributes could be used to quantify the economic dimension: for example, the lifetime
value of the structure, adaptability, and flexibility of the system, property performance
assessment, maintenance, fire insurance, and the number of workers [2,6,52]. Nevertheless,
not all of the abovementioned attributes can be measured or related to this study. Therefore,
Table 4 summarizes the most common attributes used to measure the economic component.

Table 4. Summary of the literature on the quantified attributes of the economic component.

Attribute Reference

Maintenance [55,57-59]
Fire insurance [6,60]
Services and safety [55,56]

In conclusion, there has been considerable reconsideration of the design and construc-
tion methodologies to incorporate intelligent technology into new buildings. Moreover,
several strategies have been proposed to include resilience in smart buildings, leading
to the development of exceptionally robust structures. However, it is worth noting that
only a limited number of these implementations focus on integrating both sustainability
and resilience in smart buildings simultaneously. This implies that certain buildings may
incorporate novel and sophisticated technologies to achieve sustainability objectives and
transform into environmentally conscious structures. Nevertheless, integrating these two
principles into smart buildings has been subject to little research. Hence, the objective of
this study is to integrate the principles of sustainability and resilience into smart build-
ings by utilizing a cost-benefit evaluation approach. The study intends to construct a
comprehensive financial model that uses Net Present Value (NPV) as the primary metric
for assessing the quantifiable aspects of sustainability and resilience. This model will be
utilized to evaluate the significance of integrating these two factors.

3. Materials and Methods

The following section will be about applying the previously discussed literature,
coupling resilience and sustainability, and quantifying them with reference to some of the
world’s modern intelligent buildings. The methodology will be further discussed, and the
steps of the suggested model will be elaborated.
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3.1. Data Collection

The study used four buildings to acquire data and achieve its objectives. The four
buildings included two residential buildings, one office building, and one labor camp.
Using the four buildings as case studies, the first part of the analysis was to quantify
sustainability. The analysis was categorized into three main components: Environment,
Social, and Economic. In order to quantify sustainability, its three components had to
be quantified. For the environmental component, the reduced energy expenditure and
the government environmental incentives were used to perform the calculations. For the
economic component, the workers’ cost savings, fire insurance cost savings, and additional
system maintenance costs were used to perform the calculations. The social component of
sustainability measured productivity, indoor environment quality, reputation, extra profit,
services, and safety. However, in order to be able to quantify the social components, a
survey was conducted, and the RII method was used. The survey was sent to 15 people,
including project managers, architects, engineers, and scholars familiar with the use of
intelligent systems in buildings. Only 10 out of the 15 managed to participate in the survey.
The responses were used to rank the six social attributes, weigh them, and eventually obtain
the social benefit coefficient. Then, the social component was calculated by multiplying the
social benefit coefficient by the rental profit of the building. Using the results of the three
components, the net annual savings were calculated and then used alongside the smart
system’s capital investment to obtain the NPV.

As for the resilience part of the analysis, resilience was quantified and coupled with
sustainability by measuring the effect of faults on the calculated NPV and observing how
much the NPV would drop when faults occur in these buildings. To do that, the following
information should be available: the number of faults occurring annually in a smart system,
the losses incurred from these faults, the cost of fixing these faults, and how long it would
take to fix them. Therefore, to demonstrate an example of what the ideal model calculations
could look like, some literature review articles and studies were used to obtain a rough
estimation for these numbers. The retrieved data included: the number of faults occurring
yearly in smart buildings, the cost of these faults, and the initial cost of having fault
detection and diagnosis tools. However, using this information will not give accurate
results as it is not dependent on the number of floors in the building, assumes a fixed
number of faults, and considers a fixed cost from within the range of costs. Therefore, a
better approach to obtain an estimation for the fault cost was using a percentage that tied up
to the total energy consumption of the building. This means that each of the four buildings
(case studies) had a different fault cost based on the energy expenditure of the building.
Using the PERT (Program Evaluation and Review Technique) model, three scenarios were
assumed: pessimistic, optimistic, and most likely. Those scenarios were used to test the
effects of different fault costs (low, average, and high) on the NPV, exploring the financial
effects of integrating resilience tools within the smart systems of sustainable buildings.

3.2. Model Formulation

As previously stated, utilizing smart systems in buildings makes them sustainable,
which leads to the first integration or combination addressed in this study.

Smart systems + Building = Sustainability = Environmental + Social + Economic

The following equations were used to perform such calculations:

1+i)N -1
NPV = Apet (% - Co 1)
i(141)
Anet:Ai+Ae+Azu+Af_Am+As (2)

In Equation (1), Ayt is the net annual savings that could be obtained by installing a
smart system in a building, and Cj is the initial cost of the smart system installation. N is the
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number of years (time horizon) used in the analysis; a 10-year study period was used in this
study [6,61,62]. Whereas i is the discount rate in the UAE, which is 2.25% [63]. Equation (2)
consists of three parts which are the three aspects of sustainability. The environmental
aspect was quantified by A;, which represents some possible government incentives, and A,,
which represents the cost saving from optimizing energy levels. The economic aspect was
quantified by Ay, which represents the cost saving that results from reducing the number
of workers, Ay representing the cost saving that results from not having fire insurance, and
Am, which was an added cost that represents the maintenance cost of the smart system.
As for the social aspect, it was quantified by As, which represents the cost saving due to
some intangible benefits. As for the social calculations and the resilience part, further data
had to be collected. Therefore, the following two sections will be dedicated to explaining
the processes used to attain the data on both the social component of sustainability and
resilience part.

3.3. Survey Development

After identifying the used indices to quantify the social component of sustainability, a
survey was conducted to obtain two values. The first value was the evaluating scores (E) of
the indices, while the second was the weights of those indices (W). To find the proportion
() of the total profit (P) that represents the social benefits (A ), Equations (3) and (4) were
used [6]:

0 =WE. 3)

A, = 6P (4)

To put it more simply, the social benefit coefficient (§) was obtained by multiplying
the weights of the selected criteria by the evaluating scores. The social benefit coefficient
represents the percentage or proportion of the profit or rental income attained by the social
aspect of sustainability (social benefits). Therefore, in Equation (4), the coefficient (¢) is
multiplied by the total profit (P). The survey was sent to 15 people who were familiar with
the topic, including project managers, architects, engineers, and academics. However, only
ten of the fifteen respondents completed the survey. The two following sections contain
further explanations of the structure and design of the survey.

3.4. Indices Quantification and Weights

In this study section, respondents were asked two questions about each index. The first
was whether they agreed that the chosen index was appropriate for the study, and the
second was how much they thought having smart systems would improve that index
compared to not having smart systems. Using improved indoor environment quality as
an example, the respondents were asked if “installing smart systems in buildings would
improve the indoor environment quality and make users more comfortable practicing their
daily activities”. The simple explanatory example was automatic lighting /temperature
adjustment. The respondents were given three options to choose from “Yes, No, and
Irrelevant” [6]. The respondents who answered “Yes” to the first question would then be
asked, “To what extent do you think having smart systems would improve the indoor
environment quality compared to not having smart systems?” and given four options
to choose from: “High, relatively high, Moderate, and Low” [6]. Thus, after using the
results of the survey, each index shall have an evaluating value E i (j=1,2,3,4,5,6), which
eventually forms the evaluating vector E = [Ej, Ey, E3, E4, Es, Eg] used in Equation (3).
The assigned scoring system used in this part of the study was 20% for High, 15% for
Relatively High, 10% for Moderate, and 5% for Low [6].

The answers to the third question about each index are used to calculate the indices’
weights, where respondents were asked, “In your opinion, how important do you think
this index (For example, indoor environment quality) is to quantify the social benefits
of sustainability?”, then given five answers to choose from: “Extremely important, very
important, somewhat important, not so important, and Not important at all” [6]. Using the
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respondents’ answers and the RII to weight and rank the indices, a 1 to 5 rating system was
used to weight and rank the indices based on the responses of the respondents and the RII.
In other words, each of the previously mentioned answers was assigned a weight, where
5 represents the weight of the “Extremely important” answer, and 1 represents the weight
of the “Not at all important” answer” (Table 5). Those weights were then multiplied by the
number of people who chose each answer, as shown in Equations (5) and (6) [64], where
Y. W is the summation of each weight multiplied by the number of answers (frequency) for
each index n;, where i ranges from 5 to 1.

Table 5. Summary RII to weight and rank the indices.

Extremely important 5
Very important 4
Somewhat important 3
Not so important 2
Not at all important 1
W
RII = E—N ®)
Y W = 5ns5 + 4ny + 3nz + 2np + 1ny (6)

In this study, A is the highest weight in the used Likert scale, which is 5, and N is the total
number of respondents, which is 10. Obtaining the RII for each index indicates its importance
compared to the other indices, but it does not reflect the index’s weight. Therefore, to obtain
the weights that correspond with the ranks of these indices, three non-pairwise weighting
methods were used: rank sum, rank reciprocal, and rank exponential [64].

3.5. Assessing the Resilience of Smart Systems in Buildings

In this study, the concept of resilience is paired with smart systems. After defining
smart buildings as sustainable buildings, this study aims to assess the resilience of those
smart/sustainable systems. This could be accomplished by observing how much the NPV
drops when faults occur in these buildings and measuring the effect of having faults on
the calculated NPV of the sustainability part. Therefore, to demonstrate an example of
what the ideal model calculations could look like, some literature review articles and
studies were used to obtain a rough estimation for these numbers. According to a paper
on fault detection and diagnostics for smart buildings, faulty and incorrectly configured
smart systems equipment, including fault detection ones, wastes a significant amount of
energy [41]. Therefore, it is crucial to equip Fault Detection and Diagnosis (FDD) tools
in Building Management Systems (BMS), as they contribute to saving around 15-30% of
the total energy expenditure of the building [41]. CGnal, a software firm based in Milan,
conducted a one-year study on a building in Italy, where sensors were implanted into the
different systems of the building, and a machine learning algorithm was used to take the
readings for the first half of 2015. In the second half of the year, the installed system began
collecting data for abnormalities, which resulted in predicting 76 faults out of a total of 124
real faults. Therefore, using the predicted number of faults throughout the six months, a
(76 x 2 = 150) potential faults per year shall be used for this study [65]. Single faults were
estimated to cost between $130 and $16,000, which is equivalent to 500 and 59,000 AED [66].
For the sake of simplicity, a single fault shall be assumed to cost 5000 AED a year. However,
using this method will not give accurate results as it is not dependent on the number of
floors in the building, assumes a fixed number of faults, and considers a fixed cost from
within the range of costs found in the literature. According to some studies, degraded and
faulty equipment accounts for 15% to 30% of the waste of the building’s energy [67-69].
This means that each of the four buildings (case studies) will have a different fault cost
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based on the energy expenditure of the building. Using the PERT (Program Evaluation and
Review Technique) model, three scenarios were considered:

e A pessimistic scenario (P): Fault cost = 30% waste of the total energy.
e An optimistic scenario (O): Fault cost = 15% waste of the total energy.
e A most likely scenario (M): Fault cost = 20% waste of the total energy [70].

Then, those three values were used to calculate the weighted average using Equa-
tion (7) [70]:
O+ 42\/1 +P @)
However, the equations used in this section to perform the calculations and to couple
both sustainably and resilience are an expansion of Equations (1) and (2).

PERT weighted average =

1+i)N —1
NPV yith fauits = Anet,with faults (1(1_1)_1)1\, —Co (8)
Anet,with faults = Ai+Ae+ Ap + Af —Am+As — Afc (9)

Equations (8) and (9) were used to calculate the new NPV that would result from not
integrating resilience and sustainability, where Ay, represents the annual fault cost. As for
the last part of the analysis, Equations (10) and (11) were used to calculate the new NPV
that would result from integrating resilience tools within the smart systems of sustainable
building. The calculations of this part were performed twice, once without considering the
potential energy saving that the resilience tools might provide (Part A) and another time
considering the potential energy saving (Part B).

1+i)N -1
NPV sy — Anet s % - CO,s - CO,r (10)
i(141)
Anet s, = Aj + Ae + Aw + Af — A+ As — Ay + Aey (11)

NPV g, is the calculated NPV after coupling sustainability and resilience.
Apet ,: is the net annual savings after coupling sustainability and resilience.
i: is the discount rate.

N: is the time horizon.

Co,s: is the initial cost of installing the smart system.

Co,: is the initial cost of installing resilience tools.

A;: is the environmental incentive.

A,: is the energy cost saving.

Ay is the workers’ cost saving.

Ay is the fire insurance cost saving.

Ay is the smart system maintenance cost.

Ag: is the social savings.

Ayt is the maintenance cost of the used resilience tools.

A,y is the energy saving that would result from using the resilience tools.

4. Results and Analysis

The calculations used in the model will be presented in this section, and the results
will be thoroughly analyzed to conclude the importance of coupling sustainability and
resilience in smart buildings.

4.1. Sustainability Calculations

After formulating the model, gathering all the information needed, and quantifying the
used attributes, the model was applied to four smart buildings in Dubai to test the feasibility
of coupling sustainability and resilience in smart buildings. Figure 2 demonstrates the data
used to perform the calculations of the model. The buildings used in this study were: a
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high-rise residential building, a low-rise residential building, a labor camp, and a high-rise
office building. The case of the high-rise residential building will be used to clarify the
steps of the calculations performed in this model, as the same calculations were applied to
the other three buildings.

High-rise residential | Low-rise residential High-rise office
o o Labour Camp o
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
A;  |Environmental incentives (AED/Year) 435,500 318,000 226,000 945,000
A, |Energy cost saving (AED/Year) 116,250 51,800 26,200 128,250
A, |Workers cost saving (AED/Y ear) 42,000 14,500 18,000 51,300
Ay |Fire insurance cost saving (AED/Y ear) 6,500 3,750 8,900 9,000
A |System maintenance cost (AED/Year) 60,000 30,000 50,250 72,000
P [Rental profit (AED/Year) 10,575,000 3,950,000 15,000,000 20,900,000
6 [Social benefit coefficient 0.17 0.17 0.17 0.17
A; [Social savings (AED/Year) 1,797,750 671,500 2,550,000 3,553,000
A e¢|Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
Cy |Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
LN ] o ] [ Taasu] DEnvironmentaI savings DEconomic savings DSociaI savings

Figure 2. Cost and benefit analysis for four smart buildings in Dubai.

4.1.1. Environmental Aspect Calculations

For this part of the analysis, the total energy expenditure cost was provided alongside
the energy cost savings due to using smart systems. As for the environmental incentives, a
10% reduction in energy consumption was used to account for the benefits provided by the
Dubai government, resulting in savings of 435,500 AED.

4.1.2. Social Aspect Calculations

The social aspect of sustainability was the hardest to quantify, as it depends on people’s
preferences to quantify some attributes that are hard to measure. As mentioned in Section 2.5.2,
to quantify this aspect of sustainability, the evaluating values and the weights of the six
selected indices were calculated using a survey, Rll, a non-pairwise weighting method, and
the equations mentioned in that section. As there are many indicators for measuring building
sustainability [71], these six indices were selected based on the most cited in the literature
review. First, two of the survey questions were used to obtain the evaluating vector of the six
indices E = [0.16, 0.17,0.17, 0.15, 0.19, 0.17], as shown in Figure 3.

Frequeney of | Frequency of | Frequency of | Frequencyof | Frequencyof | Weighted sum RII
5" "4 "3" 2" " (z w)
Iy |Productivity 4 4 2 0 0 42 0.84
I |Indoor environment quality 3 5 1 1 0 40 0.80
I3 |Reputation 5 0 3 1 1 37 0.74
I, [Extra Profit 4 3 2 1 0 40 0.80
I5 |Services 4 4 2 0 0 42 0.84
s [Safety 6 1 1 2 0 4 0.82
L4 [ s | [ n ] w0 |

Figure 3. RII calculations.
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For example, for the productivity index, the numbers 4, 3, 3, and 0 represent the num-
ber of people who chose the contribution level of smart systems in improving productivity
to be high, relatively high, moderate, or low. Each number was multiplied by the assigned
weight, and the results were summed to obtain the evaluating score.

Second, one of the survey questions, the RII method, and three non-pairwise weighting
methods were used to determine the weights of the six indices, as shown in Figures 4 and 5.
Using the RII method allowed for identifying the direct rank of each of the six indices, while
using the Rank sum, Reciprocal rank, and rank exponent methods allowed for converting
the direct ranks into weights. The steps used to perform this part of the calculations were
mentioned in Section 3.5.

Rank Sum Reciprocal Rank Rank Exponent
RII Rank n-rj+1 Wj 1/rj Wi (n=rj+1)? wj
I |Productivity 0.84 1 6 0.29 1.00 0.41 36 0.40
I5 |Services 0.84 2 5 0.24 0.50 0.20 25 0.27
g |Salety 0.82 3 4 0.19 033 0.14 16 0.18
I, |Indoor environment quality 0.80 4 3 0.14 0.25 0.10 9 0.10
I |Extra Profit 0.80 5 2 0.10 0.20 0.08 4 0.04
I3 Reputation 0.74 6 1 0.05 0.17 0.07 1 0.01
Sum 21 245 91
Figure 4. The three used non-pairwise weighting methods.
High Relativly high [ Moderate Low Evaluating score
(0.20) (0.15) (0.10) (0.05) (Ej)
I, |Productivity 4 3 3 0 0.16
I, |Indoor environment quality 6 2 1 1 0.17
I3 |Reputation 6 2 1 1 0.17
I, |Extra Profit 3 5 1 1 0.15
I5 [Services 7 3 0 0 0.19
Ig |Safety 8 0 0 2 0.17

Figure 5. Indices quantification.

In this study, three different methods were used to obtain the weights of the indices
and the results of the reciprocal rank method, as shown in Figure 5. This is because this
method has the highest weights, while rank exponent and rank sum come second and
third [72], respectively. Therefore, the weight vector and the evaluating score vector, after
ranking the six indices, are:

W = [0.41,0.20,0.14,0.10,0.08,0.07] and E = [0.16,0.19,0.17,0.17,0.15,0.17], as shown
in Figure 6.

Using Equations (5) and (6), the social benefit of the high-rise residential building was
calculated by multiplying the social benefit coefficient (0.17) by the building’s rental profit
(10,575,000 AED), resulting in a savings of 1,797,750 AED. The social savings of the other
three buildings were calculated the same way:.
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Wy E; S

I, |Productivity 0.41 0.16 0.07
I; |Services 0.20 0.19 0.04
I, |Safety 0.14 0.17 0.02
I, |Indoor environment quality 0.10 0.17 0.02
I, |Extra Profit 0.08 0.15 0.01
I3 JReputation 0.07 0.17 0.01

0.17

Figure 6. Social benefit coefficient.

4.1.3. Economic Aspect Calculations

For the economic aspect of sustainability, all of the values required to perform its
calculations were provided. Those values included the workers’ cost savings, fire insurance
cost savings, and an additional maintenance cost for the smart systems, as seen in Figure 7.
Thereafter, Equation (4) was used to obtain the net annual savings, while Equation (3) was
used to convert these annual savings and the initial cost into a net present value.

High-rise residential | Low-rise residential Labour Casip High-rise office
building building building
Number of floors 28 4 4 30
Building floor area (m?*) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
A; |Environmental incentives (AED/Y ear) 435,500 318,000 226,000 945,000
A, |Energy cost saving (AED/Year) 116,250 51,800 26,200 128,250
A, |Workers cost saving (AED/Year) 42,000 14,500 18,000 51,300
Ay [Fire insurance cost saving (AED/Year) 6,500 3,750 8,900 9,000
A, |System maintenance cost (AED/Y ear) 60,000 30,000 50,250 72,000
P |Rental profit (AED/Year) 10,575,000 3,950,000 15,000,000 20,900,000
& [Social benefit coefficient 0.17 0.17 0.17 0.17
A, |Social savings (AED/Y ear) 1,797,750 671,500 2,550,000 3,553,000
A, .-|Net annual savings (AED/Year) 2,338,000 1,029,550 2,778,850 4,614,550
Co |Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
v T 10 1 [ T25%] DEnvironmentaI savings I:IEcunomic savings DSociaI savings

Figure 7. The results of the cost and benefit analysis.

According to Figure 7, the NPV for the four buildings seems to be positive, indicating
that the smart systems are worth investing in. The high-rise office building seems to have
the highest NPV, and that is due to the high floor numbers and the floor area. In addition,
the labor camp has a very high NPV due to its spacious floors and the high rental profit
of the building. This indicates the impact of smart systems in high-rise buildings or even
low-rise buildings with a high floor area.

4.2. Resilience Calculations

After performing the calculations to obtain the NPV in the case of the smart systems
working properly, Figure 8 was created to compare the results and study the importance
of maintaining these systems’ resilience. Using the high-rise residential building case, the
table below demonstrates the difference between the four NPVs. The first one is the NPV
obtained, considering that all systems are working properly with no interruptions, and
equals 19,749,214 AED. While for the second part, to achieve a more realistic NPV, a rough
estimation of 150 faults yearly with a cost of 5000 AED each was assumed. Then, those two
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numbers were multiplied, and the result was substituted into Equation (9) to have a new
NPV that is equal to 13,099,552 AED.

High-rise residential | Low-rise residential Labour Camp High-rise office
building building ’ building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
Net annual savings (AED/Year) 2,338,000 1,029,550 2,778,850 4,614,550
fi(l)ts NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Number of faults 150 150 150 150
Cost of a single fault (AED) 5,000 5,000 5,000 5,000
With |Fault cost (AED) 750,000 750,000 750,000 750,000
faults |Net annual savings (AED/Year) 1,588,000 279,550 2,028,850 3,864,550
NPV (AED) 13,099,552 2,353,551 17,693,223 32,863,936
NPV per unit floor area (AED/m?) 13,789 3,269 13,106 26,938
Initial cost of FDD system (AED) 435,500 318,000 226,000 945,000
Maintenance (AED/Year) 180,000 180,000 180,000 180,000
Net annual savings (AED/Year) 2,158,000 849,550 2,598,850 4,434,550
. NPV (AED) 17,717,795 7,089,294 22,520,966 36,972,680
I‘:\]g[Dh NPV per unit floor area (AED/m?) 18,650 9,846 16,682 30,305
Energy savings (AED/Year) 653,250 477,000 339,000 1,417,500
Net annual savings (AED/Year) 2,811,250 1,326,550 2,937,850 5,852,050
NPV (AED) 23,509,651 11,318,479 25,526,614 49,540,541
NPV per unit floor area (AED/m?) 24,747 15,720 18,909 40,607
LN T oo ] [ Ta25%]

Figure 8. Testing for smart systems resilience using hypothetical data.

As for the third part of the table, a scenario where FDD tools were equipped was
assumed. The initial installation cost for such systems would be around 10% of the total
energy expenditure of the building, and in this case, it would be 435,500 AED. In addition,
such systems might require an additional 180,000 AED yearly for maintenance. However,
this part of the table consists of parts A and B. Part A considers the initial cost and main-
tenance cost of the added system, while Part B considers the same costs but assumes an
additional benefit of a 15% savings in the total energy expenditure after implementing the
FDD system. Therefore, using Equations (10) and (11), the NPV for part A is 17,717,795 AED,
and for part B is 23,509,651 AED.

Figure 8 illustrates the impact of installing FDD tools on the NPV value for smart
buildings. It can be concluded that having smart systems in buildings would increase the
profit of the building, producing a high NPV. In the case of undetected faults, the NPV
value seems to decline significantly. The best solution would be implementing FDD tools
to stop that from happening. However, as mentioned before, using this method will not
produce accurate results as it is not dependent on the number of floors in the building,
assuming a fixed number of faults and considering a fixed cost from within the range of
costs found in the literature.

Therefore, the approach used to obtain a better estimation for the fault cost considered
a range of percentages that would tie up to the total energy consumption of the building,
as well as the PERT method. Four values for the NPV were calculated using the three
scenarios assumed by the PERT method and their weighted average.

First case: a pessimistic scenario (P) where the fault cost equals a 30% waste of the
total energy of the building. Figure 9 illustrates the effect of this scenario on the NPV.

Second case: an optimistic scenario (O) where the fault cost is equal to 15% waste of
the total energy of the building. Figure 10 illustrates the effect of this scenario on the NPV.

Third case: a most likely scenario (M) where the fault cost is equal to 20% waste of the
total energy of the building. Figure 11 illustrates the effect of this scenario on the NPV.
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High-rise residential | Low-rise residential High-rise office
o O Labour Camp o
building building building
Number of floors 28 4 4 30
Building tloor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Year) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Pessimistic fault cost (30% of energy) (AED) 1,306,500 954,000 678,000 2,835,000
With [Net annual savings (AED/Y ear) 1,031,500 75,550 2,100,850 1,779,550
faults [NPV (AED) 8,165,502 544,843 18,331,591 14,377,875
NPV per unit floor area (AED/m?) 8,595 757 13,579 11,785
Figure 9. Testing for smart systems resilience considering a pessimistic scenario.
High-rise residential | Low-rise residential Labour Canmp High-rise office
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Optimistic fault cost (15% of energy) (AED) 653,250 477,000 339,000 1,417,500
With |Net annual savings (AED/Y ear) 1,684,750 552,550 2,439,850 3,197,050
faults NPV (AED) 13,957,358 4,774,028 21,337,238 26,945,737
NPV per unit floor area (AED/m?) 14,692 6,631 15,805 22,087
Figure 10. Testing for smart systems resilience considering an optimistic scenario.
High-rise residential | Low-rise residential Labour Camyp High-rise office
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Y ear) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Most likely fault cost (20% of energy) (AED) 871,000 636,000 452,000 1,890,000
With |Net annual savings (AED/Year) 1,467,000 393,550 2,326,850 2,724,550
faults INPV (AED) 12,026,739 3,364,299 20,335,356 22,756,450
NPV per unit floor area (AED/m?) 12,660 4,673 15,063 18,653

Figure 11. Testing for smart systems resilience considering a most likely scenario.

Fourth case: using the three values of the previously mentioned scenarios and Equa-
tion (8) to obtain the weighted average.

Figure 12 illustrates the effect of this scenario on the NPV. Figure 13 summarizes and
compares the NPV of the four cases. As can be seen, the pessimistic and the optimistic
scenarios reflect the two extremes that the NPV can reach.

Using the weighted average results in a better NPV estimate that lies between the
two extremes and depends on the three values. Therefore, moving forward with the
calculations, the weighted average NPV was used to perform the last part of the analysis,
as shown in Figure 14. Although the results of the NPV s, auits using the PERT method
seem to be more realistic compared to the method that uses hypothetical data, the overall
conclusion remains the same. Investing in smart systems in buildings increases the profit
of the building, producing a high NPV while ignoring the need to use fault detection and
diagnostic tools affects the NPV negatively.
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High-rise residential | Low-rise residential Labour Camp High-rise office
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Pessimistic scenario (30% of energy) (AED) 1,306,500 954,000 678,000 2,835,000
Optimistic scenario (15% of energy) (AED) 653,250 477,000 339,000 1,417,500
... [Most likely scenario (20% of energy) (AED) 871,000 636,000 452,000 1,890,000
With T - =
faults PERT wc1ghtc(§l average (Fault cost) (AED) 907,292 662,500 470,833 1,968,750
Net annual savings (AED/Y ear) 1,430,708 367,050 2,308,017 2,645,800
NPV (AED) 11,704,970 3,129,345 20,168,375 22,058,235
NPV per unit floor area (AED/m?) 12,321 4,346 14,940 18,081
Figure 12. Testing for smart systems resilience considering PERT weighted average.
High-rise residential | Low-rise residential N High-rise office
g g Labour Camp i as
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Year) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Pessimistic scenario NPV (AED) 8,165,502 544,843 18,331,591 14,377,875
With |Optimistic scenario NPV (AED) 13,957,358 4,774,028 21,337,238 26,945,737
faults |Most likely scenario NPV (AED) 12,026,739 3,364,299 20,335,356 22,756,450
PERT weighted average NPV (AED) 11,704,970 3,129,345 20,168,375 22,058,235
Figure 13. A comparison between the results of the four cases.
High-rise residential | Low-rise residential Labour Camp High-rise office
building building building
Number of floors 28 4 4 30
Building floor area (m?) 950 720 1,350 1,220
Total energy cost (AED/Y ear) 4,355,000 3,180,000 2,260,000 9,450,000
Capital investment of smart system (AED) 980,000 125,000 295,000 1,400,000
No Net annual savings (AED/Y ear) 2,338,000 1,029,550 2,778,850 4,614,550
faults NPV (AED) 19,749,214 9,003,213 24,342,885 39,513,599
NPV per unit floor area (AED/m?) 20,789 12,504 18,032 32,388
Pessimistic scenario (30% of energy) (AED) 1,306,500 954,000 678,000 2,835,000
Optimistic scenario (15% of energy) (AED) 653,250 477,000 339,000 1,417,500
With Most likely scenario (20% of energy) (AED) 871,000 636,000 452,000 1,890,000
faults PERT weighted average (Fault cost) (AED) 907,292 662,500 470,833 1,968,750
Net annual savings (AED/Y ear) 1,430,708 367,050 2,308,017 2,645,800
NPV (ALD) 11,704,970 3,129,345 20,168,375 22,058,235
NPV per unit floor area (AED/m?) 12,321 4,346 14,940 18,081
Initial cost of FDD system (AED) 435,500 318,000 226,000 945,000
Maintenance (AED/Y ear) 180,000 180,000 180,000 180,000
Net annual savings (AED/Y ear) 2,158,000 849,550 2,598,850 4,434,550
ith NPV (AED) 17,717,795 7,089,294 22,520,966 36,972,680
;};.;tl) NPV per unit floor area (AED/m?) 18,650 9,846 16,682 30,305
Energy savings (AED/Year) 653,250 477,000 339,000 1,417,500
Net annual savings (AED/Y ear) 2,811,250 1,326,550 2,937,850 5,852,050
NPV (AED) 23,509,651 11,318,479 25,526,614 49,540,541
NPV per unit floor area (AED/m?) 24,747 15,720 18,909 40,607

Figure 14. Testing for smart systems resilience using the PERT method.

Investing in such tools could significantly reduce potential losses and might even turn
them into savings. As seen in Figure 14, adding the FDD tools to the four buildings created
a minimal drop in the NPV. Taking the high-rise residential building as an example, before
considering the occurrence of faults, the NPV was 19,749,214 AED. In contrast, the NPV
dropped to 11,704,970 AED after considering the occurrence of faults. Although investing
in resilience tools might add costs (initial cost of installation and maintenance cost), the fact
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that having such implementation reduces the drop in the NPV to 17,717,795 AED instead of
11,704,970 AED promotes the importance of investing in resilience tools. Moreover, even if
the selected time horizon was less than 10 years, the benefits of such investment would still
be harvested, as the chances of failure would always be minimized due to the possibility of
early fault detection.

However, if the energy savings that result from using these tools were considered,
the NPV would be 23,509,651 AED, which concludes that investing in fault detection and
diagnostic tools might not only reduce the potential losses but might contribute to enhance
the performance of the smart systems and increase the total profit. Therefore, this study
proves that implementing smart/sustainable systems in buildings would be profitable
while maintaining resilience, and the functionality of these systems will guarantee such
implementation’s continuous success and profitability.

5. Discussion

The findings of the environmental aspect calculations demonstrate substantial finan-
cial savings and environmental benefits linked to the adoption of intelligent systems in
buildings. The analysis quantifies the total energy expenditure and the energy cost savings
associated with smart technologies, highlighting the concrete advantages of incorporat-
ing sustainability measures into building operations. The implementation of intelligent
systems led to a significant decrease in energy usage, resulting in savings of 435,500 AED.
The results are consistent with prior research that has emphasized the possible economic
and environmental benefits of smart building technologies [73,74].

Conversely, the social component of sustainability presented difficulties in measure-
ment because it depends on personal preferences and attributes that are difficult to quantify.
Nevertheless, the study utilized a systematic approach to evaluating social sustainability.
This was achieved by employing a survey-based method to determine the values and
weights of specific indices. The selection of these indices was meticulous, taking into
account their significance in the literature. They covered crucial social factors such as
productivity, comfort, and satisfaction [71]. Using this approach, the research obtained
quantitative values for the chosen indicators, offering valuable insights into the perceived
societal effects of smart building technologies. The utilization of survey data to measure
social sustainability aligns with the methodology employed in previous studies, which
highlights the significance of stakeholder involvement and perception in evaluating the
social aspects of sustainability [75]. By incorporating the viewpoints of stakeholders, the
study recognizes that social sustainability metrics are influenced by personal opinions and
adds to a more thorough comprehension of the societal consequences of smart building ini-
tiatives. Furthermore, the results emphasize the complex and varied aspects of evaluating
sustainability in the constructed environment. Environmental metrics provide measurable
indicators of energy efficiency and cost savings, while social indicators offer insights into
the human-centered effects of sustainable practices. Incorporating both environmental
and social factors is crucial in order to attain comprehensive sustainability objectives and
promote inclusive and resilient communities [67].

The high-rise office block has the highest NPV of the four buildings analyzed. Due to
its larger floor area and more floors, it saves more energy and money over time. The labor
camp has a high NPV due to its spacious layout and potential rental profits. Smart systems
improve resource utilization and economic performance, especially in large buildings
with large floor areas. Smart building technologies have economic benefits, according
to previous research. Studies have shown that energy-efficient systems and automation
save money and increase asset value over time [13,74]. Smart systems are scalable and
applicable in diverse urban contexts, as shown by the positive NPVs across building types.

The findings emphasize the importance of economic factors in sustainability decision-
making. While environmental and social factors are crucial for sustainable development,
economic viability drives adoption and implementation [71,75-77]. This study’s positive
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NPVs encourage stakeholders to invest in smart building technologies as part of sustain-
ability efforts.

6. Conclusions and Recommendations

The study’s outcome demonstrated that the application of a smart system increases the
profitability of the building, hence generating a high NPV. In case some faults emerge before
detection, NPV will show a steep decline. Therefore, this study shows that implementing
smart technology creates sustainable structures and buildings with increased profitability,
yet incorporating resilience within the building reduces possible losses due to failure
and improves their financial performance. Quantifying and coupling sustainability and
resilience focuses on new studies but does not widely cover buildings, more so smart ones.
Therefore, it is recommended that research be conducted to widen knowledge in this field
and provide more accurate information.

The proposed model was based on a cash flow analysis where the NPV was used
to weigh the benefits against the costs of having smart systems in buildings. Measuring
sustainability using NPV required quantifying the effects of having smart systems on the
environment, society, and economy. While the environmental and economic calculations
were almost straightforward, the social calculations required a special approach, and
that included conducting a survey using the RII method and weighting methods. As for
resilience, the resulting NPV was compared with three recalculated NPVs based on different
scenarios. The first scenario assumed a certain number of faults in the smart systems of the
building. The second scenario assumed that an FDD system was installed to detect and
prevent failure of the smart systems. The NPV for this scenario was calculated twice, one
time considering the energy savings that installing FDD tools would provide and another
time ignoring them.

The findings of this study hold significant implications for various stakeholders involved
in the design and construction process of intelligent buildings, including researchers, devel-
opers, investors, managers, and engineers. The contributions of this research to the body
of knowledge are multifaceted and can provide a structured approach to quantifying the
resilience of smart building systems, emphasizing the importance of incorporating resilience
considerations into the evaluation framework. By coupling sustainability and resilience in
building design and operations, stakeholders can optimize environmental, social, and eco-
nomic outcomes while enhancing the resilience of built infrastructure. The research highlights
the financial implications of not integrating resilience with sustainability, emphasizing the
potential risks and costs associated with system failures. Overall, the findings contribute to
advancing academic knowledge and practical applications in intelligent building design and
management, offering actionable insights for stakeholders in various sectors.

To expand and improve this research, recommendations could include adding green-
house gas emissions data to environmental calculations, involving more surveying experts,
using more indices to quantify social sustainability, using alternative methods like AHP,
adding additional costs and benefits to calculations, and considering the use of other fault
detection systems with varying capital and maintenance costs. These recommendations
aim to improve the performance of smart systems and enhance the overall sustainability of
the environment.
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