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Abstract: After the sustainability of heritage buildings (HBs) has been evaluated and it is determined
that rehabilitation is needed, then the life-cycle cost (LCC) of energy for HBs can be analyzed. The
objective of this research was to evaluate the LCC of energy for HBs and develop a comprehensive
life-cycle model that will aid in expenditure planning and budget allocation. This study was validated
through the weighted sums method and two case studies—Murabba Palace (MP), Saudi Arabia;
and Grey Nuns Building (GN), Canada—were evaluated. For any HB, the project life cycle includes
planning, manufacturing, transportation, construction, operation, and maintenance phases. Saudi
Arabian and Canadian experts completed questionnaires to attribute a percentage of importance
of each of the aforementioned phases with respect to energy consumption. The findings from this
study will enable facility managers to make effective rehabilitation decisions. The operation phase
has the highest impact on the energy consumption, gas consumption, and cost of the building in
both case studies. Moreover, the findings from this study can be used to establish cost-effective
intervention strategies. Their responses were employed in the development of a life-cycle model.
Excel® and Minitab® were used to calculate Cronbach’s alpha values for data reliability, and the
project LCC of energy for the two case studies was studied. The operation phase appeared to be the
most energy-consuming phase in both case studies, contributing the most to the cost of the building.

Keywords: heritage buildings; rating system; digitalization; energy; simulation; LCE

1. Introduction

Heritage buildings are part of human creation, which produces icons for a country,
provides local identity, reflects the cultural values and background, represents a source of
memory, historical events, and also contributes to the tourism business industry [1].

The buildings contribute significantly to global energy and water consumption. They
also account for about two-fifth of global greenhouse gas emission and solid waste gen-
eration [2–6]. Increasing the sustainability of buildings will help in decreasing energy
consumption, greenhouse gas emissions, and air pollution; improve the health and living
conditions of occupants; and increase productivity and employment rate [4,7]. There-
fore, it is imperative to accurately determine the sustainability of buildings, and for this,
sustainability-rating tools are needed [8,9].

The UK, for example, follows the Standard Assessment Procedure (SAP) to calculate
buildings’ energy performance. On a scale of 1 to 100, SAP measures the efficiency of
the thermal and heating systems in a building [10]. Based on the SAP results presented
by the UK government in 2006, the energy performance of older buildings proved to be
much lower than that of the more recent ones. To put it into perspective, the SAP rating
of more than 40% of buildings constructed prior to 1919 was less than 41, whereas the
rating of most buildings built in 1990 was over 70 [11]. Despite the intuitive results, several
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researchers have criticized SAP [12,13] since its inflexibility generates inaccurate results for
older buildings.

Several sustainability tools and frameworks exist that provide a comprehensive anal-
ysis by considering economic, ecological, and social aspects, but not specific to heritage
buildings. By analyzing frameworks such as BREEAM, LEED, and ITACA, it is evident
that these frameworks fall short in two main categories. The first drawback is that these
frameworks analyze buildings within a local context. This implies that these tools, when
exploited globally on different buildings, would not provide an accurate analysis due to
variations in climate, building materials, and historical significance from region to another.
As a result, countries repurpose such tools to fit their local context. BREEAM, for example,
was repurposed as HK-BREEAM for China [14]. The second drawback is that these frame-
works overlook economic and financial aspects, which are usually essential requirements
in such projects. A simple and yet alarming example is that these tools could approve a
building project only based on its environmental impact.

When the sustainability of a building has been assessed and it has been decided that
rehabilitation is necessary, rehabilitation projects should be evaluated not only based on
their environmental impact as a whole, but also on their project life-cycle cost (LCC) of
energy. This would offer a more holistic evaluation of the environmental, economic, and
financial costs associated with the project.

The main objective of this research is to develop a comprehensive life-cycle cost
(LCC) of energy assessment for heritage buildings (HBs). In what follows, a review of the
energy performance of HBs is presented, as well as a brief description of the phases of a
project life cycle. A detailed description of the project LCC of energy analysis for HBs is
presented. Model development and validation are also conducted for the LCC of energy
analysis. Moreover, this research aims to evaluate the LCC of energy for HBs and develop a
comprehensive life-cycle model that will aid in expenditure planning and budget allocation.

2. Research Background
2.1. Energy Performance of Heritage Buildings

A building’s energy performance is characterized as the energy consumption (actual
or estimated) for its proper functioning [15]. It is determined by considering parameters
such as the surrounding environment, climate, exposure to the sun, energy generation
within the building itself, indoor environment, and insulation.

HBs are known to be less energy efficient than modern buildings, the latter of which is
constructed according to energy efficiency-based standards. HBs also generate 40% more
emissions from energy use than modern buildings do. Nevertheless, a lot of materials are
used in the construction of modern buildings, reducing the net life-cycle emission to only
8% lower than that of heritage buildings [16].

Evaluating energy performance in HBs is different from evaluating that of modern
buildings since modern buildings require a very in-depth design of the building enve-
lope and HVAC system [17]. Most measures to determine the energy performance of HBs
opt to reduce operational energy use without considering the life-cycle scope (Lidelöw
2018). Available software programs for energy-efficiency evaluation have been reported to
be inherently inflexible and thus generate biased energy efficiency ratings of older build-
ings [12,13]. The most well-known calculation technique for measuring energy performance
of HBs in both static and dynamic software is the same as that used to measure energy
performance of modern buildings. Such calculation techniques have been reported to have
weak flexibility when applying them to historical buildings. Their modeling can only be
improved by modifying the inputs. However, there is no systematic method of doing so for
each building. Overall, dynamic software programs such as BEST Open Studio generate
better results for the energy assessment of HBs than static software such as DOCETpro
2010 [17].

According to Li et al. [18], since the construction stage of buildings is deeply depen-
dent on supports from urban, national, and global economies, a hybrid systems analysis
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combining input–output analysis and process analysis was conducted in this work from a
multi-scale perspective. Based on the multi-scale intensity databases, the embodied energy
consumption and greenhouse gas emissions driven by the infrastructure engineering of case
buildings in Beijing are systematically quantified at urban, national, and global scales, with
primary inputs in particular steel, cement, lime, and metal products. Hence, when tracing
sources along the supply chains, the effects of building construction at the urban, national,
and global scales are calculated as 39.12%, 55.21%, and 5.67% of energy consumption and
68.78%, 24.41%, and 6.80% of greenhouse gas emissions.

Lucchi and Buda [19] presented a summary of existing urban-sustainability rating tools
for their possible application in historic urban environments, facing the debate between
urban heritage preservation and environmental sustainability. In addition, Urban Green
Rating Systems (UGRSs) make a transparent and systematic decision-making tool for
evaluating the sustainability in urban planning, relating economic, environmental, and
social aspects. The research aimed at comparing different UGRS approaches for cities and
neighborhood restoration. Furthermore, Lucchi et al. [20] pointed out that the promotion
on the market of highly modified products, with a low visual impact color and that are
aesthetically wise, disseminated the integration of photovoltaic (PV) systems in heritage
buildings. Therefore, the study aimed at reconstructing a Swiss and Italian legislative and
authorization framework to emphasize prospects, potential, limits, and points of contact
among such areas.

2.2. Project Life-Cycle Phases for HBs

A project, by definition, is a set of tasks carried out individually or collaboratively
to achieve a specific target. As a result, a project has to go over multiple phases before
reaching its complete form. A project life cycle is divided into six phases, with the seventh
being the demolition phase. Since this work focused on preserving HBs, we considered
only six phases when analyzing the project LCC of energy.

2.2.1. Planning Phase

A core component of any project involves detailing tasks and defining the end goal and
milestones. Thus, it is only logical that the initial phase of any project is the planning phase.
During this phase, the scope of the project is identified in terms of its end goal, required
resources (such as financial costs, manpower, and timeframe), and participating entities
(such as stakeholders and investors), in what is called “scope management” [13]. The scope
of the project serves as a wide-eyed view of the entire project. The project team would
then break the project down into milestones, each with a set of detailed tasks and activities,
and schedule for start and completion and dependencies such as resources, materials,
and costs. With the milestones identified, the project budget is outlined to provide an
estimated cost of the operation, labor, and equipment. The milestones and budget provide
a guideline that would aid in tracking progress. The last step of this phase is to document
the scope and milestones, and this documentation is called a quality plan. This plan ensures
accurate documentation of the project, along with control measures and criteria. This would
reassure the customer and enable progress tracking within the organization. With that,
project planning is complete and ready to be executed [21].

2.2.2. Manufacturing Phase

Execution of the project begins with the manufacturing phase. One crucial task in
this phase is to calculate the embodied energy of the manufacturing materials to be used.
For this, some data collection on the materials is needed. Specifically, intensities of the
building materials and their prices are retrieved from the bill of materials prepared by the
project contractors. After verifying retrieved data, an Economic Input–Output Life-Cycle
Assessment (EIO-LCA) spreadsheet model (developed by the authors of this article) can be
computed to determine the total initial embodied energy of each material. This calculation
is performed by multiplying the national average price and the net quantities (accounting
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for waste) delivered to the site by the sectoral intensity contributions of the material. In the
current study, wastage factors were retrieved from Concordia University and the Royal
Commission for Riyadh.

2.2.3. Transportation Phase

Materials for the execution of the project are needed to be transported to the construc-
tion site. Similar to the manufacturing phase, a critical aspect in the transportation phase
involves assessing the impact of transportation on the environment. A significant drawback
of existing assessment methods is that they consider only emissions from construction and
operations. However, one particularly interesting assessment is the Life-Cycle Assessment
(LCA). Unlike existing environmental impact assessment methods, LCA provides a more
comprehensive assessment framework that considers greenhouse gas emissions, energy
use, and overall environmental impact of the transportation phase [22].

2.2.4. Construction Phase

The construction phase involves several steps, including groundwork at the site
and equipment installation for mechanical and electrical work. In order to formalize the
execution of such activities, a process-based LCA can be employed. Construction drawings,
design-specification sheets, and additional manufacturer information can serve as input for
the analysis. Information regarding construction, equipment used on-site, and distance
to the site can be retrieved from the primary contractor and supplier records. Another
important piece of information for the LCA is the construction energy, which includes
electricity and diesel fuel for lighting and energy supply to construction equipment. In this
study, for a more holistic energy analysis, the energy used for transportation of materials to
the site was also compiled.

2.2.5. Operation Phase

Energy requirements for a building’s operation can also be determined from a process-
based LCA. In this study, two case studies were evaluated, and design specifications of
their electrical and mechanical equipment, along with each building’s forecasted usage
pattern per year, were exploited in order to determine the operating energy requirements.
Electricity is the operating energy for the considered buildings in the case studies, and it
includes electricity for functions such as cooling, ventilating, lighting, equipment operation,
and water supply.

2.2.6. Maintenance Phase

Maintenance is the last phase of the project LCC of energy. Its energy consumption can
be determined by using a procedure similar to that for analyzing the energy requirement of
the manufacturing materials of the building. In this study, however, the estimated life span
of the building materials was used.

2.3. Embodied Energy and Sustainability of Heritage Buildings

The conflicting views on the energy performance of heritage buildings stem from
how people perceive their environmental sustainability. To contextualize this, views on
modernizing buildings favor upgrading heritage buildings to be more energy-efficient
regardless of their embodied energy. On the other hand, views in favor of sustaining
heritage buildings strongly believe in the value of their embodied energy; hence, such
buildings are far more environmentally friendly than how the opposing views perceive
them. According to Pisello et al. [23], Milani [24], and Inc. [25] the embodied energy
of heritage buildings is defined as “the sum of all the energy required for extracting,
processing, delivering, and installing the materials needed to construct a building”. Thus,
according to their views, the embodied energy of heritage buildings has been expended
as part of their construction. This argument is further bolstered by the fact that, since
the current energy performance and operation cost of the building is not only based on
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its energy consumption, reusing an existing building implies no waste or generation of
additional energy as compared to building a new building.

Further arguments were also based on the fact that many older buildings were con-
structed by using traditional materials (e.g., stone, brick, and lime) that will have been
subjected to little or no processing or manufacturing, particularly before the Industrial Rev-
olution [26]. Arguably, the processing that took place would have been achieved without
the use of fossil fuels, using other sources such as timber (biomass). Furthermore, the local
and the vernacular origins of most of the materials will have minimized the distance for
the transportation of the materials, and many materials used for construction would have
been close to their natural state. Accordingly, the embodied energy of the fabric used to
construct many older buildings is very low in comparison with modern buildings [22].
Therefore, from a conservationist point of view, the environmental cost of using energy to
demolish or construct a new building is higher. In sustainable terms, it is more realistic
to preserve and reuse existing buildings because of their embodied energy; in this way,
natural resources are conserved, and long-term energy savings are possible.

2.4. Modification of Existing Heritage Buildings Structure for Reuse

Alteration for reuse is part of the conservation process of managing change to cul-
turally significant buildings that could sustain their heritage values while engaging in
opportunities to enhance, develop and improve their energy performance [27]. However,
according to Al-Sakkaf et al. [6], the alteration can interfere with a building’s breathing
performance. It can lead to a loss of character, distortion of appearance, and loss of historic
fabric. Therefore, it is important to identify the significance of the building. This, in return,
requires an understanding of what the nature of the structure is, who values it and why,
how these values relate to the fabric, and how significant are these values compared to the
advantages of reuse. The perception of heritage values and the historical significance of her-
itage buildings is crucial to making appropriate decisions about the required enhancements
for better energy efficiency improvement. This is in line with the BS 7913 (2013, Section 4),
which states that “understanding the significance of a historic building enables effective
decision making about its future” [28].

Thus, the significance of a historic building is closely related to the value that is placed
upon it by the people and the wider society and how it continues to be viewed as an asset
to them. This value is a combination of its emotional, historical, spiritual, and cultural
significance. Without these considerations, any good intention and “reuse” initiative is
likely to compromise the building’s value for future generations. As a result, it is paramount
to understand such a building’s construction history, its modifications and uses, its cultural
significance, and its protected status to make more informed decisions. Besides the intrinsic
values that these buildings hold, a clear and structured analysis of their current, intended,
and proposed performance is also equally crucial in the repurposing process [7,29].

To that end, it is essential to have tools and frameworks that provide a comprehensive
analysis of such buildings by considering the economic, ecological, and social aspects. One
such tool is the sustainability rating. By observing some of the frameworks that implement
such an analysis (for example, BREEAM, LEED, and ITACA), it becomes evident that these
frameworks fall short in two main categories. The first drawback is that these frameworks
analyze buildings within a local context, or, in other words, analyze in a “one size fits
all” fashion. What this implies is that such tools, when exploited globally on different
buildings, would not provide an accurate analysis due to variations in climate, materials,
and historical significance. As a result, countries repurpose such tools to fit their local
context. One example is BREEAM, which was repurposed as HK-BREEAM for China [14].
The second drawback is that these frameworks overlook the economic and financial aspects,
which are usually an essential requirement in such projects. A simple and yet alarming
example is that such tools could approve a building project because of its environmental
impact (environmentally efficient) regardless of the actual cost to construct it.
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2.5. Energy Simulation for Heritage Buildings

Fahmy et al. [30] examined the usage of GRC walls as a new construction method in
the housing industry under future climate change. They considered three different external
wall specifications for three climatic zones scenario in Egypt. They evaluated three different
external wall evaluations for energy consumption, energy cost, and thermal comfort.
The experiments simulated building performance and took into account the thermal the
nature of the materials. Simulation results confirmed the existence of climatic zones. A
recommendation of 10 cm GRC (C2) wall specification was given as a better alternative
to replace the prevalent outer wall specification in Egypt. This prevalent specification is
that of a single wall made of half red-brick–Ct, as it is promising for the future in terms of
energy performance and will thus minimize energy consumption and cost.

In addition, the authors Radhi et al. [31] evaluated the impact of climate interactive
© systems (CRFS) on cooling energy in fully glazed buildings. This research combined
the computational fluid dynamics and the simulation of a building’s energy to determine
boundary conditions, as well as to generate geometrical models based on a newly con-
structed multi-story building. According to Hygh et al. [32], the energy load of a building
can be calculated in a precise way by simulating building models. However, these models
cannot be manipulated when the building is still in the primary stages of the design process.
This is because, during the early stages, the availability of an assessment tool that is capable
of providing feedback in response to varying the high-level design parameters is required.
The authors then proposed a novel modeling strategy in order to determine the energy
load of a building during the primary stages of the building design. They indicated that
the utilization of standardized regression coefficients (SRCs) can serve as a useful indicator
of how the heating and cooling loads are affected by each design variable.

2.6. Energy Consumption Prediction

Abanda et al. (2013) [33] reported research gaps in the area of computational model-
ing with respect to understanding the interrelation between the models themselves and
calculations of different parameters such as greenhouse gas emissions, energy, and cost.
Moreover, understanding this interrelationship between the model and these parameters
will enable the analysis and design of more energy efficient and sustainable buildings.
Wong et al. [34] described prototype architecture as a means to put in place a system to
predict and simulate carbon emission during building projects. This would entail the use of
“virtual prototype technologies”, which is an area of study that is lacking in the literature.
They indicated that the visualization technique, as developed in their study, helps provide
an interactive tool for decision-makers to manage a construction project. Moreover, Fumo
and Biswas [35] presented information on linear regression analysis for residential and
whole-building energy consumption in single-family homes. The energy consumption in
residential buildings was observed to be higher.

2.7. Greenhouse Gas (GHG)

In terms of analyzing GHG systems, Rincón-Quintero et al. [36] proposed the design
of a Photovoltaic Thermal Integrated Greenhouse System (PVTIGS) that could be used
for heating a biogas plant within the climatic context of IIT Delhi, India. PVTIGS has
various applications. It can be used for generating space heating, enhancing the production
of biogas, and various other applications. They pointed out that the greenhouse room
temperature varies between 38 and 47 ◦C, which is considered to be suitable for biogas
production. Additionally, Attar et al. [37] employed a Transient System Simulation Tool
(TRNSYS) to simulate and evaluate the performance of solar water heating systems (SWHS)
for a greenhouse, based on the Tunisian weather. They stated that the stored solar energy
alone could not meet the total requirements of heating. Hence, it is necessary to use an
auxiliary heating system such as a fuel boiler or electric energy.

Furthermore, Yildirim and Bilir [38] discussed the evaluation of the renewable energy
option for the required total energy need of a greenhouse. Solar photovoltaic panels were



Buildings 2022, 12, 1271 7 of 22

selected and connected on a grid to assist a ground source heat pump in generating
enough energy for the lighting. They concluded that the energy payback time of the
system was found to be 4.9 years. The authors reported a greenhouse gas payback time of
5.7 years based on natural gas electricity generation, as compared to 2.6 years for coal-based
electricity generation.

3. Methodology

This section covers the research methodology in detail. Four steps are involved in the
study of the evaluating of a life-cycle cost of energy for heritage buildings. A review of
the literature was first conducted to retrieve relevant information from two main sources—
review articles and technical sheets for current studies.

Detailed methodology, presented in Figure 1, was developed to attain the final goal
of establishing and validating a project life-cycle assessment model of energy for heritage
buildings. The research methodology is divided into two modules to evaluate the current
condition of life-cycle cost of energy in heritage buildings, as follows:

1. Identify criteria, factors, and indicators affecting the condition of life-cycle cost of energy.
2. Perform an analysis of the life-cycle cost of energy of heritage buildings.

One of the recent methods, Building Information Modeling (BIM), is used to evaluate
the condition of life-cycle cost of energy of buildings. In addition, BIM has been an
exponentially growing field for the past decades and has gained momentum with respect to
research studies and case studies implementing relevant models to facilitate the modeling,
decision-making, and efficient operation of buildings and facilities with a heritage value.

3. Perform a model validation.
4. Conduct a sensitivity analysis.

3.1. Life-Cycle Assessment Model for HBs

From Figure 1, the described life cycles consist of three main stages, each modeled
as a system of input, process, and output. Six phases that affect heritage buildings are
considered in the project LCC of energy and two case studies are evaluated—Murabba
Palace (MP), Saudi Arabia; and Grey Nuns Building (GN), Canada. The steps for model
development are summarized as follows. (1) Identification of the criteria, factors, and
indicators: The main objective is to identify quantitative and qualitative factors and indi-
cators. The review of the literature and answers from the questionnaires were compiled
and processed. Different percentages for each life-cycle phase were identified, which were
then applied to real electricity- and gas-consumption data, as well as to the actual energy-
consumption-cost data. (2) Calculation of energy (electricity + gas) consumption: Here,
energy consumption of heritage buildings in both case studies was calculated. A model
for each building was built, and energy consumption was calculated and cross-validated
with the actual energy-consumption data obtained from the Royal Commission of Riyadh
and Concordia University’s Facility Management Department. (3) Survey analysis: Based
on the LCC of energy, the goal of this step is to evaluate the life-cycle phases with respect
to their significance and rankings. For this, answers from the questionnaires were used to
validate the proposed model of the LCC of energy for HBs. Moreover, for model validation,
a sensitivity analysis was used to confirm the impact on the energy consumption, gas
consumption, and cost of heritage buildings.
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3.2. Model Validation

A weighted sum is calculated to evaluate the sustainability assessment index for HBs.
For validation, multi-criteria decision-making methods, namely Fuzzy TOPSIS, Simple
Additive Weight SAW, Weighted Sum Model WSM, Weighted Product Model WPM, and
OCRA, were applied to evaluate the sustainability of heritage buildings.
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Simple Additive Weight (SAW) is the simplest and most popular MCDM method [39].
Its simplicity favors its use as a benchmark to evaluate other MCDM methods. Its formula
is shown in Equation (1) [38].

Si =
n

∑
j−1

wjrij (1)

where we have the following:
Si = sustainability index;
wj = total local weight for each factor;
rij = total global weight for each factor.

Weighted Sum Model (WSM) assigns, for each alternative, a weight calculated by
using Equation (3) [39]. Thus, in the case of minimization, the more preferable alternatives
would be the ones with higher weights and vice versa.

Pi =
n

∑
j−1

fij × wj (2)

where we have the following:
Pi = represents the performance of each alternative.
fij = represents a measure of performance in the normalized matrix.
wj = represents the weight of each factor.

The Weighted Product Model (WPM) is an accessible multi-criteria decision analysis
(MCDA) or Multi-Criteria Decision Making (MCDM) method. Despite its similarity to the
WSM method, it applies multiplication instead of addition, as shown in Equation (3) [40].

S (p, q1, . . . , qm) = p +
m

∑
j=1

wj
√

qj (3)

where we have the following:
S = sustainability index;
P = total achieved score for all factors;
qj = total score for all factors.

Operational Competitiveness Rating Analysis (OCRA) is one of the less common
MCDM techniques. It relies on independently evaluating both the relative cost and benefit
of alternatives, both of which provide decision-makers with a holistic evaluation. The
formula used is shown in Equation (4) [41].

Y =
wg

∑ wl
× 100 (4)

where we have the following:
Y = total index;

wg = global weight of factors;
wl = local weight of factors.

A sensitivity analysis measures the robustness of a model by observing the impact of
varied weights of an attribute on the model output. The robustness of a model is evaluated
based on the ability of the model to withstand significant changes in its input parameters.
Since each sensitivity analysis simulation involves a specific change in the weight of an
attribute, a sensitivity analysis can serve to identify relevant attributes and weights for
a given model. In this study, attributes include the phases of planning, manufacturing,
transportation, construction, operation, and maintenance. The two case studies that were
analyzed are Murabba Palace, Saudi Arabia; and Grey Nuns Building, Canada. The weight
of each attribute (project life-cycle phase) was increased by +15%, and the performance of
the life-cycle assessment model was evaluated. For example, the weight of an attribute, w2,
is increased by ∆. Thus, its resulting weight, w2

′, will be w2 + ∆. For each weight change,
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the weights of other attributes can be calculated from Equations (5) and (6), and the total
weight of all attributes must equal 100%. Note that the number of simulations for each
attribute must be equal.

Wi(new) = Wi(old) +
(

Wi(old) ∗ 0.15
)

(5)

w′ j =
1− w′c
1− wc

∗ wj (6)

where wc and w′c represent the original and modified weights of the main attribute, respectively;
and wj and w′ j represent the original and modified weights of other attributes, respectively.

4. Data Collection and Findings
4.1. Observations, Interviews, Questionnaires, and Case Studies

For documentation purposes, observations were conducted on the sustainability of
HBs. Interviews with experts were carried out for two main reasons: (1) to help identify
research problems and objectives and (2) to gather information on the various aspects
leveraged to assess a building’s sustainability. The conducted interviews fall into two
categories—structured and non-structured. Structured interviews help to identify, through
a set of questions, the significance of different sustainability assessment attributes. Such
interviews were held with project managers, civil engineers, architects, and heritage spe-
cialists. On the other hand, non-structured interviews help to identify, at the beginning of
the research, the research problems and objectives through meetings with subject-matter
experts (project managers, building sustainability experts, and heritage specialists).

The purpose of the questionnaires is to identify the affected factors of the life-cycle
energy-cost model. It is conducted by using Google Sheets. In addition, the questionnaire
was not as straight forward as the interviews. Specifically, it had to be repeatedly adjusted
to ensure the feasibility of filling it out within the allocated timeframe (15–20 min). The
wording of the questions had to be changed to avoid confusion and ensure clarity for the
targeted audience. The questionnaire was sent to 150 Saudi and Canadian experts who
specialize in the fields of heritage buildings, sustainability, and construction. Out of the
150 experts, 40 filled the questionnaire. Moreover, 11 of the 40 had more than 10 years of
experience, and 7 had less than 5 years of experience. Of the 40 experts who were selected
to fill out the questionnaire, 17 are from KSA and 23 are from Canada. The vast majority
of them are heritage specialist in both KSA and Canada. The rationale behind choosing
experts from Canada and Saudi Arabia as candidates for the questionnaire is to allow
diversification in terms of the weights of the attributes. Both countries differ with respect
to climate, environmental conditions, heritage culture and values, and energy and water
resources. The questionnaire data were analyzed by using Fuzzy theory; this variation
would result in different weights for the selected assessment attributes (Table 1). Thus,
these weights would provide a context for the sustainability assessment process, as they
would account for regional variations.

The questionnaire was divided into four parts: (1) area of expertise, (2) location of
experience (Saudi Arabia or Canada), (3) percentage of energy consumption in each phase
that is reported in the calculated total life cycle, and (4) percentage of carbon emission in
each phase that is reported in the calculated total life cycle (see Figure 2). Data reliability
and expert preferences that were collected as part of this model were validated in the
same way as the methodology implemented in Section 3.1. Tables for inputs, outputs,
and Cronbach’s alpha values were calculated by using Excel®, and Minitab® results are
presented in Figure 2.
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Table 1. Frequency of degree of importance for each factor and indicator.

Serial Factors and Indicators
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F1 Site and Ecology 16 17 7 0 0
S1F1 Site Selection 7 20 12 1 0
S2F1 Site Management 10 18 8 4 0
S3F1 Reduction of Heat Island Effect 10 13 15 2 0
S4F1 Site Emissions 12 15 12 3 0

F2 Material and Waste Reduction 7 12 20 1 0
S1F2 Sustainable Purchasing Practice 10 16 12 2 0
S2F2 Efficient Use of Materials 18 13 7 3 0
S3F2 Solid Waste Management Practice 14 14 10 2 0

F3 Transportation 11 15 11 3 0
S1F3 Public Transport Accessibility and Community Accessibility 16 17 15 1 0
S2F3 Provision of Maximum Car Parking Capacity 14 16 16 1 0
S3F3 Provision of Low-Emitting and Fuel-Efficient Vehicles 11 12 15 1 0

F4 Energy 10 17 13 0 0
S1F4 Energy Performance 18 13 7 3 0
S2F4 Provision of Energy Management 14 17 9 1 0
S3F4 Energy Efficient Systems 8 12 18 3 0
S4F4 Energy Efficient Equipment 14 17 5 4 0

F5 Water Use 11 14 12 3 0
S1F5 Water Conservation 14 10 10 6 0
S2F5 Water Management 11 19 9 1 0

F6 Heritage Value 14 14 7 5 0
S1F6 Building Age 16 10 13 1 0
S2F6 Building Function 11 16 10 3 0
S3F6 Building Revenues 17 12 8 3 0

F7 Structural Condition 11 19 9 1 0
S1F7 Building Material 17 10 12 1 0
S2F7 Maintenance Plan 20 9 8 3 0
S3F7 Safety 10 13 15 2 0

F8 Indoor Environmental Quality 17 14 9 0 0
S1F7 Visual Comfort 11 16 10 3 0
S2F7 Indoor Air Quality 14 15 7 4 0
S3F7 Thermal comfort 18 12 8 3 0
S4F7 Acoustic Performance 14 17 9 1 0
S5F7 Hygiene 13 13 10 4 0
S6F7 Building Amenities 17 10 12 1 0

F9 Building Management 13 15 11 1 0
S1F9 Maintenance Management 19 12 8 1 0
S2F9 Security Measures and Intruder Alarm System 13 18 10 2 0
S3F9 Green Lease 16 12 16 3 0
S4F9 Risk Management 20 10 7 3 0
S5F9 Innovations 10 12 15 3 0
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Figure 2. The matrix of Cronbach alpha analysis using Minitab® (electricity and gas consumption).

Below are descriptions of the two case studies that were evaluated in this work:
Murabba Palace (MP) is a historic site spanning an area of 9844 m2 that was constructed

a century and a half ago located in Riyadh, Saudi Arabia. Murabba Palace serves as a
museum and is also used for business purposes. It was made of traditional materials such
as bricks and palm-leaf stalks (Arab News 2012), and its walls were constructed from a
straw-based material (IRCICA 2017). Data such as the total annual energy consumption, a
five-year record of energy proficiency, all architectural plans (for the Revit model and the
energy simulation model using ArchiCAD®), and the electrical plans were readily available.
Riyadh Development Authority provided pertinent information on energy consumption,
water use, and material use (Figure 3a).
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Montreal in MWh. (b) Grey Nuns Building—total energy consumption.

Grey Nuns Motherhouse (GN) is located in Montreal, Canada; it spans an area of
15, 175.75 m2. It was a residence for nuns, and it became a Concordia University property
in 2007. Currently, Grey Nuns Motherhouse provides accommodation to 598 Concordia
undergraduate students. The building is valuable to its community due to its connection
to native Canadians and the presence of the graves of some nuns in its basement [42].
In 2011, it was also enlisted as a National Historic Site. Data such as the total annual
energy consumption, a five-year record of energy proficiency, all architectural plans (for
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the Revit model and the energy simulation model using ArchiCAD®), and electrical plans
were readily available. Concordia University’s Facility Management provided pertinent
information on energy consumption, water use, and material use (Figure 3b).

4.2. Building Information Modeling (BIM) for MP and GN

Building Information Modeling (BIM) was carried out by using Autodesk’s Revit®

software. AutoCAD® drawings (provided by the Riyadh Development Authority) were
used as primary input for the Revit® model. The model further demonstrated properties
of both the external façade and the internal spaces with the purpose of collecting data for
the sustainability assessment model and acting as a basis to simulate energy use. Other
outputs of this step included the following: (1) the effective area of the ground floor used
in energy consumption calculations to estimate the “greenery provision value” and the
reduction value of the heat island effect for the non-roofed area; (2) the area of external
walls included in the assessment of the building’s envelope; (3) the area of the roof to be
included in the assessment of the heat-island effect; (4) the area of the building envelope
exposed to the prevailing wind, which was used as input for wind movement analysis of the
building; and (5) the total count of interior spaces to determine the score of indicators for the
factors energy, indoor environmental quality, and water use. The ArchiCAD® model was
developed by leveraging AutoCAD® drawings of the six-story floor plans. The ArchiCAD®

model enabled the extraction of data such as the floor area of each room, gross area of
each floor and the entire building, area and material of walls and partitions, cladding area
and type, number of fixtures in each bathroom, height of each floor, and generation of the
AutoCAD® file [43].

To perform the energy simulation, AutoCAD® was exported to Revit®, which performs
the simulation based on the building size and materials used. The ArchiCAD® model
can provide the building’s daily, monthly, and yearly energy consumption (Figure 4).
Furthermore, it can compare energy use in different countries that have varying energy
demands. Such data were used in the calculation of the energy factor and account for the
observed percent improvements from varying input parameters.
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Figure 4. BIM model development of MP and GN.

The simulation results were similar to the building’s actual energy consumption. For
instance, the total energy consumption in Montreal was 23,000 MWh, whereas the simu-
lation results reported a value of 23,656 MWh. An error of 0.0285 was calculated, which
is within the accepted range (0–0.5). In addition, since the goal of this rating system is to
provide an accurate and context-aware assessment of buildings in different countries, simu-
lations of the two cities, Riyadh (Saudi Arabia) and Montreal (Canada), were performed.
The results show that the total energy consumption in cold cities (Montreal) is much higher
than that in warm cities (Riyadh), because the energy needed for heating and hot-water
supply in cold cities is much higher than that needed for cooling in hot-climate cities. This
also leads to higher greenhouse gas emissions, in which there is a positive correlation
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between energy consumption and the emission of greenhouse gases. Surprisingly, both
buildings had a very significant carbon footprint.

4.3. Energy Simulation Model

Energy simulation is a tool for analyzing and understanding the complex behavior
of energy. It is employed to analyze building energy surveys and evaluate architectural
design. Energy simulation is also based on traditional methods of calculating energy
loads in heating, ventilation, refrigeration, and air-conditioning [44]. A simulation of
construction power was performed to analyze a building’s energy performance in order
to understand the relationship between the transient factor design and the properties of
the building’s energy consumption [45]. The energy simulation model was developed by
using ArchiCAD® software. It simulated the building’s daily, monthly, and yearly energy
consumption. Connected with Rhino and Grasshopper, ArchiCAD® was the software of
choice due to its seamless workflow [46–49].

The significance of weather conditions on a building’s performance mandates the use
of reliable climate data for energy modeling. To understand the significance of reliable
weather data and the different dynamics related to energy simulation, a study [50] is
highlighted that performed energy simulations for different envelopes. Weather data were
integrated in one of the Shibam city buildings (registered as a UNESCO World Heritage
Site) [51]. In preliminary simulations, three different weather-data files were tested, and
all of them produced very similar and accurate results. Further analysis showed that the
files contained data for locations that were in close vicinity to one another (within a few
kilometers). Although there were significant discrepancies in wind conditions among
the different files, the result was not affected since the building is not very susceptible to
wind. Findings from this study showed that a design team should use a weather file that is
representative of the local context of the building. The design team has the freedom to use a
ready-made weather file or create a weather file from scratch by either collecting data from
local sources (EPW1) or mining their own data (EPW2). Interestingly, the second option
proved to be more lucrative for the design team in the study. The total cost for setting up an
independent weather station for the building was about USD 2500. After running the data
logger for several months, very close measurements were generated, similar to those of
MIT and UMASS weather stations, which could be seamlessly converted into −1257-EPW
formats. This implies that, in a situation where climate data are not available, design teams
should collect their own weather data over a period of at least a few months in order to
better assess the weather conditions of the building site. In addition, the data collected
should reflect normal weather conditions. This means that data collected in abnormal years
or months would be of limited use. Collecting data by using the EPW1 approach proved to
be extremely time-consuming, as it required a significant amount of manual labor to merge,
synchronize, and input data sources. For the case studies in the present study, two different
weather files were obtained from the Climate Consultant® software. These files were then
imported into ArchiCAD® to perform energy simulation with the local climate data of both
buildings. In order to evaluate the energy efficiency of each building, information on the
shape of the building, wall thickness, direction, openings percentage, and orientation were
required. In other words, simulations can be represented as scenarios. The following serves
as an example:

(Scenario No. 1, mud; Scenario No. 1, stone; and Scenario No. 1, concrete)
Six scenarios were analyzed for MP and GN, and an attempt was made to simulate

each scenario for each building. One drawback, however, was that ArchiCAD® is not able
to support curves; hence, all openings were modeled as straight lines. The data for each
case are summarized as follows: (1) the simulation was performed for all months of the
year; (2) the reflection of each was 20%, and solid resistance was 1.87 k/s; (3) the brick
thinness in the ceiling was 30 cm; (4) a single glass type with a thinness of 6 mm was used;
(5) the residential building type was considered, and the model was treated as one mass;
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(6) the area of a model for each case was between 10 and 15 km2; and (6) the results were
recorded for the average energy consumption per year.

To begin the simulation, the construction material (e.g., mud) and other materials for
the next scenario were defined (Figure 5). Several options were assumed for each building
in the case studies, and the walls were considered as external (“envelope construction
material”). Alternatives of different component assemblies are depicted in Table 2a–c.
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Figure 5. Comparison between real and simulated scenarios of GN and MP.

Table 2. Simulation scenarios for both case studies.

(a) Available Scenarios for Murabba Palace, KSA

Building Assemblies Scenario No. Scenario Description

External walls 1 Mud bricks envelope construction material which is the actual used material
External walls 2 Stone envelope construction material which is assumed material
External walls 3 Concrete bricks envelope construction material which is assumed material

(b) Available Scenarios for Grey Nuns Building, Canada

Building Assemblies Scenario No. Scenario Description

External walls 1 Stone bricks envelope construction material which is the actual used material
External walls 2 Mud envelope construction material which is assumed material
External walls 3 Concrete bricks envelope construction material which is assumed material

(c) Available Scenarios for GN and MP

Scenario No. Energy Consumption per
Year (KWH)

Gas Consumption
(m3)

Cost per Year
(USD)

Grey Nuns
Actual 3,303,099.00 208,564.80 253,098.23

S1-GN 2,250,501.00 197,491.80 203,621.05
S2-GN 2,685,890.00 198,686.80 224,830.13
S3-GN 4,957,290.00 314,927.80 288,425.09

Murabba Palace
Actual 2,113,983.44 492,070.00 184,590.14

S1-MP 2,294,780.00 517,230.00 186,164.92
S2-MP 3,127,450.00 568,991.00 205,297.57
S3-MP 3,895,130.00 631,468.00 234,843.76

4.4. Emissions Analysis

Three simulations were performed for MP and GN, respectively. Each simulation
covered different envelope materials (mud, stone, and concrete). Each building had differ-
ent energy conditions and, consequently, resulted in different scores for the energy factor.
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These simulations would provide contexts for the envelope material. Simulated data were
compared to the actual energy-consumption data, and the results are shown in Figure 6
and Table 3a,b. For instance, the actual energy consumption of GN is 3,303,099 kWh, while
simulation results showed a yearly energy consumption of 2,250,501 kWh. Furthermore,
concrete buildings consumed the highest amount of energy for both GN and MP. The mud
building, in the case of GN, and the stone building, in the case of MP, showed the lowest
energy consumption. Similarly, the highest gas consumption, in the case of MP, was that of
the concrete building, while the lowest was that of the stone building. Values of energy and
gas consumption are reflected directly in the yearly cost. For instance, the stone material,
in the case of MP, had the highest energy and gas consumption across the different material
envelopes, and, as a result, the stone material yielded the highest cost.
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Figure 6. Energy and carbon consumption. (a) Energy, carbon consumption, and cost per m2. (b) Energy
consumption for Murabba Palace and Grey Nuns Building.
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Table 3. Energy consumption for Riyadh and Montreal.

(a) Energy Consumption for Riyadh and Montreal

Total energy consumption for Riyadh and Montreal cities in MWh

Total
Riyadh Montreal 0.878 R
8639.33 23,656.78 1.559 M

Carbon emissions in Riyadh and Montreal cities in kgCO2

Total
Riyadh Montreal 176.51 R

4,061,332 6,467,297 412.54 M
Cost per year in Riyadh and Montreal cities in CAD

Total
Riyadh Montreal 2.180 R

21,459.72 USD 13,827.40 USD 0.9112 M

(b) Energy and Carbon Consumption and Cost per m2 for GN and MP

Activity Grey Nuns Murabba Palace
Energy Consumption per year (MWh) 3303 2114

Carbon Emissions (kgCO2) 314,924.8 492,070
Cost Per year (USD) 288,422.09 184,590.14

Activity Grey Nuns Murabba Palace
Yearly Energy Consumption per area (10−1KWh/m2) 21.77 21.47

Carbon Emissions (kgCO2/m2) 21 50
Cost Per year (USD/m2) 12.16 29.30

5. Model Implementation
5.1. Life-Cycle Analysis of Energy Consumption in HBs

In this section, the project LCC of energy for HBs is revisited. Particularly, the different
project life-cycle phases are analyzed to evaluate the significance of each phase, as well as
the associated energy and gas consumption and cost.

After ensuring the reliability and consistency of the data obtained from questionnaires,
questionnaire responses were analyzed and presented in Figure 7a,b to illustrate electricity
consumption, gas consumption, and cost, respectively, for both case studies. In Figure 7c,
we can see that the operation phase had the highest energy and gas consumption for both
buildings, with energy consumption of almost 150,000 kWh per area and 20,000 kWh per
area for GN and MP, respectively. Similarly, for all the six project life-cycle phases, the
cost of the operation phase was also the highest, with values of 222,085 CAD/m2 and
142,134 CAD/m2 for GN and MP, respectively. The planning phase, however, had the low-
est energy and gas consumption and cost in both GN and MP, with costs of 5768 CAD/m2

and 3692 CAD/m2, respectively. Energy-savings generated from using mud envelope
material rather than the current stone envelope material was calculated as 1,052,598 kWh
per year for GN.

5.2. Sensitivity Analysis

For both case studies, a sensitivity analysis was performed with respect to the LCC of
energy for HBs. Figure 8 shows the impact of weight changes on the overall LCC of energy
by highlighting the percent difference of LCC of energy on the y-axis. It is evident that
the LCC of energy is not greatly affected by significant weight changes. The least percent
difference in the LCC of energy is seen in the first and fourth cases, while similar percent
differences can be observed in the second, third, and sixth cases (reduction from 0.77 to
0.76). However, for the fifth case, a significantly greater percent difference for the LCC of
energy can be observed. Therefore, for both case studies, compared to the other life-cycle
phases, the operation phase greatly impacts energy and gas consumption and cost.
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The six cases are described as follows: Case 1—the weight of the planning phase
was increased by +15%; Case 2—the weight of the manufacturing phase was increased
by +15%; Case 3—the weight of the transportation phase was increased by +15%; Case
4—the weight of the construction phase was increased by +15%; Case 5—the weight of the
operation phase was increased by +15%; and Case 6—the weight of the maintenance phase
was increased by +15%.

6. Results and Discussion

In this research, the results from all the decision-making techniques for the Murabba
Palace and Grey Nuns Building that separately used the Fuzzy TOPISS (FT) and Simple
Additive Weight (SAW) produced a very similar sustainability index for the Murabba
Palace, with an overall evaluation of Unsatisfied. Similarly, the OCRA technique resulted in
an Unsatisfied rating with a very low index of 24.09%. The Weighted Sum Model (WSM)
technique resulted in a Pass rating, while the Weighted Product Model (WPM) was the only
technique that resulted in a Satisfied rating. For the Grey Nuns Building, the FT technique
resulted in a Satisfied rating, with an index of 62.84%. Furthermore, both the SAW and
WPM techniques resulted in similar scores of 83.02% and 83.35%, respectively, with an
overall rating of Silver. In addition, the WSM resulted in a Pass rating, while the OCRA
reported an Unsatisfied rating, with an index of 40.35%.

7. Conclusions

In this research, a life-cycle cost (LCC) of energy analysis for heritage buildings was
developed. The project’s life-cycle phases include planning, manufacturing, transportation,
construction, operation, and maintenance phases. A model was developed and validated
based on a sensitivity analysis and case studies. Saudi Arabian and Canadian experts
completed questionnaires to attribute a percentage of importance to each of the aforemen-
tioned phases with respect to energy consumption. Two case studies—Murabba Palace
(MP), Saudi Arabia; and Grey Nuns Building (GN), Canada—were then evaluated. The
operation phase appeared to be the most energy-consuming phase in both case studies.
For GN, energy consumption per year is 3303 MWh, and carbon emission is 314,924.8 kg
CO2. As a result, the cost per year is USD 288,422.09 per m2. For MP, energy consumption
per year is 2114 MWh, and the carbon emission is 492,070 kg CO2. As a result, the cost per
year is USD 184,590.14 per m2. Hence, the operation phase has the highest impact on the
energy consumption, gas consumption, and cost of the building in both case studies. GN
in operation phase has 147,000 kwh, which is the highest, while MP has 21,000 kwh. The
findings from this study will assist facility managers in making efficient rehabilitation deci-
sions. Moreover, the operation phase has the highest impact on the energy consumption,
gas consumption, and cost of the building in both case studies. However, it establishes
cost-effective intervention strategies.

Despite the research contributions, due to limited time, only the energy factor was
investigated in detail from the list of factors. Other factors were not investigated in as much
detail. Moreover, the list of factors presented in this work is not exhaustive. Sustainability is
an evolving concept, and more factors continue to be added to the list. In addition, only one
case study from Canada and one from KSA were analyzed. It is necessary to evaluate more
case studies from other Canadian provinces and elsewhere in the world to see the effect of
social, cultural, and climatic differences in different areas. Moreover, insufficient or manually
stored data increased the labor-intensiveness of the work in this research. Water-use and
revenue data were not available for both case studies. Manual drawings were retrieved for
Murabba Palace and AutoCAD® versions needed to be created prior to further analysis.
Moreover, BIM models had to be created from scratch for both case studies.

To sum up, this research recommended the following:
� One area of potential research is to focus on the weight determination process. Particu-

larly, the weights used in our research were focused on Canada and Saudi Arabia. Thus,
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as an extension, the weights from more countries could be studied in terms of their
impact on the overall sustainability rating. This will also improve the model flexibility.

� Saudi Arabia has four weather zones, and the developed rating model examined a
heritage building in one of the four zones. The rating model can also be examined for
other types of heritage buildings present in the other three zones in Saudi Arabia.

� Since a majority of the building assessment systems are re-evaluated yearly or every
two years, the Sustainability Assessment of Heritage Building (SAHB) should follow
the same re-evaluation frequency in order to keep the system up to date.

� Course certification on sustainability development is essential for the person assessing
the building in order for him or her to be able to perform an authentic assessment.

� Since SAHB works well for residential buildings, a similar model can be developed
for commercial buildings, such as schools and hospitals.

� It is necessary that building professionals decide on the prerequisite criteria for SAHB.
This cannot be performed now, based on the suggestions of experts, until the model
has been extensively applied for heritage buildings.
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