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Abstract: The buildings and construction sector accounts for the majority of the energy consumption
in the Kingdom of Saudi Arabia (KSA). For a sustainable future, energy consumption in the sector
should be reduced and existing buildings need to be energy retrofitted. A number of studies present
energy retrofitting of residential buildings in KSA; however, there is a lack of studies presenting
retrofitting of educational buildings. Thus, the aim of this study is to adopt a BIM-based approach to
assess Energy Conservation Measures (ECMs) in a prototypical Government-built educational build-
ing in Dammam, KSA. The methodology consists of six prime steps, (1) case study data collection, (2)
energy auditing, (3) proposing ECMs, (4) BIM model development, (5) energy assessment, and (6)
economic assessment. The energy audit revealed several inefficiencies in the building construction
and operation and four ECMs were proposed and simulated. It was found that annual energy
consumption can be reduced by 22.7% in the educational building, and the investment for the four
ECMs is paid back in 2.7 years only. Therefore, implementing the proposed ECMs is a viable option
to energy retrofit such educational buildings in the country, and the presented BIM-based approach
can be adopted to efficiently conduct the energy retrofitting process.

Keywords: educational buildings; energy efficiency; energy auditing; Energy Conservation Measures
(ECMs); sustainability; KSA

1. Introduction

Presently, climate change is one of the most serious threats to society. Climate change
is evident around the world in the form of rapidly increasing number of natural disasters
and rate of global warming. Countries globally are introducing initiatives and measures
to mitigate the effects of climate change. The buildings and construction sector is one
of the biggest contributors to climate change, and accounts for more than 40% of the
materials consumption, 30% of the total global energy consumption, and more than one-
third greenhouse gas emissions globally [1]. In the past century, some areas of the earth
have experienced an increase in temperature by 2.5 ◦C [2]. According to estimates, a 77%
reduction in total Carbon Dioxide (CO2) emissions in the buildings and construction sector
is necessary to limit the increase in temperature of Earth by 2 ◦C by 2050 [3]. To achieve
this target, some of the developed countries have already introduced energy efficiency
measures and trends indicate a reduction in the rate of CO2 emissions [4]. However, the
same cannot be said of the developing nations where CO2 emissions is constantly on the
rise.

The Kingdom of Saudi Arabia (KSA) is a developing country with one of the highest
energy consumption trends in the world, and this is evident from the fact that the per capita
energy consumption in Saudi Arabia is almost threefold higher than that of the global
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average [5]. In the last two decades, energy consumption has significantly increased in KSA.
In fact, in 2018, KSA was ranked as the 13th highest electricity consuming country globally,
where it consumed around 289,822 GWh of electricity [6]. In addition, KSA was the largest
utilizer of fossil fuels among the Gulf Cooperative Council (GCC) countries and ranked 15th
among global countries in 2008 [7,8]. The buildings and construction sector accounts for
majority of the energy consumption in the country, and the abnormally high consumption
in the sector is as a result of the desert climate of the country, outdated construction sector,
subsidized utilities, rapid growth, lack of awareness about sustainability, and absence of
codes/guidelines [9–11].

In KSA, the energy consumption pattern of buildings is abnormally high and, for a sus-
tainable future, buildings need to be energy efficient. There is a significant opportunity for
energy conversation and management in buildings in the country [12]. Numerous studies
exist in literature that discuss the prospects of reducing energy demand in building through
ECMs and solar energy utilization to generate on site electricity in buildings [13–16]. Ac-
cordingly, KSA has seen a number of initiatives aiming to encourage and catalyze energy
efficiency in buildings. For example, the government has established and updated different
energy efficiency programs at the national level such as the National Energy Efficiency
Program (NEEP) and Saudi Energy Efficiency Program (SEEP). The purpose of these pro-
grams is to conduct studies and develop strategies aiming to enhance the energy efficiency
in various sectors around the Kingdom [17,18]. Furthermore, the “Saudi Vision 2030” ad-
vocates for a sustainable future and aims to generate 9.5 GW of energy through renewable
energy methods [19,20]. In addition, as part of the vision 2030, electricity tariffs in KSA
have been reformed in January 2018, and the tariff rates for the residential, commercial, and
agriculture sectors were increased [21]. Thus, due to the high-energy consumption in exist-
ing buildings coupled with the sustainability reforms taking place in KSA, it is absolutely
critical for existing buildings to be upgraded for energy conservation and management.

Energy auditing is one of the techniques that can assist in upgrading a building for
energy conservation and management. Energy auditing is generally known as the process
of inspecting, surveying, and analyzing energy flow of a facility to fulfil effective oppor-
tunities for energy saving without compromising the quality [22]. In fact, it is based on
a systematic approach that consists of different phases comprising pre-visit works, walk-
through tours, post-visit works, and final reporting. Each phase includes different kind of
tasks [23]. Energy auditing can be conducted on three levels: (1) Walkthrough/simple audit,
(2) standard/general audit, and (3) comprehensive audit [22,23]. The third level is the most
accurate and requires additional efforts and resources, as well as advanced tools. Therefore,
it leads to the most enhanced Energy Conservation Measures (ECMs) in buildings. Energy
auditing and subsequent recommendations and actions have the potential to curtail the
annual energy consumption of buildings by 27% to 45% in KSA [24,25]. One sector that
provides significant energy-saving opportunities is the residential and public sector, which
consumes majority of the national energy [26]. In educational buildings, there is a potential
to reduce energy consumption by 35.3% through identifying inefficient areas via energy
auditing, and implementing ECMs to counter them [26]. Similarly, other studies exist
in literature that investigate educational buildings and propose ECMs to reduce energy
consumption.

Ligade et al. [27] investigated energy efficiency in Heating, Ventilation, and Air
Conditioning (HVAC) system retrofit on an educational building in the Indiana University-
Purdue University, Indianapolis. Their study highlighted that the proposed ECMs have the
possibility to reduce energy consumption in the educational building by 28%. Moreover,
Irulegi et al. [28] proposed eliminating thermal bridges, using air-to-air heat recovery
systems and improving the windows in the north façade of the building as ECMs to
energy retrofit an educational building in a University in Spain. Their findings indicate the
possibility of reducing energy consumption by 62% in the case study.

Recently, adoption of Building Information Modeling (BIM) in the energy retrofitting
process has become known as a method that enables a more effective assessment of ECMs
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in buildings and, therefore, leads to more efficient energy retrofitting [29]. For example,
Hu [30] presented a BIM—Building Performance Model (BPM) framework to identify
energy-efficient and cost-effective ECMs in existing educational buildings. The framework
was implemented on University of Maryland’s Architecture Building as a case study and
results indicate that the energy consumption can be reduced by 62%. Thus, the brief
literature review indicates the possibility of reducing energy consumption in educational
buildings by adopting a BIM-based approach. Currently, BIM-based approaches to retrofit
buildings in KSA exist only for residential buildings [31]; however, no study exists in the
literature that adopts a BIM-based approach to assess ECMs in an educational building
case study in KSA. Thus, the aim of this study is to apply a BIM-based approach to perform
a techno-economic assessment of ECMs in an educational building in Eastern Province,
KSA. The objectives of the study are the following:

• Conduct an energy audit of the case study.
• Propose ECMs based on the energy audit.
• Apply a BIM-based approach to assess the proposed ECMs in terms of energy and

economic savings potential.

The significance of this study is three-fold. Firstly, it presents a methodological
framework that can be followed to investigate the energy performance of built facilities;
secondly, it highlights the potential amount of energy savings achievable by implementing
individual ECMs, as well as by retrofitting complete educational buildings in KSA; and
lastly, it addresses the gap in literature of having no energy retrofit study that adopts a
BIM-based approach to energy retrofit existing educational buildings. In Section 2, the
methodology of the study is presented, specifically, the BIM-based approach, case study,
energy audit method, ECMs, and energy, environmental, and economic analysis methods
are discussed. In Section 3, the results are presented and discussed and, lastly, Section 4 is
the conclusions.

2. Methodology

A BIM-based methodology for energy retrofitting educational buildings is adopted [30].
The methodology consists of six prime steps, as seen in the methodology flowchart of the
study (Figure 1). The steps include: (1) Case study data collection, (2) energy auditing, (3)
proposing ECMs, (4) BIM model development, (5) energy assessment of proposed ECMs,
and (6) economic assessment of proposed ECMs. At first, all the data regarding the case
study are collected including building construction documentation. Next, an energy Audit
is conducted to determine the ECMs. Then, a BIM model of the case study is developed
based on the data collected. The BIM model is used for the next two steps. For the energy
analysis step, the model is exported as Green Building XML (gbXML) format and simulated
in an energy simulation software for the analysis. For the economic assessment step, build-
ing specific data including Bill of Quantities (BOQ) of the case study are exported from
the BIM model. In the end, the proposed ECMs are individually assessed, and a holistic
energy-retrofitting scenario comprising all ECMs, for the selected educational building
case study, is presented.

2.1. Case Study

A case study of an educational building located in Dammam City, Eastern Province,
KSA, is selected for the purpose of the study. The selected case study represents an
ideal example of university buildings in KSA, with various typical inefficient measures
that can be improved. For example, the installed HVAC system in the case study is
Constant Air Volume (CAV) type, representative of the typical HVAC system used in
such buildings in KSA. For the case study, the data collected include building profile, as-
built drawings and energy consumption data. The building profile data include building
function, location, occupancy profile, area of building and floors, story height, types of
spaces (functions), HVAC system types, cooling loads (capacity of HVAC system), category
of energy consumption, and envelope characteristics. The case study building has a gross



Sustainability 2021, 13, 179 4 of 15

floor area of 15,180 m2, which is spread on three floors with 4.2 m floor for each floor.
Other information of the case study is summarized in Table 1. The building drawings
were acquired from the maintenance department of the university and they include the
architectural layouts of the three floors plans. The case study building consists of offices,
classrooms, labs, design studios, auditoriums and other amenities, spread on the three
floors.
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Table 1. Building profile data of the selected case study.

Parameter Value

Function Educational building.
Location Dammam, Eastern Province, KSA.

Occupants number 400
Gross floor area 15,180 m2

Ground floor area 6690 m2

First floor area 7013 m2

Second floor area 1777 m2

Floor height 4.2 m
Spaces functions Offices, Classrooms, Labs, Design Studios, Auditoriums

HVAC system CAV and package air-conditioner

Actual installed cooling loads
(HVAC Capacity)

Ground Floor = 300 Refrigeration Ton (1055.04 kW)
First Floor = 300 Refrigeration Ton (1055.04 kW)
Third Floor = 65 Refrigeration Ton (228.592 kW)

Tariff Category Governmental

Envelope characteristics Faced: Plastered-Isolated concrete masonry block wall (W = 0.3 m, U-value = 0.54 W/m2 K)
Roof: Isolated concrete slab (U-value = 0.24 W/m2 K)

Glazing type Double clear glass (U-value = 2.82 W/m2 K, SHGC = 0.7)
Air infiltration 0.7 air change/h (Loose/poor construction)

Energy Use Index (EUI) 217.1 kWh/m2/yr.

The energy usage data for the case study were acquired from the Saudi Electricity
Company (SEC), for the year 2016. The building loads are divided into two energy meters:
One for the HVAC system load, and the other one for equipment, appliances, and lighting
loads. The data for the two meters were collected and combined to obtain the whole energy
consumption of the case study in 2016. The general trend indicates a significant increase in
energy consumption in the summer months, due to the high cooling demands. The peak
load of the case study is in the month of August, where the building consumes 345,602 kWh
of energy. Overall, around 73% of the annual demand is used by the HVAC system, while
the other loads consume the remaining 27%. The Energy Use Index (EUI) of the building is
217.1 kWh/m2/yr, which is extremely high.
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2.2. Energy Audit

The energy audit of the case study consists of a walkthrough tour of the building,
field measurements, and lastly semi-structured interviews. Firstly, a walkthrough tour was
conducted to observe and record any obvious lapses in the building construction and the
usage pattern of the different systems in the building; particularly the lighting and HVAC
systems. It covered two determinants of the systems including the operating hours and
features including the HVAC system types and type of lights used. The field measurements
were conducted to measure different environmental parameters in the spaces including
average lighting level (intensity), air temperature, and relative humidity. The utilized
instrument for measuring average lighting level was “Testo 545—Light meter”. The thermal
parameters (air temperature and relative humidity) were measured by Thermo-Hygrometer
Remote Probe Kit (Testo 400563 6251) manufactured by Testo also. The measurements
were conducted in 15 spaces including four design studios, five classrooms, and six offices.
Lastly, semi-structured interviews were conducted with facility managers and maintenance
engineers from the Operations and Maintenance (O&M) department of the university.
The interviews discussed and verified the findings of the walkthrough tour and field
measurements, and also helped in understanding the causes of the observed and measured
inefficiencies.

The data collected in the audit were then analyzed, along with the building’s geometric
and energy consumption data, to identify possible ECMs. Regarding building energy
consumption data, analysis was conducted by determining monthly base load, max cooling
load (peak load), and the EUI. The analysis of the findings from the walkthrough tour and
field measurements were focused on identifying the usage pattern of the HVAC and lighting
systems and recording of HVAC capacity and electric demand of the lighting system for
15 spaces. The collected HVAC capacity and energy demand of the lighting system was
also used in developing and calibrating the energy model of the case study. The determined
LPDs for the 15 spaces have been compared with ASHRAE/IES Standard 90.1-2013 (Energy
Standard for Buildings Except Low-Rise Residential Buildings) [32]. The analysis of lighting
level has been done by comparing the results with IESNA standards (Lighting Handbook
of Illuminating Engineering Society of North America) [33]. Similarly, results of the
thermal parameters have been compared with ASHRAE standard (ASHRAE 55-2013:
Thermal Environmental Conditions for Human Occupancy) [34]. Finally, based on the
analysis results of the energy audit, the parameters of the case study that were substantially
contributing in increasing the energy consumption of the building are identified and ECMs
are proposed.

2.3. Energy Simulation and Analysis

An energy model was developed based on the obtained building drawings, conducted
energy audit, and the building energy consumption data. First, a BIM model of the case
study was developed in Autodesk Revit software. The developed BIM model was exported
as gbXML format and imported in Designbuilder software for energy analysis (Figure 2). In
addition, building-specific data, including material and quantity take-offs, were exported
from the BIM-model for the economic analysis.
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Data for the energy model required were input in the software. The data included
location and weather data, occupancy profile, Mechanical, Electrical, and Plumbing systems
(MEPs) properties, settings of HVAC systems, and environmental conditions, as seen in
Table 2. Most of the input data were based on the acquired data and the performed energy
audit. The weather file for the location (Dhahran, KSA) provided by the software has
been used to perform the analysis. Regarding the lighting system, data of lighting power
density (LPD) were entered as the average of determined LPD for the 15 spaces, while
data of appliances of power density were entered according to the standard of ASHRAE
90.2013 [32]. The operating hours of the lighting system were input as determined by the
energy audit. Similarly, data regarding to the HVAC system were also based on findings
of the energy audit and included the type of installed HVAC systems, system capacity
(designed and cooling loads), set-point temperature, and operating hours. The thermal and
physical properties of building envelope (wall, roof, and glazing) were entered according
to the actual characteristics of the constructed building as determined by the as-built
drawings.

Calibration of the energy model was conducted by comparing the simulated energy
modelling results of the base case with actual energy consumption data of 2016. The
validation results indicate a difference in the annual energy consumption between the
energy model and the actual case study is just 1.10% (Figure 3). Thus, the developed energy
model was calibrated with the actual conditions of the building.

Table 2. Summary of the software inputs.

Parameter Component Value

Location Weather file

Location: Dhahran, Saudi Arabia
Summer months: April to September

Winter months: October to March
Avg. Monthly design temperature:

January: 25.2 ◦C
February: 28.2 ◦C

March: 35.1 ◦C
April: 39.8 ◦C
May: 45.0 ◦C
June: 46.8 ◦C
July: 46.9 ◦C

August: 46.2 ◦C
September: 44.1 ◦C

October: 40.2 ◦C
November: 35.0 ◦C
December: 28.0 ◦C

Envelope

Wall 25 mm plastered, 200 mm Isolated CMU, 200 mm plaster
U-value = 0.54 W/m2 K

Roof
Layers: 50 mm Limestone “gravel”, 50 mm polystyrene, 4 mm water proofing,

1.5 mm PVC water proofing, 300 mm concrete heavy weight “R/C”
U-value = 0.24 W/m2 K

Glazing Layers: Clear glass panel: 12 mm air gap 12mm clear glass panel 6 mm
U-value = 2.820 W/m2 K, SHGC = 0.7, VT = 0.63

Lighting

Lighting power density 27.3 W/m2

Lighting system Fluorescent Tube

Operating hours 24 h

Appliances Appliances power density 26 W/m2
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Table 2. Cont.

Parameter Component Value

HVAC

Systems CAV (Ground and first floor)
Packaged (Second Floor)

System capacity
Ground Floor = 1055.04 kW

First Floor = 1055.04 kW
Third Floor = 228.592 kW

Set point temperature 19 ◦C

operating hours 24 h

Occupants
Number of occupants 400 (approximately 34 m2/occupant)

heat gain from people 67 W/m2
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2.4. Economic Analysis

The economic feasibility of the proposed ECMs and the holistic energy retrofitting
of the educational building is determined by calculating the Compound Payback Period
(CPP) (Equation (1)). The cost data for each of the proposed ECMs were determined based
on the local market, and the electricity tariffs are based on the national rates. According
to the national rates, the electricity tariff for the consumption category that applies to
Governmental educational buildings is 0.32 SAR/kWh. The following considerations were
taken in the calculations:

• The building life is considered to be 30 years.
• The interest rate in Saudi Arabia is 2%.
• Maintenance cost and any over time degradation of energy efficiency for the appliances

is not considered.

CPP = A + B/C (1)

where:

CPP: is the Compound Payback of investments in (Years)
A: is the last period with a negative cash flow
B: is the value of discounted cumulative cash flow at end of period A
C: Is the discounted cash flow during the period after A
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3. Results and Discussion
3.1. Energy Audit
3.1.1. Operating and Usage Pattern

The walkthrough tour and interviews with the campus facility managers and O&M
engineers have indicated that the HVAC system is continuously running for 24 h, without
any reduction in the operation rates. The HVAC system is only switched off for the periodic
duct cleaning held four times a year. Furthermore, occupants are not able to control the
set-point temperature, due to the thermostats being locked to reduce the risk of damaging
them. The personnel of maintenance department control the set point temperature and they
maintain it at 19.0 ◦C. The case is same for the lighting system operation. The walkthrough
tour of the building was conducted after the working hours and it was found that most of
the lights are switched on. Therefore, it was concluded that the operations of all building
systems is poorly managed and inefficient.

In addition, the walkthrough tour revealed that the construction quality of the building
is of poor and loose quality. It was observed that, in some places, there are small gaps
between the glazing systems and the building wall. These gaps lead to air leakages and
result in a higher Air Change/Hour (AC/h) rate leading to extra energy consumption by
the HVAC system to compensate for those air leakages.

3.1.2. Assessment of Thermal Comfort

Measurements relating to assessment of the thermal comfort were conducted in
the 15 spaces (four design studios, five classrooms, and six offices). The measurements
were conducted in multiple spaces of the same type to develop a representative baseline
measurement for each of the space. Firstly, regarding the room temperature, the field
measurements revealed that most of the spaces investigated had a cooler air temperature
than recommended by ASHRAE standards (ASHRAE 55-2013: Thermal Environmental
Conditions for Human Occupancy). The standard states that the comfortable temperature
range is between 22 ◦C and 26 ◦C [34]. Figure 4 illustrates the measured air temperatures
of the 15 spaces, and it can be seen that majority of the spaces’ temperature is below the
recommended comfortable temperature range. In addition, variations in the measurement
are observed in the same type of spaces. Since occupants cannot control the temperature
settings, the set-pint temperature is set at a constant 19 ◦C; however, the measurements are
varied due to the location of a particular space in the building.
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Similarly, the relative humidity was also recorded for the same spaces. As stated in
ASHRAE 55-2013, the comfortable range of relative humidity is between 40% to 60% [34].
It was found that all of the measured spaces’ relative humidity is not in accordance with
ASHRAE standards, and values are above the comfortable rate of 60%, as shown in Figure
5. Furthermore, similar to the temperature measurements, the relative humidity percentage
is varying in the same type of spaces due to lack of control on the humidity settings and
the location of the space in the building.

In summary, these measurements of air temperature and relative humidity indicate
that the HVAC system is operated inefficiently causing excessive energy consumption, and
bringing discomfort to the occupants.
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3.1.3. Assessment of Lighting System

The measurements for the lighting system have been conducted on the same 15 spaces
as well. The measurements were done for two parameters. The first parameter was the
energy consumption of the lighting system, which was the normalized lighting power
density (LPD). Values of LPD were compared with ASHRAE/IES Standard 90.1-2013
(Energy Standard for Buildings except Low-Rise Residential Buildings) [32]. The second
factor was obtained to assess the performance of the lighting system, which was the average
lighting level.

Results of lighting lux have been compared with IESNA standards (Lighting Hand-
book of Illuminating Engineering Society of North America) [33]. The measured LPDs
revealed that the utilized lighting system design is resulting in high LPD values, and
measurements for all of the spaces were above the standard requirements. The used light-
ing type is 20 W—60 mm fluorescent tubes. Figure 6 demonstrates the computed LPDs
for the 15 spaces. Regarding measurements of average lighting level, it was found that
the current installed lighting fixtures do not satisfy the required lighting levels for the
15 spaces (Figure 7). Hence, all values of the determined lighting levels are under the
standard required rate. In addition, there is a variation in the LPD and lighting level values
within the same spaces due to the lighting system design and selection of the light type.
In summary, evaluation of lighting system performance reveals that it is utilizing energy
above the appropriate level without satisfying the recommended lighting standards.
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Figure 7. Values of average lighting level density for 15 spaces. The green line illustrates the minimum lux required for
design studios, blue for classrooms, and orange for offices.

3.2. ECMs Proposal

Based on the energy audit findings, four ECMs have been proposed to reduce the
energy consumption in the case study. These are lighting system efficient operation and
control, HVAC system efficient operation and control, improving glazing type, and sealing
air leakages (Table 3).

First, ECM 1 has been determined and proposed to enhance the usage pattern of
lighting system and reduce the energy being wasted in the operation and control of
the system. Therefore, an efficient schedule for operation hours of the system has been
proposed. It is proposed that lighting system needs to be scheduled to be run during
the occupied hours only, rather than the current usage pattern of the system, which is
continuously running for 24 h without any scheduling. The proposed running hours are
11 h/day, from 7:00 a.m. to 6:00 p.m., from Saturday to Thursday. There is no cost associated
with this ECM, as it involves no equipment and only optimization of the schedule.
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Table 3. Brief description of the proposed Energy Conservation Measures (ECMs).

ECMs # Measure Brief Description

ECM 1 Scheduling the operation
of lighting system

Scheduling the operation hours of the system to be
11 h a day from Saturday to Thursday.

ECM 2 Controlling the operation
of HVAC System

Installing 3-way valve for all AHUs.
Adjust set point temperature to 20 ◦C.

Scheduling the operation hours of the system to be
11 h a day from Saturday to Thursday.

ECM 3 Replacing the envelope
glazing type

Replace current glazing type for all openings to
“Double Low-Emissivity Glass” with a properties of:

SHGC = 0.23 U-value = 1.6 w/m2K

ECM 4 Sealing air leakages
Seal the gaps around glazing systems with a sealant

to prevent air infiltration/exfiltration.
AC/h = 0.4

Second, ECM 2 was determined and proposed to address the issue of uncontrolled
condition settings and operating hours of the HVAC system. The first issue (uncontrolled
condition settings) can be addressed by installing a three-way valve (comprising of valve,
control panel, and thermostat) for all Air Handling Units (AHUs) in the building. This
would enable the occupants and maintenance personnel to have higher control over the
thermostat. In addition, the set-point temperature was also adjusted to be 20 ◦C instead of
19 ◦C. The estimated total cost for each valve and its parts (price of parts and installation)
is around 15,000 SAR. The building contains 22 AHUs, therefore the initial cost of this
measure is around 330,000 SAR. The second issue (continuous running of 24 h without any
scheduling) was recommended to be addressed through operating the HVAC system for
11 h per day (from 7:00 a.m. to 6:00 p.m.) from Saturday to Thursday.

Third, ECM 3 is to improve the glazing type of the building envelope. It is proposed
to replace the glazing type of all openings in the building façade from double-clear glass
to double low-e glass. Changing the type of glazing will reduce the amount of solar gain
in the building and consequently reduce the cooling demands. Based on the local market
prices, it was estimated that the unit price to replace the glazing type is 550 SAR/m2. The
total glazing area of building facade is around 643.2 m2. Thus, the total cost of this measure
was estimated to be 353,760 SAR.

Finally, ECM 4 is to seal the air leakages in the building by applying a sealant around
the edges of the glazing systems. This will result in a tighter construction of the building
envelope with a much less AC/h. The cost of this measure depends on the quantity of the
material needed to be applied. This was obtained from the BIM model and the cost was
determined to be 4404 SAR.

3.3. Energy and Economic Analysis

Energy simulation of the case study building was conducted for each of the ECMs.
It was found that incorporating each ECM would lead to considerable energy savings in
the case study (Figure 8). In ECM 1, the simulation revealed that annual energy saving
is around 14.1%, through just scheduling and controlling the operating hours of lighting
system. The proposed operating hours are 11 h per day from 7:00 a.m. to 6:00 p.m. The
proposed timing will cover the time lighting is needed in the building and will save energy
for the remaining 13 h of the day when lighting is not needed. For ECM 2, the simulation
found that the installation of the three-way valve that would enable the occupants and
operators of the building to have a control over the HVAC settings has offered a saving of
20.64% in the annual energy consumption. This was found by considering that the installed
three-way valve will provide the option of controlling the set-point temperature as well as
operating hours. Furthermore, the proposed set-point temperature was 20 ◦C, a degree
higher than the existing 19 ◦C. Together with efficient operation and scheduling, as well as
the increase in the set-point temperature results in the highest amount of energy savings
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for the case study. In addition, ECM 2 also pays back in only 1.52 years, thus making it the
most cost effective ECM for the case study.

Moreover, ECM 3, which considered the glazing of building facade, results in annual
energy savings of only around 2% per year. The savings are not that effective as compared
to other ECMs, however considering the scale of the energy consumption, a 2% reduction
is considerable. ECM 3 has a payback period of 15.7 years. The case is same for sealing
the air leakages, which results in a 1.3% reduction in the building consumption. However,
ECM 4 pays back in only 1.3 years.

In the end, the four ECMs were incorporated in the case study and simulated to
measure the energy consumption. The case study has an opportunity to reduce energy
consumption by around 23% through the complete building retrofit (Table 4). Furthermore,
the initial investment to implement the four ECMs will be paid back in 2.7 years, thus,
making it a viable option to invest in these ECMs.
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Table 4. Summary of overall energy and economic savings.

ECM/Scenario
Annual Energy
Consumption

(kWh)

EUI
(kWh m2/Year)

Annual Energy
Saving (%)

Initial Cost
(SAR)

Annual Saving
(SAR/Year) CPP (Years)

Base Scenario 3,294,850 217.1 - - - -
ECM 1 2,824,940 186.1 14.3% - 150,371.20 N/A
ECM 2 2,598,020.0 171.1 21.1% 330,000 222,985.6 1.52
ECM 3 3,227,060 212.6 2.1% 289,440 21,692.8 15.7
ECM 4 3,252,811 214.3 1.3% 4404 13,452.5 1.3

Holistic
Scenario 2,542,550 167.5 22.8% 623,844 240,736.00 2.7

4. Conclusions

In this study, a BIM-based approach was adopted to assess the techno-economic
feasibility of energy retrofitting an educational building in KSA. The approach consisted of
six prime steps: (1) Case study data collection, (2) energy auditing, (3) proposing ECMs,
(4) BIM model development, (5) energy assessment of proposed ECMs, and (6) economic
assessment. Firstly, an energy audit of the case study building was conducted and it was
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found that the glazing type and construction of the building can be improved and the
operation of the HVAC and lighting systems can be enhanced. Thus, four ECMs were
proposed, which include lighting system efficient operation and control, HVAC system
efficient operation and control, improving glazing type, and sealing air leakages. It was
found that the proposed four ECMs lead to an annual energy savings of 22.7%, and the
investment for the four ECMs is paid back in 2.7 years only. Therefore, the techno-economic
assessment indicates that the proposed ECMs are a viable and effective option for energy
retrofitting the case study building.

In addition, a BIM model of the case study was developed and used to assess the pro-
posed ECMs. A BIM-based approach to energy retrofit existing buildings can significantly
enhance the energy retrofitting process of existing buildings [35]. However, currently, a
lack of research work in the domain of BIM adoption and implementation is observed in
KSA, particularly in educational buildings [36]. With the existing challenge of reducing
energy consumption in Saudi Arabia, BIM-based energy retrofitting studies are critically
required to fill this gap. Thus, this study fills the gap in BIM research in KSA by adopting
a BIM-based approach to assess ECMs in an educational building in Dammam, KSA. In-
volvement of BIM in the energy retrofitting process is found to be an effective approach,
due to its enhancement in analyzing alternatives in a holistic perspective. The BIM model
was used to conduct the energy analysis and to export building specific data needed for the
cost calculations. Obtaining such data in the conventional approach is time-consuming and
the resented BIM-based approach can be adapted to efficiently effectuate the retrofitting
process of future buildings.

However, the investigated BIM-based approach for energy retrofitting can be further
evolved and be more streamlined with further research work. While the approach ensures
higher efficiency, quality, and punctuality in the seemingly mammoth task of energy
retrofitting the whole existing educational building stock, it is somehow disintegrated by
the fact that the Building Energy Modeling (BEM) was done externally. It would be much
more efficient if interoperability between BEM and BIM is enhanced, and energy analysis
of EEMs and energy generation is conducted within the BIM application itself. However,
as highlighted by a recent study [37], BIM-based BEM is currently in its initial development
stage and needs to be further investigated. Hence, future research should investigate this
and propose the best BIM-BEM method for the BIM-based energy-retrofitting framework.
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