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Abstract: Predictive Maintenance 4.0 (PdM 4.0) showed a highly positive impact on chilled water
system (CWS) maintenance. This research followed the recommendations of a systematic literature
review (SLR), which was performed on PdM 4.0 applications for CWS at commercial buildings. Per
the SLR, and to start making an excellent PdM 4.0 program, the faults and their frequencies must be
identified. Therefore, this research constructed an industry survey, which went through a pilot study,
and then shared it with 761 maintenance officers in different commercial buildings. The first goal
of this survey is to verify the faults reported by SLR, explore more faults, and suggest a managerial
solution for each fault. The second goal is to determine the minimum and maximum frequencies of
faults occurrence, while the third goal is to verify selected operational parameters, in which their data
can be used in smart buildings applications. A total of 304 responses are considered in this study,
which identified additional faults and provided faults solutions for all CWS components. Based on
the survey outcomes, justifiable frequencies are proposed, which can be used in creating the dataset
of any machine learning model, and then to control the CWS performance.

Keywords: predictive maintenance; chilled water system; commercial buildings; industry 4.0; quality
4.0; survey; faults; frequencies

1. Introduction

The commercial building (CB) is defined as a large facility that contains sophisticated
systems such as a chilled water system (CWS) and power plants [1]. Globally, the num-
ber of CBs have rapidly increased and require significant attention from a maintenance
management point of view [2]. Wireman defined maintenance as managing any assets
that are owned by the organization [3]. Duffuaa and others pointed out that maintenance
can be looked such as a system with input and an associated output [4]. The input part
contains workforces, management, tools, equipment, and machines, while the output part
comprises the equipment or machines that are working perfectly, fulfilling the reliability
concepts, and well-configured to reach the scheduled operational time. According to the
European Standard, maintenance connects all managerial actions that are required during
the life cycle of a particular CB’s equipment [5,6].

Previously, the attention provided to the maintenance was not recognized as it was con-
sidered as a “Cinderella Function” due to some historical reasons and it can be surmounted
by new information technologies [7]. Up to around 1940, maintenance was considered as an
inescapable cost and once the failure of a particular equipment happened, the maintenance
technician should be servicing the same equipment based on a call request [8]. In 1968,
it was predestined that better maintenance practices in the United Kingdom (UK) could
have economized approximately GBP 300 million per year of lost production; because
of the unavailability of a particular equipment [9]. In 1972, the significance of building
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maintenance was first recognized by the responsible authorities in the UK [10]. Mainte-
nance became one of the important managerial departments or functions that should be
included in the company’s organizational hierarchy [11]. Maintenance, in the 21st century
is a huge business where operating and maintaining CBs is significantly taking more time
than designing and constructing the same building during its project time, also the life cycle
cost of operating and maintaining the same building is about sixty percent to eighty-five
percent of the total cost, whereas its design and its construction are about five percent to
ten percent [12]. Moreover, alongside energy costs, maintenance costs can be the biggest
portion of the operational budget [13]. Many researchers have argued that implementing
good and effective maintenance management increases the equipment performance and
this is definitely maximizing the revenues, minimizing the operation and maintenance (O
and M) costs, and then growing the organisations’ profits [14–17]. In this regard, Cholasuke
and others explained how to maximise organisations’ profit through implementing mainte-
nance management [18]. He listed some factors such as trying to minimise the accidents
or failures. Dhillon presented an approach containing steps and important principles for
maintenance management in a cost-effective manner such as measurement comes before
control [19].

Maintenance can be actioned in many ways, depending on the operational status
and the strategy of the organisation. However, Seeley categorized maintenance types for
buildings [20]. He mentioned that it can be considered as a planned activity which can
be organized by scheduling the building operation and tracking its performance, so it
can be considered as a scheduled activity as well. In contrast, it can be also considered
as unplanned activity [20,21]. In addition, it can be performed as a preventive task by
controlling the building operation to reduce the probability of destruction, to avoid the
failure of a mechanical or an electrical system (s), or to maintain an item performance
from any unexpected breakdown [20,22]. Furthermore, this task can be considered as a
planned, scheduled, or predictive activity [20,23]. In case of failure, it can be considered
as a corrective workorder to return a system to its standard operation. For immediate
action, maintenance can be known as an emergency task such as big water leakage or
power outage. Furthermore, Kanisuru classified maintenance into four major types [24].
The first one is reactive (RM), corrective, or breakdown maintenance. The second one is
preventive maintenance (PM), which he categorised it into two major types, predictive
maintenance (PdM), which is considered in this article, and periodic one. The third major
type of maintenance is the improvement or design maintenance while the fourth one is
technology maintenance.

Applying quality engineering and quality control concepts in maintenance manage-
ment and processes is one of the keys of making it a successful program. Having said that,
Marquez and others presented a modelled framework containing eight phases, which are
linked to four blocks (effectiveness, efficiency, assessment, and improvement) [25]. The
philosophy behind this framework was to make a strategic plan for the organisations to
improve the outcome of maintenance program. Applying the maintenance control function
is another valuable technique for improving the maintenance management [26]. This func-
tion contains four phases, which are planning, organising, implementing, and controlling.
Specifically, this research believes in the paradigm of the last phase (controlling), which is
measuring the performance of the maintained equipment, taking predictive and corrective
actions, and reviewing the associated policies and procedures. Quality control is one of the
main domains of evaluating the risks of maintenance activities [27]. Chanter and Swallow
argued that constructing industrial quality control procedures in maintenance projects
prevents the organisation from any managerial failure with any contractual party [28]. One
of the concepts of maintenance management is the process improvement, which is part
of industrial quality control and was performed in many applications using Six-Sigma
techniques [29–32]. With a specific regard to this research, the quality engineering approach
is a data driven in PdM filed. It is one of the important features of the fourth industrial
revolution, which is called Industry 4.0 [33]. Many research studies have proposed a data
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driven PdM framework for multiple purposes as part of quality control [34–38]. Zonnen-
shan and Kenett indicated that quality engineering is a crucial dimension of the processes in
maintenance, and it should be a data driven, and accordingly they proposed a framework
called Quality 4.0 [39]. According to Zonta and others, PdM is a rife area in the locomotion
across Quality 4.0 and its related data are the clef to produce acquaintance that can partake
to predict decisions [40].

This research follows a systematic literature review (SLR) study, which was looked
into in the studies that proposed PdM frameworks or fault detection and diagnosis (FDD)
protocols, which are in line with Industry 4.0/ Quality 4.0 [1]. The aforementioned SLR
study explained and focused on CWS, which has four components as shown in Figure 1.
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The said SLR has two research questions (RQ) from engineering management point of
view as follows:

• RQ1: How can the faults be identified in order to predict them?
• RQ2: What are the methods that can be used to predict the faults?

Based on these RQs, the SLR considered 168 studies that applied different machine
learning (ML) algorithms to predict CWS faults [1]. In addition, two more review studies
have been considered in this regard [41,42]. The fault here is defined as any operational
issue that may negatively affect CWS over time [1]. Having said ML, the said studies were
considered different operational parameters to collect their readings. These readings must
cover two modes, which are fault existing and fault free [1,43]. The SLR defined these
readings as fault frequencies, which are used to build the prediction model [1]. So, this
research focuses on these two elements (faults and their frequencies), as the research gaps
resulted from the said SLR were related to both. Table 1 shows the gaps that are intended
to be filled by this research.

Table 1. SLR’s research gaps.

Research Gap Related Element

The literature did not have the same faults and was concentrated
only on selected faults, as some faults were either not

stated/mentioned or were not fully described.
Fault

The current literature did not specify how the data were collected
or justify the period or the frequency of the collected data, and it

was limited to testing the model and not controlling it.
Frequency

The suggested programs/frameworks/models contained either
no or inconclusive solutions for the said faults from the
management point of view, as they ended with how to

detect/predict the faults. Moreover, the said programs did not
study/cover the whole system comprehensively.

Fault
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To fill these three gaps, SLR recommended an industry survey to execute the follow-
ing points:

• To validate the faults that are identified by the literature. Furthermore, from the first
research gap the SLR argued that CWS may have some other different faults, so the
survey can explore more ones;

• To identify the minimum and maximum faults’ occurrence timings. These timings
help to determine the frequencies, which can be used in creating the dataset of any
ML model; for more prediction accuracy;

• To understand how to solve/ fix the faults, which are either identified by the literature
or by the survey.

2. Methodology

As mentioned in the previous section, this article is intended to address the aforemen-
tioned gaps, which are related to CWS’s faults and their frequencies by proposing a survey.
A survey is defined as a research method utilised to collect data from a predetermined
group of participants to obtain information and thoughts on diverse topics of interest [44].
Collecting data that are related to any study is important in terms of harmonization with
the research goals [45]. In this research, the data should allow to investigate the operational
circumstances at the buildings that are managed by the respondents. As recommended by
the aforementioned SLR, the survey should be looked onto the CBs in the area/ city of the
building that is going to be studied [1], and for this article Riyadh city of the Kingdom of
Saudi Arabia was chosen.

2.1. Survey Construction

This research followed four guidelines while constructing the survey [46,47]. They are
furnished in Figure 2.
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The proposed survey contains four parts, which acquire quantitative and qualitative
data. The said survey began with asking the participants about the availability of CWS
in their facilities. The answer required for this enquiry is either ‘yes’ or ‘no’, and the
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participants were asked to complete the survey if the answer was ‘yes’. The second part
of the survey is related to the faults and asked the participants about the observation of
listed faults that were collected from the literature for each CWS component and to provide
additional faults that occurred in their buildings. Moreover, the participants were asked to
suggest solution for each listed/ provided fault.

The third part of the survey is related to the faults frequencies by asking the partici-
pants which the most fault occurred so often and which most fault occurred rarely, and then
to specify the frequency occurrence time for both. The further action of this part is to pick
the frequencies’ minimum value of the faults that occur often, and to pick the frequencies’
maximum value of the faults that occur rarely. The idea here is to utilise these two values in
creating the dataset that is going to be used in building any ML model. The minimum fre-
quency is proposed to be used as a time interval in collecting the data for each component,
for example, the readings should be taken every forty-five minutes. In contrast, the idea
of using the maximum one is to consider it as a study period, for example, the readings
should be taken over three months. Asking the participants to state those two faults is to
make obtaining the frequencies information easy and to avoid any misunderstanding. As
advised by the said SLR, the source of the associated data are the readings of any chosen
operational parameter of each component as these operational parameters can reflect the
health conditions of CWS components [1]. The fourth part of the said survey is seeking the
opinion of the participants about the chosen operational parameter of each CWS component
for validation purposes. The parameters are the water leaving temperature for chillers and
cooling towers, pressure for pumps, and space temperature for terminal units. Up to this
point, the first two guidelines, which are related to the specification of the data type and the
consideration of the questions’ wording and their logical order, were fulfilled. Regarding
the third guideline, which is related to the method of administration, the self-completed
questionnaire is selected as an instrument to collect the data. The last guideline, which is
related to pre-testing the survey, was performed through a pilot study, which is explained
in the next subsection.

2.2. Pilot Study

In order to adhere to the fourth guideline, the draft questionnaire was sent to ten ex-
perts from academia and industry for their review and advice. In addition to the questions,
the draft included an explanation of the research goal and expectation. This is to ensure
that the survey with its questions is fulfilling the needs from validity and reliability points
of view and to rise the response rate [48,49]. The experts from academia were from different
departments/ fields, which are industrial engineering, mechanical engineering, electrical
engineering, economics, and operation management. On the other hand, a manufacturer of
each CWS component as well as an O and M contractor were the experts from the industry.

The experts were provided a month to reply with their feedback. Table 2 shows the
main comments from both side, academia and industry.

Table 2. Pilot study’s outcomes.

Academia Industry

The anonymity of the participants and their organisations must
be protected by adding a statement in this regard.

The minimum age of CBs that are managed by the respondents
should be three years.

Add a note into the solution part to make the answer short
and manageable.

The CBs should have valid commercial registration with the
concerned authority.

Clarify the questions that are related to the frequency part with
an example.
The form of writing the solutions for the new faults should be
made united for every participant.

A separate part for each component should be fabricated.
Avoid using abbreviations.

After addressing the experts’ comments, the survey was finalised and inserted into a
web-based platform, which is explained in the next sub-section. Figure 3 shows an excerpt
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from the survey that is related to the cooling tower part. The same is repeated with other
CWS components.
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2.3. Targeted Participants and Survey Distribution

Following the outcome of the pilot study, the concerned authority in Riyadh city was
contacted, and accordingly the professionals’ contacts of seven hundred and sixty-one
(761) CBs were received, which contained e-mails and phone numbers. The professionals
are facility managers, O and M managers, and support services managers. For survey
distribution, the associated technique of the survey administration method, which is part
of the survey construction guidelines, is the web-based questionnaire through the Survey-
Monkey platform. The aforementioned platform generated e-mails to the participants, and
following Andrews’ and others’ recommendations, an informative title of the e-mail was
used as well as using careful language in the body of said e-mail in order to encourage
the participants to open the e-mail, to click on the survey link, and to downplay the onus
of the participants [50]. In this regard, the agreement with the participants was deal with
their answers anonymously by writing a statement in the body of the generated e-mails.
The duration of the survey was three months, and auto reminders were sent every seven
working days. In addition to the auto reminders, a follow-up mechanism was used via
phone calls for a more response rate [51].
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3. Survey Results and Discussion

As the outcomes of the survey contained quantitative and qualitative data, an analysis
activity was taken and then the said outcomes were summarised. The time spent on this
task was three weeks.

3.1. Response Rate

From the mentioned 761 CBs that were contacted, three hundred and thirty-six (336)
responses were received within the provided time, out of which three hundred and four
(304) responses have CWS at their facilities, which are considered in this study. Figure 4
illustrates the response rate of the survey.
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Figure 4. Survey responses.

The auto reminders and the phone calls’ follow-up paid-off as the responses increased
during the second and the third months, respectively. Figure 5 explains the number of
responses for each month of the provided duration.
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3.2. CWS Faults

To summarise the CWS faults that were addressed in the SLR, a fish-bone diagram
was prepared to highlight the same as shown in Figure 6. In contrast, the argument of the
aforementioned SLR was proven here as the survey came up with more faults for each CWS
component. The outcome provided the research community with seventeen (17) faults
for chillers, thirteen (13) faults for cooling towers, ten (10) faults for pumps, and twenty
(20) faults for terminal units. In this regard, Figure 7 illustrates the difference increment
between the literature and the survey outcomes.
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The appearance of faults is different between the CBs that are managed by the partici-
pants, who repeated some faults for each component and stated some other faults a few
times or only one time. Table 3 shows the most repeated fault for each CWS component in
the CBs that are managed by the participants.

Table 3. Most repeated faults.

Component Fault Repeating Percentage

Chillers Refrigeration Leak 100%
Cooling Towers Malfunctioning Blowdown System 89%

Pumps Noisy Non-Return Valve 91%
Terminal Units Low Static Pressure 84%

From the above table, a refrigeration leak is the most common fault for chillers, and
this is aligned with what was mentioned in the said SLR. For the cooling towers, the
literature mostly addressed fills fouling and air fan degradation faults, while the survey
showed that the malfunctioning blowdown system fault is mostly repeated and therefore,
more research attention should be provided to this fault. The same is seen with pumps and
terminal units where the literature mostly addressed the pumps’ clogging fault and the
terminal units’ return damper jam fault, while the survey showed different faults that are
repeated by the majority of the participants and therefore, they should be provided more
focus in the upcoming research.

As stated previously, the faults that were addressed in the literature were listed in
the survey for each component and the participants were asked if they observe them, and
then were asked to state other faults that are not listed. Furthermore, the survey provided
managerial solutions for both the faults that were studied in the literature and the new
faults that are resulted from the survey, whereas the previous studies of the said literature
ended their proposed PdM or FDD programs by tracing the faults with no solutions to fix
the studied faults. To summarise these outcomes, a table for each component describes the
faults and its source, which is either from the literature or from the survey, as well as lists a
solution/action for each fault. Table 4 is for chillers, and Tables 5–7 are for cooling towers,
pumps, and terminal units, respectively.

Table 4. Chillers faults and solutions.

Fault Identified By Solution/Action

Refrigeration Leak Literature All the components of refrigeration system including tube, joints,
and valves should be checked, tested, and rectified as appropriate.

Evaporating Fouling Literature The associated parameters should be checked and the
tubes descaled.

Compressor Overcharging Literature The factory sheet should be checked and then the charge
reduced accordingly.

Operation Scheduling Literature The control switch should be reset.

Condenser Fouling Literature The associated parameters should be checked and the tubes
descaled to fix the evaporating fouling.

High Condenser Temperature Literature The return water temperature should be checked, and then the
tubes descaled.

Sensor Bias Literature The controller, the artificial agent, or the sensor should be checked,
verified, and replaced if needed.

Low Discharge Superheat Survey The liquid refrigerant flow in the compressor should be checked
and adjusted.

Low Evaporator Refrigerant Temperature Survey The expansion valve and the filter should be checked and cleaned.

Low Oil Pressure Survey The oil filters should be cleaned, and the oil pump with its quality
should be checked and rectified.
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Table 4. Cont.

Fault Identified By Solution/Action

Low Condenser Flow Survey The pressure of the condenser pump in operation should be
checked and rectified.

Low Chilled Water Flow Survey The pressure of the secondary pump in operation should be
checked and rectified.

Low Cooler Delta-T Survey The lowering efficiency of the primary pump in operation should
be checked and the pressure reset.

High Cooler Delta-T Survey The accuracy of the water flow’s control should be checked and
rectified and amended.

High Compressor Lift Survey The water flow should be checked.
High Motor Temperature Survey The compressor parameters should be checked.

High Motor Ampere Survey The linked mechanical system and the motor winding should be
checked and rectified.

High Condenser Approach Survey The connected tunnel of the cooling tower in operation should be
checked and serviced.

High Evaporator Approach Survey The assigned water temperature set-point should be checked and
reset if needed.

High Condenser Pressure Survey The strainer should be checked and cleaned.
Relief Valve Discharge Survey The pressure sensors should be checked and fixed.

Vibration Survey The supply water temperature should be checked, and the
mountings should be reassembled.

Imbalanced Line Current Survey The loose connection at the terminals should be rectified.
Manual Guide Vane Target Survey The override sittings should be checked and reset.

Table 5. Cooling towers faults and solutions.

Fault Identified By Solution/Action

Air Fan Degradation Literature The fan should be checked physically, and then repaired
by grinding, or replaced if needed.

Fills Fouling Literature The fills should be cleaned or replaced if needed.

Sensor Bias Literature The controller, the artificial agent, or the sensor should
be checked, verified, and replaced if needed.

Unusual Sound Survey The bearings of the motor in operation should
be checked.

Malfunctioning Blowdown System Survey The solenoid valves should be checked.
High Water Total Dissolved Solid Survey The chemical treatments should be checked.

Fills Clogging Survey The chemical treatments should be checked, and then
the required chemicals refilled if needed.

Low Circulating Water Flow Rate Survey The filters should be checked and cleaned or replaced
if needed.

Vibration Survey The motor in operation and its blade alignment should
be checked.

Over Current Survey The phase voltage and other electrical connection
should be checked.

Rise in Circulating Water Temperature Survey The filters should be checked and cleaned, or replaced
if needed.

Damaged Fan Survey The associated motor should be replaced.
Faulty Water Level Valve Survey The valve should be replaced.

Faulty Isolation Valve Survey The valve should be replaced.
Motor Overheating Survey The voltage should be checked and adjusted.

Low Water Basin Level Survey The water makeup system should be checked and the
water level should be increased.
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Table 6. Pumps faults and solutions.

Fault Identified By Solution/Action

Clogging Literature
The strainer should be checked and cleaned in case of partial clogging, and

deep cleaned with chemicals and high-pressured water in case of
full clogging.

Faulty Control Switch Literature The switch is should be troubleshooted or replaced if needed.
Faulty Starter Literature The electrical connection should be checked and rectified.

Pipeline Leakage Literature The pipe joint and its fittings should be checked and then welded or
replaced if needed.

High Flow Rate in Cold Exchange Literature The right pump speed should be checked and adjusted.
Low Flow Rate in Cold Exchange Literature The right pump speed should be checked and adjusted.

Abnormal or Excessive Noise Survey The associated bearings and shaft should be checked and fixed.
Motor Vibration Survey The bearings and the foundation support should be checked and rectified.

Motor Heats-up Survey The bearings and the associated fan should be checked and rectified,
ground, or replaced if needed.

Leakage from Pump Set Survey The associated gland and joints should be checked and reassembled.

Leakage from Valves Survey The associated joints should be checked, reassembled, or the valve to be
replaced if needed.

Pumps Run but Provides No Water Survey The valves should be checked and made free of air.
Pumps Run at Reduced Capacity Survey The Stainer should be checked and cleaned.

Noisy Non-Return Valve Survey The valve set-up should be checked and replaced if needed.
Improper Pump Water Alignment Survey Realignment.

Sensor Bias Survey The controller, the artificial agent, or the sensor should be checked, verified,
and replaced if needed.

Table 7. Terminal units faults and solutions.

Fault Identified By Solution/Action

Faulty Variable Air Volume Literature The damper connection and controller should be checked and rectified.
Faulty Fan Literature The fan should be checked, rectified, and replaced if needed.

Compressor Failure Literature The voltage and related control accessories should be checked before
replacing formalities.

Filter Blockage Literature The filter should be cleaned or replaced if needed.
Faulty Filter Coil System Literature The dirt and debris should be cleared.

Cooling Coil Blockage Literature The fresh air damper position should be checked, and the air speed should
be reduced if needed.

Return Damper Jam Literature The damper should be serviced and replaced if needed.
Speed Reducing the Supply Fan Literature The blower tips should be checked and cleaned.

Sensor Bias Literature The controller, the artificial agent, or the sensor should be checked, verified,
and replaced if needed.

Dirty Air Flow Survey The bag filer section should be checked and cleaned.
Faulty Supply air Damper Survey The damper should be replaced.

Loose Belts Survey The associated pulleys, mountings, and V. belts quality should be checked
and rectified.

Air Trapped in Cooling Coil Survey The coil should be checked and cleaned.

Faulty Control Valve Survey The associated voltage should be checked, and the valve should be replaced
if needed.

Broken Belts Survey The associated pulley should be checked and rectified, and then the belt
should be replaced.

Noisy Motor Survey The blower bearings should be checked and fixed.
Faulty Bearing Survey The bearing should be replaced.

Motor Overload Survey The power voltage and electrical accessories should be checked
and rectified.

Noisy Contactors Survey The terminal in operation should be cleaned.
Vibration Survey The associated blowers should be aligned.

Motor Overheating Survey The voltage and rated amperes should be checked and adjusted.
Damaged Insulation on Pipe Survey The insulation material should be replaced and then sealed properly.

Variable Frequency Drive Soft Starter Survey The associated parameters should be reset.
Low Static Pressure Survey The air flow rate should be checked and decreased.

Damaged Insulation on Duct Survey The duct should be vacuumed, and the defective insulation should
be replaced.

Faulty Fresh Air Damper Survey The air speed should be reduced, or the damper should be replaced
if needed.

Faulty Exhaust Air Damper Survey The connected duct should be vacuumed, or the damper should be replaced
if needed.

Faulty Cooling Valve Actuator Survey The voltage should be checked and adjusted.

Faulty Damper Actuator Survey The voltage should be checked and adjusted, and the air flow rate should be
minimised.
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Part of the research gaps of the said SLR was related to the coverage of the previous
studies where the literature did not focus on the entire CWS [1]. They were either considered
one, two, or three components only [1]. In return, the said SLR argued to study the
whole system; in order to obtain a comprehensive PdM program. Having said that, the
information in Tables 4–7 confirmed this argument as many faults in a particular component
are due to the health condition of another component.

3.3. CWS Faults’ Frequencies

This subsection is related to the third part of the survey, which its concept was ex-
plained in the methodology section. The participants’ responses were counted by tabulating
the frequencies’ values of the faults that are occurring so often (x’s) as well as the frequen-
cies’ values of the faults that are occurred rarely (y’s). Then, the smallest value of the x’s
and the biggest value of the y’s are identified. In addition, these two values were scored
by the majority of the participants. Table 8 summarises these outcomes where each CWS
component has two values (x and y) and shows the highest percentage of how many times
each value is repeated by the participants.

Table 8. Frequencies outcome.

Component X (Minutes) Repeating Percentage Y (Weeks) Repeating Percentage

Chillers 30 75% 12 56%
Cooling Towers 30 68% 16 39%

Pumps 60 49% 24 34%
Terminal Units 45 40% 8 39%

From the above table, the proposed readings’ time interval of the chosen operational
parameters for the chiller in operation is every 30 min over a study period of 12 weeks.
The same procedure is for other CWS components taking into consideration that these
frequencies are convenient and applicable for the chosen city (Riyadh). These frequencies
provide a justifiable thought on how to build the ML model, to predict the faults, and
to control the entire CWS. Having said the operational parameters, the survey asked the
participants in its fourth part about their opinion on specific operational parameters for
each CWS component. This is to ensure that these operational parameters are valid and are
the best to provide the health condition of the CWS components, and accordingly to find
and predict the faults. Table 9 shows that the majority of the participants said the chosen
operational parameters are the best to predict the health condition of CWS components,
and accordingly verifies the belief of the said SLR.

Table 9. Operational parameters.

Component Operational Parameters Participants, Who Are with the Choice

Chillers Water Leaving Temperature (◦C) 98%
Cooling Towers Water Leaving Temperature (◦C) 96%

Pumps Pressure (Bar) 100%
Terminal Units Space Temperature (◦C) 90%

4. Conclusions

This article is a contribution of the published SLR research on the applications of PdM
4.0 for CWS at CBs. It is intended to fill the research gaps that are listed by the said SLR,
which are related to the CWS faults and their frequencies. To address these research gaps,
a survey was prepared as concluded by the said SLR, and it went through constructive
guidelines and a pilot study. The survey was sent to 761 CBs in Riyadh city, which have
valid registration certificates with the concerned authority. As recommended by the pilot
study, the CBs that were contacted have a minimum age of three years. Within three
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months’ time, 336 responses were received, out of which 304 responses are considered in
this research as they have CWS in their facilities.

Besides the outcomes of the said SLR, the survey enriched the research community
with additional faults that are affecting CWS performance. It provided 17 faults for chillers,
13 faults for cooling towers, 10 faults for pumps, and 20 faults for terminal units, while
the said literature only addressed 7 faults for chillers, 3 faults for cooling towers, 6 faults
for pumps, and 9 faults for terminal units. Moreover, the survey provided a manageable
solution or action for each fault, which either addressed in the literature or resulted from the
survey, whereas the previous studies, which were mentioned in the said SLR, ended with
only detecting the faults and they did not provide solutions to fix the same. Furthermore,
this research showed the importance of covering the entire CWS in future studies as
there are faults appearing in a particular CWS component due to another component’s
health condition.

The main part of any PdM 4.0 program is applying ML algorithms to predict the
system faults, and these algorithms require a dataset to build the predictive model. Having
said that, the said literature has not justified the frequencies of fault appearance, which were
used to create their datasets, noting that the source of these frequencies was the readings
of chosen operational parameters. The survey resulted in justifiable frequencies for each
component, which can be used in creating the dataset of any ML model and to control the
CWS after training and testing the said model. The chosen operational parameters here
are the water leaving temperature for chillers and cooling towers, the pressure for pumps,
and the space temperature for the terminal units, which are the best to predict the faults
as verified by the survey. To create a dataset for each CWS component, the readings of
water leaving temperature of a particular chiller are proposed to be taken every 30 min for
a time period of 12 weeks. For a particular cooling tower, the readings of water leaving
temperature are proposed to be taken every 30 min for a time period of 24 weeks. For a
particular pump, the readings of pressure are proposed to be taken every 60 min over a time
period of 24 weeks. For a particular terminal unit, the readings of the space temperature
should be taken every 45 min for a time period of 8 weeks. The readings must be taken
while operating the system and should be collected by professional technicians or users.
These data are recommended to be recorded by one of the quality engineering tools such as
check sheet. The check sheet should include cells for writing down the readings as well
as cells for the inspection results, which should be either ‘1′ in case of fault, or ‘0′ in case
of no fault. So, the dataset contains two columns, one is for the readings of the particular
component and the other one is for the related inspection results.

The scientific contributions of this research are summarised as follows:

• The survey outcomes verified that there are more faults, which are not addressed or
identified by the literature;

• Based on the survey results, faults frequencies are proposed to provide the researchers
a justifiable thought on how to build the dataset for any ML model;

• A solution or action is provided for each fault to provide a comprehensive management
view as the literature ended the proposed PdM programs by tracing the faults.

Though this research and the said SLR made a rigorous investigation on PdM 4.0
application for CWS, researchers are advised to perform further studies to explore more
insights on these applications. Below are the suggested future research agendas:

• While making a PdM 4.0 program, the proposed frequencies can be considered to
create the dataset for ML algorithms;

• This research confirmed that the appearance of the faults at a particular CWS compo-
nent is due to the health condition of another component. Therefore, future research
should consider covering the whole system for a more effective PdM program;

• The selected building is assumed to have sensors, for example, to collect readings of
the operational parameters. In case of no reading’s tools, a procedure on how to have
them available should be discussed and proposed.
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