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Abstract

Indoor Air Quality (IAQIndoor Air Quality (IAQ) is critical in hospital
environments due to the increased vulnerability of patients and
healthcare workers to airborne contaminants. Maintaining optimal IAQ
is essential for protecting health and ensuring a safe clinical
environment. This study evaluates the effectiveness of HVAC Planned
Preventive Maintenance (PPM) in improving IAQ within hospital
wards, following guidelines from the Department of Occupational
Safety and Health (DOSH) and the Ministry of Health (MOH) under ICOP
2010. A case study approach was applied in two hospital wards with
centralized HVAC systems. [AQ measurements were taken before and
after PPM interventions. Ethical approval was obtained, and
monitoring was conducted in collaboration with hospital management
and the National Institute for Occupational Safety and Health (NIOSH)
Malaysia. The Wilcoxon signed-rank test revealed significant
improvements (p < 0.05) in case study 1 for temperature, air
movement, TVOC, CO,, CO, CH,0, O3, and PM2.5. In case study 2,
significant changes were noted for RH, PM10, CO,, Oz, and PMzs.
However, parameters such as microbial counts, PM10 (CS1), and
temperature (CS2) showed no significant change. These findings
highlight the positive impact of PPM on IAQ while identifying areas that
require targeted improvements, supporting the development of more
effective HVAC maintenance strategies in healthcare settings.

1. Introduction

Indoor Air Quality (IAQ) plays a critical role in safeguarding the health and comfort of hospital occupants,
including patients, healthcare personnel, and visitors, who are particularly vulnerable to airborne pollutants.
Effective IAQ management depends heavily on systematic maintenance practices, with Planned Preventive
Maintenance (PPM) of HVAC systems being a key strategy. Despite its importance, hospital administrators often
lack evidence on whether PPM activities result in measurable improvements in IAQ parameters. Therefore, this
study aims to evaluate the impact of HVAC PPM on IAQ by comparing parameter measurements taken before and
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after maintenance. The analysis, conducted using the Wilcoxon signed-rank test, is guided by the standards
outlined in the Industry Code of Practice on Indoor Air Quality (ICOP 2010) and the Ministry of Health (MOH) IAQ
guidelines for hospitals.

This study addresses a significant research gap: the lack of access to IAQ data from hospital wards, which are
often highly restricted areas. Previous studies either monitored IAQ parameters before or after PPM interventions
orrelied on secondary data from hospital support services, limiting the scope of analysis. In contrast, this research
obtained direct measurements under ethical approval from the National Medical Research Register (NMRR), the
Universiti Tun Hussein Onn Malaysia (UTHM) Ethics Committee, and the Malaysian Research Ethics Committee
(MREC). This study received ethical approval from the Human Research Ethics Committee of UTHM (approval
code: UTHM/RMC/100-9/139 J1d. 3(04), dated 16th August 2023) and the Medical Research & Ethics Committee,
NMRR (approval code: NMRR ID-23-02808-KFP [IIR]). All participants were thoroughly informed about the
study's objectives, procedures, and anticipated results. The researchers hold absolute confidentiality for
individual participants and organizational information throughout the research process. With the assistance of
hospital administration and NIOSH Malaysia, this study effectively conducted IAQ monitoring in hospital wards,
offering useful insights into the effects of PPM HVAC on IAQ levels in healthcare settings.

1.1 Indoor Air Quality

IAQ is a critical component of Indoor Environmental Quality (IEQ), encompassing the air condition within
buildings and its impact on the health, comfort, and well-being of occupants. The World Health Organization
(WHO) [1] defined IAQ as "the quality of indoor air inside buildings and structures, especially as it relates to the
health and comfort of building occupants.” Similarly, in Malaysia, the Department of Occupational Safety and
Health (DOSH) [2] emphasized IAQ's role in safeguarding the health and comfort of individuals in indoor
environments [3], [4].

Indoor air pollutants are divided into two categories: pollutants produced by indoor activities and
characteristics and ambient pollutants that enter indoor areas from the outside [5]. Historically, research on air
quality has been concentrated on outside habitats, leaving interior air quality and its implications relatively
unexplored until the last decade [6]. The significance of IAQ becomes clear when contemplating its far-reaching
consequences. Notably, poor ventilation in air-conditioned areas, such as hotel rooms, can result in the buildup of
pollutants and temperature discomfort. This produces an atmosphere conducive to virus transmission, posing
severe dangers to inhabitants' bodily and mental health [7]. For instance, symptoms associated with Sick Building
Syndrome (SBS) such as headaches, dizziness, fatigue, and respiratory issues are known to reduce work
performance and overall life satisfaction, particularly in environments where people spend extended periods
indoors [8]. Accordingly, these challenges highlight the need to prioritize IAQ as a public health issue [9] [10].
Hence, public awareness and education about IAQ's impact on health are equally crucial. Furthermore, enhancing
compliance with [AQ standards can significantly improve public health outcomes [11]. Addressing [AQ
comprehensively requires an integrated approach, combining mechanical systems for heating, cooling, and
ventilation, as well as strategies for reducing pollutant sources and improving air circulation [12]. In summary,
maintaining appropriate [AQ is critical for occupant health, comfort, and productivity. As research highlights its
significance, incorporating IAQ management into building design and maintenance methods will play a critical
role in improving the quality of indoor spaces.

IAQ is influenced by various contaminants, as indicated by organizations such as WHO and Malaysia's DOSH.
DOSH defined 11 essential characteristics for this study, which focuses on IAQ in Malaysia, and divided them into
three categories: physical, chemical, and microbiological. The physical parameters include temperature, Relative
Humidity (RH), and air movement, which collectively impact thermal comfort and air distribution within indoor
spaces. The chemical parameters encompass Carbon Dioxide (CO), Carbon Monoxide (CO), respirable particulate
matter (PMio), Total Volatile Organic Compounds (TVOC), Formaldehyde (CH20), and Ozone (03). All of these
factors significantly influence air quality and occupant health by contributing to both short- and long-term
exposure risks. Lastly, the microbiological parameters are represented by Total Bacterial Count (TBC) and Total
Fungal Count (TFC), critical indicators of microbial contamination that can affect respiratory health and overall
well-being. These classifications align with international IAQ standards and provide a comprehensive framework
for assessing and managing IAQ in Malaysian buildings. Table 1 summarizes the regulations on IAQ specifically
for Malaysia introduced by the DOSH in 2010. The DOSH guidelines provide standards to protect the health of
workers and other building occupants.
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Table 1 The guidelines for an acceptable limit of IAQ parameters

No. Parameter Unit Acc. Limit
Malaysia

1 Temperature °C 23-26

2 Relative humidity % 40-70

3 Air movement m/s 0.15-0.50

4 Carbon dioxide ppm c1000

5 Carbon monoxide ppm 10

6 Respirable particulate mg/m3 0.15

7 TVOC ppm 3

8 Formaldehyde ppm 0.1

9 Ozone ppm 0.05

10 Total bacteria count cfu/m3 500

11 Total fungal count cfu/ms3 1000

Fonseca [13] highlighted a growing research interest in IAQ in healthcare facilities, driven by the prolonged
time healthcare providers, staff, and patients spend in these environments. IAQ in such settings is influenced by
various factors, including outdoor air quality, occupant density, ventilation practices, indoor activities, and
emissions from equipment, furniture, and coatings. Moreover, vulnerable individuals and the nature of healthcare
activities underscore the need for effective JAQ management in these facilities [14]. Various sources of 1AQ
contaminants from the hospital ward condition were recorded from the walkthrough inspection before the
physical measurement at the case study location. This includes the function of spaces in hospital buildings, finishes
and furnishings in hospital buildings, building equipment (machines and appliances) in hospital buildings,
occupants and occupant activities in hospital buildings and maintenance in hospital buildings.

2. Method

For the physical measurements conducted in this study, data collection was divided into two phases: before and
after the PPM of the HVAC system. This division allowed for a comparative analysis of the indoor environmental
conditions resulting from the PPM HVAC intervention. Both types of monitoring followed guidelines from DOSH
2010 and the 'Guideline on IAQ for Hospital Support Services' from MOH, Malaysia [15].

Based on the eleven parameters outlined in the guidelines, this study selected all of these parameters for [AQ
sampling, including temperature, RH, air movement, TVOC, CO,, CO, PM44, PM,.5, O3, CH20, and TBC and TFC.
Sampling points are determined based on the size of the building, specifically the total area of the hospital ward
at the case study location. This study employed real-time monitoring techniques to detect contaminant sources
and assess the temporal variation of indoor air quality (IAQ) parameters throughout the day. In accordance with
the guideline [15], when continuous 8-hour sampling is impractical, an intermittent or surrogate measurement
strategy is permissible. This involves averaging half-hour measurements taken during four distinct time slots.
Time slots were selected based on the building’s operational schedule, ensuring even distribution across typical
office hours. Accordingly, sampling was conducted at 9:00 am, 11:00 am, 1:00 pm, and 5:00 pm. The number and
distribution of sampling points were determined based on the total floor area, following ICOP 2010 guidelines.
For buildings under 3,000 m?, one sampling point per 500 m? is required. For larger buildings, the number of fixed
sampling points is scaled accordingly: 8 for 3,000-4,999 m?, 12 for 5,000-9,999 m?, 15 for 10,000-14,999 m?, 18
for 15,000-19,999 m?, and 21 for 20,000-29,999 m?. For facilities exceeding 30,000 m?, one sampling point
should be provided for every 1,200 m?. In this study with estimated 1,011.03 square meters as the layout shown
in Figure 1, eight sampling points were identified by a qualified IAQ assessor from the National Institute of
Occupational Safety and Health (NIOSH) Malaysia, who was engaged to conduct all physical measurements. The
locations for physical measurements were selected from two wards in a public hospital in Johor, Malaysia, referred
to as case study 1 and case study 2. These wards were chosen based on their comparable characteristics, including
the use of a centralized HVAC system, identical building layout, and similar HVAC system specifications such as
the Air Handling Unit (AHU) configuration, system components, ducting layout, and the Planned Preventive
Maintenance (PPM) procedures. These similarities make the locations suitable for comparative analysis.
Additionally, the ward environment involves healthcare staff working in shifts of approximately eight hours per
day, resulting in prolonged exposure to indoor air contaminants. This exposure has the potential to influence
Indoor Air Quality (IAQ) parameters and contribute to Sick Building Syndrome (SBS) symptoms among the staff.
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Fig. 1 Case study layout

Monitors should be placed at appropriate sampling points according to the ICOP-IAQ criteria [2]. A building
map and duct arrangement might help inpoint specific places to monitor. Workstations should be properly placed
to reduce disturbances, avoiding corners, windows, walls, air supply sources, direct sunlight, and localized
pollution sources such as printers. In addition, workstations should also have sufficient clearances at least 3
meters from elevators, 2 meters from doors, and 0.5 meters from vertical surfaces and not hinder occupant
movement. Meanwhile, sampling inlets should be mounted at a height of 75-120 cm, preferably 110 cm above the
floor. Notably, specific calibrated equipment was used for sampling various IAQ parameters: A portable TSI IAQ
Meter and YES AIR Monitor for temperature, humidity, air velocity, TVOC, CO,, and CO; a CH20 meter for CH,0; a
TSI Dust-Trak for particulate matter; and an AEROQUAL Ozone Monitor for 0s. Microbial sampling utilized the
SKC Biostage Bioaerosol Impactor with Malt Extract Agar(MEA) for fungi andTryptic Soy Agar (TSA) for mold and
bacteria, calibrated per NIOSH guidelines. Samples were analyzed at the NIOSH Industrial Hygiene Laboratory. All
equipment was operated according to the manufacturers’ guidelines and standard operating procedures to ensure
the accuracy and reliability of the collected data. The data collected during IAQ monitoring were subjected to
statistical analysis using IBM SPSS Statistics software. Descriptive statistics, including the mean (average),
minimum, and maximum values, were computed for each IAQ parameter to characterize the environmental
conditions across different time slots and sampling locations. This approach provided a comprehensive overview
of the variation and distribution of indoor air quality indicators within the monitored buildings.

Besides, The PPM activities were carried out according to a standard PPM checklist, which included inspecting
the interior of the air handler and performing cleaning as necessary, checking the condition of belts, adjusting
tension, or replacing them if required, inspecting the cooling coil and heating coil for any signs of damage or
leakage, examining the heat pipe or electric heater (if available) for damage, checking the drain pan for leaks and
clearing any blockages, and assessing the condition of the primary filter. Washable filters were cleaned if needed,
while non-washable filters were replaced only when necessary or on an annual basis, as stipulated in the
maintenance protocol. General cleaning and housekeeping were also performed on the equipment, control panel,
and the surrounding mechanical room to maintain cleanliness and ensure proper operation of the system.
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3. Analysis and Discussion

3.1 Physical Parameter

The data sampling for IAQ parameters was conducted before and after the PPM for HVAC was conducted.
Technically, the data sampling collected before the PPM maintenance has been influenced by contaminants. The
physical parameters of IAQ include temperature, RH, and air movement, which play a crucial role in determining
indoor environmental comfort and air quality. These parameters are measured to assess whether the indoor
environment meets recommended ranges for health and comfort [16] [17]. Figure 2 illustrates the recorded
trends of temperature over a three-day monitoring period in Case Studies 1 and 2. The data reflects continuous
measurements conducted across the three days to assess these IAQ parameters. This analysis provides a clear
understanding of physical conditions over time and their alignment with acceptable thresholds. Temperature is a
critical parameter in assessing thermal comfort and indoor air quality (IAQ) in hospital wards. According to the
ICOP (2010)[2] guidelines, the acceptable temperature range for indoor environments is between 23°C and 26°C.
Measurements were taken over six consecutive days three days before and three days after the PPM HVAC at four
intervals daily (9:00 am, 11:00 am, 1:00 pm, and 5:00 pm) in two case study wards.

Before the PPM intervention, temperatures in both CS1 and CS2 consistently remained within the acceptable
limits. However, slightly higher temperatures were observed, particularly during midday readings, where CS1
recorded values up to 24.99°C and CS2 up to 24.09°C as illustrated in Figure 2. Post-PPM, a noticeable
improvement in temperature regulation was observed. In CS1, temperatures stabilized closer to the lower limit
of the acceptable range, with values ranging from 23.03°C to 23.40°C. Similarly, CS2 showed a trend towards lower
and more consistent temperature readings, ranging from 22.20°C to 24.57°C, indicating enhanced cooling

efficiency.
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Fig. 2 Temperature record

Relative humidity (RH) plays a vital role in maintaining thermal comfort, controlling microbial growth, and
ensuring the overall IAQ in hospital settings. The acceptable RH range as prescribed by the ICOP (2010)[2] is
between 40% and 70%. Prior to the PPM intervention, RH levels in CS1 consistently exceeded the maximum
allowable limit of 70%, with values ranging from 73.09% to 75.23% as presented in Figure 3. This indicates an
over-humid environment, which can increase the risk of microbial growth and reduce occupant comfort. In
contrast, CS2 recorded relatively lower RH levels during the same period, with some values falling within the
acceptable range (e.g., 62.33%-71.13%), though still approaching or slightly exceeding the upper limit. Following
the PPM, CS1 showed a notable reduction in RH levels, with values decreasing to a range of 71.40%-75.11%. While
some readings remained slightly above the recommended limit, the overall trend indicates improved humidity
control. CS2, on the other hand, demonstrated further improvements, with RH readings stabilizing within or near
the acceptable range (67.34%-70.93%), and a more consistent pattern of humidity regulation was observed post-
maintenance. These findings suggest that the PPM activity positively impacted the performance of the HVAC
system in moderating indoor humidity levels, particularly in CS2. Improved RH control contributes to better
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occupant comfort and reduces the potential for microbial proliferation in critical indoor environments such as
hospital wards.

Relative Humidity %
80 1 75.04 75.11
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65 A
60 A
55 4
50 A
45 4
40 A
35 4
SHEEEBEBEEEEEEEEEEEEBEEE
SHEEEEEEEEEEEEEEEEEEEEEE
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Before PPM HVAC After PPM HVAC
—o—CSl CS2 Max. Limit Min. Limit

Fig. 3 Relative humidity record

Air movement is a key parameter in IAQ assessment, particularly in hospital environments where effective
ventilation supports occupant comfort and reduces airborne contaminant levels. According to ICOP (2010)[2], the
acceptable air velocity range is between 0.15 m/s and 0.50 m/s. Prior to maintenance, most air movement
readings in both wards were below the minimum threshold as shown in Figure 4. CS1 recorded values ranging
from 0.11 m/s to 0.15 m/s, while CS2 showed even lower velocities, with some measurements as low as 0.04 m/s.
This indicates poor ventilation performance, particularly in CS2. Following HVAC maintenance, slight
improvements were observed. CS2 achieved its highest post-PPM value of 0.129 m/s, but overall, both wards still
recorded values below the recommended limit. In CS1, post-maintenance air movement ranged between 0.054

m/s and 0.089 m/s, showing minimal improvement.
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Fig. 4 Air movement record
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The chemical parameters of IAQ include a set of seven critical metrics that indicate the presence of pollutants
and the overall air quality. The chemical IAQ parameters consisting of PM1o, PM2s5, TVOCs, CO,, CO, CH,0, and O3
were measured before and after maintenance to assess the effectiveness of interventions. The changes in these
chemical parameters for both case studies over three days are analyzed and visualized using a line chart in Figure
5, highlighting trends and shifts pre- and post-maintenance. These parameters were observed in hospital wards,
primarily due to human occupancy and inadequate ventilation [18]. Across three days of monitoring in CS1, PM,
concentrations prior to PPM consistently remained well below the acceptable limit of 0.15 mg/m?® set by ICOP
(2010)[2]. Specifically, PM;, levels ranged from 0.015 to 0.022 mg/m? on Day 1, 0.015 to 0.026 mg/m? on Day 2,
and 0.022 to 0.038 mg/m? on Day 3, with the peak value recorded during day 3 at 1.00 pm.

Following PPM, while PM;, concentrations showed some fluctuations, they remained within permissible
limits. On Day 1 post-maintenance, concentrations increased slightly to a range of 0.016 to 0.042 mg/m?, with the
highest value observed during day 4, 9.00 am. On Day 5, the range narrowed to 0.015 to 0.027 mg/m?, and on Day
6, values ranged from 0.016 to 0.026 mg/m?. The observed fluctuations, particularly the spike on Day 4, which
first day of post-PPM, may be attributed to increased human activity or mechanical disturbance immediately
following maintenance. This is supported by Palmisani et al. [18], who noted that particulate matter
concentrations in hospital environments can be influenced by resuspension of settled particles due to staff or
patient movement, as well as cleaning activities. Such factors could temporarily elevate PM, levels, even in well-
maintained indoor environments.

In CS2, PM;, levels both before and after PPM were markedly below the ICOP (2010)[2] permissible limit of
0.15 mg/m>. Before maintenance, concentrations ranged from 0.023 to 0.037 mg/m?, with the highest value
observed on Day 1 during 11.00 am. After PPM, a general reduction in PM, levels was noted, with concentrations
falling between 0.017 and 0.031 mg/m?, and the peak again occurring on Day 4 (9.00 am). The consistently low
levels of PM4, in CS2, both before and after maintenance, suggest effective existing control measures and a
relatively stable indoor air environment.

Respirable Particulate mg/m?>
0.16 1
0.14
0.01? ] After PPM HVAC
0.08 - Day 4 9.00 am,
0.06 - 0.042
0.04 A
0.02 A .\.__._.__.,’.”"‘M e i 0o 0900
0 T T —TT T T T T T T —TT T T —TT T T T T T T
EEEEEEEEEEEBEBEEEEEEBEEE
SEEEHEEEEHEEEEEHEEEHEEEEEEEE
cn:.—‘v-,cn:.—‘v-,cn:.—‘v-,cn:.—‘v-,c\:.—‘v-,c\:.—‘v-,
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Before PPM HVAC After PPM HVAC
—8—CSl CSs2 Limit

Fig. 5 Respirable particulate (PMio)concentrations

For case study 1, TVOC concentrations were consistently well below the acceptable limit of 3.0 ppm as
stipulated by the ICOP (2010)[2]. Prior to the HVAC maintenance, TVOC levels ranged from 0.395 to 1.159 ppm,
with the peak value observed on Day 3 at 11.00 am as shown in Figure 6. Following the PPM, there was a notable
reduction in TVOC levels across all sampling slots, with concentrations ranging from 0.22875 to 0.570 ppm. The
highest post-maintenance value was again recorded on Day 6, on 11.00 am, but at a significantly lower
concentration of 0.570 ppm. This consistent decline in TVOC levels after PPM illustrates the effectiveness of HVAC
maintenance in enhancing indoor air quality. Importantly, all measured values remained well within the
permissible exposure limits throughout the monitoring period, ensuring compliance with national IAQ standards
and contributing to a safer indoor environment for hospital staff.

In contrast, for CS2, although all TVOC readings remained below the 3.0 ppm threshold, the trend observed
after maintenance differed from CS1. Pre-maintenance TVOC concentrations ranged from 0.106 to 0.371 ppm,
with the highest value recorded on Day 2 at 1.00 pm. Interestingly, after the PPM intervention, TVOC levels
increased in several sampling slots, ranging from 0.081 to 1.002 ppm. The maximum post-maintenance
concentration was recorded on Day 4 at 9.00 am. Despite this increase, all values still fell within the acceptable
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range defined by ICOP (2010)[2]. The unexpected rise in TVOC levels post-maintenance may suggest external
influencing factors, such as occupant activities, use of cleaning agents, or material off-gassing, which warrant
further investigation. This contrasting outcome between CS1 and CS2 highlights the importance of contextual
factors in assessing IAQ improvements and emphasizes that while PPM plays a critical role, it must be
complemented by other IAQ management practices to achieve consistent results across different settings.

Total Volatile Organic Compound ppm
3.500 -
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2.500
2.000
1500 { 0,756 0.948 1159 1002 0.974 0781
o Toay o @ s
8(5)88 . *Q—H__./.\./.-*‘.\a/._
E|E|E|E|E|5|E|E|E|E|E|E(E|5|E|EE|E|EE B EIEE
SHEBEEHEEEE888BEHEE8E8E88EEEEE
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Before PPM HVAC After PPM HVAC
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Fig. 6 Total volatile organic compound concentration (TVOC) concentrations

For both CS1 and CS2, CO, concentrations measured before and after the PPM intervention remained
consistently below the recommended limit of 1000 ppm, as set by both the ICOP (2010)[2] and the ASHRAE
standard. This indicates that the ventilation systems in both hospital wards were functioning within acceptable
parameters to support indoor air quality and occupant comfort. In CS1, pre-maintenance CO, levels ranged from
445 to 533 ppm, with the highest value recorded on Day 3 at 9.00 as illustrated in Figure 7. Following HVAC
maintenance, CO, concentrations increased noticeably, ranging from 562 to 627 ppm, with the peak level
observed on Day 4 at the evening 5.00 pm. Despite the increase, all values remained well within the permissible
exposure limit, reflecting sufficient ventilation and compliance with IAQ guidelines. The observed rise in CO,
levels after maintenance may be attributed to changes in occupancy patterns, increased staff activity, or the
reintroduction of enclosed spaces post-servicing. Palmisani et al. [18] noted that CO, concentrations tend to rise
during peak occupancy hours (typically between 08:00 and 15:00) due to elevated metabolic emissions from
occupants, supporting the possibility that human presence and activity levels may have influenced these results.

Similarly, in CS2, CO, concentrations before PPM ranged from 534 to 606 ppm, with the highest level
occurring on Day 3 at 5.00 pm. The lowest concentration was recorded on Day 2 at 11.00 am (556 ppm). After
maintenance, CO; levels showed a modest increase, ranging from 552 to 696 ppm. The highest post-maintenance
concentration was measured on Day 6 at 9.00 am, while the lowest was observed on the evening at the same day.
Although a slight rise was evident post-intervention, all readings remained significantly below the 1000 ppm
threshold, indicating sustained air quality and effective ventilation throughout the monitoring period. These
findings suggest that while CO, concentrations increased slightly in both case studies following HVAC
maintenance, they did not exceed safety thresholds and thus did not compromise indoor environmental quality.
The results highlight the dynamic nature of indoor CO; levels and reinforce the need to consider contextual factors
such as occupancy density, activity levels, and operational schedules when interpreting IAQ data. Overall, the PPM
intervention-maintained compliance with established standards, contributing to a safe and healthy indoor

environment in both healthcare settings.
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Fig. 7 Carbon dioxide (CO;) concentrations

In both CS1 and CS2, CO concentrations measured before and after the PPM of the HVAC system remained
well within the permissible limit of 10 ppm, as stipulated by ICOP (2010)[2]. This indicates that the indoor
environments in both settings maintained safe CO levels throughout the monitoring period, regardless of
fluctuations observed pre- and post-intervention. At CS1, CO concentrations prior to HVAC maintenance ranged
from 2.9 to 3.5 ppm, with the highest value recorded on Day 3 at 11.00 am as illustrated in Figure 8. Following the
PPM intervention, CO levels increased noticeably, ranging from 3.9 to 5.6 ppm, with the maximum value detected
on Day 4 evening at 5.00 pm. Although the post-maintenance levels were higher, they remained well below the
regulatory limit, indicating continued compliance with IAQ standards and no immediate health concerns for
occupants. The observed rise could be linked to temporary operational changes, external infiltration, or increased

mechanical activity during or shortly after the maintenance process.
While in CS2, the pattern of CO concentrations was more stable. Before maintenance, levels ranged from 1.9

to 3.0 ppm, with the highest concentration observed at 5.00 pm day 2, and the lowest in slot day 1 at 1.00 pm.
After the maintenance, CO levels fluctuated only slightly, between 1.8 and 3.1 ppm. The highest post-maintenance
values were recorded in Day 5 at 5.00 pm and Day 6 at 9.00 am (3.1 ppm), while the lowest occurred on Day 6,
1.00 pm with 1.8 ppm. These modest fluctuations indicate minimal impact of the HVAC PPM on CO concentrations
in this case, possibly due to more consistent indoor conditions and ventilation patterns.

Cabon Monoxide ppm
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Fig. 8 Carbon monoxide (CO) concentrations
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The CH,O concentration trends before and after the PPM of the HVAC system are illustrated in the
corresponding figure, showing fluctuations that largely remained within the acceptable limit of 0.1 ppm set by
ICOP (2010)[2]. In CS1, pre-maintenance CH,0 concentrations ranged from 0.030 to 0.075 ppm, with the highest
value recorded on Day 1 at 1.00 pm and the lowest on Day 3 at 5.00 pm as shown in Figure 9. Following
maintenance, CH,0 levels increased slightly, ranging from 0.049 to 0.103 ppm. The peak value, observed on Day
5 at 1.00 pm, slightly exceeded the regulatory limit. This marginal exceedance may be attributed to short-term
emissions released during or after HVAC servicing, highlighting the importance of ongoing monitoring to ensure
consistent compliance with IAQ standards.

In CS2, CH;O levels remained well within the permissible limit throughout the monitoring period. Before
maintenance, concentrations varied modestly between 0.020 and 0.040 ppm, with the highest value found in Day
2 at 1.00 pm and the lowest at Day 3 at 11.00 am. After PPM, concentrations ranged from 0.010 to 0.079 ppm,
peaking in Day 4 early morning at 9.00 am and reaching the minimum in day 3 at 5.00 pm. The post-maintenance

values demonstrated slight fluctuations but remained within safe levels.

Formaldehyde ppm

0.120 ~ 0.103

0.100 4

0.080 - 0.065 "

0.060 4 /

0.040 4 ¢

0.020 A

0000 11T T T T T T T T T T T T T T T T T T
HEEEEEEEEEEEEEEEEEEEBEE
SEEEEEEEEEEEEEEEEEEEEEEE

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Before PPM HVAC After PPM HVAC
—o—CS1 CS2 =—Limit

Fig. 9 Formaldehyde (CHz0) concentrations

In both CS1 and CS2, O3 levels remained well below the ICOP (2010)[2] limit of 0.05 ppm before and after the
PPM HVAC. At CS1, most pre-maintenance readings were 0.010 ppm, with some slots showing no detectable O;
as shown in Figure 10. After maintenance, levels dropped further to between 0.000 and 0.008 ppm, suggesting
improved air quality. While in CS2, O3 was undetectable (0.000 ppm) before maintenance. After PPM, there was a
slight increase to between 0.003 and 0.006 ppm, but still far below the allowable limit. These results show that O
levels were well controlled in both cases and that HVAC maintenance contributed to maintaining a safe indoor

environment.
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Fig. 10 Ozone (03) concentrations
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In both CS1 and CS2, PMzs concentrations remained below the WHO (2010) 24-hour guideline of 0.025
mg/m?3, indicating safe indoor air quality throughout the study. At CS1, PMzslevels ranged from 0.0044 to 0.0072
mg/m? before maintenance and increased slightly after PPM to between 0.0064 and 0.0114 mg/m? as shown in
Figure 11. Despite the rise, values remained within safe limits. At CS2, PMzslevels ranged from 0.0097 to 0.0172
mg/m? before PPM and showed a slight decline post-maintenance, falling between 0.0079 and 0.0162 mg/m?.
Although ICOP (2010)[2] does not set PMzslimits, all values complied with WHO standards, confirming that HVAC

PPM helped maintain good air quality in both hospital settings
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Fig. 11 Particulate matter (PMz5) concentrations

The microbiological parameters of IAQ focus on the presence and concentration of TBC and TFC, which are
crucial for assessing the microbial contamination of indoor environments. The measurement of bacteria and fungi
is vital as they are linked to respiratory disorders and thrive in nutrient-enriched microclimates [19][20][21].
Accordingly, microbiological parameters, including TBC and TFC, were collected for a single day and are presented
in the table with their mean, maximum, and minimum values. Unlike other parameters, microbiological data
require laboratory analysis, making them more complex to evaluate. Figure 12 compares the levels of TBC with
the acceptable limits, highlighting any deviations from the recommended standards.

In CS1, TBC peaked around midday before PPM-HVAC at 11.00am and declined thereafter. A similar trend
was observed in Phase 2, with slightly lower readings, suggesting improved conditions post-PPM. TBC levels
consistently remained below the ASHRAE and ICOP limit of 500 cfu/m?3. In CS2, TBC levels were higher before the
PPM-HVAC compared to after the PPM-HVAC, reinforcing the positive impact of HVAC maintenance. Both phases
showed a consistent diurnal trend, with TBC rising during midday breaks and falling toward the evening. At all
times, values remained well within the acceptable limits, supporting the role of PPM in maintaining
microbiological air quality.
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Fig. 12 Total bacterial count concentrations

In case study 1, TFC patterns before and after HVAC maintenance were largely consistent, with post-PPM
readings showing slight reductions as shown in Figure 13. This suggests that PPM contributed to better fungal
control within the ward environment. Similarly, in Case Study 2, TFC levels declined after the PPM intervention
and remained well below the ICOP (2010)[2] and ASHRAE limit of 1000 cfu/m?®. These findings highlight the
effectiveness of routine HVAC maintenance in reducing airborne fungal contamination in hospital settings.
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Fig. 13 Total fungal count concentrations

4. The Significance of PPM Toward IAQ Parameters

The Wilcoxon Signed-Rank Test is a nonparametric test that compares paired data, making it appropriate for
determining changes in IAQ parameters before and after maintenance. The Wilcoxon Signed-Rank test for the
intervention of PPM HVAC on the level of IAQ parameters was investigated using the previous work [22]. Prior to
conducting statistical comparisons, the normality of IAQ parameter data collected before and after PPM HVAC was
assessed using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Normality tests were performed for the data in
Case Study 1 and case study 2 prior to conducting the Wilcoxon signed-rank test. The results indicated that the
data did not meet the assumption of normality, warranting the application of the non-parametric Wilcoxon signed-
rank test. This test was employed to rigorously evaluate the significance of changes in IAQ parameters attributable
to PPM interventions. The preliminary normality assessment is critical for selecting suitable analytical techniques,
ensuring the robustness and validity of the study’s findings.

The author defined this method as a nonparametric method employed in engineering to compare
measurements before and after maintenance. It successfully detects changes in performance or quality without
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assuming a certain distribution of the data. Additionally, it determines whether the median ranks of two linked
datasets differ significantly without requiring that the data be regularly distributed. Moreover, this test is
especially useful for assessing IAQ parameters, which frequently exhibit outliers or non-normal distributions.
Comparing matched observations, such as CO, levels or PM;, concentrations, can reveal if maintenance actions
resulted in statistically significant changes, offering useful insights into their effectiveness. Table 2 summarizes
the Wilcoxon Signed Ranks Test results, indicating significant changes in most [AQ parameters after the
intervention compared to before, as suggested by p-values (Asymp. Sig. 2-Tailed) less than 0.05. The Z values
reflected the magnitude and direction of the differences as follows; A negative Z value indicated that the parameter
level after PPM was significantly lower than before PPM and a positive rank highlighted improvements where the
parameter level after intervention increased significantly. Note that key parameters like temperature, air
movement, TVOC, CO,, CO, CH,0, O3, and PMz s exhibit statistically significant improvements, suggesting effective
intervention. However, parameters such as PM1o, TBC, and TFC did not demonstrate significant changes, with p-
values of 0.336, 0.234, and 0.493, respectively, indicating these may require further investigation or targeted
measures.

Table 2 The intervention level of parameters for case study 1

IAQ Parameter Tested Z Asymp. Sig. (2-Tailed)
Temp after-Temp before -6.581b .000
Rh after-Rh before -2.479b .013
Air M. after-Air M. before -5.425b .000
PM10 after-PM10 before -.963¢ 336
TVOC after-TVOC before -4.807b .000
CO: after-COz before -6.064¢ .000
CO after-CO before -5.153¢ .000
CH20 after-CHz20 before -6.435¢ .000
03 after-03 before -4.158b .000
TBC after-TBC before -1.191b 234
TFC after-TFC before -.685P 493
PM2.5 after-PM2.5 before -6.005¢ .000

a. Wilcoxon Signed Ranks Test
b. Based on positive ranks.
c. Based on negative ranks.

The results were further analyzed by separating the parameters into positive and negative ranks based on the
direction of the observed changes. The test results indicated positive ranks for parameters, where their values
recorded after the intervention were significantly higher than before the intervention. Notable examples included
temperature, which had asymp. sig. (2-tailed) value of 0.000 and Z value of -6.581, as well as air movement, TVOC,
and O3, with respective Z values of -5.425, -4.807, and -4.158. These findings highlighted improvements in these
parameters post-intervention. Conversely, negative ranks were observed for parameters whose values were
significantly lower after the intervention. These included relative humidity with Z value of -2.479 and asymp. sig.
(2-tailed) value of 0.013, as well as CO,, CO, CH,0, and PM,.5, which all recorded highly significant asymp. sig. (2-
tailed) values of 0.000. The respective Z values for these parameters were -6.064, -5.153, -6.435, and -6.005,
indicating substantial reductions in their levels after intervention. The Z values across all parameters reflected the
magnitude and direction of the differences observed. A negative Z value suggested that the parameter level after
the PPM intervention was significantly lower than before, indicating improved parameters benefiting from
reduction (e.g., pollutants such as CO,, CO, and PM2.5). On the other hand, parameters with significant positive
ranks implied that the intervention increased desirable levels, such as air movement and temperature stability.

For case study 2, the Wilcoxon Signed Ranks Test results indicate significant changes in specific IAQ
parameters after intervention. RH, PM1o, CO,, O3, and PMzs presented statistically significant differences (p <
0.05), suggesting improvements due to the intervention. However, parameters like temperature, air movement,
TVOC, CO, CH,0, TBC, and TFC, as indicated in Table 3, did not reveal significant changes (p > 0.05). This indicates
no notable effect, and further measures may be required to address these.
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Table 3 The intervention level of parameters for case study 2

IAQ Parameter Tested Z Asymp. Sig. (2-Tailed)
Temp after-Temp before -1.006b 314
Rh after-Rh before -4.235b .000
Air M. after-Air M. before -1.222b 222
PM10 after-PM10 before -5.076¢ .000
TVOC after-TVOC before -.261b 794
CO2 after-CO2 before -4.969b .000
CO after-CO before -1.515¢ .130
CH20 after-CH20 before -.634¢ .526
03 after-03 before -5.657P .000
TBC after-TBC before -1.813¢ .070
TFC after-TFC before -1.447¢ .148
PM2.5 after-PM2.5 before -5.049¢ .000

a. Wilcoxon Signed Ranks Test
b. Based on negative ranks.
c. Based on positive ranks.

The results were further differentiated by positive and negative ranks, highlighting the observed changes
direction. For parameters with negative ranks, where post-intervention levels were significantly lower than pre-
intervention levels, three parameters which are relative humidity, CO,, and O3z recorded highly significant
differences, with asymp. sig. (2-tailed) values of 0.000 and corresponding Z values of -4.235, -4.969, and -5.657,
respectively. These reductions in parameter levels indicated successful mitigation of pollutants and undesirable
conditions, particularly for CO, and Os, which are critical to maintaining a healthy indoor environment.
Conversely, for parameters with positive ranks, where post-intervention levels were significantly higher than pre-
intervention levels, two parameters such as PM10 and PM2.5 also recorded asymp. sig. (2-tailed) values of 0.000,
and the corresponding Z values of -5.076 and -5.049 indicated substantial improvements in particulate matter
levels after PPM intervention. These positive outcomes reflected the system’s capacity to filter and reduce
airborne particles, improving air quality effectively. The statistical analysis highlighted the Z values as measures
of the magnitude and direction of changes, with negative Z values signalling reductions in parameter levels and
positive ranks showing beneficial increases. Parameters such as relative humidity, PM10, PM2.5, CO,, and O3, with
significant asymp. sig. (2-tailed) values, validated the PPM’s ability to enhance IAQ by addressing critical
pollutants and maintaining favorable environmental conditions. On the other hand, CO, TBC, and TFC, while not
statistically significant, demonstrated values near the 0.05 threshold, suggesting that the intervention may
partially influence these parameters.

Hassan et al. [23] underscored the significance of PPM and the essential function of HVAC systems in hospital
settings for regulating thermal conditions, humidity levels, and air cleanliness as an factors critical to ensuring
patient safety and comfort. Their findings advocate for the integration of regular IAQ monitoring within HVAC
maintenance protocols, emphasizing controlled ventilation and routine cleaning practices as key strategies to
minimize the risk of hospital-acquired infections (HAls) and to promote a safer indoor environment for both
patients and healthcare personnel.

Conclusion

This study highlights the critical role of PPM in optimizing hospital IAQ, addressing a key challenge faced by
administrators in assessing the effectiveness of HVAC interventions. Using the Wilcoxon Signed Ranks Test, the
findings demonstrate significant improvements in specific IAQ parameters, such as temperature, air movement,
TVOC, CO,, CO, CH20, 03, and PMzs, in case study 1, and RH, PM1o, CO,, 03, and PMzs in case study 2. These findings
imply that, when properly applied, PPM interventions can effectively improve important IAQ parameters.
However, the lack of significant changes in microbiological counts and several physical indicators suggests that
targeted strategies or increased measures are required in these areas. Therefore, by explicitly comparing IAQ data
before and after PPM in limited hospital conditions, this study fills a significant gap in the literature and provides
practical insights into the nuanced effectiveness of PPM interventions. Furthermore, the findings highlight the
necessity of frequent, data-driven maintenance to protect hospital occupants' health and comfort, as well as the
need for continual improvement of I[AQ management systems. This study presents a significant opportunity for
future research, particularly in the development of a comprehensive risk assessment tool to evaluate and rank
indoor air quality (IAQ) in hospital environments. The data collected are valuable not only for understanding
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current IAQ conditions but also for informing the design of practical, evidence-based assessment tools tailored to
healthcare settings. Such tools could support hospital management and occupational health professionals in
identifying high-risk areas, prioritizing interventions, and ensuring a safer indoor environment for patients, staff,
and visitors.
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