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Abstract: The controlled environment room, called an isolation room, has become a must have
for medical facilities, due to the spreading of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), to isolate the high risk infected patients. To avoid the transmission of the virus
through airborne routes, guidelines were published by the government and the association. A
medical facility must comply with this document for high-risk patient treatment. A full-scale N
class isolation room was built at Syiah Kuala University to investigate the performance in terms
of the controller, temperature, pressure, humidity, and energy consumption. The isolation room
was equipped with a proper capacity heating, ventilating, and air conditioning (HVAC) system,
which consisted of an air conditioning compressor and a negative pressure generator (NPG), and its
installation was ensured to fulfil the guidelines. Since the current NPG was controlled manually, a
computer-based control system was designed, implemented, and compared with the manual control.
The results showed that the computer-based control outputs better stability of pressure and electric
power. For that reason, a computer-based control was chosen in the real case. To investigate the
performance of the isolation room, a 24 h experiment was carried out under different parameter
setups. The results showed that improvement of the control strategy for temperature and humidity
is still necessary. The energy consumption during the activation of the NPG for the recommended
negative pressure was slightly different. An additional piece of equipment to absorb the heat from
the exhaust air would be promising to improve the energy efficiency.

Keywords: isolation room; control system; temperature; negative pressure; HVAC

1. Introduction

Infectious diseases can be caused by pathogens that are able to spread from one
person to another through the air. Air is one of the main transmission media of infectious
diseases such as tuberculosis, severe acute respiratory syndrome (SARS) in 2011, H1N1
influenza in 2011, Middle East respiratory syndrome (MERS) in 2013, and coronavirus
disease (COVID-19) in 2019 [1–3]. In 2021, more than 8000 SARS cases were reported with
774 deaths which led to a wave of research and standardization of medical facilities with
respect to airborne diseases [1,3]. To reduce mortality and avoid spreading to other people,
the high risk of SARS infected patients must be isolated in a medical facility called an
isolation room, where their environment is controlled according to a standard.

The indirect contact transmission of airborne viruses in the isolation room takes more
attention compared to direct transmission, such as touching the door handle, due to the
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difficulty of controlling the ventilation. Inadequate ventilation in the patient room not only
greatly affects the virus spread in the room to the healthcare workers but also through
the air rapidly to other patients, and even visitors [4]. To ensure the isolation room is
functioning properly, the associations and governments published some guidelines for the
isolation room [5,6]. The guidelines mention several technical aspects including the layout
and pressure of the heating, ventilating, and air conditioning (HVAC) system. The isolation
room must comply with the N class requirements as following [7]:

• An anteroom that operates as an airlock with interlocking doors; both doors must not
open at the one time; the anteroom must be large enough to permit bed movement in
and out of the isolation room if direct doors from the corridor to the isolation room are
not provided.

• An alarm to be activated on the loss of differential pressure; time delay may be required
to permit entry/exit from the isolation room.

• A clinical handwash basin with ‘hands free’ operation in the isolation room and
the anteroom.

• An ensuite shower and toilet.
• Self-closing doors with interlocking doors to the anteroom
• 100% outside air ventilation (i.e., no return air permitted), with low-level exhaust ducts

approximately 200 mm above floor level to discharge vertically to the outside air.
• Supply air ducts are to be independent of the building supply air system.
• For immunosuppressed and infectious patients, a high-efficiency particulate absorbing

(HEPA) filtration system should be provided on the supply air ducting to protect the
patient from unfiltered air.

• Exhaust air should be HEPA filtered and provided with UV irradiation.
• Provision of a pan/utensil sanitizer is optional. If provided, it should be located within

the ensuite. Alternatively, disposables can be considered.

Not all requirements of N class were considered in this research. Several related
requirements which complied with the technical guidelines from the Ministry of Health of
Republic Indonesia [6] were prepared. The air conditioning type must be split duct and one
flow, and must be able to maintain the room temperature at where the optimal temperature
environment in the isolation room is, between 18 and 26 ◦C [8–10]. The flow air rate is
approximately 850 CFM (1445 CMH) and relative humidity is maximal 60%. In 2007 the
pressure gradient was recommended at −30 Pa [2], while in a recent year it was adjusted to
more than 2.5 Pa [5] as shown in Table 1.

Table 1. Pressure differential for an airborne infection isolation room (AIIR) to prevent airborne
contamination according to the country [5].

Pressure Differential Country

More than 2.5 Pa USA, Hongkong, South Korea

More than 5 Pa United Kingdom, Norway

More than 15 Pa Australia

15 Pa Indonesia

To fulfil the requirements stated by the Ministry of Health of Republic Indonesia, a
HVAC system tightly keeping the isolation room to remain sterile from virus contamination
is mandatory. This system has also able to control the air pressure by maintaining the
stability of air pressure, temperature, air velocity, and circulation in the room [5]. With a
proper setup, the HVAC system is intended not only to avoid virus transmission but also
to ensure the room is more comfortable [11,12]. The placement of exhaust air (EA) and
supply air (SA) within the patient room has a significant effect on the risk of spreading
the virus indoors through changes in the movement and direction of airflow [3,13,14]. The
optimal position of the EA and SA for minimizing the air contamination within the patient
room has been investigated either experimentally or using computational fluid dynamics



Sustainability 2022, 14, 11537 3 of 17

(CFD) simulations [13,15]. Commonly, a HVAC system is designed for the isolated room,
placing the SA device on the ceiling over the patient’s bed while the EA is mounted on
the wall next to the patient’s head. Several studies have discussed the effectiveness of the
placement of the ventilation system and optimization of the air flow distribution within
the isolation room, to be able to absorb air optimally so that it can create negative pressure
in the isolation room [15,16]. However, limited knowledge is available on developing a
HVAC-controlling system that contributes to minimize electrical power consumption.

In our study, a full-scale isolation room, including a HVAC system according to the
Indonesian Ministry of Health (MoH) technical guidelines [6], was built. Additionally, a
HVAC computer-based control system instead of a manual control was prepared to improve
the stability of the air pressure supply and exhaust in the isolated room. A control strategy
was designed and tested to obtain its safety and accuracy. The temperature, humidity,
room pressure, air velocity, and power consumption were also measured during the HVAC
system operation with the purpose to investigate its performance and safety for patients.
Based on the Indonesian Ministry of Health guidelines, the pressure gradient at −15 Pa is
recommended [6]. However, many of the local medical facilities use high negative pressure
that requires high electrical power. Based on discussion with the contractor, the medical
facility perquisites the manual regulated pressure at −25 Pa in the construction document.
Therefore, the contractor installed the exhaust system which could generate the pressure
gradient at −30 Pa to pass the commissioning process in the handover easily.

2. Materials and Methods
2.1. System Overview

There were two options to regulate the NPG, manual control, or computer-based
control. The experiment was carried out by regulating the pressure in the patient room
at −15 Pa for both controls. Then, the electricity consumption and patient room pressure
were measured during the operation for both control methods. The measurement result
was compared, then the best control strategy was chosen by considering the related sci-
entific and technical aspects. The selected control strategy was applied in the following
experimental work.

The parameter setup of this experiment is given in Table 2, where S1 to S6 stand for
scenarios 1 to 6, respectively. These measurement data for each scenario were collected
for 23 h 55 min and 14 s and started from 00:00. The temperature and flow mode of this
experiment were chosen in accordance with [5,6]. The HVAC system was running in one
flow mode which was realized by opening Damper 1 to Damper 4. The temperature was
regulated at 24 ◦C and the fan speed was in auto mode to ensure the air conditioning (AC)
supply had the sufficient airflow rate. The negative pressure regulator was not activated
in scenario 1 while the exhaust at the bed head and bed side remained open. The NPG
was operated at maximal capacity at −30 Pa in combination with the exhaust opening
to investigate its influence on the energy consumption. In scenario 5 and scenario 6, the
room pressure was regulated according to the standard in Indonesia/Australia and USA as
shown in Table 1.

The N class isolation room consisted of the patient room, bathroom, anteroom, and
waiting room with a specific size [6]. Based on the guideline [6], a full-scale isolation
room was built at the Faculty of Engineering of Universitas Syiah Kuala in Banda Aceh
(5◦33′56.0′′ N 95◦22′04.7′′ E). The city is located on the northwestern tip of Sumatera Island.
The layout of the isolation room is illustrated in Figure 1. The patient room dimension
had length, width, and height of 4 m, 4 m, and 2.5 m, respectively. The outside wall of
the isolation room was concrete, and the inner partition was composed of unplasticized
polyvinyl chloride (UPVC) and glass. The rubber isolator was installed at the door frame
to avoid leakage.
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Table 2. Parameter setup of the HVAC system.

S1 S2 S3 S4 S5 S6

Date (2022) 18.06 19.06 20.06 21.06 5.07 7.07

Regulated room
pressure (Pa)

Negative pressure
regulator is not activated −30 −15 −3

AC temperature (◦C) 24 ± 2

AC fan speed Auto

Bed head exhaust Open Open Closed Open
Bed foot exhaust Closed Open

Damper 1, Damper 2,
Damper 3, Damper 4 Open
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It was also recommended in [6] to control air change per hour (ACH) within the
isolation room, which was realized by installing four dampers as depicted in Figure 1. The
volume damper was actuated by an electrical motor to bypass or stop the airflow. The air
supply and exhaust design in Figure 1 allowed the controller to regulate the airflow for one
flow for a specific value of the ACH.

A Daikin SDN80H with 8.9 HP (80,000 Btu/h) was used for conditioning the supply
air for the whole room as depicted in Figure 2. Two diffusers (supply air (SA)) were
installed on the ceiling as depicted in Figure 2, where their position was chosen based on a
recommendation [5,9,14]. The ducting had a dimension of 0.6 × 0.3 m.
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Figure 2. Design of heating, ventilation, and air conditioning (HVAC) of the isolation room.

The negative pressure was generated by a centrifugal cabinet fan, Vanco type VFCD 400,
with a variable speed driver max of 1000 revolutions per minute, a motor power of 4.0 kW,
and a maximum air volume of 12,800 (m2/h), which could regulate the air pressure from
−2.5 to −15 Pa in accordance with previous studies [1,13,16,17]. A control module was
available to regulate the level of negative pressure manually using a potentiometer or
through an input signal for an additional system such as a computer control system.

Since the point of interest in this research was the patient room, four exhausts
(exhaust air (EA)) were mounted on the lower side of the partition of the patient room as
depicted in Figure 2. In accordance with the guidelines [5,13,15], two EAs were placed at
the patient’s bed head and two additional ones at the bed foot for this research purpose.

The setup of the isolation room including the control hardware, sensors, and data
acquisition is shown in Figure 3. Excluding the AC system, the windows control and
automation technology (TwinCAT 3) (Beckhoff in Verl, Germany) software was chosen
for the automation platform and data acquisition. This software allowed the automation
and data acquisition to run simultaneously at the same time and use the same data cable.
These measurement data were presented on the so called TwinCAT scope view, a software
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oscilloscope for the graphic representation of signal curves in different chart types. For
further use, these measurement data can be exported to another format such as comma
separated values.
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Figure 3. Experimental setup for control system testing.

The TwinCAT 3 was running on a Beckhoff industrial PC, and exchanged the data with
the sensors/actuator through an Ethernet-based fieldbus system called Ethernet for Control
Automation Technology (EtherCAT). The logic to actuate the volume damper position
(open or closed) was transmitted from TwinCAT 3 within the computer controller through
the Beckhoff terminal EL 2809 to the relay.

Split-core current transformers of type Beckhoff SCT6101-0060, combined with the
Beckhoff EL3443 terminal were used to enable the real-time measurements of the three
phases current, and the voltage for the AC system and NPG. The room pressure and
humidity were measured with a Dwyer MS differential pressure transmitter and humidity
sensor, respectively. Twelve thermocouples of type K were installed on a supply air grill
with the arrangement shown in Figure 4. The pressure, humidity, and temperature data
were transmitted to the server computer through a Beckhoff ELM 3704 terminal.

The air velocity within the ducting was computed from the pressure difference which
was measured with the pitot tubes. Two ellipsoidal pitot tubes with the dimensions of
480 mm × 8.00 mm and 305 mm × 4 mm, were installed before the third damper and
before the exhaust as depicted in Figure 3. The pressure difference measured with the pitot
tubes was transmitted to the Beckhoff ELM 3704 terminal with the Dwyer MS differential
pressure transmitter.

For the air supply, the pitot tube sensor was placed on the air supply duct before the
patient room duct and before the 3rd damper. As for the exhaust, our sensor was placed on
the duct after the main exhaust lane and before the patient room duct.
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The average flow velocity Ω was calculated by [18]

Ω = κ

√
2(Pt − Ps)

ρ

where κ, Pt, Pts, and ρ were the flow coefficient, total pressure, static pressure, and air
density, respectively. Pt was the measure of the total energy of the airstream, and was
equal to the pressure of a fluid at rest (static pressure Pts) plus dynamic pressure. The mass
airflow of the air supply to the patient room was computed by

Q = AΩ

where Q and A were the flow rate and ducting sectional area (in this case 0.18 m2).

2.2. Control Strategy

The pressure gradient of the patient room had to be maintained to fulfil the recom-
mendation of the pressure as shown in Table 1 or in the guidelines [5,6,15]. In this research,
an experiment was conducted to compare the performance between manual adjustment
and computer-based control systems. The sampling time of the measurement data was
10 ms. The pressure control schematic in the patient room is depicted in Figure 5.
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Figure 5. Pressure control schematic.

The desired pressure and the desired ACH was defined in the user interface on the
TwinCat 3 software as the input to the controller. The controller received the real-time
pressure measurement as feedback from the sensors and calculated the value to actuate the
NPG and the volume dampers. For the experimental purpose, the ACH and one flow mode
were investigated to obtain their parameters. The flowchart of both modes is depicted in
Figure 6. Since the cycle time of the program on TwinCAT 3, described by the flowchart
in Figure 6, was 1 s, the specific number of parameter “count” as shown in Figure 6 was
defined to achieve the ACH of 12 times/hour as required in [4,8,9,16].
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Figure 6. Flow chart of the air change per hour (ACH) and one flow mode.

In the ACH mode, the controller regulated the volume dampers opening to allow the
AC system to supply the fresh air from the open air into the patient room and the waiting
room. After five minutes, the controller switched the volume dampers opening to other
combinations to circulate the air from the waiting room to the patient room for another five
minutes. Figure 7 clearly illustrates the air circulation in both modes.

The ducting design in Figure 1 avoided the contaminated air from the patient room
being supplied into the waiting room. Meanwhile, in the one flow mode, the controller
ensured only the fresh air from the open air was supplied to the whole room.
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For the manual control of the NPG, the setpoint was adjusted manually by the opera-
tor at the control module to achieve the desired negative pressure. Meanwhile, a control
algorithm to compute the magnitude of the voltage signal was necessary for the computer-
based control to regulate the negative pressure. This specific voltage signal was transmitted
through an EL 4002 Beckhoff terminal to the control module. One of the popular methods
among engineers is the proportional-integral-derivative (PID) controller. The PID controller
is a method used to stabilize a system [19,20] with reference to the magnitude of the error
with respect to the time. This controller was chosen in this research to regulate the negative
pressure due to its robustness, simplicity, and ease to apply. The schematic of the PID con-
troller is shown in Figure 8, which was used only for the computer-based negative pressure
control. This part is excluded from the flowchart if the NPG was controlled manually.
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The setpoint (u(t)), the feedback (r(t)), and the output (y(t)) were the desired pressure
gradient in the patient room, the measured pressure in the patient room and the computed
voltage magnitude, respectively. The PID parameters were tuned based on the Ziegler–
Nichols PID procedure.
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3. Results and Discussion
3.1. The Comparison of Control Strategy

The comparison of pressure in the patient room during the operation is shown in
Figure 9. At the manual control, the exhaust generator was activated by a relay. The
sudden connection of electricity, with a pulse form of load direct to the maximum, led to
the fluctuation of the pressure.
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The same trend could also be seen in the power graph as depicted in Figure 9. The
fluctuation was 70% higher than the continuous load. The improvement of the control
strategy from manual to computer-based successfully overcame the fluctuation. Without
fluctuation, the electrical load would have been lower. Since the electrical load was the
parameter to calculate the circuit breaker size to protect the HVA overcurrent, the lower
electrical load led to the smaller circuit breaker size. According to the comparison shown
in Figure 9, the PID control strategy was chosen in this research for the next experiment
due to its advantage.
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3.2. Performance Measurement of the Isolation Room

The performance of the patient isolation room is presented in this subsection. The
legend of Figure 10 is valid for Figures 11–14. The abscissae of Figures 10–15 mention the
time from 00.00 midnight to 23.55:14 in 24 hours’ time format with a sampling time of
10 ms.
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Figure 10. The comparison of patient room pressure during the experiment.

The computer-based control was applied to maintain the pressure in the isolation
room under different scenarios, except scenario one. In scenario one, the AC system
was activated with the auto fan setting while the exhaust including the controller was
deactivated. As the output, the pressure differential in the experimental room was positive
as shown in Figure 10. It can be seen in Figure 1, that the room pressure was not perfectly
constant during the experiment. In the rest scenario, the whole HVAC system including the
controller was activated. During the experiment, the control system managed the pressure
to the setpoint. Similar with scenario one, slight deviations in the pressure differential
were also visible. Several factors outside the controlled parameters could be reasons for
the deviation from the desired setpoint, such as voltage fluctuation, AC performance, and
measurement instrument deviations.

The maximum, minimum, and average temperatures among all the temperature
measurements in the diffuser, and the outdoor temperature are shown in Figure 11. When
the outside temperature increased, the AC compressor remained active.

Even the temperature setpoint of the air conditioning was adjusted to comply with the
recommendation in guideline [6] however, the supply air temperature to the isolation room
was outside the range. Some other aspects were possibly reasons for supply air temperature
deviation, for instance in [21] where the thermocouple was mentioned as a reason. To
ensure the supply air temperature within the desired range, an additional control strategy
was necessary [5,6].

The temperature of supply air was relatively constant when the AC compressor was
active (S2 and S5) and fluctuated in the condition when the AC compressor was deactivated,
as depicted in Figure 12.

Figure 12 shows the total energy consumption during the experiment for all scenarios.
The accumulations presented in numeric are given in Table 3. The activation of the NPG
increased the energy consumption by between 36.27 and 50.07%.
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Table 3. Energy consumption in 24 h for the difference pressure gradient.

S1 S2 S3 S4 S5 S6

kWh
(before filter) 105.29 147.17 157.99 156.39 158.02 143.49

Difference (%)
(before filter) Baseline 39.78 50.05 48.53 50.07 36.27

kWh
(after filter) 156.41 158.54 156.96 158.53 154.86

Difference (%)
(after filter)

Not
applicable Baseline 1.36 0.35 1.35 0.99
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The AC fan speed was not measured in this research. Alternatively, a pitot tube was
installed after the AC fan to measure the inlet air velocity. Figure 13 shows the inlet air
velocity, which was constant for all scenarios. It could be assumed that the fan speed was
constant during experiments for all scenarios.

The supply flow rate could be calculated by the multiplication of air velocity with the
ducting sectional area. In this case for the air velocity of 2.17 m/s, then the computed air
flow is 828 CFM which was slightly below the recommendation of 850 CFM [6].

The sensor to measure energy consumption was installed at the power supply cable
for the HVAC system. Meanwhile, the HVAC system consisted of an air conditioning
system and a NPG. For that reason, these measurement data in Figure 12 show the total
energy consumption for the HVAC system. The investigation of the energy consumption
for the difference pressure differential could be performed with this sensor setup if the
AC system was working in the same condition. In other words, the AC compressor was
always active and used the same fan speed to ensure the energy consumption from the AC
compressor was almost the same for S2 to S4.

If that condition was satisfied, comparison of energy consumption between different
scenarios showed the influence of the pressure differential. The fan speed was assumed
to be constant according to Figure 12, while the activation of the AC compressor could be
obtained with measurement data interpretation, for example scenario one/S1 in Figure 12.
When the compressor was deactivated, the power dropped significantly. The power was
fluctuated when the compressor reactivated. The continuous power showed that the AC
compressor was operational.

A two-step filtering of S1 data in Figure 12 could simulate the condition where the
AC compressor was always active. In the first step, the fluctuation above the continuous
load was removed by moving the mean filter [22], which was then followed by moving
the maximum filter [23]. The comparison of S1 data before and after filtering showed good
agreement as depicted in Figure 12.

The kWh after filtering was slightly different for all scenarios. There was no strong
correlation between the difference pressure differential and the energy consumption, where
the maximum and minimum were 1.36% and 0.35%, respectively. Similarly, the number of
EA openings did not influence the energy consumption.

These humidity measurement data during the experiment are shown in Figure 14. To
have a better overview, a magnification of humidity data of S6 in comparison with power,
pressure, and temperature is depicted in Figure 15.

It can be seen in Figures 14 and 15, that the humidity was influenced strongly by the
activation of the AC compressor. When the AC compressor was deactivated, the humidity
increased up to 90%. Soon after the AC compressor was activated, the humidity decreased
to approximately 55%. Considering the technical guidelines in [5,6] where the humidity
was recommended at 60%, additional air treatment was necessary to keep the humidity
near to the recommendation.

4. Conclusions

A real case of a patient isolation room, including its support system, was presented in
this study. The currently used manual control system led to pressure and power fluctuations.
An improvement in the control system, through applying PID control combined with the
proper hardware, successfully eliminated the fluctuation of pressure and power.

The NPG and the control system kept the pressure differential in the patient isolation
room within the desired range. The selected AC compressor had enough capacity to supply
fresh air and to reduce air temperature in the isolation room. However, an additional
system was necessary to ensure the temperature was within the recommendation range.
The pretreatment of supply air was strongly recommended to reduce the humidity within
the permitted range.

The total energy consumption for ca. 24 h was 105.29 kWh when the NPG deactivated.
The maximum and minimum difference in energy consumption under difference pressure
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differential were 1.36% and 0.35%, respectively. There was no strong correlation between
the difference pressure differential and the energy consumption.

To reduce energy use, equipment which absorbs the heat from the exhaust air for
precooling the supply air would be a promising solution.
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