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Abstract: Cleanrooms, essential in various industries, demand strictly controlled
environmental conditions, which significantly impact building energy consumption. High-
efficiency air handling systems are crucial in these environments to ensure a continuous
supply of clean air and removal of contaminants. However, the substantial energy
requirements of these systems pose a significant challenge to sustainable operations.
This study focuses on an innovative approach to reduce the energy consumption of air
handling systems in cleanrooms through the optimization of laminar airflow. Laminar flow,
renowned for its high particle capture efficiency, is commonly employed in cleanrooms.
Nevertheless, its operation is energy-intensive. It was proposed a novel concept involving
the segmentation of the laminar flow field and the variable adjustment of airflow velocity
within individual segments. This approach enables more flexible adaptation of airflow to
specific operational requirements while reducing the overall volume of air that needs to
be filtered and conditioned. Experimental results demonstrate that the proposed system
can significantly reduce the energy consumption of the air handling system without
compromising cleanliness. Compared to conventional systems, energy consumption was
reduced by up to 60% in winter and 56% in summer, while simultaneously improving air
quality in the critical area above the operating table.

Keywords: cleanrooms, laminar flow, energy efficiency, air handling, optimization

1. INTRODUCTION

Cleanrooms are designated environments characterized by a controlled low level of
airborne particles. Maintaining their proper function is crucial for industries such as
healthcare or precision manufacturing. Elevated particle concentrations can compromise
product quality and performance, as well as pose risks by carrying viruses and bacteria,
thereby increasing the likelihood of contamination, especially in surgical settings. The
fundamental approach to maintaining low particle levels is to introduce a substantial
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volume of filtered air, which effectively lowers the particle concentration in the room to
meet required standards (Micko et al., 2022).

Forced ventilation systems have stringent performance requirements, as they not only
manage the transport and filtration of air into the ventilated space but also regulate the
temperature and humidity of the air, leading to significant energy consumption. Research
indicates that cleanrooms account for 50-70% of the electricity used by HVAC (Heating,
Ventilation, and Air Conditioning) systems to maintain proper operation (Khoo et al., 2012;
Kircher et al., 2010). A study conducted in Taiwan highlights the use of advanced HVAC
systems that, through air recirculation, consume only around 35% of electricity,
representing approximately 7.4% of total energy consumption (Hu and Chuah, 2003).
Reducing energy consumption in cleanrooms is a complex issue that requires an
interdisciplinary approach. By combining appropriate technologies, optimizing operations,
and ensuring regular maintenance, significant energy savings can be achieved while
reducing environmental impacts.

The energy demands for cooling, dehumidification, preheating, and/or humidification of
outdoor air in cleanroom HVAC systems are substantial, accounting for 30% to 65% of
the total thermal energy required to maintain the clean environment within the room. Given
these high energy requirements, cost-effective measures to reduce energy consumption
can have a significant impact on per-unit production costs (Tsao et al., 2008).

In this work, we focused on reducing the energy load by utilizing the idle mode. In
professional literature and the standard STN EN ISO 14644, the idle mode is
characterized by a reduced volumetric flow rate of the equipment. During this mode, it is
necessary to maintain pressure differences between the ventilated rooms and to maintain
the state of the thermal and humidity microclimate within the set range. Both the
temperature and humidity of the air in the room must be at a level such that, if necessary
to use the operating room, the required thermal and humidity microclimate is ensured
within a maximum of 20 minutes.

The idle mode is not precisely defined by law. Based on experience from healthcare
facilities, it is recommended to reduce the volumetric flow rate to half the performance
compared to the operating mode. At the same time, however, the temperature in the room
should not exceed the difference from the desired temperature by more than 2°C.

This paper deals with the reduction of energy consumption in HVAC systems of
cleanrooms through the implementation of an idle mode. Six variants were designed,
differing in laminar flow field segmentation, internal equipment, and laboratory occupancy.
The idle mode of a prototype laminar flow field was compared to that of a conventional
one, evaluating the effectiveness of maintaining low particle concentration above the
operating table and energy consumption.

2. METHODOLOGY OF RESEARCH

To evaluate various operating conditions during idle mode, multiple CFD simulation
models were created to investigate the impact of reduced volumetric flow rate on
maintaining low particle concentration above the operating table. A total of six models
were developed, with the first three, A1, A2, and A3, based on a single variant and differing
only in internal equipment and laboratory occupancy (Fig. 1). The patient and instrument
tables were removed from the geometric model. The medical staff was reduced to a single
person, assumed to be wearing regular clothing and emitting particles at a high rate. The
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remaining three models, B1, B2, and B3, differed from models A only in the segmentation
of the laminar flow field.

Fig. 1. CFD simulation model A_X — (left) reference volume of VOT (volume above the operating
table), (right) paramedic as a source of particle emission

2.1. CFD simulation boundary conditions for the idle mode

Boundary conditions, computational and mathematical models, and surface temperatures
of the structures are the same. The only differing boundary conditions relate to the
volumetric flow rates of the HVAC system and the amount of particles emitted by
personnel and influenced by HVAC system operation. The mass flow rate of particles from
personnel was calculated according to equation (1). (Kapjor et al., 2012)

. Pppep. _
mp = T [kgS 1] (1)

Where the 1, is mass flow of particles from personnel, [kg.s™], p, is density of air particles
[kg.m], n;, is number of people in the operating room [-], 1, is number of particles emitted
by one person [min™] and V}, is volume of particles [m].

The value of particles emitted by one person is 350,000 mint. With a particle size of 0.5
pMm, the resulting mass flow rate of particles from a medical staff member is 6.87 e-16.
This value is the same for all idle mode variants from A_1 to B_3. To express the amount
of particles emitted by the HVAC system, it is first necessary to know the volumetric flow
rates from the laminar field, which are determined by the outlet velocity. The velocity and
pressure boundary conditions for variants A 1 to A_3 are expressed in Table 1. For
variants B_1 to B_3, the parameters for individual segments of the laminar field are
expressed in Table 2. During the idle mode, zero flow through the SUP 3 segment was
considered. The cleanliness of the environment above the operating table will be ensured
only by segments SUP 1 and SUP 2. The boundary conditions at the exhaust outlets are
given in Table 3.

Table 1
CFD simulation boundary conditions for variants A_1to A_3
Variant Vsup [m.S'l] Vsup [m3h'1] VETA [m3h'1] VETA [m.s*l] PETA [Pa]
A1l 0,2 2555 639 1,7742 1,7974
A2 0,15 1916 479 1,3307 1,0110
A3 0,1 1277 319 0,8871 0,4493
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Table 2
CFD simulation boundary conditions for variants B_1 to B_3 for air supply
Variant Vsup 1 Vsup 1 Vsup 2 VSUP 2 Vsup 3 Vsup 3 Vsup =
[m.s? [m3hY] [m.s?] [m3hY] [m.s?] [m3hY] [m3h1]
B_1 0,1 292 0,20 193 0 0 485
B_2 0,1 292 0,15 145 0 0 436
B 3 0,1 292 0,10 96 0 0 388
Table 3
CFD simulation boundary conditions for variants B_1 to B_3 for air extraction
Variant VETA [m3h'1] VETA [m.S'l] peta [Pa]
B_1 121 0,3365 0,0647
B 2 109 0,3030 0,0524
B 3 97 0,2695 0,0415

With a known flow rate, it is possible to express the amount of particles emitted by the

HVAC system function, as shown in Table 4.

Table 4

Mass flow of particles emitted by the HVAC system and personnel for variants A_1to B_3

Variant Vsup [Mm3h7] muvac [kg.s?] mp [kg.s]
Al 2 555 1,25 e-16 6,87 e-16
A2 1916 9,40 e-17 6,87 e-16
A3 1277 6,26 e-16 6,87 e-16
B 1 485 2,37 e-17 6,87 e-16
B 2 436 2,14 e-17 6,87 e-16
B 3 388 1,90 e-17 6,87 e-16
3. RESULTS

The amount of power required to ensure the functional operation of the HVAC system
during the standby mode can be determined as the sum of the power required to drive the
HVAC unit fans, the power required for cooling and dehumidification in the summer
months and the power required for heating and humidification in the winter months
according to equation (2). (Kapjor et al., 2012)

Pyvac = Pran + Para + Papa [W] (2)

Where the Puvac is power required for the function of the HVAC system [W], Pran is power
required for the HVAC unit fans [W], Para is power required for adjusting the supply air
temperature [W] and Pana is power required for adjusting the supply air humidity [W]. The
power input of the Pran fans was experimentally measured for variants A_1 to A_3. The
volume flow of variants B_1 to B_3 was too low for the range of the frequency converter
in the HVAC unit of the experimental clean room laboratory and was therefore estimated
proportionally according to the manufacturer's performance characteristics for a lower fan
series. The power input for the fan drive according to the selected variant and the
frequency of the converter are expressed in Table 5.
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Table 5
CFD simulation boundary conditions for variants A_1to B_3
Variant Vsup [m.s‘l] fsup [HZ] VETA [m3h'1] Feta [HZ] Prun [V\/]

Al 2 555 37 2 555 33 1 050

A2 1916 28 1916 25 560

A3 1277 18 1277 16 390

B 1 485 - 485 - 200

B 2 436 - 436 - 175

B 3 388 - 388 - 150

The power input value for adjusting the temperature of the supply air depends on the
technology used to heat or cool the air. In this case, the air conditioning system is
equipped with a condensing unit. The power input of the condensing unit is then
dependent on the power required for the thermal treatment of the air supplied by the HVAC
system and on the EER factor for cooling, or the COP factor for heating the air. The power
input required for heating the air after recuperation is expressed by equation (3), and for
cooling the air by equation (4). (Kapjor et al., 2012)

Pyra = f—QH (W] (3
cop

Para = f_QC [W] (4)
EER

Where the Quc is power required for heat treatment of the supply air by the HVAC system
[W], fcor is heating coefficient [-] and feer is cooling coefficient [-].

The fcop and feer factors are commonly given in the technical data sheets of heat pumps
and condensing units. In this case, an external design temperature of -15°C is considered
in winter. At this temperature, the fcop factor is = 2.95. If only electric heaters are used as
a heat source, the fcop factor is = 1. In the summer months, the design temperature is
+32°C and the feer factor is = 2.72. The power required for the thermal treatment of the
air supplied by the HVAC system can be calculated using equation (5). (Kapjor et al.,
2012)

QH/C _ 4 |(tre636(§c(;at)| c.p W] (5)
Where the V is volumetric flow rate of the HVAC system [m3.h"], tec is air temperature
after recovery [°C], t4a: — desired air temperature in the room [°C], c is specific heat capacity
of the supply air [J.kg™.K] and p is density of the supply air [kg.m=].

The power input required for adjusting the temperature of the supply air is expressed in
Table 6. The power input values for adjusting the humidity of the supply air Pana for
individual variants are given in Table 7.
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Table 6
Power input values for supply air temperature adjustment A_1toB_3
Variant Heating Cooling
Electric heater Heat pump Heat pump
Q1 [W] Pata1 [W] Quz [W] Pataz [W] Qc [W] Pataz [W]
Al 5909 5909 5909 2003 2874 1057
A2 4431 4431 4431 1502 2156 793
A3 2 953 2 953 2 953 1001 1436 528
B 1 1216 1216 1216 412 546 201
B 2 1008 1008 1008 342 491 181
B 3 897 897 897 304 437 161
Table 7
Mass flow of particles emitted by the HVAC system and personnel for variants A_1to B_3
Variant Vsup [M3h1] Pana [W]
Al 2 555 4921
A2 1916 3691
A 3 1277 2 460
B 1 485 934
B 2 436 840
B_3 388 747

The sums of the power required for the operation of the Prvac HVAC system during the
setback mode and the percentage change in the electrical power requirement compared
to variant A_3 are given for the different variants in Table 8 to Table 10. The influence of
the volume flow on the power requirement for heating the air with an electric heater
together with humidification is shown in Fig. 2. The influence of using a heat pump for
heating the air in combination with humidification is shown in Fig. 3., Fig. 4 shows the total
power requirement of the HVAC system for cooling the air using a heat pump.
Humidification is not necessary in the summer months.

Table 8

Total power requirement for heating the supply air with an electric heater and humidifying the air
during the setback mode

Variant PFAN [W] PATAl [W] PAHA [W] PHVAC [W] Change in
power
compared
to variant
A_3[%]
Al 1050 5909 4921 11 880 105%
A2 560 4431 3691 8 682 50%
A_3 390 2953 2460 5803 0%
B_1 200 1216 934 2 350 -60%
B_2 175 1008 840 2023 -65%
B_3 150 897 747 1794 -69%
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Fig. 2. Total power required for heating the supply air with an electric heater and humidifying the
air during setback mode

Fig. 2 shows the total power required to heat the supply air using an electric heater and
humidify the air during setback mode for different variants (A_1 - B_3).

Variants A_1, A 2 and A_3 represent different levels of airflow and fan power, while
variants B_1, B_2 and B_3 represent segmented fin arrays with different airflows.

Fig. 2 shows that variants B achieve significantly lower energy consumption compared to
variants A, with variant B_3 having the lowest energy consumption.

Table 9
Total power required for heating the supply air with a heat pump and humidifying the air during
setback mode

Variant Pean [W] Pata2 [VV] Pana [W] Prvac [W] Change in
power
compared to
variant A_3
[%]

Al 1050 2003 4921 7974 107%

A_2 560 1502 3691 5753 49%

A_3 390 1001 2460 3851 0%

B 1 200 412 934 1546 -60%

B_2 175 342 840 1357 -65%

B_3 150 304 747 1201 -69%
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Fig. 3. Total power required for heating the supply air with a heat pump and humidifying the air
during setback mode

Fig. 3 shows the total power required to heat the supply air using the heat pump and
humidify the air during setback mode for different variants.

Similar to the previous graph, variants B achieve lower energy consumption compared to
variants A, with variant B_3 having the lowest energy consumption.

Table 10
Total power required for cooling the supply air by the heat pump during setback mode
Variant Pean [W] Pataz [W] Prvac [W] Change in
power
compared to
variant A_3
[%]
Al 1050 1057 2107 130%
A2 560 793 1353 47%
A3 390 528 918 0%
B 1 200 201 401 -56%
B 2 175 181 356 -61%
B 3 150 161 311 -66%
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Fig. 4. Total power required for cooling the supply air by the heat pump during setback mode

Fig. 4 shows the total power required to cool the supply air using the heat pump during
setback mode for different variants.

Fig. 4 shows that the B variants again achieve lower energy consumption compared to
the A-variants, with variant B_3 having the lowest energy consumption.

4. CONCLUSION

This article explores innovative methods to enhance energy efficiency in cleanroom
environments. Cleanrooms, essential in industries like healthcare and precision
manufacturing, require stringent control over environmental conditions, which leads to
high energy consumption, particularly in HYAC systems.

The study introduces a novel approach to reduce energy consumption by optimizing
laminar airflow. Laminar flow, known for its high particle capture efficiency, is energy-
intensive. The proposed method involves segmenting the laminar flow field and variably
adjusting airflow velocity within these segments. This allows for more flexible adaptation
to specific operational needs, reducing the overall volume of air that needs to be filtered
and conditioned.

Experimental results from the study show significant energy savings without
compromising cleanliness. The energy consumption of the air handling system was
reduced by up to 60% in winter and 56% in summer compared to conventional systems.
This reduction is achieved through the implementation of an idle mode, characterized by
a reduced volumetric flow rate while maintaining necessary pressure differences and
thermal and humidity conditions.

The research methodology involved creating multiple CFD simulation models to evaluate
the impact of reduced volumetric flow rates on maintaining low particle concentration
above the operating table. Six models were developed, differing in internal equipment and
laboratory occupancy, as well as in the segmentation of the laminar flow field. The study
found that the idle mode could effectively maintain low particle concentrations while
significantly reducing energy consumption.

In conclusion, the article demonstrates that optimizing laminar airflow and implementing
an idle mode can lead to substantial energy savings in cleanroom HVAC systems. By
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reducing the volumetric flow rate and segmenting the laminar flow field, it is possible to
achieve a more energy-efficient operation without compromising the cleanliness and
functionality of the cleanroom environment. This approach not only reduces operational
costs but also contributes to environmental sustainability by lowering the energy footprint
of cleanroom facilities. The findings highlight the importance of innovative engineering
solutions in achieving energy efficiency and sustainability in high-demand environments
like cleanrooms.
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