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a b s t r a c t 

The high Air Change Rates (ACRs) required for cleanrooms makes them energy intensive. This research 

elaborates on three strategies for energy efficient ventilation in pharmaceutical cleanrooms: Fine-tuning, 

Demand Controlled Filtration (DCF), and optimizing airflow pattern. To study the possibilities for fine- 

tuning and DCF, two case studies were investigated and simulations were performed to assess the po- 

tential of both options. Experiments in a demonstration cleanroom were used to examine how an ideal 

airflow pattern may be achieved in the cleanroom, resulting in a high contaminant removal efficiency. 

Results showed that DCF could lead to substantial energy savings, up to 93.6% in the specific case study 

facilities. Besides this, DCF based on occupancy could be implemented with negligible effect on the envi- 

ronmental cleanliness requirements. Fine-tuning, based on particle concentration, required representative 

measurement of the concentration in the cleanroom. It was more difficult to implement in practice. With 

respect to contaminant removal efficiency, best results (within the experiments performed, ACR in the 

range of 16h −1 – 38h −1 ), were obtained when air was supplied without a diffuser above the product area 

and when the work position was located close to the air extraction grilles. 

© 2019 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Compared to an average commercial building, cleanrooms con-

ume much larger amounts of energy [1–4] . Pharmaceutical clean-

ooms can require up to 25 times more power than non-classified

ooms: 1.52 kW/m 

2 versus 0.06 kW/m 

2 [2] . The heating, ventila-

ion and air conditioning (HVAC) system typically accounts for 50–

5% of the cleanroom’s total electrical energy use [5,6] . This is due

o the high air change rates (ACRs) necessary to achieve the re-

uired cleanliness classification, as defined in the European Union

ood Manufacturing Practice (EU-GMP) [7] . The EU-GMP cleanli-

ess classification refers to maximum allowable particle concentra-

ions in a cleanroom. In order to supply these high ACRs into the

leanroom, supply side requirements are in place. For the supply,

wirl diffusers are used. The intention is to provide good mixing

hroughout the room, leading to a uniformly low particle concen-

ration in the room [8] . Apart from swirl diffusers, other solutions

ike unidirectional downflow systems are also employed. 
∗ Corresponding author at: Eindhoven University of Technology , P.O.Box 513 - VRT 
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Normative documents do not specify ACR-values for non-

nidirectional ventilation. Therefore, design guides from the

nternational Society for Pharmaceutical Engineering (ISPE) [9] ,

or sterile processes [2,10] , are often used instead in the design

rocess. The actual particle generation rate, however, is often an

nknown parameter during the design process. As a result, HVAC

ystems tend to be oversized to assure agreement with the classi-

cation requirements [1,2,5,11] . A study by Lenegan [5] concluded

hat in some cases, in an ‘at rest’ situation, particle concentrations

ere 10–100 times lower than the design values. As production

as higher economic value than energy savings, product safety

nd product yields are the key performance indicators. Cleanroom

acilities therefore often are operated at a 24/7 schedule, applying

he same ACR [12,13] . 

While assuring the minimum performance requirements with

espect to air quality (i.e. contaminant concentration), intensive en-

rgy consuming cleanrooms provide an opportunity to save large

mounts of energy. As the cleanroom industry is still growing

apidly, the value of such savings is likely to be greater than esti-

ates of the immediate effects [4] . The approach also contributes

o sustainable entrepreneurship. 

One option for saving energy is to design specifically based on

he real particle concentration in the cleanroom (so called “Fitted
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

Overview of the characteristics of the monitored Case studies (Pharmaceutical cleanroom facilities; GMP: Good Manufacturing Practice). 

Case study Volume [m 

3 ] GMP ACR [ h − 1 ] Flow rate [m 

3 /h] Ventilation type Monitored [date 2016] 

H (room I) 30.6 B 42 1276 Ceiling mounted perforated plate 12/09–30/09 

H (room II) 65.1 C 21 1351 Swirl diffusers 12/09–30/09 

R 192 C 20 3840 Swirl diffusers 14/11–02/12 
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design”). Together with the ACR, assuming high filter efficiency and

theoretical mixing, the amount of particle generation determines

the particle concentration in the cleanroom [14] . The cleanroom’s

ACR should be based on the specific and actual particle genera-

tion in the cleanroom. This can be obtained in existing facilities

by so called fine-tuning. In this paper, ‘fine-tuning’ is defined as

adapting the ACR to the measured, in-situ, particle concentration,

such that the particle concentration requirement for the specific

cleanroom is (just) obtained. A second option controls the ACR

based on demand. This is called demand controlled filtration (DCF

[4] ). In theory, the ACR can be lowered when no particle genera-

tion is present. Controlling of the ACR can be achieved based on

a night/weekend reduction, occupancy, or particle concentration in

the cleanroom. A reduction of 33% fan speed contributes, for ex-

ample, to a reduction in power consumption by 66% [15] . Previous

studies have shown that DCF can result in annual energy savings of

28% to 72% [13,16–18] . A third option for energy use reduction ad-

dresses the ventilation efficiency in the cleanroom. The ventilation

efficiency in this context is generally expressed as contaminant re-

moval efficiency ( ε) [19] . A higher contaminant removal efficiency

allows for a reduction in the ACR as contaminants (particles) are

removed more efficiently. This energy reduction option is of in-

terest when positions and intensities of contaminant sources are

well-known [20] . Results of a Computation Fluid Dynamics (CFD)

study indicate that ε can vary from 0.68 to 9.4, depending on air

supply, exhaust position and diffuser type [21] . This would allow

the overall ACR to be reduced by a factor of ∼10. 

In this study, energy use reduction of cleanroom ventilation was

investigated along the two solution directions discussed above: (A)

ACR optimization based on performance requirements and actual

use; (B) Ventilation efficiency improvement through appropriate

ventilation design of cleanrooms. The main research question was:

To what extent, ventilation energy use reduction is possible in cur-

rent and future cleanrooms. In this research, the focus was on

pharmaceutical cleanrooms. 
s  

Fig. 1. Floor plan with measurement positions for the particle counters (PC) and occupa

of the figure, the circle indicates the defined working area (D) for room II. Particle coun

indicated by PC1(#); # = week number. In both floor plans the position of the applied dif
. Methods 

In order to answer the main research question on energy use

eduction in cleanrooms, two clear and separate solution direc-

ions were investigated. An investigation into the first solution di-

ection (A), ACR optimization, was performed by (1) monitoring

n in-use pharmaceutical cleanrooms and (2) modeling and sim-

lation of such rooms to analyze ACR energy saving options. The

ther investigation into the second solution direction (B), ventila-

ion efficiency, was performed through (3) experiments in a mock-

p cleanroom laboratory. For each research activity, the applied

ethods have been described below. 

.1. Monitoring in case studies 

Two different pharmaceutical cleanroom facilities, located in

he Netherlands, were monitored. One pharmaceutical facility was

ituated in a hospital (Case study H) and one in a radioactive phar-

aceutical facility (Case study R). In both facilities, particle con-

entration and occupancy were monitored during a period of three

eeks. In Case study H, two rooms were investigated. Room I is

xclusively used for aseptic preparations in a LAF cabinet. In room

I, an ampoules machine is primarily used for filling ampoules that

ill be ultimately sterilized later on. Table 1 provides a summary

f the characteristics of the investigated rooms. 

Monitoring was performed with particle counters (PC). Moni-

oring positions for both rooms of Case study H are presented in

ig. 1 . In Case study R, the particle concentration was measured at

ne location. This location was based on the area where the high-

st count of microbes (colony forming units) were measured us-

ng settle plates. Microbial count measurements were performed

eriodically by the company operating the Case study R facility.

or Case study H, PC1, and Case study R, measurements were per-

ormed with a Lighthouse Remote 2014 (1.0 l/min) for a particle

ize ≥0.5 μm. In Case study H, PC2 and PC3, a Lighthouse Remote
nt sensors (OS) in Case study H, room I (left) and room II (right). In the right part 

ter 1 (PC1) was placed at different positions during the measurement campaign, 

fusers (see Table 1 ) has also been indicated. 
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104 (28.3 l/min) was used. All particle counters have an accuracy

f 5% [22] . 

In order to investigate how the particle concentration in spe-

ific areas in room II of Case study H potentially affected results

t PC2, the location of PC1 was changed every week (indicated by

C1(#) in Fig. 1 ; # = week number). PC2 was located near the de-

ned working area (D). For the analysis, the correlation in particle

oncentration between the different locations of PC1 and PC2 was

erived. Correlation was assessed with the Pearson product mo-

ent correlation, in Microsoft Excel 2016. 

In both facilities, Sensor Development people counters (indi-

ated as OS in Fig. 1 ) were positioned such that they registered

eople entering or leaving the room. In room II of Case study H,

n additional movement sensor was installed that measured move-

ent in the defined working area D ( Fig. 1 ). This was done to as-

ess presence in the working area versus presence in the clean-

oom. All measuring devices logged their data every minute. 

.2. Simulations ACR energy saving potential for case studies 

Simulations were performed in Matlab (version R2015a) [23] .

he model development was based on ordinary differential equa-

ions (ODEs) for a homogeneous cleanroom ( Eq. (1) ; [14] ): 

 ( t ) = 

(
D 

Q 

+ C B 

)(
1 − e −( Qt 

V ) 
)

+ C i · e −( Qt 
V ) (1) 

In Eq. (1) , C is the concentration of contamination [p/m 

3 ], t

ime [s], D the source rate [p/s], Q the air volume supply rate

m 

3 /s], C B the background concentration of contamination [p/m 

3 ]

ntering the room via the air supply and C i the initial concentra-

ion of contamination [p/m 

3 ]. 

In the model, perfect mixing in the cleanroom is assumed. In

eality this cannot be achieved [24] . A validation study was con-

ucted using steady state calculations and analysis of monitored

ata from Case study H. For validation, the contamination source

trength was determined from Eq. (2) [25] : 

 ( t ) = 

dC 

dt 
V + Q · C (2)

In Eq. (2) , D is the source rate [p/s], t is time [s], C is the parti-

le concentration in the room [p/m 

3 ], V is the volume of the room

nd Q the air volume supply rate [m 

3 /s]. 

A sample result from the validation study has been shown in

ig. 2 . There were several changes in occupancy during the inves-

igated period. The model was able to follow these changes. It was

ssumed that if the model is able to capture this variation, it will

erform well at more stable boundary conditions. The results also
ig. 2. Sample result from the validation study, with time (in minutes) on the x- 

xis. The left y-axis indicates the particle concentration (p/m 

3 ) for particles ≥0.5 μm 

nd the right y-axis presents the occupancy level in number of persons. Shown 

easurement and occupancy data have been taken from Case study H (Room II) 

rom 15:30–16:30 (September 22nd 2016). 
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a  
ndicated that a (near) mixing situation, as applied in the simula-

ions, may be assumed for the case studies investigated. 

Two different types of simulations were performed: 

1. Lowered ACR (fine-tuning): The ACR was lowered based on

the particle concentration measured and the source rate de-

rived from that information. For Case study H (Room II), pre-

liminary simulations indicated that the chosen ACR could be

set ten times lower than the current operational assump-

tions, resulting in an ACR of 2.1 h − 1 . This would still fulfill

the GMP requirement for the specific case. As the ACR had

to be set that low, it was assumed continuously to preserve

a minimum pressure hierarchy. 

2. DCF based on occupancy: For case studies H and R, the

ACR was controlled based on occupancy. No distinction was

made based on the number of people in the cleanroom. The

ACR of 21 h − 1 and 20 h − 1 , as determined for Case study H

and R respectively, was lowered to an ACR of 6 h − 1 when

the cleanroom remains unoccupied for 30 min or longer. In

the model, a reaction time of 150 s was considered when

moving the air supply actuator to another position [26] . This

delay was introduced to represent a realistic (practical) situ-

ation. 

Both simulations were performed with a contamination source

ate that was assessed from the monitored data for both cases and

alculated using Eq. (2) . Filter efficiency was assumed as 100% in

ll cases. 

Energy savings were calculated based on a relative reduction

n fan power consumption following a relative decrease in fan

peed. No actual fan performance was simulated. Instead, the sav-

ngs were calculated applying the affinity law. This law states that

he fan power is proportional to the cube of the shaft speed. This

ranslates into: 

P 1 
P 2 

= 

(
Q 1 

Q 2 

)3 

(3) 

In Eq. (3) , P is the fan power [W] and Q is the volume flow rate

m 

3 /s]. 

.3. Experiments ventilation efficiency 

Experiments were performed to provide more insight in to the

econd solution direction (B) for energy use reduction in clean-

ooms: ventilation efficiency. More specifically, the contaminant re-

oval efficiency was investigated. 

For the measurements, a cleanroom (6.1 × 4.3 × 2.7 m [LxWxH])

as used (see Figs. 3 and 4 ). The room has nine ceiling mounted

an Filter Units (FFUs; type: Envirco MAC 10® Original Fan Filter

nit [27] with H13 filter class HEPA filters). The FFUs could be

ontrolled to 50% or 80% capacity, which corresponded to approx-

mately 6.1 �10 2 m 

3 /h and 9.0 �10 2 m 

3 /h per FFU. Air was extracted

t five wall mounted extraction points (A-E; all positioned near the

oor). In the cleanroom, a LAF cabinet was present. During the ex-

eriments, this cabinet was not operational. A workbench was sit-

ated in one corner. 

For the measurements six calibrated light scattering airborne

article counters, complying with ISO 21,501–4 [28] , were used.

our different types of counters were used: A Lighthouse Remote

014 (1 l/min; reduced from standard flowrate of 2.83 l/min to

entioned flowrate by Lighthouse) at position PC1 (height 1.0 m)

nd PC2 (height 0.2 m), a Lighthouse Handheld 3016-IAQ (2.83

/min) at position PC3 (height 0.8 m) and PC4 (height 0.8 m), a

ighthouse Remote 5104 (28.3 l/min) at position PC5 (height 1.0 m)

nd a Lighthouse Remote 5010 (2.83 l/min) at position PC6 (height

.0 m). All particle counters logged their data per minute and had

n accuracy of 5% [22] . Even though all particle counters used were
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Fig. 3. Lay-out of the cleanroom used for the ventilation efficiency experiments. 

Locations of the particle counters (PC), fan filter units (1–9), extract grilles (A-E) 

and source positions (S) have been shown. h = measurement position height [m]. 

Fig. 4. Picture of the cleanroom with swirl diffusers installed. Measurement posi- 

tions of the particle counters (PC#) for one of the investigated cases have also been 

indicated. 
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officially calibrated, a deviation was noticeable between the coun-

ters. To make sure that the different particle counters were com-

parable, all counters were positioned at one location, for an hour,

to measure the particle concentration, with the particle source on

(the particle generator). Deviations were detected and a correction

was applied to arrive at the same concentrations for all the coun-

ters (correction factors in the range of 0.8 till 1.2 were used). 

A particle generator (Atomizer Aerosol Generator ATM 226) was

applied as source (S) (see Fig. 3 ; height 0.8 m) to continuously dis-

perse particles in the air. The used aerosol liquid was Di-Ethyl-

Hexyl-Sebacat (DEHS) [29] . The exact dispersion rate of the gen-
rator was unknown. All cases applied the same dispersion rate

nd relative results have been presented and discussed. An estima-

ion based on the extracted particle concentration indicated that

he dispersion rate was in the order of 7.9 �10 5 p/s for particle size

0.5 μm. 

In the cleanroom, 13 different cases were investigated, derived

rom six design parameters: 

1. Diffuser type : swirl diffuser (TROX VDW QZVM 600–24) or

no swirl diffuser, i.e. FFU. 

2. Swirl angle (only for swirl diffuser) : vertical downward or hor-

izontal outward (parallel to ceiling). 

3. ACR : ∼38 h − 1 or ∼16 h − 1 . 

4. Supply air position : selection from the nine ceiling positions

available in the room. 

5. Extract grill position : selection from the five extract positions

available in the room. 

6 Source position : see Fig. 3 for the two positions applied (S(1)

and S(2)). 

Swirl diffusers were mounted in front of the FFUs for the cen-

erline positioned FFUs (position 4–6) as shown in Fig. 4 . When the

CR was set to 38 h − 1 , three FFUs were active at 80%. When the

CR was set to 16 h − 1 two FFUs were active at 50%. This meant

hat for the supply air position, there were always two or three

FU positions in use, depending on the ACR. For the air extraction

rille position, two different extraction grilles were always used.

hen an ACR of 16 h − 1 was applied, both air extraction grilles

ere 50% covered in order to maintain an appropriate overpressure

n the cleanroom. The PC2 particle counter position was based on

he position of the extraction grille that was open for the specific

ase. The PC4 particle counter position was based on the position

f the source (see Fig. 3 ; PC4(#)). 

An overview of the performed cases with the corresponding

ariables has been provided in Table 2 . The codes that have been

sed for the cases were composed out of the characteristics of the

ifferent variables: 

1. Diffuser type : S [Swirl diffuser] or F [FFU] 

2. Swirl angle : V [Vertical] or H [Horizontal]; N [Not applicable

when swirl diffuser was not applied] 

3. ACR : 16 or 38 [ h − 1 ] 

4. Supply air position : M [middle row 4–6], R [right row 7–9],

L [left row 1–3] or C [combination of position 3 + 7] (See

Fig. 3 ) 

5. Extract Air Position : R [right positions (C and E)], L [left po-

sitions (A and B)] or C [combination of left and right posi-

tions] 

6. Source position : 1 or 2 [indicates position of source as well

as PC4] 

From the different cases investigated, Case 1 and 2 were re-

arded as the reference cases. The setup for these two cases is

ommon in pharmaceutical cleanrooms. In Case 3 and 4, the ef-

ect of changing the swirl angle from horizontal to vertical was

tudied. Case 5 till 9 were cases without swirl diffuser, creating a

ronounced air flow underneath the HEPA filter (FFU). In order to

nd the case that had the lowest particle concentration through-

ut the room, air supply and extraction position were variables in

hese cases. For Cases 10 and 11, the effect of extracting the air at

oth sides of the room was studied. In Case 12 and 13, the con-

amination source was moved to another position. In both cases

t was located closer to the extraction position. Besides that, no

orkbench or LAF cabinet was located in-between the air extrac-

ion grilles and the contamination source (which was the case in

ase 5 and 7). At the end, Case 9 could not be investigated due to

ime constraints and has not been discussed further. 
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Table 2 

Experimental cases with different design variables (diffuser type, swirl angle, ACR, supply air position, extract air position and 

source position). See text for the abbreviations applied for the cases. 

Case Diffuser type Swirl angle ACR [ h − 1 ] Supply Air Position Extract Air Position Source Position 

1.SH38MR1 Swirl Horizontal 38 4,5,6 C,E 1 

2.SH16MR1 Swirl Horizontal 16 4,6 C,E 1 

3.SV38MR1 Swirl Vertical 38 4,5,6 C,E 1 

4.SV16MR1 Swirl Vertical 16 4,6 C,E 1 

5.FN38LL1 FFU N/A 38 1,2,3 A,B 1 

6.FN38LR1 FFU N/A 38 1,2,3 C,E 1 

7.FN38RL1 FFU N/A 38 7,8,9 A,B 1 

8.FN16RR1 FFU N/A 16 7,9 C,E 1 

9.FN38MR1 FFU N/A 38 4,5,6 C,E 1 

10.SH16MC1 Swirl Horizontal 16 4,6 A,E 1 

11.FN16CC1 FFU N/A 16 3,7 A,E 1 

12.SH38MR2 Swirl Horizontal 38 4,5,6 C,E 2 

13.FN38RR2 FFU N/A 38 7,8,9 C,E 2 
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Fig. 5. Measured particle concentration for Case study H, Room II. The x-axis repre- 

sents the time (in weeks), the y-axis represents the particle concentration (in p/m 

3 ) 

for particles ≥ 0.5 μm. The GMP limit (C; in operation) for this room is 3.52 �10 6 

p/m 

3 . GMP B (in operation) allows a maximum of 3.52 �10 5 p/m 

3 . 
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All measurements followed a similar protocol. Every session

asted 60 min. During the entire session, the aerosol generator was

ontinuously operational in order to assure a continuous particle

roduction [p/s]. The LAF cabinet was off and had its protection

creen shoved upward, so that it functioned just like a work bench.

obody entered the cleanroom during the tests. Every case was

erformed at least twice, except for Cases 3 and 4, both of which

ere performed only once. Results from all measurements have

een presented in the results section. During the measurements,

very day, the ground and workbench surfaces were cleaned with

ppropriate cleanroom cleaning materials. The ground was cleaned

ith Ecolab klerwipes and the surfaces with Medipal Alcohol IPA

ipes. The cleanroom was entered wearing cleanroom boots and

urther normal clothes. 

Data of the last 40 min of each measurement session was used

or the analysis. In this time range, the particle concentration was

pproximately in steady state. The average particle concentration

f each counter and the according standard deviation over this

ime range was determined. The contaminant removal efficiency

 ε) was calculated from Eq. (4) . 

 = 

C exit − C s 

C mean − C s 
(4) 

In Eq. (4) , C exit is the particle concentration at the extract

p/m 

3 ], C s the particle concentration at the supply [p/m 

3 ] and

 mean the mean particle concentration in the room [p/m 

3 ]. 

In the analysis, results from PC2 were assumed to be represen-

ative for C exit . The filter conditions were tested before the start of

he experiments. No supply of particles was detected in absence

f an internal source. Filter efficiency was 99.95% (H13). Based

n this analysis and the expected high particle concentrations

n the room, C s was assumed zero in the further analysis of the

ata. C mean is determined from the average of PC1 and PC3-PC6

over the 40 min period). Significance (p-value < 0.05) in differ-

nces in ε between the cases was determined by Mann Whitney

ests (2-sided) [30] applying SPSS [31] version 20 and Matlab

version R2018b; Wilcoxon rank sum test) [23] . Apart from the

verall (room) contaminant removal efficiency ( εoverall ), the local

ontaminant removal efficiency ( εlocal ) was determined from the

article concentration for the individual measurement positions in

he room (C local ). 

. Results 

With reference to the three applied research methods, as ex-

lained in the previous paragraphs, the results have also been pre-

ented separately for each method, in a detailed manner, to answer

he main research question. 
.1. Monitoring in case studies 

Figs. 5 and 6 show the measured particle concentration for Case

tudy H Room II, and Case study R, respectively, over a period of

hree weeks. 

For the measured low particle concentrations ( < 50 0 0 p/m 

3 for

article size ≥0.5 μm), the results may be inaccurate due to the

ow flow rate of the Remote 2014 (1 l/min). 

The time that Rooms I and II of Case study H were occupied

uring the three weeks of measurement was determined at 1.8%

nd 3.2% (respectively). When Room II was occupied, the employee

emained 55% of the time in the defined working area (D; see

ig. 1 ). The cleanroom of case study R was occupied approximately

2.5% of the time. 

In Case study H, Room II, the particle concentration was mea-

ured at different locations. The highest correlation was obtained

etween PC1(3) and PC2 ( R = 0.82). For PC1(2) the correlation with

C2 was lower ( R = 0.19). A continuously lower concentration was

easured at PC1(2) when compared to PC2. However, average ab-

olute difference in particle concentration between the PCs was

mall for the monitoring period (less than 0.5%, when applying

on-zero concentration values and the GMP-C requirement as a

eference). 

In general, both Case study facilities operated far below the de-

ired GMP limits for particle size ≥0.5 μm. When occupied, Room
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Fig. 6. Measured particle concentration, Case study R. The line shows the GMP C 

limit. The x-axis represents the time (in weeks), the y-axis represents the particle 

concentration (in p/m 

3 ) for particles > 0.5 μm. The GMP limit (C; in operation) for 

this room is 3.52 �10 6 p/m 

3 . GMP B (in operation) allows a maximum of 3.52 �10 5 

p/m 

3 . 

Fig. 7. Boxplot of measured particle concentration range as a function of the num- 

ber of employees in the cleanroom (case study R; ∗ indicates a significant difference 

when there is one more person in the cleanroom for the specific step (p-value < 

0.05; two-sided). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Simulated particle concentration when applying DCF vs. Reference (original 

situation), based on actual occupancy data for the period 15:15–16:45 September 

22nd 2016 (Room II Case study H). The x-axis represents the time (in minutes), the 

left y-axis the particle concentration (in p/m 

3 ) and the right y-axis the occupancy 

(in number of persons). 
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I in Case study H had a slightly higher average particle concentra-

tion than Room II: 1.37 �10 4 p/m 

3 versus 1.10 �10 4 p/m 

3 for particle

size ≥0.5 μm. As Room II had less strict GMP requirements (factor

10), it had a higher degree of oversizing than Room I. 

There was a visible relation between occupancy in the clean-

room and particle concentration. When there were no employees

present in the cleanroom, and therefore no source of contamina-

tion, the particle concentration approached zero. As soon as em-

ployees entered the rooms of Case study H, the particle concentra-

tion increased. The detection of particles in Case study R showed a

delay of ∼3 min as this cleanroom had a larger volume compared

to the rooms in Case study H. In line with the air change rates ap-

plied, a decrease in particle concentration could be noticed in all

situations within 3 min after leaving the cleanroom unoccupied. 

From the measurement data for Case study R the particle con-

centration, as a function of presence could be derived ( Fig. 7 ). 

The obtained data indicates no specific relation between the

particle concentration and the occupancy. An increasing overall
verage particle concentration for the first three persons in case

tudy R was notable. The rise in particle concentration was signif-

cant for the first three persons (Mann Whitney tests). There was

owever no significant increase in particle concentration when the

leanroom was occupied by 3 to 6 persons (two-sided). 

.2. Simulations ACR energy saving potential for case studies 

Following the measured particle concentrations ( ≥0.5 μm), as

hown in Figs. 5 and 6 , the simulation results conclude that both

or the cleanroom in Case study R and Room II of Case study H,

heoretically, the ACR could be lowered by a factor 10 without in-

reasing the exceedance of the GMP C ≥ 0.5 μm concentration limit.

ine-tuning, in this case simplified, to a fixed ACR to (just) fulfil

he GMP-requirement and maintain some pressure hierarchy. This

ould result in energy savings in the order of 99.9%. 

Fig. 8 presents a sample result of the simulated particle con-

entration when DCF is applied. The particle concentration in the

leanroom reduces to (nearly) zero within 30 min after occupants

eave the room. 

In Case study R, when an occupant enters the room, an increase

n the particle concentration was detectable after approximately

 min. This is due to the time required for the HVAC system to

witch the ACR. The desired ACR was reached after 150 s. Other

auses are found in the size of the room and the position of the

article counter. This implies that a source assumption is only vis-

ble after this time interval. This time interval was also assumed in

he simulations. In DCF, the control is not on the particle concen-

ration but on the presence in the room. Therefore, the system is

lready running before actual particles would have been detected.

n Room II of Case study H an increase in particle concentration

as noticeable faster, due to the smaller capacity of the room. As

he HVAC system delay was also included in these simulations, this

ay result in a higher particle concentration in the first couple of

inutes, as illustrated in Fig. 8 . 

Table 3 presents the final simulation outcomes with respect to

otential energy savings, when applying DCF for the investigated

ase studies. 

.3. Experiments on ventilation efficiency 

A 2D visualization of the airflow pattern for all cases investi-

ated in the experiments on ventilation efficiency has been pro-

ided in Fig. 9 . Table 4 presents the measured average particle con-
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Table 3 

DCF energy saving potential for the investigated case studies. 

Cleanroom % of time occupied ACR setback % of time Overall fan energy savings 

Case study H: Room I 1.8% 96.1% 93.6% 

Case study H: Room II 3.2% 88.9% 86.8% 

Case study R: 22.5% 70.0% 68.1% 

Table 4 

Average measured particle concentration ( ≥0.5 μm) and standard deviation (SD) for each individual measurement position (for all investigated cases), related to the 

experiments on ventilation efficiency. The overall contaminant removal efficiency ( εoverall ) for each case is derived from the measurement outcomes for the particle counters, 

as explained for Eq. (4) . 

CASE PC1 [p/m 

3 ] PC2 [p/m 

3 ] PC3 [p/m 

3 ] PC4 [p/m 

3 ] PC5 [p/m 

3 ] PC6 [p/m 

3 ] εoverall [-] 

Average SD Average SD Average SD Average SD Average SD Average SD 

1.SH38MR1 1.20E + 06 1.40E + 05 1.02E + 06 7.42E + 04 8.07E + 05 1.20E + 05 1.07E + 06 7.58E + 04 1.17E + 06 2.74E + 05 7.08E + 05 3.71E + 04 1.03 

2.SH16MR1 2.75E + 06 1.62E + 05 2.22E + 06 1.31E + 05 2.17E + 06 8.35E + 04 2.39E + 06 1.51E + 05 2.71E + 06 2.66E + 05 2.25E + 06 1.85E + 05 0.90 

3.SV38MR1 7.61E + 05 6.24E + 04 6.52E + 05 5.21E + 04 1.33E + 06 1.79E + 05 1.06E + 06 1.49E + 05 2.78E + 06 4.48E + 05 1.87E + 06 7.67E + 04 0.42 

4.SV16MR1 1.89E + 06 1.21E + 05 1.97E + 06 8.87E + 04 1.76E + 06 1.13E + 05 1.92E + 06 1.01E + 05 3.77E + 06 1.02E + 06 1.65E + 06 8.63E + 04 0.90 

5.NN38LL1 6.76E + 05 1.29E + 05 4.95E + 05 1.39E + 05 3.57E + 05 9.61E + 04 5.19E + 05 2.69E + 05 3.85E + 06 1.32E + 06 2.87E + 05 1.40E + 04 0.44 

6.NN38LR1 1.09E + 06 2.59E + 05 6.20E + 05 4.68E + 04 7.12E + 05 5.75E + 04 1.02E + 06 2.32E + 05 3.43E + 06 1.01E + 06 3.20E + 06 1.22E + 05 0.33 

7.NN38RL1 1.90E + 06 2.92E + 05 8.84E + 05 5.35E + 04 3.84E + 05 5.09E + 04 1.11E + 06 3.22E + 05 1.92E + 06 5.19E + 05 4.43E + 05 7.15E + 04 0.77 

8.NN16RR1 1.50E + 06 9.14E + 04 1.61E + 06 1.40E + 05 1.14E + 06 1.55E + 05 1.52E + 06 9.89E + 04 1.94E + 06 6.52E + 05 1.26E + 06 8.61E + 04 1.09 

10.SH16MC1 2.60E + 06 2.30E + 05 2.27E + 06 1.11E + 05 2.00E + 06 1.13E + 05 2.58E + 06 2.00E + 05 2.65E + 06 2.83E + 05 2.05E + 06 8.19E + 04 0.96 

11.NN16CC1 1.88E + 06 2.27E + 05 1.39E + 06 1.04E + 05 9.42E + 05 6.84E + 04 2.24E + 06 4.62E + 05 1.21E + 06 2.71E + 05 7.55E + 05 4.13E + 04 0.99 

12.SH38MR2 4.02E + 05 5.92E + 04 5.94E + 05 1.25E + 05 1.17E + 06 2.05E + 05 5.51E + 06 4.21E + 06 1.00E + 06 1.58E + 05 6.70E + 05 6.40E + 04 0.34 

13.NN38RR2 5.95E + 05 1.75E + 05 5.33E + 05 9.38E + 04 2.15E + 05 3.78E + 04 7.29E + 04 1.92E + 04 3.22E + 05 5.74E + 04 2.51E + 05 1.88E + 04 1.83 

c  

g

 

a  

o  

c  

d  
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t  
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c  

s  
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g  
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entrations, the standard deviation (SD) and εoverall for the investi-

ated cases. εlocal values have been shown in Table 5 . 

In Table 5 the values of a single test have been presented sep-

rately when a case was performed twice. For εoverall the accuracy

f the outcomes was determined at 12% when averaging all out-

omes. This value was mainly attributed to the cases with no swirl

iffuser, which generally result in a less mixed situation. Looking

t the cases with a swirl diffuser the accuracy was 6%. Locally,

he difference between repeated measurements for εlocal may find

arger values. Again, these differences were found mainly for the
ig. 9. 2D Air flow pattern (sketch) visualization of all cases investigated in the experim

espective drawings. The details for the cases can be found in Table 2 . 
ases where no swirl diffuser was applied. The measurement po-

ition and local disturbances in that case, due to larger gradients,

ay have affected the outcomes. 

. Discussion 

In this research three different methods were used to investi-

ate how to optimize the ventilation in pharmaceutical cleanrooms

n order to derive the energy savings potential. The following sec-

ions discuss the outcomes with respect to the main research
ents on ventilation efficiency. The case abbreviations are provided at the top of 
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Table 5 

Local contaminant removal efficiency ( εlocal ) of all PC# and εoverall of all performed tests. Most cases were 

performed twice (#/#). 

Case PC1 PC3 PC4 PC5 PC6 εoverall 

1.SH38MR1 0.92 / 0.78 1.13 / 1.44 0.96 / 0.94 0.79 / 0.98 1.30 / 1.62 0.99 / 1.07 

2.SH16MR1 0.80 / 0.81 0.94 / 1.10 0.92 / 0.93 0.88 / 0.75 0.92 / 1.05 0.86 / 0.94 

3.SV38MR1 0.86 0.49 0.61 0.24 0.35 0.42 

4.SV16MR1 1.04 1.12 1.03 0.52 1.19 0.90 

5.NN38LL1 0.70 / 0.76 1.18 / 1.61 1.06 / 0.89 0.13 / 0.13 1.56 / 1.88 0.43 / 0.44 

6.NN38LR1 0.63 / 0.52 0.85 / 0.90 0.49 / 0.81 0.19 / 0.18 0.19 / 0.20 0.33 / 0.33 

7.NN38RL1 0.43 / 0.50 1.67 / 3.80 1.74 / 0.51 0.48 / 0.44 1.66 / 2.54 0.81 / 0.73 

8.NN16RR1 1.05 / 1.10 1.45 / 1.37 1.07 / 1.05 0.77 / 0.91 1.18 / 1.39 1.06 / 1.13 

10.SH16MC1 0.83 / 0.93 1.19 / 1.07 0.91 / 0.84 0.82 / 0.91 1.02 / 1.24 0.94 / 0.98 

11.NN16CC1 0.88 / 0.61 1.40 / 1.58 0.57 / 0.69 1.08 / 1.25 2.15 / 1.54 1.00 / 0.97 

12.SH38MR2 1.76 / 1.29 0.63 / 0.43 0.11 / 0.11 0.71 / 0.51 1.06 / 0.77 0.36 / 0.32 

13.NN38RR2 0.77 / 1.03 2.26 / 2.68 7.01 / 7.58 1.44 / 1.87 1.93 / 2.31 1.62 / 2.05 
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question posed. To this end, the monitoring and simulation results

have been combined to address the ACR optimization. The out-

comes for the ventilation efficiency are discussed separately. 

4.1. ACR optimization 

The monitoring results for Room II of Case study H (see Fig. 5 )

indicated that the room approached GMP B cleanliness almost all

the time, except for 6 min in total during the 3 weeks of mon-

itoring. This, in spite of the fact that GMP C demands were in

place. The correlation outcomes assumed that local conditions at

the work area were not similar at all investigated positions in the

cleanroom. So (theoretical) complete mixing was not obtained. Ab-

solute differences, however, remained small. The simulation out-

comes, as presented in Fig. 8 , support that a mixing assumption

would still be valid for this room. 

Case study R showed outliers that were substantially higher

than the average concentration in a time period (see Fig. 6 ). These

peak moments generally were 1 min samples and may refer to lo-

cal disturbances. If we do not consider these outliers, Case study

R was operating most of the time (99.2%) on GMP B cleanliness

when the cleanroom was in use. Room I of Case study H aligned

with the requirements set for the specific room. Actual use time of

the cleanroom was however very low. 

The results indicated that the ACR applied in the monitored

case studies generally was much higher than needed for the re-

quested performance. The simulation results for the GMP C cases

investigated showed that a reduction by a factor of about ten

would still result in a functional cleanroom. This degree of oversiz-

ing was also found in preliminary internal research by the authors

in the at-rest state [32] . The results presented here extended that

to the in-operation phase for the case studies (GMP C). 

It is not recommended to apply these low ACRs for the investi-

gated case studies as it would affect the airflow pattern. With the

high flow rates, a mixing situation can be expected. When lower-

ing the flow rate, temperature differences will increase as the air is

also used to control the thermal conditions. As a result, buoyancy

forces may impact the flow pattern more considerably. This was

not further investigated. Additionally, the flow must also assure an

overpressure in the room. A minimum ACR of 6 h − 1 is proposed

in [2] to address these issues. With this proposal, fine-tuning (ACR

in the order of 2 h − 1 ) should not be considered for these cases.

Lowering the ACR continuously from 20 h − 1 to 6 h − 1 results in

potential energy savings of 97.3%. 

As the use of a cleanroom is unpredictable and the particle con-

centration can rise quickly due to activities, control based on par-

ticle concentration is less straightforward. There will always be a

delay which may result in an overshoot. Furthermore, the particle

size of ≥5.0 μm and microbial contamination were not considered
n these measurements. Although the research was focused on par-

icle size ≥0.5 μm, the equipment does provide an indication that

he concentration of particle size ≥5.0 μm sometimes reached the

imits of the GMP C demands. Due to the low flow rate (1 l/min)

f the particle counters, accuracy however was compromised at the

ow concentrations for this particle size (GMP C: 2.9 �10 4 p/m 

3 ). 

The fact that Room I and Room II in Case study H result in sim-

lar particle concentrations was explained based on both rooms be-

ng occupied by two persons. Room I is twice as small as Room II

nd has an ACR of 42 h − 1 compared to 21 h − 1 in Room II. This

esults in approximately the same amount of flow rate (1276 m 

3 /h

nd 1351 m 

3 /h respectively). With approximately the same source

nd flow rate, the same concentration is reached. This confirms

hat designing based on prescribed ACR does not immediately clas-

ify the room’s cleanliness, as also stated by Birks [12] . 

The influence of more than three persons on the resulting par-

icle concentration in Case study R was not detected (not signifi-

ant [two-sided]; Fig. 7 ). This may be due to the specific activities

erformed in the specific cleanroom. It, however, also signifies the

ifficulty of identifying the particle generation rate when design-

ng a cleanroom. Oversizing of the ACR in that case is assumed in

ractice to assuredly be on the ‘safe side’. For energy efficiency,

his is not advocated. ASHRAE [33] recently issued a report which

rovides more information on particle generation rates and mea-

urement methods to determine this rate. The authors of the re-

ort regard it as an initial step and more work needs to be done. 

As control based on particle concentration (fine-tuning) may

ot guarantee minimum performance in any case, use of DCF

ased on occupancy seems a better alternative. In that case the

leanroom functions at its designed flow rate in case of pres-

nce in the cleanroom. The number of people present is not a

riterion. It assumes that activities in the cleanroom only take

lace when people are present and particle sources are directly re-

ated to occupancy. No sources need be assumed when the clean-

oom is unoccupied. The control then simplifies considerably (oc-

upied/unoccupied: ON/OFF), as do the investment costs [16] . If a

roduction process has activities which are not directly coupled to

ersons present in the cleanroom, control on particle concentration

ay still present a feasible alternative. 

The calculated DCF energy savings for Case study H ( Table 3 )

ere higher than in other studies [13,16–18] . The main reason for

his was that the two rooms of Case study H showed a very low

se time. This was in contrast with Case study R that had a more

egular occupation pattern. The energy savings for Case study R

ere more representative and therefore more in line with DCF par-

icle counting studies from Faulkner et al. (60%) [13] and Tschudi

t al. (72%) [17] . 

Although simulation results when applying DCF were solely

ased on particle size ≥0.5 μm, this will not cause any problems for
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article concentration size ≥ 5.0 μm and microbial contamination.

f a particle concentration of (near) zero is measured for particle

ize ≥ 0.5 μm, the particle concentration for particle size ≥5.0 μm

nd microbial contamination, by definition, cannot be larger. The

tudy however does not distinguish the fact that in case of par-

icle generation, due to presence and activity, particle concentra-

ions for particle size ≥5.0 μm and microbial contamination may

et closer to limit values than the particle concentration for parti-

le size ≥0.5 μm. This is due to the fact that the particle sources

resent may produce different distributions of particle size parti-

les. This potential uncertainty provides another challenge for ap-

lying fine-tuning. 

.2. Ventilation efficiency 

Reference Case 1 and 2 showed similar ratios for particle

oncentration from the different Particle Counter (PC) locations

nd provided (relatively) homogeneous particle concentrations

hroughout the cleanroom (see Tables 4 and 5 ). The 2.4 times

igher ACR in Case 1, as compared to Case 2, resulted in a sig-

ificantly ( p = 0.009) cleaner environment. A relatively higher εlocal 

s achieved at PC6 for Case 1 (see Table 5 ) due to the Coanda effect

f the swirl diffuser. With the higher flow rate, the applied swirl

iffuser was able to maintain a larger clean area in the upper part

f the room as compared to Case 2 with a lower flow rate. 

A downward directed flow as in Case 3 and 4 resulted in lo-

ally lower particle concentrations as compared to the reference

ase. However, a high particle concentration was measured at PC5

LAF cabinet), because the contamination is now pushed into the

AF cabinet from the source position (see Fig. 9 ). This is reflected

n the low value for εlocal at PC5 ( Table 5 ). When PC5 is not consid-

red for the calculation of the overall average concentration, Case

 provides a significantly ( p = 0.021) cleaner room than Case 2. For

ase 3, in comparison to Case 1, this is not significant ( p = 0.386). 

In Case 5 and 6, where the air was supplied above the source

osition with the FFUs (no swirl diffuser), contamination was also

irected towards PC5. This resulted in a higher particle concentra-

ion at PC5, similar to Case 3 and 4 (see Fig. 9 ). When PC5 was

ot considered, Case 5 performed better on all measurement posi-

ions than Case 6. This is attributed to the difference in position of

he extract air grille. For Case 6 the extract grille was positioned

urther from the source. 

In Cases 7 and 8, air supply was located on the opposite side of

he cleanroom, as compared to air supply position in Cases 5 and 6

position 7–9; see Fig. 3 ). For Case 7, this resulted in an improved

overall , as compared to Case 5 and 6. For Case 8, εoverall improved

ven further. Compared to Case 6, one could have expected poten-

ial short-circuiting to have taken place. This would have lowered

overall . Instead, the reduced flow rate for this case (ACR = 16h 

−1 )

ay have positively affected the overall flow pattern in the room,

ringing it closer to a mixing situation. 

The effect of opposite extract positions applying different dif-

user types (Case 10 and Case 11) resulted in no difference (non-

ignificant) in εlocal for Case 10 when compared to Case 2. Both

ase 10 and 11 arrive at a similar εoverall when compared to Case

. 

The effect of repositioning of the source was visualized in Case

2 and 13 (PC4 was also replaced in this case). Otherwise Case 12

ould be compared to Case 1. When compared, the results indi-

ated that at the workbench (PC1) εlocal improved considerably as

ontamination now was removed more close to the extraction. PC4

nd PC3 were located closer to the source in this case and there-

ore present reduced values. 

In Case 13 the supplied air impinged on the desk and was

hen, for a large part, directed towards the air extraction grilles

see Fig. 9 ). Because the source was located in between the
orkbench and the air extraction grilles, contamination was re-

oved efficiently. As a result, the highest overall contaminant

emoval efficiency of all cases ( εoverall = 1.83) was obtained for

ase 13. 

In Case 3, 4, 5 and 6 contamination was directed towards PC5

nside the LAF cabinet. This may not be an issue of concern when

he LAF cabinet is turned on, as it creates a barrier between the

nside and outside of the LAF cabinet. However, when the LAF cab-

net was considered to be a normal workbench, the air distribution

as not optimal. Since the contamination removal efficiency was

nly based on the average of five PCs (including PC5), the approx-

mation for the overall contamination removal efficiency was less

epresentative for Case 3,4,5 and 6. 

The swirl diffuser setup resulted in a more homogeneous

article concentration, throughout the room. This result was also

btained by Lenegan [8] , using the air change efficiency as a per-

ormance indicator. The fact that the 2.4 higher ACR in Case 1 as

ompared to Case 2 also led to a 2.4 lower particle concentration

as consistent with the theory [14] . The derived values for εoverall 

ere at a lower range than the CFD study of Villafruela [21] . This

ay be partly caused by the εlocal values at PC5 for some cases;

his affects εoverall . Taking into account the average measurement

ccuracy for the cases with swirl diffuser, the assumption that

urbulent ventilated cleanrooms have an εoverall of 0.7, according

o some design guidelines [34] , seems conservative for the inves-

igated cleanroom. Assuming Case 1, εoverall could be set at 0.9 for

he investigated cleanroom. In that case, the ACR could be reduced

y 22%, resulting in additional energy savings. 

Use of localized ventilation, aligned with the activities per-

ormed in the cleanroom, was represented in cases with the ap-

lication of FFUs or swirl diffuser, with vertical downward throw.

his can result in locally high contaminant removal efficiencies and

herefore efficient ventilation. The measurement results for these

ases however do also show larger variation in measurement out-

omes with respect to εlocal . This implies that the flow pattern is

ore critical for small disturbances and therefore less stable. A

imilar remark can be made with respect to the source position. In

 cleanroom environment with high requirements on the air qual-

ty, such a condition may not be acceptable. In that case, a mix-

ng situation is to be preferred. ISO norms [35] currently also re-

uire that all measuring points need to meet the required particle

oncentration level. This implies that there yet is no benefit to be

ained from air distribution configurations with εlocal > 1, when at

ther positions εlocal < 1. 

.3. Energy savings 

The results from the research into ACR optimization and ven-

ilation efficiency improvement showed that, for the investigated

ases, large energy savings are possible (in the order of 70–90%).

rom the results, ACR optimization applying DCF, assuming occu-

ation as control parameter, currently seems the most interesting

olution for application in practice. In case cleanrooms have a low

se rate, savings can be considerable. Fine-tuning could result in

ven higher savings but is prone for air quality issues as source

ontrol (particle production) is more difficult to obtain and parti-

le concentration measurement at a specific location may not be

epresentative. Furthermore, system response may be too slow. 

Improvement in ventilation efficiency is possible by localized

entilation, but at room level, sensitivity to disturbances is high re-

ulting in lower air quality. For the investigated case, a mixing air

istribution pattern is preferred. The results do however show that

urrent design guidelines with respect to assumed overall contam-

nant removal efficiency are conservative. For the investigated case,

n ACR reduction by 1/5th was possible. 
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4.4. Study limitations 

All results shown are for particles ≥0.5 μm. The outcomes may

not account, by definition, for particles ≥5 μm due to difference in

behavior and deposition. 

For the ACR optimization study, the pressure hierarchy was not

taken into account. In reality, it is possible that due to a lower ACR

a smaller pressure difference may occur and contamination can en-

ter the cleanroom. This potential effect was not investigated fur-

ther for Case study H and R. For operating theatres, Traversari et al.

[36] investigated the effect of switching off the ventilation system

during prolonged inactivity. They concluded that the required de-

gree of protection (air quality) was reestablished within 25 min.

They however actively contaminated the room in the off-phase. In

practice, this will not be the intention. Sun et al. [37] discuss the

original assumptions for pressure hierarchy and propose new rec-

ommendations. They show that contamination from the corridor

(non-clean area) to the clean area is kept at < 0.1% even at near

zero (but positive) pressure differences. Follow-up studies may re-

veal the need to improve/change the leakage area to maintain a

required pressure hierarchy to avoid contamination. 

The application of swirl diffusers in the experiments resulted in

pressure loss as compared to the case with FFUs. As a result the

flow rate in case of application of swirl diffusers reduced by ap-

proximately 25%. As the particle source rate was fixed for all cases

this resulted in differences in particle concentration between the

cases (see Table 4 ). The analysis of the contaminant removal effi-

ciency is not influenced by this difference. 

The outcomes from the experiments on ventilation efficiency

confirmed that the use of swirl diffusers supports the development

of a mixing type of ventilation. This supports the mixing assump-

tion that was required for the simulation part. Whether actually

full mixing was arrived at in the case studies, was not further in-

vestigated. 

Due to a limitation in the number of particle counters available,

in all cases, data from PC2 has been applied in the experiments for

the ventilation efficiency, as being representative for the particle

concentration at the extraction point. The assumption is that for

cases with the position of the extraction grille on the same side

of the room, measurement at one position is representative. This

is certainly the case when combined with a mixing situation, as

generally obtained with the application of swirl diffusers. Only for

Case 10 and 11 representativeness may be argued. 

The limitation in number of particle counters was also reflected

in the difficulty to arrive at a mean concentration for the room.

The focus of the measurements was on the lower region of the

room, as here, activities take place and performance requirements

are set. In case of mixing, the effect of the position of the particle

counters may have affected the mean concentration less. In case of

use of FFUs, with larger gradients in the room, the disproportion-

ate distribution of the sensors in the vertical direction may have

affected mean values. As the focus is on the lower region, this ef-

fect however was regarded as less critical. 

Contamination removal efficiency could also have been studied

using Computational Fluid Dynamics (CFD). However, this simula-

tion technique requires measurement data for validation. Further-

more, the full complexity of the investigated room, including the

supply details, is a challenging endeavor [38] . Nevertheless, the

presented results may be used to perform such an analysis. The

advantage is that, using CFD, information can be obtained for any

point in the room, as opposed to the limited number of field mea-

surement positions. A follow-up study may include the use of CFD

to take advantage of that additional information. 

Some additional tests were performed with the LAF cabinet on.

Because the LAF cabinet included a HEPA filter, it also acted as

a particle sink. In those cases, the overall particle concentration
hroughout the room was significantly reduced, adding to the air

uality of the cleanroom environment. An active LAF cabinet there-

ore may support a cleaner environment. This may be overviewed

s another potential energy savings option in the design phase. 

Finally, it should be noted that limiting the source’s particle

mission plays a more important role for environmental cleanli-

ess than the ACR. ISO classes have a factor ten interval with re-

pect to the required particle concentration. Adding two times as

uch air leads to a two times lower particle concentration when

he sources particle emission is the same. Therefore, if possible, it

s of primary importance to limit the emission of particles from in-

ernal sources in order to achieve a lower particle concentration in

he room. 

. Conclusion 

The research shows that for particles ≥0.5 μm, fine-tuning, DCF

ased on occupancy, and an improved airflow pattern in the clean-

oom can contribute to a more energy efficient operating clean-

oom. 

For the investigated case studies, application of DCF based on

ccupancy was most promising and has the potential of relatively

asy implementation in existing cleanrooms. Reduction of the ACR

fter 30 min of no occupation is proposed. A minimum ACR is still

equired to maintain a minimum pressure hierarchy. Applying DCF

an result in energy savings for fan use up to 70% and more. These

esults however are highly related to the actual use of the clean-

oom. The savings do not include potential savings for conditioning

f the outdoor air. 

Improvement of ventilation efficiency in a cleanroom is possi-

le by dedicated positioning of supply, source and extraction. Pro-

iding the supply air close to the required clean area, the product

rea, and extracting the air close to the employee’s working area

an result in a high ventilation efficiency. However, current guide-

ines do not support such an approach. Requirements are set for

he whole room. Therefore, a (turbulent) mixing ventilation flow

attern is still required in case of rooms without full unidirectional

ownflow. Use of swirl diffusers, with horizontal throw, is a suit-

ble solution for that. The results obtained do imply that current

esign rules for the contaminant removal efficiency, in case of mix-

ng, are conservative. As a result, for the investigated case, a reduc-

ion of 20% in energy use appears possible. 

In the design process of cleanrooms, estimation of the (min-

mum) required ACR, to arrive at an intended recovery time, is

ignificantly hampered by large uncertainties in the quantification

f the particle source. This source is determined, amongst others,

y the working methods in the cleanroom, the cleaning proce-

ure and the equipment. Appropriate system sizing and potential

nergy savings would be helped if more information were avail-

ble on such sources. For now, monitoring of the in-use cleanroom

ay provide the required information on the particle generation

or that specific case. Based on monitoring outcomes, the ACR can

e optimized to improve energy efficiency. 

eclaration of Competing Interest 

None 

cknowledgement 

The authors would like to thank the staff of the case study fa-

ilities for their cooperation. In addition we would like to thank

ighthouse Worldwide Solutions Benelux B.V. for allowing the use

f their cleanroom for the experiments and TROX Nederland B.V.

nd Sensor Development International B.V. for the provided mate-



M.G.L.C. Loomans, P.C.A. Molenaar and H.S.M. Kort et al. / Energy & Buildings 202 (2019) 109346 11 

r  

f

S

 

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

[  

[

[  

 

 

[  

[

 

[  

 

[  

[  

[  

[  

 

[  

[  

 

[  

 

 

 

 

[  

[  

 

ials to perform the experiments. This paper is based on the thesis

rom Molenaar [39] . 

upplementary material 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.enbuild.2019.109346 . 

eferences 

[1] C.Y. Khoo , C.C. Lee , S.C. Hu , An experimental study on the influences of air

change rate and free area ratio of raised-floor on cleanroom particle concen-
trations, Build. Environ. 48 (1) (2012) 84–88 . 

[2] A. Fedotov , Saving energy in cleanrooms, Cleanroom Technol. 22 (8) (2014)
14–18 . 

[3] W. Tschudi , T. Xu , Cleanroom energy benchmarking results, ASHRAE Trans. 109

(September 2001) (2002) 733–739 PART 2 . 
[4] K. Kircher , X. Shi , S. Patil , K.M. Zhang , Cleanroom energy efficiency strategies:

modeling and simulation, Energy Build. 42 (3) (2010) 282–289 . 
[5] Department of Health, Making best use of medicines, Report, pp. 16, UK. 2011.

Available: https://assets.publishing.service.gov.uk/government/uploads/system/ 
uploads/attachment _ data/file/216705/dh _ 129216.pdf . 

[6] S. Birks , Opinion ACRs - Time for change? Cleanroom Technol. 21 (7) (2013) . 

[7] EU, ANNEX 1 manufacture of sterile medicinal products, vol. 4, no. November.
Belgium, 2008, pp. 1–16. 

[8] N. Lenegan , Diffuser performance, Clean Air Contain. Rev. 18 (2014) 8–13 . 
[9] ISPE: International Society for Pharmaceutical Engineering, Baseline guide:

Volume 3 sterile product manufacturing facilities, vol. 3. 2011. 
[10] R. Jaisinghani , Energy efficient low operating cost cleanroom airflow design,

in: IEST ESTECH Conference, 2003, p. 11 . 
[11] T. Xu , D. Ph , L. Berkeley , Efficient airflow design for cleanrooms improves busi-

ness bottom lines, ESTECH (2003) 9 . 

[12] S. Birks , Energy management, Cleanroom Technol. 20 (6) (2010) . 
[13] D. Faulkner , W.J. Fisk , J.T. Walton , Energy savings in cleanrooms from demand–

controlled filtration, J. Inst. Environ. Sci. 39 (6) (1996) 21–27 . 
[14] W. Whyte , S. Ward , The application of the ventilation equations to cleanrooms

- Part 2: decay of contamination, Clean Air Contain. Rev. 20 (October) (2014)
4–9 . 

[15] W. Tschudi , E. Mills , X. Tenfang , P. Rumsey , Measuring and managing clean-

room energy use, HPAC Eng. 77 (December) (2005) 29–35 . 
[16] D. Faulkner, D. DiBartolomeo, D. Wang, Demand controlled filtration

in an industrial cleanroom (LBNL-63420), Report LBNL. pp. 11. Berke-
ley (USA), 2007 Available: https://hightech.lbl.gov/sites/all/files/documents/ 

Demand _ Filtration CR _ 2007.pdf . 
[17] W. Tschudi , D. Faulkner , A. Hebert , Energy efficiency strategies for clean-

rooms without compromising environmental conditions, ASHRAE Trans . 111 (2)

(2005) 637–645 PART 2 . 
[18] G.P. Sharp , Demand-based control for lab ventilation, Cleanroom Technol . 21

(10) (2013) 29–33 . 
[19] C.P. Yaglou , W.N. Witheridge , Ventilation requirements (Part 2), ASHRAE Trans .
42 (February) (1937) 423–436 . 

20] A. Novoselac , J. Srebric , Comparison of air exchange efficiency and contami-
nant removal effectiveness as IAQ indices, ASHRAE Trans . 109 (4663) (2003)

339–349 PART 2 . 
[21] J.M. Villafruela , F. Castro , J.F. San José, J. Saint-Martin , Comparison of air change

efficiency, contaminant removal effectiveness and infection risk as IAQ indices
in isolation rooms, Energy Build . 57 (2013) 210–219 . 

22] Lighthouse. Airborne Particle Counters. Benelux. 2016. Available: https://www.

golighthouse.com/en- nl/airborne- particle- counters . 
23] The MathWorks Inc., MATLAB version 2016b, Natick, Massachusetts (2016) . 

24] D. Dijkstra , M.G.L.C. Loomans , J.L.M. Hensen , B.E. Cremers , Ventilation effi-
ciency in a low-energy dwelling setting – a parameter study for larger rooms,

in: Proceedings of the 14th International Conference on Indoor Air Quality and
Climate (Indoor Air 2016), 2016, p. 8 . 

25] H.B. Awbi , Ventilation Systems - Design and Performance, 1st ed, Oxon: Taylor

& Francis, Abingdon, 2007 . 
26] TROX-Technik, Servomotoren voor CAV-regelaars, 2015. 

[27] Envirco, MAC 10® original fan filter unit product data sheet, 2016. [Online].
Available: https://www.envirco-hvac.com/getfile2.aspx?fileid=9048 . 

28] ISO, ISO 21501-4:2018 Determination of particle size distribution–Single parti-
cle light interaction methods–Part 4: lLight scattering airborne particle counter

for clean spaces. 2018, p. 25. 

29] Topas, Di-Ethyl-Hexyl-Sebacat DEHS, 2008. [Online]. Available: https://www.
topas-gmbh.de/dateien/prospekt/dehs _ prspe.pdf . 

30] W.H. Kruskal , Historical notes on the wilcoxon unpaired two-sample test, J.
Am. Stat. Assoc. 52 (279) (1957) 356–360 . 

[31] IBM Corp, IBM SPSS statistics base 22, NY, 2013. 
32] P. Molenaar , Ventilation efficiency in pharmaceutical cleanrooms - Pilot study

graduation project, Eindhoven University of Technology, 2016 . 

33] O.T. Ogunsola, J. Wang, and L. Song, ASHRAE research project report 1399-RP:
sSurvey of particle production rates from process activities in pharmaceutical

and biological cleanrooms, Oklahoma, 2018. 
34] Camfil Farr, Clean room design standards & energy optimization, Haslingden,

2012. 
35] NEN, NEN-EN-ISO 14644-1 Cleanrooms and associated controlled

environments–Part 1: Classification of air cleanliness by particle concen-

tration. 2016, p. 37. 
36] A .A .L. Traversari , C. Bottenheft , S.P.M. van Heumen , C.A. Goedhart , M.C. Vos ,

Effect of switching off unidirectional downflow systems of operating theaters
during prolonged inactivity on the period before the operating theater can

safely be used, Am. J. Infect. Control 45 (2) (Feb. 2017) 139–144 . 
[37] J.M.W. Sun , K. Flyzik , Cleanroom pressurization strategy update–Quantification

and validation of minimum pressure differentials for basic configurations and

applications (Part 1), ASHRAE Trans . Part 1 (2013) 16 . 
38] J. Srebric , Q. Chen , M. ASHRAE Member ASHRAE, Simplified numerical models

for complex air supply diffusers, HVAC&R Res . 8 (3) (2002) 277–294 . 
39] P. Molenaar , Ventilation efficiency improvement in pharmaceutical cleanrooms

for energy demand reduction, Thesis, Eindhoven University of Technology,
Eindhoven The Netherlands, 2017 . 

https://doi.org/10.1016/j.enbuild.2019.109346
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0001
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0001
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0001
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0001
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0002
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0002
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0003
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0003
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0003
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0004
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0004
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0004
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0004
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0004
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/216705/dh_129216.pdf
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0005
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0005
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0006
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0006
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0007
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0007
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0008
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0008
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0008
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0008
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0009
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0009
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0010
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0010
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0010
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0010
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0011
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0011
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0011
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0012
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0012
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0012
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0012
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0012
https://hightech.lbl.gov/sites/all/files/documents/Demand_FiltrationCR_2007.pdf
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0013
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0013
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0013
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0013
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0014
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0014
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0015
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0015
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0015
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0016
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0016
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0016
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0017
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0017
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0017
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0017
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0017
https://www.golighthouse.com/en-nl/airborne-particle-counters
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0018
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0019
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0019
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0019
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0019
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0019
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0020
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0020
https://www.envirco-hvac.com/getfile2.aspx?fileid=9048
https://www.topas-gmbh.de/dateien/prospekt/dehs_prspe.pdf
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0021
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0021
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0022
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0022
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0023
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0024
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0024
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0024
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0025
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0025
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0025
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0014a
http://refhub.elsevier.com/S0378-7788(19)30810-2/sbref0014a

	Energy demand reduction in pharmaceutical cleanrooms through optimization of ventilation
	1 Introduction
	2 Methods
	2.1 Monitoring in case studies
	2.2 Simulations ACR energy saving potential for case studies
	2.3 Experiments ventilation efficiency

	3 Results
	3.1 Monitoring in case studies
	3.2 Simulations ACR energy saving potential for case studies
	3.3 Experiments on ventilation efficiency

	4 Discussion
	4.1 ACR optimization
	4.2 Ventilation efficiency
	4.3 Energy savings
	4.4 Study limitations

	5 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Supplementary material
	References


