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Highlights  
This research contributes not only to the scientific working field but is also informative for cleanroom 
facility managers, quality managers and GMP oriented corporations with the focus on energy 
reduction and sustainability like “Green Deal Zorg” a collective of more than 150 companies related 
to the Dutch healthcare. The main results of this research are listed below: 
 

 Experiments and a simulation study showed that an airflow reduction in the non-operational 
hours with DCF in an air conditioned GMP class C cleanroom results in annual energy-savings, 
up to 75%, without violating the particle concentration limits.  
 

 Energy reduction can easily be obtained by lowering the airflow in the non-operational hours. 
Experiments show that GMP class C “at rest” particle requirements can be maintained in a 
cleanroom when the fans are turned off and pressure hierarchy is not maintained. The new 
steady-state particle concentration in the cleanroom is at least 28 times less than the particle 
concentration in the adjacent space and is a factor 2.4/3.4 (0.5μm/5.0 μm) lower than the 
GMP class C “at rest” particle requirements.  
 

 Lowering the ACR in the non-operational hours from 20h-1 to 4h-1 results in an annual energy 
reduction of 49-63%, depending on the geographical location. While DCF with an ACR to 0h-1 

in the non-operational hours results in an annual saving of 63-75%.  
 

 Experimental results show that a cleanroom with a high air supply point and a low exhaust 
point results in a most favorable contaminant removal effectiveness and recovery time in a 
non-UDAF cleanroom. Based on three similar situations; a high mechanical exhaust point, a 
low placed overflow exhaust and a low placed mechanical exhaust point. 
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Abstract 
The worldwide cleanroom industry increase for many years and the expectation is that this growth 
continues in the upcoming decade. Cleanrooms consume large amounts of energy due to their high 
air change rates and strict air conditioning requirements, compared to an average commercial 
building. While little attention is paid to energy consumption for this type of facilities. Pharmaceutical 
cleanrooms consume up to 25 times more energy than non-classified rooms.  
The objective of this research is to provide insight in the energy-savings potential on the total energy 
required for heating and humidification energy when applying the demand controlled filtration (DCF) 
approach and other potential energy-saving measures. Two experiments executed in a cleanroom 
mock-up and simulations with a computational model are performed. Flow reduction in the non-
operational hours with DCF in a good manufacturing practice (GMP) class C cleanroom results in 
energy-saving without violating the particle concentration limits. Simulations show that applying DCF 
with an air change rate (ACR) 20h-1 to 0h-1 results in an annual energy reduction of 63-75%, depending 
on the geographical location. 
Experiment 1 focuses on how airflow is related to both energy demand and indoor air quality. The 
particle concentration in a cleanroom is measured while the ACR and overpressure are reduced during 
the non-operational hours. Measurements show that all cases can be classified as a GMP grade C 
cleanroom “at rest” during the non-operational hours. While the particle concentration in the 
adjacent space is far above the maximum range.  
Experiment 2 focuses on the contaminant removal efficiency and recovery time for three different 
exhaust positions. A low exhaust, high exhaust and an overflow exhaust. Measurements show a most 
favorable contaminant removal efficiency and recovery time for the low active exhaust position 
compared to the overflow and high exhaust situation. 
The simulations studies provide information on energy demand of the total make-up air unit (MAU) 
and recirculation air handling unit (RC AHU) system and that of the individual components to deliver 
the required amount and conditioning of the air to the cleanroom. A typical GMP class C base case 
with a MAU and RC AHU located in Schiphol (NL) outdoor climate is defined. Several cases show the 
effect on the annual energy demand. The cases are based on cleanroom activities, comfort settings, 
geography and flow. The cases show that DCF is the most effective way for saving energy on the 
ventilation. Reducing the ACR from 20h-1 to 4h-1 in the non-operational hours results in an overall 
annual energy reduction of 56% for the Dutch climate region. Reducing the ACR to 0h-1 results in an 
annual saving of 71%.  
 
Keywords: Annual AHU energy model, Contaminant Removal Effectiveness, DCF,  Fan reduction, GMP, 
non-UDAF, non-viable particle control       
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Nomenclature 
Symbol Unit  Property 

Cp [kJ/kgK] Heat capacity 

C [p/m3] Particle concentration 

Dp [Pa] Differential pressure 

E [kWh] Energy 

ġ [kg/s] Vapor production 

h  [kJ/kg] Enthalpy  

M [kg] Mass 

ṁ [kg/s] Mass flow 

N [ - ]  Number of…. 

P [Pa or kPa] Pressure 

P  [W] Power 

q  [W] or [kW] Heat  

RH [%] RH 

T [s] or [h] Time  

T [°C] Temperature 

V [m3] Volume 

V̇ [m3/s] Volume flow 

x  [kg/kg] Humidity ratio 

   

Greek symbols Unit  Property 

ε [ - ] Contaminant Removal efficiency 

η [ - ] Efficiency  

𝜏  [s] Time constant  

   

Subscripts  Property 

A  Air  

F  Factor  

I  Initial 

In  Ingoing 

Occ  Occupant 

Out  Outdoor 

S  Saturation or sample 

W  Water 

List of Abbreviations 
ACR  Air Change Rate 

AHU  Air Handling Unit 

CAGR  Compound Annual Growth Rate 

CFU  Colony-Forming Unit 

DCF  Demand Controlled Filtration 

EU  European Union 

GMP  Good Manufacturing Practices 

HEPA filter  High Efficient Particulate Air Filter 

IAQ  Indoor Air Quality 

KNMI  Royal Dutch Weather Institute 

MAU  Make-up Air Handling Unit 

ODE  Ordinary Differential Equation 

RC  Recirculation  

RSD  Relative standard deviation 

UDAF  Unidirectional airflow 
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1. Introduction 
1.1 Problem statement 

Cleanrooms and controlled environments are widely applied in many industries. The prospected 
global market size Compound Annual Growth Rate (CAGR) is 5.1% until at least 2025 (GVR, 2017). 
Pharmaceutical cleanroom facilities consume up to 25 times more energy than an average commercial 
building. 50-75% of the electrical energy demand in these facilities is from the HVAC system. The main 
reason for the high consumption is the high air change rate (ACR) that guarantees the air quality of 
these spaces (Fedotov, 2014). Two methods are commonly used to control the airborne 
contamination level. Displacement of particles by a unidirectional airflow (UDAF) or dilution of 
particles by a non-UDAF. The latter is often used for pharmaceutical cleanrooms or cleanrooms with 
ISO class 6 and less clean areas (ISO, 2016). The air quality in pharmaceutical cleanrooms is based on 
the ISO 14644-1 and GMP classification guides (European Commission, 2008) (ISO, 2016). These 
guidelines classify cleanrooms based on the acceptable number of airborne particles and colonial-
forming units (CFUs) per m3 of air. The GMP has four classes and makes a distinction between a room 
“in use” or “at rest”. In fact people are (in many cases) the biggest source of pollution and therefore 
disturb the particle equilibrium, when entering the room (Whyte, Agricola & Derks, 2016). Additional 
energy consuming aspects in cleanrooms are the temperature and relative humidity (RH) control for 
processes and personal comfort, but also the pressure hierarchy is an important aspect in the 
cleanroom (Lenegan N. , 2011).    
Energy efficiency of a cleanroom facility, including its HVAC system, has for many years been 
subordinate in the design to the reliability and yield of the production process (Birks, 2019). The 
particle generation is often not known during the design process. Therefore, designers often use 
prescribed values for airflow from the International Society of Pharmaceutical Engineering (ISPE, 
2011). This choice results in designs with an enlarged risk of oversizing. Overdesigning ensures indoor 
air quality by sufficient particle dilution, but also has a unnecessary negative effect on energy demand 
for the extra air treatment (Khoo & Lee, 2012) (Bhatia, 2004). 
The recently released ISO 14644-16 provides recommendations for energy-saving methods and 
optimization techniques at each stage in the cleanroom life cycle. This research will focus on the 
effects of power management, airflow volume and heating and cooling load recommendations from 
the guide (ISO, 2019). Additionally, this research investigates the effect of the geographical location 
of the cleanroom on the energy flow of the cleanroom.   

Power management 
It is common for GMP classified spaces to run the air handling unit (AHU) 24/7. Even during the non-
operational hours while a simple handling as lowering airflow in these periods can result in energy-
savings without excessive particle concentrations in the cleanroom (Meaney, 2011). The ISO 14644-
16 recommends to turn-down or even turn off airflow during non-operational hours. It will not only 
save fan energy, but the entire AHU has to treat less volumes of air. A previous case study shows 
potential fan speed energy-savings up to 93.6% by implementing a demand-controlled filtration (DCF) 
(Molenaar, 2017). That same study showed that there is no significant relation between the particle 
concentration and the number of occupants. Therefore, only a distinction should be made between 
operational and non-operational for DCF. Another study showed a 70-75% power reduction of the 
recirculation AHU by turning down the Make-up Air Unit 30 minutes after the last occupant leaves the 
cleanroom (Faulkner, DiBartolomeo, & Wang, 2007), (Tschudi, Faulkner, & Hebbert, 2005). Literature 
does not provide a typical flow reduction during these not occupied periods. The number varies 
between 25-50% (Labs21, 2019)  till 70% (WHO, 2011)of the total flow rate. Although, changing airflow 
may result in certain risks on indoor air quality (IAQ) (ISO, 2019). Physical barriers, as pressure 
hierarchy prevent ingress of particle contamination from lower or non-classified spaces into the 
cleanroom. Reducing the pressure hierarchy results in a lower protection grade (Sun, Flyzik, & 
Mitchell, 2013). Another risk is that the cleanroom must be able to restore back to the required 
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cleanliness conditions during restart of the system within a certain recovery time. A final potential risk 
is the accessibility of the cleanroom entry points. These should be closed during the non-operational 
hours until the system is fully operational again to prevent excessive particle contamination in the 
cleanroom. Therefore, extra steps must be made during the commissioning and validation for 
cleanrooms with DCF. 

Airflow volume 
The contaminant removal effectiveness, indicated as ε, can be used to describe the ventilation 
effectiveness index. It is an IAQ indicator that provides insight in the airflow of the cleanroom for a 
well-known source position (Yaglou & Witheridge, 1937). The indicator focusses on the ratio between 
the particle concentration at the exhaust grill relative to the average particle concentration (eq. 1.1).  
A good functioning turbulent mixing cleanroom with good positioning of the supply and exhaust air 
has an ε equal to 0.7 (Farr, 2012). A perfect mixed unidirectional airflow results in an equally 
distributed particle concentration in the cleanroom which results in an ε equal to one. Values close to 
zero are considered as unfavorable. While values larger than one are expected to have a positive effect 
on the cleanroom. Most of the contamination is directly moved to the exhaust (ISO, 2019).  

𝜀 =
𝐶𝑒𝑥𝑖𝑡−𝐶𝑠

〈𝐶〉−𝐶𝑠
        eq. 1.1 

The indicator ε is based on the particle concentration at the exit Cexit [p/m3], the particle concentration 
at air supply point Cs [p/m3] and the average particle concentration in the cleanroom 〈C〉 [p/m3]. 
The airborne particle count will decay at the moment that the last occupant leaves the cleanroom and 
production ceases. Eq. 1.2 shows the theoretical decay for non-UDAF if there is no particle generation 
anymore (Whyte, Whyte, & Eaton, The application of the ventilation equations to cleanrooms Part 1: 
The equations, 2012).  
The GMP recommends a short clean up period of 15-20 minutes after the “in operation” state to reach 
the “at rest” state. The 100:1 recovery time measures the time to achieve 1% of the initial particle 
concentration, as shown in eq. 1.3. This number match a particle concentration reduction of two ISO 
classes or the transition between GMP B from “operational” to “at rest” particle concentration. While 
a GMP C only has a factor 10 from “operational” to “at rest”. The theoretical recovery time for a 
cleanroom with an ACR of 20h1 is 13:50 [mm:ss] or 830 seconds. 
 

𝐶 = 𝐶𝑖 ∙ 𝑒−ACR∙t      eq. 1.2   

𝑡0.01 = 𝑡𝑛 − 𝑡100𝑛       eq.1.3 
 
The particle concentration in the room C [p/m3] is the exponential decay of the initial particle 
concentration Ci [p/m3], based on the ACR over time (in seconds).  
 

Heating and cooling loads 
The temperature and RH should not be controlled within a tighter range as needed.  The 14644-16 
guide recommends varying the temperature in the cleanroom within comfort level and the RH floating 
between 30 to 70%. Exceeding this range can lead to discomfort (de Wit, 2009) or fungal growth 
(Bronswijk, Rijkaert, & Lustgraaf, 1986).  Not only the comfort ranges can be changed. The guide also 
suggests, if possible, to minimize the cooling loads and reduce the heat gains. Typical machinery heat 
loads in a cleanroom are between 50- 150 W/m2 and are therefore the most important heat source in 
a cleanroom (McCann, 2005), (Morgenstern, 2016). 
 

Geographical location  
Energy requirements to cool, dehumidify, preheat or humidify the fresh outdoor air are significant in 
the MAU and can represent 30-65% of the total energy for conditioning the cleanroom air (Tsao, Hu, 
& Chan, 2010). The volume flow is significantly lower than the flow rates applied in the recirculation 
(RC) AHU (Tsao J. , 2008). This makes each m3 of MAU conditioned air energy intensive. The 
geographical location of a cleanroom facility is a variable that highly contributes to energy demand of 
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the MAU. The Köpen-Geiger climate classification is a widely used method to classify the climate 
(Kottek, 2019). This classification model identifies climates in similarity to their effects on plant 
growth, which rely mainly on aridity and warmth based on five main categories (Rubel & Kottek, 2011).  
 

1.2 Research question and objective 
The overall objective of this work is to provide insight in the energy-savings potential on the total 
energy required for heating and humidification energy when applying the DCF approach and other 
potential energy-saving measures. This research firstly fills this gap by providing information on the 
relation between airflow and indoor air quality. Secondly it helps to get a better understanding for the 
energy demand of the air conditioning in this type of facilities.  

Sub goal 1: Create an experimental facility to investigate indoor air quality implications.  
Sub goal 2: Create a validated cleanroom model that can provide detailed insight in energy 
demand of the total air conditioning, including detailed information of the AHU coils, over an 
entire year for multiple case variants. 

 
The research question for this report is: “How can energy reducing ventilation measures be applied in 
pharmaceutical cleanrooms, with the knowledge of its energy flow?” 

1. First, the applicability of a flow reduction in non-operational hours will be investigated in a 
cleanroom mock-up. The sub question is: “How affects DCF at lower pressure hierarchy levels 
both energy demand as air quality?” 

2. An optimal airflow pattern in the cleanroom results in an efficient operation of the cleanroom. 
Experiments are performed in a mock-up to answer the sub question: “How does the exhaust 
position affects the cleanliness in the cleanroom, focusing on the contaminant removal 
efficiency and recovery time as key performance indicators?”       

3. Finally, an annual energy model for a cleanroom facility is made to better understand the 
energy flow in a number of different cases. and answers the question: “How should energy 
efficient ventilation for cleanrooms be designed?” 

 

1.3 Research relevance 
The Paris agreement is a universal, legally binding global climate agreement. It has the goal to keep 
the increase in global temperature well below 2oC above pre-industrial levels (UNFCCC, 2019). The EU 
member states have the obligation to reduce greenhouse gas emissions by 40% by 2030 compared to 
1990 (European Commission, 2019). Industry, including cleanroom facilities and related spaces, face 
the challenge to become more sustainable to meet the legal goals. A collective initiative of more than 
150 Dutch healthcare institutes focus on a CO2 reduction of 49% by 2030, the so called “Green Deal 
Zorg”. In addition, this research has a social and practical relevance. It focusses on the possibilities to 
reduce energy demand in cleanroom facilities while guaranteeing the primary performance 
requirements for a cleanroom, i.e. the air quality.  
 

1.4 Structure thesis 
In chapter 2, the used method for the experiments and the method of the computational model are 
explained. The experiments focus on the cleanroom ventilation air quality implications.  
The model intends to provide information on the annual energy demand of the total AHU system 
and that of the individual components to deliver the required amount and conditioning of the air to 
the cleanroom.  
Chapter 3 shows the obtained results of two experiments and the simulations studies of the annual 
energy demand for several cases of a GMP class C cleanroom.  
In chapter 4, a discussion of the obtained results for the experiments and simulations is given.  
Chapter 5 is used for an overall conclusion to this research, including recommendations for further 
research. 
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2. Methodology 
The method applied in this research contains an experimental part and a modeling part focusing on 
airflow and the AHU. It provides insight in energy demand for ventilation of the cleanrooms (figure 
2.1). Chapter 2.1 describes the method of two separate experiments, focusing on the relation of 
airflow and IAQ. The first experiment provides insight in the airborne particle accumulation and the 
contamination level in a cleanroom for different air change rates and pressure differentials during the 
non-operational hours. The results of experiment 1 are processed in the flow part of the model, 
indicated with the dotted line. The focus of the second experiment is on the influence of the exhaust 
positioning on the ventilation efficiency. Chapter 2.2 describes the method of a cleanroom simulation 
model. The model provides information on the annual energy demand of the total AHU system and of 
the individual components to deliver the required amount and conditioning of air in the cleanroom.  
Several cases show the influence of conceptual choices on energy demand compared with the base 
case. The model provides information on the cleanroom energy flows and the component capacities. 
Both experiments and the model provides insight in optimizing energy consumption. Resulting in an 
energy-saving measure focused on the ventilation in a cleanroom.  

 
 

2.1 Experiments 
Location description 
The cleanroom mock-up (3.0x2.4x3.0 (LxWxH)) is located in an assembly hall for cleanroom walls, as 
shown in figure 2.2. A sealed tarpaulin tent (3.0x3.0x2.4(LxWxH)) is placed in front of the entrance to 
protect the cleanroom against activities in the hall, this is not shown in figure 2.2. The cleanroom 
occupancy state is “as built” (ISO, 2016) with an exception for the ventilation system which still had 
to be installed. Therefore, a voltage controllable box fan (Systemair KVK slim 250) is placed between 
the supply and return duct to generate a desired airflow and pressure in the cleanroom, see the piping 
and instrument diagram in figure 2.3. Air flows through a CAV control valve (Trox RN160) towards the 
HEPA filter (H14 filter class), via a swirl diffuser directly into the cleanroom. The swirl diffuser 
establishes a non-UDAF distribution. The measured particle concentration at the supply grill is zero 
when the cleanroom is operational. The CAV valve in the 
return duct is used to control the overpressure in the 
cleanroom. A duct that supplies fresh pre-filtered air (filter 
class G4), containing a control valve (Trox AK120), is 
connected to the system to supply enough air into the 
system. The fan has a maximum volume flow of 1,318m3/h, 
which is equal to an ACR of 61h-1. The maximum delivered 
ACR in the cleanroom mock-up was 20h-1 (432m3/h) due to 
the system’s static pressure.  

Figure 2.2 The mock-up used for the 
experiment. Including the installed 
box fan and ducts. Tarpaulin tent 
not yet placed.  

Figure 2.1 Research model. The background color shows the focus area. 

Figure 2.3 Piping and instrument diagram 
of the experimental set up. 
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The cleanroom floor and door are cleaned with appropriate, alcohol based, cleaning materials at the 
beginning and end of every measurement day. A sticky mat is placed in front of the entrance door and 
its sheets are replaced frequently.  

Measurement equipment 
The experiments make use of several sensors to measure the environmental data as shown in table 
2.1. Large temperature variations may result in undesired airflow disturbances at the moments that 
airflow velocity is lowered during the non-operational periods. Therefore, the temperature of the 
floor, wall, room, inlet and outlet are measured. Furthermore, airflow in the duct is measured with a 
micro-manometer and pitot tube before and after every measurement according to ISSO publication 
31 (ISSO, 2014).  The duct flow airspeed is measured to make sure that the desired ACR is maintained.  
A total number of five light scattering airborne particle counters, with different flow rates, are used 
during the measurements, shown in table 2.2. All counters have a storage capacity of 100 samples 
since this is the maximum logging capacity of PC 3. Therefore, the sample time varies per experiment. 
The uncalibrated counter, PC 5, is purely used to observe the concentration of the surrounded space 
outside the cleanroom. A correction factor for the number of particle sizes ≥0.3μm, ≥0.5μm, ≥1.0μm 
and ≥3.0μm is obtained by measuring the particle concentration at the same single square meter with 
the four calibrated counters. An aerosol generator is used for particle generation during the 
measurement of the contaminant removal efficiency. The generator can vary the particle production 
by regulation of the nozzle pressure. This nozzle is set on the lowest pressure position to prevent 
excessive particle generation in the relatively small cleanroom volume.   
 
 Table 2.1 Sensors to measure the environmental parameters. 

 
Table 2.2 Light scattering airborne particle counters.  

Name Particle counter Flow rate 
[l/min] 

Particle size 
[µm] 

T and RH 
[oC] and [%] 

Accuracy 
[%] 

Calibrated 

PC 1 Lighthouse Handheld 3016 2.83 0.3-0.5-1.0-3.0-5.0 Yes 5 Yes 

PC 2 Lighthouse Handheld 3016 2.83 0.3-0.5-1.0-3.0-5.0 Yes 5 Yes 

PC 3 MetOne 3400 28.3 0.3-0.5-1.0-3.0-5.0 No 5 Yes 

PC 4 MetOne 6000 28.3 0.5-5.0 No 5 Yes 

PC 5 Lighthouse Remote 2014 1.0 0.3-0.5-2.5-10.0 No 5 No 

 
Experiment 1 – non-operational hours 
Experiment 1 helps to answer the sub question: How affects DCF at lower pressure hierarchy levels 
both energy demand as air quality? 
The cleanroom contamination rate and fan power are monitored over time while airflow is reduced 
in the non-operational hours. Four variants are defined that differ in differential pressure and ACR in 
these non-operational hours, see table 2.3 and figure 2.4.  

Tool Type Unit accuracy Function 

Differential pressure Dwyer Magnesense [Pa] 1 [%] Measure the pressure difference 
between cleanroom and adjacent 
space. Sample time of 1 minute 

Pitot tube and micro-mano 
meter 

ALNOR EBT720 [m/s] 2.5 [%] Measure duct airflow to calculate the 
supply and return air.  

Temperature sensor 
4x 

BPS lab 
No brand 

[°C] 0.5 [°C] Measure temperature in cleanroom at 
four described points 

Energy meter BPS lab 
No brand 

[pulses/kWh] - In serie connected with the fan. 
Measures the number of pulses over 
time. 1000 pulses per hour is 1kWh 

Data logger Squirrel SQ 20202 [ - ] - Log Temperature, Differential pressure 
and fan energy 

Aerosol generator Lighthouse ATM 226 [p/min] - Release, controlled, Di-Ethyl-Hexyl-
Sebacat with the particle sizes: 
≥0.3μm, ≥0.5μm, ≥1.0μm and ≥3.0μm 
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The four case variants, shown in figure 2.4A, are a combination of the number of the case, the lowered 
ACR and the lowered differential pressure (dp). PC1 measures the particle concentration in the 
adjacent area over the entire period and is expected to be high but constant. Each variant is, at least, 
executed twice. The four variants contain each 3 stages. Stage 1 starts at t=0 with an ACR of 20h-1 and 
a, 12.5 Pa, overpressure for the first 30 minutes to dilute the particle concentration. This period 
represents the last person leaving the cleanroom and the start of the non-operational period. This 
process is mimicked by the person who turned on the particle counters. Stage 2 differs for each variant 
and starts when the particle concentration in the room is nearly zero. The fan and valves are abruptly 
set to the desired reduced airflow resulting in an expected build-up of particles that finally reach a 
new steady-state value similar to a first order step response with delay.  
 
Table 2.3 Variants of the non-operational hours. Case code shows the number, the lowered ACR [h-1]and lowered dp [Pa]. 

Case Sample 
time 
[hh:mm:ss] 

Duration of the 
Measurement  
[hh:mm] 

Initial  
ACR 
[h-1] 

Lowered  
ACR  
[h-1] 

Initial  
dp 
[Pa] 

Lowered  
dp  
[Pa] 

PC 1, PC 2 
Sample volume 
 [l/sample] 

PC 3, PC 4 
Sample volume  
[l/sample] 

V1.00 00:02:15 03:45 20 0 12.5 0 6.37 28.3 

V2.00 00:10:00 16:40 20 0 12.5 0 28.3 28.3 

V3.40 00:02:15 03:45 20 4 12.5 0 6.37 28.3 

V4.47 00:02:15 03:45 20 4 12.5 7.5 6.37 28.3 

Experiment 1 – Data processing 
The goal is to receive a better understanding of the relation of airflow to the fan energy demand as 
well as IAQ. The data of interest for IAQ is the moment when the flow is reduced until the moment 
that the fan is set back to the initial value. After 30 minutes, the fan is set back to observe the 
accumulated contamination level throughout the non-operational period in both the cleanroom and 
in the adjacent space i.e. The accumulation time for V1.00, V3.40 and V4.47 is 2:15 (hh:mm) and V2.00 
has an accumulation time of 15:30 (hh:mm). The maximum measured cleanroom particle 
concentration per particle size in the “at rest” period is compared with the particle concentration in 
the adjacent space and the ISO 14644-1 and GMP annex 1 standardization classes. The particle sizes 
of interest for the measurement are: ≥0.3μm, ≥0.5μm, ≥1.0μm, ≥3.0μm and ≥5.0μm. These values are 
used in the GMP and ISO 14644-1 guidelines. The particle size ≥0.1μm is not measured since it is out 
of the reach of the particle counters.  

Figure 2.4 Measurement plan Experiment 1. (A) Four different flow cases, including the initial and lowered ACR and dP. (B) 
Expected contamination outcome during the different cases. (C) Floor plan of the cleanroom including all measurement 
equipment and their poisition for all investigaated cases. Cleanroom dimensions (LxWxH) 3x2.4x3m. 
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The next step is to analyze the relationship of airflow and fan energy demand per case. This is 
separately calculated for the three mentioned stages per case. Energy demand [kWh] per stage is 
measured with a pulse counter with a resolution of 1000 pulses per kWh. Resulting in three energy 
values per measured variant. Stage 1 and stage 3 represent the fan energy demand in a fully 
operational situation. Therefore, the energy demand for these two are comparable. Stage 2 
represents the non-operational period. The calculated energy consumption is used to calculate the 
annual fan energy demand for a production week of 5 workdays from 08:00 till 17:00 for each variant. 
The average of the measurements in stage 1 and stage 3 represents the fan during the production 
time. Energy consumption in stage 2 represents the non-operational hours. 
 

Experiment 2 – Contaminant removal effectiveness  
Experiment 2 helps to answer the sub question: How does the exhaust position affect the cleanliness 
in the cleanroom, focusing on the contaminant removal efficiency and recovery time as key 
performance indicators? 
The experiment focusses on the efficiency of removing the particles based on three different exhaust 
variants with each the same supply conditions, as shown in table 2.4 and figure 2.5. Each divided in 
three stages (figure 2.5B).  
 

Table 2.4 Variants of the Contaminant removal effectiveness experiment. Case code shows the type of exhaust. 

Case Exhaust 
type 

Sample time 
 
[hh:mm:ss] 

Duration of the 
Measurement  
[hh:mm] 

ACR 
 
[h-1] 

dp 
 
[Pa] 

PC 1, PC 2 
Sample volume 
 [l/sample] 

PC 3, PC 4 
Sample volume  
[l/sample] 

V2Low Low 00:01:00 01:40 20 12.5 2.83 28.3 

V2High High 00:01:00 01:40 20 12.5 2.83 28.3 

V2Over Overflow 00:01:00 01:40 20 12.5 2.83 28.3 

The ACR is continuously 20h-1 with an overpressure of 12.5 Pa. In stage 1, the particle counters are 
turned on by an occupant and after that leaving the cleanroom at t=0. The accumulated particles need 
to be removed. After 20 minutes (stage 2) the aerosol particle generator is turned on without entering 
the cleanroom and the concentration rise as a first order step response resulting in a steady-state 
phase. This steady-state phase is the moment that the Contaminant Removal effectiveness, further 
denoted as ε, is derived. Stage 3 is the moment that the aerosol particle generator is turned off, 
without entering the cleanroom, and the recovery time starts.  
The four calibrated light scattering particle counters are placed in the cleanroom. The uncalibrated 
counter, PC 5, is placed in the adjacent area to indicate the particle concentration in the adjacent area. 
One of the two lighthouse handheld 3016 particle counters is placed near the exhaust point during 
every measurement (PC 1). The other particle counters are placed in the room at different heights as 
shown in figure 2.5C.   

Figure 2.5 Measurement plan Experiment 2. (A)Three exhaust cases (B) Expected contamination outcome over a 100 minutes taking measurement. 
(C) Floor plan of the cleanroom and adjacent area including all measurement equipment and their poisition for all investigaated cases. 

. 
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Experiment 2 – Data processing  
The goal of experiment 2 is to obtain information about the optimal exhaust position, based on ε and 
the recovery time. It is expected that the low exhaust point is the most favorable position. Every case 
is measured twice to make sure that the measurement is representative. ε is derived when the particle 
concentration in the cleanroom is in a steady-state position and the fan is fully operating i.e. the ACR 
is 20h-1 and the overpressure is 12.5 Pa. 
The recovery time is measured between the moment the particle counter is turned off until the 
particle concentration diluted by a factor 100. The data over the steady-state phase of a measurement 
is used for the analysis of ε. The particle concentration at the inlet of the room (Cs) is measure zero 
due to a HEPA filter. Therefore, ε is calculated according to eq. 2.1. The particle counter PC1 measures 
the particle concentration leaving the cleanroom while the other three counters measure the local 
particle concentration. The local contaminant removal effectiveness, εlocal, is calculated for the high 
exhaust to make sure that there is no undesirable short circuit between the supply- and exhaust point 
(eq. 2.2). 
The recovery time, for each measurement, is determined for each particle counter and merged to one 
average recovery time per sample size. The obtained measured recovery time will not be equal to the 
theoretical recovery time due to air disturbances in the cleanroom (Farr, 2012). Therefore, a 
theoretical Air change rate is introduced (eq. 2.3)  
 

𝜀 =
𝑃𝐶 1

(𝑃𝐶 2+𝑃𝐶 3+𝑃𝐶 4)/3
      eq. 2.1 

𝜀𝑙𝑜𝑐𝑎𝑙 =
𝑃𝐶 1

𝑃𝐶 𝑥
        eq. 2.2 

𝐴𝐶𝑅𝑇ℎ𝑒𝑜 =
𝐴𝐶𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ 𝑡0.01

830
      eq. 2.3   

2.2 Simulations 
The simulations studies help to answer the question: How should energy efficient ventilation for 
cleanrooms be designed? 
The simulations intend to provide information on energy demand of the total AHU system and that of 
the individual components to deliver the required amount and conditioning of the air to the 
cleanroom. A model, based on empirical equations and the mass- and energy balance, is developed in 
MATLAB-Simulink (R2015b).  The method used for the simulation is described in four sections. First a 
description of the model is given. Secondly the verification and validation of the model is given, 
including the results. Then the base case of the cleanroom model is explained and finally nine case 
variants are introduced. 
A more detailed description of the cleanroom model, the AHUs and the weather data and the 
verification and validation model can be found in annex 1 – Model description.  
 
Simulations – Model description 
The model contains three elements. The cleanroom itself, the AHUs 
and the outdoor weather. The annual energy consumption of a 
cleanroom is modeled as the change in energy of airflow over time. 
This flow is influenced by the weather conditions, AHUs and internal 
cleanroom disturbances. First the airflow structure is described, 
thereafter the cleanroom model, the weather and the AHUs. Airflow 
is simplified in three independent variables, figure 2.6. These three 
variables are: the mass flow for air ṁ [kg/s], the air temperature T [°C] 
and the humidity ratio x [kg/kg] shows the amount of water in air. These variables can be influenced 
by the weather, the AHUs and disturbances in the cleanroom itself. The humidity ratio replaces the 
RH since the latter is a non-linear function and therefore hard to control directly with classical control 
approaches ( Seborg, Edgar, & Mellichamp, 2003). 

Figure 2.6 The modeled airflow. 
Containing the mass flow, 
temperature and humidity ratio 
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Cleanroom model 
A typical cleanroom is located inside a thermally insulated building as a box in box. The construction 
is often made of lightweight materials e.g. sandwich panels. The assumption is made that the 
cleanroom conditions are similar to the temperature outside the cleanroom and a structure with a 
low heat capacitance. Resulting in one modeled capacitance, the air volume in the room. The supply 
air and internal load changes the cleanroom air temperature and humidity over time. The air is 
considered perfectly mixed and incompressible, resulting in a uniform room temperature and vapor 
pressure which is equal to the outgoing air. A last assumption for the cleanroom is that the room 
operates in the range of the set points, the assumption is made that the heat capacity of the air and 
its density are constant. Therefore, the cleanroom climate is modeled as two separate RC-models in 
Simulink: One being the thermal model (eq. 2.4) and the other the hygric model (eq. 2.5). 

𝑇𝑜𝑢𝑡 =
1

(
1

�̇�∙𝑐𝑝
∙𝑚∙𝑐𝑝𝑠+1)

∙ 𝑇𝑖𝑛 +

1

�̇�∙𝑐𝑝

(
1

�̇�∙𝑐𝑝
∙𝑚∙𝑐𝑝𝑠+1)

∙ 𝑞𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙   eq. 2.4 

𝑥𝑜𝑢𝑡 =
1

1

�̇� 
∙𝑚∙𝑠+1

∙ 𝑥𝑖𝑛 +

1

�̇� 
1

�̇� 
∙𝑚∙𝑠+1

∙ �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙   eq. 2.5 

The indoor temperature Tout [oC] depends on the heat capacity of the air, cp [kJ/kgK], the mass of the 
air in the cleanroom m [kg], the mass flow ṁ of the air [kg/s], the supply air temperature Tin[oC] and 
the internal heat load qinternal [watt]. The humidity ratio in the cleanroom air xout [kg/kg] depends on 
the incoming humidity ratio xin [kg/kg], the mass of the air in the room, the mass flow of the incoming 
air and the internal indoor moisture production ġinternal [kg/s]. 
 
AHU model 
The model makes use of two AHUs, connected 
with each other in series, figure 2.7. The MAU 
conditions the air from outside the building. The 
RC AHU conditions the recirculated air, mixed 
with the MAU supply air. Each AHU has several 
coils to condition the air, based on four possible 
ways as shown in the Mollier diagram of figure 
2.7. (A) Represents heating or cooling without any 
moisture change, (B) is the mixing of multiple 
airflows with a change in temperature, mass flow 
and humidity ratio. (C) is humidification by steam 
injection with a change in the humidity ratio and 
a small change in temperature and (D) is 
dehumidification by cooling. The measured 
temperature and moisture content in the cleanroom return air are the control variables for the coils. 
The power input of each coil is logged over time, resulting in energy demand per AHU and per coil.  

 
Weather model 
The KNMI (Royal Dutch Metrological Institute) measures the weather at multiple locations in the 
Netherlands. This data consists of the temperature [°C] and RH [%] measured with a sample time of 
60 minutes. A zero-order hold model is used in Simulink to transform the hourly sampled data to a 
continuous signal. It holds the sample data for 60 minutes (Mathworks, 2019). The water vapor 
saturation pressure Psat is calculated based on the empirical relationship as formulated by Künzel 
(Künzel, 1995). If Te ≥ 0°C then eq. 2.6 is applied else eq. 2.7 should be applied. The water vapor 
saturation pressure for a certain outdoor temperature and the related RH results in the humidity ratio 
[kg/kg] (eq. 2.8).  

𝑝𝑠𝑎𝑡 = 611 ∙ 𝑒
17.08∙𝑇𝑒

234.18+𝑇𝑒
 
        eq. 2.6 

Figure 2.7 Conceptual AHU model with a MAU and a RC AHU. Each 
contains individual components that can affect the condition of the air. 



 

10 
 

𝑝𝑠𝑎𝑡 = 611 ∙ 𝑒
22.44∙𝑇𝑒

272.44+𝑇𝑒
 
       eq. 2.7 

𝑥𝑒 =
𝑝𝑠𝑎𝑡(𝑇𝑒)∙𝑅𝐻𝑒∙0.0062

1000
        eq. 2.8 

The saturation pressure [Pa] Psat, depends on the outdoor temperature [°C] Te. The humidity ratio 

[kg/kg], xe is derived from the saturation pressure at a certain outdoor temperature and outdoor 

relative humidity [%], RHe 

Simulations – Model verification and validation 
The model components are first verified. The steady-state behavior of all individual components, 
described in annex 1 – Model description, are simulated i.e. the weather model, both AHUs and the 
cleanroom model. The simulation result is compared with independently made hand calculations.  
The goal of the verification is to make sure that the used energy- and mass changes are correctly 
modeled. 
The results show that the difference between the output values of the modeled and hand calculated 
components is lower than 1%, see annex 1 – Model description.  

 
 
 

The model validation is based on a comparison between measured facility data in an existing GMP 
class C facility located in Eindhoven and the developed cleanroom model.  
The goal of the validation part is to determine if the model is able to deliver the required volume of 
conditioned air in the cleanroom and to check whether the cleanroom reacts similar on temperature 
and moisture fluctuations over time in the supply and return section.  
The measurement data, with a sample time of 8minutes, is collected between January 12th until 
January 29th, 2019. The measured data consist of the outdoor temperature and RH, the HVAC 
components and the cleanroom temperature and humidity ratio. The cleanroom has a total volume 
of 475m3 with an ACR of 20h-1. The measurements at the facility show a set point for the return air 
temperature of 18.7°C and a set point for the return moisture ratio of 6.4g/kg, as shown in figure 2.8. 

Figure 2.8 Verification; measured and modeled cleanroom air. Upper left: Return temperature [°C], control variable. Upper right: 
Supply temperature [°C]. Lowered left: Return air humidity [kg/kg], control variable. Lowered right: supply air humidity [kg/kg].  
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These retour values are used as set point in the cleanroom model. Figure 2.8 shows the supply and 
return temperature and humidity ratio for the measured facility and the simulated values.  
The model has the same outdoor conditions, AHU configuration, cleanroom dimensions, ACR and 
internal loads. The cleanroom temperature and humidity ratio are simulated and compared with the 
measured data. These values are used as set point in the model. The simulation model is able to 
control the indoor loads, the desired air temperature and the humidity ratio in the cleanroom. The 
simulated controlled return temperature and return humidity ratio values are comparable with the 
measured results for the logged heating period of January 12th until January 29th, 2019. There are 
unexpected disturbances, like the measured noise on the humidity ratio and the varying activities in 
the week profile. But these can be neglected. Even as the deviation between the measured and 
simulated temperature values can be neglected since the sensor inaccuracy is larger than the 
measured differences of 0.5°C.  The internal heat load in the measured location is modeled as 
47.5W/m2. This value is obtained fitting the simulated and measured supply air temperature by fine-
tuning the load.  The internal heat load is almost equal to 50W/m2 and therefore similar to the typical 
heat load for pharmaceutical cleanroom facilities, given in the literature (Morgenstern, 2016). 
 
Simulations – Base Case 
The base case is derived from an existing GMP grade C facility with the exception that the AHUs 
condition a cleanroom volume for a single occupant. The model has ten AHU components spread over 
the MAU and the RC AHU (See figue 2.8A). The outdoor temperature and RH over the year 2004 is 
used. This data is measured at weather station Schiphol (AMS), the Netherlands. This area has a 
temperate climate with warm summers an no dry seasons (Cfb). The year 2004 is chosen since it has 
a slightly higher amount of frost days, hot days and rainfall than average. This trend represents the 
Dutch climate behavior of the 21st century (KNMI, 2019). 25% of the total air is fresh air that is 
conditioned in the MAU. Here the air is conditioned to the desired humidity ratio and minimum 
temperature. The air moves towards the RC where it is mixed with recirculated air from the cleanroom 
in a ratio 1:3. It gets its final supply temperature and flows from the RC AHU to the cleanroom. 100% 
conditioned airflows into the cleanroom, maintaining the desired cleanroom set points (table 2.5). The 
room has a continuous ACR of 20h-1 and an overpressure is maintained creating a barrier against the 
ingress of airborne particles (ISPE, 2011). 10% of the supplied air is lost due to uncontrolled ventilation 
in the room (leakage), the other 90% is extracted by the exhaust. A part goes outside the building via 
the MAU but most of the air is recirculated again. The power output of the fans is based on the flow 
and the static pressure specified by the manufacturer. 
 

 
Table 2.5 Parameters of the base case 
cleanroom 

  
 

Reference Cleanroom 

Area 20 m2 

Height 3 M 

Internal loads 

Heat load machinery 50 W/m2 

Sensible heat load occupant 100 W 

Latent heat load occupant 40 W 

Moisture production occ. 63.8 g/h 

Cleanroom set points 

Air change rate 20 h-1 

Air temperature 20 ± 2 °C 

RH 50 ± 5 % 
Figure 2.9 (A) Conceptual building model. Including the description of the 
coils and the type of conditioning in the Mollier chart. (B) The week profile 
of the cleanroom, X is operational and 0 is non-operational.  

90%  
returnflow 
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The cleanroom is operational between Monday untill Friday from 08:00 till 17:00, see figure 2.9B. 
There is an occupant and active machinery in the cleanroom during these production hours. No 
internal loads are present during the non-operational hours. The base case makes use of 50 W/m2 for 
the equipment, based on a typical load for cleanrooms (Morgenstern, 2016). This model further 
assumes that the occupant in a cleanroom performs seated or moderate office work (CIBSE, 2015). An 
indoor temperature of 20°C results in a sensible heat load of 100 Watt and a latent heat load of 40 
Watt per person. 

 
Simulations – Case variants  
In total, one base case and seventeen case variants are simulated. Simulation V0Base is the base case, 
described in the previous section. V1-V17 are variations on the base case by changing each time a 
single parameter (table 2.6).  The case variants are based on geographical locations, defined by Köpen-
Geiger classification, and suggested concept choices for energy-saving opportunities (ISO, 2019).  
These energy-saving choices vary in: cleanroom activities, cleanroom comfort settings, air quantity 
based on airtightness and air quantity influenced by demand. A final case is simulated based on a 
different geographical location to make a relation with the case study of Fedotov (2014).  Variant 
V1NoLoad and V2HighLoad focus on the relation between the internal heat load and energy demand of the 
AHUs. V1NoLoad has no internal heat loads over the entire year while V2HighLoad has a high internal heat 
load for machinery during the production hours. The load can vary highly in a cleanroom, but literature 
shows that 150W/m2 is assumed as a high internal load (McCann, 2005).  The expectation is that both 
variants have a similar energy demand in the MAU compared with the base case since its main task is 
to condition outdoor air. V1NoLoad will demands less energy in the RC AHU cooling coil but slightly more 
in the heating coil since there is no internal heat.  V2HighLoad is assumed to have a higher energy 
consumption in the cooling coil of the RC AHU compared with the base case (V0Base).  
 
Table 2.6 Overview of the modeled variants and the variation in parameter settings. The bold cell is the changed parameter 
compared to the base case. ACR 1 [h-1] is when the cleanroom is occupied, ACR 2 [h-1] is during the non-operational hours. 
The location of the base case is Schiphol (NL), other locations are Moscow (Mow (RU)) and Cairo (Cai (EG)) and Rome 
(Rom(IT)). 

 Variant Ventilation Internal heat load Room set points   
ACR 1 ACR 2 Airtightness machinery People  Temp RH  Location  
[h-1] [h-1] % lost [W/m2] [W] [OC] [%] 

 

Base V0Base 20 20 10 50 100 20 ± 2 50  ± 5 AMS (NL) 

Activities V1NoLoad 20 20 10 0 0 20 ± 2 50  ± 5 AMS (NL) 

V2HighLoad 20 20 10 150 100 20 ± 2 50  ± 5 AMS (NL) 

Comfort V3NoRH 20 20 10 50 100 20 ± 2 50  ± 50 AMS (NL) 

V4WideRH 20 20 10 50 100 20 ± 2 50  ± 20 AMS (NL) 

Flow V5Airtight 20 20 5 50 100 20 ± 2 50  ± 5 AMS (NL) 

V6LowFan 10 10 10 50 100 20 ± 2 50  ± 5 AMS (NL) 

V7DCF4 20 4 10 50 100 20 ± 2 50  ± 5 AMS (NL) 

V8DCF0 20 0 10 50 100 20 ± 2 50  ± 5 AMS (NL) 

Geography V9Mow 20 20 10 50 50 20 ± 2 50  ± 5 MOW (RU) 

V10Cai 20 20 10 50 50 20 ± 2 50  ± 5 CAI (EG) 

V11Rom 20 20 10 50 50 20 ± 2 50  ± 5 ROM (IT) 

Geography 
+  
DCF 

V12Mow_DCF4 20 4 10 50 50 20 ± 2 50  ± 5 MOW (RU) 

V13Mow_DCF0 20 0 10 50 50 20 ± 2 50  ± 5 MOW (RU) 

V14Cai_DCF4 20 4 10 50 50 20 ± 2 50  ± 5 CAI (EG) 

V15Cai_DCF0 20 0 10 50 50 20 ± 2 50  ± 5 CAI (EG) 

V16Rom_DCF4 20 4 10 50 50 20 ± 2 50  ± 5 ROM (IT) 

V17Rom_DCF0 20 0 10 50 50 20 ± 2 50  ± 5 ROM (IT) 

 
Variant V3NoRH, V4WideRH focus on the comfort settings in the cleanroom. V3NoRH has no RH control in 
the room. Therefore, there will be no energy consumption in the MAU dehumidification- and 
humidification coil, resulting in a lower MAU energy demand. The cooling coil in the RC AHU is used 
to control the temperature in the cooling periods and will have a higher energy consumption than the 
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base case V0Base. A negative aspect of this control approach is that the indoor humidity will be too low 
in the heating season and too high in the cooling season. A RH above 70% results in a risk on indoor 
fungal growth (Bronswijk, Rijkaert, & Lustgraaf, 1986). Therefore, V4WideRH makes use of a RH set point 
of 50% with a range of ± 20% based on the ISO 14644-16 guideline (ISO,2019) and Arbo 
recommendation for general workplaces (Arboportaal, 2019). The expectation is that the RC AHU 
consumes an equal amount of energy as the base case. The MAU consumes less energy as V0Base since 
the bandwidth is ± 20% larger 
Cases V5Airtight, V6LowFan, V7DCF4 and V8DCF0 focus on the air flow quantity. Variant V5Airtight is influenced 
by the airtightness of the cleanroom and therefore, the air quantity reduction. The uncontrolled 
leakage is reduced from 10% to 5% of the total exhaust air. This results in a lower flow in the MAU i.e. 
the ratio MAU against R.C. air in the mixing section goes from 1:3 to 1:4. The expectation is that energy 
demand in the MAU is less than the base case (V0Base) and similar in the RC AHU. V6LowFan has an ACR 
reduction of 50%, resulting in a similar fan reduction. This reduced ACR is based on Fedotov (2014). 
Occupants contribute up to 75% of the particle emission in a cleanroom, therefore the occupants’ 
garments can influence the particle emission. Wearing a coverall instead of a cotton tracksuit reduce 
the particle emission by a factor 100 (Dastex, 2019). The expectation is that the total energy demand 
drops, since less air needs to be conditioned. This counts for the MAU and for the RC AHU. Variant 
V7DCF4 is simulated as a cleanroom with demand-controlled filtration, using the same week profile as 
the base case. During the production hours the ACR is 20h-1. The ACR is reduced to 4h-1 during the 
non-operational hours, when there is no activity in the cleanroom.  The expectation is a lower annual 
energy consumption than the base case. V8DCF0 can be seen as an on/off controller. The ACR is 20h-1 

during the production hours but is reduced to 0h-1 during the non-operational hours. The expected 
annual energy demand will be considerably lower than the base case (V0Base). The MAU/RC ratio will 
be lower since the outdoor conditions during the night is the most energy intensive air to condition in 
the Dutch climate over a year. The annual outdoor temperature and humidity ratio depends on the 
climate region. Figure 2.10 shows the weather profile for Schiphol (NL), Moscow (RU), Cairo (EG), 
Rome (IT) and the desired cleanroom temperature and humidity ratio set point. Schiphol has a 
temperate maritime climate (Cfb) according to Köpen-Geiger climate classification. Moscow has a 

Figure 2.10 Annual outdoor temperature and humidity ratio profile for three different climate zones and the cleanroom set points. 
Schiphol (NL) has a temperate climate with warm summers and no dry seasons (Cfb), Moscow (RU) has a continental climate with 
hot summers and no dry seasons (Dfb), Cairo (EG) has a hot arid desert climate (Bwh) and Rome (IT) has a temperate climate with 
hot dry summers (Csa). The x-axis is from the 1st of January until the 31th of December.  
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continental climate with hot summers and cold winters (Dfb). The expectation is that the annual 
energy demand for a cleanroom in Moscow, V9Moscow, results in a similar RC AHU energy demand as 
the base case. But the MAU energy demand will be higher due to the cold, dry winters with 
consecutive weeks below freezing point and hot summer.  
Cairo has a hot desert climate (BWh) with a relative high humidity ratio and minimum temperatures 
that will not drop below 10°C or exceed 35°C. The outdoor temperature and humidity in the winter is 
slightly below the set point. The summer situation results in an outdoor temperature and humidity 
ratio above the set point. Therefore, the expectation is that case V10Cai has almost no additional 
humidification or pre-heating but a high level of dehumidification and cooling.  
Rome, V11Rom, (Csa) has a temperate climate with dry hot summers with a relative high humidity ratio 
and temperature varies between 0°C and 35°C. The climate varies between the weather in Cairo and 
Schiphol. The expectation is that this case has, like Cairo, a high humidification demand. 
V12Mow_DCF4 until V17Rom_DCF0 are cases that focus on a change in geographical location and DCF. The 
expectation is a drop in energy demand for all locations.  
 
Simulations – Data processing 
The simulations studies intend to provide information on energy demand of the total AHU system and 
that of the individual components to deliver the required amount and conditioning of the air to 
maintain the temperature and relative humidity in the cleanroom. The power per AHU component, 
the cleanroom temperature and RH are logged over time during the annual simulation for every case.  
Two important indicators are obtained out of this data. The annual energy demand per area [kWh/m2] 
will be monitored per AHU component. This provides insight in not only the total energy consumption 
per area but also shows the ratio between individual components and the ratio between mutual 
components for different cases.  The second parameter is the average annual energy per volume flow 
[Wh/m3] split up between the MAU and the RC. Ef [Wh/m3] is introduced with dimensionless flow 
factor to compare the obtained values (eq. 2.9) and introduce an energy performance indicator.  
 

𝑌 = 𝐸𝑐𝑎𝑠𝑒# ∙
𝑉𝑐𝑎𝑠𝑒#

𝑉𝑐𝑎𝑠𝑒 20ℎ−1
      eq.2.9 

 

ECase# is the annual energy [Wh/m3] that is used in the MAU or RC per volume flow. Vcase20h-1  [m3] is 

the total air volume that is used in the base case over a year for the MAU or the RC. VCase# is the total 

annual air volume [m3] that is used for the MAU or the RC in a specific case.   
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3.  Results 
This chapter shows the results of the experiments and simulations studies, described in chapter 2 
Method.  The results of the fan reduction during the non-operational hours and the results of the 
contaminant efficiency for different exhaust types are placed in part 3.1 Experiments. The simulation 
results of the annual energy consumption and energy flows for all described cases are shown in part 
3.2 Simulations. 
First, the results of experiment 1 – Non-operational hours will be shown. Followed by the results of 
experiment 2 – Contaminant removal effectiveness.  The data can be found in annex 2 – Measurement 
logs and experimental results 

3.1 Experiments 
Experiment 1 – Non-operational hours 
Table 3.1 shows an overview of the highest measured steady-state particle concentration in the 
cleanroom and the associated concentration in the adjacent space for the four flow variants. The 
measurement logs can be found in Annex 2 – Measurement logs and experimental results 
All four variants meet the GMP class C “at rest” requirements for ≥0.5 μm (352,000 p/m3) and ≥5.0 
μm (2,900 p/m3), which is comparable with the ISO 7 requirements (ISO, 2016). All four measurements 
also meet the recommended recovery time of 15-20 minutes. The recovery time for the larger particle 
sizes for case V3.40 and V4.47 could not be measured due the low particle concentration. 
V1.00 measures the particle concentration when the fan is set off in the non-operational period. It 
does not reach a new steady-state value before the end of the measurement. i.e. the concentration is 
still rising after 2hours and 15 minutes. Therefore, the highest measured particle concentration is 
chosen for this variant. The reached values within the measurement period of 2hours and 15 minutes 
are still within the GMP C “at rest” and ISO 7 requirements.  
V2.00 measures the particle concentration when the fan is turned off in the non-operational period. 
It is executed over the entire night. It reaches a steady-state situation within 7 hours. The highest 
amount of measured airborne particles in the air is a factor 2.4/3.4 (0.5μm/5.0μm) lower than the 
maximum allowable concentration in a GMP class C space “at rest” and ISO 7 requirements.  
 
Table 3.1 Results fan reduction over the non-operational hours. Measured steady-state airborne particles of the cleanroom and in the 

adjacent space [P/m3] . The GMP (at rest) grade or ISO class is given for each particle size. NC = No Classification. Recovery time [mm:ss]. 
The fan power shows the measured power [W] for the situation that the fan is fully on and when it is reduced. And also the recovery time of 
each particle size. * No steady-state situation reached. ** irregularity in PC4. 

Experiment 1 ≥0.3 
[μm] 

≥0.5 
[μm] 

≥1.0 
[μm] 

≥3.0 
[μm] 

≥5.0 
[μm] 

Fan power 
[W]  

V1.00   
Fan off 

GMP Grade/ISO Class - C / 7 7 NC C / 7 413  (full) 
0      (red.) Particles/m3

  

 
Cleanroom  493,900* 110,700* 40,720* 4,636* 1,413 

Surrounding 43,602,000 12,305,000 6,599,000 1,423,000 231,126 

Ratio 
cleanliness 

𝑆𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

𝐶𝑙𝑒𝑎𝑛𝑟𝑜𝑜𝑚
 

88 111 162 307 163 

Recovery time  [mm:ss] 15:45     15:45 15:45 15:45  

V2.00 
Fan off night 

GMP Grade/ISO Class -  C / 7 7 NC C / 7 413  (full) 
0      (red,) Particles/m3  Cleanroom 1,954,000 144,700 33,810 2,440 847 

Surrounding 60,690,000 3,886,800 2,917,100 339,330 113,890 

Ratio 
cleanliness 

𝑆𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

𝐶𝑙𝑒𝑎𝑛𝑟𝑜𝑜𝑚
 

31 27 86 139 134  

 Recovery time  [mm:ss] 15:30 15:45 15:30 15:00 15:00  

V3.40  
Fan reduced, No 
pressure 

GMP Grade/ISO Class  6 C / 6  6 NC C / 6 413  (full) 
101 (red,) Particles/m3 Cleanroom 82,250 7,702 2,500  565   210  

Surrounding 36,421,000  4,879,700 2,261,700 450,990  213,750 

Ratio 
cleanliness 

𝑆𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

𝐶𝑙𝑒𝑎𝑛𝑟𝑜𝑜𝑚
 

443 634 905 798 1,018 

 Recovery time  [mm:ss] 15:30 - - - -  

V4.47  
Fan and pressure 
reduced 

GMP Grade/ISO Class 3 B / 4 4 NC C / 6 413  (full) 
231 (red.) Particles/m3 Cleanroom 245 261 48 48 106** 

Surrounding 78,132,000 37.510,000 21,392,000 4,521,600 2,121,700 

 Ratio 
cleanliness 

𝑆𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

𝐶𝑙𝑒𝑎𝑛𝑟𝑜𝑜𝑚
 

318,960 143,716 455,666 94,200 20,016 

 Recovery time  [mm:ss] 15:00 - - - -  
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The cleanroom maintains a 27-139 times lower particle concentration than the adjacent space, 
depending on the particle size.  
V3.40 shows the measured effect of a lowered ACR of 4h-1 without any pressure hierarchy. The 
measured number of particles for the new steady-state situation in the cleanroom is 4-23 times less 

than case V2.00 with an ACR is 0h-1.  
V4.47 is, the case with the cleanest space environment and makes use of a lowered ACR of 4h-1 in 
combination with an overpressure of 7.5 Pa. The measured steady-state airborne particle 
concentration in the cleanroom is a factor 1,348/27 (0.5μm/5.0μm) lower than the maximum 
allowable particle concentration for a GMP class C space. The particle concentration varies between 
ISO 3-6 classification for the particle sizes.  The particle concentration level in the adjacent area is high 
but the effect of the particle concentration that enters the cleanroom is negligible.  
The power measurements for the supply fan has a 
power output of 413 Watt in a fully operational 
situation. In the situation of V1.00 and V2.00 the flow 
is reduced to zero in the non-operational period. The 
measured power output for the fan is 0 Watt.  
V3.40 has a power output of 101 Watt in the non-
operational period. This is a power reduction of 75%. 
V4.47 has in the same period a fan power output of 
231 Watt. The power reduction is 44% and demands 
therefore more power than V3.40.  
These results can be placed in the perspective of 
annual fan energy demand, see figure 3.1. Assumed 
is a situation with production hours from Monday 
until Friday between 08:00 – 17:00. The total energy 
demand of the fan is, when it is continuously 
operating, equal to the electricity consumption of an average Dutch semi-detached house (CBS, 2019). 
An energy reduction of 73% can be obtained if the fan is turned off in the non-operational period 
(V1.00 and V2.00). V3.40 has a total energy demand which is 55% lower in its energy consumption and 
only uses 18% more energy than V2.00 while it has a 4-23 times lower particle concentration 
compared to V2.00, depending on the particle size. V4.47 consumes the most energy of all variants 
but still 32% lower than a continuously operating situation. The comparison between V3.40 and 4.47 
shows that adding the overpressure costs 23% more energy according to the measurements, this is 
further discussed in chapter 4. Discussion. 
 
Experiment 2 – Contaminant Removal effectiveness ε 
The duct air flow measurements show that each case meets a supply rate corresponding with an ACR 
of 20h-1. Every case is at least measured twice. The derived ε and the relative standard deviation (RSD) 
per particle size, when averaging all outcomes, is shown in Table 3.2. The derived εlocal is shown in 
table 3.3 The measured average particle concentrations and standard deviation in the steady state 
phase and duct speed measurements can be found in annex 2 – Measurement logs and experimental 
results.  
Case V2Low, a low mechanical exhaust point, shows for all particle concentrations an ε above 1. This 
shows that the particle concentration is higher near the exhaust point compared to the overall average 
concentration in the cleanroom. The value of ε raises for bigger particle sizes and can be caused by 
the higher particle deposition rate for larger particle sizes. The two independent measurements show 
for each particle size similar outcomes for the measured ε as well for εlocal. Therefore, flow pattern is 
most likely similar in both cases. 
Case V2High, a high mechanical exhaust point, shows also an ε above 1 for all particle but the variance 
is lower than V2Low. The highest ε is measured for the particle size >3.0μm. The two independent 

Figure 3.1 Estimated annual fan energy consumption. 
For different variants during the non-operational 
periods for a 5 day workweek from 08:00-17:00. 
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measurements show for each particle size similar outcomes with a maximum difference of 0.1. 
Therefore, flow pattern is most likely similar 
Case V2Over, a low overflow exhaust point, has an ε around 1. It tends to be the case with the most 
difference between two independent measurements, with a maximum variation of 0.28. The variance 
can be caused by varying flow patterns of the natural overflow exhaust, although the pressure 
differential between the cleanroom and adjacent area remains constant. 
 

Table 3.2 Determined contaminant removal efficiency (ε) [-] for the three exhaust cases each case is measured twice. And 
the RSD                      

 
 
 
 
 

Table 3.3 Determined local contaminant removal efficiency εlocal [-] for the three exhaust cases. Each case is measured 
twice.   

 
The theoretical particle decay with a factor 
100 is 13:50 [mm:ss] for a perfectly  mixed 
cleanroom with an ACR of 20h-1 (Whyte, 
Whyte, & Eaton, 2012). The GMP 
recommends a cleanup time between 15-
20minutes. The results, in table 3.4, shows 
that the measured recovery time for all 
particle sizes and cases are within the 
recommended GMP range but also take more 
time than the theoretical decay rate for a 
perfectly mixed cleanroom. Applying eq. 2.3 
shows the ratio between what ACR should be 
applied to reach the theoretical recovery 
time, based on the measured values. This 
ACRtheo and the ratio of the theoretical and 
measured recovery time is shown in figure 3.2.  
V2Low has the shortest decay period. It takes 
around 15 minutes to reduce the concentration with a factor 100. V2High has a decay period of 17 till 
18 minutes. V2Over takes the longest decay period. It takes more than 19 minutes.  It can be observed 
that all three cases remove the larger particle sizes faster than the smaller ones. Particles ≥3,0μm 
dilute approximately one minute faster compared to the smaller particle sizes in case V2low and V2over. 
 
Table 3.4 Measured recovery time [mm:ss]  and the desirable theoretical ACR [h-1] for the three exhaust cases with a 
measured recovery time and a measured supply air flow equal to an ACR of 20h-1 

 

 

 

 ≥0.3 
[μm] 

≥0.5 
[μm] 

≥1.0  
[μm] 

≥3.0 
[μm] 

V2Low  1.24 / 1.26 1.36 / 1.37 1.43 / 1.44 2.18 / 2.11 

V2High  1.10 / 1.05 1.02 / 1.06 1.11 / 1.05 1.21 / 1.11 

V2Over 1.08 / 0.94 1.09 / 0.97 1.13 / 0.95 1.24 / 0.96 

RSD [%] 8.8 8.2 7.4 11.5 

 V2Low low mechanical exhaust V2High High mechanical exhaust V2Low low overflow exhaust 

 ≥0.3 
[μm] 

≥0.5 
[μm] 

≥1.0 
[μm] 

≥3.0 
[μm] 

≥0.3 
[μm] 

≥0.5 
[μm] 

≥1.0 
[μm] 

≥3.0 
[μm] 

≥0.3 
[μm] 

≥0.5 
[μm] 

≥1.0 
[μm] 

≥3.0 
[μm] 

PC 2 1.30/1.28 1.57/1.54 1.55/1.53 2.49/2.49 1.20/1.18 1.21/1.19 1.20/1.18 1.29/1.28 1.11/0.95 1.14/0.95 1.15/0.97 1.21/0.99 

PC 3 1.19/1.24 1.32/1.38 1.33/1.35 1.93/1.83 1.01/0.95 1.01/0.95 1.03/0.95 1.15/0.98 1.06/0.95 1.08/0.95 1.11/0.97 1.26/1.00 

PC 4 - 1.22/1.21 - - - 0.89/1.08 - - - 1.05/1.00 - - 

 
≥0.3 
[μm] 

ACRtheo 

[h-1] 
≥0.5 
[μm] 

ACRtheo 

[h-1] 
≥1.0  
[μm] 

ACRtheo 

[h-1] 
≥3.0 
[μm] 

ACRtheo 

[h-1] 

V2Low  15:30 22.4 15:45 22.8 15:50 22.9 14:40 21.2 

V2High  18:13 26.3 17:40 25.5 17:00 24.6 17:46 25.7 

V2Over 19:34 28.3 19:15 27.8 18:00 26.0 18:10 26.3 

Figure 3.2 Theoretical ACR [h-1] and efficiency ratio [-] to meet the 
theoretical recovery time for a measured recovery time and 
measured ACR of 20h-1 for the three exhaust cases.   
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3.2 Simulations   
The results of the annual cleanroom energy simulation, including the cases are shown in figure 3.3. 
The required amount of energy to condition a cubic meter air and the performance indicator are 
placed in table 3.5. A comprehensive overview of the simulated results can be found in Annex 3 
Simulation results. V0Base has an annual energy demand of almost 986 kWh/m2. All coils have a 
comparable contribution. Except the three fans, which have a relative low impact. The RC AHU 
consumes 44% of the total energy and conditions all the air that flows towards the cleanroom. The 
MAU uses 66% of the total energy while it conditions only 25% of the total supply air. This results in a 
demand of 4.5 Wh/m3 of air in the MAU and 0.58 Wh/m3 in the RC. The air in the MAU requires 8 
times more energy than the air in the RC AHU.  
 
Cleanroom activities 
V1NoLoad and V2HighLoad show a similar energy load in the MAU. This is expected since the only difference 
in the case is a change in the internal heat load in the cleanroom. The RC heating and cooling demand 
differ in the two cases. The RC shows in V1NoLoad no cooling demand. But 41% more energy per square 
meter for RC heating coil, compared to the base case, is used to maintain the cleanroom comfort 
settings. The overall energy demand is comparable with the base case. V2HighLoad shows a similar heat 
demand as the base case but with a 4 times higher cooling load.  

 
Cleanroom comfort settings 
Changing the cleanroom comfort settings can change the product quality and occupant’s perception 
for comfort and even results in health issues. Therefore, it is important that the RH is not, for a longer 
time period, outside a range of 30-70%. Removing the entire RH control (V3NoRH) results in a total 
energy demand of 605 kWh/m2. The dehumidification and humidification coil are inactive. Therefore, 
the preheating coil is less active as in the base case. The cooling coil in the RC must deliver slightly 
more energy to maintain the indoor air temperature. Conditioning the MAU air becomes less energy 
intensive by eliminating the moisture conditioning. While the intensity in the RC maintain similar 
compared to the base case. 

Figure 3.3 Annual energy demand per AHU coil [kWh/m2]. The annual energy demand for each AHU component is shown 
for the simulated cases. The blue line separates the MAU and the RC. The ratio total is the obtained energy demand 
compared with the base case. The simulated cleanroom dimensions are 5x4x3m (LxWxH)  
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Table 3.5 Energy demand and Energy performance indicator. The simulated annual energy to condition a cubic meter MAU 
or RC air [Wh/m3]. The volume ratio of the simulated case with the base case and the corrected energy indicator value for 
both the MAU and RC. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

It takes 2.3 Wh/m3 of air for the MAU while the RC uses 0.59Wh/m3. The cleanrooms RH level is 5.3 % 
of the year underneath the 30% and 9.3% of the year above a RH of 70%. The cleanroom maintains 
the RH range (0-100%) but results in a working area with plausible IAQ problems for case V3NoRH. 
Adding a wide RH range between 30-70% in the cleanroom (V4WideRH) results in a similar total energy 
demand (660 kWh/m2) that is comparable to the outcome for the case with no RH control. The MAU 
reduces its energy demand compared to the base case with 40%. The dehumidification coil only uses 
25% of the energy, compared with the base case. While the humidification coil only demands 20% of 
the energy compared to the base case.  
 
Flow reduction 
Reducing the uncontrolled air leakage from 10% to 5% (V5Airtight) results in a total energy demand of 
765 kWh/m2 which is a total saving of 15%. 62% of the total annual energy is used in the MAU while 
38% is used in the RC. An effect of an improved airtightness is that the MAU supply fan reduces its 
flow and therefor has a lower energy demand. The first positive side effect of the flow reduction in 
the MAU is an overall reduction of energy demand in this section by 20%. A second effect takes place 
in the RC. 5% more air from the cleanroom is recirculated. This saves, compared with the base case, 
20% on the heating load, but raises the cooling demand with 15%.  
A continuous ACR of 10h-1 instead of 20h-1 (V650%Fan) results in a total energy demand of 583 kWh/m2 

which is a total saving of 35% compared to the base case. 67% of the total simulated annual energy is 
used in the MAU while 33% is used in the RC. The fans have an energy reduction of 50% while the air 
conditioning coils have a reduction between 30-40%. 
Reducing the ACR in the non-operational hours from 20h-1 to 4h-1 (V7DCF4) results in a total annual 
energy reduction of 56%. The total annual energy demand in the MAU is 64% while 36% of the total 
demand is in the RC. All three the fans and the coils in the MAU show an annual reduction of 60% 
compared with the base case. The heating coil in the RC has a reduction of 80%. The cooling coil in the 
RC maintains the same, since it is only operational during the production hours. Energy performance 
index EPI for the volume flow for the MAU is 1.9 and for the RC is 0.27 which makes the conditioning 
of MAU air requires 9 times more energy. 

 Energy per volume  
flow [Wh/m3] 

Energy performance indicator Ef including 
volume flow ratio 
[ Wh/m3 ] 

 MAU 
 

RC Factor 
Ef MAU 

[-] 

Factor 
Ef RC 
[-] 

MAUf RCf Ratio  
MAUf 

: RCf 

V0Base case 4.5 0.58 1.00 1.00 4.5 0.58 1:8 

V1No load 4.5 0.55 1.00 1.00 4.5 0.55 1:8 

V2High load 4.5 1.0 1.00 1.00 4.5 1.00 1:4 

V3No RH 2.3 0.59 1.00 1.00 2.3 0.59 1:4 

V4Wide RH 2.7 0.58 1.00 1.00 2.7 0.58 1:5 

V5Airtight 3.6 0.55 0.80 1.00 2.9 0.55 1:5 

V6Low Fan 6.0 0.72 0.50 0.50 3.0 0.36 1:8 

V7DCF4 4.9 0.68 0.39 0.39 1.9 0.27 1:7 

V8DCF0 4.4 0.77 0.27 0.27 1.2 0.21 1:6 

V9MOW 7.8 0.56 1.00 1.00 7.8 0.56 1:14 

V10CAI 3.8 0.59 1.00 1.00 3.8 0.59 1:6 

V11ROM 4.5 0.56 1.00 1.00 4.5 0.56 1:8 

V12DCF4MOW 6.8 0.69 0.39 0.39 2.6 0.27 1:10 

V13DCF0Mow  6.5 0.78 0.27 0.27 1.8 0.21 1:8 

V14 DCF4Cai 4.1 1.00 0.39 0.39 1.6 0.39 1:4 

V15DCF0Cai 3.5 1.30 0.27 0.27 0.95 0.35 1:3 

V16DCF4Rom 4.8 1.20 0.39 0.39 1.87 0.47 1:4 

V17DCF0Rom 4.2 0.57 0.27 0.27 1.13 0.15 1:8 
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V8DCF0 shows the effect of the delivered energy in a situation that the AHUs are operated with On/Off 
control. The ACR is 20h-1 in the operation hours and 0h-1 when the cleanroom is “at rest”. The total 
annual energy consumption for this case is 252 kWh/m2, which is a total saving of 71%. The total 
consumed annual energy in the MAU is 59% while 41% is used in the RC. All three the fans and the 
coils in the MAU show an annual energy reduction between 70-80%. The heating coil in the RC is 
inactive, which means that the cleanroom temperature is over an entire year above the heating set 
point. The cooling coil needs 10% more energy as in the base case. It takes the RC 0.77Wh/m3 while 
the MAU demands 4.4 Wh/m3. This makes the MAU 6 times more energy intensive as the RC. The EPI 
for the volume flow for the MAUf is 1.2 and for the RCf is 0.21. 
 
Annual energy demand  
The annual trend of the energy demand for individual AHU components for the base case V0Base and 
the case with flow reduction in the non-operational hours V7DCF4, combined with the weather data, is 
shown in figure 3.4. Note that the y-axis varies for the energy demand of V0Base and V7DCF4. Energy 
demand trend for the base case V0Base shows that the MAU twin coil, humidification coil and 
preheating coil have a similar behavior over the year. Notice that the humidification coil is nearly zero 
in the cooling period. The humidification coil is active in the first 3,000 hours i.e. roughly between the 
1st of January until the 1st of May. From this point the humidity ratio is in the range of the cleanroom 
set point and the dehumidification coil starts to become active between hour 3,000 until 7,000 i.e. 
from the 1st of May until 1st of September. The humidification coil becomes active again from 1st of 
September until the 31th

 of December. The RC heating and cooling coil shows a linear trend over the 
year.  Case V7DCF4 shows a similar energy demand per coil as the base case. But the total demand is 
less due to the lower airflow in the non-operational hours. The RC cooling coil is the only coil that has 
a similar energy demand compared to the base case since cooling is only required during the 
operational-hours.  

 

Figure 3.4 Annual energy demand related to the outdoor temperature and humidity ratio measured at weather station Schiphol (NL) 
between 01-Jan-2004 and 31-Dec-2004. The bottom left shows the energy demand [kWh/m2] for the base case V0Base. The bottom 
right shows the energy demand [kWh/m2]  for the situation with DCF V7DCF4 applying demand controlled filtration 
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Geographical location 
The four different geographical location shows different gradients for the energy demand per AHU 
coil over a year, as shown in figure 3.5. All simulations show a transition in the MAU coils from the 
heating season to the cooling season and back to the heating season. 
Moscow (V9Mow) has a continental climate with cold winters and warm, humid summers. The annual 
simulation shows a high annual energy consumption of 1,316kWh/m2, which is 1.50 times higher than 
the base case. The RC consumes on an annual base 298kWh/m2 which is similar to the base case. But 
the low outdoor temperature and humidity ratio shows a high impact on the annual energy demand 
for the MAU. The MAU consumes 1.7 times more energy than the base case MAU. The pre-heating 
coil and the humidification coil consume a large amount of energy during the heating season. 
Respectively 2.0 to 2.3 times as much as the base case. This makes the conditioning of the outdoor air 
energy intensive. The RC demand is 0.56 Wh/m3 while the MAU demands 7.2 Wh/m3. This makes the 
MAU 14 times more energy intensive as the RC.  
V10Cai has a hot desert climate. The simulation shows that the total annual energy demand is 805 
kWh/m2, which is 10% lower than the total annual energy demand for the base case. The RC unit 
demands a similar amount of energy as the base case with the exception that it mainly has to cool the 
cleanroom air. The RC cooling coil must deliver twice as much energy as the base case while the 
heating coil has to deliver half of the base case energy. It takes the RC, on an annual base, 0.59 Wh/m3

 

to condition the air. The MAU consumes 80% of the energy that is used for the base case V0Base. This 
is because the twin coil, pre-heating coil and humidification coil demands considerably less energy. 
These consume respectively 80%, 92% and 51% less energy than the base case. The dehumidification 
coil is, by far, the most active coil in the MAU. It uses 43% of the total simulated annual energy and is 
2.7 times higher than the base case. It takes the MAU 3.8Wh/m3 to condition the outdoor air, which 

makes the conditioning of a cubic meter air takes 6 times more energy in the MAU as in the RC. 
Rome (V11Rom) has a temperate climate with hot dry summers. The annual simulation shows that the 
total energy demand is almost like the base case, including the distribution between the MAU and the 
RC. The dehumidification coil in the MAU has a 2.4 times higher energy demand while the 
humidification demand is 0.40 times less than the base case. It takes the RC on annual average 0.56 
Wh/m3 while the MAU takes 4.5Wh/m3 to condition the air. Requires 8 times more energy to condition 
the air in the MAU than in the RC. 

Figure 3.5 Annual energy demand per AHU coil for four different geographical locations between the 1st of January 
until the 31st of December. (A) Energy demand [kWh/m2]  for the location Schiphol,V0Base (B) ) Energy demand for the 
location Moscow,V9Mow (C) ) Energy demand for the location Cairo,V10Cai (D) Energy demand for the location 
Rome,V11Rom 
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DCF at different geographical locations  
Figure 3.6 provides an overview of the simulated results for DCF at different geographical locations. 
Implementing DCF from 20h-1

 to 4h-1 in Moscow (V12DCF4Mow) shows an overall energy reduction of 
63%. The MAU has a reduction of 66% while the RC has an annual energy reduction of 52%. The annual 
energy intensity for conditioning the air in the MAU is 6.8 Wh/m3 and for the RC 0.69 Wh/m3. The EPI 
for the volume flow for the MAU is 2.6 and for the RC is 0.27. This makes the conditioning of the MAU 
air 10 times more energy intensive as in the RC. 
Reducing the ACR for the Moscow climate (V13DCF0Mow) to 0h-1 in the non-operational periods results 
in an annual reduction of 72% compared to V9Mow. The MAU has a reduction of 78% while the RC has 
an annual energy reduction of 63% compared to the initial simulation in Moscow. The annual energy 
intensity for conditioning the air in the MAU is 6.5 Wh/m3 and for the RC 0.78 Wh/m3. The EPI for the 
volume flow for the MAU is 1.8 and for the RC is 0.21. This makes the conditioning in the MAU 6 times 
more energy intensive as in the RC.  
V14DCF4Cai is the case with DCF to 4 h-1 in Cairo. This situation results in an overall energy demand 
reduction of 49%. The MAU demand reduces with 58% while the RC energy demand recues with 34%. 
The largest change in energy demand is in the dehumidification coil 57%. Conditioning the air in the 
MAU requires 4 times more energy as the RC. 
V15DCF0Cai has an annual energy reduction of 63% compared to V10Cai. Most of the year both the 
MAU’s twincoil and humidification coil are inactive. The heating coil in the RC is entirely inactive. Three 
coils are the main contributors to the annual energy consumption. The MAU dehumidification coil and 
the RC cooling coil consume 80% of the total annual energy demand. Conditioning the air in the MAU 
is 3 times more energy intensive as in the RC. 
Applying DCF with 4h-1 in Rome, V16DCF4Rom, results in a total energy reduction of 57% compared with 
case V11Rom. The Mau has a reduction of 58% while the RC has an annual energy reduction of 47%. 
The humidification coil has an 60% lower annual energy demand by applying DCF. Conditioning the air 
in the MAU is 4 times more energy intensive as in the AHU.  

Reducing the ACR for the Rome climate (V17DCF0ROM) to 0h-1 in the non-operational periods results in 
an annual reduction of 75%. Both the MAU and RC have a similar reduction in the annual energy 
demand of 75%. Conditioning the air in the MAU requires 8 times more energy as the RC.  

  

Figure 3.6 Annual energy demand and the effect of DCF in four different geographical climate zones. The blue line divides 
MAU with RC AHU coils. Each case shows the demanded energy and energy demand ratio compared to the situation 
without DCF.  
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4. Discussion 
The applied methods (i.e. the two experiments and a model) are used to investigate the opportunities 
for energy-saving measures focused on the ventilation flow of a cleanroom. This chapter discusses the 
results obtained and relates them to the literature. The chapter is divided in three parts: chapter 4.1 
Experiments, chapter 4.2 Simulations and chapter 4.3 Limitation and Future work. 

4.1 Experiments 
Experiment 1 – Non-operational hours 
Four cases, with different ACRs and differential pressures in the non-operational hours, are executed 
and focus on how DCF affects both energy demand and IAQ of the cleanroom. The results for all four 
cases show that the airborne particle counters in the cleanroom measure zero particles within 30 
minutes after the last activity in the cleanroom. While the particle concentration in the adjacent space 
exceeds continously GMP and ISO guideline particle concentration levels during all measurements. 
This already indicates that the flow in the cleanroom can be reduced and therefore the fan can be set 
back in the non-operational period. The cleanroom air supply is in these 30 minutes fully active, i.e. 
the overpressure is still 12,5 Pa and the ACR is 20h-1 (GMP class C), corroborating the literature that 
recommends to reduce the flow 30 minutes after the last occupant leaves the cleanroom (Faulkner, 
DiBartolomeo, & Wang, 2007).   
Applying DCF is a suitable method to reduce the fan energy. The results of the experimental setup 
show that the cleanroom supply flow and pressure hierarchy can be reduced, while fulfilling the 
airborne particle concentration requirements. The flow can be reduced up to zero and therefore the 
fan power can save up to 100% in the non-operational hours without violating the GMP class C particle 
concentration requirements, based on the ingress of airborne contamination. However typically, 
cleanroom designers choose to use rules of thumb for the ventilation of a cleanroom instead of 
calculating the desired airflow for a certain room e.g. a typical GMP grade C space has a yearly based 
ACR of 20h-1 

 and an overpressure of 10-15 Pa, if connected with a less graded space (ISPE, 2009).  
This study shows that a cleanroom facility, that applies DCF, can reduce 73% of the fan power and fan 
electricity costs, assuming that it has a 9hour workday from Monday untill Friday. It must be taken 
into account that this research only focused on non-viable airborne particles, while GMP classified 
rooms also focus on the control of CFUs. Therefore, further research should focus on the relation 
between the flow reduction and CFUs. 
All four cases further show a recovery time (100:1) within 15-20 minutes which matches the GMP 
annex 1 (European Commission, 2008) after restarting the system back to the original air supply. The 
overall outcome of the cases confirms the ISO 14644-16 (ISO, 2019) standard which recommends to 
reduce the flow, or even turn it off, in the non-operational periods. The guide recommends taking the 
following three risks into account for airborne particle control by DCF to 0 h-1:  

- ‘Ingress of airborne contamination due to loss of pressurization in the classified space.’ 
-  ‘The ability to restore the required cleanliness conditions upon restarting the system within a 

determined recovery time related to the emission risk and period of turn off.’ 
- ‘Deposition of contamination shaken from the clean side of the terminal high-efficiency filters.’ 

The experimental setup could not measure particle deposition in the cleanroom during the non-
operational hours or the behavior of the deposited particles after restarting the flow back to its 
original settings. The sample time of the particle counters was in all cases too long to see if deposit 
particles affect the cleanroom in the first few moments after the restart. Therefore, additional 
research is recommended on the effects of particle deposition during the non-operational period on 
IAQ. The first two control aspects of the ISO 14644-16 have been monitored and all four cases showed 
a positive outcome on the ingress of particle contamination and the recovery time after restarting the 
system. The flow is reduced with 80-100% while literature recommends reducing the flow with 25-
50% (Labs21, 2019) till 70% (WHO, 2011).  
The results show that all cases have a particle concentration that meets a GMP grade C cleanroom in 
the non-operational period. It is recommended by the GMP to maintain an overflow between two 
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different graded areas, but the experiment shows that it is not necessarily needed. No pressure 
control results in a cleanroom that is 27-139 times cleaner than the adjacent area. A higher flow and 
pressure hierarchy in these periods results in a cleaner space but the fan also demands more energy. 
V3.40 (non-operational: ACR of 4h-1, 0 Pa pressure difference) compared with V2.00 (non-operational: 
ACR of 0h-1, 0 Pa pressure difference) results in a higher fan power usage but the cleanroom also 
becomes 4-23 times cleaner. The low flow has the highest impact on the smallest particle sizes. A 
reason for this is that smaller particles take a longer time to deposit, therefore the low flow removes 
these smaller particles easily (Agricola, 2019).  
Comparing V3.40 with V4.47 (non-operational: ACR of 4h-1, 7.5 Pa) results in a low ventilated 
cleanroom on overpressure. The overpressure results in a physical barrier between the cleanroom and 
the adjacent area, reducing the ingress of particles. Applying overpressure results in a 2.3 times higher 
fan power output as in V3.40. A CAV-valve requires a minimum pressure difference of 100 Pa (TROX, 
2019). A plausible cause for the difference in power requirement can be the difference in the static 
pressure for case V3.40 and V4.47.  V3.40 has a lower measured air flow in the return duct and 
therefore it can be assumed that the CAV-valve in the return duct did not have enough pressure 
difference, resulting in a lower static pressure over the system and therefore requires a lower fan 
power demand. The CAV-valves in the measurement setup require a high ratio of the fan power. The 
influence of a CAV-valve in a normal AHU setup will probably have a lower ratio. Therefore, it is 
assumed that the 2.3 times higher energy demand will be lower in a normal setup. 
The measured particle concentration in the adjacent space, during the experiments, is 11-106 times 
higher for particles ≥0.5μm and 39-731 times higher for particles ≥5.0μm as a GMP C graded 
cleanroom at rest (table 4.1). Relating these values with an average indoor particle concentration in 
an office environment (Lappalainen, Salonen, Salmi, & Reijula, 2013) shows that the adjacent space 
for the experiments has a 2-20 times higher concentration for particles ≥ 0.5μm and 5-85 times higher 
concentration for particles ≥ 5.0μm.  
 

Table 4.1 Average particle concentration (particles/m3) in the adjacent area during the four cases, GMP grade C 
classification at rest and in an office environment.  

 V1.00 V2.00 V3.40 V4.47 GMP C 
At rest 

Typical Office 

Particles ≥ 0.5μm  12,305,00 3,886,800 4,879,700 37,510,000 352.000 1,900,000 

Particles ≥ 5.0μm 231,126 113,890 213,750 2,121,700 2.900 25,000 

 
The reason for the particle concentration variance in the adjacent space is the types of activity 
performed in the assembly hall. The lowest average particle concentrations are measured in case 
V2.00, measurement over an entire night. There are no activities in this period, particle concentration 
decreases due to the ventilation and particle deposition on the surface over time. Particle 
resuspension and generation happens when the activities start again in the hall. The measured night 
concentrations are although comparable to the measured concentrations during daytime.  
The high particle concentration measured in V4.47 is due to the delivery of wood in the adjacent hall. 
A forklift truck drove wooden boards into the assembly hall from outside. This resulted in a particle 
concentration increase. Especially the increase of large particle sizes is observed, likely caused by 
resuspension while smaller particles are still present in the air.  
The mock-up has an air leakage class L1, which is based on pressure and airtightness of the cleanroom 
(Joosten, 2018). The airtightness of the cleanroom is a physical barrier between the clean space and 
the adjacent area. A less airtight cleanroom results in easier accessible space for cross contamination 
(Ham, 2002). Therefore, it can be assumed that the obtained data can be implemented in cleanrooms 
with an air leakage class equal to L1 or better. Further research is needed to understand the 
consequences of the air leakage class and the particle concentration in the adjacent area on ingress 
of airborne contamination into the cleanroom.  
A flow reduction in the non-operational hours in a cleanroom facility results in a longer qualification 
and commissioning process. Not only particle concentration requirements must be proven in both 
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operational and non-operational state (ISO, 2019). The cleanroom should only be accessible for 
personal and production if the AHU is on full power, therefore a presence sensor would be a suitable 
solution. It is assumed that there are no internal particle sources active when the room is unoccupied. 
This makes the application of a simple ON/OFF as a technical and economical favorable solution 
(Faulkner, DiBartolomeo, & Wang, 2007). Control based on particle concentration is less 
straightforward since the use of a cleanroom is unpredictable and the particle concentration can rise 
quickly when someone enters resulting in a particle overshoot. (Molenaar, 2017).  
 
Experiment 2 – Contaminant removal effectiveness 
Experiments V2Low, V2High and V2Over show that the exhaust position affects the cleanliness level in a 
cleanroom. All three cases, with different types of exhaust points, show an ε around 1. This is in line 
with the obtained results for the contaminant removal efficiency of the reference cases with air supply 
from a swirl diffuser and low mechanical exhaust obtained in the study from Molenaar (2017).  
It is assumed that the air supply is equally distributed through the cleanroom and turbulent in all cases. 
A HEPA-filtered swirl supply grill is used in all three cases. It is assumed that this grill results in an 
equally distributed particle concentration in the cleanroom (Lenegan, 2014).  The design guideline 
from Far (2012) obtained a value for ε equal to 0.7, which is rather low with respect to results found 
in our case with an ε around 1. The low exhaust position provides the most favorable ε since it shows 
the highest ε-values (Yaglou & Witheridge, 1937).  
The obtained recovery time for all measured particle sizes in the three cases meets the GMP 
recommended recovery time, but all cases take longer than the theoretical recovery time for an ACR 
of 20h-1 for a perfectly mixed cleanroom described by Whyte et al. (2012). This research shows a 
cleanroom of 0.71-0.94 efficiency, based on the theoretical recovery time. This theoretical value 
assumes a perfectly mixed airflow pattern and only considers the volume of the room and the air 
supply volume. A cleanroom that is not perfectly mixed air flow over the entire cleanroom will have a 
longer recovery time and therefore a efficiency loss (Lenegan N. , 2014).  
 The type of exhaust determines the speed of the recovery time. A low placed active exhaust has the 
fastest recovery time while the low placed natural overflow exhaust takes 2:10 until 4:10 [mm:ss] 
longer to dillute the particles by a factor 100. A plausible reason could be a change in the air flow 
patterns within the room. Natural ventilation is sensitive for surounding disturbances but the pressure 
differential measurements do not show any disturbances during these measurements. 
The location of the high exhaust grill is at a different place in the cleanroom than the low exhaust grill 
and overflow grill. The latter two are placed in the corner next to the door, while the high exhaust grill 
is placed in another corner. The expectation is that this has minor to no influences on the 
measurement for case V2High. The local ε is calculated for V2High since the distance between the supply 
and exhaust grill is only 0.8 meter and therefore a risk for creating an undesirable short circuit. The 
measurement shows that the local contaminant removal efficiency from PC 2 is slightly above 1. While 
PC3 has values very close to 1.0 and PC 4 has a single value of 0,88. Overall, the local ε is between 0.88 
and 1.29. Therefore, it is assumed that there is no short circuit measured at the three independent 
measurement locations. 
This experiment used an aerosol particle generator for an artificial contamination pattern. The initial 
focus was on the particle sizes 0.3-0.5-1.0-3.0 and ≥5.0 μm, but this generator did not produce enough 
particles in the size ≥5.0 μm. This results in an unpredictable measurement for this particle size. For 
this reason, this particle class is removed from the results. The results show a faster recovery time for 
larger particles. Therefore, the expectation is that particle sizes ≥5.0 μm also meet the GMP 
recommended recovery time of 15-20 minutes. 

4.2 Simulations 
The simulations studies show the influence of cleanroom activities, comfort settings and flow 
reduction based on the recommendations in the ISO 14644-16 (2019) but also the influence of the 
geographical location on the energy flow of the cleanroom. The results show a high energy-saving 
potential for DCF. Therefore, DCF is an efficient measure to optimize cleanroom energy demand. This 
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corresponds with Meanney (2011) and Molenaar (2017) who measured the fan energy savings. The 
annual energy consumption drops if the cleanroom reduces the flow in the non-operating hours. 
Applying DCF in V7DCF4 (ACR non-production hours: 4h-1) shows an overall energy reduction of 54% 
compared to the base case. Applying DCF with an ACR of 0h-1 in the production hours even results in 
an energy demand reduction of 71%. Exceeding the particle concentration limits in the cleanroom can 
be assumed to be not possible due to the results of Experiment 1 – Non-operational hours.  
The preheating and humidification of the outdoor air in Moscow (V9Mow) are as expected high, 
compared to the other climate regions. The outdoor temperature and humidity ratio are for a long 
period below the cleanroom set points. Resulting in a 1.47 times higher annual energy demand 
compared to the base case. The annual energy demand for Rome is similar to the base case while 
Cairo has a 0.9 times lower energy demand. For both climate zones the dehumidification coil demands 
the most energy. The peak loads for dehumidification will not change after applying DCF. The total 
demand drops but the maximum needed power of the coil is during the operational hours.    
The results of the different cases show that the MAU has the largest energy demand. The average 
MAU demand is 61% of the total energy usage. The range of the MAU energy demand for all cases is 
41-77%. This is comparable with a MAU energy demand of 30-65% (Tsao, 2008). The variances in this 
study is mainly caused by the influence of the geographical location. The annual energy demand for 
Moscow, V9Mow, shows that the MAU requires 77% of the total energy. This is mainly caused by a large 
difference between the outdoor temperature and humidity ratio and the indoor settings. The largest 
difference is mainly during the night. Therefore, applying DCF with an ACR of 4h-1 (V12DCF4Mow) already 
results in a MAU energy demand of 71%. Applying DCF with an ACR of 0h-1 (V13DCF0Mow) results in a 
MAU energy demand of 61% of the total energy.  There are only two cases with an energy demand 
that is lower in the MAU than in the RC. This counts for the case with no RH control (V3NORH) since no 
humidification or dehumidification is needed and for the case V15DCF0Cai, DCF with an ACR of 0h-1 in 
Cairo. The latter one shows desirable outdoor temperature and humidity ratios during day time over 
the simulation year.  
All simulations show that the demanded indoor temperature and RH range in the cleanroom is 
maintained. Although V3NoRH has a high risk on IAQ. It receives RH values above 70% for more than 9% 
of the simulated year. This results in a risk on indoor fungal growth (Bronswijk, Rijkaert & Lustgraaf, 
1986). Further, this case has for more than 5% of the time RH values below 30%. This causes 
discomfort for the cleanroom occupants (de Wit, 2009). Applying a RH of 50% with a range of ±20% 
(V4WideRH), corresponds with the ISO 14644-16 (2019) recommendation, shows an annual energy 
demand increase of 9%. This increase in energy demand results in an improvement of IAQ. Notice that 
RH control should always be considered as a process dependent variable e.g. exposed powder 
products require environments with low RH values to prevent absorption of moisture (ISPE, 2009).  
Halving the ACR, like V6LowFan, should only be done if the particle generation from the source is halved. 
Since the airborne contamination concentration in the steady state condition is equal to the ratio 
between the dispersion rate of contaminants and the supply volume rate (Whyte, Whyte, Eaton & 
Lenegan). Hence, halving the total dispersion rate of contaminant sources results in a reduction of 
50% of the particle concentration in the cleanroom. A possibility is to change the cleanroom garments 
(Fedotov, 2014). Particle generation can be reduced by a factor 100 if the cleanroom occupant wears 
good cleanroom clothing compared with normal clothes (ISPE, 2009).  
 

4.3 Future work and limitations 
Cleanrooms control the number of airborne particles in the air. This research focused on non-viable 
particles in the cleanroom. Measurements are performed to provide insight in the particle 
accumulation in a cleanroom when the flow is reduced but the airtightness of the construction did not 
change. Further research is recommended on how the flow is related to both the cleanroom 
airtightness and the particle accumulation, defined classes in “Richtlijn 10” (VCCN, 2015) can help to 
determine the effect of particle ingression for different airtightness classes with conditioned 
contamination in the adjacent area. This experiment set up is not suited to investigate the effects of 
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different contamination concentrations in the adjacent area. The effect of the level of contamination 
in the adjacent area on the results should therefore be further investigated.  
The GMP guideline demands not only non-viable particle sizes monitoring but also recommends 
monitoring the number of microbial contaminations for a predefined processes. Microbial 
contaminants are not measured with particle counters. Therefore, it was not possible to measure 
these in this experimental setup. Further research is needed to determine the relationship between 
the number of colony-forming units (cfu/m3) and the DCF. Especially since the GMP demands to 
maintain a positive pressure in a cleanroom.  
ISO 146466-16 (2019) recommends monitoring three potential risk aspects for particle monitoring if 
the flow is set to zero. This research did not observe the deposition of contaminants in the cleanroom 
during the non-operational periods. It is recommended to perform further research based on the 
effects of the particle deposition during the non-operational period.  
DCF based on occupancy is applicable if the cleanroom activities are well-known. Another 
recommendation for further research, also recommended in the ISO 14644-16 Chapter 8, is to 
investigate the applicability of adaptive control. This control approach is based on real time 
measurements of (non)-viable particles, temperature and RH. It can make “smart” decisions on night-
cooling or flow reduction based on varying parameters.   
The model is validated, based on the actual data of a cleanroom facility. The outcome showed that 
the model conditions the air similar as the existing facility. But the measured data, from January, only 
consist heating and humidification. The simulations show a corresponding cooling behavior; therefore, 
it is assumed that the model works correctly. More data should be measured at facilities to get a better 
understanding of cleanroom facilities.    
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5. Conclusion 
The Paris agreement faces governments and industries the challenge to become more sustainable. In 
this graduation project, energy-saving measures focusing on the ventilation of a pharmaceutical 
cleanroom, have been studied. The research question is: “How can energy reducing ventilation 
measures be applied in pharmaceutical cleanrooms, with the knowledge of its energy flow?”  
This question is answered with the help of 3 sub questions. The conclusions resulting from each sub-
question is presented and results in the answer on the main research question.  
 

“How affects DCF at lower pressure hierarch levels both energy demand as air quality?” 
Experiments on a cleanroom mock-up showed how airflow is related to both the fan energy demand 
and indoor air quality (IAQ). A higher air change rate (ACR) and overpressure in the non-operational 
hours results in a lower steady-state particle concentration but a higher fan power demand. All cases 
meet at least the GMP class C / ISO 7 particle concentration requirements while the cleanroom is 
located in a contaminated area. V2.00 (ACR 0h-1 and overpressure of 0 pa) shows that the cleanroom 
is 27 – 139 times cleaner than the adjacent area when the flow is turned off during the night. V4.47 
(ACR 4h-1 and overpressure of 7.5 pa) results in a cleanroom that is 20.016-455.666 times cleaner than 
the surrounded area, depending on the particle size. Therefore, it is concluded that turning off the fan 
in the non-operational hours results in a new steady-state particle concentration that still meets the 
GMP and ISO guidelines for particle concentrations, even if the adjacent area reaches particle 
concentrations that are 100 times higher than guideline classifications for the cleanroom itself.   
 

“How does the exhaust position affect the cleanliness in the cleanroom, focusing on the contaminant 
removal efficiency and recovery time as key performance indicators?” 
Experiments on a cleanroom mock-up with an ACR of 20h-1 and an overpressure of 12.5 Pa shows that 
a low mechanical exhaust point with active ventilation has the most favorable influence on the 
performance of the cleanroom, i.e. a low active exhaust point has a high ε resulting in a cleaner space. 
The low exhaust point results in the quickest recovery time and has an efficiency of 0.88-0.94 
compared to the theoretical recovery time. The theoretical ACR to receive the theoretical recovery 
time, derived from the recovery time and measured supply flow, varies for the low exhaust point 
between 21.2–22.9h-1. 
 

“How should energy efficient ventilation for cleanrooms be designed?” 
GMP classified cleanrooms consume up to 25 times more energy than an average commercial building. 
The main reason for the high consumption is the high air change rate (ACR) that guarantees the air 
quality of these spaces (Fedotov, 2014)”. ISO 14644-16 (2019) recommendations for energy efficiency 
in cleanrooms is used to optimize the energy demand in cleanrooms.  
Multiple cases are simulated based on the cleanroom activities, comfort settings, airflow and the 
geographical location of the cleanroom. These cases show the effect on the annual energy demand 
per AHU coil. The results of these simulations show that Demand Control Filtration (DCF) has the 
highest impact on the annual energy demand of the cleanroom.  
The geographical location influences the cleanroom energy demand of the MAU. It highly depends on 
the annual weather conditions. The MAU in Moscow, the highest variation between the climate 
condition and the desired indoor condition used in the study, requires up to 14 times more energy per 
m3 of air than the RC AHU.  
Changing the ACR from 20h-1 to 4h-1 in the non-operational hours results in an overall energy-saving of 
49-63%, depending on the geographical location. Lowering it further to 0h-1 results in an annual saving 
of 63-75%. DCF always results in an annual energy reduction. Rome can save up to 75% energy by 
applying DCF while Cairo can save 63% of the annual energy.  
 

The above conclusions form the basis for the overall answer on the main research question: Flow 
reduction in the non-operational hours with DCF in a GMP class C cleanroom results in annual energy-
savings, up to 75%, without violating the particle concentration limits.  
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