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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national

:2019(E)

standards

bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International

organizations, governmental and non-governmental, in liaison with ISO, also take part in

the work.

ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

The procedures used to develop this document and those intended for its further mainte
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria-need
different types of ISO documents should be noted. This document was drafted in accordanc
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the
patent rights. ISO shall not be held responsible for identifying any or all such’patent rights.
any patent rights identified during the development of the document will be in the Introduct
on|the ISO list of patent declarations received (see www.iso.org/patents).

Anly trade name used in this document is information given for thé convenience of users an
conpstitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific t
expressions related to conformity assessment, as well as information about ISO's adhere
Warld Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see
.org/iso/foreword.html.

Thjs document was prepared by Technical Comittee ISO/TC 209, Cleanrooms and associated|
enyironments.

Aan feedback or questions on this document should be directed to the user’s national standar
complete listing of these bodies can belfound at www.iso.org/members.html.

Aljst of all parts in the ISO 14644 series can be found on the ISO website.
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Introduction

Cleanrooms and associated controlled environments are widely used in many industries, such as
life-sciences (including pharmaceutical, medical device), micro-electronics, aerospace, food processing,
nuclear and hospitals. Operational size ranges from tens to thousands of square metres, most with unique
design and operational characteristics based on their function. Their development has involved rapid
expansion and progress for several decades, mirrored by an increasing energy demand. This document
embraces the accumulated experiences and practices in cleanroom design, operation and maintenance,
formulated to reduce their energy consumption and the global impact of this dramatic growth.
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varying greatly in function and size, the energy consumption of cleanrooms cafi ‘be o
higher than that for offices of similar size. A considerable amount of energy is(required
rge amounts of filtered and conditioned air to achieve specific levels of air cleanliness.
fans can account for 35 % to 50 % of the HVAC consumption of cleanrooms|due to the poy
0 overcome the high pressure differentials needed to operate high-efficiency filters 3
1lation components in the cleanroom system. Production of this type of.high-quality air

energy is also used to achieve temperature and relative humidity control for processeg
oom, for personnel comfort and to achieve the requisite pressurization of the cleanro
re is therefore significant potential for energy saving by diligent design in the installatioy

pasures that can be taken to introduce these techniques and applies to the full spectrum
bnts as described in ISO 14644-7[1]. This documniert is based on actual experience, pract
bnergy saving.

y saving methods and techniques used-in this document are all general ones applicable
yironments and situations. They aie-not process-specific and exclude related product
such as water treatment, and oven, autoclave and stress cycling operations. Their spec

er and the installation engineers.
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During the operating life of the facility, analysis of monitoring data can and should be used to
further optimize system performance and minimize energy usage.

Vi
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Cleanrooms and associated controlled environments —

Part 16:
Energy efficiency in cleanrooms and separative devices
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Scope

s document gives guidance and recommendations for optimizing energy usage‘dnd m
brgy efficiency in new and existing cleanrooms, clean zones and separative ,dévices. |
dance for the design, construction, commissioning and operation of cleanrooms.

s document covers all cleanroom-specific features and can be used in different areas t
brgy use in electronic, aerospace, nuclear, pharmaceutical, hospital, medical device, food
| other clean air applications.

1lso introduces the concept of benchmarking for the performance assessment and com
hnroom energy efficiencies, while maintaining performancedevels to ISO 14644 requirem
Normative references

e following documents are referred to in the textin such a way that some or all of thg

comstitutes requirements of this document. For dated references, only the edition cited aj

un

ISC

3
Foi
IS

3.1
3.1.

air

Hated references, the latest edition of the referenced document (including any amendment

50001, Energy management systems — Requirements with guidance for use

Terms and definitions
the purposes of this document, the terms and definitions given in ISO 50001 and the follov
and IEC maintain terminological databases for use in standardization at the following ad

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropédia: available at http://www.electropedia.org/

Gene€ral terms

1

hintaining
provides

optimize
industries

barison of
bnts[2](3].

ir content
pplies. For
5) applies.

Fing apply.

Hresses:

-handling unit

A

U

unit or plant, comprising fan, filtration, heating, cooling and mixing of fresh air and recirculated air,
that delivers conditioned air to a room or facility

3.1.2

classification
method of assessing level of cleanliness against a specification for a cleanroom (3.1.4), clean zone (3.1.5),
controlled zone or a defined location therein

Note 1 to entry: Levels should be expressed in terms of an ISO Class, which represents maximum allowable
concentrations of particles in a unit volume of air.

[SOURCE: ISO 14644-1:2015, 3.1.4, modified — In the definition, the part after “clean zone” has
been added.]

© IS0 2019 - All rights reserved
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3.1.3
clean air

device

stand-alone equipment for treating and distributing clean air to achieve defined environmental

condition

S

Note 1 to entry: Clean air devices include certain separative devices (3.1.7) as defined in 1SO 14644-7[1], for

example, c
[SOURCE:

3.14
cleanroo

lean air hoods, containment enclosures, gloveboxes, isolators and mini-environments.

ISO 14644-4:2001, 3.2, modified — Note 1 to entry has been added.]

room witt‘;n which the number concentration of airborne particles is controlled and classifiéd,
which is designed, constructed and operated in a manner to control the introduction, generation ¢

retention

bf particles inside the room

Note 1 to ehtry: The class of airborne particle concentration is specified.

Note 2 to ¢ntry: Levels of other cleanliness attributes such as chemical, viable or nangscale concentration
the air, and also surface cleanliness in terms of particle, nanoscale, chemical and viable concentrations are g
specified ahd controlled subject to application.

Note 3 to

humidity, gressure, airflow, vibration and electrostatic.

[SOURCE:
3.1.5

clean zonje
defined sy

[SO 14644-1:2015, 3.1.1]

and whichjis constructed and operated in a manner to ¢gontrol the introduction, generation and retent
of contamfnants inside the space

Note 1 to eptry: The class of airborne particle concentration is specified.

Note 2 to eptry: Levels of other cleanliness attributes such as chemical, viable or nanoscale concentrations in
air, and alsp surface cleanliness in terms of particle, nanoscale, chemical and viable concentrations might alsd
specified apd controlled.

Note 3 to
separative

Note 4 to

entry: A clean zone(s) can_be a defined space within a cleanroom (3.1.4) or can be achieved b
Hevice (3.1.7). Such a dévice can be located inside or outside a cleanroom.

humidity, gressure, airflow, vibration and electrostatic.

[SOURCE:
3.1.6

pre-filter

air filter f
[SOURCE:
3.1.7

[SO 14644-1:2015, 3.1.2]

nd
nd

Iso

entry: Other relevant physical parameters can also be controlled~as required, e.g. temperatire,

ace within which the number concentration ofiairborne particles is controlled and classified,

on

the
be

y a

entry: Other relévant physical parameters can also be controlled as required, e.g. temperatyre,

ISO 14644-4:2001, 3.8]

separative device
equipment utilizing constructional and dynamic means to create assured levels of separation between
the inside and outside of a defined volume

Note 1 to entry: This equipment can be used as a clean zone (3.1.5).

Note 2 to entry: Some industry-specific examples of separative devices are clean air hoods, containment
enclosures, glove boxes, isolators and mini-environments.

© ISO 2019 - All rights reserved
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[SOURCE: ISO 14644-7:2004, 3.17, modified — Note 1 to entry has been replaced, and former Note 1 to
entry has been renumbered accordingly.]

3.2 Terms related to installation

3.2.1

adaptive control

capability of the system to modify its own operation parameters automatically to achieve the best
possible performances in various modes operations year-around

3.22

ain change rate
ratee of air exchange expressed as number of air changes per unit of time and calculated\by dividing the
volume of air delivered in the unit of time by the volume of the cleanroom (3.1.4) or ¢lean zong (3.1.5)

[SOURCE: ISO 14644-3:2005, 3.4.1, modified — In the definition, “space” hds been replaced by
“clganroom or clean zone”.]

3.2.3
difffuser
deYice placed on inlet air supply terminal to improve distribution of incoming air with room air

Note 1 to entry: A mesh grille or a perforated screen is not consideredto be a diffuser.

3.2.4

nop-unidirectional airflow
non-UDAF

air| distribution where the supply air entering theCelean zone (3.1.5) mixes with the interjnal air by
means of induction

[SQURCE: ISO 14644-4:2001, 3.6]

3.2.5
taminant removal effectiveness

ratfio of particle concentration measured in the exhaust/return to the average of particle confentration

[SOURCE=ISO 14644-3:2005, 3.4.5, modified — "air volume flow rate" has been added as maih term.]

air change effectiveness

ACE

ratio between the recovery rate at a location or locations in a cleanroom (3.1.4) and the overall recovery
rate of the cleanroom after a contamination event

Note 1 to entry: The recovery rate is defined and measured in accordance with [SO 14644-3[6].

3.2.8

turn-down

controlled reduction of airflow velocity in unidirectional airflow (3.2.9) cleanrooms (3.1.4) and clean air
devices (3.1.3) or airflow rates in non-UDAF (3.2.4) cleanrooms in order to save energy during periods
when the cleanroom is not in operation

© IS0 2019 - All rights reserved 3
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3.29

unidirectional airflow

UDAF

controlled airflow through the entire cross-section of a clean zone (3.1.5) with a steady velocity and
approximately parallel airstreams

Note 1 to entry: This type of airflow results in a directed transport of particles from the clean zone to exit.

[SOURCE: ISO 14644-4:2001, 3.11, modified — In the definition, “streamlines” has been replaced by
“airstreams”, and “to exit” has been added at the end of Note 1 to entry.]

3.2.10
emission
amount of contaminants that is discharged from objects into the cleanroom (3.1.4) air

3.2.11
source strength
rate descrfibing the number of particles or colony-forming units emitted from an object per time unift

Note 1 to eptry: A source can be a person, equipment or an object.

3.2.12
microbe-farrying particle
particle of which a microorganism is carried, normally dispersed intodroom air by personnel as a skin
cell, or fragment of skin cell, on which a skin microbe(s) is carried

3.3 Terms related to energy efficiency

3.31
benchmarking
comparative evaluation and/or analysis of similar operational practices

3.3.2
energy cgst
total finar]cial cost of the energy consumed, related to the area being investigated

3.3.3
power
time rate at which work is done-er'énergy is transferred

Note 1 to ehtry: The SI unit ofpower is the watt (W) or joule per second (J/s).

3.5 Abbreviated terms

CFD computational fluid dynamics

EMS environmental management system
FFU fan filter unit

HSE health, safety and environment

HVAC heating, ventilation and air conditioning
RH relative humidity

4 © IS0 2019 - All rights reserved
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SFP specific fan power
URS user requirement specification
VE ventilation effectiveness

4 Energy reduction evaluation and implementation process

4.1 General

The energy consumption of cleanrooms, clean zones and separative devices can be“¥pduced in
acdordance with 4.2 to 4.13, following the process shown in Figure 1.

Figure 1 summarizes the process that can be used for a typical cleanroom including-its airfl¢w system
shgwn in Figure 2. It covers existing cleanrooms in operation, existing cleaii¥ooms that|are being
mddified and new build cleanrooms in the design phase.

© IS0 2019 - All rights reserved 5
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4.2 New or
Existing
Cleanroom?

NEW

< 4.1 Introduction / start >—>

EXISTING

4.3 Energy Performance Comparison:
Y
—‘[ 4.3.1 Compare performance with other similar cleanrooms.

! 1

43.21s
there a sufficient
performance deficiency
to justify saving
effort?

4.3.3 Monitor energy

; <-NO
performance over time

4.4

Is cleanroom being

retrofitted or
renovated?

NO YESE———

4.6 Process for design| / construction of
new and modifying e)iisting cleanrooms:

4.5 Process for existing cleanrooms:
Y

4.5.1 Select Project Team

; 4.6.1 Review User Requirements
and Project Scope

4.5.2 Review User Requirements
and Project Scope

!

4.5.3 Collate information on 4.6.2 Undertake energy
cleanroom perfomance criteria performance design review

Y Y
’ 4.7 UndertaKe'Comparative review of cleanroom environmental performance ‘

!

’ 4.8 Identify energy reduction opportunities ‘

!

’ 4.9 Assess the impact of energy reduction opportunities ‘

!

I 4.10 Select energy reduction opportunity for implementation ‘

!

4.11 Implementation
{ 4.12 Monitor, Review, Feedback }—»( 4.13 Decommissioning>

Figure 1 — Systematic approach to energy saving — Project work flow

4.2 New or existing cleanrooms

The process of reducing energy consumption of new and existing cleanrooms differ because the starting
point and data available are different.

6 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=adfcb7a3d2c112c7d3eed76baf896368

ISO 14644-16

:2019(E)

The recommendations of 4.5 and 4.6 should be followed if a new cleanroom is being designed or an

exi

sting cleanroom is being assessed for energy reduction purposes.

If an existing cleanroom is planned to be refurbished, then there might be other opportunities to reduce
energy consumption that can be incorporated in the modifications.

4.3 Energy performance comparison

4.3.1 General

Th
of
to
I1SQ

4.3

As
or

e process of reducing energy consumption in existing cleanrooms can require the time n
many resources and there is a cost associated with this activity. For this reason, it\s
establish the cleanroom significant energy use (SEU) that justifies the reductipy’ acf
50001).

.2 Compare energy performance

benchmark. Example comparators can include another similat _cleanroom facility,

4.3

Est
thd

4.3

If 4
reg
nu

4.4
Th

comissioning data where energy performance had previously“been optimized, or a
COE
An

parator-based on previous experience. Guidance on benchmarking energy performance
ex D.

.3 Determine the business case

ablish if the difference between the current cleanyoom energy consumption and energy
comparator or benchmark is significant and would justify further investment of time and

.4 Monitor and review

here is no justification at the current*point in time, continue to monitor energy perfo
ular intervals and reassess the enérgy performance in comparison to the benchmark. Oy
mber of variables can change which can change this assessment:

cleanroom energy performance and efficiency can degrade;

economics; and

new technologi€s can become available or more viable.

|  Existing cleanroom retrofit or renovation

e desigh of the cleanroom to be refurbished should be reviewed to ensure energy ef

cmrsidered in the design. The air handling and distribution system for a typical room is show

volvement
important
ivity (see

bess the current energy performance of the cleanroom and compatre to a suitable c¢mparator

previous
calculated
is given in

cost, and
Fesources.

'mance at
er time, a

the unit cost of energy~ahd project implementation costs can change, which will change tlhe project

ficiency is
n below.
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ENERGY Make up HOt “d ??ld “ﬂtﬂ' Controller, fan, humidifier,
PERFOR- S dehumidifier, filters,
air 7T heat exchanger...
MANCES h
handler a
3
Management 3 Air flow ducts ﬁ'
leaks, insulation -—
Turn down/ ﬁ
Turn off Recirculation o
Free coolin i Controler, fan, humidifier,
g alr " dehumidifier, filters,
Reduce handler heatemhanger equlpmenl
efternar air //// i
Recirculation VAN P 3
| flow ducts
leks, insulation ‘qg
Teminal filters
irculati (HEPA or ULPA)
MJJnitoringI
Maintenance
Filters
Visual Lighting
inspections CLEANROOM PROCESS Zone
leaning IS0 X 150 X-1 or X-2
Leaks <=—p—= = .
Spnall repair Design air flow Mini-environmgnts-or
cleanroom in thexeanroom
Sypervision Construction heat Josses, | E st dir
leaks, doors, insulation, contaminafionNrom process
pressurization agthpersonnel

SOURCE [ASPEC-ADEME-EDF. Energy performance in cleanzones (cleanrooms, controlled environmepts,

contained greas)[], reproduced with the permission of ASPEC\France.

Figure 2 — Illustration of typical cleanroom air handling and distribution

The desigh should enable future regulationiand optimization of cleanroom energy performance,

example, installation of variable speed drives for fan motors.
4.5 Progcess for existing cleanreoms

4.5.1 Sg¢lect project team

Those sel
the follow
energy cd

bcted for the project team should be sufficiently knowledgeable to provide expertise
ing aspectsiiengineering and maintenance of cleanroom equipment/utilities, cleanro
nsumption; product quality, equipment/process validation, production operations, 3

for

on
bhm
nd

health andl safet¥y:

The team pdnyconsist of any number of members.

4.5.2 Review user requirements and project scope

The project team should understand the cleanroom operation and document the scope of the energy

reduction project. This can include:
— overall objective of the cleanroom (its purpose);

— critical process parameters required to be maintained within the cleanroom.

EXAMPLE Temperature and relative humidity ranges, room cleanliness requirement, recovery time and

pressure differentials between adjacent rooms of different classification.

8 © IS0 2019 - All rights reserved
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4.5.3 Collate information on cleanroom performance criteria
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Documents, including drawings and specifications, and information that define the cleanroom
performance criteria should be collated to:

a)

b)

identify criteria that affect performance and consider the direct and indirect impacts of possible

energy reduction actions;

identify the cleanroom performance criteria to meet the requirements of the process, the products

personnel safety and comfort;

A

d)

f)

g)
h)
4.6

4.4

Th
pel

NO

4.4
Th

build a profile of energy use, covering lighting, air handling, comfort heating, cooling an
significant energy use, or where this is not possible use professionally derived estimates

determine the current cleanliness performance (from classification and monitering:
chemicals and microorganisms);

establish airflow volume flow rate, airflow velocity and pressurization;

identify practical issues related to onsite operations, e.g. reliability and control, I3
condition, function, maintenance;

determine the results of any benchmarking exercise, whichshould compare the exist
with best practice energy use with respect to energy consdmption and cost; and

establish life cycle costs and optimization studies, if possible.
p Process for design/construction of new build or updating cleanrooms

.1 Review user requirements and project'scope

b cleanroom performance criteria to gneet the requirements of the process, the pro
sonnel comfort should be identified.

TE See Clause 5.

.2 Undertake energy performance design review

b design of the cleanroom should be reviewed to ensure that the following energy pe

aspects are considered:

a)

b)

Th

the design pexformance (in classification terms: particle concentration, and other g
attributes;

the results of any benchmarking exercise, which should confirm that the new design sat
practice energy use with respect to energy consumption and cost.

any other

particles,

yout, age,

ng design

Hucts and

Fformance

leanliness

isfies best

d the best

b 'design review should be specifically focused on energy performance of the cleanroom ar

estimates of projected energy use. This should cover lighting, air handling, heating, cooling and any
other significant energy use, particularly for small mini environments.

4.7 Comparative review of cleanroom environmental performance

A review should be undertaken to compare the environmental performance of the designed (new)
cleanroom or redesigned (existing) cleanroom with the environmental performance requirements (of
the process, the products and personnel comfort), to avoid overdesigning, e.g. specifying cleanliness
classifications that are lower (cleaner) than necessary or clean spaces that are larger than necessary.
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4.8 Identify energy reduction opportunities

The project team should analyse the results of the comparative review, identify potential energy
reduction opportunities and carry out a preliminary selection. This can be done using the checklist
given in Annex B.

Once the preliminary selection has been made the selection should be assessed and documented as
part of the decision-making process, and the reasons why an opportunity is chosen, or not, should be
recorded.

Life cycle cost of energy reduction opportunities should be evaluated and considered in the analysis

4.9 Asspss the impact of energy reduction opportunities

Once the potential energy saving opportunities have been identified (using, for example; the table
in Annex|B), a preliminary selection should be carried out. A detailed impact assessment repjrt
should be[produced, covering all of the potential opportunities identified and taking\into account any
corresporlding recommendations given in Annex B, as well as the following business:requirements:

— feasibfility;

— proceps compatibility and product quality requirements;
— safetyf and regulations;

— cost;
— returp on investment;

— incentives (e.g. government initiatives);
— implementation timeline/programme;
— implementation resources; and

— busingss continuity.

4.10 Select energy reduction opportunities for implementation

The energly reduction opportunities identified by the impact assessment report (4.9) as having become
less viablg or more challenging should be reprioritized behind those that can be easily and effectively
delivered.|A final prioritization and implementation programme should then be prepared.

Specificat{ons and scepes of work should be defined for those opportunities that are to be implementied.
Where industriesChave standards or guidelines that specify performance requirements, all fhe
situations| wheréone or more performance requirements are in conflict with a particular proposed
energy refluction measure should be identified.

T performar [EQUITCINET ATT ITICiade air qualtity (1T terms of particic and otier clearntiness
attributes), filter efficiency, unidirectional airflow velocity, supply air volume flow rate, recovery time,
temperature, humidity and pressure differentials between adjacent rooms of different grades.

When these situations have been identified, a detailed justification should be prepared to demonstrate
that product quality is not affected by the proposed measure. Agreement should then be obtained from
the client prior to implementation.

4.11 Implementation

A detailed implementation plan should be prepared, and the work undertaken. The implementation
plan should include the expected outcomes for all the selected elements.
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4.12 Monitor, review and feedback

On completion of the project and thereafter at regular intervals, for each selected element the expected
outcome defined in the implementation plan should be monitored and reviewed to ensure that the
changes remain effective. The associated energy reductions should be monitored, recorded and
analysed. The information gathered should be used as feedback for continuous improvement.

4.13 Decommissioning

When a cleanroom has reached the end of life and is no longer required, an impact assessment should

be
to

undertaken to determine 1I the cleanroom should be placed Into an 1dle state, prior to di
minimize the energy consumed. The impact on adjacent or associated rooms should berass

state can include turn-down and turn-off actions.

5

5.1

Th
the
int

Th
bey

Th
cle
thd
pa
of

Impact of user requirement specification (URS) on energy consumptioj

Principle

b user requirements specification (URS) is a key part of a cleanrognbproject’s documentat|
base requirements for the new or renovated facility at the earliést'stage, so the informati
p the document should be carefully considered.

e science and understanding of cleanrooms have developed Significantly to allow requiren|
ond a simple specification of an air change rate for a specific cleanroom class.

e URS should indicate the usual and maximum.-fiumber of people expected to be pres

smantling
bssed. Idle

=]

jon. It sets
n entered

ents to go

ent in the

hnroom at one time plus the expected heat loadvof the process equipment. The acceptable range of

internal temperature and humidity requirements in relation to the expected outside

onditions,

‘ticularly at specific times of the year, has a significant effect on the overall energy copsumption

the facility. They should be carefully,considered, taking into consideration personnel

comfort. An indication of the expected range of external temperatures and humidity levels s

be

Co

pré
acq

researched for the area where possible, to include the effects of future climate change.

hsideration of the overall footprint of the facility is also important. If a layout has no

heeds and
hould also

yet been

pared, or a site not yet identified, a request to minimize the overall footprint of the faciliity, taking

ount of standard spatialrequirements, or the intention to use barrier technology where ap

propriate,

shquld be included as requifements.

Adfitional requirements can also be added, including the as-expected source strength, [insulation
requirements, mihinium fan efficiencies or other specific energy saving equipment or methodls.
Flgxibility of.the design should be provided to allow future modifications to be made, to eithgr improve
en¢rgy efficiency further or improve product quality.

Us¢ of information contained in Annexes A to F provides further energy reduction opportuhities that
cai be’added to the URS.

5.2 Garment levels

The required cleanroom garment levels should also be specified in the URS since they play a vital role in
controlling particulate contamination. Personnel particle dispersion levels vary enormously between
the different types of garment, depending on the amount of clothing and skin that is covered, the use of
face masks, shoe covers and glove type. Where a reduction in airflow volume is to be considered, these
garment levels should be critically reviewed, together with the nature, quality and laundry frequency
of the gowns to be used. Enhancing garments can also help to reduce the required airflow supply rate
(see Annex A). When this is to be practised, it is vital to establish a comfortable balance between the
temperature and humidity of the room for the work force.
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6 Airflow volume and compensating factors

6.1 Fresh air supply

Fresh air supply should be considered as conditioning. Fresh air is often more intensive than

conditioni

ng return air. The contamination level of the external conditions should be considered.

6.2 Airflow volume rate

and b) bel
than for a

ity for unidirectional flow (displacement) lead to a lower airborne contamination level [se{

bw]. The volume of air that moves through a unidirectional cleanroom is significantly hig
non-unidirectional cleanroom of the same size. Regulations and expected practice for b

cleanroozt types have specified airflow rates that in some cases are excessive. A better understandin

cleanroo
to reduce

a) Displd

Using
for clz
cover
perfol

design and the way contamination is generated in a cleanroom now provides an opportun
the airflow rate while still maintaining an acceptable particle concentration.

cement of particles

unidirectional filtered airflow, particles are swept away from the critical zones when u

hge of HEPA or ULPA filters for supply air, and room<air is extracted from raised-fl
rated panels or low sidewall grilles.

Airflow direction can be vertically downwards or horizontal.

b) Diluti

Using

bn of particles

turbulent mixing, particles are diluted with filtered air and removed from the critical zo

used for class ISO 6 and less clean areas. Often air is extracted from low sidewall grilles to impr

air ch
chang
sourc

For b
requi
throu

ange effectiveness. For these clearirooms, the supply air rate, and correspondingly the
e rate, only need to be sufficient to effectively dilute the particles generated, known as
e strength, to an acceptable goncentration.

pth displacement and dilution designs, consideration should also be given to the air sup
'ements for both operational and at-rest states. Significant energy savings can be achiey
bh turn down duringperiods of cleanroom inactivity (see Clause 7).

6.3 Source strength*and airflow rate calculation for non-unidirectional rooms

631 D

The emiss

btermining air volume flow rate

ion"data given in [7], [8], [9] may be used to estimate the contamination source strength

m.
Jt
hn)
b a)
her
bth
b of
ity

ed

ss ISO 5 and cleaner, and are velocity-dependent. The ceilifig then has an effectively complete

elg

ne,
hve
air
the

ply
red

D

dependen

t ohvthe number of personnel, the clothing to be used and the process equipment. Formula (A

1)

can then be used to estimate the minimum supply air volume flow rate required. The calculations
should only be used as a guide and should include any required compensating factors. The designer
should determine the current airborne contamination levels for existing cleanrooms and estimate all
potential emissions likely to endanger the process for new cleanroom builds. Sufficient adjustability
should be built into the design to allow progressive airflow tuning to take place as shown in Figure 3.

12
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The data produced should not be used to replace contractual volume or change rate figures agreed or
demanded by the cleanroom client.

NOTE

Formula (A.2) calculates air change rate if contractually required. There is no direct and independent

correlation between air change rate (ACR) and space classification to ISO 14644-1[2]. That is, the amount of air
required for a particular cleanroom is not dependent on the volume of the room, but rather on the nature of the
activities within the room and the design of the air distribution system. ACR is a useful and important factor but
is only one of many.

The ACR should not be used as a primary independent acceptance criterion for cleanrooms as it does
not account for the rate of particle generation and other control factors. For example, for two rooms

ho
he
air

6.3

Ca
ind
pa

explained in Annex A and used in the example in Figure 3 [shown as€in Formula (A.1)].

Co
eff
an

6.3

Co
flo
Th

Ge
un

a)

b)

ht 2 times that of the other, the particle emission rate is similar in both rooms. Therefo
flow rates are required in both, regardless of volume.

.2 Ventilation effectiveness index

culations for the supply air volume rate should include a suitable contaminant removal eff]
ex (CRE) or air change effectiveness (ACE), to ensure that the cleanroom will maintain th
‘ticulate conditions during most of the anticipated variations of the source strength.

mputational fluid dynamics (CFD) is a suitable tool for varying this factor while pred
bctiveness of different cleanroom designs. If used, it shouldbe in addition to the standard ca
l consideration should be given to the suitability of the cemputer model used.

.3 Compensation factors (Cy)

mpensation factors allow the inclusion of variable redundancy elements into the calculated
v rate at the design stage. Note that they serve as a supporting instrument only to the ca
by are arbitrary and should be estimated for each application by a professional cleanroom

herally, compensation factors can/be expressed in the following ways to compensa
certainty of the data:

as a margin for particle concentration limit alert levels, for example, ISO 7 class limi
352 000 particles/m3 fer\particles =0,5 um, but, for process reasons, its alert level, C)
chosen as 100 000 pariticles/m3, or even 50 000 particles/m3; and

as a margin for particle removal effectiveness by lowering the predicted CRE or ACE to Y
than 1,0 if air distribution is deemed to be not good enough.

sing the same type of operations and the same number of personnel, but with one hayinlg a ceiling

b

e, similar

bctiveness
e required
These are

icting the
culations,

hir volume
culations.
engineer.

e for the

[, Cclass, iS
L, can be

ralues less
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Design - Testing - Operation

NOTE

Figure }

6.4 Fle:

Stage 1 To define:

1. Particle generation

o Personnel To determine

Design ¢ Equipment Q1

2. Alertlimit Clim for particle

concentration

3. Compensation factor

Stage 2
3 To provide testing for

TESthg To define different Q values. To find Q2 < Q1 foy
(qonsidered sequence of Q To determine particle which cleanliness
ofcupancy state) concentration for

for testing

Af Q2 or stage 3

different experiment N

level is provided

Monitoring and
confirmation the

6.4.1 General

The proce
A, in his w

The proc
approxim
increment
chain chat

6.4.2 Designsstage

Specify an

Clim s Cc]ass fOI‘ Qz

Q = airflow volume in cubic metres per second.

concentration

b — Sequence of actions to determine air volume flow rates while controlling particl

gible procedure for airflow rate.estimation in non-UDAF rooms

dure set out in 6.4.2 to 6.4% should be followed (based on the principles developed by Fedo
ork detailed in Bibliographic reference [10]).

bdure recommendeéd™in 6.4 for air volume flow rate estimation is flexible, since o
hite data on partigle generation are available at the design stage. The procedure allg
al improvemeny of the accuracy of estimation by moving incrementally through the fl
t shown ingEigure 3. As each stage is completed, more data become available.

alert level, Clim, for particle concentration that is less than the cleanroom class limit, C

fov

hly
WS

ASS»

using initial data from the user requirement specification concerning:

a) cleanliness class required;
b) cleanroom volume (where air change rate is a client requirement); and

c¢) number of personnel, type of equipment and type of cleanroom clothing.

Estimate particle generation in the cleanroom, in D particles per second (see 6.3.1).

Agree a predicted CRE or ACE effectiveness index from the design study, € (see 6.3.2).

Agree a suitable compensating factor, Cjjm , in accordance with 6.3.3.

14
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Calculate airflow rate, Q1, using Formula (A.1), in cubic metres per second.

Test the predicted airflow rate in the design in accordance with 6.4.3.

6.4.3 Testing stage

:2019(E)

The purpose of the energy saving test is to determine the suitability of Q1 and to find a more accurate
AFR value, where Q> is less than Q1.

This test should be carried out in addition to testing in accordance with ISO 14644-1[2], [SO 14644-2[3],

and-ISQ 14644-?[6]’ to confirm the :lhi]ify of the cleanroom to operate within rnnlnirpﬂ cleanliness
requirements, using the reduced flow rate of 7, at a lower particle alarm rate, Clim < Cclasé

Tegts with different flow rates can be done for “at-rest” and/or “operational” occupancy|states, as
spécified. More than one test is needed to progress.

Refluction of air volume flow rate should not compromise cleanroom performance requirenients such
as particle concentration, pressure, temperature and humidity, or other control attributes.

6.4.4 Operational stage

Q2|should at this stage be introduced to the operation, together with the requirements for operation at
redquced air volume, covering training, operation and maintenafice, set out in Clauses 12 to 14.

A typical worked example from this procedure is shown in Aninex A, to demonstrate how thes¢ formulae
andl data can be used in quantifying and evaluating the effectiveness of airflow rate optimizations. See
alsp Bibliographic reference [10].

Stdtistical methods for contamination control, such-as process capability analysis, can also pe used to
confirm the flow rates.

6.3 Air velocity reduction for unidirectional air flow systems.

The calculation methods in 6.4 aremnot applicable to unidirectional airflow systems. Efforts|in energy
requction should be made by careful consideration of the parameters identified in AJ5. Energy
reduction should be made by careful consideration of the velocity and related items discussed in A.5. It
has been shown that where fegulations allow, velocities as low as 0,35 m/s provide low concentrations
of agirborne contamination‘\in normal levels of occupancy and activity for this type of room.

7 | Power management: turn-down, turn-off and recovery.

7.1 Turn-down

An|essefitial technique that should be assessed for energy saving is to turn down the airfldgw volume
floptate and allow the range of temperature and relative humidity (RH) to widen accordipgly when
the—<cléanroom-or clean-air device-is-in the “gt-rest” or "nnnr‘r‘npinr‘l" state Wheore pnccih] 3 variable

speed fans should be used to control the air velocity and reduce the energy load.

NOTE 1

Generally, air volume is proportional to the cube of the fan power, and to the cube of the airflow rate,

so that a halving of the air volume can reduce the fan power by a factor of eight, subject to correct duct sizing.

All new installations should be capable of having their supply air velocity for UDAF and supply airflow
rate for non-UDAF controlled down to a predefined level during non-operational periods. Motorized
dampers should be fitted to the main branches of the ductwork which, in conjunction with the fan
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motor inverter, facilitates turn-down during non-operational hours and lower pressure differentials
during periods when the facility is not occupied.

NOTE 2  Under turn-down conditions, i.e. unmanned and not in operation, the contamination source strength
and heat gains in the controlled space are substantially less than during operational conditions. Under these
circumstances, a turn-down condition can be estimated at the design stage, and confirmed during commissioning
or qualification.

When turning down performance parameters, segregation including physical barriers, or a positive
cleanroom pressure, should be maintained to prevent ingress of contamination from the surrounding
area into the cleanroom or clean zone. Appropriate visible notices that the zone is in a turn-down
situation $hould be displayed and all personnel, including maintenance and janitorial staff, should|be
correctly frained with respect to their activity and movement during turn-down.

Access anf entry points should be closed during turn-down to prevent unauthorized entry'that ¢an
introduce|contamination. Filter units should not be switched to maximum when the zone iswreactivated,
but allow¢d to ramp up gradually. When reactivating from a turn down state, air handling systems
should be framped up gradually using a controlled procedure.

The specified operating conditions should be re-established prior to commencing or recommencjng
normal oferations. All turn-downs should be measured and controlled withsthe duration of the tyrn
down time¢ previously agreed and validated during commissioning.

In additiof to all the standard tests, including particle counting, airflew visualization can also be usdful
during th¢ validation process.

7.2 Turnn-off

When systems are planned to be turned off as part of anvagreed energy management programme, a
detailed grocess impact assessment should be documented as detailed in the organization standgrd
operating[procedure.
NOTE he configuration of the cleanroom has.a major impact on systems that can be turned off, for example:
turning offl a unidirectional airflow clean air device located within a less clean cleanroom, or turning off sqme
of the fan fflter modules within a large cleanrioom using multiple modules. This can include heating and cooling
systems while maintaining the normal or turned down airflow.

In order t¢ assess whether turn-offis acceptable to product quality, the following risks should be talen
into account:

a) ingregs of airborne contamination due to loss of pressurization in the classified space;
b) depoditions of contamination shaken from the clean side of terminal high-efficiency air filters; aind

c) the ability to aestore the required cleanliness conditions upon restarting the system withip a
determined reeovery time related to the emission risk and period of turn off.

Access angl entry points should be sealed during these procedures.

8 Adaptive control

The active control of room airflow and/or fresh air is based on feedback from sensors or analytical
instruments within the cleanroom space in real time. This approach represents one of the most energy-
efficient control schemes possible and involves the airflow within a room being adjusted proportionally
to the real-time sensed or measured concentration of particles within the cleanroom. Filtering and
averaging of particle count signals are possibly required in order to provide an acceptably stable signal
for control of the cleanroom. The level of savings achieved is affected by the variability of the particulate
source within the room. Rooms which experience short periods of high particulate generation benefit
most from this approach.
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Typical adaptive control schemes utilize particle count information from representative locations
within the cleanroom as feedback to the control system. However, other schemes are available which
look at temperature, humidity, gaseous contaminants or other parameters to be controlled.

In life science industries and health care, the need to address airborne viable particulate as well as
total particulate to meet regulatory requirement and expectations can influence the applicability of
this control approach. Adequate verification showing the reliable and repeatable control of airborne
viable particulate via adaptive control schemes is key to implementing this approach.

9

l-lpaﬁng and rnnling loads

Th
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e temperature and relative humidity specifications within the cleanroom are established
brator comfort, control electrostatic build-up and meet process requirements. They ha
bct on energy consumption and should not be controlled within a tighter range than'is nec

situations where there is no specific requirement for tightly-controlled temperature ary
midity conditions, the temperature should be allowed to vary according to personne
ative humidity (RH) should be allowed to float according to ambient"conditions within
% to 70 % subject to operator comfort.

Anpex E lists some of the ways to limit excess heating and cooling lesses or gains.

10
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Fan and filter selection

.1 Air movement fans

movement fans should be selected to achieve the best balance between energy and ai
ing into account fan efficiency, drive efficiency and fan characteristics to deal with incre

loading. Their efficiencies have a wide range;-and those operating at high efficiency should b

as

Diy
dif

h major means of reducing energy usage;

ect-drive fans with integral moter are the most energy-efficient and the latest gen
ect-drive fans can achieve higher'than 80 % efficiency. The payback time for such fans

comsidered.

An
be
an

Th
Dir
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an

existing fan system with;a’motor separate from the fan should be considered for a belt u
replaced by a directydrive fan with a high-efficiency motor, since the belt drive between
| the fan can consumg 10 % to 15 % of the motor energy before it reaches the fan.

e use of low-friction belts and toothed belts can minimize energy losses where belts mug
ect-drive fanswith an integral motor should be considered for all new builds.

herally, metors should include inverters allowing variable speed drive (VSD) to give efficig
1 flexibility. The fan manufacturer should be consulted in order to select a fan that i

op

bration with the required static pressure at the duty point and with the lowest energy con

Lo provide
e a great
pssary.

d relative
| comfort.
the range

I delivery,
ased filter
e selected

eration of
should be

pgrade, or
the motor

t be used.

nt control
s quiet in
fumption.

10

.2 Selection of air filters

The particulate removal efficiency of the final filters should be not more than is required to give the
specified cleanliness level in the cleanroom. Filtration design should minimize the pressure drop of
the filtration system in order to minimize the energy requirement of the fans. Final filters should be
selected with the minimum pressure drop for the required particle removal efficiency. Those with a
greater amount of filter media have a lower pressure drop than those with a lower amount. For example,
by increasing the media pack depth of a high-efficiency air filter panel from 66 mm to 110 mm, pressure
drop can be reduced by approximately 40 % and life increased by 2,5 times.

The final filters should be protected against frequent renewal by using adequate pre-filters. A robust
cleaning or replacement protocol should be adopted for pre-filters in the return or recirculated air to
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ensure that they do not become overloaded, causing excessive pressure drops in the system and a risk
of particle release into the cleanroom. Energy-efficient pre-filters should be chosen with the assistance
of an energy classification method, such as given in Eurovent 4/11[11] and other charts. A life cycle
costing (LCC) model should be used at the design stage to obtain an informed selection of air filters,
filter purchase, energy use and the cost of installation, maintenance and disposal, e.g. the Eurovent
chart[11],

11 Lighting levels

The hght]'\g within the cleanroom should be within operator control or gnvprnnd hy demand control

devices sq that the lights are turned off when the room is not occupied. Local LED lighting should|be
considerefl for intricate work, allowing the background lighting to be reduced. Work stationclighting
should be designed to facilitate work while reducing fatigue.

12 Training

Training ghould be provided to staff where necessary on the identification of energy-saving
opportunifties.

To assist With this process, the company's operational constraints should be agreed and understood|
As part oflthis training, staff should be briefed on the following:

a) currept standards, regulations, guidelines and codes of practice for cleanrooms specific to the
organjization;

b) specific equipment and processes that are particularly'energy-intensive;

c) heatig and ventilating as a specific consumer of énergy in a cleanroom;

d) sourcegs of particle generation in cleanrooms;‘and

e) air voJume supply rates and their effect\on’cleanroom energy consumption.

[t should Be reinforced that the general objectives of hygiene, behaviour, and health and safety are hot
to be compromised when looking for-energy savings.

If an enerfgy saving programme is’implemented within an organization, specific training should|be
provided pn how to operate-the facility in different HVAC modes, how to monitor the cleanroony in
different dtates, and what te.do in the event of a nonconformity.

General cleanroom courses should include a section on cleanroom energy savings.

13 Opernation

13 1 The fovcihilitvy afvnrling anth radncad airflav ualiimac chanld bha canfivimad An o waal Hian orgle
. feasibilitrefworking with-reduced-air volumesshould-bece ed-on-areal-time-se
while performing processes with the correct number of personnel specified. The correct type of clothing
should be properly worn, and cleaning regimes reviewed and improved (see 1SO 14644-5[12]),

13.2 Energy-saving methods are focused on discovering realistic parameters for airflow volume or
circulation rates, cleanroom recovery times and reliable operation. The following three tasks should be
adopted to achieve this:

— maintain design redundancy for air volume rate;
— follow operational requirements for personnel, cleaning and maintenance; and

— define additional opportunities for energy saving, if relevant.
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13.3 Instructions should be approved for the following:

correct HVAC operation;
room testing/monitoring; and

data recording.

:2019(E)

13.4 Actions to be taken where the specified particle concentration and other parameters, such as
temperature and humidity, are exceeded should include:

14

Clg
ing

Re
to

Tid

cleanroom designation;
number of air-handling units (AHU) supplying the cleanroom;

confirmation of designed airflow rate by testing and acceptance for operation, wher
mandatory requirement;

periodic or continuous control of particle concentration;
checking alert and alarm limits for all parameters;
table or chart recording of particle concentrations and airflow~yolume and velocity; and

reporting increased particle concentration above alert or{alarm limits.

5 The following should be understood in the case of.a'particulate increase:
who to report to if necessary;
actions to be taken to understand the deviations and responsibility for implementation;

decisions to improve cleaning, to increase air volume rates or to continue observation.

Maintenance

anrooms should be subject:to general maintenance in accordance with 1SO 14644-5[12]
pection frequency detepmined by the age of the installation.

Huced airflow volumes/for energy saving purposes can require the following additional p
brevent increase-of particle concentration:

adjust monitoring programmes in accordance with 1SO 14644-2[3]; and

additiohal'maintenance operations in accordance with the manufacturer’s instructions,
the reliable operation of HVAC systems.

b this is a

hind

, with the

'ecautions

[0 support

hter requirements can be specified by facility maintenance instructions, which shoulld include

regular inspection for drive-belt slippage and pre-tfilter blockage.

Generally, more frequent control or checks should be used to compensate for the possible influence of
reduced airflow volume.

Maintenance requirements can be simplified if the cleanroom operates extensively for long periods, for
example the test intervals can be increased. Where an interactive building management system (BMS)
is in use, the manual inspection frequency may be reduced.

The influence of seasonal (winter/summer) or outside particle generation factors, such as pollen
generation in spring, should also be taken into account.

© IS0 2019 - All rights reserved
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15 Decommissioning

When a cleanroom is planned to be out of use for a very long period, or is obsolescent and/or has a low
efficiency, decommissioning is an option to be considered. Possible adverse impact on adjacent rooms,
such as difficulties in maintaining required environmental parameters, should be evaluated and risk
mitigation strategies put in place.
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Annex A
(informative)

Source strength: Air volume and worked example

A.t—Calcutatingairsupply Tate immom-umidirectiomal cleanroonrs

The greatest effect on the particle concentration in non-unidirectional airflow cleanroQms ip from the
air{supply rate, and emission rates from personnel and equipment. Air filters also hayve atarge|influence,
buf using the types normally fitted in cleanrooms ensures there is an insignificant-contribfition, so a
good estimate of the concentration of airborne particles can be calculated with Fermula (A.1]:

D

=2 (A1)

whlere

C istherequired airborne particle concentration (counts/m3) in the considered locatiqn.
D isthe total particle emission rate from personnekand equipment (counts/s);
Q

is the supply air (flow rate) (m3/s);

M

is the ventilation effectiveness (dimensidnless);

in 4ctual cleanrooms. Therefore, the ventilation removal effectiveness, ¢, is used to include the factons of “actual
mixing” condition and the effectiveness of ¥arious airflow patterns. The ventilation effectiveness can lpe obtained
in ferms of air change effectiveness (A€E) or contamination removal efficiency (CRE). The selection flepends on

theapplication, and the data that is available or can be acquired. See also Bibliographic references [7],[8],[9], [13]
and [14].

NO[TE1 Formula (A.1) is based on the condition'of particle “perfect mixing” with room air which r?;Fely occurs

comsideration. In an existing cleanroom, a number of parameters can be measured and th¢ emission
ratle from contamination sources can be determined. The acquired data can be used to opfimize the
required supply air¢

Both C and D should refer,to the same occupancy state, and to the specified particle dize under

If an air change rate is required, it can be calculated from the cleanroom’s physical volume as per

Formula (A¢2);

ACRE "= (A.2)

ACR s the air change rate per hour;

C is the required airborne particle concentration (counts/m3) in the considered location.
D is the total particle emission rate from personnel and equipment (counts/s);
%4 is the cleanroom volume (m3).

NOTE 2  The airborne concentration in a cleanroom depends on the air supply rate and not the air change rate.
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A.2 Ventilation effectiveness

A.2.1 Ventilation effectiveness indexes

Two types of ventilation effectiveness index, ¢, can be used in Formula (A.1). These are air change
effectiveness, ACE, and contamination removal effectiveness, CREI4]. Traditionally, the measurement
of ventilation effectiveness is determined by tracer gasses. However, in cleanrooms, tracer gas
concentrations are influenced by gas re-entering the cleanroom, and air samplers are readily available
to measure particle concentrations and, therefore, particles can be used. See also the work done by
Whyte and colleaguesl[18].

A.2.2 AJr change effectiveness (ACE)

The air chpnge effectiveness, ACE, index is determined in ANSI/ASHRAE 129-1997 (RA 2002)[¥5] as the

relationshfip between the nominal time constant and age of air at a location. However, Whyte et al.

18]

have shown that when the contamination and the air are fully mixed at the start of the.récovery test(for

a cleanro

ACE can bl calculated in cleanrooms with Formula (A.3), which shows how much“clean air a locat|

receives,

ACE

where

ACRy,| is the air change rate of cleanroom air in the space.around the measuring location in air

ACRyot is the total air change rate of all the cleanrgom air in that room, in air changes per hour

dm, the overall recovery rate for the cleanroom is the same as the air change rate. Therefq

dompared to the average in the cleanroom.

ACR
4 A% (A

ACR ¢

changes per hour;

re,
on

3)

The air change rate of cleanroom air in the space around recovery rate at the measuring locatioh is

determingd by measuring the decay of testicontaminant at the location in a similar manner to

used for

obtained from the air supply rate and the cleanroom’s volume as in A.2.

If the air mixing in the cleanroontis-perfect, the ACE index is 1. If less clean air than average reaches

Hetermining the recovery rate aecording to ISO 14644-3. The overall air change rate car

hat
be

the

measuring location, the ACE index is below 1, and if more air reaches the location it is above 1. Loer

values of the ACE index can Be1ised with Formula (A.1) to compensate for poorer ventilation.

The valug of the ACE indices in existing cleanrooms is influenced by the air inlet and extract
diffusers pre efficient it mixing supply and room air and if the correct design rating, are used with 1
level extricts, thentlie ACE index is likely to be between 0,7 and 1,3 (see Leneganl(16]).

It should

satisfactoEy ifvairborne contamination occurs mainly at that location, but if contamination occur

several |

. If

be nated that the ACE index can be measured at one or more locations. Using one location is

5 at

In the majority of cleanrooms, the main contamination problem is caused by personnel who move freely
about the room. In that situation, the aim should be to ensure that sufficient contamination-free air
reaches the critical location(s) to ensure the required concentration of contamination.

22
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A.2.3 Contaminant removal effectiveness (CRE)

:2019(E)

An alternative ventilation effectiveness data contributor is the contamination removal effectiveness
(CRE) number. This measures the effectiveness of removal of particle contamination and is shown in

Formula (A.4).

CRE= ¢

avg

where

(A4)

Th
cle
cle

apj

A.

A.3.1 General

To
cle
rat

A.

Th
det
on
ma

comtamination emitted from a person’s skin and clothing, and the best garments are those

coy
th
as

giv
Ty

val
ac

3.2 Emission rate of particles from personnel in a cleanroom

c is the total number of 0,5 micrometre or larger particles measured at the clean-

room exhaust duct per cubic metre;

is the average number of 0,5 micrometre or larger particles measuredtin-the
cleanroom per cubic metre.

Cavg

e CRE number is the effectiveness of the cleanroom’s air supply in diliting contaminat
hnroom, and can be used to calculate the extra air required to compensate for rooms wit
an air supply (see Bibliographic reference [4]). It ranges between 0,3 and 1,0, dependj
plication.

B Emission rate of particles in cleanrooms

calculate the air supply volume required for:a.cleanroom, the emission rate of partid
hnroom is required. Particles are normally emitted from personnel, and equipment, and th
es from these two sources should be added together.

e emission of particles from pefsonnel is usually the most important source in the clea
ermine the exact value of the emission rate is difficult, as the rate of particle emission is

each person, the design ofithe cleanroom garments, the occlusive nature of the fabri
nufacture garments, and the activity of personnel. Clothing should be viewed as an air filt

rer personnel and wuse’ fabrics that emit the minimum of particles and prevent particlg
ough them, e.g. closely-woven polyester. Gowns (smocks) give a poorer performance thar
the particles emjtted from personnel are able to pass under the garment. High activity of
es much highér emission than lower activity.

pical emission rates are shown in Bibliographic references [7] and [8]. However, emissior]
y from-these values, so, if possible, the actual rates should be obtained from measuremen
eanroom using the method given in A.4.

ion in the
h a poorer
ng on the

les in the
b emission

hroom. To
lependent
s used to
er against
that fully
S passing
| coveralls
personnel

rates can
[s made in

A.3.3 Emission rate of particles generated by equipment

Emission rates of particles from equipment vary according to type, and it is best to obtain information
of the rates from the manufacturer of the equipment. Alternatively, the total emission rate can be
obtained experimentally using the method outlined in ISO 14644-14[17],

Use Formula (A.5) for the approximation of emission rate:

E=CxQ

© IS0 2019 - All rights reserved
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where

E isthe emission rate of particles in number per second;
C isaverage room particle count per cubic metre;
Q isthe air volume supply in cubic metres per second.

This method can also be used to include personnel operating the equipment, and the total emission rate
of all sources in the cleanroom obtained.

A.4 Example of basic calculation for air supply rate in a non-unidirectional
cleanropm

A non-uniflirectional cleanroom of dimensions 10 m x 10 m x 3 m high (volume of 300.m3) has bg¢en
designed fo operate at ISO class 7 in operation. For this facility, the concentrations forparticles larger
than 0,5 and larger than 5,0 pm are of importance.

The facilitly has a high supply airflow rate of 3,3 m3/s (40 changes per hour), thé noom regularly exce¢ds
its classification and is very expensive to run. A maximum of four persontreél work in the cleanro¢m.
Process equipment operates in the room.

Following| a CFD simulation and review, an experienced cleanrogm engineer recommended the
following fhanges:

— swirl diffusers to be installed on the supply filters, in placé.of perforated screens;

— gown|ng practices to be improved, with staff wearingfull coveralls, hood, face mask and gloves; gnd

— cleaning practices to be improved.

After these changes were implemented, the cleantoom was tested with significantly improved resulflts.
Using the[CFD data a monitoring plan was implemented over a period of 2 weeks (a typical examrple
of this application is shown in Figure 5.1 of\Energy performance in clean zones (cleanrooms, controlled
environmdnts, contained areas)[5]).

The monitoring data were analysed(to estimate the source strength of the personnel and the equipmpnt
in the cleanroom.

The estimpted data are as follows:
— partidles at and abo¥e)0,5 pm = 150 000/sec; and
— partidles at and-above 5 pm = 3 000/sec.

These figyres,are considered to be the maximum emission rate during normal operations, but willlbe
increased|by a suitable compensation factor to allow sequential testing adjustment as explained in
Figure 3 ahd-6.4

Based on the changes made to the facility and the CFD predictions, an € based on an ACE of 0,7 is used in
Formula (A.1) and a compensation factor of 1,5 is agreed.

Applying Formula (A.1) to the source strength for each particle size and using C = 352 000 for particles
larger than 0,5 um and C = 2 930 for particles larger than 5,0 um indicates the following:

— @=0,61forthe0,5 pumparticlesand 1,46 for the 5 pm particles, multiplying these by the compensation
factor of 1,5 indicates that the following can be used in the progressive tests;

— 0,93 m3/s (11 AC/hr) can be used for the room for particles larger than 0,5 um; and

— 2,2m3/s (26 AC/hr) can be used for the room for particles larger than 5,0 pm.
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Therefore, based on the higher flow requirement, the airflow for the application can be reduced
from 3,3 m3/s to 2,2 m3/s (a reduction of 1,1 m3/s) for the first of the adjustments in procedure 6.4.
Progressive adjustment of the compensation factor is made to ensure an optimum result and an impact
assessment made before final acceptance.

A.

5 Calculations of airflow in unidirectional cleanrooms

The cleanliness of a unidirectional airflow cleanroom is dependent on the air velocity and not on the
air supply rate, or air change rate. However, to reduce the airflow supply volume, and thus the energy

copsumptiona decision should be made on whether low concentrations of contamination obtained

by|unidirectional airflow systems are really required or whether a non-unidirectional sgsfem would

be|adequate. Where unidirectional airflow is required, the size of the unidirectionalcarea[should be

mihimized to cover only the critical areas (the process core). This can be obtained byusing clean air

deyices. The air velocity should be reduced while the specified particle or microbe’carrying particle

comcentration limits are maintained at the same time. In general, the higher theéair velocity| the lower

th¢ concentration of airborne contamination.

The following variables should be taken into account:

a) | the amount of contamination emitted by people;

b) | emissions from equipment;

c) | other sources of airborne contamination;

Personnel management should consider the following when seeking a lower velocity:

a) | minimize the number of personnel present;

b) | minimize the proportion of their bodies urider the unidirectional airflow;

c) | minimize the proportion of time theyare within the unidirectional airflow; and

d) | increase personnel distance frem-the exposed product and provide product protection during
product movement.

Didturbance of the airflow by personnel and equipment increases the contamination concentration in

th¢ critical area and should also be evaluated. Personnel movement should be taken into ac¢ount, and

eq unt.

[ipment movement, thermal emission and obstruction to airflow should be taken into acca

Dufring periods of little“or no activity, airflow velocity may be reduced to between 0,2 m/s a

wi
Co
by

htrol and removal of particle ingress should be confirmed by particle counting during ope
airflow viswalization (see ISO 14644-3)lel.

0,3m/s

d
h prior agreement from Product quality concerning the verification of this reduced a:rr velocity.

ration and
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Annex B
(informative)

Energy saving opportunities
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Annex C
(informative)

Impact assessment

Annex B gives a check list of things to consider as opportunities for energy optimization, along with

possible a

Changes
operation
intended §

A careful
should be
then "dem

Assessme
1
2) peopl
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p

p
3) proce

Tools for
environm

Any prop
advance.

verse 1mpacts and tools to minimise the 1impact oI any change.

fan include modifications to the HVAC facilities production layouts and processy flo
h]l modes, cleaning and maintenance. Changes should be documented to ensure ithat
pecification is met and any proposed change to a cleanroom design should not affect this.

carefully addressed in the context of the fundamental principles of "establish control” 3
onstrate control”.

ht factors should include:

minants;

b variability and uncertainty:

bople are a highly variable source strength of contamination; and

bople density, gowning, and cleaning are significant factors to consider;
5s variability.

identifying the critical control points for contamination control within a cleanro
bnt are given in Bibliographic references [19], [20] and [28].

pbsed change should be communicated clearly to the customer and any changes agreed

V'S,
Lhe

assessment of the impact and consequences of any proposed energy optimization chamnge

nd
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in

32

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=adfcb7a3d2c112c7d3eed76baf896368

D.t

Cle
rat

rafge of energy efficiency in cleanroom facilities within and across industries: It is pos
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sinpilar facilities with the same cleanliness requirements.
AnLex D proposes a scale for comparison of energy consumption between air-handling s
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Annex D
(informative)

:2019(E)

Benchmarking: Energy performance indicators for cleanrooms

Metrics— Generat

anrooms are amongst the most energy-intensive facility types due, at least in part,te hi
es, high filtration requirements and the use of ventilation air for pressurization. There

ility managers in low-efficiency facilities do not possess a means to gaugeythe energy
Fhe contamination removal in their cleanroom facility or, more specifically, to identify t

cribes a system for comparing the performance of cleanroom facilitjes over time or relatiy

hn environments with similar requirements. The energy petformance indicators (EnPI)
intended to provide an effective means to compare one facility to another and to assess
nage the level of energy efficiency of a given facility over time; or to set targets for new cor
sannex addresses only those issues which are unique to cleanrooms, namely contaminatio

bh airflow
is a wide
sible that
efficiency
he energy

ts for removing contamination from their cleanrooms by means of the airhandling system. Annex D

e to other,

ystems in
identified
track and
struction.
h removal,

leajving overall mechanical heating, cooling and humidification/dehumidification to more general HVAC

sta
Th
pu
IS
D.

Th

Sp
en
an

Ex

D.

ndards and their EnPlIs.

e EnPls proposed are adapted from those identified by Lawrence Berkeley National Labot
blished in the ASHRAE Journal v. 53, issue 10[21], VDI 2083-4.2[22], BS 8568[23], and as d¢
50006[24].

D

2 Scope of metrics
e metrics are applicable t6_all clean manufacturing spaces addressed within the ISO 14644

ices considered and évaluated under this system include ISO classified rooms, areas and §

1 workstations}).

‘luded are offices, toilets, amenities, warehouses, workshops, public corridors and other
nufactufing or research spaces, even if such spaces are within classified zones.

BCPerformance indicator metrics and baselines

atory and
scribed in

series.

Pquipment

losures (e.g. isolators, RABS, clean work benches, downflow booths, “unidirectional” flpw booths

non-clean

The system is split into three main metrics or energy performance indicators (EnPI):

iy

2)

© IS0 2019 - All rights reserved

Power intensity for contamination removal (PICR): gives the instantaneous power consumption
per square metre of floor surface for the air-handling system to remove contamination. This is
the power input to the fan system, in operational state (including efficiency losses for electrical
components), divided by the floor area of the cleanroom. This metric is the product of two sub-
metrics: specific fan power and normalized airflow rate (a more detailed description of the
calculation method is provided in D.4). The overall PICR is the total of the PICR for all systems, or
portions of systems, serving the area under consideration.

Energy intensity for contamination removal (EICR): gives the energy use which is required per
square metre floor surface, on an annual basis, to remove contamination by the air handling

33
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3)

system. This metric takes into account set-backs, turndowns and advanced control strategies (a
more detailed description of the calculation method is provided in D.4).

Energy intensity of the facility (EI): gives the energy use which is required per square metre of
floor area, on an annual basis, including heating, cooling, humidification, dehumidification, lighting,
etc. This metric includes the efficiency of generation systems, impact of energy recovery, as well as
the impacts of building shell construction, siting and outside air pre-treatment. This metric is as
described for all facility types in ISO 50006[24]. However, for this use the metric includes only the
energy employed for the cleanrooms and is organized by cleanroom classification.

For monitpring a facility_a reference or energy haseline (EnR) should bhe determined This is the value
of EnPI at p specific point in time in the past for the facility. From this EnB, a periodic check can be@made

to determjne change, and new targets set for energy reduction.

D.4 Power intensity for contamination removal (PICR)

PICR should be determined for all air-handling units serving the cleanroom, clean zgxe, clean enclosyre,
etc. This ifcludes but is not limited to the make-up air units, recirculation air units’and exhaust air unijits.

To determjine this metric for a specific part of the system the electrical power)consumption of the fans
and the floor surface area of the cleanroom are required. Dividing the ‘total fan power by the area,

results in fhe power intensity for contamination removal [see Formula/(D-1)].

P
PICR % 2P (D.1)
A
where
A is the floor surface area of the cleanroom.(im?2).

PICR | is the electrical fan power for contaminant removal (kW/m2);

P, is the sum of the electrical powerof the fans (kW);

This metrjc can also be determined viatwe sub-metrics: specific fan power, SFP, and normalized airflow
rate, Qn. The advantage of these sub=meétrics is that it shows the efficiency and effectiveness separatgly.
The efficigncy is shown by the amg@unt of energy required to move a cubic metre of air through the
air handlihg system. The effectiveness is shown in the amount of air which is required to remove the
contamingnts from a square(metre of cleanroom floor. For both metrics, a lower value indicates loyer

energy cohsumption.

a)

34

Specific fan power(SFP)

The SFP shouldvbe determined for all air-handling units serving the cleanroom, clean zone, cl¢an
enclogure; ete. This includes (but is not limited to) the make-up air units, recirculation air units gnd
exhaustair units. SFP is determined by measuring the airflow rate and electrical input of each ynit

. o 1 ie:
1N operacoiarcoations:

Flow should be measured by a consistent and proven method to ensure comparable results.
For example, measurement can be via a pitot tube and differential pressure instrument,
thermo-anemometer (hotwire) or pressure differential instrument measurements at the fan using
a K-factor selected by reference to the specific fan curve.

Measurement of input power can be made directly via a current meter and volt meter to determine
the power consumption. Taking into account the ratio between active and reactive power, cos ¢,
which is shown on the drive motor label for nominal power. When the motor load is lower than
70 % to 80 % of nominal power, cos ¢ should be measured specifically. Where the fan is equipped
with a variable speed drive (VSD), power can be read directly from the display on the VSD or this
reading can be recorded on the building energy management system.
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