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Executi ve Summary

Ventilation and Indoor Air Quality (IAQ) has become one of the central tiogdicsiding
design and operabn since the onset of the COVI® pandemic.

This period postJr YRSYA O 2F0Sy NBFSNNBR G2 |
opportunity to review and renew our approach to commercial buildings ventil
design based on recent learnings and guidance, while achieving our sustainabilit

Typically climate change has seen a focus on the environmental aspects of sus
building design, although the COVID pandemichas increased awareness of t
importance IAQ on occupant comfort and safefys a resuliil KS  WLJS 2 LJi
sustainaliity has become more central in sustainable building design while
NBALISOGAY A (KS WLITHisyefawed fdcus Bn IADLEIAER AN et
knowledge on air pollutants including viruses, TVOCs RMd and their effect c
occupant comdrt in excessive concentrations.

The overarching aim of this research is to summaiieelatest best practice desi
guidance in HVAC building services, with a focus on ventilation, and analyse the
of this guidance on selected case study buildisigstainability performanceBased o
this,ky 202SO0AGBS G2 OflFaaira¥fe Wl RoBilficgldesis
F2N 0KS WyasSlater goidedde ltofitimportance across the research

AMore air does not always mean betbedoor Air Quality.
Design for | AQ, not

Ventilation systems, and its distribution and associated effectiveness are reviewe
with important IAQ monitoring, and air filtration topics to provide backgrc
information on the resealit.

This supported dundamentalaspect of this stug whichwas the review and discussi
of HVAG ventilation in particular best practice guidanceom several leading bodi
iIssued during and post the COVID pandemic.
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Theguidanceprovides general consensus that certain HVAC measures can be be
and are recommended, but specifics do vary across institution. Many of

recommendationsvere issued in sole consideration of virus risk transmission, ai
not ingreaterconsideration of the overall effect on building operation and sustaina
(now incorporating IAQ and resilienc&)erefore some of these measures not aligr
with the future of ventilation desigapproachproposedin this report. In general, desi
ventilation flowrate specification, mechanical ventilation operation and the distribt
system effectiveness, and the air filtration and cleaning strategy are pivotal
aspects with measures recommended for most buildings. A detailed analys
disaussion of these measures and their application is provided in this report.

Thebuilding certification and rating systeno§ WELL, LEED, BREEAM, and in less
NABERS IE, atite Immune building standardrere alsoreviewedfor HYAC measure
Based on tis summary analysis it is concluded ttta main standards haverohibitive
certification costs but accessible design information. As a result it is recommend:
Ay 3ASYSNIft GKS 29[ [ adlyRIFNR WY AND 7T
prerequisite be communicated t@and considered hyhe design team without the ne¢
or costfor certification.

To further understand the applicability and sustainability impact of these distilled
measures, and to test the proposed updated design apphomethodologyboth are
analysed on 5 selected case study commercial buildings covering multiple climate

1. Arup Office, 1 Albert Quay, Cork, Irelan@ommercial Office Cool Humid (5/
climatezone

2. National University SngaporeSDE4, SingaporeEducational Facility Very Ho
Humid (1A) climate zone

3. 161 Collins Street, Melbourne, Austrati€ommercial Office Mixed Humid (44
climate zone

4. 20 Martin Place, Sydney, AustraliaCommercial Office Warm Humid (34
climate zone

5. 70 Eagle Street, Bhane, Australiz Commercial OfficeHot Humid (2Aglimate
zone

For each case study building atroduction, andsummary of the HVAC system will
provided followed by analysis of the ventilation adequaenmd HVAC measut
suitability and impact.
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From the results of this research, | recommend that an updated ventilation specifi
methodology based oBS EN 16798 Energy performance of buildiWegstilation fo
buildingsadapted to include ventilation effectivenedse included as part of an updat
IAQ based design approach utilised for future commercial building ventilation de:

Tabki - Research Classifi€tecommendeéddequateVentilation Ritesfor Commercial Buildings in the New Normal

Category Rec. Ventilation Rate
I/s/p I/'s/m2
. R b
[o]N) [o]N)
I pB® P8I L
(o)) [o]N)
1l 9 TR
(o]} (o]}
Y QU ™ PQU
(o)) (o))

This design stage |A€assification and specificatiaran be further enhanced using
adapted Method 2 (BS EN 16798limit values for substance concentration formul
calculate the estimated zone IAQ levelsing CO2 as the chosen known contamir
Values can be compared against recommended benchmark values, andhé¢
calculation estimated design CO2 levels provide verifiable values@ppm) that ca
then be used to validate achievement of the zone design target IAQ Category us
ventilation rates specified, and its effectiveness durimgeration, with significar
deviations in site measured CO2 rates compared to design values highlighti
potential issues in ventilation delivery

For greater building contamination dilution and resilience, enhanced effecti
change (ACHe) ratesearecommendedased on American CDC guidance
Tableii ¢ Recommended Effective Air Change Rate based on BS EN 16798 Standard

Rec. ACH
ACHe

Category

| X C

Il X O

Il X H



https://landingpage.bsigroup.com/LandingPage/Series?UPI=BS%20EN%2016798
https://landingpage.bsigroup.com/LandingPage/Series?UPI=BS%20EN%2016798
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This updated approach mainly effects early stage design buinm@agcationsover the
whole building life cycle. It requiresagly considerationand communicationof the
ventilation strategyand pollution source limitatioomeasures details of which shou
be recorded in the IAQ plarAttention should be paid at construction stage t
specifiedlow-pollution materials are installed, and that planned construction pollu
prevention measures are implementedn operation, post oagpancy evaluations ai
ongoing commissioning using the adapted Method 2 CO2 levels will help monit
maintain desired IAQ levels, while effective maintenance procedures for filter
ventilation equipmentare recommended andill maximise efficiencgnd results.

0 - 1 2 3 4 5 6 7 <

Strategic Preparation Concept Developed Technical Handover

Definition and Brief Design Design Design Construction and Close Out InUse

e A\ - A ) N i N J
~" Y ~N" ~ N

e Define targets for
IAQ (including
environmental
assessment
frameworks).

® Assess site-related
risks and
opportunities
(outdoor air
quality, natural

ventilation etc.).

e Define air ventilation
distribution strategy
(e.g. intake/exhaust
location, room level
supply. air transfer
etc.).

o [dentify sensitive areas
(dense or variable
occupancy, indoor
pollutants generation).

¢ Consider future tenant
flexibility etc.

e Define air volumes and air
paths to avoid recirculation
and maximise effectiveness.

o Specify appropriate level of
filtration, air volumes etc.
Consider impact on energy
use.

e Specify construction
procedures and standards.

o Liaise with architects to
minimise indoor pollutants
through material specifications

o Consider maintenance access.

e Pollution
preventions
measures.

e Duct cleaning
and system
flush out.

e Commissioning
and testing

activities.

o Soft landing.

* Post-occupancy
Evaluation and
fine-tuning.

» Effective
Operation &
Maintenance
implementation
(filter
replacement,
cleaning

protocols, etc.).

Figureil - Recommended Updated Design Approach Process Graphic

Once this updated approach is applied correctly, which can be assisted and cor
using theCIBSE TM&164 guidance as a basis, building resilience and oparafiitl be
optimised in case of any future public health emergencgianilar.

This recommended approach is not being proposed as a perfect solution, and
research and development is required as noted in the case study analysis of this
However, this report provides a strong literature asitto 8 SR Ay @S a i
V2NXIFEQ &adzaldl Ayl oThe mathSnteatibrt df this Besearding s
recommended approach isotupdate the way in which we consider ventilatior
buildings in the future, with the goal of designing for IAQ, not ventilation rates
important to strike a balance between the benefits of ventilataainst issues such
energy, cost, and occupant comfort.


https://www.cibse.org/knowledge-research/knowledge-portal/tm61-64-bundle-pdf
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Pref ace

The research content, destinations and even thie fior this CIBSE Ken Dale report have
changed several times in what has been an unpredictable and extraordinary two years.
However, the main goal of this researehto investigate the best practice design
guidance in HVAC building services and analyssusiinability impact of this guidance

AY AYUOSNYI OGA2YI Ol &S & dzR &hasl bedintelaticely i A 2 Y
constant throughout, and it is my hope it is achieved in this report

The COVIA9 pandemic has presented many challenges @mgortunities for society

and the engineering community in its relatively short timeframe, merely one of which is
GKS 61L& ¢S RSaArAady IyR 2LISNIGS 2dzNJ 6dzA f R
and the risk of virus transmission in high occupanoyirenments.

The inspiration for this research was the rise of the C&MIDirus pandemic in early
2020 and effect this may have on the future of building services design and operation.
However, over the course of the research this has evolved to notJ@¢1B19 virus
concerns but the broader spectrum of Indoor Air Quality (IAQ) and ventilation. My
original, ambitious goal of inspecting and surveying best practice building services
systems in person across multiple continents and climates was, out essigcand for

the better, revised to the more achievable and relevant research destinations and
objectives as set out below in the relevant sections of this report.

Even in a time of global travel restrictions and lockdowns, there was always the aim to
maintain an international aspect of this study in keeping with the principles of the CIBSE
Ken Dale award. This wasgginallyachieved virtually through international case study
building contacts, countless zoom meetings and cloud data sharing whenegblpos
However, even with the marked advancements in digital communication and the
incredible support from an unmentionable number of people across my international
research case study destinations, in my opinion the most useful results and conclusions
presented in this report came from the hands on inspection, analysis and discussion
from travelling to the international case study buildingsich occurred in May 202&s
COVID restrictionsubsided an opportunity for which | am eternally thankful to CIBSE.
Finally, this report is built upon the research of many others (too many to name but
some will be referenced throughout the report) and the information and data provided
by case study subjects, andibuld just like to thank and dedicate this report to you all.
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| nt roducti on

My original ambition was to produce a grouhdeaking scientific report, full of technical
analysis to an academic journal level, on the effect of the CQYI&ndother public

health emergencies such as wildfires on the design and operation of buildings HVAC
systems across the globe. However, | eventually realised there were many incredibly
smart academics and industry leaders doing immense technical and theotetic8- @ &
fATIOAYIQ NBASIENOK GKFG gl a FIN oSe2%R |y
rather than compete with this research | decided to collate, condense, and simplify
GKSNE Ll2aarofsSs (GKS 2dzilizia 27F wdeSoS WK
relation to ventilation systems specifically, and focus on its applicati@ming the Ken

Dale research award as the basis.

It should be noted that this research and the output recommendations changed almost
weekly as our collective knowledge of CO¥fDupdated,although| did attempt to
remain current as much as possible. Also, we as a society began to look Ipestoine
CO\VD-19 virusto other contaminants as Indoor Air Quality (IAQ) in general, and the
opportunity that this new rethinking of building systems has provided, which very much
became the final emphasis of this report too.

As a result this study explored the ingtaand viability of selected guidance measures

on 5 case study buildingerosdreland, Singaporeand Australia. This report provides a
narration of the research conducted on the case study buildings, and my conclusions
based on the results. The majority my conclusions are my opinion and not fact, but |

did aim to support then with credible and realorld research.

lf a2 LlzNREdzZEyd G2 0G0KS AyadNHzOdGAz2ya 2F 0
LINE @2 OF GADSQY L OKI f f Sy 3 6Kdatdre ¥n8 go2sad fardskid & S
develop my own recommendations around the future of building ventilation design and
operation.

A longer than planned background information section is provided, &ogé helpfu

to inform the reader on theontextand thoudnt-process behind much of my research,

but as much as possible | try to brief and use tables and graphics to communicate this
information with references to where one might go for more knowledge on the topic
generally provided if applicable.
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You will stillsee pockets of scientific analysis and engineering based language (I am an
engineer after all') but | have tried to make this report accessible to all and to simplify
much of my study so that anyone interested can understand it.

Due to my work as a sustainability and building services engineer there is a focus on
sustainability in this report. The definition of sustainability within the built environment
has evolved as society has developed over the ygarethe 1987 Brundtlanaeport
AAYLX @ RSTAYAYy3A adzadlAylroAftAade Fa GKIFG
compromising the ability of future generations to meet their own needs'. A more recent
and widely known interpretation of sustainability popukad by the US GreeBuilding

| 2dzy OAf Qa o! {D./ 0 3INBSY o6daAftRAY3I OSNIAT
Bottom Line (TBL) of sustainability of "people, planet and profit" which considers more
than just the environmental features of the built environment but itsoeomic
prosperity and social responsibility to its occupaansl the public

Carbon Regulated and
unregulated

energy load

emissions

- O OO
Figure2 - The Balance of Energy with IEQ (CIBSE)

Growing concerns of irreversible climate change has seen a focus on the environmental
aspects of sustainable building design in the last decade, although with the effects of the
COVIBEL9 pandemic and increased awareness of the importance IAQ on occupant
O2YF2NI |yR &alFSdesxs WLIS2LX SO KFa o0S02YS
whilS adAftf NBaLSOUAY3I GKS WL FYySGQ FyR WL
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Building services play an essential role in building sustainability under all three pillars
and one major aspect of this is ventilatiqrthe process of supplying air to cEmoving

air from aspace for the purpose of controlling air contaminant levels, humidity, or
temperature within the space

The occurrences of public health emergencies such as the Australdiines (external)

and the COVIR9 pandemidinternal)have put a renewed emg@sis on the importance

of air quality and adequate ventilation for building resilience and occupant wellbeing as
we move forward. This era at the tail end of the COY@Destrictions with society re
openinginapostJr YRSYAO 62NI R Kla JYSRYlI USGNFERK WY
and the way we design and operate in it having changed irreversitmynmercial
building environments have been most notably affected by these public health
emergencies with many facilities closing in line wgthdelinesand having to adapt to
recommendations to safely reopen and operate in the new normal.

hyS 2F GKS&S NBO2YYSYRIOA2Y&A Aada FT2N WI RS
not only improve occupant comfort and productivity, but to lower risk of occupant
iliness and air contamination according to recent scientific stddli€amilar findings are
evenshownin historic learnings from the influenzat&berculosisepidemics in the 20
century’. This benefit of adequate ventilation raises the question bawqualifies as

W RSIljdzr §SQY LI NIAOdzZ F NI & Ay NBFSNBYyOS G2
19, and how do we calculate or allow for it in our building designs. As a result, this study
exploresventilation rates and calculation methodologies tommercial buildings with

the objective toclassifyadequate ventilation, and analyse this for the given case study
buildings from the research locations detailed below.

Ventilation in this study is taken to be controlled mechanical ventilation, and does not
focus on infiltration or natural ventilation-or natural ventilation guidancASHRAE
62.1:2013provides a methodology to assess its effectiveness, and in UK and Ireland the
CIBSE Applications Manual AM1thich follows a similar but more comprehensive
approach, is recommended and is also referenced in Part F of the Building Regulations.

1 ANSI/ASHRAE Standard 62:2019 Ventilation for Acceptable Indoor Air Quality

2Tom Lipinski et al (2020) NAReview of ventilation sdirmgsd, elsntter metdiucre
of Thermofluids, Pulished online 2020 Sep 13. doi: 10.1016/j.ijft.2020.100045

SHenry C. Burridge et al. (2021) AThe venti-latianfodudbuonh divingsermmidmead h
royal society A Mathematical, Physical and Eregring Sciences, March 2021, Volume 477, Issue 2247

‘“Richard A. Hobday, and JAhn Wre&tament (@DOBANDENMECOpNRLUENZAOG, Am J Pu


https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20addenda/62_1_2013_p_20150707.pdf
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20addenda/62_1_2013_p_20150707.pdf
https://www.cibse.org/knowledge-research/knowledge-portal/applications-manual-10-natural-ventilation-in-non-domestic-buildings-2005
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Figure3 ¢ CirculanEQand energy efficiencf{CIBSE)

In light of the COVH29 pandemic and the beginning of the new normal, a myriad of
new and updated HVAC design and operation guidammuding measures such as
adequate ventilationhas been published. This modern design guidance considers a
wider range of measures to reduce the risk of CGMDOo building occupants and
improve overall building resilience.

This study completes a higével summary review of a selection of the latest HVAC
guidance in particularly from the leading global building services institutimisding
ASHRAE, AIRAH, CIBSE, REHVA and ISHRAE. From this review the distilled ma
recommeandations from across the guidance applicable to ventilation and IAQ are
discussed and analysed on the given case study buildings. The analysis will follow the
sustainability theme of this study with a focus on the economic, energy and IAQ impact
of propose&l measures.

Research Objectives & Methodology

The overarching aim of this research is to summaiiee latest best practice design
guidance in HVAC building services, with a focus on ventilation, and analyse the impact
of this guidance on selected cagsady buildings sustainability performance.

There are vast amounts of incredible research and guidance documents available in the
field of building services and ventilation in buildings, particularly in relation to the
COVIEL9 pandemic which brought a remed emphasis onto building 1AQ.
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This report is not looking to regurgitate or replicate this extensive research but to
summarise a selection of relevant guidance into actionable measamego analyse the
impactof theseapplicablemeasures on case study buildings.
To achieve this aim 4 research objectives have been set out;
1./t FaaArfe WFRSldzZa S @SyaAatlrdA2yQ FyR K
O2YYSNDOAIE o0dzAf RAYy3 RS&aA3ady F2N KS Wy
2. Summarise the latest commercialilding HVAC design and operation guidance
from global institutions and distil actionable measures to impriov®or air
qualityandd dzA £t RAy 3 LISNF2NX I yOS F2N) 6KS Wy S,
3. Analyse applicable measures identified on the case study buildirgysataine
their realworld application and results of their implication in commercial
building environments.
4. Presentanddiscuss recommendations to carry forward for the future of
commercial ventilation design in the new normal.

To achieve thesebjectives the research method will be a combination of literature
review, desktop studies and where possible onsite analysis of case study buildings.
The literature review will mainly consist of building ventilation standards and the latest
HVAC guidancdocuments and research papers, with a focus on design for the new
normal. Desktop studies will be conducted using available building information to
present the case study buildings in a systematic format summarising building design,
construction, activityand HVAC systems relevant to the study.

Offsite analysis using modelling and first principles calculations of identified best
practise guidance measures will also be included in these desktop studies.

Finally, where possible, the onsite analysisigfAGneasures utilising\ailablebuilding
performance data to quantify the measures effect on energy and IAQ (where suitable
performance data is available) will be completed.

Thisreports analysis will be applied to existing case study buildings in order to be able
to collect actual building datavhere available, but in theory the research should be
applicable to new and existing buildings design and operation.

The study case study buildings are selected to be representative international
commercial buildings with accessible building design padormance data for the
research. Therefore, 5 case study buildings across 3 research destinations are selected
as outlined below.
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Research Destinations

The research timeframe between 2020 and 2022 was an understandably precarious
period for internationatravel with a global pandemic and related travel restrictions. As

a result the researchdestinations were changed several times during the study but the
final locations and activity type of the 5 case study buildings are given below;

- Commercial OfficeCork, Ireland; Arup Cork
- Education Facility, SingapotedNUS SDE4
- Commercial Office & Retail, Australia

0 Brisbane

0 Sydney

o Melbourne

~ 1. Ireland
P

!

3. Australia ——'I u
i
Yo

Figure4 - Research Destinations Map

The case study locations were chosen for relevancy torédsearch topic but also
accessibility to building data and flexible communication channels.
With the support of the CIBSE Ken Dale award and Arup, and despite the best efforts of

the COVIEL9 pandemic | was able to visit the international case study locatin May
2022.
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Background

Overview

While some grasp of ventilation and HVAC systems is assumed by the author for this
report, a detailed knowledge of ventilation systems, COM@nd contaminants in
general, or the best practice guidance on HVAC systems is not required

However, for completeness of this reppeand better reader comprehension a brief
insight into some topics relating to ventilation, CO\XMD and HVAC guidance are
covered below.

It is important to note that there has been an abundance of discussesearch, and

even twitter conversationson IAQ,COVIBL9 andaerosols (and other contaminants)

over the last few years and anyone interested in the subject should check out research
08 C¢NARaKIF DNXBSY K ITerds€ientici reabohstin stippartroivairborey” U
transmission of SARS0VH *@nd there many refeence papers. However it is generally
accepted that, anddr the purpose of this study assumed that contaminants, including
COVIBLY, as aeroslised and floating in the air.

And although the original inspiration for this research, CGMDvill not be the aly

focus of this report but a wider array of contaminants (e.g. wildfire smoke, CO2, VOCs,
PMs etc.) are considered under the umbrella of Indoor Air QualiQ.

“’@%ﬁ‘

h PM2.5.10. NOz, SOz, VOCs, SVOCs
carbon monoxide, VOCs,
UFP, PMz 5 10. NOz,
502, 03, VOGO,
black carbon, metals -
C0O,, VOCs,
2 -~ ™~ o~ bloeffluents
o o D
PM2 5 10, NO2

@_ML

Carbon monoxide,
/\ quwualx t;u Ptz VOO,

Natws al = - @
/ 0\

ventilaton

®

Filravion and Mechanical
maintenance ventilation

Pesception
Health and wellbeing

Figure5 ¢ IAQ InfluenceMind Maps

5 https://www.thelancet.com/article/S018036(21)00862/fulltext



https://twitter.com/jljcolorado/status/1292880342227984385?s=19
https://www.thelancet.com/article/S0140-6736(21)00869-2/fulltext
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It is also important to point out that for COVID and typically any contaminant, that
the traditional contamination control pyramid adapted from the US CDC below is the
best practice process for facilitates for infectiand generatontamination control. This
researchreport is based on engineering controls, of which one main solution is
ventilation, to reduce the environmental risks of airborne contamination.

ELIMINATION Most effective
— to physically remove the pathogen

ENGINEERING CONTROLS

— to separate the people and pathogen
ADMINISTRATIVE CONTROLS
- to instruct people what to do

PERSONAL PROTECTIVE EQUIPMENT
- to use masks, gowns, gloves, etc. Least effective

Figure6 ¢ TraditionalContamination Control Pyram{@dS CDC)

While elimination of the contaminant and use of personal protective equipment (PPE)
are seltexplanatory examples of administrative controls can be found in Bréish
Council for Offices Briefing Note on Office Design @pération After Covid 9 from

April 2020 if you require further information.

In terms of ventilation based engineering controls, the first strategy is to manage IAQ
through source control as highlighted in the lat€SlBSE TM 61 20200perational
performance of buildingsTheidentification of key external and internal sources for
pollution, material selection, and details wéntilation strategy such as positiaf air
intakes are crucial to minimise pollutioThen the air change rates specified and
achieved for ventilation and the ventilation schedules also play an important role in
providing fresh air to occupants and diluting or removing pollutants from ingloor

Finally, appropriate filtration strategy can help protect building users from major
outdoor sources of pollution and strike the right balance between indoor air quality and
energy efficiency in the air distribution system.



https://www.bco.org.uk/Research/Publications/Thoughts_on_Office_Design_and_Operation_After_Covid-19.aspx
https://www.bco.org.uk/Research/Publications/Thoughts_on_Office_Design_and_Operation_After_Covid-19.aspx
https://www.cibse.org/knowledge/knowledge-items/detail?id=a0q3Y00000I0NKeQAN
https://www.cibse.org/knowledge/knowledge-items/detail?id=a0q3Y00000I0NKeQAN

CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Manage the sources of pollution

{a) Remove them from the office space (for example regular ductwork cleaning).

{b) Isolate them from cccupants by means of physical barriers, or by pressure
difference (for example, during renovation work that produces dust, seal-off
inlets and outlets to prevent spread of dust throughout the building).

{c) Conwol the timing of their use (for example, during renovation work that
produces dust do no operate the heating and cooling system until after
cleaning up the dust).

Manage pollutant levels with ventilation

Use purge ventilation to dilute pollutants and remove them from the building
{for example, always ventilate when using products that can release pollutants
imto the air such as paints and lacquers, paint strippers, varnishes, atc.).

Manage pollutant levels with filtration

Use filtration if necessary to clean the incoming air (for example, in high traffic
areas installation of filters with low resistance to air flow filtering up to 95% of
PM10 and PM2.5 and removal of nitrogen dioxide).

Figure7 ¢ Indoor Air Quality Management Hierarchy (CIBSBEI)M

Consequently, we will take a deeper look into the background of Air Pollutants,
Ventilationand its systems, IAQ monitoring, and Air Filtration & Cleaning, before looking
at the best practice guidance available for HVYAC systems in this new normal.

Air Pollutants- COVID and Contaminants

Air pollutants are contaminants in the indoor or outdoorvronment of any chemical,
physical or biological agent that modifies the natural characteristics of the atmosphere
according to the World Health Organisation (WHO). Some air pollutants or contaminants
are now typically found in our outdoor and indoor @mmnments but when accumulated

in high enough levels for extended periods can be harmful to human health.

Such contaminants include Carbon Monoxide (CO), Carbon dioxide (CO2), Nitrogen
dioxide (NO2), Ozone (O3) Particulate Matter (PM1, PM2.5), Radortilé/Qeganic
Contaminants (VOCs) and certain aromatic hydrocarbons. More recently this has been
revisited to include consideration of bacteria and viruses due to the GOY/Handemic.
Bio-effluent pollutants which are referenced throughout are atmosphegradiutants

that emanates from humans or animals (CO2, CH4). All of these pollutants vary in size
FNRY wmnn >Y (42 nodonnam >YO
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Figure8 ¢ Graph of Typical Contaminarfarticle Size
Contaminants for our case can be divided into two main
groupscg Sources of
1. Outdoor air sources and, indoor pollution
2. Indoor air sources. From outdoor environment

Sources of outdoor air pollution include road traffi ﬁ Traffic

industrial processes, wastacineration and wildfire smoke o
to name a fewPollution includes particulatenatter, NO2, El
CO and radon, all of which can be brought into a build
through natural or mechanical ventilation and via infiltratic
through the building fabric.

Industrial process

Construction and
demolition etc.

From indoor environment

But there are also indoor air pollution sources typice
found inside a building, including VOCs given off by wall
floor coverings for example, dust, dam@and mould,;
emissions from office equipment and industrial machine
and, of course, occupants themselves, who breathe out ( ﬁ
and can spread colds and viass
These Outdoor and Indoor air contaminants can be furtl %
categorised as two forms of air pollution;

1. Particle pollution

2. Gaseous pollution

VOCs

Dust, damp, mould

Emissions

Colds, viruses, CO,
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Particle air pollution covers chemical compounds such as combustion particles and
micro plastics consolidated under the Particulate Matter (PM) bracket. Biological
particles such as bacterigiruses,and spores/pollens are considered particle pollution.
Gaseous air pollution includes any gases in the air such as VOCs, formaldé@ydsic.

This distinction and the understanding of these different contaminant types is important
as it can influence our filtration strategy later in design.

'><"'- | A . ,; N 'III
L9 X o

PM - SO NO, NH voc .CH

. 2 3 . “

Relative humidity

Keeping humidity levels Fine dust (PM2.5)

Room automation helps

to monitor and control PM2.5
fine dust pollution and improves
health and well-being

between r.h, 40-60% reduces

virus transmissson by up 10 70%

VoC

Impraving ventilation control
reduces the impact of the sick

Controlled ventilation keeps -
CO; levels below 1,000 ppm .
to increase overall productivity

by 2-18%

Figure9 ¢ CommonCommercial EnvironmerAQ Contaminants

Both these indoor and outdoor air contaminants can have serious effects on occupants
comfort, productivity and most importantly health. Therefore you would expect their
allowable concentrations to be strongly regulated and standardised correct?
Unfortunatdy not with contaminant or pollution regulations inconsistent across several
bodies but this is improving.

CO2 as a pollutant is primarily sourced from human respiration (also found in
combustion devices) and therefore is strongly linked to occupancy itgeasd
ventilation. While ambient in the outside air it can accumulate in much higher
concentrations in indoor environments and has been linked negative health effects
although the extent of which is currently debated.
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A study by UK Health Security Agghfound that previous research into the health
effectsof CO2 levels did not account for other confounding factors such as environment
(temperature, humidity, noise etcgnd other air pollutants and even the2 O O dzLJI y U ¢
health status therefore a direct link is not established. However, although it is difficult

to link CQitself with health effects at exposures less than 5000 ppm, the existing
guideline concentrations (usually reported for 8 h, for schools and offiedsgh
suggest that C8evels <1000 ppm represent good indoor air quality and <1500 ppm are
acceptable for the general population, appear consistent with the current research.
Additionally, it is clear that CO2 levels have been a gauge for indoor aingimdrenent

guality, and maintaining recommended concentrations can improve occupant comfort
and health.

Similar to other contaminants thieealth effects of CO2 depend on the concentration

level and exposure time in the environment. Unlike other contamisanbwever,
occupants can adapt quite well and quickly to -bifluents including CO2. This

I RFLIGFoAfAGE KlFIa fSIFIR G2 @SYyuOaAatlraAazy NI
occupant in the environment for greater than 15 minutes and has adjustédas per

EN 16798L. This is discussed further in the ventilation section below.

Other pollutants such as PMs and TVOCs also have several recognised concentration
level recommendations across several bodies.

< Annual average
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FigurelO¢ Example IA@oncentration Level Criteria (CIBSE)

5 Low Level Carbon Dioxide IndoodsA Pollution Indicator or a Pollutant? A HealBased Perspectiventtps://www.mdpi.com/2078298/8/11/125
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Many (including CIBSE) increasingly refer to WHO guidelines for air pollution standards,

especially since of late they have shown to be leaders in viruses and -COMlated
research and guidance.

Pollutant WHO Exposure WHO Exposure Critical Outcomes
chemical compounds
PM1 fine combustion particles <imicron n/a (usually about 70% PM2.5) nfa (usually about 70% PM2.5) PM1 is the most penetrating particle size range and can pass
into the bloodstream. Trafflc emission particles are Group 1
PM 2.5 fine combustion particles <2.5micron 10pgM3 annual mean 125pgM3 24 hour carcinogens the mast toxic causing cancer and there is no safe
level of exposure. Children are vulnerable.
PM10 fine combustion particles <10micron 20pgM3 annual mean 500pgM3 annual mean
plastic particles and flores n/a more research needed nfa more research needed penetration into food chain and body tissues
bioparticles
Pathogens bacteria and virus e.g.. Chicken pox, flu, measles infection can cause serious illness and fatality
moulds, spores, pollens, allergens legionella, aspergillus, anthrax infection can cause serious iliness and fatality
eg.
Pollutant WHO Exposure WHO Exposure Critical Outcomes
NO2 Nitrogen oxide 40ugM3 annual mean 200pg 24 hour mean long term respiratory system damage
502 Sulphur dicxide 20pgM3 annual mean 500pgM3 10-minute average long term respiratory system damage
o3 Czone 100pgM3 B hour mean long term respiratory system damage
CHz2O Formaldehyde 0Img/M3 30-minute average nasopharyngeal cancer and myeloid leukaemia
PAH's Polyaromatic Hydrocarbons risk 0.012pgM3 11000000 risk 1.2pgM2 110000 lung cancer
VOC's Volatile Organic Compounds neead individual data neead individual data many VOC’s proven carcinogens
H2S Hydrogen Sulphide HSE Sppm 8 hours TWA HSE 10ppm 15 minutes TWA can cause fainting leading to fatality

Figurell ¢ WHO PollutanGuidelines Summary

Briefly focusing on viruses, specifically CGMDvhich as the initial instigator for this
research, COVHDO or coronavirusor SAR&0V2 can spread in indoor and outdoor
settings in a number of ways as indicated by the figure.

ARUP WHAT WE KNOW ABOUT TRANSMISSION

We Understand Viruses Generally ﬁ
e o
OOOO May survive in

air for 3 hours
Breath

O &
&
B\ s

Droplets May survive on

more likely

Cough Aerosols
Sneeze May become airborne

Talk

. surfaces for 3 days
Fall within 6 feet <

- U

May survive in contaminated sanitary water

Figurel2 ¢ COVIELY Virus Transmission Rou{@sup)
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G/ 2-Bispreads primarily from person to person through sdrallets from the
nose or mouth, which are expelled when a person with €l®wbughs, sneezes or
& LJS I(Waild Health Organization)

This report will not ganto intricate details on COVAD® and its transmission but for
those with a greater interest ithe subjecta great paper in the journal of hospital
AYyFSOGA2y o0& WDigmantlihg/fti® m@hs orl tiie @irbdrde frdnSrissiow
of SarsCov2Q A & | ¢ St forfactddnihé ®plc. a4 2 dzND S

However, the behaviour of the virus through airborne transmission, of primary concern
for HVAC systems, has lmethe subject of a number of studieghich generally agree

that the virus can remain viable in the air for a long period &rasglel some distance
away from an infected individuatia ventilation systemsConsequently, it can be
assumed thatairborne transmission through a ventilation system can infect those in
areas also served by the same ventilation system, although this has not yet to be
rigorously established but taking an abundance of caution we will accept it as possible.

A recent stug by H. Parhizkar et al. (202bh quantifying human and environmental

viral load relationships amidst mitigation strategies in a controlled chamdzguited 11
participants diagnosed with COVID to individually occupy a controlled chamber and
conductspecified physical activities under a range of environmental conditions over 3
day period.The study indicated thahcreased ventilation and filtration are associated

with lower environmental viral loads, and higher relative humidity is associated with
lower aerosol viral loads and higher surface viral loads, consistent with an increased rate
of particle depositionData from near field aerosol trials with high expiratory activities
adz33Sad GKFG NB&aLA NI G2 NE-meI dllchatnétdize the T &
variance of near field aerosol viral load. A study published by Dr. Brent Stephens on
al NOK M HAMH F2NJ ¢KS blraA2yFf ! ANJ CAf OGN
Filtration and the WellRiley approach to assessing risks fofedtious airborne
RA&aSIHaSaé adza3asSad tFNBSNI LI NGAOESa YlFeé O
from the following excerpt;

" Quantifying human and environmental viral load relationships amidst mitigation strategies in a controlled chamber \gtntsanéving COVIBLY,
H. Parhizkar et al. 2021


https://www.journalofhospitalinfection.com/article/S0195-6701(21)00007-4/fulltext
https://www.journalofhospitalinfection.com/article/S0195-6701(21)00007-4/fulltext
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WeKSAS LINBOA2dza a0dzRASa Fff O2y FANY GKI G
patients and subsequentlym&ining suspended in indoor environments indeed contain

the influenza virus and that much of that viral RNA is contained within particles in the
NBALANIoftS aA1T S NIy3IS O0ADPSDOE fn>YOD | 24
emitted during the aforemntioned coughing and breathing studies were smaller than
n>Y &Ail §®o otyefinBuenzaivirus RNA is typically detected on patrticles in this
size range (Blachereet al., 2009; Lindsley et al., 2010; Lindsley et al., 2010a), suggesting
thatthevira O2y 4GSy d 2F | SNRaz2fta YIe& | Of dhist t &
has a significant effect on filtration effectiveness and strategy noting we need to
O2yaARSNI FNRY |0 tSIFrad nodo>Y G2 Hn>Y 4&adz
MA>Y otamMno @& 2SS f221 Y2NBelowyd2 0GKAA AY

But the importance of ventilation in reducing the virus risk is well established with
several reportedutbreaks where airborne transmission is given as the mechanism. For
example, the Guangzhou Restaurant study by Li.&taald Korean Call Center stuioly

Park et al® have reported very low per capita ventilation rates with values in the range
0.5-2 l/s/person estimated;much lower than typical building guidandél RS |j dzI & €
ventilationrecommendations.

Figurel3 ¢ Graphic ofGuangzhou Restaurafudy by Li et al

8 HVAC filtration for controlling infectious airborne disease transmission inan@nvironments: Predicting risk reductions and operational costs. Parham
Azimi and Brent StephenBuild Environ. 2013 Dec; 70: 15060.10.1016/j.buildenv.2013.08.025

9LuJ, Q1 J, LiK, XuC, SuW, Lai Z, Zhou D, Yu C, Xu B, Yang Z. COVID Outbreak Associated with Air Conditioning in Restaurant, Guangzhou,
China, 2020. Emerg Infect Dis. 2020 Jul;26(7):14331. doi: 10.3201/eid2607.200764. Epub 2020 Apr 2. PMID: 32240078{PMPMC7323555.

Y park & etal., Coronavirus Disease Outbreak in Call Center, South Korea. Emerg Infect Dis. 2020 Aug;26(85:16.680i:
10.3201/eid2608.201274. Epub 2020 Apr 23. PMID: 32324530; PMCID: PMC7392450.


https://doi.org/10.1016%2Fj.buildenv.2013.08.025
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dzi ¢ KIF G A& GKS WIRSIldzZ 6SQ GSYdGAtldAzy N
other contaminants of concern in a building? Thapast of the research aim of this
study which we wilinvestigatelater. This report will not completely focus ofrus
transmission risk howevewhich has had a great deal of research of late. | will note that
current evidence suggests thairborne transmission risk depends on the concentration
of virus in the air in a room, the rate at which occupants in the sjiattale the virus,
andtheRdzNJ GA2Yy 2F SELIR&dz2NBE I OO02NRAy3 B2 .d
research paper. As a result, using complex mathematical models such asRWéslls
approach, andgome simplifying assumptionthe risk of airborne transmission can be
estimated.Branch Pattermproduced an excellent virus transmission risk calculator with
user guide for anyone lookirfgr more ndept information.

Save Results as PDF

Demographics + Room Information Baseline + Design Conditions

# of non-infected people under 18: @ Baseline RH: @
0 20%

Activity level for under 18: @ Baseline outdoor air (cfm/space): @

Light v 0

D R ] s B er el (5 Baseline recirculated air (cfm/space): @

0 0

Activity level for 18 and older: @ Baseline fiter type: @

Light e MERV 7 v

Figurel4 - Branch PatterVirus Transmission Risk Calculator

One interesting output from the risk calculator is that in a vmeitked room under
steadystate conditions with a constant viral emission réte concentration of virus is
approximately inversely proportional to the absolute ventilation rate (volume flow per
unit time) in the room. As such doubling the ventilation rate would roughly halve the
viral dose inhaled under the same emission and irti@laconditions.

Therefore, where there is an internal source of pollutipsuch as COVIID® or even
COZ dedicated 100% outdoeair systems are widely advocated as a means of reducing
virus risks and indoor pollution levelBedicded outdoor-air systemsgDOASwould
normally include some form of heat recovery to reduce the heattwpling, and
humidification energy consumption. However, particularly as a result of the pandemic,
there is increased concern about the potential riskscafsscontamination between
exhaust and supply airstreams so there has been an abundance of research and
guidance related to this.


https://branchpattern.com/research/facility-infection-risk-estimator/
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As a result | focus a section of this study on this ventilation heat recovery guidance.

It is important to note that COVHDI is not the only air contaminant, or even virus, that

Ad RANBOUGT & ozyyééuéﬁ G2 OSYOGAtlraGA2y &aé
GSYGAtLIGAZ2YQ 61 0SAYy3 LINRPY2(GSR IlpMsstudy YSI
of ventilation improvementsluring a TB outbreak in university buildifgshowed when

CO2 was reduced to <1000 pprawvas independently associated with a 97% decrease in

the incidence of TB among contacts.

"FRESH AIR AND SUNSHINE ADEQUATE SLEEP AND VENTILATION

g PRIJTEI:TIVE FOODS X-RAY OF CHEST

Flgure15c 1900s TB Poster Promotln@quuate Ventllatlon

Back then, and even now, there remain many unknowns with virus transmission, but this
research will take COWI® and other aeroslised viruses as occupant based indoor
contaminants that require ventilatioand/or air cleaning to be remved.

{aGFr@Ay3a o6A0K UK wildfite2syiokdliddhyoRddor Goatadiin@rd with
growing global awareness due to theéncreased frequency and intensity across the
globe, and being increasingly deadly wildfires across America and Australia.

11 Effect of ventilationmprovement during a tuberculosis outbreak in underventilated university bujl@ing al.,2020-
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7217216/



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7217216/
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Wildfire smoke is a mixture of maingmallparticle pollution and gaseous pollutants
(e.g. carbon monoxideand istimated to cause over 339,000 premature deathgear
globallyg far more than those who lose their lives dircin these blazes.

Moreover, in 2019 and 2020 wildfires and the resulting smoke were responsible for the
temporary closure of businesses and schools across Australia and California respectively.
But even in Europe there are on averd&i£000 wildfires every yeaand research has
shown that smoke from forest fires can linger in the atmosphere for weeks as it spreads,
and can even become more toxic with time. Thereforghwuld be a consideration for
nearly every building design in the future based on our current climate degradation
direction, no matter what the location. In response to the increasing wildfire smoke
hazard ASHRAE initiated the Guideline B4étecting Building Occupants from Smoke
During Wildfire and Prescribed Burn Evemitsch isstill in development but is a useful
resources for those taking for more information.

Flowchart for making a building smoke ready.
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Figurel6 ¢ Flowchart forMaking a Building Smoke Ready (ASHRAE Guideline 44P)

A more familiar contaminant is carbon dioxide or CO2. The amount of CO2 in indoor air
can be a good indicator of air quality, at least for indoor air contaminant sources. The
outdoor CO2 level is about 400 parts per million (ppm) but this varies depending
location and is ever increasing as our economies continue to grow on fossil fuels. The
indoor level is the outdoor level plus whatever accumulates indoors from any carbon
dioxide sources there. The two primary CO2 sources indoors are combustion and
breathing. Ifthere is no internal occupant smokimg combustion devicesf any, are
safely vented to the outdoors, then your main source of indoor CO2 is people.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3346787/#:~:text=Objective%3A%20We%20estimated%20the%20annual,landscape%20fire%20smoke%20(LFS).&text=Results%3A%20Our%20principal%20estimate%20for,tested%20estimates%20was%20260%2C000%E2%80%93600%2C000.
https://ec.europa.eu/environment/forests/pdf/InTech.pdf
https://www.epa.gov/sites/default/files/2021-05/documents/ashrae_journal_article_march_2021-tagged.pdf
https://www.epa.gov/sites/default/files/2021-05/documents/ashrae_journal_article_march_2021-tagged.pdf

CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Air contaminants and indoor air quality is a much broader spectrum than CO2, but it can
play an important role in helping to achieve good indoor air quality, especially in regard
to COVIEL9. Measuring CO2 levels in indoor commercial environments may provide an
indication of the degree of risk aferosol transmission of COVID in that spaceThis is
something we investigate further later in this report.

Also the CO2 level is used as a proxyrfdoor air qualitypecause it indicates how much
air exchange you have between indoors and outdo@§course, particulate matter 2.5
microns or maller (PM2.5) is an important air pollutant mainly from outdoors that may
get worse with more ventilation, so yaannotlook at a low CO2 level and assume your

IAQ is good. Likewise, you may have really low PM2.5 because of good filtration but high
CO2 fom pooroutdoor airventilation.

8 ¢
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Figurel7 ¢ Represatative IAQ Metrics

As aresult, to try a capture 1AQ in a single metric the Indoor Air Quality Index (IAQI) was
developed. It is simply an accessible, descriptive scalbdw the level of contaminants

or pollution in the air at that timelt is alapted from the U.S. Environmental Protection
Agency (EPA) general Air Quality Index (AQI) which measures outdoor air quality in
geographic regions by analysing levels of at l@astmajor air pollutants (O3, PMs, CO,
SO, NO) over time and assigning their concentration a number frqra0D, with the
higher the AQI value in your area, the greater the level of air pollution.
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Air Quality Index Nomesicat

Levels of Health Meaning
Value
Concern

Air quality is acceptable; however, for some pollutants there
Moderate 51 to 100 may be a moderate health concern for a very small number of
people who are unusually sensitive to air pollution.

Unhealthy for 101 to Members of sensitive groups may experience health effects.
Sensitive Groups 150 The general public is not likely to be affected.

151 to Everyone may begin to experience health effects; members of

Unhealthy ‘ 200 sensitive groups may experience more serious health effects.

Health warnings of emergency conditions. The entire

Very Unhealthy population is more likely to be affected.

301 to Health alert: everyone may experience more serious health
500 effects

Hazardous |

Figurel8¢ IAQ Index Summary

For indoor air quality index, the descriptive scale can be reused but there are some
differences. Concentrations of indoor air contaminants can increase more rapidly in
indoor environments and therefore reéime or closetime air qualiy measurements

are required (e.g. every 5 minutes) to monitor changes. Additionally the analysed
contaminants can be updated to better reflect the indoor environment (CO2, VOCs, RH
for example)and the rating provided as the worst score of the measured contaminants
rather than the average to ensure the highest quality of indoor air is targeted regardless
of the air pollutant.Breeze Technologiediscuss this concept of IAQI more on their
website for those interested.

This indoor air quality metric is important as not only do we as humansspend over

90% of our time indoorsbut the oftenNBE F SNBEY OSR wdzZ S 2F dGwmn
pollutant introduced indoors is 1000 times more likely to be inhatednpared to
outdoors so highlightingnternal emissions sources and mitigating them is viGiIBSE

TM64 2020 Operational performancéndoor air quality £ emissions sources and
mitigation measuress a fantastic resource for this and information on outdoor and
indoor key contaminants of concern for commercial buildings. The guide details the key
pollutants, their emission sources, and mitigation measuresypical building types,

with an office open plan space example provided beldinere are also credits and
explanations available as part of the LEED building environmental rating system.



https://www.breeze-technologies.de/blog/calculating-an-actionable-indoor-air-quality-index/
https://www.cibse.org/knowledge-research/knowledge-portal/operational-performance-indoor-air-quality-emissions-sources-and-mitigation-measures-tm64
https://www.cibse.org/knowledge-research/knowledge-portal/operational-performance-indoor-air-quality-emissions-sources-and-mitigation-measures-tm64
https://www.cibse.org/knowledge-research/knowledge-portal/operational-performance-indoor-air-quality-emissions-sources-and-mitigation-measures-tm64
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Operational performance:

Indoor air quality —
Emissions sources and mitigation measures (C]BSE

B TM64: 2020
2 Indoor air quality in offices

2. Outdoor sources of alr pollution

Emissions sources:
road traffic | transport hubs | Industry | thermal plants | construction sites | natural sources

Key poliutants:

nitrogen dioxide (NO; ) | particulates (PM) | allergens | radon (Rn)

Possible mitigation measures:

In some modern office bulldings, mechanical ventilation and air conditioning systems have filters to trap particles and
gaseous poliutants, and can effectively remove large particles such as pollen, which can cause seasonal allergles. Change or
clean the filters regularly as per manufacturers’ specifications.

Hot spots that are not related to road transport include transport hubs such as rallway stations, airports and harbours. In
addition to heavy road traffic near these facilities, diesel locomotives, alrplanes and ships may emit considesable amounts
of alr pollutants in a short ime, and emissions may be confined to the area. If not publicly avallable, ask your council to
provide outdoor air quality data and advice for your local area. Use data to develop ventilation strategles accordingly (such
as: pbdr\gﬂas:wayﬁompolmmtmces including fiftration In areas with highly polluted outdoor air, preparing
manuals for efficient ventilation controls and window-opening advice based on historic peak pollutant times).
Construction sites are a source of dirt and debris. Laise with the construction site manager. Clean fiitess more frequently
during dust-genesating activities. Reduce Infiltration by sealing cracks.

Placement of grass, climbing Ivy and other plants In urban canyons can slightly reduce concentrations of NO; and PM at
street level. Trees can be effective, but only If care Is taken to avoid trapping poliutants beneath their crowns.

Public Health England produces detatled advice on testing and remedial work required to reduce radon levels in bulldings;
this is avallable at https:/www.ukradon.org.

2.2 Indoor sources of air pollution

223 Open plan offices

Emissions sources:
capets | furnitute | HVAC | people

Key pollutants:

volatile organic compounds (VOCs) | formaldehyde (VWOC) | particulates (PM) | allergens | bioceffluents

Possible mitigation measures:

If carpets are present, regular vacuuming and deep cleaning Is recommended with low-vOC products.

Replace carpets with solid wood fiooring or similar, as carpets are reservoirs of dust, pollutants and allergens and they emit
VOCs. Adequate ventilation Is essential; select durable low-VOC furniture matesials and finishes that are simple to dean and
maintain.

Temperature-induced Increases in emissions can result from the use of radiant flooring (and sola gains). Special attention
Is required when selecting matesials and finishes, while general management of temperature and humidity remains an
assumed element of materials emissions control.

During renovation work that produces dust (such as floor sanding), seal Inlets and outlets. Do not operate the heating and
cooling system until after cleaning up the dust.

At completion of renovation work (when using products that release pollutants Into the air such as paints and lacquess,
paint strippess and varnishes) operate the buliding HVAC system at a higher than normal ventilation rate for a pesiod of
time to help flush the bullding of contaminants. Better still, opesate source control by using low-vVOC materials wherever
possible.

Occupant density in London offices has Increased significantly. In HVAC-serviced office bulldings, ensure provision of
appropriate outdoor alr quantities for each zone.

Creating a comfortable thesmal environment Is Important, as occupant perception of indoor air quality (1AQ) is closely
related to thermal comfort. in addition to controlling temperature, consider monitoring (and If possible controlling) CO;
concentrations in open plan offices.

Figurel9 ¢ CIBSE TM&84 Operational Performandextract
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Ventilation

| am not going to start this section with the definition of ventilation and an explanation

of all the types (although a few first iterations of this report did have this). However for
anyone looking for such information | recommend @GHBSE Guide B2ntilation and
ductworkor the Knowledge Series (KS) 1Thdoor air quality and ventilatigralthough

you will struggle to find a consistent definition throughout literature for ventilation
(which | discuss a bit more below). gAff K2gSOSNI 02NNRG K-
Indoor Air Quaty (IAQ) andhe stated requirements for good IAQ):

YGKS LINRPOAAAZ2Y 2F adzZFFAOASY(d WFIFNBaAKQ |
pollutants

effective ventilation, i.e. providing ventilation where it is needed and in a form

that will most efficiently remove pollutants

wlow external pollution concentrations

wlow pollutant emission rates from internal sources, including materials.

Therefore, in short good IAQ requires air pollution source control (detailed in the
previous section) and effective ventilatiorncluding filtration The major role of
ventilationis to secure optimum air quality for occupant health and comfout how
much ventilation is needed and how do we provide this ventilation?

/ Indoor "\
7 Air Quality

a4 of our lives More poftion
spant indoors - ndoors than

outdoors
= e
Common Indoor Air Pollutants

e

A Temp./ICO;

Figure20 - Ventilation Graphic


https://www.cibse.org/knowledge-research/knowledge-portal/guide-b2-ventilation-and-ductwork-2016
https://www.cibse.org/knowledge-research/knowledge-portal/guide-b2-ventilation-and-ductwork-2016
https://www.cibse.org/knowledge-research/knowledge-portal/ks17-indoor-air-quality-ventilation
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depend on a number of factofsom the buildings function and construction materials
G2 |y 2 éxpedehtibngdietaad activity level.

Different research bodies and guidance documents provide various recommended
ventilation rates for the same buildirigpe. Tablel below providesa comparison of this

in the typical I/s/person value for a mechanically ventilated open plan commercial office
based on an occupancy density of 1 person per 10m2 :

Tablel - Minimum Ventilation Rates for Offices Across Standards

Minimum vent rates for offices with occupancy density of 1 person per 10t

Part F of Building Regulations (UK/Ireland) 10 I/s per person
CIBSE Guide A, Table 1.5 10 I/s per person
BS EN 167981 2019,

(assumingCategory llandlow polluted building) 14 |/s per person

Compliant with WELL Feature A03 & A06
ASHRAE Standard 62.1:2013

Assuming a ventilation effectiveness factor af dee below. 5.5 I/s per person
Compliant with LEED IEQ prerequisite (& +30% for credit)

British Council for Offices (BCO) Guide to Specification 2014 12 16 I/s per person + 10% allowance for
Compliant with BREEAM NC 2014 Hea 0¥gntilation credit. speculative buildings

Several research studies of Lemberg and later Yaglou published across several ASHRAL
papers showed that occupant perception of body odor produced by humans could be
usedas a criterion for ventilation. Perceived odor intensity was used as a criterion for
ventilation rate requirements of about 7.5 to 10 L/s (15 to 20 cfm) per person, and CO2
was not considered to be a pollutant but rather an indicator of body odour. Sturdies

the latter part of the twentieth century by Fanger, Cain, and Ilwashita confirmed the
results of Yaglou and Lemberg which is the basisnamy of our ventilation standards

and recommended mimum ventilation rategoday.

The ASHRAE 62.1 rates appear to have some scientific basis and Appendix | in the
standard tries to provide a description and rationale for ventilation rates specified, but

in most casetheywere developed by the members of the committee that authored the
aldl yRINRE +Fa SELXIAYSR Ay GKS {dFyRINR c
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Tabda 1 FRate Ratlonale (ses Tabbe 6-1)

Peaple Peaple Aroa Area
Dhildlasar Dhitdloar Duitdear | Cutd aar
Docupancy Air Rae, Alir Hate, Air Hate, | Alr Ratwe, | Alr
Category Deseriiptiony Ration ale clmdpersan | L persan el Lben® Class
Carrectionsl Fecilities
Booking/ wating Ocoupant adivity varie between sad @tary and modarate walking. Occugants ane ganaally more vocal 75 Lk ] 0.0 LR I
Oxcouprnts may ol be as wel bgroomed as typieal oconpants. Oconpuant siress levels are gemerally high, Allal
which result in higher metabo lic rates, There are no signilicant space-ne bed comtam imm =
Cell Ocoupand adtivity is primarily sedeniany (seated or slegpingh. Thereare typically higher kevels of spacesselaed | 5 L] [N &4 i 4
comtaminams due o presence of o water ol oset, sink, and stomd clothing. The presence of o water cksa i the
i“;, primary reason w by this space has an Air Oassof2.
E Day rsom Ocougrnt aativity is primarily sedemany (seated, wakching televiskmp, Thereare mo signilicam suce-nehed L] LS 06 ni 1
E comlamirnt.
m Crmrd stations Ocoupant adtivity is primarily sedenmtany (semted). There ar no signifioam space-pelmed comaminan s 5 pL] [ 0l 1
g Educational Facilitie
Sl Ocoupant activity is moderate. There & comsiderah e acsobic activity in acdd fiom o the ocoupants being very L] 5 [N £ s 2
; chsmam voal. Aka, the oconpants ar: primarily children with higher maabolic raes. There aresignificam spuce
= reluted comtaminants, including open paints, g hes, and cleaning agents. The presence of thes: open
|'|=1 comiamimants wsull inihis space being clssi fied as Adr Olass 2
= Chssnaonms Ocoupant adivity is prinarily sedemany (scaled or light walkingh. However, ocoupunts ane gaaally more L] 5 01z LE] 1
fages 5 through £ ol A ko, e oconpamts are priman by children with highermetabalic gies and o len more bioe [eemts. There
are sorme signilcant space-nekled oomtmiman s, Dpially stored arts-ancd-cralls supplies and ceaning agan,
Figure21 ¢ ASHRAE 62.1 Appentikxtract on Ventilation Rafationale
CIBSE Guides A & B2 on the other hatitireference. { p oHpPpY Mdpdhm WY/ 2

F2N) OSYUGAtl A2y
rates, in which Table 4 ofith. NRA (G A a K

LINA Y OA LX S &

Iy R
{GF yRINR

occurring in offices which tells ygust how out ofdate that guide is!

Interesting to see that smoking in a building recommended a higher outdoor air supply
rate person. Should there be such an increase recommended to allow for possible virus

pollution in a buildingThat issomething we look at a littlater on.

AYLX ASa

{b) Recommended outdoor alr supply rates for sedentary occupants (From reference [16])

Condition Recommended outdoor air supply rate
L/s per person

With no smoking 8

With some smoking 16

With heavy smoking 24

With very heavy smoking 32

¥ Spe statulory requirements and local bye-laws.
2) Rate of extraction may be overriding factor.

) Where queuing oocurs in the space, the seating capacity may not be the appropriate occupancy.
NOTE 1. For hoapital wands and operating theatres see Department of Health and Social Security Building Notes.
NOTE 2 The ouldoor air supply rales given take account of Lthe likely density of cocupation and the type and amount of smul:lng.___

Figure22 ¢ BS 5925: 1991 CodéPracticefor Ventilation Principleand Designindor Natural VentilatiorExtract

Ventilation should be balanced against other factors, particularly thermal comfort.
It should be noted that these specified ventilation rates are based on cordortjuality

principles and do not necessarily reflect the purity of air with respect to contaminants.

Persons adaptability and comfort range, and the related ventilatiorsrate considered

in EN15251 & BS HN798 where occupants who have adapted to the air quality for at

least 15minutes- it is estimated that one third of the ventilation rate is sufficient.

RSAAIYAY

Y
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This lower adaptedentilation rateis likely most applicable tgpaces that are relatively

free from sources of pollutigrand for ventilation air that is itseis W O t ut thyatls an
assumption we often make. In addition, for any particular concerning contaminants of a
known source (e.g. printing room emissionsg&l Exhaust Ventilation (LEV) should be
provided. Refer tarR40¢ A gquide to good practice for loogkhaustventilation by the
Institute of Local Exhaust Ventilation Engineers (ILEVE) with the Building Engineering
Services Association (BESA) for further guidance.

| think it is clear that the specification of adequate ventilation is open to interpretation.
ThanKully, BS EN 16798 Energy performance of buildings. Ventilation for buildings
provides us with 3 methodologies to calculate/adedfuate€¥entilation rate required to
maintain good IA@ased on the level of expectation of occupants

1. Method 1 based on perceived IAQ
2. Method 2based on limit values for substance concentration
3. Method 3 kased on predefined ventilation air flow rates

These methodologies have been around for a long tiered define or categorise
adequate Indoor Environmental Quality (IEQ), which we can simplify to IAQ as we are
focusing on ventilation, based on the levelexfectation of building occupants (almost
identical to the indoor air quality (IDA) classifications from CIBSE Guide A based on BS
EN 1377¢%; the previous version of BS EN 16798).

Category Level of Explanation
expectation

IEQ High Should be selected for occupants with
special needs (children, elderly, persons
with disabilities).

IEQy Medium The normal level used for design and
operation.

IEQu Moderate Will still provide an acceptable

environment. Some risk of reduced
performance of the occupants.

IEQy Low Should only be used for a short time of
the year or in spaces with very short
time of occupancy.

Figure23 ¢ IEQg IAQClassifications frorBS EN 13779


https://www.cibse.org/knowledge-research/knowledge-portal/tr40-a-guide-to-good-practice-for-local-exhaust-ventilation
https://landingpage.bsigroup.com/LandingPage/Series?UPI=BS%20EN%2016798
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Method 1is based on perceived IAQ calculates the ventilation rate based on a function
of both peoplerelated and buildingelated indoor pollutants as the sum two
components (shown mathematically below):

1. ventilation to dilute/remove pollution from the occupan(gy)

2. ventilation to remove/dilute pollution from the building and systems)(q

qtﬂt :n'qp +AR 'qB

where
G¢o¢ = total ventilation rate for the breathing zone, 1/s
n = design value for the number of the persons in the room,
g, = ventilation rate for occupancy per person, 1/(s person)
Ap  =floor area, m?
qg = ventilation rate for emissions from building, 1/(s-m2)

¢ KSNBF2NBE F2NJ I 3IAGSy L!v SELISOGFGAZ2Y X
depend on building occupancy (n) and building floor area at selected bupdihgion
level type (A).

The recommended ventilation rate to dilute/remove pollution from the nadapted
occupants (g), andto remove/dilute pollution from the building and systems)€pr
each IAQ category are provided belew:

Category Airflow per
non-adapted Very low polluting | Low polluting Non low-polluting
person building, LPB-1 building, LPE-2 building, LPB-3
1/(s per person) | 1/(s m2) 1/(s m2) 1/(sm2)

I 10 0,5 1,0 2,0

Il 7 0,35 0.7 14

I - 0,2 0.4 0.8

v 2,5 0,15 0,3 0.6

Figure24 ¢ BS EN 16798 ethod 1Recommended VentilatidRatesfor Occupancy 8uilding PollutiorDilution

These per person and per building floor area ventilation rates are combined to sum a
total design ventilation rate.
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to remove bieeffluents cannot dilute building emissions at the same time and act as the

UodzA f RAYIAQ OSYGAflI A2y d Sy dAtl vabby KI &

contamination from both sources once it is distributed and delivered correctly.

Nevertheless, sing this method and taking a 10m2, single faulapted person
occupancy, low emitting material office space as an example, the adequate ventilation
rate for each IAQ category is provided below;

Category | Low- Airflow per Total design ventilation air flow rate for
polluting | non-adapted the room expressed in different ways
building | person
1/(sm?) |l/(sperpersen) | l/s 1/(s per person) 1/(sm?)

I 1.0 10 20 20 2

II 0.7 7 14 14 14

11 04 4 g i) 0.8

v 0.3 2,5 2 2,3 0,55

Figure25¢ BS EN 16798ethod 1 Recommended Combined Ventilation Rates

However, what is a neadapted person, and how does a designer know if a building is
low, very low or nodow polluting building?

In terms of noradapted persons, an adapted person is defined as a person that has
occupied a space for more than 15 minutesd then adapted to the odour level of bio
effluent from the occupants therefore, a neadapted person is an occupant outside this
l.e. short term in the space or has not adaptelddowever persons tend to adapt very
quickly to the odour (bio effluents) ia space, whereas there is less adaption to
emissions from building materials and tobacco smfnkeexample

Adapted ventilation rateare proposed as aapproach to design specific room types for
adapted persons, e.g. auditoriums, cinemas, classrooms evaer occupant in the
environment for greater than 15 minutes and has adjusted to it. To use design for
adapted persons in these types of rooms will require an airing or strong ventilation
between sessions (<3 ACH). As shown below adapted ventilationcatdse 1/3 non
adapted rates which can have a significafiecton CO2 levels and possible IAQ. People
only adapt to the bio effluents like CO2 and odour so consideration of building related
contaminants such as VOCs is still required. In most casesotiradapted person
airflow rates are used.
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Airflow per Airflow per
Expected non-adapted p
Category Percentage of adapted person
Dissatisfied persor 1/s/ person
l/s/ person
| 15 10 35
I 20 7 25
11 30 4 1,5
v 40 2,5 1,0
EN 16798-1 requires a minimum of 4 1/s per person of total ventilation. The
value is based on an European study Ventilation and Health and was
recommended where the major contributor to the emission would be people.

Figure26 ¢ BS EN 16798lethod 1Basic Ventilation Rates for DilutiBjo-effluent Emissions from People

A typical building is assumed to be lpwlluting in that the majority obuilding materials

are low emitting and activity does not result in pollution of the building (e.g. smoking).
The category very loyolluting requires that the majority of building materials used for
finishing the interior surfaces meet the national oremational criteria of very low
polluting materials (e.g. achieving of LEED Material & resources credits). The category
non-low polluting building is the opposite and would require the building to have used
or include known polluting materials or pollutirectivity (e.g. industrial activity or
smoking).

The more scientific example definition for material pollution emission levels to European
standard EN 16516 is given in the table below.

SOURCE Low emitting products Very low emitting
for low polluted products for very low
buildings polluted buildings
Total VOCs TVOC (asin EN 16518) <1000 I-LE.-'rmE <300 I_Lg;n13
Formaldehyde =100 pgym? = 30 pug/m?3
Any C1A or C1B classified carcinogenic | <5 pg/m?3 =5 ug/m?
vocC

Figure27- EN 16516 Definition for Material Pollution Emission Levels

This method is specified in both ASHRAE 62.1 and EN IS 15251 so is commonly used ir
American and select European regions for ventilation rates calculation.

Method 2is based on limit values for substance concentration in a space and takes into
account the generation rate, outdoor concentration, and ventilation system
effectiveness (shown mathematically below):
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Q=— b .1t
h =
Il:h.i ) Ch,u £y
where
Qp is the ventilation rate required for dilution, in m3 per second;
Gy, is the generation rate of the substance, in micrograms per second;
Chi isthe guideline value of the substance, in micrograms per m3;

Cho is the concentration of the substance of the supply air, in micrograms per m3;

is the ventilation effectiveness.

CIBSE KS17 gives a great derivation of this formhu& interest and also provides
ventilation effectiveness (f values for given ventilation distribution systems. The
equation is independent of occupancy which is incorporated in the generation rate (i.e.
the product of the CO2 generation rate per perdpnthe occupancy).

The design ventilation rates are calculated based on a mass balance formula for the
substance concentration to a guideline value for a known indoor generation rate and
outdoor air concentration. lapplies to steadystate conditions with may not always

be true in a busy commercial environment but useful at design stage calculations and
possibly posbccupancy checks at known conditions.

Typically used as tracer of human occupancy as known st&ath generation rates
and external cooentrations exist, CO2 concentration levels are given as the default limit
values for each I1AQ category for this method as shown in the table below.

Defaunlt design CO, concentrations above outdoor concentration assuming
standard CO, emission of 20 L/(h per person)

Category Corresponding C0, concentration
above outdoors in PPM for non-
adapted persons
I 550 [10)
I 800 (7)
11 1350 (4)
IV 1350 (4)

Figure28¢ BS EN 16798ethod 2 Default Design CO2oncentrations
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Values are stated to be the recommended or acceptable change in CO2 concentration
above outdoors (i.e. inside CO2 value minus outdoor CO2 value) for each IAQ category
(with the approximate ventilation rate in litres per second person in brackets also).

These approximate ventilation rate values are lower than the method 1 and method 3
ALISOATASR QrtdzSa a AOG 2yfe |O0O0O2dzyia 7T+
WodzAft RAYAQ GSYGAfl GA2Yy @ Lafate datkalatior hsjhd@thelJ2 f f
most critical building contaminant values and the same formula is recommended with
0KS @SyiAtlraArzy @l tdzS I RRSR (2 GKS WLIS
ventilation. However, again it is noted that no explanatioprsvided

This method ventilation rate specification has been available for some time, both CIBSE
Guide A & B2 include the methodology however, a quick poll within my own office of its
usage or even familiarity would suggest that it is unhearq wifth a strong preference
towards the prescriptive method by mechanical engineers polled.

Method 3 based on predefined ventilation air flow rates is the simplest of all these
methods and uses prdefined, prescriptive ventilation airflow rates estimatedrteeet
needs for perceived air quality and health of occupants.

The predefined ventilation air flow rates can be expressed by a combination of one or
more of the following components:

9 total design ventilation for people and building components (qtot);

9 design ventilation per unit floor area (gm?2);

9 design ventilation per person (gp);

9 design air change rates (ACH);

These predefined values can vary depending on source, such as in Tadb®ve,
however BS EN 167982019 does providdesign ventilation air flow rates as a required
rate per person (l/(s per person)), or as a required rate per m2 floor area (l/(s-m2) for
each IAQ category as shown below.
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Category | Total design ventilation air flow rate
for the room
/(s per person) 1/ [S-mz}

| 20 2

1] 14 14

m 8 0.8

IV 2.2 0.53

Figure29-BS EN 16798 Recommended Total Design Ventilation Airflowg Rgpécal Building

If design rates are given for both per person and per m2 the higher ventilation air flow
rate should be used for design. Interestingly ventilation rates per peaserpreferred

for occupied zones and ventilation rates per floor are preferred for unoccupied zones.
The BS EN 167982019recommended ventilation rates (I/(s-m2) for each IAQ category
(labelled SUP for supply air in table below) for zam@#slesigned fo human occupancy

are provided below.

Category Unit Rate of outdoor or transferred air per unit
floor area
Typical range Default value
SUP1 Ls-tm-2 . s
SUP 2 Ls-t.m-2 =0,7 0,83
SUP 3 Ls-t.m-2 0.353-0.7 0,53
SUP 4 Ls-tm-? = (0,35 0,28
For SUF 1 this method is not sufficient

Figure30-BS EN 16798 Recommended Ventilation Airflow &4tmes Not Designed for Human Occupancy

These values, while important to note, generally align with the typically low polluting
building ventilation rate values frofigure 3 in Method 1 above, and therefore can be
forgotten in favour of tlose more detailed ventilation rates. Also, from thic#@n be
concluded that the building floor area ventilation rates are suitable only to ventilate a
building with no occupancy and therefore can function as a minimum setback or
unoccupied room air flow rate.

In my opinion, one clear advantage of the pradetl ventilation method is the use
design air change rates (ACH) for ventilation rate specification. Simply the measure of
the air volume added to or removed from a space in one hour, divided by the volume of
the space (or space breathing zone volume dej¥eg on source or designer specifying).
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This simple, accessible metric is proven to provide indoor air dilution and pollution
concentration reduction up to 99%, particularly at high AC& % 6) as shown in the
graph below.

Flush-out

@ Indoor Conc. is reduced by 99% { Indoor Conc. is reduced by 95% Indoor Conc. is reduced by 90%
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Figure31- Ventilation Flush Out GraptACH vs Time (hrs)

Overall this accessible and prescriptive method using predefined ventilation values is the
AAYLX Sad YR 2yS 2F GKS Y2ail gpecRGtohJNS | |
methodologies, being the preferred method of all the mechanical design engineers |
quickly polled in a major engineering consultancy across several international offices.

However, while its merits are clear, this methodology is open to pmetation at design
stage, it does not directly take into account the proposed building ventilation strategy
and system effectiveness and it can be difficult to monitor during the pivotal operational
stage of a building. Therefore, | suggest it is time domore widespread updated
ventilation methodology for buildings in the new normal which is detailed further in the
research section of this report.

One additional comment on ventilatiordoes ventilation need to be from outside air?
Some references (RBMA, CIBSE) define ventilation as the exchange of indoor air with
WFNBAK ANR o6dzi ¢oKIFIG O2yadAaiddziSa |a FNBa
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BS EN 16798 2019 ¢ Ventilation for buildingsdefines goes further and defines

ventilation as the process of providirmutdoor airto a building whereas ASHRAE
CHODM

space for the purpose of controlling air contamitian f S@St a X QX vy 2

{GFYRI NR

air at all.

This opens the door for air recirculation and filtration as a source of ventilation,

RSTAYSa

John Smyth

GSYUAt L GAZ2Y

additional ventilation particularly in the case of high ACH requirements.

ASHRAE Standard 62.1 guidance appears tairee taking air recirculation and
filtration into account in some of its calculation methodology as shown below.

Table E-1 Required Zone Qutdoor Airflow or Space Breathing Zone Contaminant Concentration with
Recirculation and Filtration for Single-Zone Systems

Required Recirculation Rate
Filter Outdoor | Required Zone Outdoor Airflow Space Breathing Zone
Location | Flow Airflow (¥ in Section 6) Contaminant Conceniration
None VAV T N N
For & =————r Cp. = Cot =———
E:Frfcb:—cpj E:F?VS‘_'
A Constant | Constant _— N-ER V.-E_:'Cb; P N+EV, .C,
== TECC = ET s RT,E))
A VAV Constant _ N =E.F,RV,ECy. o = N+E.V,.C,
=T T EACy=C,) “ T E(V,.+F.RV,Ey)
B Constant Constant v = .'\"-E:RVF_E(CE,: c. - L\"+E__V9:{1 _Eflcg
# T E[Cp=(1=Ef)(C,)] " TE.V,.+RV,E)
B VAV 100% _ N N+EFV (1-E,)C,
T EF,[Cpm(1=E(C,)] Co- = EF,V,
B VAV Constant N-E.F,R V,.E_,-Cb_. o - N+EV, (1 —E}«]Cg
Vo: = E.[Cyp.—(1-E)(C,)] TR Vo.+F.RV,E;)
Syvmbol or Subscript Definition
A B filter location
L volumetric flow
C contaminant concentration
E. zone air distribution effectiveness
Er filter efficiency
F,. design flow reduction fraction factor
N contaminant generation rate
R recirculation flow factor
Subscnpt: o outdoar
Subscrpt: r return
Subscopt: b breathing
Subscnpt: = zone

Figure32- ASHRAE Standard 62AfpendixRecirculation Ventilation Calculations

The above prescribedalculation methodology also takes into account ventilation

a

Wi K
Y S\

or

system effectiveness along with filtration levels. This can not only help promote the
consideration of these important factors in ventilation systems but also provides a
possible opportunity to met the IAQ needs of building occupants while reducing the

environmental burden of a mechanical HVAC system.
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Ventilation Systems

| will keep this section short as it would be my hope that the majority of the readers of
this will be familiar withmechanicaventilation systemsnd their operationwhich, in a
broad sense, can be broken into 2 main types:

Dedicated Outdoor Air Supply (DOAS)

This system is composed of an AHU with a separate supply and exhaust channel which
IS never mixed, supplying 1008atdoor air to zonal systems such as chilled beams,
radiant panels, and fanoils. Outside air is generally pcenditioned through a heat
recovery device such as a thermal wheel (see below section on heat recovery for more
information) extracting usefulreergy from the exhausting return air.

Heating and cooling is divided between two parallel systems, the AHU handles both the
latent and sensible loads, argbically a zonal system handling mostly sensible loads.

The supply air rate is usually equal to thesign value, typically code minimum outdoor

air rate or a percentage above that (30% is a common value based on LEED credit
requirements) to improve indoor air quality, provide flexibility in the types of spaces
served, and sometimes to enhance zonal sgsheating and cooling capacity. Generally

air is supplied at a constant rate on a schedule, or is variable using fan speed control
strategies as applicable.

Air Exhaust _ — Air Return
Air Supply 7 —] =
= = | ¢~~~ Air Intake
= = ]
FCU FCU FCU A

at owd Y owd % ¢

Eiaiia

T4 @FfUlR @FFfillm @R A

Figure33- Dedicated Outdoor Aur Supply (DOAS) Ventilation System Schematic
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Recirculation - Variable Air Volume (VAV) systems

This system is composed of an AHU supplying a mixture of outdoor air and recirculated
air to terminal units or diffusers (usually via VAV boxes) that control airflow to the space
to meet heating and cooling loads.

The design supply air rate is based orakpeooling loads, typically multiple times the
code minimum outdoor air rate. Recirculating VAV systems include mixing dampers i.e.
the ability to mix return air with outside air to precondition supply air, and outdoor air
economizers, i.e. the ability oring in additional outdoor air, up to 100% of the supply
air, when the weather is mild and cool.

Increasing minimum ventilation outdoor air rates will be limited by the capacity of the
heating and cooling systems both of which wgpgicallysized for tle design minimum
(usually 30%) at the desiglay maximum external air conditions.

Outdoor airflow can be altered using fan speed control strategies and the outside air
economizer / return air damper but with cat® not cause associated temperature
control problems. Constant air volume recirculation systems are available but are less
utilised within the industry due to their relative inefficiency and limited control, hence
the VAV type system is detailed here.

Airlntakei ?AirExhaust
|

Air Supply f, Air Return
S — —

:@_‘T Ré8 I o 1 35)3 Tl BT

S - sy w - ] P
E oo ¢ 0 $ -~

Figure34 - Recirculatiorr Variable Air Volume (VAV) systems Schematic

Recirculation VAV systems dggically capitakcost effective from a chilledvater and
heatingwater-pumping perspectiv8ecause the unit transfers heat to the spagsing
forced convection and does not require a zonal parallel heating and cooling system.
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On the other hand, because the central air handling unit provides all cooling to the
spaces, it is required to move a much greater volume of air, but is this an issue in the age
2T UKS WySg y2N¥I{TQ LINPY2UAY3I AyOdds 4SR
increase energy consumption and duct sizes which does effect sustainability
considerations.

DOAS requires minimal air side infrastructure because central air systems are only
required for outdoor air ventilation. The result is reduced floor spacpiirement for
central air handling equipment and vertical duct risers. With DOAS the advantages of
generally constant air volume, or varied based on demandamely, reliability and
humidity controlt simultaneoushfimit the ventilation supply flowrate ore installed
therefore detailed consideration of ventilation requiremerttciesign stage is important.

VAV vs. DOAS
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Supply Air
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Figure35- Ventilation SystemsRecirc. VAV vs DOAS

There are several different types of smaller ventilation systems includingTo@ofnits
(RTUs) and ThrougWall Units (TWUS), and several different variations of the DOAS and
recirculating VAV systems. | found no one guide that covered them all butvagsal
ClIBSlhad several good resources providing information on them all if more information
IS required.


https://www.cibse.org/
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Ventilation Distribution Systems
Again, keeping it brief and in a broad sense, distribution systems chroken into
three types:

1. Mixing
2. Displacement
3. Personal Ventilation

The final ventilation distribution system of personal ventilation is relatively new (or at
least renewed) and unused in modern building environmentsit research and
application from meaal fields is slowly seeping out into the commercial built
environment as discussed later in this section.

There is also what some may consider another ventilation distribution system of a
recirculating ventilation systems which typically just move indaw around (like a
standardACunit) but this does not introduce outside air which then must be sourced
from another ventilation strategy so is not often singly employed. In some cases it can
include a mimg ofindoor air with outdoor air before pumping it into the room (like an
un-ducted ceiling FCU system) but this is often categorised under the mixing ventilation
system detailed below.

Mixing Ventilation

Mixing ventilation is arguably the most common andlweaown of the ventilation
distribution systems, despite a surge of displacement ventilation systems in the 1970s
and 80s. Mixing ventilatiogenerally supply air in a manner such that the entire room
volume is fully mixed. The cool supply air exlits outlet at a high velocity, inducing
room air to provide mixing and temperature equalization. As a consequence, air
diffusion and hence diffuser selection is important to ensurettirew, spread and drop

(if you are not familiar with these terms check obig quickvideoby Osama Khayaja
achieve the right distribution characteristics and thermal comfort.

With correct diffusion the entire room is fully mixed, temperature variations throughout
the space are small, while the contaminant concentration is uniform throughout the
zone. Therefore,air velocity, air temperatures and humidity will be distributed
identically and in theory the air quality will be the same everywhere in the room,
although from CFD analysis we know there to be someuroformity which is not
detrimental.



https://www.youtube.com/watch?v=zephL3PidMI
https://www.youtube.com/channel/UCMaACp1iDV3XScy8ydZ0qkg
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Mixed air ventilation can help dilute the concentration of contaminants in théuat is

less effective at removal of contaminants from the breathing zone, which can increase
the risk of viral transmission compared to other distribution strategies such as
displacement ventilation.

Figure36 - Mixing Ventilation Graphic

Displacement Ventilation

Displacement ventilation systems introduce air into the space atta@mperatures

and velocities, usually also at a low level, which causes minimal induction and mixing.
The system uses buoyancy forces in a room, generated by heat sources such as people,
lighting, electrical equipment etc., to upwardly remove contaminants and heat from the
occupied zoneTherefore zone ceiling height above breathing zone level is required to
be effective.Cookd air huoyancy forces ensure that this supply air pools near the floor
level, allowing it to béhen carried up into the thermal plumes that are foed by heat
sources. This type of air distribution is effective at delivering fresh air to occupants and
to upwardly remove contaminants and heat from the occupied zone. As a result
displacement ventilation typical has a ventilation effectiveness valué020 greater

than mixing ventilation (depending on supply air temperatures). Displacement
ventilation with lower air velocities and higher supply air temperatures is shown to
provide the required thermal comfort level at over 20% less thermal energy load
compared to mixing ventilation.

Diffuser selection is simpler than in mixing ventilation as displacements inherent
characteristics make the concepts of throw, spread and drop redundant however,
diffuser sizes, location and adjacent air velocity to createtsliafthe primary concern
while zone geometry and any airflow obstacles also need to be considered.
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Supply air temperature, particularly in the heating mode, must not be too high to avoid
WAK2NI OANDIAGAYIAQ 2F AN Fft2pa 02 GKS
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Figure37 ¢ DisplacemenVentilation Graphic

In terms of COVHD9 transmission risk, studies suggest that the displacement ventilation
technique produces a better overall performance on reducing the viral airborne
infection risk than the conventional mixed ventilation mode.

Displacement ventilation utilises its inherent buoyant characteristic to transport
contaminants including virus particles to the ceiling region and out of the breathing
zone, and thestrategyhasbeen associated with the enhancement of thermal comfort
and energy use reduction. These benefits are roughly captured in displacement
ventilations increased ventilation effectiveness over mixwantilation; a concept
explaired in more detail in the nexsection of this reportlt is worth noting that in real

life applications, air mixing is likely to occur even in displacement ventilation strategies
with air movement associated with infiltration, desktop fans and occupant movement
overcomingbuoyancy air velocities. Also, some research has raised concerns about
reintroducing falling larger contaminant aerosols through displacement buoyancy forces
(Pantelic & Tham 2013 Bolashikov et al. 2033 however, this is still debatable and
generallyovercome by the numerous benefits of displacement ventilation in my opinion.

2 pantelic J., Tham K.W. Adeqcy of air change rate as the sole indicator of an air distribution system's effectiveness to mitigate airborne infectious
disease transmission caused by a cough release in the room with overhead mixing ventilation: a cES&AGURYRes2013;19(8):9%i 961.

13 Bolashikov Z.D., Melikov A.K. Methods for air cleaning and protection of building occupants from airborne pathogens.rBirid. E
2009;44(7):13781385. [PMC free article]

K



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Personal Ventilation

PersonalVentilation (PV) system facilitatesthe provision ofheating, cooling and
ventilation air directly to anoccupant rather than conditioning an engr space. It
typically consists of desk or ceilingounted modules that provide fresh air to the
breathing zone of the workstation occupant. It is an almost unseen concept in the
commercial building environment but has gained more interest since the GIVID
pandemic.The performance of a PV system depends on the physical configuration, the
supplied airflow rate and speed, the overall interaction of the airflow with the thermal
plume, and the contributions from the room's total volume ventilatipand hences
generally considered in combination with another distribution system, usually mixed
ventilation.
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Figure38- Diagram of proposed Personal Ventilation (PV) system with Secondary General room aldsupply

Personalventilation has been widely studied in the medical industry and particularly
combatting COVI9 virus transmission in medical settings. Unsurprisingly it has been
found to be one of the most effective methods to reducing virus transmission risk with

indvA Rdzl £ Of Sy FANJ adzLJLJ ASa G2 SIFOK 200dz

infected air in the typically mixed room.

14 Makhoul, Alain & Ghali, K. & Ghaddar, Nesreen. (2013). The Energy §aRotential and the Associated Thermal Comfort of Displacement
Ventilation Systems Assisted by Personalised Ventilation. Indoor and Built Environment. Z21%08).1177/1420326X12443847.
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Supplying cool outside air through a dedicated distribution system to individual personal
zones is not seen to be widely comromilly viable at this time, but reconsidering our
definition of ventilation- the use of filtered recirculated air through a standalone desk
mounted deviceg(local air cleaner?n combination with azonaloutside air system is
implementable todaywhich isworth noting for future ventilation systems design.

For both mixing and displacement ventilation systems CIBSE Guide B2 progaes a
summary,advantagesand disadvantagefor each system. For personal ventilation |
recommend you check out the work Bf. Chandra Sekharho has led some excellent
research in the area.

Ventilation effectiveness

Ventilation effectiveness is a term describing therformance of an air distribution
system in removing pollutants from the occupied zoRer mechanically ventilated
spaces, ventilation effectiveness expresses the relationship between the pollution
concentrations in the supply air, the extract air, and the indoor air in the breathing zone,
which depends on the air distributipmnd the type and location of the air pollution
sources in the space.

It can be calculated using the formula as per ASHRAEAppendix C shown below.

Zone air distribution effectiveness shall be calculated in accordance with
Equation C-I:

Ez = (Ce — Cs)/(C - Cs) (C-1)
where

Ez = zone air distribution effectiveness

C = average contaminant concentration at the breathing zone

Ce = average contaminant concentration at the exhaust

Cs = average contaminant concentration at the supply

These calculation method is a very simplified approach to estimating ventilation
effectiveness at a poinand can be helpful for higlkevel and onsite checks. For more
indept understanding of ventilation effectiveness udyabir computational fluid
dynamics (CFD) analysis is required, in which air diffuser suppliers are often available to
assist with this level of detail.


https://courses.nus.edu.sg/course/bdgscs/SCS%20web/content/welcome.htm
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However, generally based on the ventilation distribution system and supply air
characteristics the ventilation effectiveness can be assigned a value agyrer38
belowfrom CIBSE Guide A

Room ventilation system

Temperature difference

between supply and room

air (T,-T)

Mixing ventilation; air supplied <0 09t 1.0

and extracted at high level 2t05 08
>5 0.4 10 0.7

Mixing ventilation; air supplied < -5 0.9
at high level and extracted at ~5t00 09t 1.0

low level >0 1.0
ventilation; air >2 0.2 t0 0.7
supplied at low level and Oto2 0.7 t0 0.9
extracted at high level <0 1.2t 1.4

Figure39 ¢ Brief Ventilation Effectiveness Tap@BSE Guide A)

As shown above, different ventilation distribution configurations and supply air
temperatures will providelifferent ventilation effectivenes$or example, displacement
ventilation systems with floor supply of cool air and ceiling return are considered
WRdzZLISNA 2N RAAUNRAROdzOA2Y 690 BHMPHOZT GKATE S
supplyandextrat A ada WSFFAOASYIQ RAAUNROdzOAZ2Y 09C
f SOSt G NY AN adzLlllX & | 020S NR2Y GSYLISN
=~0.8) assuming correctly spaced supply and extract grills. Incorrectly located supply and
extractgrills positioned too close to one another will result in air short circuiif

limited mixing occurring YR A a |y WAYSTFFSOGABSQ T2NY
<0.8).


https://www.cibse.org/knowledge-research/knowledge-portal/guide-a-environmental-design-2015
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A more indepth analysis of ventilation effectivenessis conductegd | + ! Qa

DdzA R
No. 2 on Ventilation Effesteness(2004) by Elizabeth Mundt, Hans Martin Mathisen,
Peter V. Nielsen and Alfred Moser. It divides ventilation effectiveness into two indices

I ANJ OKIF y38 SHTyFR QAwWSy CBaNJ oG 2 v i | Y A Y)lagshowhB Y 2 &
figure 40. The local indices are similar to the system efficiency metrics but characterise
the conditions at a particular point and not of the system.

VENTILATION EFFECTIVENESS
includes

‘-.._________5— —\\'-

A B
Indices representing the
ability of a system to
exchange the air in the room

Indices representing the
ability of a system to remove
air-borme contaminants

I |

* contaminant removal

* air change efficiency, £°

* local air change index, £},

effectiveness (CRE), &

* local air quality index, £},

Figure4l - VentilationEffectiveness Elements Graphic



https://www.rehva.eu/eshop/detail/no02-ventilation-effectiveness
https://www.rehva.eu/eshop/detail/no02-ventilation-effectiveness
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¢KS | AN OKI §i3&ratif Fefvied theSsyidtidst possible air change time for
the air in the room and the actual air change time. The possible shortest air change time
occurs for the ideal (and theoretical) piston flow, where air is sup@lretiexhausted in
parallel across a zone with laminar airflow, and therefore is the upper limit for this
efficiency at 100%. Then fully mixed flow is half as effective as supply air is perfectly
mixed with room air 1:1 and therefore its air change efficieisc50%, with displacement
ventilation greater than this (>50%) by stratification, and not fully mixed or short
circuited flow less than this (<50%).

CKS /w9 2N O2y il YAYI §isaNaR gihdw qickIfF &h-@if A O ¢
borne contaminants removed from the room and is defined as the ratio between the
steady state concentration of contaminant in the exhaust ai), (@d the steady state

mean concentration of the room (Gh a fully mixed situation the concentration in the
exhaust ishe same as in the whole room, which gives CRE equal to 1. In other cases CRE
may differ from very small values to very large ones depending on the position of the
contaminant source and the air flow in the room. When the contaminant source is
uniformly dstributed, as would often be the case occupant-bffiuents, the CRihdex

and the air change efficiency index are related which is accounted for in full ventilation
effectiveness value (Ev).

So the ventilation effectiveness depends on both the type oitilegion system (pistol,
personaldisplacement, mixed) and the location of system supply and exhaust in relation

to the contamination source. This is particularly relevant for personalized ventilation
system which can increase CRE and hence Ev by bethgse proximity to the main
contaminant sourceg occupants. The result is the highest ventilation effectiveness
values for personal ventilation typically Ev >1.4 as showfgire 41 below from
ASHRAE 62.1.
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Table 6-4 Zone Air Distribution Effectiveness

Air Distribution Configuration

Well-Mixed Air Distribution Systems

Ceiling supply of cool air

Ceiling supply of warm air and floor return

Ceiling supply of warm air 15°F (8°C) or more above space temperature and ceiling return

08

Ceiling supply of warm air less than 15°F (8°C) above average space temperature where the supply air-jet velocity is less than

150 fpm (0.8 m/s) within 4.5 ft (1.4 m) of the floor and ceiling return

0.8

Ceiling supply of warm air less than 15°F (8°C) above average space temperature where the supply air-jet velocity is
equal to or greater than 150 fpm (0.8 m/s) within 4.5 1t (1.4 m) of the floor and ceiling return

Floor supply of warm air and floor retumn

1.0

Floor supply of warm air and ceiling return

0.7

Makeup supply outlet located more than half the length of the space from the exhaust, retumn, or both

08

Makeup supply outlet located less than half the length of the space from the exhaust, return, or both

0.5

Stratified Air Distribution Systems (Section 6.2.1.2.1)

Floor supply of cool air where the vertical throw is greater than or equal to 60 fpm (0.25 m/s) at a height of 4.5 ft (1.4 m)
above the floor and ceiling return at a height less than or equal to 18 fi (5.5 m) above the floor

1.05

Floor supply of cool air where the vertical throw is less than or equal to 60 fpm (0.25 m/s) at a height of 4.5 ft (1.4 m)
above the floor and ceiling return at a height less than or equal to 18 i (5.5 m) above the floor

Floor supply of cool air where the vertical throw is less than or equal to 60 fpm (0.25 m/s) at a height of 4.5 ft (1.4 m)
above the floor and ceiling return at a height greater than 18 ft (5.5 m) above the floor

Personalized Ventilation Systems (Section 6.2.1.2.2)

Personalized air at a height of 4.5 ft (1.4 m) above the floor combined with ceiling supply of cool air and ceiling return

1.40

Personalized air at a height of 4.5 1t (1.4 m) above the floor combined with ceiling supply of warm air and ceiling retum

1.40

Personalized air at a height of 4.5 ft (1.4 m) above the floor combined with a stratified air distribution system with
nonaspirating floor supply devices and ceiling return

1.20

Personalized air at a height of 4.5 11 (1.4 m) above the floor combined with a stratified air distribution system with
aspirating floor supply devices and ceiling return

1.50

Figure42 ¢ Detailed Ventilation Effectiveness TabASHRAE 62.1

This table reiterates the importance of supply air temperature, velocity, and inlet and
outlet location in the variability of ventilation effectiveness values. These Ev values can
play an important role in the design and sustainability of a building dseary the
higher the ventilation effectiveness the lower the total supply air quantity (and
associated fan energy, air conditioning load and ductwork size). This can be shown
mathematically using the BS EN 16192019 Method Zormula on limit values for

substance concentration shovoverleaf
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where

Qn  isthe ventilation rate required for dilution, in m3 per second;

Gy, is the generation rate of the substance, in micrograms per second;
Chi isthe guideline value of the substance, in micrograms per m3;
Cho is the concentration of the substance of the supply air, in micrograms per m3;

£ is the ventilation effectiveness.

Based on this methodology the ventilation rate required for dilution can be increased or
decreased inversely by a factor of the ventilation effectiveness. Therefore, a well design
personalized ventilation system could supp¥0% less air and achieve tsamelAQ

level as a mixed ventilation systenBS EN 167982017 section 8.8 also provides
general system recommendations including location of intake and exhaust openings to
help maxmise ventilation effectiveness.

Another note based on this formula is that for a known ventilation supply rate (assuming
negligible infiltration) and contaminant generation rate, outdoor concentratiaand
measured zone concentration an approximation for the ventilation effectiveness in that
location can bealculated While not completely accurate, any major discrepancies with
reference distribution system ventilation effectiveness values may indaratssue with

air short circuitingthe contaminant generation in the zoner air supply rate.

This technique may be used for quick testing and issue identification onsite, an approach
tested in this reports case study buildings with some success. Theabpis also
verified in CIBSE TM61 which according to the guides case stud@ffice; CO2
concentration levels can be used to infer the ventilation rates where the number of
occupants and occupancy pattern of a zone is known.
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CO2 / IAQ monitoring & Demand-controlled ventilation (DCV)

For decades, CO2 has been widely accepted as an indicator of ventilation and general
IAQ. This is because for a known number of occupants it can be associated with average
levels of ventilation rates. Theis a relatively strong relationship between CO2 levels
and human activity in a typical indoor environment, with the higher the number of
people, or occupancy, the greater the CO2 emissions and hence room CO2
concentration. CO2 concentrations recorded wilepend on multiple parameters
including: the occupant activities; variations in building type, air permeability, weather
and external CO2; and any other CO2 sources within the building if applicable.
Ventilation is then introduced to remove, dilute, oramtain this CO2 and other
contaminants concentration as require@0O2 is accepted as being a good indicator of
bio-effluent pollutants from human activity, but not a good predictor for outdoor
sourced pollutants in densely occupied spaces, or indoor faoits emitted by building
materials, finishes or furniturelhe renaissance in IAQ has expanded our consideration
beyond just CO2 to other contaminants.

For a more robust IAQ perspective measuring CO2, Vatalile Organic Compounds
(TVOCQC), formaldehyde (HCHO), fine particulate matter (PM2.5) and even NO2 could be
used as a more holistic way to approach IAQ. Recently, particulate matter (2.5 & 10 um),
CO2, CO andven TVOG can be reliably measured by affordable, instant read
instruments, however other contaminants of potential interest remain relatively difficult

to measure at suitable levels of accuracy.

Monitoring systems gathering continuous data on these measurable particles, gasses,
and chemicals present ar are the futureof healthy and sustainable smart buildings
with the goal to identify trends, spot problem areas, and adjust the ventilation system
accordingly. This data can be fed back to an Indoor Air Quality Index (IAQI), which we
discussed earlier in the Air Pollutarsection, to demonstrate the overall condition of

the indoor air in one metric.
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AQl PM 2.5 PM 10 voc co2 Formaldehyde
(ug/m3) ug/ m3) (ppm) (ppm) (ppm)
0-50 0-12 0-54 0-15 400 - 650 0-0.2
Moderate 51 - 100 12.1-35.4 55-154 16 - 25 651 - 1500 0.21-0.4
101 - 150 35.5-55.4 155- 254 26 - 50 1501 - 2000 0.41-0.6
T  151-200  555-1504  255-354 51-75 2001 - 2500 0.61-0.8
m 201-300 150.5-250.4  355- 424 76-100 2501 - 5000 081-1
301 -500 250.5 - 500 425-600 101 - 150 5001 - 15000 1.01-1.2

Figure43 ¢ IAQ IndexContaminants Classification Thresholds

In particular, TVOC can provide some of this information for indoor pollutants not
related to human activity. It is a representation of materials based chemicals in the air
that we can breathe as a simplified metric. PM2.5 or NO2 can be used monitor outdoo
air pollution values. The monitoring and consideration in design of outdoor air quality is
of increased importance and can help identify the most suitable ventilation strategy.
However outdoor air contaminants can be difficult to control other than liation and
minimising infiltration.

Indoor air contaminants, particularly human related contaminants such as CIOVID
requires greater controls and monitoring. CO2 remains the main metric for human
related IAQ monitoring anth many typical human occugd applications CO2 remains

a good general proxy for indoor IAQ and ventilation rate.

The relationship between occupancy, ventilation rate and CO2 concentration has been
studied and utilised for some time, often taking a known ventilation rate and CO2
concentration to get an estimate of zone occupancy. More usefully, CO2 monitored
correctly can be used to control ventilation systems using derramdrolled ventilation
(DCV).

CO2based DCV maintains the CO2 concentration in the zone within an appmopriat
range by adjusting supply air flowrate. It is CO2 based as in theory any measurable
contaminant of know rate and related to the room activity can be used, but CO2 being
the most popular. The general principle behind DC¥ e®ntrol system that reduces
ventilation rates during partial occupancy, to reduce energy consumption and extend
plant life.
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DCV as an effective ventilation control strategy depends immensely on the accurate
monitoring of CO2. CO2 and IAQ sensors should be placed in suitable l@catitren

are not fit and forget they require maintenance and will drift over time and need to be

fit for purpose from the outset. This is particularly important indiit design, where
individual rooms may have high occupancy but the entire floor naa how occupancy.

L NBO2YYSYR UKS /Mbking €nsaNg dzNiyakinf serlslia @ &1 W
Hare from May 2021 which gives a great insight into this letiopic. IAQ monitors
should be specified such that they meet recognised standards suekasor CEN/TC
26410 ensure confidence in the measurements, dAd) sensor values should also be
supplemented with occupant feedback in the zone to ensure dateflective of a
satisfactory environment.

Measurement of CO2 should be carried out in the occupied area of a room with the
sensors located away from windows, doors and ventilation grilles. CO2 cannot be used
as a proxy for ventilation in spaces whdhere are other CO2 sources present (e.g.
combustion devices) but this is atypical in commercial environmienthe latest UK
Building Regulations 2021, new occupied buildings should have a means of monitoring
the indoor air quality, and this may be achesl using CO2 monitors or other means of
measuring indoor air quality.

IAQ senor location is vital and should follow manufacturer guidelines in respect to
minimum distances and air flowis.is also important to place sensors at a specific height
dependirg on the use of the building. A breathing zone for a person working in an office
would be much different than a baby crawling in a home, or a nursery as shown below
from CIBSE TM64.

Breathing zone
WS BUAILIES 50l a8-0)6
PUE 1S0PSI0AS 'S

[

Figure 3.8 Importance of height when measuring air pollutants in different building types

Figure44 - Importance of Height when Measuring Air Pollutants in Different Building Types


https://www.cibsejournal.com/technical/making-sense-of-air-quality-sensors/
https://www.reset.build/
https://standards.iteh.ai/catalog/tc/cen/8d2afa77-9367-41b4-862d-fbd106461c00/cen-tc-264
https://standards.iteh.ai/catalog/tc/cen/8d2afa77-9367-41b4-862d-fbd106461c00/cen-tc-264
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Understanding the ventilation distribution strategy and how it effects the CO2 (and
other contaminants) irroom concentration profile is important and can influence the
placement of CO2 sensors for DCV.

ASHRAE recently published pasition document indoor CO2 measurement for
ventilation and IAQ monitoring and contyéaking into account the COVID 19 pandemic,
and highlighéd the importance of sensor accuracy, location, and calibration. It also
highlighted that the use of indoor CO2 measurements to assess and control the risk of
airborne disease transmission must account for the definition of acceptable risk, the
type of sp@&e and its occupancy, and differences in CO2 and infectious aerosol
emissions.

Additionally, CIBSE TM40 notes that a monitoring capability should be included in the
design, enabling opportunities to gather data on operational indoor environmental
quality and on user safety, comfort and satisfactidRefer tothe new CIBSE TMG68:
Monitoring Indoor Environmental Qualifior more informationlAQ monioring and
more.

For any proposed CAAQ based ventilation specification strategy the above must be
taken onboard and considered in the building design and client communication. It is
noted that DCV control strategy aligns with an IAQ basmdtilation procedure and
would help achieve enhanced sustainability of the ventilation system. 4ATD2
monitoring is also likely to have value in raising occupant awareness of ventilation
requirements and has been used to inform user behaviour to imgre@ntilation.

Air Filtration & Purification

+ Sy (A butdaokl2ZAYNIW Aa y20 GKS 2yftée YSGK2R 02
Air filtration and air purification/disinfection technologies can also help remove and ever
expanding list of contaminantsdm the air. The contamination removal range and
effectiveness of these technologies is improving daily but ventilation remains arguably
the best method for removing the widest range of contaminants as represented by the
simplified table below.


https://www.ashrae.org/file%20library/about/position%20documents/pd_indoorcarbondioxide_2022.pdf
https://www.ashrae.org/file%20library/about/position%20documents/pd_indoorcarbondioxide_2022.pdf
https://www.cibse.org/knowledge-research/knowledge-portal/tm68-indoor-environmental-quality-2022
https://www.cibse.org/knowledge-research/knowledge-portal/tm68-indoor-environmental-quality-2022
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Particulate Matter Gas Molecules Biological Agents Viruses & Bacteria
(PM2.5, PM1 efc.) (VOCs, 03 etc.) (CO2, Radon etc.) (COVID-19)

Ventilation

Filtration - Mechanical “ «

Filtration - Gas Melecule « ¢+
Disinfection/Purification J «

Figure45 ¢ Air Contaminant®emoval/Dilution Methods Comparison

*Some limited benefit of gas molecule filtration on removing viruses and bacteria has
been demonstrated in research. Note the ability for filters anginfection/purification
systems to remove pollutants is dependent on the technology used.

Air filtration, and air purificatiorfalso referred to as air disinfectiaand sometimes air
cleaning are two separate (but interconnected) technologies in themselves but can
tackle all kinds of air pollution ancin often beapplied in tandem. In this case, air
filtration is classified as any technology using a fibrous medium to remove air pollution.
Air purification or disinfection is any other nemedium based accepted air cleaning
technology.

Air pollution, as mentionegbreviously comes in two different forms, namely particles
and gases. There are two different types of air cleaning filters to dehalthem and
there is a technical standard for each. The current relevant standards are as follows:

1 BS EN ISO 16890:2016 is the global performance test standard for particle filters
(PM1, PM2.5). It has been designed to replace BS EN 779:2012 which was
withdrawn in June 2018 and the ASHRAE 52.2 US standard. These earlier
standards were comparative filter tests and not considered as representative of
reaklife performance.

1 BS EN ISO 101212013 is the Global performance test standard for molecular
gas filtas (NO2, but also SO2, O3, H2S, VOCs, Aldehydes).

Mechanical filtration the most common air cleaning technology and is usually used in
combination with fresh air ventilation and any further air cleaning technologies. It uses,
unsurprisingly, filters or filter media to collect and remove airborne partiti@s air
when it is passes through it.
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Filters trap airborne particles by three main mechanisms

1 Inertial impaction-inertia causes the larger particles to separate from the air flow
and collide with the fiber as the air passes around it
1 Interception ¢ medium sized particles comes into contact with the fiber and

adheres to the media

1 Diffusion¢ Small particles travel in irregular paths (kmoas Brownian motion)
and this greater movement increases the probability that the particle will collide
with the filter fiber and be caught

As the filter medium collects and stores particles, it is then replaced regularly or cleaned
to prevent it from clogging and restricting airflow.

Filler shait of randomly arranged fibres
N 77 \

Continuous
sheot of filte
medium .8 ~

Aluminum
separaior

Figure46 ¢ Mechanical Fibrous Filters Operation Diagram

In terms of air filtration, the filter efficiency is arguably the most important factor of its
performance. Air filter efficiency have been tested and categorised across 3 different
standards, all of which are used and referred to across different cosnamel building
standards;

1 1SO 16890 is the most recent and is supposedly the global reference standard and
is in the process of becoming the universal filter classification standard. It uses
particle sizeg Coarse (>PM10), PM10, PM2.5 and RMAd the asociated filter
medium efficiency (%) at that size to classify filters.
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1 EN 779 s the older, superseded version of ISO 16890 but is still heavily referenced
throughout the industry today and is identified by its iconic filter groupings of
Coarse (G#), Mdium (M56) and Fine (FF9) classifications.

1 ASHRAE Standard 52.2 uses the Minimum Efficiency Reporting Value (MERV) to
classify filters based on their particle removal efficiency acrosslé &cale.

The table below showing the relative filter effic@es across the 3 standards has been
in my experience one of the most useful graphics | have presented to date.

ISO | I1ISO | ISO | ISO IS0 ISO ISO | ISO ISO ISO | ISO 1SO ISO | ISO |ISO ISO

1S0 |Coarsz|Coarse|Coarse|Coarse|ePMio | ePM2.5 |ePMio | ePM1 |ePM2.5 | ePM1o | ePM1 | ePM2.5 [ePM1o | ePM1 [ePM2.5 [ePM1o

16890 | x50% | <50% | >50% | »50% | >50% | >50% | >60% |>50%| =65% | >80% |>70%| >80% | >90% |>80% |>90% [>95%

EN775

Gt | G2 | 63 | Gg | 25 M6 Fr F8 Fg

Figure47 ¢ Filters EfficiencieSomparisonécross 3 Main Standards

Note MERV 16 and greater moves into the globally accepted HERA efficiency
particulate air- and ULPAUItra-Low Particulate Aic filter classifications which have an
ISO16890 rating of >99% across all three particle size categories.

Filter efficiencies have been improving over the decades and their usage in mechanical
ventilations systems is commonplace, in part due to building environmental rating
systems such as LEED, BREEAM and WiStlissed in more detail latergquiring
minimum filtration requirements (MERV13/F7). Particulate filters should be changed
0lFlaSR 2y K@3IASYSI LINK&aadzNB t2aa FyR RSTS
EN 13779 does provide guidance on particulate filter maintenance based on the above
factors and summarised below.
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_____________________________________________________________________________________________________________________________________________|
Filter Stﬂgﬁf class Recommended Hygiena Factors
interval affecting
final pressure loss change
First occurring between
Only 1 filtration stage 1 year Spring and
autumn —
1% filter stage 1 year after pollen
and spore
2™ Filter stage 2 years seasons
G1— G4 150 Pa
M5 —F7 200 Pa Highly
polluted or
F8 — F9 300 Pa dusty areas

Figure48- EN 13779 Recommended Filter Maintenance Thresholds

Molecular gas filtration or gas phase filtration also uses a filter medium but one targeted
at the smaller molecular scale of gasesnely through a chemical reaction or adhesion.
Filters trap gas molecules by three main methods;

9 Adsorption- removal of a contaminant by superficial contact (adhesion) with
other materials such as activated alumina, activated charcoal and silica gel

9 Absaption - removal of soluble or chemically reactive gases from the air stream
by incorporation into the bulk volume of an appropriate liquid (e.g.
alkanolamines)

9 Catalytic conversion a contaminant is converted to a chemical form not
considered to be hazdous in the presence of a catalyst (e.g. diesel oxidation
catalyst process)

As the filter medium collects and stores molecules, it is then replaced regularly prevent
it becoming ineffective and restricting airflovddsorption gas filtration is the most
common and causes gasolecules to accumulate on the surface of a solid filter medium
by Vander-Waals attraction forces. Activated carbon filters, common in ventilation
system for odour gas contraltilise adsorptiormethod.

The efficiency of gas molecule filtration systems varies greatly with the technology, air
temperature,humidity, and filter lifespan. In terms of operation and maintenances g
filters do not change pressure loss during normal operatand therefore their O&M
should include requirement for periodic replacemermind whilst their maintenance
frequency is not set in EN 13779, some manufacturers recommobadginglAQ gas
(molecular) filters after 1 year installed or 5000 hours operation.



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth
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removal technology however moderating gaseous contaminants and other ultrafine
particles can be achieved using-elieaning devices in some cases.

BACTERIA

PLANT SPORES

VIRUSES

Limit of ULPA fHEMS  ——

FERTILIZER

INSECTICIDE DUST

COAL DUST

COOKING SMOKE/GREASE

HOUSEHOLD DUST

PET DANDER

HUMAN HAIR

GAS MOLECULES

0.0001 ]o.oo1 [0.01 101 ]1 [ 10 100
Particle Size, Microns

Figure49 ¢ Typical Contaminants Particle Sizes & Particle Filtration Limit

For more information on air filtration specifications the old but g@BISRIA Air
Filtration Application Guide 8/9i8 an excellent resource.

Air disinfection/purification is the newest category in the air cleaning industry and has
the widest range of technologies. As a result it also has the greatest number of
unknowns and uncertaintieslltra-Violet (UV)germicidalradiationalso known as UVGI

or UVC is the mostell-knownand utilised as discussed belolihere arehowevermany

air puification technologies on the market including those using photocatalytic
oxidation, photoelectrochemical oxidation, electrostatic precipitation, and various
lonization technologies including bipolar ionization.

Several guidance notes and documents,udeig the ASHRAPosition Document on
Filtration and Air Cleaningrovide an overview and comparison of these air purification
technologies. What can be concluded from these stads that there is not sufficient
evidence to support the use of air purification devices in commercial environments for
IAQ purposes. Thermay be some limited use of air cleaners, particularyoiom
located technologies, in unventilated areas such as elevators or some meeting rooms
but this singly will not provide good IAQ in the lelegm.



https://www.bsria.com/uk/product/vBL3D7/air_filters_ag_897_a15d25e1/
https://www.bsria.com/uk/product/vBL3D7/air_filters_ag_897_a15d25e1/
https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
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Astudy by Melbourne Universifound portable inroom air cleaners were very effective

in removing aerosols, especially for the devices with high flow rate. In a smalblcont
room, the aerosols were cleared 4 to 5 times faster with portable air cleaners than the
room with HVAC aloneStudies and applications confirming their effectiveness are still
at a relatively early stage, and may confirm overwhelming benefits in buteeven a
recent study of the COVAI® filtration'® found the HEPA filter in air cleaners should be
effective alone without these additional other options such as UVC. Particularly in well
ventilated areas, where if you already have a high ventilatioa (ACH>3) then in room

air cleaners will have limited relative effectiveness.

Device Reduction {%)
Device 1 HEPA filter only, no lonisation 602
Device 1 HEPA filter plus ionisation 621
Device 1 lonisation only, HEPA removed 252
Device 2 HEPA filter only, no lonisation 5249
Device 2 HEPA filter plus ionisation 281
Device 2 lonisation only, HEP A removed 16

Figure50 ¢ Research results for Air Cleaning technology Effectiveness foR€énlustion

Research has found that the benefits to indoorapiality of one type of purifying system

can be offset by the generation of other pollutants that are harmful to hé&éthd that
electronic air cleaners that generate ions or ozone should be avoided as may create
supply air that has other contaminants awbe WHO pollutant exposure limits.

BS EN 16798:2017 is the European technical standard that defines and categorises
outside air and building air using WHO pollutant exposure limits combined with a factor
to show how clean air is inside and outsidetloé building. For outside air pollution
levels, categories ODAllare defined, and for inside air pollution IDA is used. For supply
air filtered by the ventilation air system categories SUP1 to SUP5 are defihed.
standard recommends the minimum requiredrticle filter classes and complementary
application of gas filter for different classes of ODA and SUP.

An overview of recommended filtration is provided in the tablerleaf

15 potential application of Air Cleaning devices and personal dagonation to manage transmission of COVIB , SAGEEMG 4th November 2020

16 hitps://research.gatech.edu/stishowselectronicair-cleaningtechnologycangenerateunintendeepollutants



https://www.medrxiv.org/content/10.1101/2021.04.26.21256152v1.full.pdf
https://research.gatech.edu/study-shows-electronic-air-cleaning-technology-can-generate-unintended-pollutants
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Table2 - BS EN 16798 Categories Recommended Filtration Levels

Outdoor Air Quality Indoor Air Quality

SUP 1
(Very low
concentrations of
PMs and/or gases

SUP 2

(Low
concentrations of
PMs and/or gases

SUP 3
(Medium
concentrations of
PMs and/or gases

SUP4

(High
concentrations of
PMs and/or gases

SUP5
(Very High
concentrations of
PMs and/or gases

ODA 1 (only (P) M5 + F7 F7 F7 F5 -
temporarily dusty, G) Gas filter i i i i
e.g. pollen) recommended
ODA 2 (high
concentrations of] (®) Fr+F7 M5+ F7 F7 F7 M5
particulate matter ]
and/or gaseous | (G) | Gas filter required Gas filter - - -
pollutants) recommended
ODA 3 (very high| (P) F7 + F9 F7+F7 M6+F7 F7 F7
chScte 2:;2;;23930; (G) | Gas filter required| Gas filter required re;a;::t; ded - -

Filter classes defined according to EN 779
Gas filtration should be considered if design SUP quality is above design ODA quality. Dimensioning should be done ficacc
with EN ISO 101211 and EN ISO 10122. Furtherconsideration on gas filtration is given in CEN/TR 16798

Another useful source of guidance is the&/ROVENT 4/23 (2018) documfrom the
European ventilabn manufacturers association that gives detailed definitions,
applications and building function recommendations for clean air SUP and ODA levels,
and filter recommendations in the updated 1SO16890 standard.

EUROVENT 4/23 SUPPLY AIR
SUpP1* SUP 2* SuUp 3* SUP 4 SUP5
HHD MHD BHD LHD LHD
OUTDOORAIR PM25<=25 | PM25<=5 | PM25<=75 | PM25<=10 | PM25 <15
PM10 <=5 PM10 <=10 PM10 <=15 PM10 <= 20 PM10 <= 30
Particle Sizes PM2.5 PM10 ePM' EPM,I ePMZ.S EPM“J EF’M,I0
ODA 1 <=10 <=20 70% 50% 50% 50% 50%
ODA 2 <=15 <=30 80% 70% 70% 80% 50%
ODA 3 >15 >30 90% 80% 80% 90% 80%

*minimum ePM1 50% final filter **minimum ePM2.5 50% final filter

Air filters should be selected
using 1S016890:2016 individual filter
test data. This test standard has a
tolerance banding of 5% maximum
giving more accurate performance.

BS EN ISO 16890:2016 Minimum air filter requirements for final stage

BS EN 16798-3:2017 Air classes SUP Supply Air ODA Qutdoor Air

Hygiene Demands: High HHD, Medium MHD, Basic BHD, Low LHD

Particle concentration annual average in ug/M3 (WHQO 2005 comparison)

Notation: e=filtration efficiency, <= less than or equal to, > greater than

Figure51- EUROVENT 4/23 Updated Filtevel Recommendations


https://eurovent.eu/sites/default/files/field/file/Eurovent%20REC%204-23%20-%20Selection%20of%20EN%20ISO%2016890%20rated%20air%20filter%20classes%20-%202018%20-%20English%20-%20Web.pdf
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Note, in no commercial building guidance or standard reviewed was thesmgie
recommendation for air purification or disinfecti@oneto achieve IAQ requirements.
Recent HVAC best practice literee based since the COVID pandemic, which is
explored in more detail in the next chapter, raises the ability of et (UV)
radiation and a few other air purification technologies in deactivating virus particles but
also notes the significant unkwns and drawbacks of such technologies. Any usage of
UV or other air purification technologies should be considered and researched as part
of the overall design IAQ plan and filtration strategy.

Cosentini, a longstablished building systems consultinggeneering firm, produced the
table below comparing effectiveness of Filtration (HEPA) to air cleaning technologies of
lonization, UV, and Activated Carbon against certain contaminants. The strong
performance of filtration, particularly when including actted carborfor gasesversus

air cleaning technologies is clear.

HEPA Filters lonization UV Light Activated Carbon

Effectiveness against Viruses Very Good Good Good
(airborne + surfaces)  (Depending on contact time)

Effectiveness against Bacteria Excellent Good Good
(airborne + surfaces)  (Depending on contact time)

Not Effective Not Effective Not Effective Excellent
Not Effective

Removes Gasses (Radon, Formaldehyde, etc.)

Eliminates Odors Good Not Effective Excellent

Effectiveness against pet dander Excellent Excellent Not Effective Not Effective

Effectiveness against pollen Excellent Excellent Not Effective Not Effective

Effectiveness against mold spores Excellent Excellent Good Not Effective

Effectiveness against dust mite excreta Excellent Excellent

Cost per cartridge Moderate Moderate Moderate Inexpensive

Cartridge life expectancy 1 Year 2 years 1 year 3-12 Months
Ineffective _ Very Effective Qo o Lims

Figure52 ¢ Qualitative Effectiveness Comparissmummary table (Cosentini)

In the latest UK Building Regulations 202&ntilation systems that, under normal
operation, recirculate air between more than one space must be either capable of
supplying 100% outdoor air if required, mrcorporate a UMC germicidal irradiation
systemthat is able to disinfect the air that is being recirculated, ordesigned so that

they can incorporate HEPA filters, if required, which are able to provide filtration of the
recirculated air.

{1l w! 9Qa t2aAl0A2Yy 52 ClexhiydiateRoyie keyrstatanehtil A 2 y
that, at present, there is only significant evidence of health benefits for fibrous
mechanical and gaseous filtration systems, with particular reference to CGVID
transmission not just IAQ.
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We know that mechanical Ifiation technologies do not have 100% efficiency in
removing COVH29 and other contaminant particles (although HEPA and ULPA filters
come close) but can achieve significant IAQ improvement and CTMIfansmission
reduction without an unproportional pealty in energy consumption and overall
sustainability. Ideally, and in some high IAQ expectation facilities, we would use HEPA+
filters to remove >99% of particle contaminants in the-@.3 >Y NI} y3ISo | 2
specified in CIBSE Guide B the addition bfEdPA filter can add almost 1kW/m3/s of
additional ventilation power requirement. For large, central ventilation systems
operating for extended periods with generally large quantities of air this is a significant
energy and cost penalty. It can also affeentilation specific fan power (SFP) values
which can be limited by country regulations making required values difficult to achieve.

Component Pssr in [W/ [m? /s])
Additional mechanical filter staged +300
HEFA Filter according to EN 1822-3 + 1000
Gas Filter + 3200
Heat recovery class H2 or H1b +300

4 a second filter (first filter min. F7 for supply or MES for exhaust) is
the additional filter stage.

b ClassHZ orH1 according to EN 13053:2006+A1:2011.

Figure53-EN 16798 AH Components Additional SFP Allowances
In contrast a typical mechanical filter staggdsapprox. 30% of thenergydemand and
can achieve substantial particle filtration efficiencies. Imhamerican based study, Azimi
and Stephens (201%ound that Fine classed filters MERVIB(F7-FB) offered the best
value balancing risk of virus infection with operating costs, and wit lkav bypass filter
rates as required by EN1886:2007.

1.00 +
0.95 -4
090 +
085 -
0.80 -
075 4
0.70 -
065 1 MERV 13 %

0.60 - /
055 - MERV 15

MERV 4

MERV 14

— MERV 16 Phoenix 04

c :
HEPA Mertony o, Housion &h“"g" 04

Mean relative risk (RR) of infection

0.50 T v :
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Annualcost

Figure54 ¢ Relative Virus Transmission Risk Reduction Vs Operational Cost in Afmerica

" HVAC filtration for controlling infectious airborne disease transmission in indoor environments: Predicting risk reductiorsatimhapcosts
Parham AzimiandBrent Stepheris



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7127325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7127325/
https://pubmed.ncbi.nlm.nih.gov/?term=Azimi%20P%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Stephens%20B%5BAuthor%5D
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The most advantageous MERV 13 and 14 (F7 and F8) can achieve particle filtration
efficiency between 56100% depending on particle size.
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Figure55 ¢ Filtration Efficiency Ranges for COXDDroplet Nuclei Graphic

However, for COVID particle reduction and general IAQ a single representative filtration
efficiency figure would be beneficial and required for a simple IAQ ventilation calculation

to account for filtration efficiency.

As stated previously in the Air Palints chapter of this report, the air contaminants of
O2YyOSNYy Ay UGUKAA NBLRZNI NS GemMmoONipt @ Aa&
specific focus on virus patrticles, the initial inspiration for this repeearch by Azimi

and Stephens in 201and summarised in the table below found the mean distribution

of virus particle sizes across several studies.



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7127325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7127325/
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Source Sampling environment Sampling location(s) Particle size distribution of influenza Assumed distribution of influenza virus in modified
virus reported ranges for use with ASHRAE Standard 52.2 (F)
0.3-1 pm 1-3 um 3-10 pm
[51]) Urgent care clinic Personal indoor <17ym 17-49uym >49um 19% 20% 62%
32% 16% 52%
Stationary indoor (lower floor) <1 um 1-4.1 ym >41pm 13% 24% 63%
13% 37% 50%
Stationary indoor (upper floor) <1 um 1-4.1 ym >4.1 pm 9% 17% 74%
9% 27% 64%
I52]) Hospital emergency room Combination of personaland <1 um 1-4um >4 ym 4% 33% 63%
stationary indoor 4% 49% 47%
[53]  Cough aerosol collection system Personal cough airstream <1pum 1-4 ym >4 pm 42% 15% 43%
42% 23% 35%
[54] Health center, daycare center,  Stationary indoor <1um 1-2.5 ym >25um 36% 37% 27%
and airplanes 36% 28% 36%
[55]) Patient room with Combination of personaland <1 um 1-4um >4 pm 20% 50% 30%
i ki stationary indoor 195% 755% 5%
| Mean viral distribution across all studies 20% 29% 51%
TaT TZT TS%
Relative standard deviation 0.70 0.44 036

Figure56 ¢ Virus ParticleSizes Meawiral DistributionResearch Results

Based on this distribution and the known filter removal efficiencies at the given particles
size ranges, the following table provides the representative filtration efficiency based on
ASHRAE 52.2 MERYV ratingsese single value filtration efficiencies can then be easily

used for future ventilation and IAQ calculations if required.

MERYV Rating (Based on 52.2-2017) Filter Droplet Nuclei Efficiency
4 16.80%
5 26.55%
6 32.45%
7 41.13%
3 H5.57%
9 62 .00%
10 64 65%
11 72 86%
12 83.39%
13 89.93%
14 94 94%
15 96.18%
16 97.40%

Figure57 - Representativ®roplet NucleFiltration Efficiency Baseamh ASHRAE 52.2 MERV Ratings
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These values are translated across to EN779 and ISO §é8@xrdsn the table
below.

Table3 ¢ GlobalRepresentative Droplet Nuclei Filtration Efficiency

ASHRAE ' e\779 Filter  1SO 16890  Est. Filter
MERV Filter Ratin Filter Ratin Effiency (%)
Rating g g y 70
ISO Coarse < o
1 G1 50% < 15%
2 SO C y < 15%
oarse 5
3 G2 50% < 15%
4 16.80%
5 G3 ISO Coarse > 26.55%
6 50% 32.45%
7 G4 ISO Coarse > 41.13%
8 50% 55.57%
9 62.00%
M5 ePM10 > 50%
10 [ 64.65%
11 ePM2.5 > 50% 72.86%
M6/F
12 6/F6 ePM10 > 60% 83.39%
ePM1 > 50%

13 F7 ePM2.5 > 65% 89.93%

ePM10 > 80%
ePM1 > 70%
14 F8 ePM2.5 > 80% 94.94%
ePM10 > 90%
ePM1 > 80%
15 ePM2.5 > 90% 96.18%
ePM10 > 95%

F9 ePM1 > 85%
16 ePM2.5 X95% 97.40%
ePM10 > 95%
HEPA + HEPA + HEPA + > 99%
ULPA + ULPA + ULPA + 100%

These average calculated filtration efficiency values for mechanical filters across each
rating system can provide consistency in application for any future early siagjgn

IAQ and ventilation calculations. These can be updated or replaced by manufacturer
filter information if available but should provide coverage across the same@.8 > Y
range. Note for more specific contaminants of concern of known size, suancke $or
example (0.3-n®p >Y03>X &LISOATFAO TFAEtUSNI SFFAOAS
considerations. Data for air purifiers and UV technology should utilise manufacturer
information but careful consideration of the design and its application is esdent
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Summary

The onset of the COWI® pandemic reawakened the importance of ventilation and IAQ
in building design and operation. However, IAQ extends much beyond €1O\4ix
viruscontaminants, with a range of external (PMs, NO) and internal (TVOOss@@&
contaminants of varying form and particle size requiring consideration for occupant
comfort and wellness.

Similarly IAQ is more than just ventilatiqrihe introduction of (outside) air to remove

or dilute contaminants. The need to manage IAQ tlgio source controis highlighted

in the latestCIBSE TM 61 202@perationalperformance of buildinggncluding te
identification of key external and internal sources for pollution, material selection, and
detailing of ventilation strategy such as position of air intakesucial to maximising
IAQ.Only then is ventilation considered for |Aghdalthough an essenti@lementwith

Wl RS dzI i S QuitéiSayiiferhentfoll dc@uiyant comfort. The fact is that the rate

2F WIFRSlidzZ 6SQ @SyuArfttraAazy @FNRASaE AYYSya
number of factors from the buildings function ammbnstruction materialsto an

2 O O dzLéixpédiafis,diet and activity level.

Table4 - Minimum Ventilation Rates for Offices Across Standards

Minimum vent rates for offices with occupancy density of 1 person per 10t

Part F of Building Regulations (UK/Ireland) 10 I/s per person
CIBSE Guide A, Table 1.5 10 /s per person
BS EN 167981 2019,

(assumingCategory llandlow polluted building) 14 |/s per person

Compliant with WELL Feature A03 & A06

ASHRAE Standard 62.1-2013
Assuming a ventilation effectiveness factor af dee below. 5.5 I/s per person
Compliant with LEED IEQ prerequisite (& +30% for credit)

British Council for Offices (BCO) Guide to Specification 2014 121 16 I/s per person + 10% allowance for
Compliant with BREEAM NC 2014 Hea 0%gntilation credit. speculative buildings

Adequate minimum ventilation levels differ across regulations as shown in the table
above, however BS EN 16798019 ¢ Ventilation for buildingsprovides us with
guidance and 3 methodologies to calculate the recommended ventilation rate required
to maintain good IAQ based on a predefined rating scale of occupant expectations:


https://www.cibse.org/knowledge/knowledge-items/detail?id=a0q3Y00000I0NKeQAN
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1. Method 1 based on perceived IAQ
2. Method 2based on limit values for bgtance concentration
3. Method 3 based on predefined ventilation air flow rates

Category Level of Explanation
expectation
IEQ High Should be selected for occupants with

special needs (children, elderly, persons
with disabilities).

IEQy Medium The normal level used for design and
operation.
IEQu Moderate Will still provide an acceptable

environment. Some risk of reduced
performance of the occupants.

IEQyv Low Should only be used for a short time of
the year or in spaces with very short
time of occupancy.

Figure58 ¢ IEQg IAQ Classifications froBS EN 13779

Method 1¢ Perceived IAQ combines a ventilation rate for occupancy to remove bio
effluents, and ventilation rate for building floor area to remove building related
contaminants for a total ventilation rate. However, in my opinion the inherent ability of
outside air ventilation to remove or dilute all internal contaminants regardless of being
human or building based should negate the need for two separate ventilation
ALISOATAOIGA2yad b2 SOARSYOS 2N SELX Iyl
specifial to remove bieeffluents cannot dilute building emissions at the same time and
OG0 Fa GKS UYodzift RAy3IaQ GSYGAtlraA2yd Sy
remove both contamination from both sources once it is distributed and delivered
correcty.

q;o¢ = total ventilation rate for the breathing zone, 1/s

n = design value for the number of the persons in the room,

qmt =n- qp + AR ' qE qp = yentilation rate for occupancy per person, /(s person)
Ap  =floor area, m?

qgg = ventilation rate for emissions from building, 1/(s-m?)

Consideration of nomwccupant related pollution such as building material emissions is
important and should be included in early stage design. Those buildings which design to
minimise building pollution to very low levels should be rewarded with a lowecipd
ventilation rate compared to typical standards to achieve the same IAQ level.
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Additionally, any building with significant building related pollution (such as some
industrial buildings) require more detailed design consideration such as localstxhau
ventilation. Therefore, Method X, Perceived IAQ with its dual ventilation specification
Is not seen awholly necessary for the future of ventilation design.

Method 2- limit values for substance concentration in a space requires a calculation to
spedfy the ventilation rate requiring known contaminant generation rate, outdoor
concentration, and ventilation system effectiveness. CO2 is the recommended
substance for this method.

Qn  is the ventilation rate required for dilution, in m3 per second;
G h 1 Gy, is the generation rate of the substance, in micrograms per second;
Q h — C C < Ch;i isthe guideline value of the substance, in micrograms per m3;
hi “ho “v

Cho is the concentration of the substance of the supply air, in micrograms per m3;

£y is the ventilation effectiveness.

The requirement for calculations and known contaminant generation rates makes this
methodology significantly more detailed and complex, particularly at early stage design
when ventilation rates are key to space planning and load calculations. Therefore
Method 2- limit values for substance concentration in a spaisanot seen as universally
applicable for the future of design ventilation specification. However, a possible
application for Method 2 is in validating the design ventilation rate and system
effectiveness in building operation stage by adapting the formula to calculate the
estimated zone CO2 level expected for the specified design ventilation rate and
comparing it to site measurements, with significant deviations indicating possible issues.

Method 3 - predefined ventilation air flow rates uses prescriptive ventilation airflow
rates, typically in litres per second per persaccupant (I/s/p), litres per second per m2
building floor area (lI/s/m2) or air change rate (ACH), estimated to meet needs for
perceived air quality and health of occupants.

Category | Total design ventilation air flow rate
for the room
/(s per persomn) ],-"[s-mz}

1 20 2

1 14 14

m d 0.8

IV 3.3 0,33

Figure59-BS EN 16798 Recommended Total Design Ventilation Airflowg Rgpécal Building
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Single prescriptive ventilation rates is the simplest of all three methods, anchds
preferred method amongst engineers polled for this research. Therefore, Method 3
predefined ventilation air flow rates is seen as most applicable for the future of design
ventilation specification.

However, these prelefined values can vargiepending on source and therefore, a
universal standard for prdefined values or a corresponding IAQ rating for ventilation
rates is needed. This, and the possible use of the BS EN-16Z089 standard is
investigated further later in this study.

The mebanical ventilation system utilised affects many future design decisions, and
therefore the many advantages and disadvantages associated with both DOAS and
recirculation based systems need to be considered early on for future building
ventilation design. fie ventilation distribution strategy and its inherent effectiveness is

a key, and often overlooked, aspect of ventilation. The églel mixing ventilation
strategyremains the modern industry standard, however the effectiveness and energy
load benefits & displacement ventilation systems, and more recently personal
ventilation systems, although perhaps not commercially acceptable yet, have
reintroduced these strategies into the building design and sustainability agendas.
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Table 6-4 Zone Air Distribution Effectiveness

Air Distribution Configuration ] E,
Well-Mixed Air Distribution Systems

Ceiling supply of cool air 1.0
Ceiling supply of warm air and floor return 1.0
Ceiling supply of warm air 15°F (8°C) or more above space temperature and ceiling return 08

Ceiling supply of warm air less than 15°F (8°C) above average space temperature where the supply air-jet velocity is less than | 0.8
150 fpm (0.8 m/s) within 4.5 ft (1.4 m) of the floor and ceiling return

Ceiling supply of warm air less than 15°F (8°C) above average space temperature where the supply air-jet velocity is 1.0
equal to or greater than 150 fpm (0.8 mvs) within 4.5 ft (1.4 m) of the floor and ceiling return

Floor supply of warm air and floor retum 1.0
Floor supply of warm air and ceiling return 0.7
Makeup supply outlet located more than half the length of the space from the exhaust, retumn, or both 08
Makeup supply outlet located less than half the length of the space from the exhaust, return, or both 0.5

Stratified Air Distribution Systems (Section 6.2.1.2.1)

Floor supply of cool air where the vertical throw is greater than or equal to 60 fpm (0.25 mv/s) at a height of 4.5 ft (1.4 m) 1.05
above the floor and ceiling return at a height less than or equal to 18 ft (5.5 m) above the floor

Floor supply of cool air where the vertical throw is less than or equal to 60 fpm (0.25 m/s) at a height of 4.5 ft (1.4 m) 1.2
above the floor and ceiling return at a height less than or equal to 18 ft (5.5 m) above the floor

Floor supply of cool air where the vertical throw is less than or equal to 60 fpm (0.25 m/s) at a height of 4.5 ft (1.4 m) 1.5
above the floor and ceiling return at a height greater than 18 ft (5.5 m) above the floor

Personalized Ventilation Systems (Section 6.2.1.2.2)

Personalized air at a height of 4.5 ft (1.4 m) above the floor combined with ceiling supply of cool air and ceiling retum 1.40
Personalized air at a height of 4.5 1t (1.4 m) above the floor combined with ceiling supply of warm air and ceiling retum 1.40
Personalized air at a height of 4.5 ft (1.4 m) above the floor combined with a stratified air distribution system with 1.20

nonaspirating floor supply devices and ceiling retumn

Personalized air at a height of 4.5 1 (1.4 m) above the floor combined with a stratified air distribution system with 1.50
aspirating floor supply devices and ceiling return

Figure60 ¢ Detailed Ventilation Effectiveness TalASHRAE 62.1

IAQ monitoring has seenranaissance in post pandemic building design, and is nhow a
requirement in the most recent UK Part F regulatidAS) monitoring by measuring CO2
has been widely accepted as an indicator of ventilation and general I1AQ,C@th
typically a good proxy of IAQ in most cases, particularly with communication and colour
coding of values and their significance for IAQ. @@asurements are also typically the
basis for demand controlled ventilation (DCV), and this control strategy aligns with an
IAQ based ventilation procedure and would help achieve enhanced sustainability of the
ventilation system.
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. Good 0-50 0-12 0-54 0-15 400 - 650 0-0.2
Moderate 51 - 100 12.1-35.4 55- 154 16 - 25 651 - 1500 0.21-0.4
101 - 150 35.5- 55.4 155- 254 26 - 50 1501 - 2000 0.41-0.6
m 151 - 200 55.5-150.4  255- 354 51-75 2001- 2500 0.61-0.8
m 201-300 150.5-250.4  355- 424 76- 100 2501 - 5000 0.81-1
301 - 500 250.5 - 500 425-600  101-150  5001- 15000 1.01-1.2

Figure61 ¢ IAQ Index Contaminants Classification Thresholds

However, increased awareness of wellness has expanded our consideration beyond just
CO2 to other contaminants. For a more robust IAQ perspective measuring CO2, Total
volatile organic compounds (TVO®mperature, relative humidityfine particulate
matter (PM2.5) and even NO2 could be used as a more holistic way to approach IAQ. As
a result,andto try a capture IAQ in a single metric the Indoor Air Quality Index (IAQI)
was developed. It is simply an accessible, descriptive scale to show the level of
contaminants or pollution in the air at that time. All IAQ monitors shouldbsitioned
carefully and specified such that they meet recognised standards sucRESE©r
CEN/TC 264and be well maintained to ensure confidence in the measurements. It is
recommended thatAQ sensor values also be supplemented with occufeadback in

the zone to ensure data is reflective of a satisfactory environment.

Finally, appropriate air cleanindiltration strategy can help protect building users from
major outdoor sources of pollutigrand strike the right balance between indoorr ai
guality and energy efficiency in the ventilation system. For mechanical filtration, filter
efficiency is arguably the most important factor of its performance.

Air filter efficiency have been tested and categorised across 3 different standards
ASHRAHMIERYV Filter Rating, EN779 Filter Rating and ISO 16890 Filter Rating, all of which
are used and referred to across different countries and building standards, although ISO
16890 is the most recent and globally applicable standard.

Based on the mean disttithon of the main contaminants of concefimcluding viruses
particle sizes across several stugtbs average calculated filtration efficiency values for
mechanical filters across each rating system is provided below.


https://www.reset.build/
https://standards.iteh.ai/catalog/tc/cen/8d2afa77-9367-41b4-862d-fbd106461c00/cen-tc-264
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Table5 ¢ Global Representative Droplet Nuclei Filtration Efficiency

John Smyth

ASHRAE ' 779 Filter 1016890 Est. Filter
MERV. sl Rating Filter Rating Effiency (%)
Rating
1 G1 'SOS%EZ“SG S| <15%
2 <15%
3 G2 ISOSCC:)E?rse < <15%
4 16.80%
5 G3 ISO Coarse > 26.55%
6 50% 32.45%
7 G4 ISO Coarse > 41.13%
8 50% 55.57%
9 62.00%
10 M5 ePM10 > 50% 64.65%
11 M6 ePM2.5 > 50% 72.86%
12 ePM10 > 60% 83.39%
ePM1 > 50%
13 F7 ePM2.5 > 65% 89.93%
ePM10 > 80%
ePM1 >70%
14 F8 ePM2.5 > 80% 94.94%
ePM10 > 90%
ePM1 > 80%
15 ePM2.5 > 90% 96.18%
F9 ePM10 > 95%
ePM1 > 85%
16 ePM2.5 > 95% 97.40%
ePM10 > 95%
HEPA + HEPA + HEPA + > 99%
ULPA + ULPA + ULPA + 100%

These average calculated values gaavide consistency in application for any future
early stage design IAQ and ventilation calculations, particularly in termfeztive air
change(ACHe)xand clean air delivery rates (CADR). These can be updated or replaced

with specificmanufacturer fiter information once available if required.

Research indicates that MERVI8(F%-FB) offered the best value balancing pollution
removal and risk of virus infection with energy penalty and operating costs, and are

therefore recommended for futureommercial building design.



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Air disinfection/purification is the newest category in the air cleaning industry and has
the widest range of technologies. As a result it also has the greatest number of
unknowns and uncertainties. TheSHRAE osition Document on Filtration and Air
Cleaningprovide an overview and comparison of these air purification technologies.
What can be concludefllom these studies is that there is not sufficient evidence at this
stage to support the use of air purification devices in commercial environments for IAQ
purposes. There may be some limited useAsfUor in-duct UVC in warmercooling
dominated environments, andir cleaners, particularly iroom located technologies, in
unventilated areas such as elevators or some meeting rooms but this singly will not
provide good IAQ in the loAgrm.

The strong performance of filtration, pgcularly when including activated carbon,
versus air cleaning technologies is demonstrated well in the table below.

HEPA Filters lonization UV Light Activated Carbon
Effectiveness against Viruses Very Good Good Good
(airborne + surfaces)  (Depending on contact time)

Effectiveness against Bacteria Excellent Good Good
(airborne + surfaces)  (Depending on contact time)

Removes Gasses (Radon, Formaldehyde, etc.) Not Effective Not Effective Not Effective Excellent
Not Effective Good

Excellent

Eliminates Odors Excellent

Effectiveness against pet dander

Excellent

Effectiveness against pollen Excellent Excellent
Effectiveness against mold spores Excellent Excellent
Effectiveness against dust mite excreta Excellent Excellent

Cost per cartridge
Cartridge life expectancy 1 Year 2 years 1 year

Figure62 ¢ Qualitative Effectiveness Comparison Summary table (Cosentini)

A final note, with theadvancements and benefits of filtration and air cleaning
0§SOKy2t23ASa Aa OSYldAfl A2y NBIljdzANBR (2
{0 YRIFENR cH®m RSTAYSa OSYldAtl dA2y & WiK
space forthe purpose @2 Y UNRBE f Ay 3 AN O2y il YAYIlI YO f
air at all. This opens the door for air recirculation and filtration as a source of ventilation,

or additional ventilation particularly in the case of high ACH requirements.


https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
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HVAC Best BrdahceelL Gt er
Review Summary

Overview

A pivotal aspect of this study was the review and discussion of H¥AQilation in
particular- best practice guidance issued during and post the CQ9Ipandemic.

There has been a multitude of guidance documents and best practice guides produced
over the last 2+ years with HVAC institutions around the world issuing advice and
guidelines concernl 0 dzA dirlRonditidin@and ventilation systems to help reduce
COVIBL9 transmission risk. The advice provides general consensus that certain HVAC
measures can be beneficial and are recommended, but specifics do vary across
institutions. HVAC systemesan assist in reducing transmission risk however HVAC
measures should be adopted in conjunction with otlaministrativeand personal
measures as part of a broader infectioantrol strategy in buildings.

All agree that national public healthyuidance should first be implemented including
regulatory and statutory requirementsand recommendations such as vaccination,
wearing of masks and other personal protective equipment, social distancing,
administrative measures, circulation of occupantgjiene, and sanitation as applicable.
HVAC measures recommended vary across institution but in general cover topics from
ventilation rates, air cleaning and heat recovery to IAQ monitoring. A summary of these
topics is displayed well in the below graphicrh REHVA

18 hitps://www.rehva.eu/fileadmin/user_upload/REHVA COWIB_guidance_docuemt_V3_03082020.pdf



https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_guidance_document_V3_03082020.pdf
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1. Ventilation rates
2. Ventilation operation times
Overrule of demand control

w

settings ® 6 l -
4, Window opening O e
5. Toilet ventilation ) S— N LN
6. Windows in toilets Ty PRI >‘IZ OB ®_
7. Flushing toilets L] 8® -
8. Recirculation N e & g ¢ _;gx\@
9. Heat recovery equipment - (D) |
10. Fan coils and split units \_,,'/ ® ® e ®0
11. Heating, cooling and possible )

humidification setpoints ‘ m
12. Duct cleaning w ﬁ il +- W

13. Outdoor air and extract air
filters

14. Maintenance works
15. |AQ monitoring
Figure63¢ REHVA COVI® HVAC Measures (REHVA)

Appropriate HVAC measures should be assessed orbyasese basis and consider the
effectiveness of each measure, its cost and ease of implementatiahjtsimpact on
energy performance anaccupantcomfort for a particular building. Other factors
should also be considered such as building location, local climate, and occupancy rates
for example

Taking this into account, the main aim of this section was to provide a comprehensive
summary table of guidance from across the industry, anoivide comment on the
measures ease of implementation, leteym applicability, and effect on transmission
risk and building operation.

This proved more difficult than expected due to the vast amounts and constantly
changing guidance. Nevertheless, the resulting table below, to the best of my
knowledge, summarises the main recommendations from 5 globally recognised HVAC
industry expert botes ¢ ASHRAKUSA) AIRAH(Aus.),CIBSKUK),REHVAEU), and
ISHRA@Ndia)g covering a range of geographies and climates.


https://www.ashrae.org/technical-resources/resources
https://www.airah.org.au/AIRAH/Navigation/Industry_leadership/Focus/COVID-19/COVID-19_Resources.aspx
https://www.cibse.org/knowledge/knowledge-items/detail?id=a0q3Y00000HsaFtQAJ
https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_guidance_document_V4.1_15042021.pdf
https://ishrae.in/mailer/ISHRAE_COVID-19_Guidelines.pdf
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Institute ASHRAE AIRAH CIBSE REHVA ISHRAE
Ventilation Ventilation with Switch AHUs  Avoid air Avoid air Ducted
System WSTTFSOUA D¢ withcentral  recirculation if recirculation if  mechanical
LJ- G G SNY a Q recirculation  possible possible ventilation
recommended to 100% recommended
outdoor air
Ventilation promote mixing of  Noreference  No reference No reference No reference
Distribution space air without
System causing strong air
(effectiveness) currents
Ventilation Between occupied  Ventilation 2  Extended AHU Ventilation 22 Ventilation
Operation periods, operate hours before  operation times  hours before system should
systems for atime  and after at nominal speed and after be kept on
required occupancy 1 hour before and building usage throughout the
to achieve 3 ACH of Keep toilet after occupancy to achieve 3 off cycle
equivalent clean air ventilation are ACH
supply 24/7 in recommended
operation
Ventilation Increase OA to Increase Change system to Change system Ventilate
Ratec W C NB maximum that outdoor 100% fresh air to 100% fresh  indoor areas
I' A NX2 v d system can conditior ventilation of when occupied, air, supply as with fresh air
spaces recirculating with  much fresh air  as much as
Min OA during off filtration/UV ok as reasonably  possible.
hours Ensure CO2  when unoccupied possible, use Introduce fresh
controlled to clean air at window airing  air duct with
No reference to ventilation lower energy to boost fan or use
specific air change  runs at Cost. ventilation. operable
rate for occupancy  maximum Demand control windows.
capacity No reference to  ventilation to Min. 2.36 I/s/p
during specific air be set to recommended
occupancy change rate achieve 550
ppm CO2
setpoint.
Temperature  Maintain dry bulb N/A No No practical 24-30°C
temperatures within recommendations effect
the comfort ranges,
ref. ASHRAE
Standard 552017
Humidity 40-60% 40-60% >40% No practical 40-70%
recommended for recommended recommended effect on virus recommended
general occupant 25-40% min
comfort, no specific recommended
recommendation for to prevent nasal
COVIBL9 sensitivity to
infection
Filtration Maximum filter There is no Increased Increased MERV 13 or
grade AHU can clear filtration is filtration of the  higher filter
accommodate; indication that recommended main recommended
MERV13 or greater  SPecial filters  and is especially  ventilation at AHU.
recommended should be valuable in poorly system is
installed in ventilated area recommended.
offices and with high
similar occupacy where

environments. increasing
ventilation rates
is difficult.
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AIRAH
N/A

Institute ASHRAE

UV Treatment UVGI is effective at
inactivating the
virus, best
application may vary
by project concerns

Other Air Only use air cleaners No reference
Cleaning for whichevidence
Technology of effectiveness and

safety is clear
Mechanical Bypass energy No reference
Ventilation recovery ventilation

Heat Recovery systems that leak
potentially
contaminated
exhaust air back into
the outdoor air
supply¢ emergency
response

Local/lnroom Local room air No reference

Air Cleaners  cleaners are
recommended for
"poorly ventilated"
areas
IAQ No reference Install CO2
Monitoring monitor with
traffic light
indication

CIBSE

Upper room UV
can reduce the
risk in poorly

ventilated spaces.

In-duct systems
may be effective
only when duct
velocity and

radiation intensity

are
Manage

Portable units
may be effective,
careful attention
needed to size
correctly.

Air disinfection or

cleaning using UV

or HEPA filters
KFa WL
No reference to
other
technologies.
Avoid
recirculation in
device if possible

TW rotor off if
thermal comfort
achievable
without it.

Local room air
cleaners are

recommended for

"poorly
ventilated" area.

Central location is

room
recommended

Measurements of

elevated CO2
levels in indoor
air are an
effective method
of identifying
poor ventiation.
CO2 monitors
should be non
dispersive
infrared (NDIR)

Table6 Summary main recommendations from HVAC industry expert bodies

John Smyth

REHVA

UV air cleaning
equipment is
effective at
killing bacteria
and viruses, but
normally only a
heath care
grade
equipment
would be
suitable

Electrostatic
filtration
devices of
similar
efficiency to
HEPA filters
acceptable
Dedicated heat
recovery guide
Not necessary
to switch TW
rotor off.
Ensure TW
properly
constructed.
Test leakage.
Purge sector
recommended
To be effective,
air cleaners
need to have
HEPA filter
efficiency.
Correct sizing
and location
advised
Installation of

CO2 monitors in

occupied zones
as indicators

of outdoor air
ventilation

ISHRAE
UVGI
recommended

for larger

ducted AHUs

Referened but
no specific
guidance
provided

No reference

No reference

No reference
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Many of these recommendations are issued in sole consideration of virus risk
transmission, and so not in greater consideration of the overall effect on building
operation and sustainability (moincorporating IAQ and resilience). Therefore, | discuss

these recommendations from a broader loteym sustainability perspective, focusing

on measures that can be incorporated into future building design in the new normal.

Ventilation System & Distribution Effectiveness

In Ventilation systems, nearly all guidance makes reference to the inherent benefit of a
dedicated outdoor air system (DOAS) with 100% fresh outside air supply over a
recirculating systeng the minimised risk (only zero in case of sepadaair streams in

heat recovery e.g. rtaround coils) of entrainment of contaminants including virus
particles into the supply airASHARE is the primary institution submitting that
recirculation type system, which are immensely popular in the Ameriagisnmewith
suitable filtration and/or air cleaning is an appropriate ventilation system once mamim
recommendecdbutdoor air rates are maintained. The added benefit of higher air change
rates for greater contamination dilution achi@veby a centralecirculationventilation
system is an often overlooked advantage. However, moving more air through central
ducted system can come with a greapgantspace requirement and energy penalty that
does need to be considered. Despite the majority of guidditeeatures preference for
DOAS, well designed recirculation type systems also have a place in the future of
sustainable ventilation design.

Air distribution and ventilation effectiveness is relatively overlooked across the
guidance, except for some refances to effective airflow patterns and reducing
stagnant air areag:rom my research | can understand why, the concept can be complex,
anddifficult to implement and then verify in the field. However, | do believe there is an
opportunity to promote and utise ventilation effectiveness to a greater extent in
building design and operation. The effectiveness of the ventilation system should be
considered at the design stage, when specifying ventilation rates, and during building
operation to confirm adequatgentilation is being achieved. This would help to achieve
high IAQ and improve sustainability.

Good air distribution is critical to any design, and it is likely that well mixed, ceiling based
ventilation will achieve this, but research indicates that tispment type ventilation
systems with lower air velocities will reduce the risk of virus transmission and likely
lower building energy demand.
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Ventilation Rate & Operation

WI RSljdzZr 6SQ @OSYiAfl A2y A& NBO2YYSYRSR |
O2yasSyadza 2y UKS RSTFAYAIGAZ2Y 2F Wl RSIjdz G
building operation. The variance in recommended ventilation rates across different
JdzARFYyOS A& RSOFATSR Ay GKS LINBOJA2dza
characterimg adequate ventilation is one of the aims of this research.

| RRAGAZ2YLFEf@eY GKS RAAGAYOUA2Y 0S06SSYy af
Foaz2tdziSe ! {1 w!'9 adlFyRIENR&A RSTAYS @Sydaa
removing air from a @ace for the purpose of controlling air contaminant levels,
KdzZYARAGEXT 2NJ GSYLISNIF GdzNBE A GKAY GKS &L
percentage of outdoor air. Any air that has a lower concentration, even Hzeon, of

the contaminant that is bey 3 RAf dzi SR Ol'y LINRPGARS ac¢
recirculated, filtered or cleaned air would be able to provide ventilation. However, we
know that most air cleaning and filtration cannot remove -bifluents like CO2 and

0 KSNBT2NE W2 tai s atiRrSquited fotlaccupshtg, (bt fehtilation can be
boosted by recirculated air if required, typically at a lower energy and sustainability
penalty than outside air.

Even in the majority of healthcare environments, there is no limitation on air
reOA NOdzf F GA2Y 2yf@& (GKS NBIdANBYSYyd F2N Iy
filtration of recirculation air combined to achieve design airflow.

Therefore, the discounting of air recirculation and only recommending 100% outdoor air
for typical conmercial buildings such as offices suggests that these spaces should be
more stringent with respect to air recirculation than healthcare facilities.

The initial recommendation to run HVAC systems 24/7 has thankfully been scaled back
to a set pre and postazupancy run time usually 2 hours, or recommendation to

achieve a minimum number (typically32ACH) of air changes between occupancies. |
personally am more in favour of the latter as we know 3 ACH can achieve >95%
contaminant removal, can be incorpo@R Ay (G2 @SY GAf lodniglgy W2 LJ
coolingprocedures, and in some cases (for certain contaminants for example) can be
achieved by full filtered/cleaned air recirculation if requirétbwever, notethe latest

UK Part F regulations does notalldw2 NJ G KA & ¢ A 0K WLIdzMESHde | A NI
a requirement It isalsonoteworthy that BS EN 167982019 recommends a minimum
amount of air to be delivered prior to occupation to achieve at least 1 volume within 2
hours of the zone to beentilated (i.e 0.5 ACH for 2 hours).



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Alternatively the ventilation can be lowered formecupied periods (if such ventilation
turndown rate is available), and the total air flow rate for diluting emissions from
building should be minimum 0,15 I/s.m2 @bor area in all rooms, but there is no
supportingevidence foithe basis for this provided.

Additionally, as suggested in BS EN 1672819 Method 2using CO2 concentratias
acceptableas basis for adequate ventilation design and 1AK3 a result | cannot agree

with the guidance measure to turn off or lower DCV to <400ppm (or 550 PPM in later
guidance) enabling full constant ventilation. Assuming the ventilation rate to the
corresponding CO2 level is adequate to the required IAQ,lesee no need to alter the

DCV settings, even considering any time delay in increasing ventilation rates based on
slow reacting CO2 measurements as COVID related infection risk varies minimal in such
short time frames.

If ventilation strategy is wetlesigredto provide adequate ventilation to meet occupant

and building level requirements there should be no need to disable control strategies
such as DCV in the future. It should be ensuredever,that a minimum amount of
ventilation (per m2 floor areashould be provided to dilute room or building related
contaminants and achieve suitable ACH regardless of measured CO2 level.

Temperature & Humidity

Temperature and humidity although key components of IEQ and IAQ, particularly in
terms ofrelative humidity which in high levels can promote microbial growth such as
mould and bacteria, but both are lightly reference throughout the guidance. This is due
to the fact that temperature and humidity have relatively little effect on CGYAIn the
comfort range of occupancy. Nevertheless across the guidance there is consensus to
maintain temperature in usual climate comfort range, and relative humidity between
40-70% to minimisehe risk of microbial growth, as well as maintaining the health and
comfort of human occupants.

Air Filtration & Air Cleaning

Air Filtration

There are different recommendations by industry bodies on the level of required
recommendation¢ ranges from HEPA grade fikedown to no specific filtration
required. HEPA filters can be viewed as medical grade filtration, rated to remove 99.97%
of particles at 0.3microns in size, useful where it is known that a large bioburddyewill

in the space such as healthcare environments.
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For all other spacesuch asthose in commercial settings, a MERV 13/14 filter is a
practical filter grade for strong IAQ, economic arergyperformance. This grade of

filter will remove roughly 90% of particles at 0.3 microns in size, very close to the
performance of a HEPA filtebut as discussed in the August 2020 CIBSE Journal article
08 ¢ WrderSaNding’ HEPA filte®s ( KpSessliré\ didp across a HEPA filter is
likely to be two or threeimes that of a typical filter. A 50Pa of added pressure drop
through a filter passing 1m3/s will consume an additional 1.2kWh of fan power every 24
hours which can be significant on larger scale systems. Selecting a filter with the deepest
pleat your systen can accommodate reduces the added pressure drop across the filter
and improves filtration, but can increase AHU size and space requirements.

Air Cleaning i UV and Other Technologies

Air Cleaning includes Ultraviolet (UV) disinfection and other air cleaning technologies
such as photocatalytic oxidation, photoelectrochemical oxidation, electrostatic
precipitation, and various ionization technologies including bipolar ionization

UV techmlogy has been used for years to kill or inactivate microorganisms, and is
variously abbreviated as UV (with the suffix indicating the wavelength band, 200 to
280 nm), UVGI (ultraviolet germicidal irradiation), and GUV (Germicidal Ultraviolet).
Many of hesesystens, save UVG@yre relatively new anth most cases these products
have concerns about bByroduct emissions such as Ozone, and have not been tested by
independent parties or lack test standards against which to measure their performance
As a resli you will find little reference to these throughout my or many institutions
recommendations, and any available guidance recommends caution and comprehensive
verification if selecting one of these newer, unproven technologies.

In contrast U\Cair cleaning or disinfection is referred to in several guidance documents,

as! {1 w! 90a t2aAldAz2y 52 0derompiendszofidetaypi & A 2 d
three UVC applicationsin AHU, irduct, and in room ¥ 2 NJ -defsity3kaces such as

gl AOAY 3T NR2Yas LINR ahesftticare buidiigs, présGniablySobicause T
these spaces are more likely to be inhabited by infected pedple to limited control

over who occupies the space and other control measures. llluminating Engineering
Society (IES) in thefeermicidal Ultraviolet (GUV) FAQ repastates that the most
effective UVC application for disease control is irradiation at the room level, or upper
room UVC. However, the need for specific disease control in commercial environments,
particularly with other contols in place, should be limited.



https://www.cibsejournal.com/technical/understanding-hepa-filters/
https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
https://ghdcenter.hms.harvard.edu/files/ghd_dubai/files/ies_faq_on_germicidal_uv-cr-2-20-v1a_1.pdf
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Additional concerns about the health effects of UV radiation in proximity to human
occupants, and the possible production of Ozone means any recommendation to include
in-room UV technology needs to be carefully considered.

While duct and air handler UVC applications can mitigate recirculated EVikk, in

order for a UV sterilisation system to function correctly the dwell tinhe, intensity
(approximately 0.4W per L/s of air minimum) atie correct wavelength are required

to deactivate viral content Additionally if adequate filtration is applied it should already

be removing a large quantity of viral material and other contaminantsr to the UVC

In the authors opinion, the only considdion for UV technology in the AHU system or
ducts is to irradiate wet downstream cooling coil and drain pan surfaces in warm and
humid environments where coils are wet for long periods. Thishel) deactivate any
viral particles still present in the raiand simultaneouslyreduce or eliminate fungal
amplification on the coil and drain pareducing fouling and air resistance improving
energy efficiency. Care must be taken to ensure UV does not degrade materials such as
filter media (especially synthetroedia), pipe insulation, and wiring jackets.

{1 w! 903 t2aA0A2Y 520dzySyi I #1Iys aFA taihNISH } By
Is that, at present, there is only significantidence of health benefits for porous media
particle filtration systems. For a few other technologies, there is evidence to suggest
health benefits, but this evidence is not sufficient to formulate firm conclusions. A key
position is that filtration andair-cleaning technologies are not recommended for use if
they produce significant amounts of contaminants [such as ozone] that are known or

A~ ~ 7 A

SELISOGSR G2 06S KIFNXYTdzZ F2N) KSHfGKE D

Local / In-room Air Cleaners

While not fully consistent, most guidance suggett local air cleaning and filtration

may be beneficial for reducing air pollution and virus transmission risk in some spaces,
particularly if it is not possible to increase ventilation (in this case referring to outside
air ventilation). All such devicesA f £ Ay ONBI &4S GKS aSTFFSOGA
their impact will depend on the volume of the room, the flow rate through the device
(CADR), and the location of the device in the roompfavhich need to be considered
before specifying local atteaners. They can either staiatbne consumer devices which

can be readily deployed in any space, or installed in a similar manner to a local air
conditioning unit. Noise and any other emissions from the device should also be
considered.


https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
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Again, use of these devices will not change CO2 concentrations in a room and therefore
W2 dzi R22 N | A NJ O Sefflieitd to theldesiyed |ARIevaR uilddzill e 6 A 2
needed Local air cleaning devices typically use HEPA filters and/or UV@tioadd
remove or inactivate contaminants and virus&bere are also many other air cleaning
technologies on the market but again, and even more so feoam locations, the
current lack of independent testing and standards limits their relialsife use in
commercial environments, and hence are not recommended at this time.

{1 w!90a t2aArAilAzy 52 0dzhigsimmariges @is tvall Nith:0 A 2 y
Gt NBaSydftes YAYAYLf R G I NB | @FAflofS
LI O1F ISR FANI Ot SFYSNB SYLX 2e8Ay 3 YdzZf ALK S
they may be beneficial to reducing pollution conceniat if placed near the source.

Most residential portable air cleaners come with HEPA filters, but many also offér UV

and activated charcoal as well. Relative to CGM[the HEPA filter should be effective
alone without these other options, and electngnair cleaners that generate ions or
ozone should be avoided.

IAQ Monitoring

Most of the reference to IAQ monitoring throughout the guidance is to CO2 monitoring
Fa | YSGNRO FT2NJ O2y FANNA fFar dedadesSADdAas lieeh O S
widely accepted as an indicator of ventilation and it should continue to do s®as C
measurements may also be used to help verifying ventilation effectiveness and supply
rates during building operatiotdowever, in a future of building design considering,IAQ

it is recommended that a more wholistic measurement of IAQ including buildisgd
contaminants such as VOCs, and possible external contaminants such as PMs or NO
should also be monitored. Detailed guidance on the monitoring of IAQ is available from
multiple IAQ monitoring equipment suppliers suchlasierrg or the WELL Building
standard for future building designs.

Mechanical Ventilation Heat Recovery (MVHR)

Heat recovery devices used in ventilation systems generally prostdeeredheatfrom
exhaust to supply air in winteand can also recover cooling in peak summer conditions.
There are multiple types of MVHR including flat plate heat exchangersraund coils

and thermal wheels, a detailed description of each is available numerous CIBSE and
ASHRAE guides.


https://www.ashrae.org/file%20library/about/position%20documents/filtration-and-air-cleaning-pd-feb.2.2021.pdf
https://learn.kaiterra.com/en/resources/indoor-air-quality-monitoring-guide
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Heat recovery systems air leakage and possible CGO¥tiansmission risk was a highly
studied concept initially during the pandemic, with dedicatieelat recovery and specific
thermal wheel guidance documents produced.

In general, the HVAC best practice guidance produced focused on thermal wheels which
have the greatest potential for air cross leakage and hence COBANsmMission risk.
Thermal whels are also generally accepted as the most efficient heat recovery device
except for some instances in arid climates where plate heat exchanger technology is
preferred. Although has been some recent improvements iratound coil technology

with its minmal air leakage possibility, and lower system weights is seeing an increased
interest in the technology (e.gtlaktiwoods ECONET

Initially, and still irsome instances, guidance recommended that heat recovery systems
be bypased or shut off to avoid risk of cross contamination. This is important as the
heat recovery function is usually integral to the ventilation system design in terms of
simultaneously devering adequate air flow and meeting heating or cooling demand so
should not be off when requiredAs our knowledge of COVI® progressed, the
guidance generally progressed from bypassing the heat recovery systems to
recommending measures to reduce riskcross contamination such as installation of
purge sectors, adequatseals,and correct fan placemerdnd operationfor positive
pressure differentials on supply air.

Some of these recommended measures and heat recovery terminology play an
important pat in this research and therefore are summarised here:

The main indicator of internal leakage of potentially —
contaminated air leaving the room to supply air through th —

12 1"
exchanger is expressed by Exhaust Air Transfer Ratio (E/ =—|| «

i [| EATR

Outdoor AirCorrection Factor (OACF) represeris teakage OACF
of the outdoor air to the exhaust air, which mainly affects > | ,
the energy consumption. “ #

Eurovent 17/1312015provides arexplanation OACF and
EATR, and while the diagram makes ratios function clear, the calculation behind OACF
and EATR in particular are inaccessible to most engineers and facility managers alike.



https://www.flaktgroup.com/ie/solutions/maintaining-hygienic-conditions/econet/
https://eurovent.eu/?q=content/eurovent-1711-2015-guidelines-heat-recovery
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Figure64 ¢ EATR vs OACF Grayth Optimal Selection Point (Eurovent)

To calculate OACF & EATR requires additional accurate measurements of air flowrates
at each quadrant of the heat exchangedifficult to accurately measure airflow as
requires long straight runs of duct/AHU but cla@ measured indirectly using fan VSD
estimations. A simplified estimation of EATR is provided ifppre prEN308but can

only be done when heat recovery is in bypass i.e. the rotor is stopped.

Simplified method to estimate EATR
1. Measure temperatures (tq, t;;, ty)

2. Test at deactivated heat recovery (stc

tro —t
EATR = 2221

t11 — 121

As illustrated irFigure64 below, EATR is a function thfe pressure difference between
supply air side downstream exchanger (p22) and the extract air side upstream the
exchanger (p11), and its value depends on the type of sealing and conditions. Also the
rotor speed and inclusion of a purge sector would haveapact on EATRther points

of leakage such as AHU casing, air inlets and outlets, and ducts should also be considered
and minimised in the design and installation stage.


https://standards.iteh.ai/catalog/standards/cen/d909a01e-ccfa-4625-a0fc-5951ea843186/pren-308
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Figure65 - Typical Thermal Wheel AHU Pressure Differential

For a correctly designed, sap and maintained rotary heat exchanger, the leakage of
potentially contaminated extract air to supply air is typically very low and in pedigtic
negligible. Nevertheless, in case of improper layout of AHU fans or lack of correct
pressure balance setting, the leakage may be significantly highbe main
recommendation is to keep positive differential pressure on the supply air side, and in
this way, ensure the possible leakage from supply to exhaust air (i.e. EATR = 0%). The
ideal AHU fan position to achieve this is with fans placed after the thermal wheel in their
respective airstreams. AHUs should include pressure taps to measure pll and p22 or
ideally include differential pressure sensors for continuous monitofimjowing this,

strong and well maintained sealing is the most effective recommendation to limit any
leakage across airstreams (EATR and OACF). Perimeter and middle bean sealing in
thermal wheel chambers is essential to minimising sealing leakage, which constitute the
large majority of EATR. OACEF is typically lower on larger units which is worth taking into
consideration also.

Remaining a recommendation in some guidancpurge sectorsare an additional
specially designed part that mounts on to the rotary wheel housing at the anflow
dividing paneland coversan area of the rotary wheel between the extract and supply
air flows thatpurges the contaminated air from the wheel structure.

The purge sector is only effective, however, if the correct pressure potential is present
and the correct fan configuration is used. Most rotors operate without purge sectors
since typically a small mixing of exhaust air into the supply périmissible, particularly

as air is typically also filtered. In terms of COWIhere is some limited evidence of
viral material being detected in air handling units, although its infectious viability is not
confirmed. Additionally the ability of a purgector to remove this viral material is not
confirmed. However, it is known that the purge sector can add a point of weakness
between thermal wheel middle beam sealing, amdunctioning purge zone increases
OACF approximately by the amount of purge flawgreasing energy consumption to
still achieve the required supply flow rate



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Building Certification and IAQ

A large part of this research was to review the recommended measures to tackle-COVID
19 and improve general IAQ. This extends to the requiremamdscredits incorporated

into several of the international building certification standards.

The international building certification standards reviewed include:
1 WELL Building Standard
1 LEED
1 BREEAM
1 NABERS Indoor Environment (IE)*
1 IMMUNE Buildingtandard*

*NABERS Hhd IMMUNEwere later additions as the research progressed and |
became aware of them, and are therefoare less detailed.

For the main globally renowned building certification standarddMgEL| LEEDand
BREEAMa summary table of IAQ related features is presented providing the
requirements, commentary, and a relative difficulty of implementation scale for each.
Additional information on each building standard can be found on their retspe
website.There are a lot of synergies between the building certification standards which

I NBE (G@LIAOFftfe& adzyYFNAaAaSR Ay WONRaagltil |
different certification standards and are found on their respective websites.

WELL Building Standard (V2)

The WELL Building Standasdan evidencévased system for measuring, certifying, and
monitoring the performance of building features that impact health and Wweihg
created by the International WELL Buildilmgtitute (IWBI). Currently available in 2
versions, and an additional Heal8afety rating, it is arguable the most relevant
standard in terms of IA@nd ventilatong A G K 'y Sy G§ANBS OF 6§S32NE
Certification costs for WELL building standstatt at $15,500, and go to over $100,000
depending on building floor area. However, information on the rating system measures
and their implementation is widely accessible online.

The below summary focuses on the later V2 version which is more reldatabiedern
ventilation elements; encompassing 14 features covering ventilation effectiveness to

air cleaning. WELL version 1 is a broader version of WELL V2 with a more cumbersome
WIANDR OFGS3I2NE AYO2NLIR2NY GAYy3 Hop TSI OdzNB a3


https://www.nabers.gov.au/ratings/our-ratings/nabers-indoor-environment
https://immune-building.com/
https://www.wellcertified.com/certification/v2/
https://www.usgbc.org/leed
https://www.wellcertified.com/certification/v2/
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WELL Building Standard (V2)

Precondition = mandatory

Optimization = optional

Requirements

Commentary

Difficulty
* Low ***High

Feature AO1 Air Quality

meet acceptable thresholds.

Part 1 PM Requires air quality Needsconsideration of typical outdoor air qualit| *

Thresholds tests/monitoring to show PMs | and air cleaningf/filtration strategy. More difficul
meet acceptable thresholds. | in urban locations

Part 2 VOC Requires air quality Needs consideration blilding materials and *

Thresholds tests/monitoring to show VOCS furnishing, and air cleaning/filtration strategy.

Part 3 Inorganic
Gases Thresholds

Requires air quality
tests/monitoring to show
inorganic gases meet thresholg

Needs consideration of typical outdoor air qual
and aircleaning/filtration strategy. More difficult
in urban locations

Part 4 Radon

Requires air quality

Can and is often achieved by meeting A03 Par

Thresholds tests/monitoring to show 1 ventilation design requirement meaning

Radon gas meet thresholds. | testing is not required.
Part 5 Measure at least once per yeal Requires a once yearly independent IAQ test o *
Measure Air PMs, TVOCs, CO and O3 IAQ monitoring system. Should be used to con
Parameters and recommission ventilation system design

Feature A0O2 SmokeFree Environment

Part 1 Prohibit
Indoor Smoking

Requiresno smoking indoors

Standard practice generally required by regs

Part 2Prohibit Outdoor
Smoking

RequiredNo smoking signage
at applicable locations

Standard practice to have signage and designé
smoking area away from building

Feature AO3 Ventilation Design

Part 1
Ensure Adequate
Ventilation

Install & Commission
ventilation system to meet
chosen Regulation/Standard

Standard practice select the appropriate
ventilation strategy and regulation/standard for
project

Feature A04 Construction pollution management

Part 1 Mitigate
ConstructiorPollution

Requires protectio®R
vacuuming ofluctwork.
Requires replacement of
>MERVS filter prior to
occupancy.

Implement dust & moisture
management procedures

All typically standard practice in construction
industry, although often not well
enforced.

Feature AO5 Enhanced

Air Quality

Part 1 Enhanced PM
Thresholds

Requires air quality
tests/monitoring to show
PMs meet acceptable
thresholds.

Needs consideration of typical outdoor air
quality and air cleaning/filtration strategy. More|
difficult in urban locations

Part 2 Enhanced VOC

Requires air quality

Needs consideration of building materials and

thresholds.

Thresholds tests/monitoring to show furnishing, and air cleaning/filtration strategy.
VOCs meet acceptable
thresholds.
Part 3Enhanced Requires air quality Needs consideration of typical outdoor air *
Inorganic Gases tests/monitoring to show quality and air cleaning/filtration strategy. More|
Thresholds inorganic gases meet difficult in urban locations

Feature AO6Enhanced

Ventilation Design

Part lincrease
Outdoor Air Supply

Requires 30% (60% for 2
points) increase in minimum
rates or prediction of effective
ventilation as per Regs /
ASHRAE / CIBSE AM10.

Generally achievable. For offices, achieving
16l/s permperson as per BCO specs likely sufficeg
More challenging for naturally ventilated
buildings. Option to use DCV CO2 ppm limits
(750ppm 2 points, 900ppm 1 point) also given.

A downside can be increased energy input.




CIBSE Ken Dale Travel Bursary Report 262022

John Smyth

Part 2 Improve

Use Displacement ventilation

Not standard practice and does have additional

*%

Ventilation (90% of area) or personal design considerations.

Effectiveness ventilation (50% workstations) | Personal ventilation is limited in commercial
to improve ventilation envronments.
effectiveness

Feature AO7 Operable Windows

Part 1 Provide
Operable
Windows

> 75% of occupied areas have
operable windows to outdoor &
OR openable window area is
>4% the occupied area

For mechanically ventilated strategies openabl
windows is generally not applicable.

*%

Part 2 Manage
Window Use

Outdoor PMs, temp and
RHare monitored. And
Indicator lights at
windows for occupant
opening cues

Outdoor air measurement at least once per ho
demanding but can be from other monitoring
station within 2.5 miles of site if available.
Window indicator lights are not common ptiae
and additional expense

*k%

Feature AO8 Air quality monitoring and Awareness

Part 1 Install
Indoor Air
Monitors

Requires monitoring and
reporting of 3 or moré
PMs, CO2, CO, 03, NO2,
TVOC, Formaldehyde

Not standard practice birtcreasingly asked for
by Clients. Requires sensor and monitoring
strategy, annual calibration and reporting all
implying additional CapEx and OpEXx costs.

**

Part 2 Promote Air
Quality Awareness

Display IAQ data collected
simply in occupied spaces

Not standard practice, implies additional
CapEx costs.

**

Feature AO9Pollution Infiltration Management

Part 1 Requires regularly used Requires communication with Architect and clig **
Design Healthy entrances have air and foot on entryway lengths and revolving doors /
Entryways pollution retention system. vestibules etc. and additional maintenance
Part 2 Requires a competent facade | Not standard practice, results in CapEx incread **

Perform Envelope
Commissioning

engineer produce an envelope
commissioning plan and report

Feature A10 Combusti

on Minimization

Part 1 Manage
Combustion

Requires no space conditioning
or cooking combustion
technology is used, and no
vehicle idlingsignage

Becoming more standard practice with several
alternative electric options

Feature A11 Source Separation

Part 1 Manage Pollutio
and Exhaust

Requires direct exhaust for
toilets, cleaners/ chemical
storages, printer/copiers roomg

Relatively standard practice.
Requires particular consideration in speculative
of fices tawgatdi mg sé&WE

Part 2 System
Performance

Require CFD analysis and
comfort verification.

Complex, but becoming more common,
particularly wherdisplacement systems are
specified.

**

Feature A12 Air Filtrati

on

Part 1 Implement
Particle Filtration

Use required filter grades
(MERV 12 +) depending on
outdoor air quality And
Maintain according to
manufacturer recommendation

MERYV 12+ filters arenow standard practice. Wi
require outdoor air quality (PMs) measurement

Feature A13 Enhanced Supply Air

Part 1 Improve Supply
Air

Supply 100% OA, OR accepta
filter/clean recirculated air

Requires DOAS AHU or MERV14+ and carbor
filters (in AHU or in room) to achieve which is
currently not standard practice but worth
considering. Additional CapEx and small OpEX|

*%

Feature A14 Microbe and Mold Control

Part 1 Implement
Ultraviolet Treatment
For HVAC Surfaces

Requires UV light on cooling
coils and drain pans, AND

proper maintenance of same

Not standard practice. May have some benefit
warm, humid climates. Additional CapEx and

small OpEx

*kk
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Some additionalpverlapping features for consideration include
1 Community CO& Emergency Preparednesshich includes the requirement for
an emergency management plan outlining the building response to emergency
situations such as wildfires (if applicable).
1 Materials X06 VOC Restrictionsvhich includes restrictions of VOC -gfissing
from wet-applied poducts and internal furniture and products.
1 Materials X11- Cleaning Products and Protocolshich includes preferred
cleaning products with less hazardous chemicals and improved cleaning practices.
As a stanehlone building certification, The WELL
Health-Safety rating was created by the IWBI in
response to the COVAD® pandemic and is aimed
at facility operations and management of new and
existing buildings. Rather than focusing on long
term design strategies typically covered in WELL,
the WELL Hethl-Safety rating focuses on
strategies that can be implemented immediately

image Sowce VB (menationsl WELLBulime ottt \vithin  the scope of facility operations and
management to reduce the risks of infectious
| e disease spread.
| The WELL HeaHlBafety rating includes more than
S reepsm 20 features across the follving core areass

Treatment
Systems

minimum of15 of which need to be met:

Cleaning and Sanitization Procedures
Emergency Preparedness Programs

Health Service Resources

Air and Water Quality Management

w Stakeholder Engagemeéit

Communication

Projects undergo an annual renewal process validating thegang operations and
maintenance to ensure integrity and consistency. More information is available from the
IWBI website on WELL HealtBafety rating.As not typically a building design
certification standardout more of a facility operations and management procedures
guide, the WELL Healafety rating is not wholly applicable to building design and is
not exploredfurther in this study.

Develo,

1
1
: 1
Legione q

Management
Plan



https://dev-wellv2.wellcertified.com/health-safety/en/overview
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LEED (V4)

Leadership in Energy and Environmental Design or LEED mavglebally recognised
building certification standard and framework for healthy, efficient, carbon and-cost
saving green buildings of for all building types. Developed by thepnoiit U.S. Green
Building Counc{USGBCin 1998, its latest version V4 released in 2015 and a pilot
updated version V4.1 available since 20Crtification costs for LEED start at approx.
$4,000, and is uncapped withtes varying depending on building floor area. However,
information on the rating system measures and their implementation is widely
accessible onlindt is a design tool rather than a performanoeasurement tool and
focuses on operational and embodiedrican. However, there are credits that impact
occupant health and IAQ as summarised below.

LEED (V4)

Requirements Commentary Difficulty
*Low ***High

EQ Prerequisite Minimum Indoor Air Quality Performance

Ventilation Requires complianosith Minimum rates vary depending on application  *
minimum rates in ASHRAE 62| generally this would be achieved through good
or EN15251 & ENL3779. practice standards.

Monitoring Requires airflow monitoring Typically beyond standard practice but >
devices, C@sensors for becoming more common. Adds extra CapEx

naturally ventilated spaces
EQ Prerequisite Environmental Tobacco Smoke (ETS) Control

Prohibition Prohibit smoking inside buildin{ Standard practice with regulations and any *
and within 7.5 meters of air designated smoking area required can just be
inflows, include signage adequately signed

EQ Credit Enhanced Indoor Air Quality Strategies

Option 1 Requires entryway systems, | Relatively easy to achieve, with generally mino| *

Enhanced 1AQ crosscontamination prevention CapEximpact. For naturally ventilated spaces,

i and filtration and/or natural compliance with CIBSE AM10 is required.

Strategies ventilation design calculations.

Option 2 Requires exterior contaminatio| Exterior contamination prevention analyses **

Additional enhanced prevention study, +30% (CFD, dispersion modelling, wind tunnel, etark

) ventilation rate, source control | beyond standard practice. CO2 monitoring alsc

IAQ Strategies and monitoring (e.g. C®and | not commonly specified.

natural ventilation roorvby-
room calculations.

EQ Credit Construction Indoor Air Quality Management Plan
Requires IAQ Managemepian | Normally specifiedalthough often not well **
including protection of enforced.
ductwork, filter replacemermtc.
EQ Credit Indoor Air Quality Assessment

Option 1 Requires building fluslout Although flushout is common practice, requireq **

Flush out under specific environmental | air volumes are challenging and ntsgve cost
conditions. and/or programme implications.

Option 2 Pre-occupancy IAQ testing Not common practice but overlaps with WELL | **

Air Test to meet standards requirements if applicable

EQ Credit Low-Emitting Materials (V4.1)

Low- Usebuilding interior Requires research, specification and calculatio| ***

Emitting materials that meet low of e@mowtingd materi al

Materials emitting criteria available.



https://en.wikipedia.org/wiki/U.S._Green_Building_Council
https://en.wikipedia.org/wiki/U.S._Green_Building_Council
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Some additional, overlapping credits for consideration include the Materials and
Resources credit Building Product Disclosure and Optimizafidaterial Ingredients
which encourage the use of products and materials that have environmentally,
economically and socially preferable IHeycle impacts.

LEED also introduced multiple new Safety First Pilot Credits in response to-I80VID
covering space cleaning protocols, designing for and managing IAQ with-CQ)\érl
HVAC systems maintenance and recomrarsag.

BREEAM

BREEAM (Building Research Establishment Environmental Assessment Method) is a
sustainability assessment method launched in 1990 by the Building Research
Establishment (BRE). It sets standards for the environmental performarmgldings
through the design, specification, construction, and operation phases, and can be
applied to new developments or refurbishment schemes. Certification costs for BREEAM
building standard start at £1,000, and go to over £4,000 depending on bufldmg

area. However, information on the rating system measures and their implementation is
widely accessible online.

For BREEAM the assessment must be undertaken by independent licensed assessors
using scientificalipased sustainability metrics and indgwhich focuses on sustainable
value across range of categories includingrgy, Pollution, and Health and Wellbeing,

the relevant requirements related to IAQ from BREEAM New Construction 2018
summarised below.

BREEAM

Requirements Commentary Difficulty
*Low ***High

Hea 02 Indoor Air Quality - Minimising sources of air pollution
Indoor air quality (IAQ) plan - one credit
Requirement 1 Requires an IAQ plan covering | Concept usually discussed but not always we
acceptable pollution levels, IAQ | recorded and enforced.

monitoring & testing,
contamination sources removal ¢

Ventilation

Requirement 2a Requires fresh air rates in Referenced standards are commanyployed | *
accordance with relevant good
practice standards.

Requirement 2b Requires minimum intake / Subject to space and site constraintsore **
exhaust separation and intake | challenging for refurbishment or buildings
or windows distance from located in dense urban areas
sources of pollution.

Requirement 2¢ Filtration as per BS EN Updated to new EN 16798 Standard F7 >

filters may not be s

13779:2007 Annex A3. .
locations.
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Requirement 2d Requires C@sensors to adjust | Typically beyond standard practice but becor] **
ventilation strategy in areas more common. Adds extra CapEx
with variableoccupancy.

Requirement 2e Requires natural ventilation Requires high level of coordination with wrx
strategy to CIBSE AM10 architectural design since eastage
or ClassVent. (room depths, window areas, etc.).

Some additional, overlapping credits for consideration include up to two credits for
Emissions from construction products, and one credit from 4€osstruction indoor air
guality measurement

NABERS (IE)
NABERS (National Australian Built Environment Rating Sysgem)national rating
system that measures the environmental performance of Australian, and more recently
international buildings. The rating system is independent, based on real data and
provides a comparison to similar buildings, and all NABERS ratings are only valid for
06St O3S Y2y OUKad ¢KAA FyydZdf Y2RSt SyadzaNB3
operational performance and not just the building design.
NABERS originglfocused on energy criteria with the NABERS Energy rating that
measures the efficiency of a building and rates its performance by comparing the energy
consumption against a set of benchmarks that have been developed using actual data.
It has since expandddto water,waste,and indoor environment rating systems.

N N N N

NABERS NABERS MABERS MABERS

Figure66 ¢ NABERS Rating Systems Icons
The more recent NABERS Indoor Environment (IE) rating measures the indoor air quality,

lighting quality,temperature, and thermal comfort as well as acoustic quality of a
building. Its main features are summarised below;

A There are three different rating pes which are base building, whole buildiagd
tenancy ratings. Different rating types require different key indicators to be
assessed.

A Results are communicated in a 1 to 6 staale benchmarking theuildingsor
0 Sy | yetf@reace against the market. |E results are valid for one year.

A The rating system generally requires occupant satisfaction survey (qualitative)
and onsite data (quatitative).
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A The key indicator most relevant to this report is indoor air quality. The indoor air
qguality parameter is assessed in terms of ventilation effectiveness and indoor
pollutants.

A Ventilation effectiveness measurement is based orp @®el, specifially on
meeting the required difference between indoor and outdoor.GVels.

A Four components of indoor pollutants are measured including particulatesPM
formaldehyde, total volatile organic compounds (TVOCs) and carbon monoxide
(CO).

NABERS IEt@dacan be used to assist in meeting WELL certification or recertification, and
any other applicable rating system (e.g. LEED). There is significant overlap between
NABERS IE the WELL building standard as summarised bvothisvalk document
produced by IWBI.

In summary, the NABERS IE standard is relatively new and does focus on building
operation rather than design. It does have many similarities with the more established
WELL building standard, and this overlap means there is a high likelihood of achieving
certification in one making the other easy to also achieve if desired. Therefore, WELL
remains the preferential IAQ standard in commercial environment but | expect NABERS
family of certifications to become more prevalent in the building industry in the &tur

Immune Building Standard

The IMMUNE building standard is the latest of the building certification rating systems
YR A& audaldSR Fa (GKS ¢g2NIRQa TFANRG adl
environment. Designed in response to the COWDpandemic, and inspired by
advanced technologies and procedures successfully used in medical now adapted for
use in commercial real estate, it is a gaibclaimedleading innovative solution for
minimizing the impact of pandemics like COXH) and other lacteriological and
toxicological health threats in the built environment.

¢tKS Laa! b9 o0dzif RAY 3 A& iGpanyRértidatQri assksgriestlisS vy R
based on a scoring index across a set of 135 recommended measures, technical
solutions, and factly management practices to certify the level of resilience of a building

to present and future health challenges.


file:///C:/Users/john.smyth/Downloads/nabers_ie_wellv2pilot_crosswalk_%20(1).pdf
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The measures cover categories including Legislation, Governance and Compliance, Area
specific (office, reception, restroom), arfBuilding Exterior measures. Examples of
measures include designation of quarantine rooms, different access paths for ingress
and egress, entrance thermal scanning, touchless elevators, and appropriate staff PPE
and sanitation.

Based on the weighted poingsvarded, a building can achieve IMMUNE Strong (3 stars),
IMMUNE Powerful (4 Stars) and IMMUNE Resilient (5 Stars).

iI1IMMUNEII i1IMMUNEII iI1IMMUNEII

Figure67 ¢ Immune Building Standard Rating Icons

(

The IMMUNE building standard is a direct reaction to the CQYIpandemic and as a
result includes measures such as thermal scanning and office masks/PPE that are widely
debated as necessary in the commercial environment. Being based on medical
institutions with a focus on medical health rather than wellbeing and ¢HBRQ |
personally see minimal application for this standard in the commercial environment in
the future. To make your own conclusions more information is available atth@JNE
Standard website

For an even more wdepth analysis of building standards and rating systems related to
IAQ, the recently published AHSRAE Reporwioftidisciplinary Task Group (MTG)
Health and Wellness in the Built Environment (HWpreyides a detailed summary

overview of IAQ and greater IEQ subjects covered in relevant ASHRAE and global building
rating sandards.



https://immune-building.com/
https://immune-building.com/
https://www.ashrae.org/file%20library/communities/committees/standing%20committees/environmental%20health%20committee%20(ehc)/mtg-hwbe-final-report.pdf
https://www.ashrae.org/file%20library/communities/committees/standing%20committees/environmental%20health%20committee%20(ehc)/mtg-hwbe-final-report.pdf
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Summary

There has been a multitude of guidance documents and best practice guides produced
over the last 2+ years from building services institutions to help HVAC systems reduce
COVIBL9 transmission risk. The advice provides general consehatisertain HVAC
measures can be beneficial and are recommended, but specifics do vary across
institution. Many of these recommendations are issued in sole consideration of virus risk
transmission, and so not in greater consideration of the overall eféec building
operation and sustainability (now incorporating IAQ and resiliertbeyefore some of

these measures may not align with the future of ventilation design proposed here.
Across the guidance issued the main measures can be categorised and summarised as in
Table6 previous and are discussed from a sustainability perspective below:

1 Ventilation System & Distribution Effectiveness Despite the majority of
guidance literatures preference for DOAS, recirculation type systems with suitable
filtration (and in some cases UY@ an appropriate ventilation system once
minimum outdoor air rates are maintained. Effective air distributisrcritical to
building design, and it is likely that well mixed, ceiling based ventilation will
achieve this, but research indicates that displacement type ventilation systems
will realise 2660% greater ventilation effectiveness, and lower energy demand.

{ Ventilation Rate & OperationW! RSIljdzZr §SQ @GSy lGAftl GA2Y A
JdzA R yOS R20dzyYSyida odzi 6AGK y2 O0O2Yyas
GSYUAtFrGA2YQ 2N K2g AG A a - RBethhy this NI
research aims to rectify. However based on this resgand in contrast to most
guidance documents, well designed and commissioned ventilation systems,
including DCV systems, should operate as normal to achieve the desired I1AQ,
while ensuring minimum ventilation levels are maintained to achieve desred
changes focontaminant removad CRMEBEY OOSY GAf | §A2yitQ 6 S
Is recommended to achieve a minimum of 3 ACH which can achieve >95%
O2y Ul YAYIlI Yl NBY20Ft>X FYR GKA& OFy I f &;:
adkNIQ LINP QReRdzNBA AT LI AO

1 Temperature & Humidity have relatively little effect on COMIM in the comfort
range of occupancy, but recommended to maintain temperature in usual climate
comfort range, and relative humidity between 40% to minimise the risk of
microbial grovih, as well as promoting the health and comfort of occupants.
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9 Air Filtration & Air Cleaning; There are different recommendations by industry
bodies on the level of filtration required, however, research indicates that
MERV13l4 (F7~F9) offered the best \rae balancing pollution removal and risk of
virus infection with energy penalty and operating costs, and are therefore
recommended for future commercial building design.

For air cleaning technologies, UV is the dominant technology in guidance
documents btibased on my research the only consideration for UV technology in
the AHU system or ducts is to irradiate wet downstream cooling coil and drain pan
surfaces in warm and humid environments where coils are wet for long periods.
Few guidance documents referee other technologies specifically, and any
available guidance recommends caution and comprehensive verification if
selecting one of these newer, unproven technologies.

Most guidance suggest that local air cleaning (UV based) and filtration (HEPA) may
be beneficial for reducing air pollution and virus transmission risk in some spaces
with low ventilation rates, but do not replace outdoor air ventilation.

Local isroom air cleaners may also help achieve higher effective ACH where
required.

1 IAQ Monitoring- CO2 monitoring has been widely accepted as an indicator of
ventilation, and it should continue to do so as CO2 measurements may also be
used to help verifying ventilation effectiveness and supply rates during building
operation. However, for future commeial building design in the new normal it is
recommended that building based contaminants such as TVOCs, and possible
external contaminants such as PMs or NO, should also be monitored for a more
wholistic measurement of 1AQ.

1 Mechanical Ventilation Heat Rmvery (MVHRY MVHR is essential to sustainably
achieving the indoor environmental quality required by occupants and should not
be turned off or bypassed unless the climate allows for it. Airstream cross
contamination and virus transmission risk may b@imised using suitable AHU
fan locations and pressure regimes, and adequate sealing. For most commercial
applications (IAQ K IV) it isnot recommended to install a purge sector as this
increases OACF with minimal reduction is comsgamination, and can introduce
a sealing point of weakness.



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Not all guidance measures or evdstresearch recommendations are required or even
suitable for all projects. Appropriate HVAC measures for buildings should be assessed on
caseby-case basisand consider the effectiveness of each measure, costs and ease of
implementation, impact on energy performance, and thermal comfort for the building.
This is demonstrated in the case study building analysis of this research.

Several building certificatio and rating systems also address ventilation design and
operation with recommended measures, and therefore 5 select building ratings systems
of WELL, LEED, BREEAM, and in less detail NABERS IE, and Immune building standar
were reviewed.

Summary informaon on each respective building standard is provided in Building
Certification and IAQ section of this report above, but in general these prevalent
international building standards do earnestly address IAQ consideration in design.
However, the principal lolding standards of WELL, LEED, and BREEAM have expensive
certification costs inaccessible to many projects, and are therefore often disregarded.
On the other hand, information on these standards specific measures and their
implementation is often freelpccessible online (which greatly helped this research). As

a result, with improved knowledge of these useful measures from these prominent
building standards, they can be considered and included in building design and
operation without the need for expeng certification of projects.

ASR 2y (KS O2YLX SGSR adzYYlFINE NBGASgS |
Al A& NBO2YYSYRSR GKIF{O 29[ .dzAft RRAYy3 adl
and considered as part of the building design precdsis not expected every feature
will be required or applicable to all projects, and particular features for example
recommending increase in ventilation rates (A06), openable windows (A07) and UVGI
air cleaning (A14) should be analysed specificalinggikto account the overall building
sustainability, ventilation strategy and IAQ plan, but all are recommended to be
considered.

LEED is a forerunner in terms of materials and low emissions specifications with the EQ
Credit on LowEmitting Materials (V4), and the Materials and Resources credit Building
Product Disclosure and OptimizatieMaterial Ingredients credits particularly useful in
minimising building source pollution, and improving IAQ and sustainability.
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From BREEAM, the Hea 02 Indéar Quality (IAQ) plan credit requires an IAQ plan
covering acceptable pollution levels (IAQ category), ventilation strategies, IAQ
monitoring & testing, contamination sources removal etc. which is recommended to be
implemented for all projects at earlyaje design and communicated with the clients

It is proposed, based on this research, that these useful measures all be incorporated
into the future of commercial building ventilation desigpproach The IMMUNE
building standard, heavily based on medicalvieonment measures is not seen as
applicable in the future sustainable design of ventilation systems. In contrast, the design
for performance and operational data verification requirement for certification of
NABERS IE may increase its market share amsidaryation in building design in the
future but is not currently at the global market acceptance stage.
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Research Anal ysi s

At this point | have written a substantial amount on the objective of this study,
ventilation systems and their design, pollutants, and HVAC measures to improve 1AQ
and minimise virus transmission risk. The majority of this has been based on the
excellent research of various HVAC industry experts, leading bodies and air quality
standards which have built the themes of tihéport, beyond which | ever could have
achieved on my own. But returning to the aim of this research under the CIBSE Ken Dale
travel bursaryg an award for recipients to spend three to four weeks outside their own
country researching their topig which isto analyse the impact of this guidance on
selected case study buildings sustainability performance.

A quick overview of the case study buildings and why they were chosen is provided
below with more detailed information on their HVAC systems and assocaatalysis
provided later in this report:

1. Arup Office, 1 Albert Quay, Cork, Irelantlocated in a Cool Humid (5A) climate
zone the Arup office in Cork provided a local commercial office case study building
which was more easily accessible during panderastrictions, an adaptation
YySSRSR FT2NJ KAa &SINRa /L.{9 YSy 5I¢tS

2. NUS SDE4, Singapetecated in a Very Hot Humid (1A) climate zone the National
' VAOGSNBEAGE 2F {AYy3IlILER2NBQa ob! {0 {OK221
Is a leading sustaably designed educational facility with leading researchers in
ventilation design and COVID transmission risk reduction.

3. 161 Collins Street, Melbourne, Austratiaocated in a Mixed Humid (4A) climate
zone the recently refurbished historic commerca@fice building has a VAV
recirculating AHU ventilation system.

4. 20 Martin Place, Sydney, Australinocated in a Warm Humid (3A) climate zone
the redeveloped commercial office with ground floor retail has dedicated outdoor
air AHU with perimeter chilledbeams ventilation system. Sydney is also
susceptible to wildfire smoke during recent dry summer seasons.

5. 70 Eagle Street, Brisbane, Australimcated in a Hot Humid (2A) climate zone the
2008 built commercial office with ground floor retail building hasVAV
recirculating AHU ventilation system.
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The three Australian case study buildings are owned by Pembroke Real Estate who were
kind enough to allow me to use and access these buildings as case studies for this
research. The proposed cold climate casadgt building in Moscow, Russia was
excluded. Further information on the climate zones based on ASHRAE weather data is
available here https://www.ashrae.org/technicatesources/bookstore/weathedata

center.

Based on our review of building ventilation attributes, and HVAC best practice guidance
there are 2 main subjects for analysis in the research case study buildings:

1. Ventilation Adequacy, analysis of thed dzZA f RAYy 3 @Sy GAt I GA2Y
achieving desired 1AQ, using the reseadbased proposed methodology.

2. HVAC Measuresanalysis of the need and suitability of distilled HVAC measures
from best practice guidance, and their impact on air contamisaand virus
transmission risk, while also considering their economic costs, ease of
implementation, and impact on building sustainability.

For each case study building a summary of the HVAC system will be provided followed
by analysis of the ventilationdeaquacy and HVAC measures suitability and impact. An
overview of the methodology for the analysis of both is provided below.

1. Ventilation Adequacy

WI RSljdzZr 6SQ @SYdAtl A2y Aad gARSte& RAAaOdza
documents but with no consensus on the definition of adequate rate, or how it is
demonstrated in building operationMinimum ventilation rates vary across standards,
geographes and building types, and | believe this is acceptable as different building
projects require different design considerations.

However, a homogeneous ventilation or air quality class rating system would be
beneficial forboth design team and client commication, and for enabling ventilation
adequacy conformance checks using design and operational data.

Fortunately, the recent BS EN 167B@rovides an updated categorisation of adequate
levels of Indoor Environmental Quality (IEQ), which we can simplibp® as we are
focusing on ventilation, based on the level of expectation of building occupants as
summarised below:


https://www.ashrae.org/technical-resources/bookstore/weather-data-center
https://www.ashrae.org/technical-resources/bookstore/weather-data-center
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Table7 ¢ IEQIAQCategories Level of Expectation & Explanation

Category Level of Explanation
expectation
IEQy High Should be selected for occupants with

special needs [children, elderly, persons
with disabilities).

IEQu Medium The normal level used for design and
operation.
IEQu Moderate Will still provide an acceptable

environment. Some risk of reduced
performance of the cccupants.

IEQy Low Should only be used for a short time of
the year or in spaces with very short
time of occupancy.

This is translated intoorresponding recommended predefined ventilation flow rates for
each IAQ category in l/s/p occupancy or I/s/m2 building floor area for a typical
commercial office building. These predefined values appear to be basgedrceived

air quality and expected percentage of people dissatisfied at given air flowrate, and
ventilation rates required for diluting typical building type emissions.

Default predefined design ventilation air flow rates for an office
person)

Category | Total design ventilation air flow rate
for the room

/(s per person) 1/ [s-mz]
| 20 2
1 14 1.4
m 8 0.8
IV 5.5 0,55

The use of the predefined ventilation rate procedure is preferred and commamgst
designers but does not directly consider IAQ in a meaningful way in my opinion. This
Wo NHzGS F2NOSQ | LILINBI OK NBftASa aztsSte 2\
continuously replace indoor air and remove the contaminants generated by people,
building materials, and furniture, with outside air assumed clean (free or lower in
contaminants of concern) and specified values often blindly accepted as adequate to
remove the contaminants to an adequate degree.

The alternative IAQ procedure as directetd ASHRAE 62X & | & LISOHSER® NJY |
LINE OSRdzNB ¢ GKFG lftft26a alye YSOUK2R G2
concentration limits, including source control, air cleaning, or dilution of indoor
O2y iUl YAYIlyia @AGK 2dziai R$n-bnkeNEcanlbg rBliablya |
demonstrated that the resulting air quality meets the required criteria.
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Because it is performandeased approach it allows for the inclusion of ventilation
systems performance metrics and the use of air cleaning to redudammamants in the
indoor air. This can result in reduced ventilation and outdoor air rates compared to
predefined values, reducing overall energy usage of the project and helping to keep
outdoor pollutants outside the building. However, this IAQ procedueguires
calculations and demonstrable results just to simply specify ventilation rates which can
be a hurdle, particularly at early stage design.

Based on this research, | am proposing a mixed methodology where the preferred and
simpler predefined ventildgon rates in I/s/p occupancy or I/s/m2 building floor area are
established on IAQ performance based calculations, and used with an additional
consideration of the performance based inherent ventilation system characteristics in
the form of the ventilatioreffectiveness (Ev) value.

For a typical building and design process (i.e. those not taking into account building
source pollution limitation), or those premium commercial buildings aiming for LEED or
WELL building certification using the currestandards, | propose to use below as
recommended outdoor ventilation rates taking the greater of I/s/p or I/s/m2 value for
your project.

Table8 - Typical Low Polluting Environment (BS EN16798) Recommended Ventilation Rates

Category Rec. Ventilation Rate

I/s/p I/s/m2

| R -
[o]N) (o))

I Pt 2]
(o)) (o))

1l E @
(o)) (o))

W, v8 T® U
o]V o]V

These recommended prescriptive ventilation rates are adapted from BS EN-16r@S
established on IAQ performance based calculations, but any referenced specified
ventilation rate can be used. It also includes the ventilation distribution charactesfstic
ventilation effectiveness (Evlherefore, for example a typical mixing ventilation system
with Ev =1 the recommended ventilation rate for a category Il premium commercial
office is 14 I/s/p or 1.4 l/s/Im2 floor area whichever is greater based on ocaypan
density.
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Similarly, for a displacement type ventilation system with Ev = 1.2 the recommended
ventilation rate for a category Il premium commercial office would be 11.67 I/s/p or
1.167 l/s/m2 floor area to achieve the same la@ssification, a significant ventilation
energy and plant space saving opportunity.

As a partly IAQ procedure based methodology, and taking into account contaminant
source control consideration enabled by this, the recommended ventilation should be
updated accordingly. Thereforeoif low polluting buildings which have minimised
sources of internal pollution and followed guidance in specifying low emission internal
building materials, such as WEMaterials X06 feature, or LEED EQ credit on-Low
Emitting Mderials for example, | propose the below recommended ventilation rates for
each design category.

Table9 - Wz $ oWBPolluting Environment (BS EN16798) Recommended Ventilation Rates

Category Rec. Ventilation Rate
I/s/p I/'s/m2
| pv [ pm
[o]N) [o]N)
I pB® P8I L
(o)) [o]N)
1l 9 TP
(o)) (o))
IV QU T PQU
(o)) (o))

| propose these lower ventilation rates, adapted from BS EN 167881 tested with

IAQ procedure calculations to demonstrate results, for low internal polluting buildings
G2 SyloftS GKSY (G2 Gr1S FR@GFryGlr3IsS 2F (K
dilution and removal is required within the building to achieve the same IAQ levels. |
provide more information on the requirements for classification as a low polluting
building in the Background Ventilation section of this report above or refer to the
definition of very low polluting buildings in BS EN 16798

The above proposed recommended ventilation rates, even without the ventilation
effectiveness value, may differ from those recommended or minimum ventilation rates
specified across the HVAC bodies and regulations. Under this proposed ventilation
methodology using these other building services bodies or regulation ventilation rates
Is acceptable, and the values applied may be compared or benchmarked against the
above proposed ventilation classifications to aide communication of the air quality
iImplications @ the ventilation rate specified to the client.
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For example, a typical building specifying 12 I/s/p would classify as a good Category Il
Moderate IAQ environment design, whereas a low polluting building specifying 12 I/s/p
would classify as a CategoryMedium IAQ environment desigq highlighting the
benefit of strong pollution source control.

This design stage IAQ benchmarking can be further enhanced using an adapted Method
2 (BS EN 16798 limit values for substance concentration formula to calaultte
estimated zone IAQ level using CO2 as the chosen known contaminant in this case. The
adapted Method 2 formula below estimates the ventilation zone CO2 level at design
conditions:-

Chi Estimated CO2level at given vetilation rate (mg/m3)

" “m " Qh Design Ventilation rate in m3/s/p
(0] EXZZ o + O Q Gh CO2generation rate in mg/s/person
(U Q:D)) Cho Outdoor CO2 levels (mg/m3)

Ev Ventilation Effectiveness

Note CO2 levels can be converted to more relatable parts per million (ppm) values by
the formula: concentration (ppm) = 24.45 x concentration (mg/mBjolecular weight
(44.01 g/mol for CO2).

Using this formula the CO2 level expected for the specified design ventilation rate is
estimated, and may be compared against the below table of classified absolute indoor
CO2 levels to categorise the design IAQ Idwvad.this research the outdodZO?2 leels

for each casestudy are assumed constant at 400ppm for comparapueposesbut
measured outdoor levels are recommended.

Tablel0-BS EN 16798 Recommended Absolute CO2 Level Category(ppm)

Absolute CO2 Leve
ppm CO2

Category

| < 800

Il <1000

I <1500

I\ < 2000
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These |IAQ procedure calculated CO2 levels align with the previous categories
recommended ventilation rates, and are given in absolute values (not increase over
ambient as is common in songeiidance) as required in the adapted formula, and for
consistency as we make no such allowances for any other contaminant of concern.
Additionally, those buildings located in regions with low atmospheric carbon should be
rewarded, and those with higher lels be incentivised to reduce these (beyond the
current climate change minimisation rationale).

One of the main benefits of this calculation is that the estimated design CO2 levels
provide verifiable values (+b0ppm) that can then be used t@lidate achievement of

the zone design target IAQ Category using the ventilation rates specified, and its
effectiveness during operation, with significant deviations in site measured CO2 rates
compared to design values highlighting any potential issugenmiilation delivery. This
approach is utilised in the case studies in this research.

This method uses CO2 as proxy representation for IAQ as the CO2 generation rate for
typical commercial environment is well known and referenced, but note any measured
contaminant with known generation rate can be used (e.g. VOCs for low occupancy but
high emissions building) as the basis for the calculation.

There are many studies in which CO2 is used as an indicator of ventilation and IAQ. As
CO2 is emitted by human rtabolic processes and activity, levels correlate well with
occupancy as a marker for humgenerated pollutants, assuming no combustion
appliances or any other sources of CO2 in the area. Use of CO2 as an indicator for IAQ
categorgation and ventilation dectiveness is more difficult in spaces with lower
numbers of occupants due to the increased influence of individual variations in CO2
generation rate; any measurements in spaces with lower occupancy must take this into
account in their consideration of éhaccuracy and meaning of the resul®02 is also
present in the outside air but is usually well measured and its outdoor concentration is
taken into account in the calculation.
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The CO2 emissions rafer a typical seated office occupant is 0.004€.005 I/s as
calculated by the formula below and as outlined in CIBSE Guide B Table 2.2.

Table 2.2:
Emission rates of carbon Procses oo rats L—
dioxide for occupants and

P Occupant

various processes® Seated at rest (| to 0004t00005Vs P=4x10°xMA
(Note: | met s the heat generation rate 1.5 mer) P = CO, emission rate (Us)

(W-m?) of an adult male sitting quietly.) r:m&g”
M=~T70W-m%:A=~18m)

Figure68 ¢ CO2 Emissions RA¥BSE Guide B Table 2.2

Taking the average occupdmbdy surface area to be consistent at 1.8m2 the occupant
CO2 emissions rate can vary based on the metabolic rate which can range between 1.0
Met for typical quiet seated activity up to 4@05.0 Mets for heavy work and exercise
activity. Typically, and recnmended here, for a commercial office environment a CO2
emissions rate of 0.005 I/s per occupant is used allowing for an average metabolic rate
of 1.25 (70W/m2) over an occupancy period. Conventional metabolic rates for different
activities are providedah the figure below.

2.00 -

OXYGEM COMEUMPTION, CO, PRODUCTION, L/MIN

iy EE
go: 8% :
1.75 4 EE E E S E
B S EE £
4 5 '
501 ' MODERATE
1.25 <
1.04
075 : Activity Met
o Seated, quiet 1.0
E_ Reading and writing, seated 1.0
050 % Typing 1.1
. E Filing, seated 1.2
pzsd = Filing, standing 14
Walking at 0.9 m/s (Z mph| 20
!/’ , Haouse cleaning 2.0-34
0 i 2 3 4 s Exercise 3.0-4.0

PHYSICAL ACTIVITY, MET UNITS

Figure69 ¢ Average Metabolic Ratdsr Activity
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This correlation of increasing pollutant emissions rates with increased activity is also
seen in research related to COMIB. While data orCOVIBL9 viral emission rates is
very limited, some research estimates used in modelling have suggested it may vary by
several orders of magnitude depending on the individual and their activiages
summarised in the table below from Buonanno, Stabile kiodawska, 2028.

Activity Quanta emission rate,
quanta/h

Resting, oral breathing 3.1

Heavy activity, oral breathing 21

Light activity, speaking 42

Light activity, singing (or loudly 270

speaking)

Figure70 ¢ Estimated COVHD9 Emission Quanta Rate with Activity

The viral emissions rate in quanta per hour may not be as directly correlated to activity
like CO2emissionsthisis likely due to the affect vocalization (speaking and singing for
example) has on emissions but indications that emissions are likely to be influenced by
the breathing rate of individuals which could vary by a factor of 6 between passive
sedentary breathig to high exertion aerobic exercise is supported by research (Adams
1993%° in the field. A study of ventilation improvements during a TB outbreak in
university buildings (Du et al., 20263howed when CO2 was reduced to <1000 ppm
was independently assated with a 97% decrease in the incidence of TB among
contacts.

As a result, for this research we can assume that the consideration for increased CO2
emission rate from occupants based on activity level also in general takes into account
the possible ineased viral emissions rate of COMMor other viruses due to activity
levels.

1%Buonanno, G, L. Morawska, and L. Stabile (2020b) Quantitative Assessment of the Risk of Alitamsraission of SARE€0V-2 Infection:
Prospective and Retrospective Applications. Environméntatnational 145.
https://www.sciencedirect.com/science/article/pii/S0160412020320675?via%3Dihub

Adams, W. C. (1993) 6Measurement of B DailpActviiiensgd ,R ai pei daenndi oM oo guyme G anl iRfoourt
Protection Agency. doit0.1097/000016489950300600162

21Du CR, Wang SC, Yu MC, Chiu TF, Wang JY, Chuang PC, Jou R, Chan PC, Fang CT. Effect of ventilation improvement durauosigiber
outbreak in underveitated university buildings. Indoor Air. 2020 May;30(3):4232. doi: 10.1111/ina.12639. Epub 2020 Jan 16. PMID: 31883403;
PMCID: PMC7217216.


https://www.sciencedirect.com/science/article/pii/S0160412020320675?via%3Dihub

CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Therefore CO2 can continue to be used as a proxy for IAQ in the new normal using this
methodology, and achieving the desired high IAQ level should reduce the risk of virus
transmission including COVH29, in a space. Please note however this is not a
methodology expressly to calculate or reduce the risk of infection of GO¥bDother
viruses in a commercial environment.

We have established that using CO2 as a proxy for IAQ is acceptable, however
measuement of CO2 cannot account for other HVYAC based mitigation strategies such
as filtration, local air cleaners and UVC disinfectgirategies which remove or
deactivate virus and other particle contaminants from the air but have no effect on CO2.
As a resli, these strategies will not be directly measurable or verifiable using adapted
method 2 approach using CO2 detailed above.

Yet, as we are already aware, air filtration and cleaning can play a vital role in ventilation
strategy Therefore, fittingly, theASHRAE 62.1 IAQ procedure has adopted the effective
air change rate (ACHe) metric to account for these mitigation strategies in IAQ based
ventilation design. This ACHe and its calculation use recirculated air volumes and air
cleaning efficiencies to appxonate relative ventilation supply, and is detailed in the
attached Equivalent Outdoor Air Calculator spreadsheet, and applied in the below
research case studies for further information.

ACH is important metric in contamination removal and dilution, encdeased effective

air changes results in greater pollution removal and dilution potential using the
performance based IAQ procedure if required. Based on the BS EN-167@89
recommended outdoor ventilation rates, independent of ventilation effectivenéor

this case, and assuming a 10m2 per person occupancy density and a 1.8m vertical
breathing zone as recommend in BS EN 16/8& outdoor air changeate per hour or

ACH for each categories recommend ventilation can be estimated as inltbbéow.

Tablell-BS EN 16798 Recommend@atdoor Ventilation Rates Typical Building and Very Low Polluting Building

Category Rec. Outdoor Ventilation Rate Category Rec. Outdoor Ventilation Rate
I/s/p I/'s/m2 ACH I/slp I/s/m2 ACH
I 20 2 4 [ 15 15 3
Il 14 1.4 2.8 Il 10.5 1.05 2.1
Il 8 0.8 1.6 Il 6 0.6 1.2
v 5.5 0.55 1.1 \V 4,125 0.4125 0.8
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These ACH rate for both standard and low polluting buildings are relatively high and
would be acceptable for typical operation. However, for resilience and capability to
operate during a public health or contamination event, increased air exchange rates fo
greater contaminant removal, particularly in a purging scenario, is recommended by the
American CDC and several guidance documents.

For target ACH rates care must be taken to ensure clean air delivery rates are provided
to achieve the desired design axchange. Guidance has indicated that for a\weked

room >6 ACH can remove 99% of contaminants in space, 3 ACH can remove 95% of
contaminants, 2 ACH can remove 86% of contaminants, and 1 ACH can remove 63% of
contaminants in a space respectively, assugreero concentration of the contaminant

in ventilation air and the contamination source is controlled. This is the basis of my
recommended design target air exchange rates for each IAQ category below.

Tablel2 ¢ Recommended Effeiee Air Change Rate based American CDC argiS EN 18 Standard

Rec. ACH
ACHe

Category

| X C

Il X O

Il X H

v X M

For typical low polluted buildings aiming for categdirg IV IAQ design relatively low
additional air changes of 0.2 0.4 ACH (~8% 25% additional ventilation) is
recommended. However, for very low polluted buildings aiming for cateariv IAQ
design significantly more ventilation air exchange (~50%) is nedfjuio achieve
recommended resilient air change rates for contaminant removal, despite the buildings
generally being less polluted in normal operation.

In both cases, buildings aiming for categbhAQ design require almost a doubling of
existingventilation air exchange rateNote howeverthese estimated contamination
removal efficiencies per ACH rate would likely be even greater for displacement and
personal type ventilation systenvghich would help achieve design targets.



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

This additional air xxchange does not necessarily need to be provided by central
mechanical ventilation providing outside air. It can be supplied by natural ventilation
through facade openings in the building, or zonal dedicated threugl heat recovery
ventilation systemshoth common across the buildings industry.

___—1 Direct Fresh Air

el | Provide direct fresh air direct to
the breathing zone

Allows localized pressurization
between rooms and exhaust

| E——

Portable Filtration and
UVGI units

Allows localized high efficiency
filtration and localized UVGL
(Minimum commercial grade,
avoid consumer grade)

X ,”ng
I2E \ /
o "\ ‘ ‘ \* Operable Windows
[ ] e l S A

[ E Provide direct access to outdoor
— S g to dilute pathogen and indoor
chemical build-up

Figure71 ¢ Air Exchange Pollution Dilution Optiddggram

Alternatively, effective ventilation air exchange can be provided through recirculating
clean and filtered air, and measured using the ASHRAE 62.1 IAQ procedure Equivalent
Outdoor Air Calculator. For example, buildings aiming for categd®Q design for
vulnerable occupants requiring almost a doubling of existing ventilation air exchange
rate should already be considering air cleaning technologies in my opinion, and these
can help in achieving the additional effective air changes requiredrdi&tion VAV
ventilation systems with high grade filtration and/or air disinfection can help achieve
higher effective ACHe rates at large scale in required circumstances.

Research by the Pacific Northwest National Laboratory (PRiNbyides an interesing
assessment on the impact of ventilation rates, recirculation and filtration on the
potential for Coviel9 crossnfection through transmission of aerosols (which can
reasonably be extrapolated to other similar airborne contaminants). It confirms lileat t
potential for infection in a single ventilated space reduces significantly as
(uncontaminated) aikchange rates rise, which supports this effective air change
approach.

22 hitps://www.pnnl.gov/publications/investigatigotentiataerosoitransmissiorandinfectivity-sarscow-2-through
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Based on this research, ig proposedthat the general commercial office ventilati
adequacy can be classified at design stage using the proposed updated BS EN 16798 IAC
categoriesIt may also bevalidated in operation stage using tlelapted Method 2 (BS

EN 16798l) limit values for substance concentration formula to calculate thieneted

zone IAQ level using CO2 as the chosen known contaminant and comparing it to
operational CO2 measurementSnhanced commercial ventilation and IAQ adequacy

for the new normal to achieve greater building resilience should take into account zone
effective air changes, and target adequate contamination dilution rates in the form of
ACHe in line with the desired design IAQ category as outlined above.

For both these ventilation adequacy analysis approaches the calculation, measurement
and collection of respective CO2 and air flowrate data is required.

For the research case studies, all of which are buildings in operation, analysing building
ventilation adequacy based on IAQ using the adapted Methp@®@2 contaminant, and
effective air chage (ACHe) approach requires on site measurement if CO2 levels and
collection of airflow data where available. This was typically achieved using Building
Management System (BMS) data, and IAQ measurements using the AIRTHINGS View
Plus; a claskading airmonitoring device with sensors to detect levels of radon; small
particulate matter as PM2.5; carbon dioxide (CO2); temperature; humidity; air pressure,
and volatile organic compounds (VOCs). The wireless monitor feeds data back to an
online platform over wfi and also includes a small screen and coloagted LED
indicator display to provide instant4mom air quality feedback. The IAQ monitor and
sensors adhere to the aforementioned regulations and guidance on IAQ monitoring and
therefore was used in eaabf the case study buildings.

o 637
gemzs  OCO

4

Figure72- AIRTHINGS View Plus Air Quality Monitor
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2. HVAC Measures

A pivotal aspect of this study was the review and discussion of HVAC, and ventilation in
particular, best practice guidance issued during and post the GO%Handemic. Using

the case study buildings as a blueprint this section provides an analysis whtthéhe

need and suitability of distilled HVYAC measures from best practice guid@heee is a
focus ontheir impact onindoor air quality and virus transmission risk, while also
considering their economic costs, ease of implementation, and impact on building
sustainability.Cost is an indicative rougbrder-of-magnitude cost and refers to supply

and installation costs only.

Thesedistilled HVAC measures are listed below with their main analysis points while full
summary details of each is provided previously in this report.

9 Ventilation System & Distribution Effectiveness
o DOAS vs Recirculation ventilation systems
0 Mixing vs Dislacement vs Personal ventilation distribution
1 Ventilation Rate & Operatiorg
o WI RSIljdz2 1SQ @SyYyGAtl A2y I OKASOSYSyi
o Demand Controlled Ventilation (DCV) operation
o Purge Ventilation
1 Temperature & Humidityg
0 Acceptable temperature and humidity ranges
1 Air Filtration & Air Cleaning;
o Air filtrations levels
o Air cleaning technologies
0 Local inroom air cleaners
1 IAQ Monitoringg
0 CO2 monitoringk dashboarding
o IAQ measuremend occupant awareness
1 Mechanical Ventilation Heat Recovery (MVHR)
0 AHU sealing angressure regimes (fan locations)
o Thermal Wheel (TW) purge sectors

These distiled HVAC measures are analysed across each case study building and
presented in tabular form.
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Case Study 1Commercial Office, Cork, Ireland

The 1 Albert Quay building Iscated in Cork, Ireland in cool humid climate zone 5A on
the river front of the River Lee in the historic Port of Cork region of Cork City, its newly
developing central business district.

Constructed in 2016, the sevestory, 15,800m2 office developmentitv central atrium,

over a double basement car park replaces an existing warehouse on the site and can
accommodate up to 1,800 personnel.

The main focus of this case studye Arup Cork Office is located on th#&floor of the

1 Albert Quay Building providing 1900 m2 NLA floor area of commercial office space with
an occupancy of approximately 180 people.

Designed to LEED Gold standards, the Arup Cork office was also the first in Ireland to
achieve the WELL Gold stiard for fitout.

Figure73- Arup Office Cork Ireland

HVAC System Summary

A summary of the HVAC system as of June 2020 with a focus on the building ventilation
system is provided in tabl&3 below. The building was constructed in 2016 with all the
existing HVAC equipment still in use today.
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Tablel3- Arup Office Cork HYAC Summary Table

Centralised Air Handling

5 no. AHUs located on roof
serving office floors L1 to L7

Plant Units (including landlord & toilet
areas)
Design IAQ Target Category Il Premium Office
Tvne Dedicated Outdoor Air | Supply VRF FCUs in ceiling
yp Supply (DOAS) void
Distribution High Level S_u_pply & Effectiveness (Ev) of ~1
Return Mixing
e F7 supply air Bag filter type
Filtration G4 return air Panel filter type
Design: Min. 15 Design occgpancy density: 7
: : - me</person
Outside AirProvision L/s/person Actual occupancy density:
Actual: 21 L/s/person pancy Y-
~10m?/person

Outside Air as % of

AHU 3 Serves Arup Office of

0
Supply Air 100% the North Lower Floor supply
Approx. TotalAir N
Change Rate 3.5 ACH N/A
Outside Air Modulation Yes Outside air has no Speed
control modulation
Economy Cycle / Heat Yes Thermal Wheel (TW) Heat
Recovery Recovery
Internal Temperature 22.9 (Sum N/A
P 21.5 (Wint
Humidity Not controlled No humidity sensors
Normal Hours of Base
Building Air- 7am to 7:30 pm Weekday N/A
Conditioning Plant 9ami 2pm Saturday
Operation

Centralised Plant
Cooling and Heating
Capacity

Gas fired indirect heater |
the Landlord AHU to
temper air before enterin
office

No central cooling

520 kW of decentralised VR
AC units throughout office fo
heating and cooling
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5 no. centralised AHUs located on roof supply 100% outside air and extract return as a
balances system to seveffice floors via risers distributed throughout the floor. Refer
to air schematic ifigure 73 for additional information.

AHU 03 serves the'floor including the Arup Office and incorporates a heat recovery
thermal wheel and an indirect gas fired heater to temper supply air. AHU fan
arrangement is the recommended fan pthrough arrangement with brush sealed
thermal wheel heat recovery.

Additional heating and cooling is provided by tenant VRF system. There are tenant
supplementary air systems such as tend@0% outside air and tenant general exhaust
systems available faronnections on the office floors.

I R —f__: Helie;xhausl | — _i — | — —
J Airhmeg}d ) ] Outside Air
e [T e [T T
T :
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Figure74- Arup Office Cork Air Layout
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Supply air from the DOAS is ducted to the office space ceiling plenum towards the back
of specified zone Air Conditioning Units (ACU) or Fan Coil Units (FCUs) which supply
tempered (1821 °C) air b room via ducted high level ceiling swirl and disc diffusers.
Return air is extracted from high level via ducted swirl grilles iardmated locations.
Eggcrate plenum return grilles in the ceiling enable recirculation of some return air to
the supply air through the plenum FCUdeetings rooms are supplied with ducted
outside air supply. Transfer air from the open plan office space is used for single
200dzLdr yOe WF20dza NR2YaQ YR aSNIBAOSa NR?2
air change rateof 6 to 10ACHrespectively.

Supply air igonstant volume during occupied hours (although with recent upgrades is
currently modulated using the BMS system based on a INMgtium,and Low fan speed
settings to supply air for full occupancyarpal occupancy and low/zero occupancy as
required ¢ more on this in HVAC Measures sectioNp continuous CO2 or IAQ
monitoring was included in the design however air quality tests were completed as part
of the WELL Gold standard assessment, and twgoedéent CO2 monitors are located

in the office.Air is filtered in the AHU with F7/MERV13 supply air and return air filter
(before thermal wheel in case of leakage).

There are currently no air cleaning devices utilised within the AHU or office zones.

Air Exhaust _ Air Return

L g:\ —
P

[ ¢~~ Air Intake
: {FCU = [ R
RY W S ow s S

== =
S S S w S

Air Supply
[ —

(TET [T

Figure75- Arup Office Cork HVAC Schematic
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Ventilation Analysis

The 1 Albert Quay building and the Arup office within would be a premium office space
aiming to achieve IAQ Il category or better in design. The office smdweved WELL

Gold Office Fbut certification while the overall building achieved LEED gold
certification, however confirmation that very low polluting materialer&y used and
related credits achieved was not available therefore a typical low polluing@ment

(BS EN16798) is assumed, with the associated recommended ventilation rates provided
below for reference.

Tablel4 - Typical Low Polluting Environment (BS EN16798) Recommended Ventilation Rates

Category Rec. Ventilation Rate

I/s/p I/s/m2

| R -
(o)) (o))

I pT ﬁ
00 00

1] v @
00 00

W, u8 T U
o]V o]V

The core and shell building made an initial ventilation allowance of 15 I/s/p distributed
by high level supply and return mixing ventilation with Ev ~1. At an assumed occupation
density of 7.5 m2/person over the 1900 m2 office this was an occupancy opedps
providing a total 3.8 m3/s mechanical outdoor air supply available in the AHU for the
Arup office including meeting rooms at design stage. This resulted in approximately 2
I/s/m2 ventilation rate which is IAQ Category | but 15 I/s/p is Categosilth is the
dominant factor.

At office fitout design stage Arup reduced the floor occupancy to 180 staff resulting in
an occupancy density of approx. 10 m2/person across the floor area. However, the
outdoor air ventilation rate of 3.8 m3/eemained unchanged and did not include fan
speed control, therefore the office fiut design ventilation rate is approx. 21 I/s/p and

2 l/s/m2 which is IAQ Category 1 environment (unnecessarily?) greater than design
requirements but likely beneficial tdné office occupants.
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Tablel5- Arup Office Cork Design Ventilation Analysiwrate

Design Ventilation Analysis

Vent. Vent. IAQ
Stage Rate Rate Ev Catedo
L/s/p L/s/m2 gory
Design Core & Shell 15 2 1 Il
Design- Office Fit-out 21.1 2 1 I

For further enhanced ventilation and IAQ analysis, expected zone CO2 levels can be
calculated using the presented adapted Method 2 (BS EN 16y %8#it values for
substance concentration formula. Using this formula the CO2 level expected for the
specifieddesign ventilation rate is estimated, and may be compared against the table of
classified absolute indoor CO2 levels to categorise the design IAQ level. Note unit
conversions are required for this formula calculation, and more details on these are
provided in the IAQ calculator tool with this research and an extract included below.

Ventilation Rate Qh 21.1ls/p i 0.0211m3/s/p Design Ventilation rate per person
Ventilation Effectiveness Ev 1 Assumed for High level low temp (< 8 degC dT) mixing ventilatior
Design |Outdoor air CO2 levels Co 400ppm i 720.00mg/m3 Taken from outside CO2 sensor or sourced from local weather
Data [Occupant Metabolic Rate 1.25Met Allowing for an average metabolic rate of 1.25 (70W/m2)
CO2 generation rate Gh 0.005L/s/p 9.16mg/(s.person)Cal cul at ed per CIBSE Guide B
CO2 molecular weight 44.01g/mol: Molecular weight of CO2
Estimated Zone CO2 leve] Chi 641 ppm | 1154.17mg/m3 Concentration (ppm) = 24.45 * mg/m3 / molecular weight

Based on the design data and calculation, an estimated design CO2 concentration of
~640ppm is expected which is an IAQ Category | classification.

Tablel6 - Arup Office Cork Design Ventilation Analy§i©2

Design Ventilation AnalysisCO2

Vent. Rate | CO2 Gen. Outdoor Est. Design IAQ
Stage (Qh) Rate (Gh)| Ev| CO2 (Cho) CO2 (Chi)
Category
I/s/p I/s/p ppm ppm
Design Office Fitout 21.1 0.005 1 400 640 I

Resulting zone CO2 values will not be exact due to variances in occupant activity and
outdoor CO2 levels howevepperational measure values can be compared against a
range (i.e. 64@& 50ppm) to help identify if there are any significant variances between
design and operation expectations



CIBSE Ken Dale Travel Bursary Report 262022 John Smyth

Note design stage calculations may use design data in per person valuesehdare
operational stage analysis absolute values should be used as below.

Operational stage measured CO2 data is required to compare to design data and this
was achieved in the Arup office using a BPS Arc air quality monitor. The air quality
monitor which records temperature, relative humidity, VOCs and CO2 among other IEQ
factors is connected to a Grafana platform to visually display the data.

LA

Figure76- Arup BPS Arc Air Quality Monitor in the Cork Office

¢l 1AYy3a GKS fFad G2 ¥ dz-gaddentclafdmihiPloMgicht Wy
15th as the analysis period, the following CO2 and VOC profiles were recorded. During
occupied hours for the Cork office the average value measured for CO2 was ~750ppm,

and for VOCs was 0.06ppm (~200 ug/m3) respectively. During peak occupaafficthe
CO2 levels are shown to regularly exceed 800ppm.
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Figure77- Cork Office Operational CO2 Monitoring Values 2020
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Figure78- Cork Office Operational VOCs Monitoring Values

While not an indication of poor IAQ as this still meets Category | IAQ class thresholds,
this 800ppm measured operational CO2 value is 160 ppm greater than the calculated
design CO2 value of 640 ppm, whislsubstantially outside the allowable range (max
690ppm) and may indicate an issue in the operation of the ventilation system that may
need to be investigated further.

Taking this measured CO2 value as in the zone indoor concentration and using the BS EN
16798 Method 2 formula to calculate the corresponding ventilation rate the- IAQ
calculated supply airflow is only 2.3 m3/s in the zone, a difference of 40%. Rearranging
the same formula and using the measured operational ventilation rate and indoor CO2
value, the ventilation effectiveness is estimated to be 0.6, much lower than the 1
assumed for the high level mixing ventilation system applied in the office.
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Operational measured space CO2 (ppm) 800 ppm
Operational space ventilation flowrate (m3/s) 3.8 m3/s
Net Internal Area (NIA) A 1900m2 Building floor NIA
Ceiling/ Breathing zone heigh H 2m Space floor to ceiling height or breathing zone height - 2m (BS EN
Space Data| A
Number of Occupants - people  n 180 Numbe rof people occupaying the space
Volume \ 3800m3
Outdoor air CO2 levels Cho 400 ppm 720.00mg/m3 | Taken from outside CO2 sensor or sourced from local weather st
Indoor Space CO2 levels Chi 800 ppm 1440.01mg/m3 |[Measured space return air CO2 levels
Ventilation Effectiveness Ev 1 Assumed for High level low temp (< 8 degC dT) mixing ventilation
Air Data |Actual Air supply rate Q 3.8m3/s 3800L/s Actual measured supply airflow to space
Occupant Metabolic Rate 1.25Met Allowing for an average office metabolic rate of 1.25 (70W/m2)
CO2 generation rate Gh 0.005L/s/p 9.16mg/slp|Cal cul ated per CIBSE Guide B
CO2 molecular weight 44.01g/mol
Design Operational Difference
CO2 Calc. 641.00ppm CO2 Meas.| 800.00ppm 159.00ppm
Q Design 3.80 m3/s Q Op. 3.80m3/s 0.00 %
Q Calc. 2.29m3/s -40 %
Ev design 1.0 Ev Calc 0.6 -0.4
g_design 21.11/slp g_actual 12.7lislp -8.4l/s/p
Design ACH 3.60ACH Actual ACH 2.17ACH -1.43ACH

Recirculation % *

40%

Q_Calc / Q_Op.

60%

These results may indicate that there is significant leakage of supply air and recirculation
of exhaust air in the ventilation system, and/or the effectiveness of the ventilation

Figure79- Arup Cork Office Operational Ventilation Analysis Results 2020

system is compromiseavith airflow short circuiting® occurring. This poorethan

expected ventilation performance is investigated further and tackled in the HVAC

Measures section below.

The final ventilation adequacy analysis examines air exchange rate in an environment
and its role in building resilience and IAQ. We hageeed that CO2 as a proxy for IAQ

Is acceptable, however measurement of CO2 cannot account for other HVAC based
mitigation strategies such as filtration, local air cleaners and UVC disinfection strategies

which remove or deactivate virus and other padicbntaminants from the air but have

no effect on CO2. The ASHRAE 62.1 IAQ procedure has adopted the effective air change
rate (ACHe) metric to account for these mitigation strategies in IAQ based ventilation

design. This ACHe and its calculation use geldted air volumes and air cleaning

efficiencies to approximate relative ventilation supply, and is detailed in the attached

Equivalent Outdoor Air Calculator spreadsheet and summarised below.

2 Shortcirciting is whenthe air moves from the air inlet to the exhaust without diluting contaminants due to obstacles or impediments to mixing of

airflows.
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Name of Space / AHU / Building Units Design Operation_Actual
Area Sgm 1900 1900
Awerage Ceiling / Breathing Zone Height m 2 2
Volume m3 3800 3800
Total Supply Air m3/s 3.8 2.29
Total Outdoor Air ma3/s 3.8 2.29
Supply Air ACH ACH 3.60 2.17
Outdoor Air ACH ACH 3.60 2.17
Central AHU Filter MERV Rating MERV 13 13
UVC Single Pass Inactivation % 0.00% 0.00%
In Room Fan Air Cleaner (HEPA+) CADR (m3/h) 0 0
Number of In Room Fan Air Cleaners (HEPA+)|Qty 0 0
Effective Air Changes Based on Technology
ACH_OA ACH 3.60 2.17
ACH_MERV filter in AHU ACH 0.00 0.00
ACH_ e,c ACH 0.00 0.00
ACH_air cleaner ACH 0.00 0.00
Sub-Total Effective ACH ACH 3.60 2.17
Zone Air Distribution Effectiveness Ez 1.0 1.0
Air Cleaner Position Effectiveness Ezp ac 1.0 1.0
Total Effective ACH_e 3.60 2.17

Figure80- Arup Cork Office Effective Air Change Results

ACHe is important metric in contamination removal and dilution, vital for good IAQ and
the new normal building resilience objective. Based on the results, the design ventilation
effective air change rate &.6 ACHe is greater than the Category Il recommended value
of 3 ACHe which is improving building resilience and general IAQ. However, with the
previously identified issue with ventilation recirculation or effectivendhge actual
operation ventilation eféctive air change rate is closer to 2.17 ACHe, 38% below the IAQ
Category Il target value.

Tablel7 - Arup Office Cork Design Ventilation Analy$i€He

Design Ventilation AnalysisACHe

Stage ACH_OA| ACH_f| ACH_e,c| ACHe IAQ
Category
Design 3.6 0 0 3.6 Il
Operational Effective 2.17 0 0 2.17 [

This ACHe rate may be increased by increasing outside air flow rate, using local air
cleaners or by resolving the identified ventilation system issue. This is exloteer
in the applicable HYAC measures for the Arup office.
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HVAC Measures

Using the case study Arup Cork office building as a blueprint we analyse of the need and
suitability of the previously distilled HVAC measures from best pracficdance,
looking at their impact on air contaminants and virus transmission risk, while also
considering their economic costs, ease of implementation, and impact on building
sustainability as presented in the following table.

These distilled HVAC meassi@re listed below with their main analysis points while full
summary details of each is provided previously in this report.

9 Ventilation System & Distribution Effectiveness
o0 DOAS vs Recirculation ventilation systems
0 Mixing vs Displacement vs Personal ventilation distribution
1 Ventilation Rate & Operatiorg
o W RSIljdzZ 6SQ GSyaAatlraArazy | OKASOSYSyi
o Demand Controlled Ventilation (DCV) operation
o0 Purge Ventilation
1 Temperature & Humidy ¢
0 Acceptable temperature and humidity ranges
1 Air Filtration & Air Cleaning,
o Air filtrations levels
o Air cleaning technologies
0 Local inroom air cleaners
1 IAQ Monitoringq
o CO2 monitoring
o0 IAQ measurement
1 Mechanical Ventilation Heat Recovery (MVHR)
0 AHU sealing and pressure regimes (fan locations)
o Thermal Wheel (TW) purge sectors
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Ventilation Systen
& Distribution
Effectiveness

Unit is 100% Outside Air, no remediation recommended

Ceiling mixing ventilation system with assumed Ev ~1. Ventilation analy

calculations indicated this may be closer to Ev of 0.6 due to possible air

circuiting. However, after furthenvestigation potential air recirculation wg

found further in the ventilation system at AHU. Therefore ventilation

distribution and effectiveness Ev ~1 adequate with no changes recomm
at this stage.

Ventilation Rate &
Operation

The Office fitout design ventilation rate is approx. 21 I/s/p and 2 |/s/m2 w

is IAQ Categoryl environment, beyond design expectations for IAQ. In te

of overall sustainability and energy consumption, a reduction iplypapflow

is recommended to return to design levels of ~15 I/s/p while maintainin
premium Category Il IAQ environment

Implement air purging and run the bdselding centralised air system for
min. 3 ACHbetween occupancies periods e.g. nightly.

Additional fan speed control for Full Occupancy, Medium Occupancy & |
occupancy added to enable full ventilation when occupied but setbag
ventilation when unoccupied.

No capital cost
Increase in
operational cos

Minimal capital
cost. Decreases
in operational
cost (compared
to previous)

Easy

Easy

Easy

Technically a decrease in 1A(

but levels are unnecessarily,

high - expect minimal occupan

comfort difference. Significani

energy reduction at lower
airflow rates

Increase in overall energy

consumption. Minimal if
included in Ventilation
Optimised start routine

Increased IAQ
Reduced energy consumption
line with occupancy and 1AQ
requirements compared to CA

Temperature &
Humidity

Measured by the IAQ monitor, temperature and relative humidity were f(
to be within the recommended comfort and 1A€Qge, therefore no action
recommended.
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Add/Upgrade plenum FCU filters t8AMERV14 levels to filter return
recirculated air and increase effective air changes.

~015k ¢
cost. Minor
increase in

operational cos

Additional maintenance on
AHU and FCUs filter required

_ . , L . _ Medium Slight increase in overall enery
Upgrade current G4 return air filter witBMERV 14 filter to minimise Minor capital consumption.
Air Filtration & | potential carryover leakage. Upgrade currer MERV13 Supply air filter to cost. Minor
Air Cleaning F8/MERV14 when replacement required for greater filtration effici€aty increase in
outdoor air and any possible leaked atrjninimal energy penalty. operational cos
In room local aircleaners not recommended in this case as any additio
ACHe required expected to be achieved by filtration on FCUs
IAQ Monitoring Install zonal and meeting room CO2 monitoring and dashboards ~Uu5Kk Easy In(_:reas-e-d awareness 9f IAQ 3
identification of any issues.
Measure Thermal Wheel (TW) EATR with AHU Manufacturer. Add TW C
& differential pressure sensors to confirm correct pressure regimes & ~UuU50Kk
leakage rates .
Reduction in air leakage
MVHR Upgrade | | o | - Medium improving ventilation
Upon irspection, significant TW sealing deficiencies in the AHU were effectiveness, IAQ and energ
identified . This with the negative pressure differential was reintroducir Reduction in efficiency

exhaust air into supply air. Recommended to upgrade AHU TW sealing
speed and pressure control. Purge sectortisascommended to be retrofitte
as could induce greater sealing leakage.

energy cost

*Cost is an indicative roughrderof-magnitude cost and refersdopply and installation costs only.
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Results

Based on the review of available design data and documents, thgt@mspection
and ventilation adequacy analysis which occurred in March 2020 the above HVAC
measures were recommended for the Arup office in Cork.

The main, high impact measure was th&NR upgrade. Upon inspection, significant
thermal wheel sealing deficiencies in the AHU were identified . This with the negative
pressure differential produced by the fans operation was reintroducing exhaust air into
supply air(i.e. AHU short circuiting)providing explanation for the higher than
expected CO2 levels within the office identified in the ventilation analysis.

The recommendation to upgrade AHU thermal wheel sealing, and to update the fan
speed operation and differential pressure control wadi@ed in stages over the
summer of 2020. A thermal wheel purge sector, although originally recommended in
2020, was not easily retrofitted into the unit so was not installed. Then after further
research it is no longer recommended to be retrofitted asldonduce greater sealing
leakage in the AHU.

- There is a gap
between the brush
and the wheel here

o

Figure81- Arup Cork Office AHU Thermal Wheel Sealing Leakage
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Supply and exhaust air is modulated based on manual BMS input for fan sdegd
Medium, and Low, to match with occupancy rates typically known in advance due to
new desk booking requirements in the office.

With the upgraded AHU sealing, air leakagé aecirculation is greatly reduced, and
therefore the high occupancy air supply rate may be reduced to original design levels
without any reduction in IAQ. The pressure balance positive pressure of ~50Pa is

set to be maintained at design flows forpgly and exhaust fans with an alarm raised

if pressure differential drops to less than 25Pa to ensure any potential leakage occurs
from supply to exhaust with no potential for cressntamination.

For purge ventilation, the AHU is scheduled to operatea?rd in advance of
occupancy to ensure a minimum of 3 ACH as recommendeldlitional upgrades to

the control of the thermal wheel, and measurement of CO2 and pressure differentials
across the AHU and filters were also implemented.

As of the 1 of October 2020, after the implementation of the above recommended
measures the high occupancy supply airflow was 2.44 m3/s with a new office
maximum capacity of 160 (when social distancing measures removed) providing an
outside air ventilation rate of 8lLI/s/p as per design. This would result in an IAQ
Category Il environment (based on 15 I/s/p) or at an estimated CO2 value of ~740ppm
(£50ppm) a Category | environment.

Table18- Design Ventilation Analysi€02

DesignVentilation Analysis CO2

Est.
Stage Ve?(t?.hljate CR:SLé (Gcfr?)' Outdoor CO2 Ev Design IAQ
g (Cho) ppm CO2 (Chi)| Category
I/s/p I/s/p
ppm
Design- Office Fitout 15 0.005 400 1 739 I

Although lower airflow rate, due to loweair leakage and recirculatioand hence

improved overall ventilation effectiveneghie IAQ remains at a minimum at Category
Il levels with no noticeable change to occupants, while estimated energy savings of
78,500 kWh per year have been implemented.
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Occupancy rates during this period of October 2020 were low due to the st@@©sfD
pandemic in Ireland at the time, however, taking a similar analysis period of Mérch 6
¢ March 20" 2022 when occupancy was more akin to jpandemic levels the 1AQ
measurements were again taken as shown below.
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Figure82 - Cork Office Operational CO2 Monitoring Values 2022
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Figure83- Cork Office Operational VOCs Monitoring Values 2022

During occupied hours for the Cork office the average value measured for CO2 was
~550ppm, and for VOCs was BPPm (~275 ug/m3) respectively. During peak
morningoccupancy, the office CO2 levels are shown to regudatiyeve750ppm.It is

noted that VOCs levels are greater in the 2022 analysis period than previous but this
may be attributed to theincreased cleaning protocol applied in the office post
pandemic.Again, taking this measured CO2 value as in the zone indoor concentration
and using the Method 2 formula to calculate the corresponding ventilation rate the
IAQ-calculated supply airflow issémated at 2.33 m3/s in the zone, with an Ev of ~1.
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This is an almost negligible difference and a radical improvement on the 2020 analysis

indicating that the employed HVAC measures have had a significant benefit on the
overall sustainability of the offec

Input Fixed
Calculation Comments
Operational measured space CO2 (ppm) 750 ppm
Operational space ventilation flowrate (m3/s) 2.44 m3/s
Net Internal Area (NIA) J A 1900m?2 :
Celling/ Breathing zone heig H 2m
Space Datarg et of Occupants - people  n 160 ;
Volume | v 3800m3 l
Outdoor air CO2 levels | Cho 400ppm | 720.00mg/m3
Indoor Space CO2levels |  Chi 750ppm  1350.01mg/m3
Ventilation Effectiveness | Ev 1 !
Air Data |Actual Air supply rate i Q 2.44m3/s i 24401 /s
Occupant Metabolic Rate l 1.25Met
CO2 generation rate i Gh 0.005L/s/p 9.16 mg/s/p
CO2 molecular weight i 44.01g/mol
Design Operational Difference
CO2 Calc. 739.00ppm CO2 Meas.| 750.00ppm 11.00 ppm
Q Design 2.40m3/s Q Op. 2.44m3/s 1.67%
Q Calc. 2.33m3/s -5 %
Ev design 1.0 Ev Calc 1.0 0.0
g_design 15.01/s/p g_actual 14.51/s/p -0.51/s/p
Design ACH 2.27 ACH Actual ACH 2.20ACH -0.07 ACH
Recirculation % * 5%
Q_Calc/ Q_Op. 95%

Figure84 - Arup Cork Office Upgraded HVAC Ventilation Analysis Results 2022
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Case Study 2Education Facility, Singapore

The National University of Singapore (NUS) School of Design and Environment (SDE]
latest building SDE4 is sited arill on the west of NUS campus in Singapore, Asia
located in the Very Hot Humid (1A) climate zone.

Constructed in 2019, the sstory, 8,5@ sgm educational building has a mixture

of enclosed and open spaces with functions such as laboratories, teaching classrooms,
design studios, a library, and administrative offices.

SDEA4 ithe first new-build netzero energy building in Singapore in that it is designed

to consume only as much energy as it produces, and acts as a living laboratory to
demonstrate and explore humarentric approaches for integrated sustainable
developmg/ G ® LG Aa Ffaz GKS g2NIRQa FANRG d
D2f R YR FANRG Ay {Ay3l LN Ralirg by tieK A S
International WELL Building Institute (IWBI)

Figure85- NUS SDE4 Building, Singapore

HVAC System Summary

A summary of the HVAC system as of May 2022 with a focus on the building
ventilation system is provided in tabl® below. The building was constructed in
2019 with all the existing HVAC equipment sgtillise today.
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Table19- NUS SDE4 HVAC Summary Table

John Smyth

Plant

Centralised Air Handling
Unit supporting Natural
Ventilation & Ceiling Fan

Roof mounted AHU providing

tempered air to mixed mode

andmechanically ventilated
spaces

Design IAQ Target Category Il Leading educational facility
Type Dedicated Outdoor Air | Open Supply grilles in room, 11
Supply (DOAS) return
Distribution High Level SupphWAV Effectiveness (Ev) of ~1
Filtration MERV 7 + MERV f#ade Bag filter type
12.5 I/s/p Design occupancy density:
Outside Air Provision 100% ~4m2/person in mechanically
ventilated areas
Outside Air as % of Supply only with 'spill' air
Supply Air 100% transfer tooutside via natural
ventilation grilles
: By mechanical ventilation,
Approx. Total Air ~3 ACH boosted by natural ventilation
Change Rate . .
& ceiling fan mixing
Outside air is modulated base
Outside Air Yes on manual BMS input for fan
Modulation speed- High, Medium and Low
Economy Cycle / Hea No Not applicable for hybrid
Recovery cooling model
Internal Temperature 27°C Singapore has relatively

constant climate 1A year roun

Humidity

Normal Hours of
BaseBuilding HVAC
Plant Operation

Not controlled

Humid environment

7am to 10 pm daily

May be shorter during
weekends and holidays

Centralised Plant
Cooling andHeating
Capacity

Cooling provided by
either full AC or hybrid
cooling using ceiling fan

No heating required

Campus centralised cooling
circuit
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NUS SDE4 has a uniquely designed HVAC systems specifically for the warm and humic
Singaporean climate. Most zones are naturally ventilated (NV) including transitional
(e.g., corridors), semi open spaces (e.g., plaza and terraces), and service rooms (e.g.,
toilets and storage). Many spaces adopt a hybrid cooling system (HC) that employs
mechanical ventilation with both AC and ceiling fans with a design zone setpoint
temperature of 27 degrees Celsius and elevated air movement via ceilinidpé&melp

provide thermal comfort with higher setpoint temperatures. Other zones are either
solely mechanically ventilated (MV) with tempered air from the AldbUinclude
traditional airconditioning (AC). This helped SDE4 achieve itzeret energy status

by minimising HVAC energy consumption.
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Figure86- SDE4 HVAC Strategy Breakdown

The supply only AHU located on the roof delivers 100% outside air to mechanically
ventilated areas including hybrid and full AC spacddse hybrid cooling system
implemented in SDE4 is a single pass system that supplies the spaces with 100 per cent
highlyfiltered outdoor fresh air at higher temperature and humidity, augmented with
elevated air speed from le@nabled smart ceiling fans, controllable by occupants. The
hybrid system is not only more efficient than conventional systems, but also provides
better comfort levels.
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Figure87-- NUS SDE4 Air Layout

In the hybrid designs the operative temperature is between 26 °C and 29 °C; the
humidity level is about 15 to 20 g/kg. The impact of higher temperature and humidity
is compensated by elevated air speed from the ceiling fans. The mechanical ventilation
sysem fresh air is supplied to the zones typically cooled to 18 °C air temperature.
Supply air pressurizes the room and spills over to the hallways or other zones open to
natural cross ventilation, minimizing infiltration. This allows a simplified window
desgn as well as omitting any return air system.

Figure88- NUS SDE4 HVAC Schematic

































































































































































































































