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Natural Ventilation for
infection Control in Health Care Settings

How many of you are currently or expect to be |
involved ina new buﬁdmgpf ofect m the next year?

i How many of you expect tc be involved in a
- renovaﬂon project in rho nexr year?

N

Howmany of you are here mainly to learn more
about how to deal with existing facilities without
plans for a construction or renovation project?




Principles of ventilation and infection
control {source: Nielsen, 2009)

Mechanical ventilation  Mixing ventilation
Vertical ventilation
Displacement ventilation

Personalized ventilation
Natural ventilation Mixing ventilation

Displacement ventilation

Keys to Natural Ventilation for Infection
Control in Healthcare Settings

= Air change rate
— Ensure adequate average flow and minimum flow
specifications are met
Approximate measurements under all weather and building
operationai conditions
— Measurements, Verification
= Air distribution:
- Flow direction:
= Away from infected- verify
« Ensure and verify conslstency under all ventilation regimes
— Flow of infectious agents directly out of building
— Avoid flow toward other patients, especially susceptibles
+ Management plan

Natural Ventilation: Theory
Definitions

Purpese of ventiiation: What s ventilation? Matural (Passive), Mechanical
Types of natural ventilation (Driving forces)
Buoya (stack effect, thermal)
Pressure driven {(wind driven; differential pressure)
Applicatiens
»  Supply of outdoor air — removal of pollutants (e.g.. infectious agents)
«  Canvective cooling
+ Physlological cooling
Issues
»  Weather-dependence wind, temperature, humidity
» Thermal conditions, comflort/healln
Qutdgor air quality/poliution
Immune compromised patients
« Building configuration {plan, section)
= Management of openings
= Mheasurement and verification

N



What is ventilation?

Definllions covering ventilation and the flow of air into and
out of a space include;

+ Purpose provided {intentionai) ventilation: Ventifation
is the process by which ‘clean’ air (normally outdoor air)
is intentionally provided to a space and staie air is
removed. This may be accomplished by natural or
mechanical means

= Air infiliration and exfiltration: In addition to intentional
ventilation, air inevitably enters a building by the process
of ‘air infiitraticn’. This is the uncontrolled flow of @ir into
a space through adventitious or unintentional gaps and
cracks in the building envelope. The corresponding loss
of air from an enclosed space is termed ‘exfiltration’.
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NatVent for healthcare

Intake/reception areas
- Adiministrative measures, Triage polential cases: "Have you
been coughing for the past 20 days? If so, go over there

* General areas
- En
~ Patient rooms; Ensure 22 AC
+ Isole
- Ensura & ACH, clesign a
— Vent to outside, Ideally a free-standing structure or unconnected
direclly to other areas

ure at least 2 air changes per hour (ACH, or ! or 1/h)

H, one-pass, no recirculation

ion rooms/wards

i

i operate for 12 ACH, 180 Lis-p

= Procedure rooms

— Always ventilated to outside, Free-standing if possible

WHO 2009 NatVent Guideline — key ideas

Courtesy ol Yuguo L

« For natural ventilation, a minimum hourly averaged v
rate of 160 Lis/patientfor airborne precaution rooms
minimum of 80 Lis/patient).
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When natural vantitation alone cannot satisfy the requirements,
mechanicall led natural ventilation system should be used.

Overall airllow should bring the air from the
areas where there is sufficient dilution, and pre
outdoors.

ources to

erablyto the

HB2009% Seven conjectures
{source: Yuguao LI, HB2008, Syracusae, Sept 2009)

Ventitation can reduce infection risk in a room.

1 one Jeeation to anoth

Alrflove can transport infection risk J

Airflow can reduce infection risk at source.

quickly reduces as moving from the source In fully

There exisis a certain venlilation rale = e which the reduction of overall
infection risk is insignificant as compared lo other contro! metfiods.

There exists a cerlain venlilalion rate above which the overall Infection ¢
el




Types of natural ventilation

Stack effect (buoyancy)  Wind-driven (pressure)

wWarmair Is lighter {less dense) « Pressure differences result in

than cold air air mass mevement

Warm air rises, cold air falls = “Packels" of air flow from
Intentional chimneys (stacks) higher to jower air pressure
can create larger differences regimes

between top and bottom
increasing the air flow rate

Wind driven vs. Stack effect

MNatural Driving Mechanisms — Pressure:
Wind-driven air flow




Natural Driving Mechanisms — Pressure:
Wind-driven air flow
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Hot air B buoyancy

Natural driving mechanisms -- Buoyaney
Stack effect
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Applications of Natural ventilation:
Supply of outdoor air

Supply of autdoor air ... removal of pollutants

- In air changes per hour (AER cr 1) or fiters persecond per
person (Us-p)

— What happens il you have a very tall space? AER vslis-p?
Pollutant concentration = source emission + removal rate

Removal rale includes dilution.
surfaces or chemical interactio

»haust plus depecsition on

sftransformation

~ Chemicals or particles” saurce strength expressed as myg of
pollutant 7 m2-h or mg/h

— Dilutionfexhaust rate expressed as dilution ventiatian (air
changes per nour, ach, AER, k')

— Removal rate {"Depositicn velocity’; g cnrls1)




Pollutant concentration as a function of
outdoor air exchange rate
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Applications of Natural Ventilation:
Convective cooling

+  convection feon ves tion/ (kon-vek'shum) the
acl of conveying of fransmission, specifically
transmission of heat in a liquid or gas by bulk
movemenl of heated parlicles to u coolerarea,
Airflow around a person can be caused by the
higher temperature of the person's skin relative
Lo the eur around it, giving rise to an air flow
known as the “thermal plume.” alr movemnent
predominanily in an upward direction
Or. it may be cuused by forced air movement,
as from a tan o7 wind
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Convective cooling: examples




Physiological cooling

Physiological cooling

Applications: Physiological cooling

“Ectothermic cooling”
= Vaporizatien:

— Gelting wet in a river, lake or sea
Convection,
~ Enlering a cold waler or aif current

— Building a structure lhal akows naturs] er generated alt flow for cooling
Conduction,

- LUe an cold ground,
~ Slaying wel in a river, lske or sea.
- Covering in cog! mud
«  Radiation
~ Find shade

- Ep!ui g cave or hole in the ground shaped for radiating heat (Black box
eflect)

~ Expand folds of skin
- Expose skin surfaces




Convective + Physiological cooling

Single-sided ventilation

Cross-flow ventilation
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Influence of wind and temperature {stack
effect) on ventilation and air flow pattern

[source: AIVC, 2008)

vs. Cross flow ventilation

Concept of the “neutral” level:
pressure or buoyancy-driven ventilation

\  External

\ pressure =
\ gradient 1;
Neutral
\ i1, plane
\ Internal
\ \ pressure
\ \  gradiemt
4 A B
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Stack ventilation (dwellings)
AlVC 2009)
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Natural ventilation in buildings

By Francis Altard, Mat Santamouwris, Sel

ndo Alvarez, European Commission.

Directorate-General for Energy, ALTEMER Program
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Indoar alr velocities for naturally ventilated spaces under different
wind directions and different number of apertures and locations
{Aliard et ah)
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Simple formulation for Vent Calculation
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Natural and Mixed Mode Ventilation Mechanisms
the strenglhs and weaknesses of the various schemes,
emphasire the various applcations of theory lo practice here

Grots Flaw Wind

Mixed WMode Ventilation

The efficiency of solar
chimneys can be improved
by:
Increasing the stack height.
* Increasing the temperature
difference between collector
and ambient air.

Fegurs &, Tha Scisr Chimney Bifset

14



Design strategies for Natural Ventilation
as a thermal control strategy

s

Brrr gl Cimmtreed $oma |

Natural ventifatior

Ty )"
Refative Humid ty

Natural Ventilation Issues

* Weather-dependence: wind, temperature,
humidity

* Thermal conditions: comfort, health

= Qutdeor air quality/pollutants

« Immune compromised patients

* Building configuration {plan, section)

» Management of openings

* Measurement of ventilation rate(s)

o Eems! yolr monn ()

Tefse stim tadason VRS = Wind up
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Windcatcher ventilation
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Wind Tower Ventilation

BRE's Environmental Office Building

- Low
energy
fans for
use on
stiit alr
days

« Glass
for solar
heating
of
thermal
chimney
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Impact of wind and temperature
difference on natural ventilation
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Climate Typology {oversimplified!)

hatis-your slimate tepeR
Climate ype | Diurna teady daily 0250 Ro seasonaf
Ewing 3740 Varanon vanaien |
Hot humid Singapore
Hot dry Low desert LasVegas Albuquergue
Temperale London Milan, Naly
hurmid
Temperate dry High desert Quito,
Ecuador
Temperate Boston Lima, Pery Montreal,
seasonal = Capetawn,
Temp Kelbaurne
Temperale San
seasonal -RH Francisco
Wt Faji
Cold humid Anchorage
Cold dry Bogota Bogola

Wind: direction and velocity are neither
stable nor consistent ~ almost anywhere

Selected dala from almosl any city will show daily cycles
and variations in wind direction and velocity

Seasonal variations are more reliable, but daily
varialions are still the rule rather than the exception
CEven with many predictable situations, wind direction will
change over the diurnal cycle — California coast is an
example.

Local wind can be very place-specific, even within a city
or a countryside location

Relying on wind alone can result in both under and over-
venlilation relalive te a design objeclive.

Weather — “wait a minute and it will change”

Cirrant Surface

1€



Lima, Peru: wind speed and direction

January 1, 2009

March 1

Boston, M
! ity |
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October1, 2008 1 e ' re * K

19



Grantham Hospital Study, Hong Kong
Yuguo Li, WHO 2008
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Outdoor air quality becomes indoor air
quality at high ventilation rates

= The higher the outdoor air ventilation rate, the higher the
indoor/outdoor pollutant concentration

= The effect of the building on reducing outdoor pollutants
varies by pollutanl and by building venlilation pathways

= Where outdoer air pollution is high, natural ventilalion
must be considered not only as a means for reducing
concentrations from indoor sources (infeclious airborme
agenls as well as chemicals emitted indoors), but also as
a means of delivering un-cleaned ouldoor air.

« With highly susceptible health care facility occupant
populations, consideration must be given to the effects of
outdoor pollutants on the occupants' health.

Air Quality Guidelines: Giobal Update
WHO, 2005

Chapter 2. 0

Global ambient air hg:iﬂ:l?:ig

poliution
concentrations and
trends

Bjarne Sivertsen

hitp:twww.who.int/phe/health top
les/outdooralr .’2'.’!('{/'['11/
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Ranges of annual average concentrations of outdoor air pollutants
by continentbased on selected urban data

Jzone
{1-hour
! Nitregen Sulfur Maximumn:
clioxide concentration)
10-100
685

iy land

<t/
Canada/lInited States
Europe
Latin America

{zource: World Health Organization, 2005, Alr Quality Guidelines: Glabal Update)

Where are the people who will arrive in
naturaliy-ventilated health care facilities?

Fig 1 The 24 megscities m the weeld with pupulation: (ncluding suburbs ) earesding

70 mulhien 1

Poilutant concentrations by national level of
development: increased development can mean more
motor vehiclie combustion
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U.S. EPA National Ambient Air Quality Standards

(NAAGS)
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Mean afternocon (13:00 to 16:00) surface ozone
concentrations calculatad for the month of July
(comment: where are people living?)

Highest (1-hour average) ground-level ozone
concentrations measured in selected cities
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Modeled surface ozone concentrations (ppb) over
Europe during July for the years 2000— 2009
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Indoor O, concentration as a function of
outdoor concentration and ventilation rate

Outdoor Alr Ozone Concentration (parts per billion)

20 40 60 80 [100] 120 140 460 180 200
AER
(1)
1 10 15 20 |25| 30 35 S0 45 50
2 7 15 22

@

8
4

45 62 ®0 &7 75
11 22 33 44 55 66 77 838 98 10
13 26 40 53 66 79 82 1068 118 132

12 16 32 48 &4 |BO| 96 112 128 144 160

20 18 36 54 72 90 | 108 126 144 162 180
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immune compromised patients

What is the trade-off between reducing the risk of
infection by unfiltered outdoor air ventilation and
decreasing the airborne concentratlion of infeclious
airbarne agents?

Does it depend on the kind and level of pollution?
Does it depend on the kind of level of infectious agent?
Dees it depend on the health stalus of the patien{?

Does it depend cn the age and life expectancy of the
patient?

Is there a simple answer to this dilemma?

Building configuration

&

f
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Management of openings

= Who's in charge here?

* What if the weather is bad?
= What if it's smoky outside?
« Security?

Measurement issues

= How do you confirm adequale outdoor air ventilation in a
naturally-ventilated healthcare facility?

+ Methods for approximation available, precise numbers
are not feasible .... Nor necessary.

= Carbon dioxide from occupants simply no! technically
valid for high air change rales — 6 to 12 ach.

Only under special conditions can CO, be used in lower
occupant densily spaces — sleady conditions, not usually
present for natural ventilation.

= Air flow direction can be and should be confirmed.

- Empty space vent rate can be characlerized reasonably
well by carbon dioxide (or other tracer gas) decay rate.

Natural Ventilation: Theory
Summary - Review

Purpese of ventilation What is ventilation?
Types of natural ventilation (Driving forces)
+ Buoyancy (stack effect, thermal)
« Pressure driven {(wind driven, differential pressure}
Applications
+  Supply of outdoor air
»  Convective cealing
+ Physiological cooling
Issues
‘u'\.’e.LF.I\sfrdspenc‘?—ence wind, lemperature, humidity
+  Outdoor alr quality
Immune compromised patients
Bullding configuration {plan, section)
+  Management of openings
lieasurement and verification

25



WHO 2009 NatVent Guideline ~ key ideas

(source: Y, LI, HB2008, Syracuss,)

i ventiiation
tfor airborne precaution rooms (with a
sipatient).

»  Vvhen natural ion alone cannot

n

y the requirements,

mechanically assisled natural venlllation systern should be used.
» Overall airflow should bring the air from the agent sources to
areas \

1ere there is sufficlent dilution, and preferably to the
outdoors.
E160

Keys to Natural Ventilation for Infection
Control in Healthcare Settings

* Air change rate
— Ensure adequate average flow and minimum flow
specifications are met
- Approximate measurements under all weather and building
operational conditions
— Measurements, Verification
= Air distribution:
— Flow direction:
« Away lrom inTected - verlfy
+ Ensure and verify cc

Istency under all ventilationregimes
— Flow of infectious agents directly out of bullding
— Avold flow toward other pat
* Management plan

]
L

peciaily susceptibles

Natural Ventilation: Theory References
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Natural Ventilation:
Measurement Challenges

Hal Levin
Building Ecology Research Group
Santa Cruz, California USA
hlevine@gmail.com

cheslo Arborne infection Convrol
alth — August 2, 2012
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ard School of Pull
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Steady State (theoretical) basis
for fully mixed room

Clt)-Co=S(1-e)/aV

where

¢(t) = Indoor concenitration (volumelric proporiion) at time {
Co = constanf outdoor concentration (volumetric proportion),
S = generalion rale of the source (volume per time unit),

a = air change rate {per time unit),

= time, and

V = volume in the occupied space.

Requirements for satisfying quasi steady
state conditions during build-up period

» Constant number of occupants
+ Constant occupant metabolic rate
« Constant outdoor air CO, concentration

« Constant ventilation rate (mechanical,
leakage, and entry from adjacent
{connecting) spaces all at same conditions of
occupancy and ventilation

» Are these conditions ever metin your
experience?

27



CO; is easy to measure, right?
) e

v 1 -
| {/s
88 § @ on-

It is easy to calculate or assess ventilation
based on CO,; measurements, right?

C(t) - Co = S( 1 - c-at)/aV

Steady State | Outdoor | Outdoor
Ind-Out €O, Air air
[m=|  forzrem Wissin rvpined at altermathee ACH ippm) (cfmfpl | (L/sg)
L fmrey state | aon0 e acias seri-3v ] A700 2 i
NECET ] 2
3 R ATy a L
E) S0rs L 3
a | ey 2 4
s | smam 15 7
.
00 i1 10

Css-Co = S/aV.

Basic theory of CO,-ventilation
relationships

Typical CO, concentration in relation to occupancy
Steady State theoretical basis

- Indoor and outdoor sources of CO;

« Indoor - Qutdoor (I-O) CO; relationships
Variations in occupant generation rates- metabolism
as a function of activity, gender, age, health status

- Steady state construct and reality in real world
buildings

» Variable outdoor air concentrations

2¢



Lag time: Typical CO; concentration in relation to
typical office building occupancy

Entu trawbe ppa)

[ T T T T S S T T A [N T S T SO

Tame ol 6dy

Indoor and outdoor sources of CO,

OUTDOOR CO;
CO; cutdoorsources dominated by combustion processes
CO; outdoors is removed by plants — concentrations in a forest
<an be 10s of ppm below global ave, concentrations
Global average ~400 ppm rising approximately 3 ppmiyear

Urban concentrations can be ~50 to 400 ppm higher than global
average concentrations (426 — 600 ppm)

INDOORCO,
People, animals exhale concentrations of 20 to 40 * 107 ppm

Combustion processes (cooking, water heaters, space heaters,
fires)
Flants absorb a little indoor air CO;

TIME DEPENDENCY
Daity - traffic, power plants, process
combilistion
Weekly — commuters, recreation

Seasonal — plant growth, foliage;

temperature, humlidity, wind
LOCATION DEPENDENCY

Near power plants, other strong

pointsources

Near roadways, parking lots

Popuilation density {(urban-rural),

building-readway ratlos

Height abave the ground

MNear dense forests (even urban)

29



Time-, day-, and Season-dependent
variation in outdoor CO,

P Vermadshogo 2006 (i Hot

S50
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] 400 i ;
) ) . : 0 § 12 16 20 2
1505 3005 1500 30,06 16,07 N ! ‘-,-”m. ,,m,-:
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(1) winter, (2) spring,
(3) summer, and (4) fall

“Typical” CO, con ce=1t:atlons in urban air?

[Gershakev wtal, 2ot v AN, Fizia Atzestry | Onan for 48, Mo, 3, pp. 297-347)

HHHHH — [COL] ppm
_ [pr. Vernadskogo 2006
- )

5.05 MLDS 15.06 30006 Hs.ll?

s
It is evident from Fig. 1 that these concentrations vary widely and Jh)a'fbin divmalcycleand
inlradiurnal variability of concentrations are imporiant for alf of the gasecus components
considered here. In particular, the range of inlradiurnz! varietions of carbon dioxide
concenlration reaches 150 ppm wilh a noise component near+5 ppm

Variations in occupant generation rates-

METABOLISM AS A

FUNCTION OF...
Activity level
(metabolic rate)
Diet (metabolic rate)
Gender (?)

Age (size?)
Health status

Stress {Wang, 1971,
ASHRAE Transactions)
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Steady state construct (theory) and
real world buildings

in summary

“Everything changes”

- 8Buzuki Roshi
{contemporary Zen master)

Issues: use of CO, measurement devices

= Requirements for satisfying quasi steady state
conditions

= Accuracy and stability of sensors
Calibration issues
Portable vs. fixed monitors

= Muiltiple vs single sensor measurements

= Lag time, short time periods of activity, intermittent
occupancy

- Special issue of high density occupancy

Variability among measurement devices

Use of CO, for Demand Controlled Ventilation (DCV)
Approaches to correcting for problems

—

Accuracy of CO, Sensors in Commercial
Buildings: A Pilot Study

Fisk, Faulkner, and Sullivan, 2006, LENL Report 61862

Many anecdotal reporis of poor CO; sensor performance In actual
commercial building applications,

Evalusted the accuracy of 44 CO; sensors lacated in nine
commercial buiidings to determine if CO. sensor performance,
in practice, is generally acceptable or problematic.

COz measurement errors varied widely, sometimes hundreds of
ppm.

Desplte its small size, study indicates accuracy of CO; sensors
used incommercial buildings frequentiy less than needed to
measure peak indoor-outdoor CO; concentration differences
with less than a 20% error.

Concluslon:there is a need for more accurate CO, sensors and/or
better sensor maintenance or calibration procedures.

31



Accuracy and stability of sensors

Shresthaet al, 2009, An Experimental Evaluation of HVAC Grade Carbon-
Dioxide Sensors: Part 2, Performance Test Results

» Fifteen models of NDIR HVAC-grade CO; sensors were
lested and evaluated to determine the accuracy,
lingarity, repeatabllity, and hysteresis of each sensor.

+ The sensors were tested at 40% relative humidity, 73°F
(22.8°C) temperature, 14.70 psia (101.35 kPa) pressure,
and at five different CO; concentrations (400 ppm, 750
ppm, 1100 ppm, 1450 ppm, and 1800 ppm)

» The test results showed a wide variation in sensor
performance among the various manufacturers and in
some cases a wide variation among sensors of the same
model.

Accuracy and stability of sensors
Shrestha, ASHRAE Transaciions, PL1, 2010

None of the tested
transmitter manufaciurors [N
reported hurnidity sensitivity 1< | | |

Calibration issues

* Portable handheld monitors are known to lose
caiibration Easily and must be re-calibrated
frequently, perhaps daily, perhaps after any
significant move or time has elapsed.

* The need for calibration makes the use of the
portable, handheld devices as well as sensors used
for DCV far less convenient and useful.

£



Where to measure ventilation or air flow?

Ventilation- air flow measurement

\
@
Alr caplure houd for air flow

measurement

Where to measure air flow?

33



Where to measure air flow?

What to measure?

g / \v
CO2 Air flow rate ventilation rate air fiow direction

Interpretation of “Results”

+ How do we interpret results?

+ Whal does 215 ACH really mean? How do we know the
range.
Is it good to have a lot of ACH part of the day and little
the ancther part?
Should we simply say poor, OK, and greal (or a lot)?

34



