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Today's objectives

* Introduction to ventilation
* Driving forces of ventilation
 Air exchange rates & ventilation requirements




“Four principles for achieving good indoor air quality”

« Minimize indoor emissions (source control)

“If there is a pile of manure in a space, do not try to remove the odor
by ventilation. Remove the pile of manure.”

(Source: Pettenkofer, 1858)
« Keep buildings dry

‘Eliminating dampness and moisture-related indoor exposures is of

major importance for preventing asthma and other respiratory
conditions”
(Source: Kanchongkittiphon et al., 2014)

* Protect against outdoor pollution SRl
with building envelope and filtration Indose It
(when needed) R

. oo i Prokect

* Ventilate wel| <——— Ventilate  Against
. ~  Pollution

(Adapted from: Nazaroff 2013 Indoor Air) INQ) s




Ventilation — definitions p

* Ventilation: process of intentional supplying and removing
air naturally or mechanically to/from any space

« Air may or may not be conditioned

Ventilation # Air-conditioning

* Primary aim: To provide adequate indoor air quality

« May also be used for: Regulating thermal comfort
(“ventilative cooling”) when outdoor conditions are not far
from the “comfort zone” (recall the psychrometric chart).



AC began here... with Willis Carrier

Invented
Modern
Air
Counditioning

Air-conditioning (AC) invented, Willis Carrier, 1902



Advertisements of 1950’s

FURNITURE BY YORK COUNTY CHAIR COMPANY, RED LION, PA.

LIKE TO LIVE BEAUTIFULLY? Make sure your new
home has Tennox All-Seasan Air Clanditianine! Tn

Honeywell
H ot i Catal

From spring's warmth and autumn’s coolness
Lennox fashioned a new kind of air conditioning

1950’s ads — the role of women, beauty, convenience & nature



Loss of a porch .cultural & somal |mpact’?

ﬁ NOW’S A 'I'lME
. TOINSTALL E.ECTRIC
~ HEAT PUMP.




AC’s impact on global architecture

Wit rrez sy



http://shanana.berkeley.edu/spiro_img/01/212/01-212-057.jpg

History of ventilation

» The first people found that supply of outdoor air is needed in
order to reduce smoke and maintain fire in caves

Ancient Egyptians observed that stone carvers when working
Indoors had a higher incidence of respiratory diseases compared
to when working outdoors. They attributed this to high level of
dust in indoor spaces



The 18t centralized ventilation (1830)

 Ventilation as a science begins in 17t century, but the first
building with centralized ventilation appears only in 19t century

Houses of Parliament, Barry & Pugin, London, 1830.


http://shanana.berkeley.edu/spiro_img/03/219/03-219-005.jpg

The 1st ventllat|on — Houses of Parllament

T, . : & SH:ET N® 2
Lomerrunixar Sacriom ov

Inlets at | e Ciene

L S - AN )

Saie B00F OF wDUSNE

O fusmace

“i:m.' e Lodnd soiado, l-.b-nh:b - '
_ - - - - - - — -Q . 4
EEEEEEEE RS ||
ey :f-‘—-r'-—ﬂ e 3 :n;::-:";: -‘_.v- a- : : -4 | Gt:o-‘n’v
! "\ @ ﬁg mir"] W;YEI’] ! HEH ,1]:? | jf I I . u:o&: w1 :' : ce::.'oo.
It fa 4 (o) OLELL é A1 : 2 ;
e RN == 1 |
- : *.'-f.'-f.'.-}‘f'?;. “ _“ .f' ". ~ ‘. L‘T‘ :“ < oouo}o . E i )
11 = 1, —f— |
:‘; i : M NiNiATENS
e . cCOmmIDOA -
. 9 ‘—?'! ;;- e — ;-7 A ' - | '
O-KC ‘ LIE NN ) B ) R (T ey =5 |
T duaLieike [owa LIL
DAY YL h Y C L N S
L/ iR 0 oljo ol logal lo al o aj | {
l."l:.D I -
- omyy < v g0y an
e Tines o wees b obs a } .«ia .;.{ eroer s s{lllssew . . ’
f !

Cotton wool filters


http://shanana.berkeley.edu/spiro_img/01/214/01-214-010.jpg

Impact of ventilation on thermal comfort

« Key parameters influencing thermal comfort

Environmental Personal
factors: factors:

(1. Air temperature 1. Activity
2. Humidity 2. Clothing
3. Air Speed

4. Mean radiant

temperature Related to ventilation!



Impact of ventilation on health

* Low ventilation rates cause an increased risk of
allergies, SBS symptoms, and respiratory infections
(Source: Sundell at al. 2011)
« Low ventilation rates in dwellings increased the risk of
allel’giC SymptomS among Children (Source: Bornehag et al. 2005)

-t
=

. -

o
\ y=exp[(-0.0541901 + 0.0008939x)™+0.452511]

1.0

(Source: Fisk et al 2009 Indoor Air)

08

weighted by sqrt sample size
95% Confidence hand*™

Relative SBS prevalence

0.4

[3 1'0 2I0 310
Ventilation rate (L/s per person)



Impact of ventilation on productivity

« Improved ventilation in a manufacturing facility led to

reduced sick days
(Source: Milton et al. (2000) Indoor Air)

* Increased ventilation leads to slight increase (5%) in
productivity (with potentially enormous cost

implications) (Source: Wargocki et al. (2000) Indoor Air)
@ 105
=
E 1.04
£ 1.03
[14]
- ——  Weighted by sample size t 1.02
e \Neighted by sample size and £ 101
outcome relevance s
....... i ©  1.00'
Unweighted 0 20 30 40 50

Ventilation rate, L/s per person



Ventilation — definitions

* Mechanical (forced) ventilation: The intentional
movement of air into and out of a building using
fans, intake vents, and exhaust vents

« Straightforward
« Fans move air through known openings
» Flow rates typically known or at least measurable

« Natural ventilation: The flow of air through open
windows, doors, and other planned envelope
penetrations, driven largely by natural or artificially

Induced pressure differences |
« Conceptually straightforward but physically complex ==
« Known openings but highly varying wind speeds

and directions

« Mixed-mode ventilation: Combination of mechanical and
natural ventilation 15



What impacts air exchange rates (ventilation)?

 |Is aresult of (often) combined effects of
« Intentional ventilation (The intentional movement of air into
and out of a building using fans, intake vents, exhaust vents

and natural ventilation)
« Unintentional ventilation — infiltration or air leakage

Unintentional ventilation is very important as if influences
the heat balance of buildings (thus energy use), indoor air
guality and thermal comfort.

16



Air leakage paths in a building

vented
: _sky light

gaps between

walls or ceilings
air vents — exhaust fans e \ and cornices
' vente
e k downlights N
J fixed air 111
gaps between 4 ) gaps conditioners
and around 1 around and heaters | [
windows q doors g — v/’ it
. P / construction
r joints between
— wall materials
————"p
= ~ - gaps up chimney — j;‘
- —1 /
| 1 2 | 2l | V2l | 2l | 2 | 2 | 2 | 2 | V2 | V2 e
J J gaps where pipes

J/iv U [ 7 \ D) v/' [} T

gaps between walls or floors gaps between floorboards
and skirting boards

Flow of outdoor air into a building through cracks, leaks, and other unintentional
openings in the envelope (includes normal use of exterior doors) ... i.e., air leakage. It is
often very complex — We need to know airflows through each opening in order to quantify
indoor climate impacts, typically we have unknown openings and multiple driving forces.




Today's objectives

* Introduction to ventilation
 Driving forces of ventilation
 Air exchange rates & ventilation requirements
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General models for air flows through openings

» Given an opening (i.e., a leak, crack, or intentional opening):

Q = ACAP™

A = area of opening, (m?)

AP = pressure difference between inside and outside, (Pa)

C = flow coefficient that depends on opening geometry and flow
path (often determined experimentally), [m/(s Pa")]

n = exponent, between 0.5 and 1.0 (depends on opening types)

* For a combination of / openings:

Q — Z AiCl’APini
i



Driving forces of air exchange (AP): Wind

] Wind
— Wind )

« Caused by wind impinging —
on a building, creating a — ) /\
distribution of pressures on
the exterior surface —r Y. : - ©
* Depends on wind direction, — O3 f,?:ﬂ,ﬁ:on > ©
wind speed, air density, —> D — O
surface orientation, and — @ - N
surrounding conditions ;

9 — OB el S,

Pressure Pressure

Wind-Induced Airflow:

Wind blows on the outside of the
home and pushes air through holes
(infiltration). An equal amount of air

will be pushed out of the holes in other
places in the home (exfiltration).



Wind pressures

1 2
APying = icppﬁh

Wind velocity Wind pressure field

(Source: Reddy et al.2007)

¢y = wind pressure coefficient (f-on of the relative location of
the building element with respect to wind direction) — is can be
obtained from measurements or from handbooks.

zh = wind velocity at building height, h.

© = air density. 21



Single-sided ventilation

[ . * Commonly found in cellular
W2 buildings. Wind is the main
— driving force.

fl‘ £L |« The “rule of thumb’
i f% governing maximum width of
UL\ | abuilding: W < 2H.

_ « Multiple ventilation openings

_can enhance ventilation rate

& I due to buoyancy driven air
movement.

h approx
e M ~> ) 0 "« Separating the low level
L M (% oper_\ings can Increase
TR, | ventilation (issue: cold
draughts)

(Source: CIBSE AM10 Natural Ventilation in non-domestic buildings)



Double-sided (cross) ventilation

* The “rule of thumb” governing maximum width of a
building: W < 5H

- however, a similar effect can be achieved in a deep plan
layout with a courtyard.

* This approach also enhances the potential for natural

lighting
W< 5H
: 8 N\ O

I'l.J i"h roY k Hl H
| "Jl'? ) i
<
e

|7 i !_h lI:_I.lk_ | _I- —‘ w

4 W »

(Source: CIBSE AM10 Natural Ventilation in non-domestic buildings)



Window openings

Window design greatly influences ventilation effectiveness

French Falling Projected Balanced Moving around Turning

N o
1 v H
Sash Fan fold Raising Foldaway Sliding Parallel

24



Ventilation openings

e o

Sluices Stands Adjustable rack Ventilator

« Alouver is a ventilation product that allows air to pass
through it while keeping out unwanted elements such as

water, dirt, and debris
* The potential for cold draughts can be minimized

« Operation can be automated -



Driving forces of air exchange (AP): Stack eff.

— Stack effect (natural

buoyancy)

» Caused by the weight of a
column of air located
Inside/outside a building
* Depends on air density and
height above a neutral
reference level

— Density is a function of
temperature (so this is
temperature driven)

Warm Air
/ Exfiltration
®
- ® High ® -1
Pressure

Warm Air Rises

= Low Il
Pressure
codair W0 © O«
Infiltration
The Stack Effect:

Rising warm air causes pressure
differences throughout the building envelope
making warm air exfiltrate through ceiling and
attic, while cool air infiltrates through crawl
spaces and basements.



Stack effect

The result of density differences between
air inside and outside the building.

In wintertime

— Air acts like a bubble of hot air in a sea of cold air
— Rises to the top

— Draws outdoor air in from the bottom

— Indoor air flows out through openings in the top

In summertime

— Air acts like a bubble of cold air in a sea of hot air
— Falls to the bottom

— Drives indoor air out through the bottom

— Qutdoor air is drawn in through openings in the top
— Temperature differences usually lower in the
summer time so the amount of flow is smaller




Atrium Stack Ventilation

____—Glazed roof heats air

. to promote stack
15 m deep offices allow _ .' effect in atrium

natural ventilation and % y

maximum daylighting ! .
/ A |

b ” *

1 I
I l - I
-»> -
1 I
] Il w I
» -
I I
I I - I
k4 *
1 I
J e— u

(Source: CIBSE AM10 Natural Ventilation in non-domestic buildings)

« Possesses similar benefits to incorporating a courtyard but
solar heating of atrium also provides stack effect and can
also be used as year round social and or circulation space.



Solar Chimney and Ventilation

A solar chimney (thermal chimney): a way of improving
the natural ventilation of buildings by using convection of air
heated by passive solar energy.

(Source: Wong et al, 2012, Performance Evaluation of Solar Chimney System in the Tropics)



Stack effect — magnified in taller buildings

E . NEUTRAL
PLANE

(Source: https.//www.cppwind.com/blogs/get-to-know-a-flow-feature-the-stack-effect)



Stack effect equations

* The stack pressure difference across a horizontal leak at
any vertical location can be estimated by:

APgtack = (pout — pin)g(HNPL — H)

T' - T t
APstack = Pout l T. <L g(HNPL — H)
in

Tout= outdoor air temperature, K

Tin= indoor air temperature, K

Pout = outdoor air density, kg/m3

pin = indoor air density, kg/m3

HnpL = height of neutral pressure level above reference plane, m
H = height of point of opening, m



Stack effect — neutral level

* The neutral level is the level where the internal pressure is
equal to the outside pressure

A

A4 oA 3 a4 o4 4 b o4 L4 L d L
HEEN I

Inside pressure higher than outside

i

|

' |

T“T
|

- (air leaks out) o
| M
-t- No inside-outside pressure difference - {-
- (no leaks) -
Neutral - _ _ o -
plane —= Qutside pressure higher than inside ——
— (air leaks in)  —
| e—— P

32
(Source: Reddy et al. 2007)



Position of the neutral level

* The position of the neutral level depends on pressures and
the position/side of the openings

Y -

N.L}

)| »
&
|
]

:Xﬁ N.L.

33



Position of the neutral level (out of scope)

* The position of the neutral level can be determined with the
following equation:

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 2
IO - L_A(A| A

L |z ala) TTlA
R




Driving forces of air exchange (AP): Fans

— Mechanical air - Warm Air
handling equipment 12 SEERg
(fans) IE{ n ]

* Fans are used to |

supply, recirculate, © ©

exhaust, and otherwise e v o

2t Pressure 1
balance pressures and
flows in buildings codair O © <P
Infiltration

Mechanical Systems:
Heating and ventilation systems create

Three p” mary mechanisms positive and negative pressures within
) the building envelope. In this example,
generate pressure d|ffe rences: the heating/cooling mechanical system

is leaking warm air into the attic.

AP = APying + APstack + APpech

(“+” when causing flow to interior) N



Today's objectives

* Introduction to ventilation
* Driving forces of ventilation
« Air exchange rates & ventilation requirements

36




Ventilation — moving air in and out of a space

* Usually expressed in « Depends on outdoor air
?X CCL‘aR%GS ’I%\eéé‘)our quality, filtration

’ ’ ’ i : : efficiency, and removal of

L/s per person, or (How much air) | (How good the airis) | contaminants (particles,

. IE)/Stper floort?]rea. ozone, VOCs, etc.)
di‘leuteicr)rrrlugfisn doeor before entering the

i occupied space.

generated pollutants Air Distribution  Includes considerations
and the supply of (Where the air goes) for recirculated air
oxygen. treatment (filters, UV,
etc.).

« How air is supplied and removed within the space.

« Determines ventilation effectiveness and exposure (e.g., mixing vs.
displacement, stratification, short-circuiting).

« Captured by metrics like air distribution effectiveness or ventilation
effectiveness (as in ASHRAE, EN standards).



rate (h-1)

Air exchange

Air change rate (or air exchange rate)

 ACR =1 h?, volume of air in the room is replaced in one hour
« WHO recommends ACR=12 h-'to prevent airborne infection
» For offices, typically recommended ACR=4-6 h

=
1

<

1

[+]

Volumetric airflow rate

-1 —
ACR (h™5) Volume of the space
. o
T l T
T o
= T -

|
DentistiHealthcare

1
Office

1
Other Restauran t Retailigrocery

Recent study of
~40 commercial
buildings in
California

(Source: Bennett et al. 2011 CEC Report)
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What are typical air exchange rates in homes?

* Distribution of AERs in ~2800 homes in the U.S.

— Measured using PFT (perfluorocarbon tracer) in the early 1990s

_ * Mostly due to infiltration
£ 20 and window opening
e
s In the past, we seldom
E.: 10 | used mechanical
X Mediai F;igf;:;ﬁlt_”e}i v_entllatlon _systems In
-2 B —— 1 single-family homes,
o but this is changing

0.0 0.2 0.4 0.6 0.8 1.0
% less than

(Source: Murray and Burmaster, 1995 Risk Analysis)

« What do you think this curve looks like now?



Over the past few decades, air exchange
rate in buildings has been increasing

70%

A. True
B. False

30%

Please log-in:

responseware.eu
Session ID: HOBEL2211

True False




What are typical air exchange rates in homes?

New distribution of ACRs U.S. homes
— Early 1990s and revisited in 2010 by Persily et al. (2010)

2.5
- 1990s median ~0.5/hr
£ 207 2010 median ~0.4/hr
= . 20% reduction in 20 years
® 15 -
@
o
=
S 10 -
[
>
E 05 7]
0.0 ! ! ! .

0.0 0.2 0.4 0.6 0.8 1.0
% less than
(Sources: Murray and Burmaster, 1995 Risk Analysis; Persily et al. 2010 Indoor Air)

What about new homes?

41



What are typical air exchange rates in homes?

* Distribution of AERs U.S. homes
— 20% reduction between 1990 and 2010

2.5
1990s median ~0.5 /'h
20 - 2010 median ~0.4 /h
New homes median ~0.26 /h

il Y
o (8

=
o

Air exchange rate (1/hr)

0.0 ; l ;
0.0 0.2 0.4 0.6 0.8 1.0

% less than "
(Sources: Murray and Burmaster, 1995 Risk Analysis; Persily et al. 2010 Indoor Air; Offermann et al. 2009 CEC PIER Report)



Variation In air exchange rate

Air change rates differ both between buildings and within buildings
— Differences vary by driving forces & building operation (e.g. windows/HVAC)

4600 AERs measured by automated Sk, system in a house for 2 years:

Air Change Rates by Floor: Reston 2000 (N = 4,451)

1.4
1.2 -
—+— Basement 0.8
— -=-1st Floor
'EE. !-t-2nd Floor 0.7
3 == All Floors o
2 08 Al FIoors T 0.65
-]
: 3
£ 06 T 0.55
2 =]
- :
= o4 & 0a4s|
2=
_ L3
0.2 0361
0 . '
0 2 6 8 10 12
Month

AER can vary by season - driving
forces are temperature, wind speed

(Source: Wallace et al. 2002 J Expo Anal Environ Epidem)

Air Change Rate vs Indoor-Outdoor Temperature Difference

Overnight Values: Winter 2000 (N = 183)
AIRX = 0.176 (0.011 SE) + 0.0164 {0.0005) DELTA T (r = 0.915)

0.25 b=l

B 12 16 20 24 28 32 36

Absolute Temperature Difference (°C)

AER can vary by I/O temperature
within seasons

43



Ventilation requirements in standards

« Some ventilation standards: ISO 17772, EN 16798,
ASHRAE 62.1 and 62.2, SIA382.1....

In all of the standards, more than one procedure for calculating
ventilation rates is included:

 One of them is a prescriptive method, where the minimum
ventilation rates can be found in a table listing values for
different space types

* This method is widely used
« Other method for calculation of the required ventilation rate
Is an analytical method based on a mass balance

* |In this method, the ventilation rates can be calculated on the basis of
pollutant type, emission rates and acceptable concentration

44



Prescriptive procedure

In ASHRAE 62.1 this procedure is called “Ventilation rate
procedure”

In EN 16798, the values are given for four classes (I=15%
dissatisfied; 11=20%, 111=30%, 1IV>30% dissatisfied)

These results are obtained based on human subject tests

%

4
o

Y
o

PERCEIVED AIR QUALITY
N
=

% DISSATISFIED (PD)
1~
S

o

60 1

Category C

o

For g <0.32 |/s per person:
PPD = 100%

For q 20.32 I/s per person:
PPD = 395 x exp(-1.83 x q%2°)

5 10 15 20 25 30 35 I/s-standard person

VENTILATION RATE (q)

45




Prescriptive procedure

« Typically in standards, a required minimum ventilation rate is
given per person and per m? floor area, and the values are
added.

______________________________________________________________

« Qutdoor airflow required in the -+ g, = Outdoor airflow rate required per

breathing zone: | person - these values are based on
. adapted occupants

g, = Outdoor airflow rate required per
. unit area |
— .« A, =Zone floor area: the net occupiable !
Vbz qp PZ T quZ floor area of the zone m?2 5
P, = Zone population: the greatest
number of people expected to occupy
the zone during typical usage.

46



Minimum ventilation rates as per ASHRAE 62.1

TABLE 6.2.2.1 Minimum Ventilation Rates in Breathing Zone
(This table is not valid in isolation; it must be used in conjunction with the accompanying notes.)

Peaple Outdoor Area Outdoor Default Values
Occupancy “"""'RR““ ‘“"RH ate Occupunt Density  Combined Outdoor
Category " at Motes (sce Mote 4) Adr Rate (sce Mote 5) Class
pn  pamon  IAE Liu? i e LePESOn
_Em'r:ctiqmal Facilities T

Cell 5 2.5 0.12 0.6 25 i 4.9 2
Payroomm 5 2.5 0.06 n3 i 7 35 1
Guard stations 5 25 000 0.3 15 9 4.5 1
Bookmgiwaiting 1.5 38 0.06 0.3 50 9 44 2
Educatienal Facilities
Dayeare (through age 4) 1 5 0.1% 0. 25 17 B.6 2
Drayeare sickroom 11} 5 IR E: 0n.e 25 17 Ba 3
Classrooms (ages 5-§) 1 5 .12 0.6 25 15 74 i
Classrooms {ame 9 plis) 11 ] .12 (& 15 13 6.7 |

| Lecture classroom 7.5 38 006 03 65 8 43 |
Lecture hatl {fixed seats) 1.5 LR 0.06 0.3 150 B 4.0} I
Art classroom 10 5 018 0.9 210 e 9.5
Seience laboratories 10 § 0.18 0.9 25 17 B.6 2
E;';; :f:_';-if’“"“gc 0 5 018 09 25 17 8.6 2
Woodimetal shop 10 5 018 09 il 14 9.5 247

Compurer lab 10 5 12 0.6 25 15 7.4 |



Minimum ventilation rates as per ISO 17772

Examples of recommended ventilation rates for nonresidential
buildings with default occupancy density for three categories of
pollution from the buildings itself

dp dp
Floor Minimum dB Grot dB Gtot qB Gtot
ventilation rate
Ty.pe_of Cate- | 3rea
building gory m2/ 1/ 1/s , , 2 , 1/s, 2
or space per- | (sm2) pers. 1/s, m l/s,mz |[l/s,pers|1/s, m /s, m 1/s,pers 2 /s, m 1/s,pers
son
For occupancy For very l_ow_-pol]uted For low-polluted building For non-l_ow_po]luted
only building building
Single office | 1 10 1 1,5 15 1 2,0 20,0 2 3,0 30
11 10 0,7 1,1 11 0,7 1,4 14,0 1,4 2,1 21
111 10 0,4 0,6 6 0,4 0,8 8,0 0,8 1,2 12
IV 10 0,25 0,4 4 0,3 0,6 55 0,6 0,9 9
Landscaped| 1 15 0,7 1,2 18 1 1,7 25,0 2 2,7 40
office n | 1s 0,5 0,8 12 | o7 1,2 175 | 14| 19 28
111 15 0,3 0,5 7 0,4 0,7 10,0 0,8 1,1 16
IV 15 0,2 0,3 5 0,3 0,5 7,0 0,6 0,8 12

48




Based on the previous table, what is the .
minimum ventilation rate needed for non-low Please log-in:
polluted 35 m? open-space office occupied by responseware.eu
4 persons, as per ISO 17772 Category |I? Session ID: HOBEL2211

38% 38%

A. Around 500 I/s
B. 27.7 /s
C. 19.5 m3/h
D. 277 m3/h

E. None of the above

15%

8%

49



Do-it yourself after the class

« As per ASHRAE 62.1, calculate the minimum needed
ventilation rate for 60 m2 classroom that is occupied

by 55 students.
Solution:

Vhz = ql)Pz + qpA;
=55x3.8+0.3x60=227 I/s = 817 m3/h

50



Analytical method

« Some key features:

» Ventilation rate is calculated on a comfort basis (perceived odour
and/or irritation) and health basis. The highest calculated value,
(usually comfort value), is then used as the required ventilation rate

« Analytical procedure allows reduction of ventilation rate if it's
compensated by other control systems to remove contaminants

 The basis for the calculation is in all standards based on a mass
balance calculation

It can predict pollutant concentrations as a function of time
using parameters such as the volume, ventilation, etc.

We will do the most fundamental examples that aim to quantify
the needed ventilation rate in order to keep IAQ at acceptable
level

In practice, we typically run analytical method based on the
mass balance equation for the CO, concentration (as indicator
of human bioeffluents)

51



Analytical method (single zone model)

* The required ventilation rate (m3/h) is calculated as:

E .+ E = Total emission rate (ug/h)
Q — .« C,, = Concentration limit indoors (ug/m?3) 5
- — . i« C,, = Concentration in outside air (ug/m?3) !
(Cin Cout) €y ot |

'+ ¢ = Ventilation effectiveness (-)
(how effectively is air delivered to us)

________________________________________________________________________

outdoor concentrations Cgy (HQ/M3)

| 1
ventilation rate ventilation rate
) Q(m¥h) —
Q (m*h) (Assumptions:
indoor « Building/room can be treated as well-mixed
concentration €, (ug/m3) « \entilation/air exchange rate is constant

» Outdoor pollutant concentration is constant
* Indoor emissions (E) are constant

emiIssions

IE (pg/h)
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Note on simplification

 The problem can easily become more complex (outside the
scope of this course), but often the most simple mass balance
equation is sufficient to determine needed ventilation rates with
reasonable accuracy.

Ventilation Filtration

Coagulatiogj LrRecirculation

o) ! )
@ O_' A Chemical Reaction
ALy oA o
-—>.-§-_’ °§’g o
o) o ° =}
Phase Change &
Infiltration

Reemission and
Resuspension

CO,CO:
SOx, NOx
Particulate matter

bioeffluents

VOCs and SVOCs Sorption and

Depositio

MOISTURE METHANE 53



Mass balance example problem with CO,

* Ina 150 m3 room with 30 people present, what would be the required
(a) outdoor airflow rate to keep the indoor CO,, concentration below
1000 ppm (standard requirement), (b) air change rate, and (c) per
person ventilation flow rate to keep the indoor CO,, concentration
below 800 ppm (standard requirement)?

« Assume outdoors is 400 ppm
« And CO, production (activity level of 1.1 met) = 21 I/h per person

« &, can be neglected for now by assuming well-mixed conditions (we didn’t
study air distribution yet)

mg
1000 ppm = 1833.75 —

Solution a): mg MW; mg

0 = E _ 30-211/h 400 ppm = 733.5 %
(Cin—Cout) €y (1833.75—733.5)% 1
1.187 x 106@ 3
0= 6301/h _ 1071 m CO, density at 20 °C is 1.87 kg/m?3

1100 9 1100 g h 5



Converting moles to mass of CO,, at typical
iIndoor conditions

n P
PV = nRT — — = P; = y;Pot
IV RT
Mole fraction
n; P 400 mol; 1 atm
400 ppm - — =y;

PT — 106 , . m3
V. T RT10°mole;y (8.205 x 10-s LT ) x 293 K

« Gives you # of moles per m3 of air. Then you can multiply by 20 °C

MWi (for CO,: 12 + 2x16 = 44 g/mol) to get mass concentration.
Feel free to use our “shortcut” equation:

9
400 ppm - #Ofﬁ—#OfpmeW—Ll-OOX 4 = 733.5 —

m3

44.01-2
mg MW; B Yol mg
1000ppm—>#0fW—#OfpmeT—looox 4 = 1834 —




Wait — can | do the same calculation with CO,
without converting molar to mass concentration?

* Ina 150 m3 room with 30 people present, what would be the required
(a) outdoor airflow rate to keep the indoor CO,, concentration below
1000 ppm (standard requirement), (b) air change rate, and (c) per
person ventilation flow rate to keep the indoor CO,, concentration
below 800 ppm (standard requirement)?

Assume outdoors is 400 ppm
And CO, production (activity level of 1.1 met) = 21 I/h per person

&, can be neglected for now by assuming well-mixed conditions (we didn't
study air distribution yet)

_ E 30-211/h L m?

Solution a): Q = = =1'050'000 + = 1'050 —
(Cin—Cout)-€y (1000—400)-1076-1 h h
3
m

. 1050—
Solution b): ACR = %szh?’ =7h71

. _ 3021 l/h Ay m3 _ m3
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Another example to compare units:
Mass balance problem with O,

Method 1 — E _ _001l/h
(mass conc.) (Cin—Cout)€&y (20—2)ppb
0 = 0.01l/h _ 0.00001m’/h _ 0.02g/h e
- 36pg/m*  36ug/m’ /_ 36 ug/m* "
Multiplied by O, density (~2 kg/m3)
ug MW; _ 48 mol _ 9
#of ms—#ofppbx o = 20 X >4 = 40 3
g
ug MW; 48@ _ug
#ofmg—#ofppbx o =2 X >4 —4m3
Method 2 0= E __001lh _ 001Yh _ cpeicppl _gce™3
(molar conc.) (Cin—Cout)'&y (20-2)ppb 18x10-9 h h
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Mass balance example problem with vapour

What ventilation rate is required to eliminate the water vapour emitted
by the same 30 persons (vapour emission rate per person 80 g/h) so
as to limit the relative humidity at 51% and indoor air temperature at
23 °C? Assume the following outdoor conditions: 5°C and 91% relative
humidity.

« Tip: At the end, try to convert the ventilation rate into m3/h unit
based on the density, 1.2 kg/m3

S | 5 100%
Youcan | A 100~

‘download | 5 ,gq™

'the chart s

' here: . ¢ 500 =~

https://www.as D 750 m_3

o o0 o B o o
inical%ZOResoé £. 1000 ? O;Q- %\\- %\\- 0}\\. 0)\» %\v
aopasiiog | P 50007 6T 0T 6T 8T T T
i —— N D N A0 S <§§3 58


https://www.ashrae.org/File%20Library/Technical%20Resources/Bookstore/UP3/SI-1.pdf

Mass balance example problem with vapour

* What ventilation rate is required to eliminate the water vapour emitted
by the same 30 persons (vapour emission rate per person 80 g/h) so
as to limit the relative humidity at 51% and indoor air temperature at

23 °C? Assume the following outdoor conditions: 5°C and 91% relative
humidity.

« Tip: At the end, try to convert the ventilation rate into m3/h unit
based on the density, 1.2 kg/m3

Solution:

23°C and 51% RH corresponds to 9 g/kg of air
5°C and 91% RH corresponds to 5 g/kg of air

3

= 600 X4 = 500 ==
h h

Q . E _30-80 g/h
(Cin—Cout)'€y (9-5)g/kg-1
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Summary analytical method

« Compare the last two exercises. Based on which air pollutant are we
going to dimension our ventilation system (water vapour or carbon

dioxide)?

Solution:

* In analytical method, we dimension the ventilation system based on
the highest air pollutant.

* In practice, we often use much less analytical method and much more
prescriptive method
« There is a lack of information on emission rates from materials
and other sources. This makes it very difficult today to use the
analytical methods

 If analytical method is used, often we focus on CO, only
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Do it yourself at home...

In a room, there are 85 students. They are working on exam questions
with each of them generating 23 liters/hour of metabolic carbon
dioxide. In order to comply with building standard, carbon dioxide limit
must be set to 1000 ppm. Assuming that outdoor carbon dioxide levels
are 380 ppm, estimate the required ventilation rate in m3/h by means
of the steady state mass balance model. Assume that the room is
well-mixed, ventilation rate is constant, ventilation effectiveness is
equal to 1, and that indoor and outdoor carbon dioxide levels are
constant.

Solution:
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Air-exchange rates: design vs operation

EPA BASE study of 100 office buildings (4 measurements in each building)

3
2
+ (L o !
0
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111 116 121

Ratio of Measured/Design minimum outdoor air supply by system

What are the key issues?
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In-class discussion...

Is more ventilation always better?
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How do we ventilate in a polluted city?

* More ventilation doesn’t work in this case
« Adequate ventilation still reduces indoor pollution level

The Goldilocks Solution. Ventilate
sufficiently, but not excessively

Air-change rate too high;
Excessive energy use;
Outdoor pollution sources dominate

Air-change rate too low;
Indoor pollution source dominate

 Strive to limit outdoor-to-indoor transport of ozone & PM

« Mechanically ventilated buildings: filtration
« Naturally ventilated buildings: nighttime cooling & passive removal

« Avoid pockets of stagnant air in building design & operation.
In other words, pay attention to room air distribution! &



Next time... (last lecture for this course)

Other aspects of ventilation:
* Filtration & air cleaning

Class debate (~%z lecture)



