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QUANTIFYING IAQ
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Units of measurement for air pollutants
• Number concentrations (# per volume of air, #/m3)

– # of molecules per m3 (highly reactive species, e.g., OH radical)
– # of particles per m3 (particulate matter)
– # of cells or colony forming units per m3 (biological)

• Mass concentrations (mass per volume of air)
– ng/m3 typical for metals and SVOCs
– µg/m3 typical for indoor VOCs and particulate matter
– mg/m3 big sources, e.g., ETS, cooking, industrial hygiene

• Molar concentrations (variations on yi = moli/molair)
– Mole fraction (yi) = mol/mol
– % concentration = moles per 100 moles = 100*yi

– Parts per million by volume (ppmv) (or just “ppm”)

– Parts per billion by volume (ppbv) (or just “ppb”)
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1 ppm =
1 mol of i

106  moles of air
=10−6  moles of i

moles of air
=10−6 ∗  yi

1 ppb = 1 mol of i
109  moles of air

=10−9  moles of i
moles of air

=10−9 ∗  yi

For gases, we 
can use the 
ideal gas law to 
convert 
between molar 
and mass 
concentrations
(revisit this 
later)



Indoor environment: Mass balances
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To understand the levels of airborne pollutants that we are exposed to, 
we need to understand the underlying physical, chemical, and biological 

mechanisms that drive pollutant emission, transport, and control



Indoor environment: Mass balance

• Simplest case (inert gas)
– Neglecting indoor physics/chemistry

• No deposition, no reaction
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Mass 
accumulation 

rate
[mass / time]

= Mass flow in
[mass / time]

Mass flow out
[mass / time]

Mass emitted
[mass / time]- +

dm
dt

=
dCV
dt

=V dC
dt

+C dV
dt0

Assumptions:
• Building/room can be treated as well-mixed



Indoor environment: Mass balance
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Ventilation/
Air Exchange

Ventilation/
Air Exchange

Outdoor 
Pollutants

Indoor 
Emission

T/RH

V dC
dt

= P VCout − VC +E

t = time (hour)
V = indoor volume (m3)
C = indoor concentration (µg/m3)
V = volumetric flow rate (m3/hr)
Cout = outdoor concentration (µg/m3)
P = penetration factor (-)
E = mass emission rate (µg/hr)

Cout

V

P
V

V

E

C
.

. .

• Simplest case (inert gas)



Indoor environment: Mass balance

• Divide by volume:
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V dC
dt

= P VCout − VC +E

dC
dt

= P
V
V
Cout −

V
V
C + E

V

dC
dt

= PλCout −λC +
E
V

λ =
V
V
= air exchange rate ( 1

hr
)

• Simplest case (inert gas)



Indoor environment: Mass balance

• Assume steady-state conditions:

• If λ is large (and/or E is small): PCout >> E/λV
– C approaches Cout (depending on P)
– This means outdoor sources are relatively more important

• If λ is small (and/or E is large): PCout << E/λV
– C approaches E/λV
– This means indoor sources are relatively more important 8

dC
dt

= PλCout −λC +
E
V0

Css = PCout +
E
λV

Assumptions:
• Building/room can be treated as well-mixed
• Ventilation/air exchange rate is constant
• Outdoor pollutant concentration is constant
• Indoor sources emit at a constant rate



Steady state mass balance and air exchange

• Example steady state calculations:

• Assume Cout = 0:

• Assume V = 200 m3 and E = 1 µg/hr: how are Css and λ related?
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Css = PCout +
E
λV

Css =
E
λV
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What impacts air exchange rates?

Outdoor air exchange can be divided into two main categories:

Ventilation
Intentional introduction of outdoor air into a building
Subdivided into:
– Mechanical (forced) ventilation: The intentional movement of air 

into and out of a building using fans, intake vents, and exhaust vents
– Natural ventilation: The flow of air through open windows, doors, 

grilles, and other planned envelope penetrations, driven largely by 
natural or artificially induced pressure differences

Infiltration
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
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Dealing with ventilation vs. infiltration

• Mechanical ventilation is straightforward
– Fans move air through known openings
– Flow rates typically known or at least measurable

• Natural ventilation is conceptually straightforward but 
physically complex
– Known openings but highly varying wind speeds and directions

• Infiltration is complex
– Typically unknown openings and multiple driving forces

• Need to know airflows through each of these in order to 
quantify IAQ and energy impacts
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VENTILATION
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!VSA

!VRA

!VOA



“Four principles for achieving good indoor air quality”

• Minimize indoor emissions

• Keep buildings dry

• Ventilate well

• Protect against outdoor pollution

13Nazaroff 2013 Indoor Air



Importance of ventilation

• Outdoor air ventilation dilutes indoor-generated pollutants
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Seppänen et al. 2006 Indoor Air Milton et al. 2000 Indoor Air

Work absencesWorker performance

Rackes et al. 2018 Indoor Air



Ventilation and CO2

• CO2 is often used as a surrogate for IAQ
– Imperfect, but instructive
– CO2 concentrations will be elevated in poorly ventilated spaces

• The average CO2 production rate per person at an activity 
level of 1.0-1.2 met is often assumed to be ~0.003 L/s
– ~21 g/hr at standard temperature and pressure conditions

• Recent evidence also suggests that CO2 might be a pollutant 
on its own
- Affecting decision making
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Ventilation and CO2

16
Satish et al 2012 Environ Health Perspectives



Mass balance example problem w/ CO2

• In a 150 m3 room with 30 people present, what would be the 
required (a) air exchange rate, (b) outdoor airflow rate, and 
(c) per person ventilation flow rate to keep the indoor CO2
concentration below 1000 ppm?
– Assume outdoors is 400 ppm
– And CO2 production (activity level of 1.2 met) = 21 g/hr per person

17

!VSA

!VRA

!VOA



Converting between mass and molar concentrations
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PV = nRT

400 ppm ⇒
ni
V
= yi

Ptot
RT

=
400 moli

106  molair

1 atm

8.205×10−5  atm ⋅m3

mol ⋅K
⎛

⎝
⎜

⎞

⎠
⎟×293 K

n
V
=
P
RT

20°C, 68°F

• Treat air and its constituents as an ideal gas:

Pi = yiPtot

Mole fraction

• Gives you # of moles per m3 of air
• Multiply by MWi to get g/m3 of air

#  of g
m3 =

#  moli

#  molair

∗
Ptot
RT

MWi



Ventilation and IAQ

• How do we determine the correct (or at least 
required) ventilation rate?
– ASHRAE Standard 62.1 (commercial) and 62.2 (residential)
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ASHRAE Standard 62.1: Commercial buildings
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ASHRAE Standard 62.1: Commercial buildings
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Ventilation rate procedure (VRP)



ASHRAE Standard 62.1: Commercial buildings VRP
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ASHRAE Standard 62.1: Commercial buildings VRP
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ASHRAE Standard 62.1: Commercial buildings VRP
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Measured air exchange rates: Commercial buildings

• Recent study of ~40 commercial buildings in California

25
Bennett et al. 2011 CEC Report

λ =
V
V
= air exchange rate ( 1

hr
)



ASHRAE Standard 62.2: Residential ventilation
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ASHRAE Standard 62.2: Residential ventilation
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CO2 concentration in the classroom

• Estimate the ventilation rate in this classroom using 
measured CO2 concentrations

• How does it compare to the ASHRAE 62.1 minimum 
ventilation rate requirement?
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ASHRAE Standard 62.2: Residential ventilation
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ASHRAE Standard 62.2: Residential ventilation
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AIR CLEANING/FILTRATION
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Forced air distribution: Filtration

32

Typical commercial HVAC system:

!VSA

!VRA

!VOA



What if we add HVAC filtration?

• Other loss mechanisms are important to the mass balance
– Deposition to surfaces, reactions, control by HVAC filter
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Indoor 
Emission

Cout

λ

P
V

λ

E

C

Control/Filtration

New terms
Vf = airflow rate through filter (m3/hr)
η = filter removal efficiency (-)

Vf

η

.

.

Deposition/S
urface 

Reactions
kdep



Mass balance with filtration and deposition

• New term to mass balance (derive on the board):

• Assume steady state for now, divide by λ, and solve for C:

• CADR = Clear Air Delivery Rate
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V dC
dt

= P !VCout − !VC +E −η !VfC − kdepVC

dC
dt

= PλCout −λC +
E
V
−
η !Vf

V
C − kdepC

0

Css =
PλCout +

E
V

λ +
η !Vf

V
+ kdep

CADR =η Vf

Units of flow (e.g., CFM or m3/s)



What can we filter out in buildings?

• Particles
– Fibrous filters
– Electrostatic precipitators
– Every forced air HVAC system 

will have some kind of particle filter
• Gases

– Activated carbon 
• Relies on adsorption of VOCs/other gases to high surface area carbon

– Very few buildings will have gas-phase filtration
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Particulate matter (PM)

• Particulate matter (PM) is its own class of pollutant
– PM consists of a mixture of solid particles and liquid droplets 

suspended in air
– Primary emissions are emitted directly by sources

• Outdoors: Industry, construction, roads, smokestacks, fires, vehicles
• Indoors: Smoking, cooking, resuspension of dust, transport from outdoors

– Secondary emissions are formed in atmospheric reactions and some 
indoor reactions

• Health effects
– Respiratory, cardiovascular, 

lung cancer, and others

• Visibility effects outdoors

http://www.aerosols.wustl.edu/education/AerosolBasics/What%20is%20an%20aerosol.htm



Particulate matter

• Usually referring to a characteristic dimension
– Diameter for sphere
– Diameter for fibers (e.g. asbestos)
– Equivalent diameter for non-spherical 

Important units:
• Micrometer (µm)

– 1 µm = 10-6 m

• Nanometer (nm)
– 1 nm = 10-9 m = 1000 µm

V =
π
6
dp
3

dp

37



Particle sizes
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Hinds 1999

ß PM2.5 ß PM10ß UFP



Particle deposition in respiratory system
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Hinds, 1999 Ch. 11

Nasopharyngeal 
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Total efficiency for an example filter
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High efficiency particle filtration

• Particle filtration efficiency standards for central HVAC filters
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http://www.king-filters.com/?page_id=58

MERV: Minimum 
Efficiency Reporting 
Value

FPR: Filter 
Performance Rating

MPR: Micro-particle 
Performance Rating

In general, the higher the rated 
efficiency, the greater the 
removal for most particle sizes



Filtration efficiency: ASHRAE Standard 52.2
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ASHRAE Standard 52.2

• Method of test for filter performance for particles
– Controlled laboratory conditions
– Subject filter to test aerosol
– Measure particle removal efficiency and pressure drop
– Load filter with dust and test again (and again)

• Result is “MERV”
– “Minimum efficiency reporting value”
– Based on minimum values for three particle size ranges:

• E1: 0.3-1 µm
• E2: 1-3 µm
• E3: 3-10 µm
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ASHRAE Standard 52.2
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HEPA à 99.9% or greater  removal efficiency for most particle sizes



Filter efficiency and dust loading

46Hanley and Owen 2003 ASHRAE Research Project Final Report 1190-RP 
Owen et al. 2013 ASHRAE Research Project Final Report 1360-RP

Non-electret media filters 
(MERV 5 when clean)

Electret media filters 
(MERV 11 when clean)



Newer measurements of filtration efficiency

• Recent lab tests covering 30 nm to 10 µm and MERV 
classified filters (remember MERV only covers 0.3-10 µm):

47
Hecker and Hofacre, 2008 EPA Report 600/R-08/013



Recent MERV 7 lab tests
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Hecker and Hofacre, 2008 EPA Report 600/R-08/013



Recent MERV 14 lab tests
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Hecker and Hofacre, 2008 EPA Report 600/R-08/013



Filtration and ventilation example problem: ETS

• A 500 m3 restaurant that still allows smoking has a constant 
volume HVAC system with an air filter installed that has an 
efficiency of 70% for environmental tobacco smoke (ETS)
– There are 10 occupants; 3 are smokers
– Each cigarette emits 7.5 µg/s of ETS
– The outdoor ETS concentration is zero
– The indoor ETS deposition rate is 0.3 per hour
– The outdoor airflow rate is 20 cfm per person
– The return airflow rate is 40 cfm per person
– The supply airflow rate is 60 cfm per person

• What is the steady-state concentration of ETS in the 
building?
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Pressure, flow, and energy relationships

• Higher efficiency filters usually have a higher pressure drop
– Widely assumed to increase energy consumption
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Energy consequences of filters

• In large commercial buildings with variable speed fans…

Flow

Filter

Return Duct

Fan Coil

Supply Duct

Pressure
Drop

Fan Power 

Constant

Flow

Energy Consumption ↑
Wfan =

ΔP ⋅ V
η fan
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Residential and light-commercial buildings

Flow

Filter

Return Duct

Fan Coil

Supply Duct

Flow
Pressure

Drop
Fan 

Power 

Cooling 
Capacity

How does overall energy consumption change?

Low
MERV

High
MERV

Atmospheric 
Pressure

Atmospheric 
Pressure

PSC blower w/ constant speed fan



Fan and system curve interactions
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Wfan =
ΔP ⋅ V
η fan



Airflow rates and brand new filters

55Data from Built Environment Research Group, Illinois Tech


