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Today’s objectives 

•  Introduce ventilation and indoor air quality (IAQ) 
–  Covers the next 2 lectures 

•  Assign HW 4 
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VENTILATION AND IAQ 
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Why do we care about indoor air quality? 

•  We spend most of our time indoors 
–  Nearly 90% of the time, on average in the developed world 
–  Approximately 18 hours indoors for every 1 hour outdoors 

•  We bring materials, furnishings, appliances, and activities 
into buildings, most of which emit or release a variety of 
substances 
–  Some harmful, some not 

•  Buildings also exchange air without the outdoors 
–  Outdoor air pollution can both dilute or become indoor air pollution 

•  Indoor air is a dominant environmental exposure 
–  Most of the body’s intake of air is done so inside buildings 
–  80-90% inhaled in buildings generally 
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Why do we care about indoor air quality? 
•  Indoor concentrations of most pollutants are higher than outside 

–  Global average of ~3:1 indoor/outdoor ratio 
•  Large variability between pollutants 

•  Increasing number of indoor exposure related diseases/health effects 
•  We keep sensitive equipment/precious artifacts inside buildings 
•  We regulate outdoor air based on emissions 

–  No indoor air regulations  
•  Other than smoking bans and product emission controls at manufacture stage 
•  Canada just initiated residential NO2 standard 

–  Disconnect between emissions and exposure 
•  Benzene example (outdoor sources include auto exhaust and industry): 
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Ott and Roberts, 1998 Scientific American 
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Modern indoor environments 
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Some important classes of indoor pollutants 

•  Inorganic gases 
–  CO, NO2, O3, NH3, H2S, SO2, CO2 

•  Organic gases 
–  Volatile organic compounds (VOCs, hundreds of these) 
–  Semi-volatile organic compounds (SVOCs) (partition/bind to solids) 
–  Carbonyls 
–  Acids 
–  Radicals 

•  Particulate matter 
–  Size, shape, mass, constituents (e.g., chemical species, metals) 

•  Radioactive gases and particles 
•  Microbiological 

–  Bacteria, viruses, molds, mildew, fungi, dander, allergens 
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Types of indoor emission sources 

•  Building materials 
–  Wood and composite wood 
–  Gypsum wallboard 
–  Concrete 
–  Carpet 
–  Vinyl flooring 

•  Furnishings 
–  Bedding 
–  Tables 
–  Couches/chairs 
–  Drapes 

•  Architectural coatings 
–  Paints 
–  Stains 
–  Varnishes 
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•  Consumer products 
–  Cleaners 
–  Fragrances 
–  Personal care products 

•  Combustion 
–  Cigarettes, cigars, pipes 
–  Gas stoves 
–  Space heaters 
–  Candles 
–  Incense 

•  Electronic equipment 
–  Laser printers 
–  Computers  
–  Photocopiers 

•  Volatilization from water 
•  Soil vapor intrusion 
•  People, pets, insects 



Indoor pollutant concentrations are often greater than 
outdoors 
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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 



Converting between mass and molar concentrations 
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PV = nRT

1 ppb⇒ ni
V
= yi

Ptot
RT

=
1 moli

109  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



Converting between mass and molar concentrations 

•  What mass concentration of CO2 corresponds to 400 ppm? 
–  At 20°C (68°F) 
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#  of mg
m3 =

#  moli

#  molair

∗
Ptot
RT

MWi ∗
103  mg

g

MWCO2 = 44 g/mol

Answer: 720 mg/m3 



Indoor environment: Mass balance 
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Ventilation/ 
Air Exchange 

Ventilation/ 
Air Exchange 

Outdoor 
Pollutants 

Indoor 
Emission 

Deposition/
Surface 

Reactions 

Adsorption/ 
Desorption 

Homogeneous 
Chemistry 

Control/Filtration 

T/RH 

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 
•  Ventilation/air exchange rate is constant 
•  Outdoor pollutant concentration is constant 
•  Indoor sources emit at a constant rate 



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 

17 

dC
dt

= PλCout −λC +
E
V

0 

Css = PCout +
E
λV



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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“Four principles for achieving good indoor air quality” 

•  Minimize indoor emissions 

•  Keep buildings dry 

•  Ventilate well 

•  Protect against outdoor pollution 

22 Nazaroff 2013 Indoor Air 



Importance of ventilation 

•  Outdoor air ventilation is used to dilute indoor-generated 
pollutants 
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Fisk et al 2009 Indoor Air 



Ventilation and CO2 

•  CO2 is often used as a surrogate for IAQ 
–  Imperfect, but instructive 

•  The average CO2 production rate per person at an activity 
level of 1.2 met is often assumed to be 0.005 L/s 
–  New data suggest typical CO2 emission rates are ~21 g/hr (or about 

0.003 L/s) 
–  Either way, CO2 concentrations will be elevated in poorly ventilated 

spaces 

•  Recent evidence also suggests that CO2 might be a pollutant 
on its own 
-  Affecting decision making 
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Ventilation and CO2 
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Satish et al 2012 Environ Health Perspectives 



Ventilation and CO2 
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https://www.washingtonpost.com/news/energy-environment/wp/2015/10/27/why-
your-office-air-could-be-crimping-your-productivity/  

Allen et al 2015 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 © 
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 
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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 
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Bennett et al. 2011 CEC Report 

λ =
V
V
= air exchange rate ( 1

hr
)



CO2 concentration in the classroom (Oct 8) 
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INFILTRATION 
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Typical air leakage sites in residential buildings 
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General models for air flows through leaks 

•  Given an opening: 

•  For a combination of i openings: 
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V = ACΔPn

A = area of opening, ft2 (m2) 
ΔP = pressure difference between inside and outside, in WG (Pa) 
C = flow coefficient, ft/(min inWGn) [m/(s Pan)] 
n = exponent, between 0.4 and 1.0 (usually 0.65 for buildings) 

V = AiCiΔPi
ni

i
∑



Driving forces of ventilation and infiltration: ΔP 

•  Three primary mechanisms generate pressure differences 
(driving forces) 
–  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 also a function of temperature 

–  Wind 
•  Caused by wind impinging on a building, creating a distribution of 

pressures on the exterior surface 
•  Depends on wind direction, wind speed, air density, surface orientation, 

and surrounding conditions 
–  Mechanical air handling equipment (fans) 

•  Fans are used to supply, recirculate, exhaust, and otherwise balance 
pressures and flows in buildings 
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ΔP = ΔPwind +ΔPstack +ΔPvent (“+” when causing flow to interior) 



Stack effect 

•  In wintertime 
–  Air within a building acts like a bubble of hot air in a sea of cold air 
–  Rises to the top 
–  Draws outdoor air in from cracks/gaps/openings in the bottom 
–  Indoor air flows out through openings in the top 

•  In summertime 
–  Air within a building acts like a bubble of cold air in a sea of hot air 
–  Falls to the bottom 
–  Drives indoor air out through cracks/gaps/openings in bottom 
–  Outdoor air is drawn in through openings in the top 

•  Temperature differences usually lower in the summer time so the amount 
of flow is smaller 
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ΔPstack = ρinCd
Tout −Tin
Tin
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Wind pressures 

•  From velocity component of Bernoulli Equation: 

•  To convert velocity pressure to the difference between 
surface pressure and local atmospheric pressure: 
–  Multiply by local wind pressure coefficient, Cp 

–  Get CP (+ or -) from measurements or from ASHRAE Handbook of 
Fundamentals 2013 Chapter 24 “Airflow around buildings” 

Pwind = ΔP =CpPvelocity =
1
2
CPρUh

2

Pvelocity =
1
2
ρairUh

2

Pvelocity = wind velocity pressure; Uh = air velocity at building height, h; ρair = air density 



Wind pressure coefficients (Cp) vary around buildings 
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What are typical air exchange rates (AERs) in homes? 

•  Distribution of AERs in ~2800 homes in the U.S. 
–  Measured using PFT (perfluorocarbon tracer) in the early 1990s 

•  What do you think this curve looks like now? 
43 
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% less than Murray and Burmaster, 1995 Risk Analysis 

Mostly due to infiltration 
 
In the past, we seldom 
used mechanical 
ventilation systems in 
single-family homes, but 
this is changing 



What are typical air exchange rates (AERs) in homes? 

•  New distribution of AERs U.S. homes 
–  Early 1990s and revisited in 2010 (Persily et al. 2010) 
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% less than 

1990s 

2010 

1990s median ~0.5/hr 
2010 median ~0.4/hr 
•  20% reduction in 20 years 

Murray and Burmaster, 1995 Risk Analysis 
Persily et al. 2010 Indoor Air 



What are typical air exchange rates (AERs) in homes? 

•  Distribution of AERs U.S. homes: infiltration 
–  Addition of 106 new homes (Offermann et al., 2009) 
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Offermann et al. 2009 CEC PIER Report 

•  Not uncommon for new homes to have AER = 0.05-0.20 per hour 

1990s median ~0.5/hr 
2010 median ~0.4/hr 
2009 new home median ~0.26/hr 



Steady state mass balance and real AERs 

•  Assume V = 200 m3 and E = 1 µg/hr 
•  Lower AER à higher Css 
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Variation in infiltration AER with driving forces 
•  Air exchange rates differ both between buildings and within buildings 

–  Differences vary by driving forces and building characteristics   
•  Example: 4600 AERs measured by automated SF6 system in a house for 

2 years: 
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Wallace et al. 2002 J Expo Anal Environ Epidem 

AERs in individual buildings can vary by season 
•  Driving forces: temperature, wind speed 

AERs can vary by I/O temperature  
within seasons 



Modeling air leakage (infiltration only) 

•  There are several models for estimating infiltration rates in 
buildings 

•  One common model is the LBL Model for Air Leakage 
–  aka Sherman-Grimsrud Model 
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Vinf = Aleak asΔT + awvw
2 !!!!![L/s]!

Aleak= building equivalent leakage area [cm2] 
ΔT= interior-outdoor temp difference [K]
as = stack effect coefficient [ (L/s)2

cm4K
]!

aw = wind coefficient [ (L/s)2

cm4 (m/s)2 ] 

vw = wind speed [m/s]



LBL Air Leakage Model 
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ASHRAE Standard 62.2: Residential ventilation 
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ASHRAE Standard 62.2: Residential ventilation 
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