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Internship opening in Chicago 
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http://www.seventhwave.org/sites/default/files/intern-092616.pdf  



Last time: Mass balances 
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Ventilation/ 
Air Exchange 

Ventilation/ 
Air Exchange 

Outdoor 
Pollutants 

Indoor 
Emission 

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)
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= PλCout −λC +
E
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λ =
V
V
= air exchange rate ( 1
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)

For an inert pollutant: 

Css = PCout +
E
λV

V dC
dt

= P VCout − VC +E



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



CO2 concentration in the classroom (last class) 

6 

Estimate the ventilation rate in the classroom using CO2 data 

Answer: ~4.7 per hour 
(530 m3/hr = 147 L/s = 9.8 L/s/person 



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 typically assumed to be 0.005 L/s (~35 g/
hr at typically T & P) 
–  Typical CO2 emission rates are ~21 g/hr (or about 0.003 L/s) for lower 

met levels (e.g., sitting in a classroom) 
–  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 

9 
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 



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
)



INFILTRATION 
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Typical air leakage sites in buildings 
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http://buildingscience.com.678elmp02.blackmesh.com/sites/default/files/migrate/jpg/Figure_07_Typical_air_leaka.jpg  



General models for air flows through leaks 

•  Given an opening (i.e., a leak, crack, or open window): 

•  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 infiltration: ΔP 

•  Three primary mechanisms generate pressure differences 
(driving forces) 
–  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 

–  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) 

–  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) 



Driving forces of infiltration: ΔP 

21 http://www.homepower.com/sites/default/files/articles/ajax/docs/4_HP126_pg40_Connor-2.jpg  



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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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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Stack effect in residential buildings 
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http://www.opalco.com/wp-content/uploads/2014/10/House-Image.jpg  



Stack effect in tall buildings 
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•  The stack effect is magnified in taller buildings 



Mechanical system driving forces 

•  Mostly relates to unbalanced leakage (e.g., duct leakage) 
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http://www.greenbuildingadvisor.com/blogs/dept/building-science/how-duct-leakage-steals-twice  



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? 
28 
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% less than Murray and Burmaster, 1995 Risk Analysis 

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

Median (50th %tile): 
0.5 per hour 



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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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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AER (1/hr) 

E = 1 µg/hr 

C = 0.10 µg/m3 @ median  
1990 AER of 0.5/hr 

C = 0.13 µg/m3 @ median 2010 AER of 0.4/hr 

C = 0.19 µg/m3 @ median new CA home AER of 0.26/hr 



Variation in infiltration AER with driving forces 
•  Air exchange rates differ both between buildings and within buildings 

–  Differences vary by driving forces & building operation (e.g. windows/HVAC) 
•  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 



ASHRAE Standard 62.2: Residential ventilation 

33 



ASHRAE Standard 62.2: Residential ventilation 
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AIR CLEANING/FILTRATION 

35 



Forced air distribution: Filtration 
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Typical commercial HVAC system: 

!VSA

!VRA

!VOA



Mass balance: 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 
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P
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λ
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C

Control/Filtration 
New terms
Vf = airflow rate through filter (m3/hr)
η = filter removal efficiency (-)
kdep = pollutant deposition rate (1/hr)
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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 
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Particle sizes 
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Hinds 1999 

ß PM2.5 ß PM10 ß UFP 



Particle deposition in respiratory system 
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Hinds, 1999 Ch. 11 

Nasopharyngeal 
 
 
Tracheobronchial 
(N&T regions �cleaned� by mucus) 

 
 
Alveolar 



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 



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



Recent MERV 7 lab tests 

50 
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 



HW 5 assigned 
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