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HW 1 due 

•  HW1  
–  If you haven’t turned it in, do so now 
–  Solutions 

•  Emailed back to some of you 
•  Some returned now in class 
•  Will go over in class 

–  If you turn your HW after right now you will receive a 
maximum of 35/50 (70%) 
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Review from last time 

•  Last time (Thursday) we covered: 
–  Overview of types of indoor pollutants 

•  Inorganic gases, organic gases 
•  SVOCs, particles, biological, radioactive 

–  Overview of large exposure studies 
•  Indoor and personal exposures typically closely related 

–  What did we learn? 

•  Today: 
–  Teasing out indoor vs. outdoor contributions 

•  Finish up from last lecture using RIOPA study 
–  Focus on gas-phase pollutants (next 2 lectures) 

•  Sources, emission models, and adsorption/desorption today 
•  Reactions next week 
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LEARNING FROM EXPOSURE STUDIES 
How do we get at more fundamental parameters than just I/O 
concentration measurements? 
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RIOPA 

•  Relationship of Indoor, Outdoor and Personal Air (RIOPA) 
•  I, O, and P sampling over 48-hours in approximately 100 

non-smoking homes in each of Elizabeth, NJ, Houston, TX, 
and Los Angeles, CA 
–  18 VOCs 
–  17 carbonyls 
–  Fine particulate matter (PM2.5) 
–  AER also measured in each home with PFT 
–  Questionnaires were administered to characterize homes, 

neighborhoods, and personal activities 

•  I’m just going to show PM2.5 data 
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RIOPA I/O PM2.5 
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•  ~300 homes in NJ, TX, and CA 

Meng et al. 2005 JESEE 



RIOPA I/O PM2.5 
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Meng et al. 2005 JESEE 

R2 = 0.18 R2 = 0.20 

R2 = 0.05 



RIOPA I/O PM2.5 
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Meng et al. 2005 JESEE 

•  What can we learn about indoor vs. outdoor contributions to 
indoor PM2.5 in RIOPA? 
–  They fit a model that used measure Ci, Ca, AER (a), and estimated P 

and k	


Estimates 
using 
several 
different 
methods 



Indoor and outdoor contributions 

•  If we go back to our mass balance, what is a fundamental 
parameter we need to determine concentrations of pollutants 
that are primarily emitted indoors? 
–  Emission rates, E	


•  How do we get E? 
–  Chamber testing 
–  Back-calculated from I/O measurements 

•  We will discuss back-calculation of I/O measurements first 
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Css = PCout +
E
!V



Back-calculating E/V 

•  Rearrange: 

•  Solve for E: 

–  Or E/V to normalize for volume 

•  These yield whole-building or whole-house emission rates 
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Sax et al. 2004 JESEE 

Css = PCout +
E
!V

E
!V

=Cin !PCout

E = !V (Cin !PCout )

E
V
= !(Cin !PCout )



Back-calculating E/V from “TEACH” VOC data 
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Sax et al. 2004 JESEE 



Using E/V and AER to estimate I/O contributions 
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Sax et al. 2004 JESEE 



A note on indoor emission rates 

•  Previous estimates of whole-house indoor emission rates 

•  Whole-building emission rate is just the sum of all emission 
rates from all materials in a building 

•  These can be measured and/or simulated using basic mass 
transfer experiments and/or models 
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Etotal = E! i



VOC EMISSION FACTORS 
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Indoor environment: Mass balance 
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Emissions outline 

•  Summarize some emission rate studies 
–  IAQ handbook 
–  Chamber testing 

•  Emissions modeling 
–  Various sources 

•  Then: 
•  Sorption/desorption 
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Gas-phase compound emission rates 

•  We now know that many indoor materials emit VOCs 
–  How would we get emission rates for particular materials? 

•  Chamber studies 
•  Modeling 

•  Let’s review some previous studies on emission rates from 
real building materials 
–  Then explore how they are measured 
–  Then explore how to model them (and what affects them) 

17 



Emission rate testing à Actual IAQ 

•  We perform source testing to help link IAQ, exposure, and 
risk 

•  Source testing is typically performed in controlled 
environmental chambers 

•  Output results in time-varying concentration data 

•  Then we do “source modeling” to interpret the concentration 
data and convert them to emission rates 
–  Emission rates can then be used in IAQ models 
–  IAQ models can then be used in exposure and risk models 
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Guo 2002 Environmental Pollution 



Emission rate testing 

•  Begin with a chamber test 
–  Well-mixed 
–  Controlled inflow (Cout = 0) 
–  Controlled T/RH and Q 
–  Inert chamber walls 

•  Or account for sorption if it occurs 
–  Mass balance on chamber: 
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V dC
dt

=QCout !QC +E
0 

E(t) =QC +V dC
dt

0 

E
Q Q

CCout 

CV

ASTM D5116 – Small chambers / organic emissions 
ASTM D6670 – Full-scale chambers / VOCs 



Emission rate testing 
•  Two hypothetical concentration profiles 
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E
Q Q

CCout 

0 CV

E(t) =QC(t)+V dC(t)
dt

!QC(t)+V "C
"t

E(t) =QC +V dC
dt

C 

C 

t 

t 

steady-state 

E(t) =QC +V dC
dt

Ess =QC
0 

decaying emission rate 
E varies with t 



Emissions testing 

•  What do we do with data after we obtain it? 
•  Emission factors for constant emission rates 

–  Looking for mass per time, but can also normalize by an activity 

•  Examples: 
–  Combustion:   mg CO per kJ fuel burned  (need burn rate) 

–  Electronic:   µg O3 per printed page   (need page/min) 
–  Vinyl flooring:  ng phenol per m2 per hour 

•  Emission factors are very source specific 
–  Can also vary with time 
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µg CO2 per g candle burned (need burn rate) 



Emissions: Exponential decay model 
•  Varying concentration profiles à varying emission rates with t 

–  We can fit a model for E vs. time 
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C 

t 

E 

t 
1st order exponential decay 

E 

t 
double-exponential decay 

rapid decay rapid decay w/ lower 
level persistence 

E(t) = E0e
!kt E(t) = E1e

!k1t +E2e
!k2t

E0 
E1 + E2 

E2 

E1 

Note that there are ~50 more models used depending on nature of source (Guo, 2002) 



Emissions models 

•  How can there be 50+ different models for emissions? 
•  Nature of sources can vary widely 

–  Combustion vs. ETS vs. personal care products vs. paints vs. 
building materials vs. animals 

•  The 50+ identified models can be grouped for use in 7 basic 
categories of emissions: 
1.  Multipurpose 
2.  Indoor coatings 
3.  Building materials 
4.  Evaporating solvent pools 
5.  Contaminated household tap water 
6.  Pesticide applications 
7.  Combustion appliances 
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Guo 2002 Environmental Pollution 



Actual emissions testing: vinyl flooring 

•  TVOC emission rate from a sample of vinyl flooring (7 days) 
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Yu and Crump 1998 Building and Environment 



Actual emissions testing: vinyl flooring 

•  Different emission rate profiles for each constituent! 
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Yu and Crump 1998 Building and Environment 



TVOC emission rates from actual materials 

•  d 
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Yu and Crump 1998 Building and Environment 



TVOC emission rates from actual materials 

•  d 
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Yu and Crump 1998 Building and Environment 



TVOC emission rates from actual materials 
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Yu and Crump 1998 Building and Environment 



TVOC emission rates from actual materials 

•  IAQ Handbook emission factors 
–  Page 31.7 
–  Handout on BB 
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Time-varying emissions in real buildings 

•  Suggests 2 weeks to 2 months of vacancy to flush indoor air! 
–  What is an alternative? 

30 
Herbarth and Matysik 2010 Indoor Air 

C(t) =C0e
!Lt +

S
L
1! e!Lt( )

•  Increase ventilation (λ) 
•  Add air cleaner (CADR) 



Time-varying emissions in real buildings 

•  VOC measurements in Japanese 
homes over 3 years 

–  New and old 
–  Pre and post retrofit 
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Park and Ikeda 2006 Indoor Air 



Time-varying emissions: what is happening? 

•  What is it about these sources that lead to very different time-
varying emissions profiles? 
–  Let’s cover some basic mass transfer to better understand driving 

forces of a few of these categories of emissions 
•  Won’t go into full detail 
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7 basic categories of emissions from Guo (2002): 
1.  Multipurpose 
2.  Indoor coatings 
3.  Building materials 
4.  Evaporating solvent pools 
5.  Contaminated household tap water 
6.  Pesticide applications 
7.  Combustion appliances 

Guo 2002 Environmental Pollution 



Basic mass transfer: smooth flat plate 

•  Mass transfer: single-film, no diffusion within the source 
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solid or liquid source 
U = 0 

U∞ 

Cgi 

Cg	

. 

. 

boundary layer 

E = kg Cgi !Cg( )A
[ µg
hr
]= [m

hr
][ µg
m3 ][m

2 ]

Cgi !Cg =  concentration "driving force"

How do we get Cgi? 



Concentration at gas-solid interface 

•  How do we obtain Cgi? 
•  If it is a pure chemical, we can obtain Cgi from vapor pressure 

•  Example: 1,4-dichlorobenzene (C6H4Cl2) 
–  Vapor pressure = 1.76 mm Hg at 25 °C = 0.0023 atm 
–  MW = 147 g/mol 
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PV = nRT! PvpV = nRT
n
V
=
Pvp
RT
(MW )!Csat =Cgi =

Pvp(MW )
RT

Cgi =
Pvp(MW )
RT

=
(0.0023 atm)(147 g/mol)

(8.205!10"5 m3 #atm
K #mol

)(298 K)
=13.8 g

m3



Concentration at gas-solid interface 

•  If it is a dilute aqueous solution à use Henry’s law 
–  Think: liquid cleaner 

•  So if you know typical liquid concentration and know Hc for the 
compound of interest, you can estimate Cgi 
–  Example: let’s say alpha-terpeniol in some liquid cleaner @ 10% 

•  Say that’s ~100 g/L or 100 kg/m3 

–  Back to TOXNET (or other places): 
•  Hc for alpha-terpeniol = 2.3×10-6 atm-m3/mol 

35 

Hc =
Cgas

Cliq, eq

!Cgi =Cliq, eqHc

Cgi =Cliq, eqHc = (100 kg
m3 )(2.3!10"6 atm #m3

mol
)( mol

154g
) =1.5!10"6 =1.5 ppm

*Note that units on Hc can vary 



Concentration driving force 

•  In both example cases, Cgi is quite large relative to typical 
indoor air concentrations 
–  p-DCB example: g/m3 vs. µg/m3 

–  alpha-terpeniol example: ppm vs. ppb 

•  Driving force is very much in the direction of source-to-air 

–  But as air concentrations increase, driving force is reduced 
–  And as material source off-gases or evaporates, Cgi decreases 

•  Again reduces driving force 

–  Also temperature effects on both vapor pressure estimation and Hc 

36 
T ↑ Hc (gas) ↑ Cgi ↑ 

E = kg Cgi !Cg( )A



Mass transfer coefficient 

•  Now we understand concentration gradients can change 

•  What is this term kg? 

•  A mass transfer coefficient simply relates the overall mass 
transfer rate to the area and concentration driving force 
–  Can be estimated theoretically, correlated with experimental data 
–  Can be a function of both material properties and airflow regimes 
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kg: Laminar boundary layer case 

•  All transport by molecular diffusion (basically still air) 

•  Fick’s 1st law (1-D diffusion) 
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solid or liquid source 
U = 0 

U∞ very small 

Cgi 

Cg	
. 

. 

boundary layer 

Δz	


E = !D dC
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A " !D #C
#z

A = !D
Cg !Cgi
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•  Depends on Reynolds # (Re) 

•  At a given x, the higher the Re, the thinner the boundary layer 

•  Transition begins: 
•  Fully turbulent:  
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solid or liquid source 
U = 0 

U∞ is larger 

Cgi 

Cg	
. 

. 

boundary layer 

Δz	


Re = !U!x
µ

ρ = 1.2 kg/m3 

µ = 1.8×10-5 kg/m-s 
x = downstream distance 

Re = 1 × 105 

Re = 3 × 106	
 (for a smooth flat plate) 

kg: Transition from laminar to turbulent 

x	




Transition from laminar to turbulent 

•  Typical indoor conditions: 

•  Typically laminar (unless beneath forced flow jet) 

•  We can estimate kg using basic mass transfer equations 
–  Refer to equations on the board / doc cam 
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Re = !U!x
µ

=
(1.2 kg/m3)(0.2 m/s)(3 m)

1.8"10#5  kg/m $s
= 3.9"104  (laminar)

ρ = 1.2 kg/m3 

µ = 1.8×10-5 kg/m-s 
x = 3 m 
U∞ = 20 cm/s 



Diffusivities and Schmidt numbers for some VOCs 
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Sparks et al., 1996 Indoor Air 

D2 ! D1
MW1

MW2

"

#
$

%

&
'

1/2Relating diffusion coefficients with 
~reasonable accuracy: 



Did our emissions analysis make sense? 
•  Compare our estimate of ~300 mg/hr from a pure p-DCB toilet bowl 

deodorizer to measured values 

42 
Guerrero and Corsi, 2012 J Air Waste Manage Assoc 

They also measured 
larger surface area (A), 
lower air speeds (U), 
smaller kg, and 
reasonably high (non-
negligible) Cg 



Source-dependent time-varying emissions models 
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Guo 2002 Environmental Pollution 

Emission category Common emission model 

1.  Multipurpose 

2. Indoor coatings 
 

3. Building materials 
 

4. Evaporating solvent pools 
 

5. Contaminated household tap water 
 

6. Pesticide applications  
 

7. Combustion appliances 
 



Time-varying emissions and mass balances 

•  Be careful when trying to incorporate time-varying emissions models into 
your basic unsteady mass balance 

•  If E is a function of t, then one of our basic assumptions is not valid 
–  Not a constant E 

•  Either need to incorporate an E(t) function and develop analytical 
solution that utilizes E(t) 

•  Or (and this is generally easier) solve mass balance numerically 
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Ct !Ct!1

t2 ! t1
= P!Cout,t!1 !!Ct!1 +

Et!1

V

dC
dt

= P!Cout !!C +
E
V

Ct =Ct!1 + P!Cout,t!1 !!Ct!1 +
Et!1

V
"

#
$

%

&
'(t

Manually build in E(t)	




Why all this focus on E ? 

•  Why is all this important? 
–  One reason is LEED 

45 LEED (and others) limit the “VOC content” that materials can have 



Does VOC content correlate to emissions? 
•  Chamber emissions vs. VOC content for paint products applied to drywall 

•  Not exactly 
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Mason and Ceragioli 2011 Proceedings of Indoor Air 2011 



Does VOC content correlate to emissions? 

•  Why not? 
•  One reason may be diffusion within a material 

–  We haven’t accounted for this yet, and won’t go into much detail 
–  Diffusion through porous material will change Cgi	
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!V dC
dt
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dx2
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Effective diffusion coefficients, Deff 

•  Effective diffusion coefficients account for a material’s 
porosity, tortuous path lengths, and affinity for particular 
compounds 
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Relating Deff values: 

Deff ,2 ! Deff ,1
MW2

MW1

"

#
$

%

&
'

1/2 keq,2
keq,1

"

#
$$

%

&
''

What is this??	




SORPTION 
Adsorption and desorption 
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Indoor environment: Mass balance 
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Sorption 

•  Sorption between VOCs and building materials can affect the time profile 
of emissions and indoor concentrations 

•  Indoor materials can act as “sinks” or reservoirs that remove VOCs from 
indoor air (often temporarily) 
–  Reduced human exposure, delays release into indoor environment, and 

lowers peak concentration 
–  Can also be irreversibly adsorbed to a material 

•  Most building materials are porous 
–  Gypsum board 
–  Plywood 

 
•  VOCs can also adsorb onto exterior surfaces of non-porous materials 

–  Glass and stainless steel 
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Sorption 

•  Different surfaces have different affinities for adsorbing 
chemicals 
–  Adsorption = on to material 
–  Desorption = away from material 

•  Physi-sorption 
–  Intermolecular van der Waals forces 
–  Electrostatic forces 
–  Usually reversible 

•  Chemi-sorption 
–  Chemical reaction between gas and surface 
–  Often irreversible 
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Sorption 

•  Refer to notes on board / doc cam 
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Sorption in mass balances 

•  Linear isotherm 
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Cg = VOC concentration in air inside space of interest (mg/m3)
Cg,out = VOC concentration outside of space (mg/m3)
V = chamber volume (m3)
Qg = air flow rate through space (m3 /hr)
A = sink area (m2 )
ka = adsorption rate coefficient (m/hr)
kd = desorption rate coefficient (1/hr)
M =mass collected on the sink per unit area (mg/m2 )

V
dCg

dt
=QgCg,out !QgCg ! kaCgA+ kdMA

dM
dt

= kaCg ! kdM

(you would solve this numerically) 



Sorption in mass balances 

•  Linear isotherm 
–  At equilibrium 
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V
dCg

dt
=QgCg,out !QgCg !

dCg

dt
keq" A

Keq = linear isotherm coefficient (mg/kg sorbent / mg/m3  air = m3 /kg)

Keq =
ka
kd

C(t) =C0e
!
!
"
t
+ Cout +

E
!V

"

#
$

%

&
' 1! e

!
!
"
t"

#
$$

%

&
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Measured impacts of sorption 

•  Chamber studies w/ and w/out carpet 

56 
Won et al., 2001 Indoor Air 

Empty chamber 

Piece of carpet 



Measured impacts of sorption 
•  Chamber studies w/ many materials 

–  Gypsum board, vinyl and wood floorings, carpet, carpet pads, etc. 
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Won et al., 2001 Indoor Air 



Measured impacts of sorption 
•  Chamber studies w/ many materials 

–  Gypsum board, vinyl and wood floorings, carpet, carpet pads, etc. 
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Won et al., 2001 Indoor Air 



Measured impacts of sorption 
•  Chamber studies w/ many materials 

–  Gypsum board, vinyl and wood floorings, carpet, carpet pads, etc. 
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Won et al., 2001 Indoor Air 



Measured impacts of sorption in real rooms 
•  Injection + adsorption + flush out period + desorption in a bathroom 
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Singer et al., 2007 Atmos Environ 



Measured impacts of sorption in real rooms 

•  Measured and modeled adsorption, flush out, and desorption 
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Singer et al., 2007 Atmos Environ 



Finishing up today 

•  HW 2 assigned 
–  Due 1 week from today 

•  Next time: 
–  More gas-phase pollutant fundamentals: 

•  Reactive deposition 
•  Homogeneous chemistry 
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