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ABSTRACT 
 

Analytical models have been used extensively in predicting and quantifying indoor 
inhalation exposures of volatile organic compounds (VOCs), and in certain cases, semi-
volatile and inorganic compounds, from subsurface sources in soil and ground water. 
These models have become prominent since the 1990s and the onset of risk-based 
management of contaminated land. Most models used in vapour intrusion assessment are 
based on the heuristic framework developed by Johnson and Ettinger (1991). Analytical 
models have been used primarily to establish site-specific screening levels, predict indoor 
air exposures, and to set target levels for remediation and mitigation. Less frequent 
applications include the identification of key transport mechanisms, sensitive parameters, 
and vapour pathways to guide additional site investigation activities and risk assessment. 

The benefits of analytical modelling in vapour intrusion risk assessment have 
recently been questioned. Concern stems from the results of field investigations that 
highlight the inability of analytical models to accurately estimate or predict vapour 
concentrations in soil gas or indoor air. The disparity can, in part, be attributed to the use 
of relatively simple mathematical algorithms to solve complex, spatiotemporal 
phenomena, lack of proper model validation; incomplete understating of the conceptual 
site model for vapour intrusion (e.g., location of sources and preferential pathways), and 
uncertainties in model input. Other contributing factors include random errors associated 
with correlation to highly spatiotemporal field measurements and variable or inadequate 
sampling and analysis and systematic errors (bias) caused by the purposeful incorporation 
of conservative model transport and parameter assumptions (e.g., exclusion of 
biodegradation). Many are are quick to discount analytical modelling, which has led to 
restrictions on its use in regulatory decision making.  

The diminished reliance on analytical modelling serves as a basis for revisiting the 
role and benefits of analytical modelling in vapour intrusion risk assessment. This chapter 
will highlight the types of models available, their capabilities and limitations, and general 
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issues surrounding their use. The chapter will conclude with a brief discussion of 
proposed steps to reduce uncertainties and promote the use of analytical modelling in 
vapour intrusion risk assessment.  
 
 

1.0. INTRODUCTION 
 
Over the past two decades, a number of analytical models have been developed to predict 

and quantify transport of volatile organic compounds (VOCs), and to a lesser extent, semi-
volatile and inorganic compounds (e.g., elemental mercury) from subsurface sources in soil 
and ground water to indoor air. The majority of these models were developed since the early 
1990s to assess potential human inhalation exposures associated with the risk-based 
management of contaminated land. Although several models have been created, they are all 
quite similar with respect to how transport to indoor air is simulated. The principal difference 
among the models is how the upper boundary condition (building foundation) is defined. The 
models have been used extensively in the development of regulatory screening criteria, 
prediction of risk-based vapour concentrations in indoor air, establishment of site-specific 
target levels for remediation and mitigation, and assessment of potential risks associated with 
future land development. The models have also been used to improve the understanding of 
conceptual models for vapour intrusion and identify critical transport processes and sensitive 
parameters. These model applications can be extremely helpful in guiding additional site 
investigation and risk assessment activities; however, such model applications are rarely 
carried out in practice.  

Over the past several years, the value and reliability of analytical modelling in vapour 
intrusion risk assessment has been challenged by an ever growing database of VOC data 
(primarily from chlorinated solvent sites) that shows limited agreement between modelled 
and measured vapour concentrations. Many are quick to suggest the models are “to blame” 
for the discrepancy. In short, vapour intrusion models cannot be validated and vapour 
intrusion is far too complex a pathway to adequately predict or quantify using simple 
theoretical approximations. Moreover, model theory, model input, parameter values, and 
transport assumptions are not well understood by either the practitioner or the beneficiary. 
Models that contain user-friendly interfaces (spreadsheets) and simple parameter look-up 
tables have also been shown to mask relations between model input and output and make it 
easy for practitioners with limited background or expertise to make errors unintentionally 
(Johnson 2005). Indoor air and sub-foundation (slab) concentration measurements may thus 
seem like a logical alternative. These measurements should be viewed with caution however, 
because indoor air and sub-foundation vapour concentrations can be highly variable (Folkes 
et al. 2009, Luo et al. 2009) and influenced by background sources (Hers et al. 2001, McHugh 
et al. 2006). The variance and statistical uncertainty of these measurements are rarely, if ever, 
documented.  

The spatiotemporal variability of vapour concentration measurements implies that much 
of the VOC database contains data with random errors. These errors are manifest in the 
random distribution of occurrence data for similar vapour intrusion scenarios. The random 
errors will be exaggerated by the use of variable methods for sampling and analysis. One 
could also argue that the historic VOC database is composed of variable and poor quality 
vapour data because standards for sampling and analysis have only recently been established. 
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Some of the disparity between measured and modelled results can also be explained by 
systematic errors (bias) inherent with the purposeful use of conservative model transport and 
parameter assumptions (e.g., exclusion of biodegradation). Models that incorporate such bias 
are acceptable provided the potential for generating significant over- (i.e., true errors when 
actually false) or under-prediction (i.e., false errors when actually true) is minimized. At 
petroleum hydrocarbon release sites, the bias is well recognised (Sinke 2001, Fitzpatrick and 
Fitzgerald 2002, Ririe et al. 2002, Hers et al. 2003, Davis 2006, Golder Associates 2008, 
Davis 2009), especially at sites with low- (screening) level concentrations in soil and 
groundwater (American Petroleum Institute 2009, Davis 2009, Energy Institute 2009).  

The observed ambiguities and uncertainties with analytical modelling have caused many 
regulatory agencies to restrict the use of models in vapour intrusion risk assessments. As 
such, models can no longer be used as a solitary means to eliminate sites from additional 
consideration. Rather, model results must be factored into a “multiple lines of evidence” 
approach for risk-based decision making (US Environmental Protection Agency 2002, 
Interstate Technologies and Regulatory Council 2007). In certain US states (New York State 
Department of Health 2006, Massachusetts Department of Environmental Protection 2009, 
New Jersey Department of Environmental Protection 2009), indoor air and sub-foundation 
(slab) field measurements are required for risk assessment regardless of the modelled 
outcome.  

It is important to realise that analytical modelling can play a fundamental role in guiding 
vapour intrusion risk assessment from site-screening through to remedial decision-making. 
The benefits can only be realised if uncertainties of analytical modelling are fully identified 
and addressed. This effort requires a general understanding of the models (capabilities, 
limitations, and key parameters), critical issues, and opportunities to improve risk assessment 
modelling in the future.  

 
 

2.0. ANALYTICAL MODELS 
 
Numerous analytical and semi-analytical models have been developed to assess vapour 

transport to indoor air (Table 1). The models can be broadly grouped into 4 classes based on 
how the upper building foundation boundary condition is defined:  

 
• Class I models are designed to simulate a semi-pervious concrete (basement or slab-

on-grade) building foundation;  
• Class II models are designed to simulate transport across building foundations with 

crawl space (sub-floor) ventilation;  
• Class III models assume all VOCs entering a zone of influence near the building are 

swept into the building (i.e., the building foundation is not explicitly modelled and 
provides no resistance to vapour transport);  

• Class IV models are a specialised group of models that focus primarily on transport 
through the building foundation (i.e., the vapour source is located directly below the 
building foundation).  
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Table 1. Comparison of Various Analytical Models for Vapour Intrusion 
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Class I Models (Solid Building Foundation Models)
J&E Model (Johnson and Ettinger, 1991) US Y N Y N Y Y N N
Orange County Health Care Agency (OCHCA) Model 
(Daugherty, 1991)

US 
(California) Y N Y N N Y N Y

Soil Vapour Intrusion Model (SVIM) (Hers et al., 1997)
British 
Columbia Y N Y N Y Y N N

Modified Johnson and Ettinger Model or Dominant‐Layer 
Model (Johnson et al., 1998) US Y N Y Y N Y N N
Modified Orange County Health Care Agency (OCHCA) Model 
(Ririe et al., 1998)

US 
(California) Y N Y Y N Y N Y

Oxygen‐Limited Model (Johnson et al., 2000) US Y N Y Y N Y N Y
VAPOR RISK 2000 (SDDOH, 1999 ‐ modified 2004) US Y N Y N N Y N N 1)
RISC4 ‐Version 4.05 (Spence and Walden, 2001) (formally 
known as BPRISC ‐ contains Johnson and Ettinger Model, 
Modified Johnson and Ettinger Model, and Oxygen Limited 
Model)

United 
Kingdom Y N Y Y N Y N N 2)

ReasOnable Maximum Exposure (ROME) Version 2.1 (ROME, 
2002) Italy Y N Y N Y Y N N 3)
VAPEX4 (Environmental Systems and Technology, Inc. 2004) US Y N Y Y Y Y N N
CalTOX Version 1.5 (California Department of Toxic Substances 
Control, 1993)

US 
(California) Y N Y N N Y N N 4)

Parker (2003) US Y Y Y Y Y Y Y N
U.S. EPA Spreadsheet Model (U.S. Environmental Protection 
Agency, 2004) US Y N Y N N Y N N 5)
BioVapor (American Petroleum Institute, 2010) US Y N Y Y N Y N N 6)
Vapor Intrusion Model (ViM) Mills et al. (2007) US Y Y Y Y Y Y Y N
Petroleum Hydrocarbons in Soil Canada‐Wide Standard (PHC 
CWS) Model (2008) Canada Y N Y N N Y N N 7)
GSI RBCA Toolkit Version 2.5 (GSI, 2008) US Y N Y N Y Y N N 8)
Contaminated Land Exposure Assessment (CLEA) Model 
Version 1.06 (2009)

United 
Kingdom Y N Y N N Y N N 9)

Jord, Afdampning, Gas, Grundvand (JAGG) Version 1.5 (Holm 
and Kjærgaard, 1999) Denmark Y N Y N N Y N N 10)

CSOIL  (van den berg, 1995; Brand et al., 2007) Netherlands Y N N N N N Y N 11)
VOLASOIL (Waitz et al. 1996) Netherlands Y Y Y N N Y Y N
Robinson (2003); Robinson and Turczynowicz (2005) Australia Y N N Y Y Y Y N
Risk Identification of Soil Contamination (RISC ‐ Human 
Version 3.2 ‐ contains CSOIL and VOLASOIL) (2008) Netherlands Y Y Y N N Y Y N 12)
Vlier‐Humaan Version 2.2 (2008) Belgium Y N N N N Y Y Y 13)

Behavior Assessment Model (Jury et al., 1983) US Y N N Y Y N N Y
Modified Behavior Assessment Model (Jury et al., 1990) US Y N N Y Y N N Y
Little et al. (1992) US Y Y Y N N N N Y
Sanders and Stern (1994) US Y N N Y Y N N Y
Jeng et al. (1996) US Y N N Y Y N N Y
SoilRisk (Labieniec et al., 1996) US Y N N Y Y N Y N
Groundwater Limited Flux Model (McHugh et al., 2003) US Y N N N N N N Y

Ferguson Model (Ferguson et al., 1995)
United 
Kindgom N/A N/A Y N/A Y Y Y Y

Modified Ferguson Model (Krylov and Ferguson, 1998)
United 
Kindgom N/A N/A Y N/A Y Y Y Y

Olson and Corsi (2001) US N/A N/A Y N/A Y Y Y N

N = NO ; Y = YES ; N/A = NOT APPLICABLE

Class III Models (Earthen Floor Foundation Models)

Class I Models (Solid Building Foundation Models)

Class IV Models (Foundation Only Models)

4) http://www.dtsc.ca.gov/AssessingRisk/ctox_dwn.cfm
3) http://www.apat.gov.it/site/en‐GB/Forms_and_Software/Software_Rome_2.1/default.html
2) http://www.groundwatersoftware.com/risc.htm
1) http://www.co.san‐diego.ca.us/deh/water/docs/sam_vapor_risk_2000_rev_10‐05‐2004.xls

Class II Models (Crawl Space Foundation Models)

10) http://www.mst.dk/Jord/EDB‐vaerktoejer+til+vurdering+af+jord/JAGG‐programmet/

13) http://www.risc‐site.nl/index.html?riscmainFrame=sw_vlier_uk.htm

5) http://www.epa.gov/oswer/riskassessment/airmodel/johnson_ettinger.htm

7) http://www.ccme.ca/assets/xls/phc_cws_model_2.1_e.xls
8) http://www.gsi‐net.com/software.html
9) http://www.environment‐agency.gov.uk/research/planning/40397.aspx

11) http://www.rivm.nl/bibliotheek/rapporten/711701054.html
12) http://www.risc‐site.nl/index.html?riscmainFrame=sw_risc_uk.htm

6) http://www.api.org/ehs/groundwater/vapor/bio‐vapor‐intrusion.cfm 
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The models all assume one-dimensional, vertical transport of VOCs from a planar source 
in the unsaturated zone. Transport through the unsaturated zone is governed primarily by 
gaseous-phase diffusion, which may be steady state or time dependent.  

The algorithms developed by Little et al. (1992), Waitz et al. (1996), Parker (2003), and 
Mills et al. (2007) also consider gaseous-phase advection in the unsaturated zone, which may 
be relevant at sites where barometric pumping or transport of ground (landfill) gases 
(methane, carbon dioxide) are an issue. The Jury et al. (1983, 1990) solutions provide the 
added capability to simulate aqueous-phase advection associated with groundwater 
infiltration (recharge). Biodegradation is simulated in several models, yet the process is not 
typically incorporated in site-screening or Tier I risk assessments. Indoor air is generally 
assumed to be uniform and well mixed allowing the prediction of indoor air concentrations to 
be proportional to the mass flux rate of vapours into the building and the volumetric flow rate 
of air through the building.  

Studies have been undertaken to compare model predictions (Evans et al. 2002, Swartjes 
2002, Walden 2005). Although direct model comparison was not always achieved, the studies 
did reveal that predicted indoor air concentrations could differ by more than an order of 
magnitude for equivalent applications and model input. None of the models, however, were 
proven to be more accurate than others at predicting indoor air concentrations or transport 
through the unsaturated zone. Observed differences in model results were linked to challenges 
with model validation (see Section 3). 

Of the analytical models listed in Table 1, only certain ones (U.S. Environmental 
Protection Agency Spreadsheet Model, GSI RBCA Toolkit, VAPOR RISK 2000, CWS PHC, 
RISC4, ROME, CLEA, CSOIL 2000, CalTOX, RISC-Human, Vlier-Humaan, JAGG) are 
routinely applied in risk assessment. These models are commercially available, incorporate 
user-friendly interfaces, and have undergone rigorously review. Class I models are the most 
popular, particularly, in North America and many parts of Europe where slab-on-
grade/basement type building construction is commonplace. Class II models are commonly 
applied in regions where buildings with crawl-space are prevalent (e.g., Netherlands, 
Belgium, Australia). Class III and IV models, although applicable for certain site conditions, 
are not routinely applied (or no longer used as in the case of Class IV models) in risk 
assessment1. In other parts of Europe, namely Norway, Sweden, and Germany, analytical 
modelling is replaced with a set of simplifying assumptions (dilution factors) to account for 
attenuation in vapour concentrations between the source and the receptor (indoor air).  

A brief overview of the model classes, capabilities, and limitations follows. Further 
details can be found in Evans et al. (2002), Hers et al. (2002), NICOLE (2004), Tillman and 
Weaver (2005), Walden (2005), Turczynowicz and Robinson (2007), Davis et al. (2009), and 
Provoost et al. (2009). 

 
 

2.1. CLASS I MODELS 
 
Class I models (notably, the Johnson and Ettinger (1991) model (JEM) and its adap- 

                                                        
1 The Ferguson et al. (1995) and Krylov and Ferguson (1998) models had formerly been used in the UK (pre-2004) 

to support development of regulatory screening criteria (Soil Guideline Values). The UK has since transitioned 
to the JEM. 
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tations) are the most common models used in regulatory risk assessment. VOC transport to 
indoor air is assumed to occur from a planar source at depth below a building foundation. In 
many Class I models (namely Johnson and Ettinger 1991, Hers et al. 1997, Parker 2003, 
ROME, Environmental Systems and Technology, Inc. 2004, Mills et al. 2007, GSI RBCA 
Toolkit), the source can be simulated as being either constant or finite. In the case of finite 
sources, the rate of source mass depletion is directly proportional to the mass-flux (or 
emission) rate from the source. The depletion rate is assumed to be slower than the rate at 
which steady-state diffusion is established. Although this feature is available, a constant 
(infinite) source is generally assumed for most site-screening applications. Transport through 
the unsaturated zone is governed by vapour diffusion according to Fick’s Law. Aqueous- and 
vapour-phase advection in the unsaturated zone is only considered in the algorithms 
developed by Parker (2003) and Mills et al. (2007). Biodegradation is not considered in the 
original JEM, but the process is incorporated into later versions by Johnson et al. (1998), 
Ririe et al. (1998), Johnson et al. (2000), Spence and Walden (2001), Parker (2003), 
Environmental Systems and Technologies (2004), American Petroleum Institute (2010), and 
Mills et al. (2007). The incorporation of biodegradation into risk-assessment modelling is 
discussed in further detail in Section 4.0. The unsaturated zone is assumed to be 
homogeneous and isotropic and is defined assuming a constant effective diffusion coefficient 
based on the effective porosity and tortuosity relations defined by Millington (1959). A 
harmonic mean average of the effective diffusion coefficients of individual strata are used to 
account for potential soil layering or capillarity (Johnson and Ettinger 1991). VOC transport 
across the building foundation is assumed to occur by both vapour diffusion and advection 
(convection). The transport is simulated via perimeter cracks and seams and is defined 
according to the relations described in Nazaroff (1988) and Nazaroff and Sextro (1989) for 
radon transport through a “semi-pervious” building foundation. The primary vapour transport 
mechanism (diffusion or advection) across the building foundation is a function of soil type 
and building construction (Johnson 2002). A subsequent refinement of the crack model 
includes a complex method for calculating the crack fraction (Holm and Kjærgaard 1999). 
The solution presented by Mills et al. (2007) also accounts for building foundations with 
crawl-space construction. The model also provides a means to predict VOC concentrations 
for a range of anticipated parameter values using Monte Carlo analysis.  

 
 

2.2. CLASS II MODELS 
 
The Class II models incorporate many of the same general transport assumptions defined 

for Class I models. The main distinction between class types is that Class II models were 
developed specifically to address dilution effects associated with crawl space (suspended 
floor) ventilation. The original model developed by van den Berg (1995) included evaporative 
fluxes related to capillary induced advection from groundwater. The evaporative flux model 
was removed from later versions of the code (Waitz et al. 1996, Brand et al. 2007). These 
versions do, however, consider advection across the building foundation. Waitz et al. (1996) 
included the ability to simulate variable source concentrations associated with water table 
fluctuations. In Class II models, the indoor air concentration is assumed proportional to the 
crawl space concentration. The solutions by van den Berg (1995), Waitz et al. (1996), and 
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Brand et al. (2007) do not account for finite sources or biodegradation. These capabilities are, 
however, included in the later solution by Robinson and Turnczynowicz (2005).  

 
 

2.3. CLASS III MODELS 
 
Class III models are based on the behaviour assessment model (BAM) developed by Jury 

et al. (1983, 1990). The BAM (later codified by Labieniec et al. 1996 – SoilRisk model) was 
originally developed for simulating time-dependent transport of reactive VOCs (pesticides) to 
outdoor air. The BAM also accounts diffusion, biodegradation, and aqueous-phase advection 
(groundwater infiltration) in the unsaturated zone. Sanders and Talimcioglu (1997) contend 
that seasonal effects of groundwater infiltration on vapour intrusion can be significant in 
certain low-permeability soils. The BAM further assumes transport across the soil-
atmosphere interface occurs through a (non-restricting) stagnant boundary layer, above which 
the chemical concentration is zero. This boundary condition assumes potential restriction 
(concrete foundations) or dilution (crawl space foundations) effects on VOC transport to 
indoor air caused by the building foundation are negligible. The VOC concentration in indoor 
air is proportional to the rate of VOC transport to an assumed “zone of convective influence” 
under the building foundation (Little et al. 1992, Sanders and Stern 1994, Jeng et al. 1996). 
For this reason, Class III models may be most appropriate for simulating vapour intrusion at 
buildings with earthen floor foundations. A default attenuation factor can, however, be 
applied at the soil surface to simulate buildings with concrete foundations (Daugherty 1991, 
Ririe et al. 1998). McHugh et al. (2003) present a unique solution for VOC sources in 
groundwater where vapour diffusion through the unsaturated zone is rate-limited by aqueous-
phase diffusion through groundwater. Again, potential building foundation effects are 
assumed to be negligible. In general, Class III models are assumed to be less of a “black box” 
than Class I models because the relatively complex process of convection is not considered 
(Hulot et al. 2003). 

 
 

2.3. CLASS IV MODELS  
 
Class IV models were developed to improve on the simulation of transport through a 

building foundation assuming the vapour source is located directly below the building 
foundation. The original model by Ferguson et al. (1995) was designed for simulating vapour 
intrusion at a typical new-estate detached house with either ground bearing slab, timber 
suspended floor, or proprietary beam and block construction. The ability to simulate the 
ventilation of several floor layers was later introduced by Krylov and Ferguson (1998) and by 
Olson and Corsi (2001). Like Class I models, vapour transport across the foundation and 
walls is based on assuming molecular diffusion and advection. Diffusion through the 
foundation is not explicitly modelled, but rather based on a set of simplifying assumptions 
using a single empirical parameter value (bulk average diffusion coefficient) to account for 
diffusion between multiple foundation construction layers (e.g., concrete, brick, insulation, 
decking, etc.). Diffusion is also simulated between the soil, living space, and outdoor space 
(including attic). Advection across the building foundation is based on Darcy’s Law assuming 
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a pressure gradient between indoor and outdoor air and characteristic path length of 1 meter 
(assumed to be the distance beneath outside walls). Ventilation is simulated as a time-
averaged ventilation rate across all open holes, cracks, doors, windows etc. Instantaneous and 
uniform mixing is also assumed throughout the indoor air space. These models have the 
additional capability to simulate potential VOC sources in indoor air (cigarettes, paints, oils 
glues, cleaning fluids, etc).  

 
 

2.4. CRITICAL LIMITATIONS AND CONSERVATISMS 
 
Analytical models will inherently be limited in their ability to simulate VOC transport 

through porous media, across building foundations, and into indoor air. These limitations 
have been recognised by model authors (e.g., Johnson and Ettinger 1991, Jeng et al. 1996, 
Little et al. 2002, Ririe et al. 2002, DeVaull 2007) and the regulatory community (Fitzpatrick 
and Fitzgerald 2002). Some of the key model limitations and conservatisms are described 
below: 

 
1. Class I models will have limited application at sites with crawl spaces or earthen 

floors. For example, the JEM can over-predict indoor air concentrations by up to 
several orders of magnitude at buildings with crawl spaces because dilution effects 
attributed to ventilation are not accounted for (Markey and Anderssen 1996). The 
potential for the JEM to under-predict indoor air concentrations at sites with earthen 
floors has also been recognised (Interstate Technologies and Regulatory Council 
2003). Further, it is important to understand that the perimeter crack model will not 
account for vapour transport through un-trapped floor drains, floor expansion joints, 
sumps, unsealed utility entry points, which could potentially be significant 
(Pennsylvania Department of Health 2001). 

2. The representativeness of the stagnant boundary layer for simulating the transfer of 
VOCs from soil gas to indoor air has also been questioned (Anderssen and Markey 
1997). The authors contend that the boundary condition will tend to over-estimate the 
VOC flux to indoor air because the accumulation of vapours in the crawl space 
(which could significantly limit the VOC mass flux to indoor air) is not accounted 
for. The potential for vapours to accumulate in the crawl space will depend on its 
construction, in particular, the ventilation (air-exchange) rate (Turczynowicz and 
Robinson 2001).  

3. The most widely applied and accepted versions of the JEM in risk assessment do not 
incorporate biodegradation, even though it has been recognised as a critical 
parameter affecting hydrocarbon-related VOC transport in the unsaturated zone 
(Lahvis et al. 1999, Hers et al 2000, Ririe et al. 2002, Davis 2009). As a result, the 
models will tend to over-predict transport to indoor air at petroleum hydrocarbon 
sites where biodegradation is significant (see Sections 3 and 4). The significance of 
biodegradation will depend largely on oxygen (electron acceptor) availability 
(Ostendorf and Kampbell 1991, Lahvis et al. 1999, Johnson et al. 2000, Hers et al. 
2002, DeVaull 2007). At sites where oxygen availability is readily available (i.e., 
aerobic conditions exist throughout the unsaturated zone), the potential for vapour 
intrusion of petroleum hydrocarbons will be extremely limited (Weaver and Tillman 
2005, Abreu and Johnson 2006).  
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4. With the exception of the Class III models, vapour transport is generally assumed to 
be steady state. Consequently, many analytical models may have limited applicability 
at sites where temporal effects or lateral transport are significant. Temporal effects 
with potential to affect vapour transport include barometric pressure fluctuations 
(Massmann and Farrier 1992, Auer et al. 1996, Tillman and Smith 2005), fluctuating 
pressure between indoor and outdoor air (McHugh et al. 2006, Lundegard et al. 
2007), variable and non-uniform ventilation rates (Olson and Corsi 2001), 
groundwater infiltration (Sanders and Talimcioglu 1997, Davis et al. 2005, Tillman 
and Weaver 2007a), source depletion (Sanders and Stern 1994, Parker 2003, Mills et 
al. 2007, Interstate Technologies and Regulatory Council 2009), and variable water-
table elevation (Waitz et al. 1996, Li et al. 2002, McHugh et al. 2003, Choi and 
Smith 2005, Mills et al. 2007, Yu et al. 2009).  

5. Transport is assumed to be one-dimensional. Analytical models will thus tend to 
over-predict VOC transport to indoor air at sites where dilution effects (related to 
lateral influx of air through backfill materials or utility corridors underlying building 
foundation) are significant (Hers et al 2002). In addition, the vertical transport 
models will over-predict potential vapour intrusion at sites where VOC sources are 
off-set laterally from building foundations (Abreu and Johnson 2005, Yu et al. 2009). 
These studies have shown that vapour transport to indoor air will be highly sensitive 
to the lateral offset distance.  

6. Most models, with the exception of Ferguson et al. (1995), Ririe et al. (1998), Krylov 
and Ferguson (1998) and Mills et al. (2007), do not account for ambient (indoor and 
outdoor) air sources of VOCs. These sources can often overwhelm the contributions 
of VOCs in indoor air from subsurface sources. 

7. The assumption of constant “average” soil properties may not adequately account for 
the resistance to vapour transport through porous media with sharp moisture content 
gradients (Hers et al. 2003). The effect will be most pronounced in sandy soils where 
the effective diffusion coefficient can vary by several orders of magnitude across 
short vertical distances (e.g., the capillary zone). The conservatism may be counter-
balanced, however, by the potential for VOC concentrations in the capillary zone to 
be similar to those observed in groundwater (McCarthy and Johnson 1993).  

8. Vapour concentrations in indoor air are assumed to be uniform and well mixed. Field 
measurements and modelling studies have shown, however, that indoor air 
concentrations can be highly variable both within a room and throughout a building 
(ECA 1989, U.S. Environmental Protection Agency 2008).  

9. The VOC source is assumed to exist at the top of the water table. In certain cases, a 
fresh water lens may be present which limits partitioning from groundwater to soil 
gas (McHugh et al. 2003, Yu et al. 2009).  

10. The analytical models may be limited in their ability to predict short-term, acute or 
aesthetic risks that may develop at certain (petroleum-hydrocarbon) sites. Examples 
of these risks include the generation of methane, flammability, and noxious odour 
conditions.  

11. Class IV models will tend to over-predict indoor air concentrations at sites where the 
source is present at a depth below the building foundation (Evans et al. 2002).  

 
 

3.0. MODELS VERSUS MEASUREMENTS  
 
Several comparative assessments of predicted versus actual measured concentration of  
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VOCs in indoor air have been conducted over the past several years for model validation 
purposes (Fitzpatrick and Fitzgerald 2002, Ririe et al. 2002, Hers et al. 2003, Proovost et al. 
2009). The assessments have focused primarily on the JEM and, to a lesser extent, on other 
models (e.g., CSOIL, VOLASOIL, RISC, Humaan-Vlier). In some cases, the models have 
been validated based on reasonable (order of magnitude) comparison to indoor air 
measurement; in other cases, not (see Sections 3.1 and 3.2). Efforts to validate models using 
indoor air data may be questioned, however, on the grounds that VOC concentrations in 
indoor air are highly spatiotemporal and influenced by background sources (i.e., replete with 
random error) (Hers et al. 2003, U.S. Environmental Protection Agency 2008, Folkes et al. 
2009, Luo et al. 2009). Collection of sufficient data been collected to document the variance 
and statistical uncertainty is rare to non-existent. Likewise, model validation using shallow 
soil-gas data (collected directly below building foundations) can be equally problematic 
because of the potential for encountering similar variability (Luo et al. 2009) and background 
sources (McHugh et al. 2006). In certain cases, tracers and flux chambers have been used to 
minimize uncertainty (Hers et al. 2003). These tools have been shown, however, to be 
difficult to apply and have limited applicability. To complicate matters further, much of the 
historical vapour data used for comparative assessment may be of suspect quality given that 
relatively sophisticated methods required for sample collection and analysis have only 
recently been established. Many of the critical transport parameters (e.g., effective diffusion 
coefficient, soil permeability, air exchange rate) are also difficult to measure or, in some 
cases, are immeasurable.  

Uncertainties over vapour intrusion have led to the use of conservative parameters and 
transport assumptions in analytical models (e.g., exclusion of biodegradation). Models that 
incorporate such conservatism (or systematic error) are acceptable provided the potential for 
generating significant over- (i.e., true errors when actually false) or under-prediction (i.e., 
false errors when actually true) is minimized. The bias is well recognized at petroleum 
hydrocarbon sites where indoor air concentrations have been found to be over-predicted by 
several orders of magnitude when conservative models that exclude biodegradation are 
applied (Golder Associates 2008). The assumption of equilibrium partitioning between the 
soil, aqueous, and vapor phases can also be a source model conservatism (Fitzpatrick and 
Fitzgerald 2002, Hers et al. 2002, Hartman 2002, Golder Associates 2008, Baker et al. 2009, 
Proovost et al. 2009). For example, Golder Associates (2008) found that soil-gas 
concentrations predicted from unsaturated zone soil concentrations generally exceeded 
measured concentrations by a factor of 100 or more. Likewise, Baker et al. (2009) reported 
that petroleum hydrocarbon concentrations in soil gas were over 4 orders of magnitude 
greater (at the 95th percent upper confidence limit) than vapour concentrations predicted by 
equilibrium partitioning. The conservatism with respect to equilibrium partitioning may relate 
to a number of factors, including mass-transfer limitations, VOC mass loss during soil 
sampling, inabilities to collect co-located source/soil-gas samples, and in the case of 
petroleum hydrocarbons, failure to account for residual non-aqueous phase (NAPL) in the 
partitioning calculation, and effects of biodegradation.  

Lastly, it is important to note that the model prediction may vary significantly based on 
the analytical model selected. Provoost (2009) noted up to 3 orders of magnitude difference in 
model predictions for equivalent model scenarios and parameter inputs. The more 
sophisticated algorithms, JEM and Vlier-Humaan, were deemed most accurate, followed by 
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RISC, VOLASOIL, and CSOIL. Again, model performance and the degree of accuracy may 
be subjective given the ambiguity of the measured data. 

 
 

3.1. MODEL VALIDATION AT CHLORINATED HYDROCARBON SITES 
 
Results of JEM validation at chlorinated hydrocarbon sites are mixed. Fitzpatrick and 

Fitzgerald (2002) reviewed groundwater, soil, soil-gas, and indoor air data from 47 (mainly 
chlorinated hydrocarbon) sites in Massachusetts. Results of their evaluation revealed a 
potential for the JEM to under-predict indoor air concentrations by several orders of 
magnitude depending on geologic, building, and ventilation conditions. The results were 
deemed significant after factoring in order-of-magnitude spatiotemporal variance in the 
measured concentration data. Similar issues were noted by Kurz (2000) and McAlary et al. 
(2002) at chlorinated sites in Denver, Colorado and Runcorn, England, respectively. The 
potential for under-prediction has raised general concern about the accuracy of the JEM for 
risk assessment. In contrast, Hartman (2002), Hers et al. (2002, 2003), Johnson et al. (2002), 
and Cowart and Kurtz (2007) have found that the JEM could reliably predict indoor air 
concentrations provided uncertainties in model input parameters, model transport 
assumptions, data quality and background sources of VOCs in indoor air were taken into 
consideration. Similar conclusions were reached by Wijnen and Lijzen (2006) in a review of 
VOLASOIL in the Netherlands and Schrëuder (2006) in a review of a large chlorinated 
solvent database from Endicott, New York.  

 
 

3.2. MODEL VALIDATION AT PETROLEUM HYDROCARBON SITES 
 
The JEM, by contrast, has been found to vastly over-predict indoor air concentrations at 

field sites where petroleum hydrocarbons are present (Fitzpatrick and Fitzgerald 2002, Sinke 
2001, Ririe et al. 2002, Hers et al. 2003, Davis 2006, Golder Associates 2008, Davis 2009). 
The discrepancy has been linked to the exclusion of biodegradation in the model. Predicted 
soil-gas concentrations were often several orders of magnitude greater than measured 
concentrations. The conservatism has been recognised by the U.S. EPA (Tillman and Weaver 
2005) and the Interstate Technology Regulatory Council (ITRC) (Interstate Technologies and 
Regulatory Council 2007). The potential for over-prediction has been found to be greatest at 
sites with low-level contamination in soil and groundwater (American Petroleum Institute 
2009, Davis 2009, Energy Institute 2009). Davis (2009) has shown through an analysis of 
petroleum hydrocarbon data that approximately 5 feet of clean soil (located in the unsaturated 
zone between the source and building foundation) is sufficient to attenuate vapour 
concentrations by 4 to 7 orders of magnitude.  

 
 

3.3. PARAMETER UNCERTAINTY AND SENSITIVITY 
 
Parameter uncertainty and sensitivity analyses are critical components of any modelling 

exercise and are often recommended as best practice (U.S. Environmental Protection Agency 
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2004, Interstate Technologies and Regulatory Council 2007), mainly in screening-type 
assessments where model input parameters (e.g., pressure differential, soil permeability, 
ventilation rate, and moisture content) are highly variable, not easily measured, and generally 
unknown. Uncertainty in parameter inputs has forced practitioners to rely heavily on literature 
values or professional judgement. To aid this effort, default parameter ranges and look-up 
tables have been defined (Johnson 2002, Johnson 2005, U.S. Environmental Protection 
Agency 2004, Tillman and Weaver 2007b). Experience has shown, however, that use of 
parameter look-up tables can mask relations between model input and output and make it easy 
for practitioners with limited background or expertise to make errors unintentionally (Johnson 
2005). These issues may explain some of the ambiguity observed with model validation given 
that good agreement between predicted and measured indoor air concentrations has been 
observed when anticipated ranges of parameter values are factored in (Johnson 2002, Hers et 
al. 2002, Hers et al. 2003, Schreüder 2006).  

Critical model parameters and sensitivities for the JEM have been identified (Johnson 
2002, Hers et al. 2002, Hers et al. 2003, U.S. Environmental Protection Agency 2004, 
Johnson 2005, Tillman and Weaver 2006, Tillman and Weaver 2007b). In general, the most 
sensitive parameters include the effective moisture saturation, soil permeability, air exchange 
rate, building mixing height, and source depth (Hers et al. 2003, Tillman and Weaver 2006, 
Tillman and Weaver 2007b). VOC transport to indoor air has also been shown to be highly 
sensitive to the biodegradation rate (Lahvis et al. 1999, Parker 2003, Abreu and Johnson 
2005, Abreu and Johnson 2006, DeVaull 2007) and the lateral offset distance between the 
source and building foundation (Abreu and Johnson 2005, Yu et al. 2009). The parameter 
sensitivity will, however, vary depending on the rate-limiting transport process (e.g., diffusion 
or advection through soil and/or across a foundation, biodegradation) (Johnson 2002, Hers et 
al. 2003). For example, the sensitivity to source/receptor separation distance or the effective 
diffusion coefficient increases when biodegradation is simulated. Parameter sensitivity may 
also be non-linear and functionally dependent on the relative magnitude of other parameters 
(Johnson 2005, Weaver and Tillman 2005, Tillman and Weaver 2006). For this reason, 
effects of compounded parameter uncertainty may also be important (Johnson 2005, Weaver 
and Tillman 2005, and Tillman and Weaver 2006). For example, Tillman and Weaver (2006) 
found that single parameter uncertainty analyses could under predict risk by an order of 
magnitude.  

Monte Carlo type probability assessment tools have been developed to facilitate 
uncertainty and sensitivity analyses and place certainty bounds on the model calibration and 
model results. Monte Carlo tools have been created specifically for the U.S. EPA Spreadsheet 
Model (Weaver and Tillman 2005), CalTox (CalTox 1993), and ViM (Mills et al. 2007).  

 
 

4.0. BIODEGRADATION  
 
Although biodegradation has been shown to critically affect transport of petroleum 

hydrocarbons in the unsaturated zone and the potential for vapour intrusion, there is general 
reluctance to consider the attenuation process in risk assessment modelling, most notably, 
during site screening. The exclusion of biodegradation in regulatory model application has led 
to the development of conservative screening levels for petroleum hydrocarbons which drive 
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needless site characterisation, most notably, at sites with low part-per-billion level 
concentrations in soil and/or groundwater.  

The unwillingness to include biodegradation in risk-assessment modelling can, in part, be 
linked to the uncertainty over the significance of biodegradation and the site-specific factors 
that affect it. At certain petroleum hydrocarbon sites, vapour intrusion risks can be severe, 
including cases of fires and explosions, and noxious odours (Moseley and Meyer 1992, 
Turner et al. 2005, Patterson and Davis 2009). Although these occurrences are rare, they have 
sensitized local communities to vapour intrusion risks associated with petroleum 
hydrocarbons. Such acute risks have a higher potential for occurrence at terminal, pipeline, or 
refinery sites where large product releases to the subsurface have occurred or sites where 
liquid (residual- or free-phase) hydrocarbon is located in relatively close proximity to 
receptors (basements, utilities, etc). These sites will often be characterised by high-level 
vapour concentrations in the subsurface, oxygen displacement, and methane generation. The 
benefits of analytical modelling may be more limited in such cases (see Section 2.4).  

Biodegradation is most often simulated using 1st-order reaction kinetics. With certain 
exception (Johnson et al. 1998, Johnson et al. 2000, Spence and Walden 2001, Parker 2003, 
American Petroleum Institute 2010), the biodegradation rate (i.e., rate coefficient) is assumed 
to be constant across the entire unsaturated zone. In actuality, the biodegradation rate has a 
strong functional dependence on substrate (hydrocarbon degraded) and electron-acceptor 
(oxygen availability) concentration (DeVaull et al. 1997, Lahvis et al. 1999, Luo et al. 2009). 
1st-order kinetics are deemed valid for substrate concentrations in pore water <0.2 mg/L 
provided oxygen is non-limiting (DeVaull et al. 1997). Aerobic thresholds of between 0.23% 
(0.1 mg/L in water) (Borden and Bedient 1996) and 5% oxygen by volume (DeVaull et al 
1997, Roggemans et al. 2002) are reported. Under these conditions, the microbial 
transformation is rapid leading to the creation of sharp reaction fronts where VOC 
concentrations decrease by several orders of magnitude over relatively short (e.g., <1 m) 
vertical distances (Ostendorf and Kampbell 1991, Fischer et al. 1996, Lahvis et al. 1999, Hers 
et al. 2002, Davis 2006, Patterson and Davis 2009). The vertical positioning of the reaction 
front in the unsaturated zone is variable depending on source concentration and soil 
permeability. For relatively low concentration sources (i.e., dissolved-phase hydrocarbon 
sources) and permeable soils (e.g., sands), the reaction front tends to develop in close 
proximity (e.g., <1 m) to the source (Lahvis and Baehr 1996, American Petroleum Institute 
2009). At these sites, there is insufficient source mass to drive conditions in the unsaturated 
zone anaerobic. Conversely, the reaction front tends to develop very near land surface at sites 
where oxygen demand (resulting from hydrocarbon biodegradation) exceeds oxygen 
availability. Modelling (Abreu and Johnson 2005) and field data (Patterson and Davis 2009) 
indicate these conditions are likely to occur at sites with high substrate concentrations (e.g., 
NAPL) and low-permeability soils (e.g., silts, clays) or where oxygen availability in the 
unsaturated zone is limited by the presence of a building foundation.  

Bio-attenuation factors are commonly used as a means to incorporate biodegradation in 
screening-level risk assessment. The bio-attenuation factor is a supplemental (commonly 10x) 
factor to account for the additional VOC attenuation caused by biodegradation. The 
sensitivity of VOC transport to biodegradation (more specifically, oxygen availability) may 
limit the value of this type of approach, however. Screening criteria based on exclusion 
distances provide a more logical alternative to capture the characteristic occurrence of sharp 
reaction fronts in the unsaturated zone. Exclusion distance criteria are defined as VOC source 
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to receptor (building foundation) separation distances, at and above which, the potential for 
vapour intrusion is negligible. Distances generally between 10 (30 ft) and 30 m (100 ft) from 
the edge (detectable limit) of dissolved-phase and NAPL plumes have been recommended by 
various regulatory bodies depending on whether the petroleum source is dissolved or NAPL, 
respectively (e.g., U.S. Environmental Protection Agency 2002, New Jersey Department of 
Environmental Protection 2005, American Society of Testing and Materials 2008). These 
distances are not theoretically based, however, nor do they account for biodegradation in the 
subsurface (Lowell and Eklund 2004). Although field data from a chlorinated hydrocarbon 
site would support the 100-ft screening criterion (Folkes et al. 2007), theory would indicate 
that the criteria are overly conservative, in particular for shallow and petroleum VOC sources 
(Lowell and Ekland 2004, Abreu and Johnson 2005). For example, vapour attenuation has 
been shown to increase by nearly an order of magnitude for every 5 m increase in lateral 
source/receptor separation for relatively shallow VOC sources (Abreu and Johnson 2005). In 
Canada, exclusion distance criteria were further refined to more accurately account for 
constituent (benzene) source concentrations in soil and groundwater (Atlantic PIRI 2006). 
Vapour intrusion is not a concern for sources of benzene in groundwater <1 mg/l located 
directly below a building foundation. Biodegradation was not, however, factored into the 
development of these screening criteria.  

Analytical models that rigorously account for the depth dependence of the biodegradation 
rate (e.g., Johnson et al. 1998, Johnson et al. 2000, Spence and Walden 2001, Parker 2003, 
American Petroleum Institute 2010) may be desirable for risk assessment. Simulation of the 
depth-dependence is not a trivial exercise, however. The modelling must account for the 
transport of all potentially reactive hydrocarbon species, in addition to oxygen. At petroleum 
hydrocarbon sites, this effort is likely to involve simulation of numerous hydrocarbon 
constituents with differing physiochemical properties and biodegradation rates. The 
compositional data needed for this coupled analysis are often not available, however. The 
source composition can also be highly variable depending on the size and age of the 
hydrocarbon release. This limitation is commonly overcome by assuming default product 
compositions (Baehr 1987, Lahvis et al. 2004, DeVaull 2007). In addition, hydrocarbon 
surrogates (i.e., hydrocarbons with relatively similar transport properties, such as, BTEX, C5 
– C6 aliphatics) are commonly used to limit the number of simulated constituents. In the case 
of dissolved-phase sources, the modelling is generally limited to the most soluble 
hydrocarbon constituents (e.g., BTEX). The oxygen-limited biodegradation models all 
assume the biotransformation reactions go to completion. This assumption allows coupling of 
the mass of hydrocarbon degraded to the mass of oxygen utilised using reaction 
stoichiometry. The stoichiometric ratios vary little for a wide range of petroleum 
hydrocarbons. Soil respiration can also act as a critical sink for oxygen at sites with organic-
rich soils (high organic carbon content) (DeVaull 2007).  

 
 

5.0. CONCLUSION 
 
Reliance on vapour intrusion models for risk assessment is diminishing. In some 

jurisdictions, measurements of constituent concentrations in indoor air and sub-foundation 
(slab) soil gas are now recommended regardless of the modelled outcome. This “multiple 
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lines of evidence” approach is based, in part, on the belief that vapour intrusion is too 
complex a phenomenon to adequately predict or quantify using theoretical approximations. 
The modelling scepticism is further fuelled by limited agreement between measured and 
modelled (predominantly chlorinated hydrocarbon) data, limited understanding of model 
theory, parameter values, and transport assumptions, and limited model validation. Desire to 
apply indoor air and sub-foundation vapour concentration measurements in risk assessment 
should be met with caution, however, given the likelihood of encountering significant 
variability in VOC concentrations and background sources. Further, the statistical variance 
and uncertainty are not likely to be bounded at most vapour intrusion sites.  

In light of these issues, a “multiple lines of evidence” approach for risk assessment seems 
logical. This type of approach could, however, trigger needless indoor air and sub-foundation 
sampling at numerous sites (with source concentrations slightly above screening levels), 
which would otherwise be excluded by transport modelling. Robust and reliable site 
screening levels and methodologies are essential if this scenario is to be avoided. 

The following are some suggested measures to help reduce model uncertainty and 
promote the use of analytical modelling in vapour intrusion risk assessment:  

 
1) Improve the fundamental knowledge of the conceptual site model for vapour 

intrusion, core model assumptions, and critical model parameters and sensitivities. 
Analytical models will only be as good as the data that goes into them. Experience 
has shown that inadequate characterisation of the source (e.g., identification, 
delineation, and compositional analysis) and vapour pathway (e.g., stratigraphy and 
routes of preferential migration) have significantly affected model predictions and 
risk-based decision making. Site characterisation is also inadequate in screening-
level applications. Use of parameter estimation (e.g., Monte Carlo) techniques and 
sensitivity analyses could add value in such cases in helping guide/limit further data 
collection, refine model predictions, and identify when more sophisticated modelling 
(e.g., Abreu and Johnson 2005, Pennell et al. 2009, Yu et al. 2009) is needed. 
Currently, these modelling tools are largely underutilised in vapour intrusion risk 
assessment.  

2) Incorporate biodegradation in risk-based decision making at petroleum hydrocarbon 
release sites. Inclusion of biodegradation is essential if the benefits of vapour 
intrusion modelling at petroleum hydrocarbon release sites are to be fully realised. 
Biodegradation is invariably the most critical parameter defining transport of 
petroleum VOCs in the unsaturated zone. Biodegradation is, however, only accepted 
for higher tiered risk assessments provided sufficient site-specific data are available 
to support its use. The value of analytical modelling and site screening at petroleum 
hydrocarbon release sites is therefore limited. As such, the “multiple lines of 
evidence” approach will tend to drive needless characterisation if conservative 
screening-level source concentrations are exceeded. Overcoming this limitation will 
require a) general recognition of the significance of hydrocarbon biodegradation, 
particularly at sites with low, screening (ppb) level concentrations in soil and 
groundwater, and, in turn, b) a rework of vapour intrusion screening levels for 
petroleum hydrocarbons.  

3) Develop a database to support model use and improved site-screening 
methodologies. Increased acceptance of modelling and screening criteria in risk 
assessment is only achievable if sufficient empirical field data are available to 
support their use. The U.S. EPA has recently developed an extensive database of 
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indoor-air, soil-gas, and groundwater data (U.S. Environmental Protection Agency 
2008 - http://iavi.rti.org) for this purpose. The database has been used to help 
improve the understanding of spatiotemporal variability and assess attenuation 
between groundwater, soil-gas, and indoor air. Unfortunately, the database contains 
little information to help address model validation. Model validation requires 
comparisons of probabilistic model outcomes with data from sites where the 
spatiotemporal variability has been sufficiently bounded or tracers have been applied. 
The U.S. EPA database also contains only 3% hydrocarbon data and thus is of 
limited use in support or model application and screening levels at petroleum 
hydrocarbon sites. A less extensive, petroleum hydrocarbon database has recently 
been created which may be of help in this regard (Davis 2009). The database is 
currently under review.  

 
Finally, more sophisticated numerical models, such as Abreu and Johnson (2005), 

Pennell et al. (2009) and Yu et al. (2009) can be used to improve model prediction provided 
sufficient data exist to support their application. To date, these models have been used mainly 
for heuristic purposes because of general unfamiliarity with model algorithms and parameter 
inputs. Given current universal acceptance and application of numerical models for 
groundwater and solute transport evaluation, it may only be a matter of time before numerical 
modelling for vapour intrusion assessment becomes more commonplace.  
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