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1. Introduction

Recently, the Johnson and Ettinger (J&E) model has
been compared to a second vapor intrusion (VI) mod-
el (ViM) at sites across the United States where soil or
groundwater was contaminated with VOCs. The J&E
model is the standard VI model that has been used by
regulatory agencies in the United States for the past
two decades to evaluate the risks associated with vapor
intrusion from groundwater and soil sources. More
recently, an alternative, but somewhat more complex,
vapor intrusion model named ViM has been devel-
oped that is also intended to be applied at the regula-
tory level.

Conceptual models for J&E and ViM are shown in
Figure 1. The J&E model (JEM) is a one compartment
model and can simulate buildings with basements or
slab-on-grade foundations. ViM can simulate up to
three compartments in a building. A comparison of
the capabilities of the two models is shown in Table 1.

2. How We Know VIM
Works Correctly, and
Several of Its Unique
Features

While the J&E model has been tested and used
many times over the past 20 years, ViM (developed
much more recently) has not been as well tested.
During the course of its development, however, the
model has undergone both verification testing (suc-
cessfully model-to-model comparison) and valida-
tion (successful comparison with field data at spe-
cific sites).
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Figure 2. Comparisons of predicted benzene
dose to a young child.

ment (green lines), crawl space (blue lines), and
dwelling space (red lines) (see Figure 3). The mul-
tiple traces of each line color denote Monte Carlo
simulations. The few observed data were collected
in the dwelling space and crawl space, as show by
the red and blue symbols, and compare well against
ViM predictions for the few years of data availabil-
ity. Two further validation tests were performed at

3. Solution of VIM
Equations: Numerical
Inversion of Laplace
Transforms

The equations that form the mathematical basis
for ViM are coupled linear partial difterential equa-
tions. An exact analytical solution to the equations
was not found. While a numerical finite-difference
scheme could have been used to solve the equation,
such a solution would have required large amounts
of computational time to simulate the typical 70
year period of exposure. The problem of excessive
computational time was addressed by taking La-
place Transforms of the equations, and numeri-
cally inverting the equations to find the required
indoor air concentrations over the 70 year period
of simulation. However, numerical inversion from
Laplace space back into the time domain can in-
troduce enough round-oft error that the actual
solution is overwhelmed. Figure 4 illustrates that
inverse Laplace solutions are expressed as series,
where (without round-off error) the numerically
inverted solutions approach the exact solution. Ex-
perience with this solution technique has shown
that 16 to 20 terms are sufficient for convergence.

4. Comparison of VIM
and J&E Predictions at
U.S. Air Force Bases In
the United States

Since ViM can simulate the effects of a time-variable
groundwater plume, Figure 6 was developed to pro-
vide estimates of groundwater concentrations not only
in 2009 (when the site investigation at Travis AFB was
done), but also in 2006-2007 when groundwater con-
centrations in the vicinity of Building 828 may have

been higher.

Using these data, indoor air and sub-slab concen-
tration were predicted by both ViM and JEM. See Fig-
ure 7. It is noticed that ViM predicted concentrations
while initially very low, eventually exceeded JEM pre-
dictions beginning in 2008 and continuing until 2014.
The groundwater concentration used in the JEM pre-
dictions correspond to the upper end of the observed
groundwater data collected in 2009, which was 27,400
ug/m’. While the ViM model used the same ground-
water concentrations for 2009, earlier concentrations
in 2006-2007 may have been higher as shown previ-
ously in Figure 6. During that time vadose zone vapors
were predicted to have been migrating through the un-

fidence limits (dashed lines). It is noteworthy that the
confidence limits of the predicted results, for the most
part, encompass the observed data(the blue patches).
This indicates that the predicted variability associated
with the Monte Carlo analyses may be close to the ac-
tual system variability. Predictions using a modified
version of the J&E model are included, where a Monte
Carlo framework was added.

For Cape Canaveral AFS, Table 3 shows specific
comparisons of alternative predictions using J&E,
ViM, and EPA’s 95% attenuation factor approach for
different source concentrations as specified by differ-
ent metrics (such as the arithmetic means of source
data). Based on the different metrics used to develop
the source concentration, the source strength varied
by a factor of 3. When ViM is used in a Monte Carlo
mode, ViM’s 50% predictions are similar to the ob-
served data when sub-slab or near-slab data are used
as source terms.

Figure 7. TCE Concentrations at Travis AFB
Building 828

6. Exposure Attenuation
In Multl-Story
Apartment Buildings

Vapor intrusion into multi-story apartment build-
ings, such as shown below in Figure 11, requires the use
of a multi-compartment model to simulate the attenu-
ation between floors. While the J&E model could sim-
ulate the entire building as a single-component, such
an approach would tend to over estimate indoor vapor
concentrations on the upper floors, and under-estimate
indoor vapor concentrations on the lower floors.

/. Using J&E and VIM
Models Jointly to
Develop Risk-based
Groundwater Goals

Risk-based goals (RBGs) for groundwater were de-
rived to be protective of onsite workers inhaling in-
door air. The RBGs were calculated using modeling of
vapor intrusion into the buildings using the J&E and

ViM modeling approaches.

The Johnson and Ettinger model was first used to
calculate preliminary RBGs for four COPC:s: trichlo-
roethene (TCE), tetrachloroethene (PCE), vinyl chlo-
ride, and benzene. Modeling was conducted using a
unitary groundwater source term (i.e., a concentration
of 1). Therefore, the following linear relationship was
used to calculate RBGs based on the modeling results:

Risk - based Goal @) =

Risk-Based Concentration

(indoor air)

Predicted Concentration

(indoor air )

x Unitary Source Term

Figure 12 shows simulated results for both ViM
and the JEM model for trichloroethene. The fig-
ure shows time-variable results because the ViM
model is time-variable; however for this site we
did not start with a time-variable source term and
are therefore only concerned with the steady-state
concentrations, once they are attained. As shown
on the plot, the steady-state values of the JEM and
ViM model are the same, confirming agreement of
the input data between the two models.

ViM was run in Monte Carlo mode with a 10
percent variation in both directions for each input
parameter’s value. Two hundred Monte Carlo runs
were executed to produce the results shown in Fig-
ure 13. This figure shows the results of the Monte
Carlo analysis that have been processed to show the
one percentile, 50 percentile and 95 percentile con-
centrations. The groundwater source term was set
so that the 95 percentile indoor air concentration
equaled the RBC. This process was repeated for the
1-50-99 percentiles, and the 0.1-50-99.9 percen-
tiles. The alternative RBGs are shown in Table 3.
This process was repeated for PCE, benzene, and
vinyl chloride, whose RBGs for those percentiles
are also shown in Table 4. As shown in the table,
the RBGs calculated using ViM are 50 to 75 per-
cent more restrictive than those predicted using the

8. Alr Exchange Rates
(AERS): Informing J&E

AERs have an important influence on concentra-
tions of indoor vapor that intrude from subsurface
sources. For constant rates of intrusion, indoor air
vapor concentrations are approximately inversely
proportional to AERs, and exponentially propor-
tional to instantaneous releases of vapar. EPA uses

default AERs of 0.25/hr which is between the 10 to 50
percentile values from a study by Hers ¢t al. (2001).

Table 5
Air Exchange Rate at Study |Results
(per hour)
Description 10% 50% 90%
22 studies 0.21 0.b1 1.48

Cold climate-winter 0.11 0.27 0.71

Warm climate-winter 0.24 0.48 1.13

DoD study (slab-on-grade buildings)

Cape Canaveral AFS, HVAC off 0.12-0.13 hrt
Kelly AFB, vigorous air exchange 1.1-1.5 hrt
Travis AFB 0.5-0.7/hrt
Vandenberg AFB 0.4-2.4/hr?

However, results from a recent DoD study indi-
cates that such a default value was not| representa-
tive of any of the four sites where studigs were per-
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CA. The chemicals of concern there were TCE, cis- .
' > ity to predict indoor air concentrations that range tween the first story and Nth floor is: Johnson & Ettinger 9,505 2,342 1,558 3,639 | | 1 |etow wmem  wwuw  wmen wwow  ewem  oenuw

1, 2-DCE, and trans-1, 2-DCE. Predictions of TCE

over many orders of magnitude.

There are numerous ways ViM can inform J&E

building by individual stories.

Figure 14. Air exchange rates at Vandenberg AFB.
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