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Fig. 4: Comparison of the normalized primary and secondary impacts for the groundwater treatment technologies over the years; the values indicate the

average normalized impacts generated upon completion of treatment

water being treated inside the aquifer whereas the ex situ
treatment of water is conducted outside. In this case, PT is
the only technology to be considered as ex situ. All 4 tech-
nologies reached, with different treatment times, the regu-
lated remediation criteria or better. The chemical oxidation
provided the same results as PT and biosparging with 3 and
43 times more secondary impacts, respectively (refer to Fig.
4). Even though they generate less secondary impacts, treat-
ment durations for PT and biosparging (300 and 36 years,
respectively) may be considered too long for a site owner.
Natural attenuation of the plume cannot be compared to
the other technologies because the contamination source had
been removed prior to its application. In such a case, it should
not be considered as a treatment technology but as a moni-
toring program. It should be noted that it is not because an
in situ technology is used that the environmental load it gen-
erates is lighter.

2.5 Selection of the best scenario

Having compared all technologies for each treatment zone,
the four organized scenarios of Table 1 were compared next.
Fig. 5 presents the normalized primary and secondary im-
pacts for the four scenarios upon completion of treatment.

The first scenario reflects the reality of a site whose owner
wants to retain his proprietary rights for as long as needed
with minimum intervention on his part. According to the
results obtained, a soil treatment is required in order to ren-
der this first scenario efficient. Even if this scenario has the
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second least secondary impacts (4e5 pers.year), environmen-
tally, it is the worst (since the soil remains contaminated in
the end). From an environmental point of view, the second
scenario is the best, generating the least primary and sec-
ondary impacts. Complete remediation for this scenario re-
quires, however, 38 years which can be considered signifi-
cant for a time-stressed owner. The third scenario which
involves chemical oxidation could be interesting because of
its short treatment time (11 years) and high treatment effi-
ciency. Its secondary impacts are the highest of all scenarios
(1.3e6 pers.year). Also, the LCA did not take into account
the technological risks that the staff may encounter. Explo-
sions may occur during oxidant injection since the oxidiz-
ing reaction is exothermic. Moreover, the risk associated with
the transport of chemicals was not taken into account in the
LCA. Hence, the third scenario is a good option in terms of
treatment time and efficiency but there are other consider-
ations to keep in mind that were not included in the analy-
sis. It could be a good option if experienced staff is hired
and if chemicals can be purchased near the site to reduce the
risks associated with long distance transport. The fourth
scenario has the lowest treatment time with 8 years. How-
ever, the residual contamination remains higher than for sce-
narios 2 and 3, although it was controlled and maintained
below the regulation criterion. For an owner, a shorter treat-
ment time is often preferred. Nevertheless, this scenario re-
quires a lot more preparation compared to the others. It
demands more organization and a large area of land must
be available, which is not always the case. Contrary to what
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Fig. 5: Comparison of the normalized primary and secondary impacts for the four scenarios generated during their last year of treatment. The values

indicate the average normalized impacts

could be expected, the secondary impacts of scenario 4
(7.6e5 pers.year) were lower than those for scenario 3. Since
the best scenario selection will depend on the site owner's
priorities, one could try to combine different technologies
for the same zone. For example, pump and treat and
biosparging could be used together to treat the groundwa-
ter faster or chemical oxidation (used with less wells) com-
bined with natural attenuation to reduce the risk. Depend-
ing on his priorities, two scenarios can be proposed to a site
owner. The first one considers low environmental impacts
as a priority. The proposed scenario has low technological
risks, but has a considerably long treatment time: it is sce-
nario 2. This scenario is also probably the cheapest although
no analysis has been conducted to confirm this. The second
proposed scenario is based on the shortest treatment time.
It combines the fastest technologies of scenarios 3 and 4.
The proposed scenario would use bioslurping to remove the
LNAPL phase, excavation and treatment of soils in biopiles
and chemical oxidation for the residual contamination in
groundwater. Even if less oxidant would be needed to
remediate the groundwater the technological risk associated
with this technology would still be present. Another draw-
back of this option is that it will add secondary impacts due
to the transport of contaminated and clean soil. This option
would also probably be the most expensive.

2.6 Limit of LCA

In this analysis, only average values of primary and second-
ary impacts were compared. The minimum and maximum
results are so different that if the comparison is conducted
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solely on the minimum values, primary impacts are always
smaller than secondary impacts (see Figs. 2 through 3). In
Fig. 2, the differences between minimum values of NSI and
NPI are only of one to two orders of magnitude. In Fig. 4,
however, the difference can reach up to more than 8 orders
of magnitude, the NSI taking precedence over NPI. The
large variety of possible results for the primary impacts is
due to only 3 impact categories that need min. and max.
factors to characterize residual diesel in soil and water (whose
factors are the same). The min. and max. factors used by
these categories are: ecotox.: 0.0001653000; HHC:
0.554367-19048.49 and HHNC: 0.020207-842.2572. The
secondary impacts have min. and max. values due to un-
specified oils that have the same CF as diesel and to 6 other
aggregated substances characterized in the photochemical
smog category. It was important to include the unspecified
oils in the secondary impacts because it was one of the most
significant emissions (more than 5% of all emissions) for all
scenarios. Importance should be given to primary impacts
in a site remediation LCA but, more detailed CFs are needed
to reflect a better reality of the residual contamination on a
specific site. Since no CFs exist for aggregated substances in
the US EPA TRACI method, this aspect requires improve-
ment. It was important to use the North American charac-
terization method to get a more representative geographical
context since no Canadian equivalent was available.

3 Conclusions and Recommendations

A comparison of the environmental performance of four
treatment scenarios has been conducted. Globally, the fast-
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est scenario treated the site in 8 years while the slowest re-
quired three centuries and left the contamination source in
place. The all biological in situ scenario (2) took 38 years to
remediate the site compared to the biological/ chemical (3)
which only required 11 years. Secondary and primary im-
pacts of all scenarios were compared. The all biological in
situ scenario (2) showed the least secondary and primary
impacts of all four. On the other hand, the in situ biological/
chemical scenario (3) produced the most secondary impacts
and quickly reduced primary impacts. Surprisingly, the ex
situ scenario (4) generated twice the secondary impacts com-
pared to the traditional one (1), which produced almost 10
times the secondary impacts of the all biological scenario
(2). The most affected impact category was water ecotoxicity.
Based on these results, two scenarios were proposed, one
with low environmental impacts but with a long treatment
time and another with short treatment time but with high
environmental impacts. Finally, the LCA comparison of treat-
ment scenarios for both soil and groundwater clearly gave a
better idea of the best combination of technologies. Results
showed that an in situ treatment scenario does not necessar-
ily provide for a better environmental outcome than an ex
situ treatment scenario. Also, additional work is needed to
improve characterization factors of aggregated substances
in order to improve the LCA's performance.
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