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Abstract: In this study, an integrated simulation, inference and optimization approach with two-stage
health risk assessment (i.e., ISIO-THRA) is developed for supporting groundwater remediation
for a petroleum-contaminated site in western Canada. Both environmental standards and health
risk are considered as the constraints in the ISIO-THRA model. The health risk includes two parts:
(1) the health risk during the remediation process and (2) the health risk in the natural attenuation
period after remediation. In the ISIO-THRA framework, the relationship between contaminant
concentrations and time is expressed through first-order decay models. The results demonstrate
that: (1) stricter environmental standards and health risk would require larger pumping rates for
the same remediation duration; (2) higher health risk may happen in the period of the remediation
process; (3) for the same environmental standard and acceptable health-risk level, the remediation
techniques that take the shortest time would be chosen. ISIO-THRA can help to systematically
analyze interaction among contaminant transport, remediation duration, and environmental and
health concerns, and further provide useful supportive information for decision makers.
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1. Introduction

In many urbanized and industrialized regions, groundwater has been destroyed owing
to the leakage from underground storage tanks and pipelines for petroleum products [1–3].
Therefore, remediation of contaminated aquifers and development of appropriate management
strategies are of great importance and attract considerable attention from academic, governmental,
and industrial agencies [4,5].

Pump-and-treat (i.e., PAT) is one of the most widely used technologies for remediating
groundwater polluted by petroleum hydrocarbons or chlorinated solvents [6–8]. However,
many process variables, such as well location, extraction rate, injection rate, and remediation duration
have significant impacts on the performance of the PAT system. The deficiency in controlling
remediation actions probably leads to a large inflation of expenses [9]. Consequently, the optimal
design of PAT strategies is important to improve remediation efficiency and reduce costs [10,11].
Hence, various optimization models have been proposed to improve the performance of PAT
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systems. For example, Park and Ara (2004) developed a multi-objective optimization approach
to determine pumping rates and well locations to prevent saltwater intrusion [12]. Baú and Mayer
(2008) applied a stochastic optimal control framework to a PAT system in a contaminated unconfined
aquifer [13]. Brusseau (2013) collected groundwater withdrawal and contaminant concentrations data
to produce valuable information to support enhanced site characterization and the optimization of
remedial system operations [14]. Park (2016) provided a simulation–optimization model to reduce
the remediation duration and cost of PAT systems and applied it to a trichloroethylene-contaminated
site [15]. The results presented that comprehensive analysis of PAT data was a powerful, cost-effective
method for providing higher-resolution, value-added characterization of contaminated sites. Previous
studies also applied many approaches such as dynamic programming [16], simulated annealing [17],
artificial neural networks [18], genetic algorithms (GA) [19–22], robust optimization (RO) [23,24],
and other techniques to improve remediation strategies. Evaluation of the merits for PAT remediation
strategies is usually based on many factors such as contaminant concentration, the cost of PAT
construction and operation, remediation duration, and health risk. Among them, the health risk is an
important evaluation index to assess the effect of PAT remediation strategies. Health-risk assessment
of contaminated sites has been conducted in many studies. For example, Qin (2012) developed a fuzzy
parameterized probabilistic analysis (FPPA) method to assess risks associated with environmental
pollution-control problems. The results indicated that complex uncertain features had significant
impacts on modeling and risk-assessment outputs [25]. Li et al. (2015) presented an integrated
optimal groundwater remediation design approach that incorporated numerical simulation, health-risk
assessment, uncertainty analysis, and non-linear optimization within a general framework [3]. It found
that the impact of confidence level of slope factor on health risk was obvious, meaning that the
larger the confidence level, the higher the health risk. Han et al. (2016) discussed the similarities and
differences between the risk-based corrective action (RBCA) tool kit and the health and environmental
risk assessment (HERA) model by evaluating the health risk of exposure to organic contaminated
groundwater [26]. It found that the inhalation of indoor vapors were the most predominant exposure
pathway for all volatile organic compounds (VOCs) determined by the RBCA and HERA models.

Previous studies on health-risk assessment of groundwater contamination aimed to reveal the
health risk of one contaminated site after remediation. However, in the actual practices, the exposure
concentration of pollutants may change with time even during the remediation process. For site
remediation, the exposure time in the remediating process cannot be neglected in health-risk
assessment, since the remediation duration is not short compared to exposure time. Ideally speaking,
the health-risk assessment in the remediation period is desirable and should be integrated at the
earliest. Therefore, the quantification of health risk due to continuous exposure to contaminant is
based on the principle of superposition. Nevertheless, insufficient studies are available to characterize
the health risk accumulated in the period of the remediation process. It thus needs further study to
take a full account on health risk in both remediation duration and natural attenuation period after
remediation (i.e., two-stage health risk).

In this paper, an integrated simulation, inference and optimization approach with two-stage
health-risk assessment (i.e., ISIO-THRA) is developed for supporting decision making in pump and
treat remediation strategies for a petroleum contaminated site in western Canada. Both environmental
standard and health risk are considered as the constraints in the model. The ISIO-THRA method
combines both the ISIO proposed by He et al. [27] and THRA methods into a general framework.
In ISIO-THRA, the remediation process simulation and the response relationship between the system
outputs (i.e., contaminant concentration) and inputs (i.e., pumping rate) are approximated by the
ISIO method. The objective of ISIO-THRA is to explore a novel optimization technique to examine
alternative PAT designs under two-stage health risk assessment (i.e., THRA), which may be achieved
considering a trade-off between the remediation duration and the corresponding risk reduction for
different remediation alternatives. The simulation of the remediation process is not the main objective
in this study and, hence, the petroleum contaminated site, well locations as well as pumping rates
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are mostly referred to He et al. [27] where a trial and correction procedure is used for identifying
optimal operating conditions. The entire process of ISIO-THRA consists of five tasks as follows:
(1) the simulation and prediction of contaminants distribution after remediation; (2) the calculation
of health risk accumulated in the remediation duration and the period after remediation; (3) the
relationship analysis between contaminant concentrations and time through the first-order decay
model; (4) the statistical analysis between pumping rates and contaminant concentrations using
the stepwise regression inference approach; (5) potential optimal strategies for decision makers
through systematic analysis of the interaction among contaminant transport, remediation duration,
environment and health constraints.

2. Methods and Materials

2.1. Simulation of Contaminant Transport Process

The general mass conservation equation for the subsurface components can be obtained
by Delshad [28]:

∂

∂t
(φC̃mρm) +

→
∇ · [

np

∑
l=1

ρm(Cml
→
u l − φSl

→
→
Dml ·

⇀
∇Cml)] = Rm (1)

where m is component index; l is phase index; ϕ is porosity; C̃m is overall concentration of component m,
µg/L; ρm is density of component m, mg/L; np is number of phases; Cml is concentration of component
m in phase l, µg/L;

⇀
u l is Darcy velocity of phase l, m/s; Sl is saturation of phase l; Rm is total

source/sink term for component m, µg/L; and Dml is molecular diffusion coefficient of component m
in phase l, m2/s. In the remediation part, pumping/injection can be set as the major source/sink term.

Because remediation duration does not represent a short time (i.e., 5, 10, 15, 20 years or more)
compared to health-risk exposure time, the health-risk assessment process should consider the different
contaminant exposure concentrations. There is a demand for study of the contaminant concentration
at any time to address the associated health risk. Then, the available data could be utilized to
estimate the health risk. As the contaminant concentration may decrease by natural attenuation after
remediation, the first order decay model proposed by Kao and Prosser [29] would be used to predict
the concentrations at any time point. Equation (2) can be applied to fit the contaminant concentrations
during the remediation period. Equation (3) can be applied to calculate the contaminant concentration
after remediation under natural attenuation.

Ck,t = Ck,0 × e−a×t (2)

Ck,t = Ck × e−λ×t (3)

where Ck,t is the contaminant concentration of the kth monitoring well with time, µg/L; Ck,0 is
contaminant concentration at the kth monitoring well at the initial remediation time; and a and
λ are the first-order decay rate of PAT remediation decay rate and the first-order decay rate (i.e., natural
attenuation rate) respectively. a can be calculated as follow [29]:

a = ln(Ck/Ck,0)/TR (4)

where TR is the PAT remediation duration, in days.

2.2. Statistical Analysis

Due to the difficulties in incorporating the complicated numerical simulation model within an
optimization framework, the stepwise regression inference approach proposed by He et al. [27] is used
to determine the response relationship between the system outputs (i.e., contaminant concentration ck)
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and inputs (i.e., pumping rate qk). Statistical samples coming from the numerical simulator are used
for generating the following surrogate.

The function of ck = f (q1, q2, . . . , qn) describes a multi-dimensional hyper-surface in the space of
(q1, q2, . . . , qn). The surrogate can be formulated as:

ck = a0,k +
n

∑
i=1

ai,kqi +
n

∑
i=1

n

∑
j=1

aij,kqiqj(i 6= j) +
n

∑
i=1

aii,kq2
i + ek (5)

where a0,k is an intercept term of surrogate k;
n
∑

i=1
ai,kqi are linear terms of surrogate k;

n
∑

i=1

n
∑

j=1
aij,kqiqj(i 6= j) are interaction terms of surrogate k;

n
∑

i=1
aii,kq2

i are quadratic terms of surrogate k;

ek is the error of surrogate k; and n is the total number of remediation wells.

2.3. Optimization Model

The optimization objective of a PAT system usually includes the system fixed cost, operation
cost, contaminant environmental standards, human health risk and so on. Environmental standards
of contaminants and the associated health risks can be obtained from government environmental
protection agencies. Environmental standards and limits of health risk can be the constraints in a PAT
optimization model. For the PAT system, the one-time drilling and installation costs are much lower
than the operating costs. Hence, the objective functions can be determined for the total amount of
pumping without the loss of generality [30]. The optimization function can be described as follows:

Min TR =
I

∑
i=1

qIn
i +

J

∑
j=1

qEx
j (6)

where TR is total pumping rate at all injection and extraction wells; m3/h; I, J are numbers of injection,
extraction wells respectively; qIn

i is pumping rate for the ith injection well, m3/h; and qEx
j is pumping

rate for the jth extraction well, m3/h.
In addition to environmental standards and human health risk described above, the performance

of PAT is also impacted by engineering techniques and hydrogeological factors. Firstly, the pumping
rates at injection or extraction wells are limited to technical loads, i.e., the pumping rate at all injection
and extraction wells must be lower than a maximum pumping rate. Secondly, to maintain the aquifers’
stability and hydraulic direction, the total pumping rate at all injection wells must be equal to the total
pumping rate at all extraction wells. Both environmental standards and health risks are considered as
the constraints in the model. The health risk is often divided into carcinogenic and non-carcinogenic
risks. Hence, the constraints for the PAT optimization model can be described as follows:

0 ≤ qIn
i ≤ qIn

max i = 1, 2, . . . I; (7)

0 ≤ qEx
j ≤ qEx

max j = 1, 2, . . . J; (8)

I

∑
i=1

qIn
i =

J

∑
j=1

qEx
j i = 1, 2, . . . I; j = 1, 2, . . . J; (9)

ck(qIn
i , qEx

j ) ≤ cmax k = 1, 2, . . . K (10)

ELCRk ≤ ELCRmax k = 1, 2, . . . K (11)

HQk ≤ HQmax k = 1, 2, . . . K (12)

where qIn
max and qEx

max are maximum pumping rates for the ith injection well and the jth extraction well,
respectively; m3/h; k is the number of monitoring wells; ck is contaminant concentration of the kth
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monitoring well after remediation; µg/L. cmax is maximum acceptable contaminant concentration,
µg/L; ELCRk is carcinogenic human health risk at kth monitoring well; ELCRmax is the maximum
acceptable carcinogenic human health risk value; HQk is non-carcinogenic human health risk at kth
monitoring well; and HQmax is the maximum acceptable noncarcinogenic human health-risk value.

In Equations (11) and (12), the carcinogenic and non-carcinogenic health risks ELCRk and HQk
can be obtained as follows:

ELCRk = SF× CDIk (13)

HQk = CDIk/R f D (14)

CDIk = CWk/1000× IR× EF× ED/(AT × BW) (15)

where IR is rate of ingestion, L/day; SF is a slope factor which is related to carcinogenic health risk,
kg day/mg; CDIk is daily intake of given contaminant at exposure location k, mg/kg day; RfD is
non-carcinogenic reference dose, indicating acceptable daily intake unlikely to produce health effects,
mg/kg·day; CWk is the concentration of exposed contaminant at exposure location k, µg/L; IR is
the ingestion rate, L/day; EF is exposure frequency, day/year; ED is exposure duration, year; AT is
average time, day; and BW is body weight, Kg.

In Equation (15), the contaminant concentration is not a constant and changes with time.
The exposure period can be divided into remediation duration and natural attenuation period.
Therefore, a daily intake of given contaminant can be expressed as follows:

CDIk = CDIk,R + CDIk,B (16)

CDIk,R = [1/1000× IR/(AT × BW)]×
TR∫

t=0

(
Ck,0 × e−a×t)dt (17)

CDIk,B = [1/1000× IR/(AT × BW)]×
TB∫

t=0

(
Ck × e−λ×t

)
dt (18)

AT = TR + TB (19)

where CDIk,R is daily intake of given contaminant at exposure location k during the remediation period
through PAT; CDIk,B is daily intake of given contaminant at exposure location k during the natural
attenuation period after remediation; and TB is natural attenuation duration, day.

Based on Kao and Prosser [29], the first-order decay rate (i.e., natural attenuation rate) λ is
between 0.013 and 0.036. In this study, λ is 0.0171.

Therefore, the ISIO-THRA model based on two-stage health risk assessment can be expressed
as follows:

Min TR =
I

∑
i=1

qIn
i +

J

∑
j=1

qEx
j (20)

Subject to:
0 ≤ qIn

i ≤ qIn
max i = 1, 2, . . . I; (21)

0 ≤ qEx
j ≤ qEx

max j = 1, 2, . . . J; (22)

I

∑
i=1

qIn
i =

J

∑
j=1

qEx
j i = 1, 2, . . . I; j = 1, 2, . . . J; (23)

ck = f (q1, q2, . . . , qn) (24)

ck(qIn
i , qEx

j ) ≤ cmax k = 1, 2, . . . K (25)
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CDIk,R = [1/1000× IR/(AT × BW)]×
TR∫

t=0

(
Ck,0 × e−ln (Ck/Ck,0)/TR×t

)
dt (26)

CDIk,B = [1/1000× IR/(AT × BW)]×
TB∫

t=0

(
Ck × e−0.0171×t

)
dt (27)

ELCRk = SF× (CDIk,R + CDIk,B) (28)

HQk = (CDIk,R + CDIk,B)/R f D (29)

ELCRk ≤ ELCRmax k = 1, 2, . . . K (30)

HQk ≤ HQmax k = 1, 2, . . . K (31)

3. Case Study

The ISIO-THRA model is applied to a petroleum-contaminated site in western Canada. Since
there is a gas plant on the west side of the site and a disposal pit formerly located in the north-east of the
site, amounts of hydrocarbon contaminants are presented in the groundwater near this site. As shown
in Figure 1, the flow direction of groundwater is from north-east to south-west. The simulation
domain is composed of 9720 finite difference grids (each grid has dimensions of 5, 5, and 2.5 m in x-, y-,
and z-direction, respectively), with an area of 270× 225 m2, and a depth of 10 m. There are 8 monitored
wells located in the aquifer. The site has been remediated for many years with the duel-phase vacuum
extraction method [27]. Evidence suggests that the most contaminated plume is located around the
two contamination sources (i.e., S1 and S2 in Figure 1). To clean up the hydrocarbon contaminants,
a PAT system is applied with 2 injection and 4 extraction wells in or around the contaminant plume.
The contaminant concentration of these wells after remediation should be less than the environmental
standard. The contaminant concentration is not a constant and changes with time. The exposure
period can be divided into remediation duration and natural decay attenuation period. Therefore,
the PAT optimization model based on two-stage health risk assessment would be used to determine
the groundwater remediation strategies to remove the benzene, toluene, ethyl benzene and xylene
(i.e., BTEX) as dissolved in the groundwater.

In this study, the injection and extraction pumping rates of two injection wells (i.e., wells 2 and 3)
and four extraction wells (i.e., wells 1, 4, 5, and 6) are selected as decision variables. According to site
characteristics and technical load, the limits of lower and upper pumping rates are 0 and 100 m3/h,
respectively. In the proposed model, the injection and extraction pumping rates are normalized.
Moreover, the contaminant concentrations after remediation in all monitored wells are normalized by
natural logarithms. In this study, four remediation durations (i.e., 5, 10, 15, and 20 years) are selected
and the related proxy models are used, respectively. More data associated with the surrogates can be
found in the online version at doi:10.1016/j.watres.2008.01.012.

For this site, if the benzene concentration is lower than environmental standard, other contaminant
concentrations would be lower than the respective environmental standard based on the monitored
data (i.e., the peak concentration of benzene 1648.9 µg/L, and others contaminant concentrations are
lower than 200 µg/L). Also if the health risk of benzene is lower than the acceptable value, other
contaminants health risk would be lower than their acceptable values. Hence, only the benzene
contaminant is considered in the optimization model. The non-carcinogenic and carcinogenic health
risks of benzene must be lower than the acceptable levels. Many groundwater standards have been set
in different countries around the world. For instance, the standards for xylenes are 20, 40, 300, 400,
530, 1800, and 10,000 µg/L in Sweden, New Jersey, Canada, Japan, North Carolina, California, and
Illinois, respectively [27,31]. Therefore, in this study, the maximum acceptable benzene contaminant
concentrations are set as 50, 100, 150, and 200 µg/L. the acceptable carcinogenic health risk of benzene
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are set as 0.00011, 0.00022, 0.00033, 0.00044 and 0.00055. Other parameters associated with this study
are as follows: AT is 10750 days; BW is 70 Kg.Water 2018, 10, x FOR PEER REVIEW  7 of 16 

 

120 

150 

180 

210 

225 

W1 

W2 

M5 

M3 

M1 

M4 M6 

M7 

M8 

W3 

W4 

W5 

W6 M2 

S1 

S2 

0 30 60 90 120 150 180 210 240 270 
0 

30 

60 

90 

Y
 (

m
) 

Contamination source Monitoring well 

X (m) 

Injection well Extraction well 

Southwest 
Groundwater flow 

 

Figure 1. The simulation domain [27]. 

For this site, if the benzene concentration is lower than environmental standard, other contaminant 

concentrations would be lower than the respective environmental standard based on the monitored data 

(i.e., the peak concentration of benzene 1648.9 μg/L, and others contaminant concentrations are lower 

than 200 μg/L). Also if the health risk of benzene is lower than the acceptable value, other contaminants 

health risk would be lower than their acceptable values. Hence, only the benzene contaminant is 

considered in the optimization model. The non-carcinogenic and carcinogenic health risks of benzene 

must be lower than the acceptable levels. Many groundwater standards have been set in different 

countries around the world. For instance, the standards for xylenes are 20, 40, 300, 400, 530, 1800, and 

10,000 μg/L in Sweden, New Jersey, Canada, Japan, North Carolina, California, and Illinois, respectively 

[27,31]. Therefore, in this study, the maximum acceptable benzene contaminant concentrations are set as 

50, 100, 150, and 200 μg/L. the acceptable carcinogenic health risk of benzene are set as 0.00011, 0.00022, 

0.00033, 0.00044 and 0.00055. Other parameters associated with this study are as follows: AT is 10750 

days; BW is 70 Kg. 

4. Results Analysis 

4.1. Optimization Results Analysis 

A total of 80 scenarios are considered to assess the affection of the ISIO-THRA approach under four 

remediation duration times (i.e., 5, 10, 15, and 20 years), four environment standards, and five acceptable 

health-risk values. 

Table 1 shows the remediation strategies of 16 scenarios (i.e., four remediation duration times 

under four different environmental standards) when the benzene carcinogenic health risk is 0.00044. 

When the environmental standard is 200 μg/L, the optimal pumping rates at six wells are 46.93, 16.69, 

100.0, 0.0, 69.76, and 0.0 m3/h, respectively, under a remediation duration of 5 years. In this scenario, 

injection well 3 would reach its maximum allowable pumping rate. Extraction wells 1 and 5 would 

Figure 1. The simulation domain [27].

4. Results Analysis

4.1. Optimization Results Analysis

A total of 80 scenarios are considered to assess the affection of the ISIO-THRA approach under
four remediation duration times (i.e., 5, 10, 15, and 20 years), four environment standards, and five
acceptable health-risk values.

Table 1 shows the remediation strategies of 16 scenarios (i.e., four remediation duration times
under four different environmental standards) when the benzene carcinogenic health risk is 0.00044.
When the environmental standard is 200 µg/L, the optimal pumping rates at six wells are 46.93, 16.69,
100.0, 0.0, 69.76, and 0.0 m3/h, respectively, under a remediation duration of 5 years. In this scenario,
injection well 3 would reach its maximum allowable pumping rate. Extraction wells 1 and 5 would
remove most contaminant. When the benzene environmental standard becomes stricter with a limit
of 100 µg/L, the optimal pumping rates at six wells are 35.88, 35.14, 100.0, 0.0, 99.27, and 0 m3/h.
The total pumping rate may increase from 233.38 to 270 m3/h. It indicates that pumping rates would
increase to guarantee environmental standards. Meanwhile the pumping rates would decrease with the
increase in remediation duration under the same environmental standard and carcinogenic health risk.
However, the total pumping rate under a remediation duration of 20 years is larger than that for the



Water 2018, 10, 694 8 of 16

remediation duration of 15 years when the environmental standard is 150 and 200 µg/L. The pumping
rate may not change with environmental standard changes from 100 to 200 µg/L for a remediation
duration of 20 years. This means that when the acceptable health risk is 0.00044, it would generate the
same solution (i.e., the total pumping rate is 114.76 m3/h) with environmental standard higher than
100 µg/L under a remediation duration of 20 years. Hence, the acceptable level for health risk is the
only influence factor to limit the pumping rate. When the environmental standard is 50 µg/L, it also
shows that the only satisfactory strategy in remediation duration is the 20-year scenario. This means
that when the environmental standard is very strict, the remediation duration must be long enough to
remove the contaminant in the aquifers.

Table 1. The remediation strategies under different scenarios while ELCRmax at 0.00044.

Remediation
Duration

Cmax
(µg/L)

Q1
(m3/h)

Q2
(m3/h)

Q3
(m3/h)

Q4
(m3/h)

Q5
(m3/h)

Q6
(m3/h)

Qtotal
(m3/h)

5 years

200 46.93 16.69 100 0 69.76 0 233.38
150 51.7 26.02 100 0 74.32 0 252.04
100 35.88 35.14 100 0 99.27 0 270.29
50 - - - - - - -

10 years

200 18.65 9.3 36.45 0 27.09 0 91.49
150 27.75 11.35 46.99 0 30.58 0 116.67
100 81.05 21.14 78.72 0 18.81 0 199.72
50 - - - - - - -

15 years

200 37.54 0 37.54 0 0 0 75.08
150 37.54 0 37.54 0 0 0 75.08
100 82.87 32.36 50.51 0 0 0 165.74
50 - - - - - - -

20 years

200 22.93 0 57.38 0 34.45 0 114.76
150 22.93 0 57.38 0 34.45 0 114.76
100 22.93 0 57.38 0 34.45 0 114.76
50 62.98 35.03 68.37 0 40.42 0 206.8

Table 2 shows the remediation strategies of the other 20 scenarios (i.e., four remediation duration
times under five benzene carcinogenic health risks) when the environmental standard is 150 µg/L.
It can be found that:

(1) Both Tables 1 and 2 show that the pumping rates at wells 4 and 6 are zero, which means that
4 wells are enough, and also leads to less cost through this optimization model;

(2) When remediation duration is 10 years and the acceptable carcinogenic health risk for benzene
is 0.00033, the optimal pumping rates at six wells are 27.75, 11.35, 46.99, 0.0, 30.58, and 0.0 m3/h,
respectively. When the health risk changes to 0.00022, the optimal pumping rates at six wells change
to 98.33, 33.85, 76.56, 0.0, 12.08, and 0.0 m3/h, respectively. Also, the total pumping rate increases
from 116.67 to 220.82 m3/h. This means that the pumping rate would increase in order to reduce the
environmental health risk;

(3) When the acceptable health risk is 0.00011, the satisfactory remediation strategy can be obtained
under the remediation duration of 5 years. The health risks are mainly produced in the remediation
period. Hence, a short remediation duration would be required in the actual remediation program;

(4) When the remediation duration is 5 years, the remediation strategies would not change when
the health risk varies from 0.00055 to 0.00022. This means that when the optimal strategy satisfies the
environmental standard of 150 µg/L under a remediation duration of 5 years, the maximum health risk
would be lower than 0.00022. Similarly, for the remediation duration of 10 years, the maximum health
risk would be lower than 0.00033 when the optimal strategy satisfies the environmental standard
of 150 µg/L;
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(5) It also can be concluded that the total pumping rate for 20 years (i.e., 114.76 m3/h) is higher than
the total pumping rate for 15 years (i.e., 75.08 m3/h), and hence it appears that a longer remediation
duration requires increased pumping rates. Also, the residual concentrations in each monitor well
present different changes. To illustrate this problem, the optimal solutions are analyzed under an
environmental standard of 150 µg/L and an acceptable health risk of 0.00044.

Table 2. The remediation strategies under different scenarios while the environmental standard
is 150 µg/L.

Remediation
Duration ELCR Q1

(m3/h)
Q2

(m3/h)
Q3

(m3/h)
Q4

(m3/h)
Q5

(m3/h)
Q6

(m3/h)
Qtotal
(m3/h)

5 years

0.00055 51.7 26.02 100 0 74.32 0 252.04
0.00044 51.7 26.02 100 0 74.32 0 252.04
0.00033 51.7 26.02 100 0 74.32 0 252.04
0.00022 51.7 26.02 100 0 74.32 0 252.04
0.00011 51.26 51.26 100 0 100 0 302.52

10 years

0.00055 27.75 11.35 46.99 0 30.58 0 116.67
0.00044 27.75 11.35 46.99 0 30.58 0 116.67
0.00033 27.75 11.35 46.99 0 30.58 0 116.67
0.00022 98.33 33.85 76.56 0 12.08 0 220.82
0.00011 - - - - - - -

15 years

0.00055 36.77 0 36.77 0 0 0 73.54
0.00044 37.54 0 37.54 0 0 0 75.08
0.00033 - - - - - - -
0.00022 - - - - - - -
0.00011 - - - - - - -

20 years

0.00055 18.15 0 18.15 0 0 0 36.3
0.00044 22.93 0 57.38 0 34.45 0 114.76
0.00033 - - - - - - -
0.00022 - - - - - - -
0.00011 - - - - - - -

Figure 2 provides an insight into the optimal solutions and the change of contaminant reduction
with time. It is clear that, as the remediation duration increases, the total pumping rate decreases at
the initial remediation period and then increases at the later period, which has an inflection point.
Once the remediation act starts, the hydrological condition of the site is disturbed: the contaminant
plume diffuses around the pollution source, which mainly migrates along with the current direction.
The residual concentrations of the monitor wells M1, M2, M4 and M7 after 10-year duration remediation
(i.e., 59.61, 150.02, 64.06, 149.98 µg/L, respectively.) are larger than the residual concentration after
5-year duration remediation (i.e., 0.05, 17.38, 30.86, 98.87 µg/L, respectively.). When the remediation
duration is extended to 15 years, the residual concentrations in each well decrease. This result is
consistent with the experience gained by Prasad and Mathur [32]. However, monitor well M5 is
located in the most downstream flow, so its pollution concentration basically exhibits no change
because of the balance of diffusion inflow and extraction outflow. When the remediation duration is
extended to 20 years, the increase for the pumping rate can make the pollutant concentration decrease
obviously to ensure the effectiveness of remediation.
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Figure 2. The optimal solutions when the environmental standard is 150 µg/L and the acceptable
health risk is 0.00044. Qt is optimal total pumping rate (m3/h), Mi is residual concentration in the
monitor well (µg/L).

4.2. Environmental Standard and Health Risk

Figure 3 shows the solutions obtained under four benzene carcinogenic health risk levels
(i.e., 0.00011, 0.00022, 0.00033, and 0.00044) and 5-year remediation duration. When the environmental
standard is 100 µg/L, the optimal pumping rates at the six wells are 35.88, 35.14, 100.0, 0.0, 99.27,
and 0.0 m3/h, respectively, under a carcinogenic health risk level of 0.00033. When the environmental
standard is 150 µg/L, the pumping rates at six wells may change to 51.7, 26.02, 100, 0, 74.32 and 0 m3/h,
respectively. When the environmental standard changes from 100 to 150 µg/L, the pumping rates
at wells 2 and 5 decrease while the pumping rate at well 1 increases. Meanwhile, the total pumping
rate may reduce from 270.27 to 252.04 m3/h. It means that wells 2 and 5 play important roles in the
PAT system. When the environmental standard changes from 150 to 200 µg/L, the total pumping rate
would reduce to 233.38 m3/h and the pumping rates at wells 1, 2, and 5 may also reduce. With changes
in environmental standard, the pumping rates at wells 3, 4, and 6 are maintained constant. Moreover,
the pumping rates at wells 3, 4 and 6 are 100, 0, 0 m3/h, indicating that well 3 plays an important role
in the PAT remediation system. When environmental standard is maintained unchanged, the optimal
results are also unchanged even though the health risks increases from 0.00022 to 0.00044. This also
shows that, when acceptable health risk is 0.00011, the results obtained are unchanged although the
environmental standard changes from 100 to 200 µg/L. This means: (i) the health risk would be lower
than 0.00022 when the obtained results satisfy the environmental standard; (ii) when the obtained
results satisfy health risk (i.e., 0.00011), the benzene concentration would be lower than 100 µg/L.

Figure 4 shows the simulated benzene concentrations under the four remediation durations
when the environmental standard is 150 µg/L and the acceptable health risk level is 0.00044. Firstly,
it shows that the peak value of residual concentration appears around monitor well M3 for all scenarios.
This means that most contaminants move to the location of M3 under the remediation practice. Hence,
in the future, we can add extraction well near M3 to improve the PAT system. Secondly, the peak value
of residual concentration increases at the initial remediation period and then decreases at the later
period. This result is consistent with the experience of Prasad and Mathur [32]. Hence, in order to
make the contaminant concentration meet the environmental standard, the contaminants should be
removed quickly by increasing the pumping rate in the early remediation period. Thirdly, with the
remediation duration prolonged enough (20 years), the contaminant concentration may mitigate far
below the environmental standard. This means that most contaminant may be removed by a long
pumping duration.
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Figure 4. Simulated benzene concentrations for four remediation durations when the environmental
standard is 150 µg/L and acceptable health risk level is 0.00044, where (a), (b), (c), (d) are results under
the conditions of remediation duration values being 5, 10, 15 and 20 years, respectively.
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Figure 5 shows the predicted risk levels for four remediation durations when the environmental
standard is 150 µg/L and the acceptable health risk level is 0.00044. As shown in Figure 5, the risk
level is higher in the center area compared with the boundary area. There are two high health-risk
centers where contaminant concentrations are higher than other regions in the simulated area. This is
because there are two contamination sources near there. The peak values of health risk are 0.00015,
0.00025, 0.00040 and 0.00043, under remediation durations of 5, 10, 15 and 20 years, respectively. It can
be found, obviously, that the health risk increases if the remediation duration is prolonged. Hence,
the health risk accumulated in the remediation period cannot be neglected. Therefore, strategies with
the short remediation duration should be chosen under the same limits in environmental standard and
acceptable health risk.Water 2018, 10, x FOR PEER REVIEW  13 of 16 
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Figure 5. Predicted risk levels for four remediation duration when the environmental standard is
150 µg/L and the acceptable health risk level is 0.00044, where (a), (b), (c), (d) are results under the
conditions of remediation duration values being 5, 10, 15 and 20 years, respectively.

4.3. Trade-Off Analysis

When decision-making in groundwater remediation problems is characterized by conflicting
objectives, optimality of a solution must be guided by the involved trade-offs [33–35]. For the same
environmental standard and the maximum acceptable health risk, in this study the maximum residual
concentration would appear in the strategy with a 5-year remediation duration while the maximum
health risk would appear in the strategy with a 20-year remediation duration. This indicates that
the residual concentration after remediation would decrease while health risk would increase with a
prolonged remediation duration. Figure 6 shows the predicted risk levels under the four environmental
standards when the remediation duration is 20 years and the acceptable health risk level is 0.00055.
When the environmental standards are 50, 100, 150, 200 µg/L under a remediation duration of 20 years
and a health risk level of 0.00055, the pumping rates are 206.8, 51.48, 36.3, 30.12 m3/h, respectively.
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It is found that the distributions of health risk under three environmental standards (i.e., 100, 150,
200 µg/L) are similar. The reason is that health risk is mainly produced in the initial remediation period.
Hence, more contaminant should be removed in the initial remediation period. As shown in Table 1,
optimal pumping rates for the 5-year remediation duration range from 233.38 to 270.29 m3/h under
the health-risk level of 0.00044, which can meet the environmental standard within 100 and 200 µg/L.
As shown in Table 2, the optimal pumping rates for the 20-year remediation duration range from
36.3 to 114.76 m3/h under the environmental standard of 150 µg/L, which can meet the acceptable
health risk within 0.00044 and 0.00055. Furthermore, when the environmental standard is 50 µg/L
with remediation being 20 years and acceptable health risk level being 0.00055, the predicted health
risk obviously decreases under the condition of a high pumping rate. Therefore, a short remediation
duration scheme should be selected when the environmental standard is not strict.Water 2018, 10, x FOR PEER REVIEW  14 of 16 
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Figure 6. Predicted risk levels for four environmental standards when remediation duration is 20 years
and acceptable health risk level is 0.00055, where (a), (b), (c), (d) are results under the conditions of
environmental standard values being 50, 100, 150 and 200µg/L, respectively.

5. Conclusions

In this study, a groundwater remediation design model based on an integrated simulation,
inference and optimization approach with two-stage health risk assessment (ISIO-THRA) was proposed
for mitigating contaminants from a petroleum-contaminated aquifer. There are four advantages in
comparison with other models: (1) both environmental standard and health risks were used as the
constraints in the model; (2) the two-stage health risk assessments (i.e., health risks in the remediation
period and the natural attenuation period after remediation) were conducted to address the problem of
variation in the health risk with contaminant concentration; (3) the relationship between contaminant
concentration and time were expressed by two first-order decay models; (4) the relationship between
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contaminant concentrations (i.e., at all monitored wells after remediation) and pumping rates (i.e., at all
remediation wells) were obtained through a simulation, inference, and optimization method.

A petroleum-contaminated site in western Canada was chosen as a pilot to test the ISIO-THRA
model. The results indicated that the stricter environmental standards and health risks would lead to
the larger pumping rate at the same remediation duration. However, the longer remediation duration
led to a higher health risk for the same environmental standard. This indicated that remediation
duration would play a key role in the PAT system. When carcinogenic risk was the maximum acceptable
health risk, the non-carcinogenic factor would satisfy the health risk. Compared with previous studies,
health risk is not a linear relationship with contaminant concentration after remediation. The study
also showed that the health risk value would depend on the remediation duration and the initial
contaminant concentration. The main health risk would be produced in the initial remediation period.
Hence, in the actual remediation program, the strategy with a shorter remediation duration under the
same environmental standard should be chosen.

In the real world, contaminant concentration is difficult to predict as it changes with time.
Moreover, the maximum acceptable health risk value is difficult to determine. In the next study,
the contaminant concentration prediction and the maximum acceptable health risk value will need
more research.
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