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Abstract: Current sustainability assessment (SA) tools to help deal with contaminated groundwater
sites are inherently subjective and hardly applied. One reason may be lack of proper tools for
addressing contaminant spread which are basically objective. To fill this gap, there is a need for
contaminant transport models that provide site managers with needed room for applying their
judgments and considerations about the efficiency of each remediation method based on their
experiences in similar cases. INSIDE-T uses trend analysis and inverse modeling to estimate transport
parameters. It then simulates contaminant transport both with and without the inclusion of remedial
actions in a transparent way. The sustainability of each remedy measure can then be quantified based
on the underlying SA tool (INSIDE). INSIDE-T was applied to a site in south Sweden, contaminated
with pentachlorophenol. Simulation scenarios were developed to enable comparison between various
remediation strategies and combinations of these. The application indicated that natural attenuation
was not a viable option within the timeframe of interest. Although pump-and-treat combined with
a permeable reactive barrier was found to be just as effective as bioremediation after five years, it
received a much lower sustainability score overall. INSIDE-T outcomes enable site managers to
test and evaluate different scenarios, a necessity in participatory decision-making practices such as
remediation projects.

Keywords: sustainable remediation; contaminant transport; contaminated sites; decision support system

1. Introduction

There are millions of potentially contaminated soil and groundwater sites around the
globe that need to be monitored and potentially remediated. Reclamation of these will cost
trillions of US dollars [1]. Clean-up activities are time [2,3] and resource [4,5] intensive.
Moreover, substantial research shows that the environmental [6] and social [7] impacts of
such activities may be huge. On the other hand, if not cleaned up, contaminated sites could
impose a significant risk to public health and the environment. In Sweden, there are some
83,000 potentially contaminated sites, according to the Swedish EPA (2008) [8], of which
about 8000 sites are in risk class 1 or 2 [9]. This means that they represent very high or high
risk to human health or the environment, respectively. These sites must be remediated by
2050 [10] but will take a much longer time at the current pace [11].

Contaminated site management involves decision-making that requires input from
many stakeholders from different backgrounds and perspectives. Moreover, it is necessary
to take (remedial) decisions under uncertainty [12], i.e., recognizing that the subsurface is
highly complex in terms of hydrogeochemical and biological variability. Taken together, a
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complex decision-making process requires tools that can support this process to achieve
sustainable outcomes. To minimize unwanted impacts and the potential risk of remedi-
ation measures, many decision support systems (DSS) have been developed. Green and
sustainable remediation terms became the terminology in the US and Europe, respectively,
to help assess the sustainability of the process. However, most of these do not consider
contaminant fate and transport in both time and space [13]. This may result in a lack of
trust by the end-user and limit final applicability [14].

Numerical models of contaminant transport are often too expensive [15] to be applied
for the preliminary management of the large number of contaminated sites [16], as they
demand large amounts of data [17]. This high cost, however, does not guarantee precise
predictions as errors in numerical dispersion and non-convergence may keep them from
performing properly [15,18]. Simpler analytic and semi-analytic transport models, on the
contrary, are less data intensive and better adaptable for this purpose [19]. Application
of the advection-dispersion equation, including a term for first order degradation, is a
common practice in models found in literature [20,21]. Wexler (1992( introduced additional
solutions in 1D, 2D, and 3D [22]. Bauer et al. (2001) extended this by considering unidi-
rectional and radial steady-state flow [23]. Sudicky et al. (2013) presented semi-analytical
solutions to simulate three-dimensional transport subject to first-order chain-decay reac-
tions [24]. Paladino et al. (2018) developed a closed-form solution with exponential source
decay, first-order reaction, and retardation [25].

Among the simpler models commonly used are BIOSCREEN [26] and BIOCHLOR [27],
which can simulate solute transport with a first-order decay in 1D for dissolved hydro-
carbons and chlorinated solvents, respectively. REMFuel [28] and REMChlor [29], also
1D models, allow flexible simulation of enhanced plume remediation, limited in space,
and for multi-species, for dissolved hydrocarbons and chlorinated solvents, respectively.
Funk et al. (2017) developed HYDROSCAPE [15] based on MATLAB®, which provides
both forward and inverse modeling modules. However, its built-in parameter estimator
algorithm is limited to four data points.

However, the above models were not designed for integration with other DSS plat-
forms that, e.g., can consider the sustainability of the entire process. An example of the
latter is the INfluence based deciSIon guiDE (INSIDE) [30]. INSIDE was used here as an
underlying DSS, taking advantage of its unique features in recognizing interrelationships
among parameters (criteria) involved in contaminated site remediation practice. Like many
other DSSs, INSIDE requires site managers to score remediation alternatives based on
sustainability criteria (Supplementary Materials). In INSIDE, these criteria are capital costs,
operational costs, environmental impacts, risk for secondary contamination, remediation
time, remediation efficiency, public acceptability, and risk of exposure to humans. INSIDE
could be combined by a transport model, it would be more site-specific, and thereby fill
the gap in terms of sustainable remediation analyses accounting for contaminant transport
in 2D.

The transport model developed in this paper thus aims to provide decision-makers
with reliable hydrogeological insights for supporting the sustainability scoring of reme-
diation options. The simulation does not intend to solve any geochemical interactions
involved in real field applications, but it rather provides room for experienced site man-
agers for assuming contaminant decay rate in case of a selected scenario. The transport
model is named INSIDE-T for easy reference. INSIDE-T uses conservative assumptions
and simplifications to give an estimate of contaminant concentration in the recipient. These
estimations can be used for scoring the sustainability of each remedy scenario using the
pre-assigned criteria weights in INSIDE. The overall simple structure enables stakehold-
ers to test different scenarios and quantify their sustainability score, regardless of their
background and expertise.

To illustrate the applicability of INSIDE-T, it was implemented for a site in south
Sweden contaminated with pentachlorophenol and used to simulate several potential
remediation options, including monitored natural attenuation (MNA), pump-and-treat
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(P&T), permeable reactive barrier (PRB), bioremediation (Biorem), and combinations of
these. The Swedish Geological Survey (SGU) is formally the responsible organization for
orphaned contaminated sites clean-up in Sweden, including the selected site in this study.
Model outcomes were shared with the site managers at SGU throughout the design phase
of the transport module, and model structure was accordingly modified to ensure that it
fulfilled their needs for these types of field-scale applications.

2. Materials and Methods
2.1. Outline of Process and Steps

INSIDE represents a DSS built to enable the participation of a diverse group of stake-
holders working together to screen and preliminarily manage contaminated sites cleanup.
Specifically, the DEcision MAking Trial and Evaluation Laboratory (DEMATEL) [31] and
Analytic Network Process (ANP) [32] techniques were combined within INSIDE to assign
weights to score sustainability criteria and overall score remediation alternatives, respec-
tively. In a first step, all stakeholders were given the possibility to participate in assigning
the weights through reflecting on their ideas about the influences of each criterion on the
others. These weights were used here for scoring the sustainability of remedy measures.
However, for INSIDE, only experts experienced in remediation practice participated in
scoring remediation alternatives based on sustainability criteria, which requires practical
knowledge from the field.

At this point, the scoring process can be substantially improved if stakeholders have
a concrete picture of what consequences each remedial action have (representing per-
formance outcomes in terms of contaminant concentrations for a potential decision; see
Supplementary Materials). INSIDE-T was therefore developed to bridge this gap. It was
designed as a separate module that can be easily connected to INSIDE, improving its
original capabilities and thus its reliability. Figure 1 outlines the framework for INSIDE-T
and its role within the INSIDE methodology.
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2.2. Contaminant Decay Rate Calculation
2.2.1. Concentration Trend Analysis by Mann–Kendall Test

The slope of the best-fit line through concentration vs. time data is a measure for
the long-term natural attenuation rate (this includes biological and chemical reactions
or radioactive decay [33]). There are several methods for trend analysis. Of these, the
Mann–Kendall test [34] was used to determine whether the time series has a monotonic
increasing or decreasing trend. This test is based on the correlation between the ranks
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and sequences of a time series. For the time series x1, x2, . . . , xn, the Mann–Kendall test
performs [35]:

S =
n−1

∑
i=1

n

∑
j=k+1

sgn
(
xj − xi

)
(1)

where n is the number of data points, xi and xj are the time series of sequence i and j (j > i)
respectively, and sgn(xj − xi) is the sign function.

If S > 0, then later observations in the time series tend to be larger than those that
appear earlier, while the reverse is true if S > 0. The variance of S is given by:

Var(S) =
1

18
[n(n − 1)(2n + 5)−

m

∑
i=1

ti(ti − 1)(2ti + 5)] (2)

where m is the number of groups of tied ranks and ti denotes the number of data in the tied
group [36]. A tied group is a set of sample data having the same value. The Mann–Kendall
test uses the following test statistic:

z =


S−1

se , S > 0
0, S = 0

S+1
se , S < 0

(3)

where se is the square root of Var(S). Positive z indicates increasing trend while negative z
shows decreasing trend.

2.2.2. Calculating Contaminant Decay Rate through Mass Flux

In the case that the trend is stable or if data show no trend, source lifetime calculations
must be practiced [37]. Mass flux, due to advection, is equal to the quantity of water flow
times the concentration of dissolved solids given by:

Mass Flux = K
∆h
∆l

AC0 (4)

where K (L/T) is hydraulic conductivity, ne (−) is effective porosity, dh/dl (L/L) is hydraulic
gradient, C0 (M/L3) is initial concentration in groundwater at the source area, and A (L2) is
the cross-sectional area of groundwater flow through the source.

Source lifetimes can then be readily estimated by dividing the entire mass of the
contamination at the source by the mass flux.

2.3. Contaminant Transport and Fate Modeling

A participatory DSS like INSIDE is envisioned to be readily applied by managers and
stakeholders of various backgrounds. For this purpose, the transport model should be
able to simulate the concentration change reliably, addressing the associated uncertainty.
Therefore, INSIDE-T was programmed in commonly used spreadsheets, and only one
simple Visual Basic for Applications (VBA) Macro was used in Microsoft Excel©. The
VBA Macro does parameter estimation. Parameter estimation may be defined as the
determination of parameter values that govern the behavior of a system, assuming that the
mechanism of the process is known [38]. In our case, this includes solving the transport
problem as many times as needed to minimize the model error, on a trial-and-error basis.
The error is the difference between measured and calculated values at observation points
and times, which can be defined as mean absolute error or root mean square error (RMSE).
Minimizing the error is done by changing the parameters involved in the transport process
in their ranges until the minimum difference between modeled and measured values
is reached.

After inserting observed concentration, hydraulic gradients, and locations of sampling
points, a range for transport parameters (see Table 1) is specified. The program then
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calculates the concentration at any point down-gradient of the source by modifying the
parameters, according to their determined ranges, to minimize the error.

Table 1. Ranges of final transport parameters, their distributions, and standard deviation.

Parameter T b K ne αL αT ρb Koc foc

Unit m m m/d - m m kg/L L/kg -
Initial Estimates

Taken from FM FM * FM FM Lit ** Lit FM Lit Lit
Min 5 3 0.04 0.25 1 αL/20 1.9 398 0.0002
Max 65 5 40 0.35 30 αL/6 2.4 19,953 0.02

Simulation Results
1st quartile 9.00 3.00 4.00 0.30 26.00 2.60 2.17 398.00 0.0034

Median 9.09 3.00 4.00 0.32 27.68 2.77 2.20 398.47 0.0103
3rd quartile 10.52 3.03 4.60 0.35 28.00 2.80 2.20 399.96 0.0187

St. dev. 0.68 0.31 0.46 0.02 0.94 0.56 0.10 0.89 0.0074

* Field measurements (FM) ** Literature (Lit) [33].

We consider the advective dispersive equation for solute transport according to [21,39,40]
that is based on partial differential equations of dispersion, developed for homogeneous
and isotropic media where Darcy’s law is valid:

DL
∂2C
∂x2 + DT

∂2C
∂y2 − vx

∂C
∂x

=
∂C
∂t

(5)

where C (M/L3) is solute concentration, DL (L2/T) is longitudinal hydrodynamic dis-
persion, DT (L2/T) is transverse hydrodynamic dispersion, and vx (L/T) is the average
linear velocity.

Considering the third type boundary condition (variable flux) [39], the integration of
Equation (5) can be solved by Hantash (1956) [40]:

c(x, y, t) =
C0(

Q
b )

4π(DLDT)
1/2 exp

(
vxx
2DL

)
[W(0, B)− W(tD, B)] (6)

while

tD =
vx

2t
4DL

and B2 =
vx

2x2

4DL
2 +

vx
2y2

4DLDT

where Q (L3/T) is the rate of injected contaminant and b (L) is the thickness of the aquifer
over which the contaminant is injected. Known as leaky well function, the values of W(tD,
B), and W[u, r/b] can be found in Hantush (1956) [40]. The third type boundary condition
is given as:

− D
∂c
∂x

+ vxC = vxC(t)

where C(t) is a known concentration function.
Involved parameters (i.e., vx, DL, DT, and Q) need to be addressed prior to solving

Equation (8). According to Darcy’s law, average linear velocity, vx, is the rate at which the
flux of water unidirectionally cross the unit cross-sectional area of pore space occurs [33]:

vx =
K
ne

dh
dl

(7)

However, many contaminants adsorb to the surface of soil particles while moving by
groundwater flow, which results in slowing down or retarding the contaminant movement
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compared to groundwater. The retardation can be calculated for hydrophobic (organic)
compounds as:

R = 1 +
(

ρb
ne

)
Koc foc (8)

where R (−) is the retardation factor, ρb (M/L3) is the bulk density of aquifer solids, Koc
(L3/M) is the organic carbon/water partition coefficient (chemical specific), and foc (−) is
the fraction of the organic carbon content of aquifer materials.

Then, contaminant velocity, vc, can be calculated as:

vc =
vx

R
(9)

Multiplying this velocity by the cross-sectional area of the plume represents the
injection rate of the contaminant (Q) to the aquifer at source:

Q = vc·T·b (10)

where T (L) is plume width and b (L) is the thickness of the aquifer over which the
contaminant is injected.

The longitudinal and transverse hydrodynamic dispersions, DL and DT, can be calcu-
lated by:

DL = αLvc + D∗ (11)

DT = αTvc + D∗ (12)

where αL (L2/T) is longitudinal dynamic dispersivity and αT is (L2/T) the transverse
dynamic dispersivity.

The D* is the effective diffusion coefficient calculated as:

D∗ = ωDd (13)

where ω is a coefficient related to the tortuosity [41] and Dd is the diffusion coefficient
(L2/T). However, as Dd is small and ω is always less than 1, we neglect the effective diffu-
sion coefficient, D*. We only give measured values of the exact location of the downstream
points in terms of X and Y (which stand for longitudinal and transverse distance from the
source—considering flow direction, see Figure 2), contaminant concentration at source, and
hydraulic gradient between any desired well and the source. Other required parameters
will merely be the ranges of changes for T, b, K, ne, αL, αT, ρb, Koc, and foc. Sensitivity of
these parameters will then be analyzed through the commonly used one-factor-at-a-time
(OFAT) method. By OFAT, simply one parameter is adjusted at a time while all other
parameters are kept fixed [42].

Parameter estimation is basically an optimization process and may be referred to
as numerical, as it would not provide exact values for the best fit, which is when sim-
ulated values exactly match observed values. In that sense, INSIDE-T is semi-analytic
as the parameter estimation is numeric but based on an analytic solution (Equation (6)).
This analytic solution is then used for forward modeling using the estimated parameters.

INSIDE-T was applied to a case study in Sweden to illustrate the applicability in
a real-world, environmental clean-up project. The model parameters used in the case
study were taken either from field measurements by SGU or from relevant literature and
technical reports with similar conditions. The aim was to perform an inverse modeling to
estimate transport parameters, and based on that, perform a forward modeling to provide
the decision-maker(s) with a reliable visualization of the potential consequences of a chosen
remediation option.
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2.4. Case Study

Chlorophenols were used in Sweden until 1978 for treating wood to prevent attack by
discoloring fungi during storage and transport [43]. This is the source of the contamination
problem at a former sawmill plant in Hjortsberga, Alvesta Municipality, Kronoberg County,
southern Sweden (Figure 2). The sawmill plant was in operation from the early 1940s to
the late 1970s [44] and has left a legacy of contaminated soil and groundwater with pen-
tachlorophenol (PCP), a branch of chlorophenols. The contamination in the groundwater is
threatening the nearby Lake Sjöatorpasjön. This lake is used for recreational purposes and
especially swimming. Residents also farm close to the lake [44].

In 2013, a shaft remediation was implemented at this site and almost all unsaturated
contaminated soil was removed with an excavator [45]. However, the PCP concentration
in groundwater is still elevated and above acceptable limits [46].

2.4.1. Geologic Media

The typical natural stratigraphy in the area is bedrock covered by till [47]. The deposits
at Hjortsberga are described as “complex and heterogeneous” [45]. Geologic media at the
site mainly consist of coarse-grained glaciofluvial sediments, tills with different grain size,
clay, and peat (Figure 3). Commonly, the depth to bedrock is less than 5 m in the area,
therefore, the surface topography reflects the bedrock [46]. The composition of the till in
the region is mostly sandy-silty with a normal to low content of boulders [48]. Organic
material in the form of bark (the hard, outer covering of trees) and sawdust also occurs.
These deposits were produced over the decades at the sawmill [46]. The bedrock at the
site is of crystalline character with water-bearing fractures in a north-northwest to south-
southeast and south-southwest to north-northeast direction [48]. It should be noted that
most analytical frameworks and especially the one applied here assume homogeneity
of aquifer media. For screening and early management practices, these models are of
great help [12,15,17] and more advanced modeling procedures would be performed in
case this is needed and performing them is applicable. The methodology we used for
simulating contaminant transport can estimate specific values of transport parameters for
individual contaminant pathways (from source to individual wells downgradient of the
source). However, for simplicity and brevity we do not provide these, and general values
only are provided.
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2.4.2. Contaminant Characteristics

The mobility of PCP is highly dependent on solution pH [49]. Hurst et al. (1997)
showed that PCP solubility at pH 4.2 is 13.2 mg/L and at pH 7.65 it is 1465 mg/L [50].
Autochthonous microbes can remove low level PCP (<1.0 mg/L) to approach if not reach
the regulatory standard of 0.001 mg/L with the addition of oxygen, with or without
nutrient amendments [51].

Site investigations were performed by different consultants between January 2014
and August 2020 in 21 different sampling campaigns. There was an estimated source
concentration in 2013. The number of sampling events in different years ranged from only
one in 2016, 2019, and 2020 to 8 in 2018. Importantly, not all wells were sampled for all
sampling events. The maximum number of samples taken from one well was 10 over the
entire period, while most of the wells (points) were sampled only once or twice during this
period. It is therefore not easy to uncover trends in contamination concentration change
for any well. Considering third type boundary conditions, on which the chosen analytical
framework was based, the initial contaminant concentration at all points must be zero at
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the starting time (C(x, 0) = 0). This was estimated to be the case in 1980, as site managers
and early consultants’ reports suggest [45,46,49]. However, as the measured contaminant
concentrations are available only since 2013, and for better visualization of scenarios, we
plotted only 37 years of contaminant concentration (from 2013 to 2050). We assumed 2050
as the ending time of the simulation as it was the latest considered time of remediation of
the site according to upstream regulations and targets. It should be noted that although
PCP in groundwater may be in NAPL form as well [52], the form of contamination that
was assessed here was the dissolved form. This was also observed in the field. Figure 4
shows a conceptual model for this.
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3. Results
3.1. Implementing the Model

In total, 312 measured concentrations in the wells obtained from 2014 to 2020 were used
to run the transport model, of which 208 were taken for calibration (parameter estimation)
and 104 for validating the model. The calibration entailed optimizing the solution by
minimizing the absolute error (difference between measured and modeled values at a
certain point downstream the contamination source). For this, transport parameters were
calibrated until converging to a best fit. Initial ranges of these parameters are listed in
Table 1 under rows Min and Max.

Figure 5 shows observations vs. simulations for (a) calibration and (b) validation
phases of the model for all measured concentrations from January 2014 to August 2020.

Moreover, we applied the Nash–Sutcliffe model efficiency coefficient (NSE) [53] to
assess the predictive skill of the model. According to Moriasi et al. (2007) [54], NSE = 1.0 is
the perfect fit, NSE > 0.75 is a very good, NSE = 0.64 to 0.74 is a good, NSE = 0.5 to 0.64 is a
satisfactory, and NSE < 0.5 is an unsatisfactory fit. In our model, NSE was calculated to be
0.752 and 0.609 for calibration and validation results, respectively.

Descriptive statistics of final transport parameters are shown in Table 1. A small
standard deviation indicates that the values tend to be close to the median, while a high
standard deviation indicates that the values are spread over a wider range. Sensitivity
analysis through OFAT showed that plume widths, dispersivity (both longitudinal and
transverse), and partition coefficient were the most influential parameters.

Considering small standard deviation values (last row, Table 1), median values may
be used as parameter values for simulating the contamination transport in the time span
of interest (forward modeling). However, because of the spatial and temporal variability
of these parameters [12], especially regarding the needed long-term spans of the study
simulations, and due to our limited knowledge of measurements accuracy and errors, we
need to deal with the inherent uncertainty in parameter values. Thus, 1st and 3rd quartile
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values for all transport parameters were used to suggest confidence levels for contaminant
fate down-gradient of the source zone. This was to show the results in terms of most
probable outcomes. According to Dekking et al. (2005) [55], the three main quartiles are 1st,
2nd, and 3rd quartiles, which were those used here. The first quartile (Q1) is defined as the
middle number between the smallest (minimum) and the median of the dataset meaning
that 25% of the data are below this point. The second quartile (Q2) is the median; thus 50%
of the data lie below this point. The third quartile (Q3) is defined as values between the
median and the maximum meaning that 75% of the data lie below this point.

The smallest distance from the source to the recipient is 60 m along the straight
source-recipient line with a 2 m distance from this line (x = 60 m, y = 2 m).
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Figure 5. Correlation between observations and simulation values for (a) calibration with 208 and (b) validation with 104
data points (from January 2014 to July 2020).

3.2. Assessing MNA as a Remedial Option

To forward model contaminants transport, a PCP decay rate at the source had to be
taken into consideration. This rate had to be estimated properly to develop more realistic
performance outputs. The effectiveness of natural attenuation as an acceptable remedy
measure is based upon decreasing contaminant concentrations in groundwater together
with a stable or receding contaminant plume [56].

The Mann–Kendall test was therefore performed for PCP concentration data from
wells within the source area. Results indicated that no well was showing a decreasing
trend, and only a few wells were presenting probably decreasing trends. Most of them
were categorized as stable or no-trend. Thus, mass flux calculation was used to estimate the
source lifetime. Based on Equation (4), source lifetime was calculated with 1st, 2nd, and 3rd
quartiles for transport parameters, resulting in 78, 100, and 43 years, respectively. Having
a shorter source lifetime for the 3rd quartile result compared to those for 1st, and 2nd is
not a surprise. Setting transport parameters corresponding to a higher percentile does not
necessarily mean a higher or lower concentration downstream. This is mainly because some
parameters were inversely correlated. For example, higher groundwater velocities result
in further spread of contaminants but less degradation due to short time intervals [17].
We used the 2nd quartile to perform further analyses for the most conservative case scenario.
By that, average groundwater velocity, contaminant velocity, and retardation are estimated
as 7 × 10−4 cm/s, 2 × 10−4 cm/s, and 3.2, respectively.

Hence, based on the assumptions of 100 years as the source lifetime, the corresponding
contaminant concentration decay at the source was estimated to about 10% per year. Taking
this into consideration, a first scenario for monitored natural attenuation could be set up.
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Figure 6a depicts the uncertainty in model output at the recipient (x = 60 m, y = 2 m) from
2013 to 2050. Concentrations in the Y axis of this plot are in logarithmic scale for better
visualization of lower concentrations in years.
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Figure 6. (a) simulation result for monitored natural attenuation (MNA) over a 37-year period, (b) iso-concentration
simulated plume lines, made using HYDROSCAPE, for spatial visualization of the plume (unit: µg/L). Observed values
existed only for time period 2013 to 2020.

This is, however, based on source–pathway–recipient approach, meaning that it can
run for each individual point in a 2D planar view of a site and give breakthrough curves of
contaminant concentrations in time and not a regional presentation of the plume. However,
the model can be used together with a software that is capable of such visualizations.
The inverse modeling results may give input to such a software and result in contours of
iso-concentration simulated plume. We used HYDROSCAPE [15] for this purpose that was
based on analytical solutions for contaminants transport and fed it with parameter values.
Results of this application are shown in Figure 6b.

For the timeframe between 2013 and 2020, observed concentration at the source
varied a lot as there has been some pilot test remediation performed in the field by site
managers [45]. These big variations have thus resulted in seemingly big variations in the
concentration at the recipient in this time period, as shown in Figure 6a. However, for the
rest of the 2021 to 2050 timeframe, concentration at the source was assumed to be reduced
by the estimated decay rate of 10% per year. Therefore, the simulated concentration in
Figure 6a in 2013 to 2020 timeframe does not look like a reasonably smooth plot that one
may expect from such an analytic framework.

Although the simulation results for MNA show a potential to reduce PCP during the
coming years, this is not satisfying the site managers. The maximum permissible limit for
PCP is 1 µg/L for drinking water. However, there is no plan to use the water for drinking
purposes. For this reason, site managers (SGU) are looking for reaching a contaminant
concentration at the recipient corresponding to about 100 µg/L. According to the model
results, and accounting for uncertainty, this condition might not be reached.
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3.3. Assessing Alternative Remedial Scenarios

Shortlisted remedial methods for the site include P&T, PRB, bioremediation, and
a combination of P&T and PRB. These alternatives are designated as scenarios 2 to 5,
respectively. Figure 7 shows how these alternatives are likely to perform at the recipient,
considering associated uncertainty.
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Figure 7. Performance of different scenarios at the recipient in different years, considering associated uncertainty, for
(a) P&T, (b) PRB, (c) Biorem, and (d) P&T + PRB. Concentrations are shown in a logarithmic scale.

Scenario 2, which entails P&T remediation, is meant to reduce the initial concentration
at the source. Thus, the efficiency in time for P&T needs to be estimated. There are different
efficiency rates for P&T in the literature for different site-specific geologic conditions.
Heterogeneity of the aquifer could affect P&T efficiency substantially. However, P&T
efficiency decreases significantly in time [57]. If there is still NAPL phase present, it will
be much more complex than if all contaminants are in a dissolved form. NAPL will
continuously partition between the NAPL phase and the dissolved phase. In addition,
according to Fetter et al. (2018), it can take about 10 years to reduce the TCE concentration
by 90% if the clay lens is 0.3 m thick [33]. The time increases to almost 40 years for a lens
0.6 m thick and to over 100 years for a lens 1.2 m in thickness. The same applies to other
remediation methods.

Hence, we assumed reasonable efficiency rates and changes regarding these rates for
all remediation alternatives based on previous studies and viewpoints of local experts with
experiences in similar site conditions. Here, we used 60% efficiency for the first year of
application (2021) and reduced it by 10% each year of additional application until 20%
efficiency was reached in 2025. Thus, we assumed 20% reduction until 2030 and then the
pumping would stop, as it would not be reasonable to keep pumping from 2030 to 2050.
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It should be noted that we assumed P&T and consequently a mass reduction only at the
source in this scenario (Figure 7).

Figure 7 reminds us that, although we may reach lower concentrations quite early by
performing P&T, the long-term performance of this technology might not be desirable nor
reach the remediation target in practice. This is because P&T performance is known to
decrease over time and the site characteristics are inherently uncertain (geology, source
composition, etc.). From 2021 to 2030, there is only a small reduction, a function of the
decreased efficiency imposed on the technology for this simulation. This is often seen for
real field-scale problems [33].

A possible next scenario is to place a PRB perpendicular to the groundwater flow
direction to further reduce the PCP concentration impacting the recipient. For this, we
assumed that a PRB is placed 35 m downstream of the source zone to remove contaminants
at a certain efficiency [46]. Johansson (2020) [46] assessed performance of a PRB at the site
for different assumptions concerning width, depth, and location. Here, we assumed it is
deep enough to reach the bedrock and about one meter wide. Long-term performance and
removal efficiencies for this technology are, however, uncertain [58]. FRTR (2002) considers
the lack of information on kinetic rates of precipitation and reactivity loss of reactive
materials, and hydraulic factors (e.g., plume bypass around, under, or over the barrier, and
seasonal fluctuations in groundwater flow) as the main issues affecting the performance.

Based on previous studies [33,59,60] and viewpoints of local experts, we assumed an
efficiency of 60% in 2021 that would be reduced by 5% each year (to account for clogging
and reactivity loss) reaching 40% in 2025. The efficiency would then be 30% and 20%
for 2030s and 2040s, respectively. Figure 7b depicts the output of this scenario over the
37-year timeframe.

The PRB suggests more promising results regarding concentration reduction at the
recipient. However, its performance does not result in a significant decrease in recipient
concentration, because uncertainty overlaps and it is still far from the remediation target.
It must be noted that placing a PRB is costly and it cannot be altered substantially after
its introduction.

The next scenario considered is bioremediation (biostimulation and bioaugmenta-
tion). The efficiency of bioremediation varies for different site conditions and time [60,61].
However, to have an approximate picture of how this remedy measure may perform, we
considered injecting microorganisms around the source area and if its performance changes
with time. According to Schmidt et al. (1999), autochthonous microbes are capable of
removing low level PCP (<1.0 mg/L). As the PCP concentration exceeds this limit, we con-
sidered a temporary decreasing contaminant removal efficiency. At first, there is too much
contamination for the microorganisms to degrade, but gradually this ratio will become
more balanced. After about five years, the efficiency may be considered as more or less
stable [62]. Thus, we assumed that the efficiency would increase by 10% each year starting
from 10% during 2021 to 50% in 2025 and then remain constant until 2050. Figure 7c depicts
the simulation results for this remediation alternative. As the figures shows, we may reach
the treatment target by 2026–2027, but high uncertainty in this method together with the
model uncertainty may hinder its reliability.

The last scenario considered is a combination of two previously simulated remediation
techniques. Thus, we assumed performing P&T at the source and placing a PRB 35 m
downstream of the source. The same efficiencies were applied as when they were individu-
ally evaluated. Figure 7d illustrates the performance of this combination. However, high
costs may apply, which must be considered in the decision-making process.

4. Discussion

Expectedly, all simulation scenarios considered here showed a rapid contaminant
concentration reduction in the first years. The attenuation over time continues until
contamination at the recipient reaches about 100 µg/L by 2050. However, this long period
is not acceptable for the site managers (SGU). P&T could satisfy the desired concentration
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target of 100 µg/L by 2027–2031. It should be noted that presence of NAPL may require
us to keep pumping for a long time. Otherwise, the concentrations will return to similar
values above the required threshold. This corresponds to the rebounding phenomena
that is addressed in the literature, especially for more heterogeneous geologic media [33].
However, costs may be reduced by maximizing efficiency and using intermittent P&T.

Alternatively, placing a PRB may hardly allow the goal to be reached by about 2050,
which is not acceptable. A major reason for this is the efficiency reduction, e.g., due to
clogging. Moreover, a detailed groundwater flow model would be needed to ensure proper
placement of the PRB at the site [46]. Bioremediation is, however, even harder to predict.
It depends on many factors that are difficult to control, as it deals with microorganisms.
Moreover, site managers have already performed an unsuccessful pilot test at the site and
are thus wary of the high risk of failure that seems to be associated with selecting this option.
However, the pilot test was based on biostimulation which means stimulating existing
bacteria in the environment, mostly by injecting air, to consume more contaminants. After
assessment and performing a pilot test, it was concluded that, indigenous bacteria are not
enough [45]. Bioaugmentation is another way of bioremediation which introduces more
archaea or bacteria culture to the environment to enhance contaminants biodegradation.
Nevertheless, bioaugmentation performs well in assessments and may reach treatment
goals by 2026–2027, considering its noticeably low cost compared to the PRB or long-term
application of P&T (cost data not shown).

Combining the two methods of P&T and PRB appears more promising, showing
potential for reaching treatment goals by 2024–2027. This combination lets the P&T stop
after some years (5 years were assumed in the simulation) and lets the PRB finish the
remediation. This may substantially reduce the energy consumption and costs of P&T.
However, considering additional costs for treating the pumped water, the overall costs of
such practices might still be high.

In summary, considering the managers’ time limitations for making the lake publicly
available again, simulated contaminant reduction at the recipient after five years of appli-
cation was chosen for evaluating the different scenarios against the required remediation
target. By 2025, concentration at the recipient would be around 100 µg/L for both Biorem
and the combination of P&T with PRB. Individual applications of P&T and PRB would
follow as 3rd and 4th ranked, respectively, and MNA would stand at the 5th rank.

It should be highlighted that the simulation results are associated with uncertainty.
Nevertheless, the results can be used to give a first impression of what may be expected
in terms of performance capabilities for different remediation strategies. Costs and other
uncertainties associated with the remedial measures need to be estimated. Here, a link
between INSIDE-T and INSIDE may come into play to assist site managers considering
other aspects.

We provided three experienced site managers, who were already familiar with the site
characteristics, with more detailed information and our simulation results, to assign grades
from 1 to 9 to each remedy option for each sustainability criterion (Supplementary Materials).
According to this scoring, MNA got the highest rank in sustainability, scoring 26.2 out of
100 and bioremediation was 2nd in rank, scoring 22.1. P&T (19.6), P&T + PRB (16.3), and
PRB (15.7) were ranked 3rd to 5th in terms of sustainability considerations, respectively.
However, for time limitation, MNA is not a feasible option and bioremediation is consid-
ered as the best option for the site. This reaffirms many recent studies (e.g., [63]) that argue
less intensive remedies measured like MNA and bioremediation are more sustainable in
general terms. However, the site-specific simulations that INSIDE-T provides give more
confidence to decision-makers to trust the outcome of sustainability assessment tool. Care-
ful attention was paid to make INSIDE-T simple enough for communication with users,
from different backgrounds and perspectives, who need to understand the underlying
mechanism of the DSS.
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5. Conclusions

Variability, complexity, and uncertainty of remediation processes is too high to be
simulated accurately and confidently enough at early managerial stages. Such simulations
cannot be handled by a single or even a set of disciplines purely objectively. There must
be room for managers’ judgments and considerations based on their experience in sim-
ilar applications. This has been proven to be a must have for a sustainable remediation
practice [30,63–67]. Our study, however, provides this room. INSIDE-T shows all the data
and processes in a contaminant transport model in the most transparent way (spread-
sheets, [68]) to let the manager(s) incorporate their judgements and considerations about
the efficiency of remediation scenarios. After all, the transport model and adapted DSS can
provide decision-makers with more reliable hydrogeological insights at the screening and
preliminary management stage, and thereby enhance the overall sustainability scoring of
potential remediation options. The transport module was developed in close collaboration
with SGU, the site manager responsible for orphaned contaminated sites in Sweden. In
this way researchers can collaborate with practitioners to develop tools in the context of
(best) practice.

To this end, INSIDE-T simulates contaminant transport as a result of potential remedy
actions, which may be assessed individually or in combination, including accounting for un-
certainty. Simulation outcomes of INSIDE-T are contaminant concentration at the recipient
for each scenario and the concentration change pattern at any selected source-to-recipient
location. Site managers can develop and simulate different remediation scenarios, regard-
less of their level of expertise, and visualize how a particular option may affect the desired
(management) outcome, i.e., concentration at the recipient. Incorporation of transport
modeling can, thus, lead to a more reliable scoring of different options, based on the full
set of sustainability criteria, while enabling a more transparent decision-making process.

The new tool was applied to a groundwater site in south Sweden contaminated with
pentachlorophenol. Simulation scenarios were developed to enable comparison of various
remediation strategies, which indicated that:

• MNA is not a viable option for the site in terms of the accepted remediation timeframe;
• a combination of P&T with PRB would be almost as effective as bioremediation, assum-

ing five years after implementation as the cut-off point for the simulated concentration
reduction at the recipient; and

• these insights can help site managers in developing and selecting sustainable remedia-
tion strategies.

Another merit of this kind of simple solution is its adaptability with a limited number
of observations. Detailed and costly site investigations are not possible for all contaminated
sites that need remediating. Using INSIDE-T with small data needs makes regional and
national remediation plans possible. More sophisticated modeling tools can then be applied
as needed. Results of such advanced models can be used to inform and update INSIDE-T,
i.e., for better calibration and leading to more reliable outcomes.

In this study, a model was introduced that was performed in a simple way with
emphasis on its transparency in all levels. Spreadsheets provided this transparency by
directly showing all input and outputs in all steps and allowing the users to analyze
different scenarios in these steps (e.g., at the source, in plume, and by variable efficiency
rates). Because of such availability, this model can fit into many further applications
in sustainable remediation practice. However, there are, as expected, some limitations
that should be noted before application. Although simplicity is a merit for such tools, it
could cause problems if the site complexity (hydrogeochemical conditions) is not properly
represented by the collected data. As with all modeling tools, site investigations must be
performed to give basic information on transport properties to tackle this issue. In addition,
although careful attention was paid to make efficiency assumptions when visualizing
scenarios, these may not reflect the true performance efficiency in the field, nor may these
assumptions be directly transferred to different sites, as treatment performance efficiencies
are expected to be site-specific. INSIDE-T nevertheless represents an advancement for
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addressing the technical issues and uncertainties typically associated with remediation
planning and management, as identified by previous applications of the INSIDE DSS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13147596/s1, Questionnaire from INSIDE to disseminate with site managers to score
remediation alternatives.
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