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Abstract

Pump-and-treat technology is among the most used technologies for groundwater remediation.
While conventional, vertical wells (VRWs) are well-known and used from long time,
horizontal wells (HRWs) have been explored for remediation technologies only in last few
decades. HRWs have shown to outperform vertical wells in terms of versatility, productivity
and clean-up times under certain conditions.

In this paper, the efficacy of an innovative pump-and-treat (P&T) configuration for
groundwater remediation obtained by adopting either VRWs or HRWs technology is
comparatively tested. A 3D transient finite element model of an unconfined aquifer containing
a hexavalent chromium (Cr'P) contamination plume was considered to compare a single
horizontal well configuration vs a range of spatially-optimised arrays containing vertical wells.
A sensitivity analysis aimed at finding the best configuration to minimise the remediation time
and the related cost is carried out by comparing different well diameters, D, pumping rates, Q,
and position of wells. A comparative cost analysis demonstrates that, for the examined case-
study, a single HRW achieves the clean-up goals in the same time span as for a greater number
of vertical wells, but at higher price due to the excavation costs.

Keywords: pump and treat; groundwater remediation; horizontal wells; hexavalent chromium,;

computational fluid dynamic (CFD).
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1. INTRODUCTION

Groundwater contamination is one of the most serious environmental problems. The use of
pesticide in agriculture, uncontrolled waste disposals, industrial discharges, and many others
have seriously altered the quality of groundwater, which is an important source of drinking
water (Balthazard-Accou et al, 2019). In particular, chromium (Cr) groundwater pollution has
become of high concern in the past decades, due to the relevant concentrations found both in
soil and water (Oliveira, 2012).

Cr exists in several oxidation states and the most toxic and common form is hexavalent
chromium, Cr"?, which is also highly mobile (Shanker and Venkateswarlu, 2011). The
International Agency for Research on Cancer (IARC) classes hexavalent chromium as a group
1 (“Carcinogenic to humans”) (WHO, 1996). The oxidative form and transport of chromium
in environmental phases is dependent on a multitude of interrelated chemical and mechanical
processes, which also affect the applicability and effectivity of remediation technologies.
Additional factors for consideration are the location of the site in relation to urban areas,
agricultural areas or drinking water sources, also in combination with legal and financial
constraints. The choice of remediation technology is therefore a case by-case decision and
different parameters have to be accounted for (Yihdego and Al-Weshah, 2016a).

The pump and treat (P&T) method is one of the most popular treatments for chromium
contaminated groundwater, mostly coupled with adsorption onto activated carbons as treatment
step (Bortone et al, 2013; Di Natale et al, 2015). It is also the most common groundwater
remediation method in general and is employed in approximately 40% of contaminated
groundwater sites (EPA, 2002). P&T generally involves the extraction of polluted water from
the aquifer by means of wells, and to successively treat it by means of different possible
techniques in designed on-site or off-site plants. Once treated, the water from P&T can be re-
injected into the same aquifer or discharged to a surface water body, in relation to the quality
standards of the aquifer (EPA, 2004). The P&T approach enables large volumes of groundwater
to be decontaminated quickly, in comparison to other methods, but have the disadvantages of
long operation time, potential reversal of hydraulic gradient, possible spreading of
contamination into sensitive receptors and ecosystems and high costs (Ko et al, 2005; Park,
2016; Yihdego and Al-Weshah, 2016b; Yihdego and Al-Weshah, 2018). Hence, it is
specifically suitable for applications to severe or urgent incidents of groundwater
contamination, quickly mitigating health risks and damage to the ecosystem.

Conventional P&T systems use vertical remediation wells (VRWs); however, horizontal wells

(HRWs) have shown to outperform their vertical counterparts under certain conditions (Miller,
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1996; Carlisle et al, 2002; Van Heest, 2013). HRWs are typically employed for the recovery
of heavy oil, but have been gaining popularity also for groundwater remediation in recent years.
This is chiefly due to the ability of a single horizontal well to extend its radius of influence
over a large lateral range, which is particularly beneficial in sites where the spread of pollutant
is extensive horizontally. Pilot tests of vapour extraction from horizontal wells at a sandy site
have shown to remove up to five times as much contaminant as vertical wells (Looney et al,
1991).

The initial expenses for implementing a horizontal well is comparatively larger than the
corresponding for vertical ones. However, if the scale of the operation is sufficient, this can be
counterbalanced by superior performances once in operation, overall resulting in a cheaper
remediation effort (Miller, 1996). HRW well screens can be hundreds of meters long and
multiple VRWs with overlapping zones of influence can be needed to accomplish what a single
HRW can obtain with a single zone of influence (EPA, 2017). As an example, in a pilot study
of Lundegard et al (2001), was shown that 30 vertical air sparging wells achieved the same
results of one horizontal well with 90 m of well screen. Furthermore, analytical studies have
estimated that a single horizontal well can achieve remediation targets in one quarter of the
time taken by vertical wells (DE, 1998, Sequino, 2014).

Despite the HRWs appear as very promising, in the published literature there is still a lack of
knowledge about the comparative performances between vertical and horizontal wells,
specifically for groundwater remediation. Hence, this study aims to compare the efficacy of
vertical and horizontal wells for the remediation of chromium-contaminated groundwater. As
scaling-up of pilot tests to full scale remediation is a very challenging issue, in this work a
theoretical contaminant plume is considered and simulated within a shallow, unconfined
aquifer, in which hexavalent chromium was considered as the sole contaminant. A finite
element model using the Subsurface Flow module in Comsol Multiphysics® was constructed
and used to simulate a range of vertical and horizontal well systems. Preliminary, the optimal
well locations were determined, while well positioning, number of wells and pumping rate
were taken as variable operating parameters. The optimisation objectives were the
minimization of both the cost and remediation time, assuming a maximum value of drawdown

change.

2. MATERIALS AND METHODS
The design of remediation systems (RS) is strictly dependent of the site characteristics and

contaminant type. RS are generally designed after that a throughout site investigation has been
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completed. To achieve groundwater regulatory remedy goals and associated performance
requirements, RS design follows defined criteria which can be summarised as: (i) selecting
appropriate technologies for the treatment of each type of the contaminant present and
appropriate methods for groundwater collection or extraction and discharge; (ii) establishing
design parameters (e.g., system flow rate and influent concentrations); and (iii) considering a
suitable monitoring system.

P&T systems are mostly constructed and operated to contain or prevent the migration of a
define pollutant concentration to potential receptors or to remove a known contaminant mass
from an aquifer to achieve selected clean-up criteria. P& T well technology can potentially have
numerous design purposes options. It is not uncommon to find many wells extracting
groundwater at the same time, or wells screened at different depths to maximise the overall
effectiveness. The choice of geometry, positioning and number of wellbores is dependent on
the site characteristics. An optimal solution is then designed to minimise technical complexity
while simultaneously adhering to defined performance targets. Proper selection and design of
the extraction system can guarantee a cost effectively goal achievement, by reducing capital
expenses in drilling wells and long-term maintenance costs and also, in some cases, eliminating
the necessity of additional remedy options such as barrier walls (Miller, 1996).

Vertical wells (VRWs) are the type of wells most commonly used for extraction systems.
Normally, the vertical well is positioned in the polluted zone and pumped so that the water
level is drawn down, causing the water to enter the well. HRWs are generally preferred where
the ground surface above the plume is accessible, and the aquifer provides relatively high yields
(> 5 m*/day per well) and a high saturated thicknesses (> 3 m). However, VRWs are considered
as the only reasonable collection method for plumes >30 m below the surface (EPA, 2005).
When in the aquifer there is an inhomogeneous or patchy contamination, VRWs can be
designed to focus extraction on the most contaminated areas and to reduce the amount of
uncontaminated water extracted.

Over past years, horizontal wells (HRWs) have been adapted for numerous soil and
groundwater remediation applications, including P&T (Miller, 1996). HRW drilling begins
vertically or directionally at the ground surface and then proceeds horizontally following the
depth and length of the target aquifer. Trenched or directionally-drilled are the two common
types of HRWs that can be applied to remediation purposes. When compared to the vertical
P&T wells, HRWs show some certain advantages. Firstly, a benefit that pertains to
groundwater remediation cases in particular, is their suitability for use in sensitive settings.

HRWSs have been shown to allow greater contact with contamination and to access places
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beneath surface obstructions, where conventional vertical drilling or trenching would be
undesirable or impractical (EPA, 2017).

A further advantage of the horizontal approach is the possibility to maximise the open screened
area and, hence, in shallow aquifers where the contamination plume extends over a large lateral,
but not vertical, range. Water pumped from the well drops the water level in the well, thereby
establishing a head gradient from the aquifer toward the well, which determines the drawdown,
S, of the piezometric surface (Figure 1). Each extraction well has a zone of influence, which is
defined as the distance from the well centre to a point in the water level in which the gradient
approaches zero. The rate of groundwater extraction determines the influent flow to the
treatment system and hence is a key design variable. The number and distance of capture wells
within a given flow net also affects the volume of water that the extraction system can pump.
P&T systems to capture contaminated groundwater using vertical remediation wells (VRWs)
and horizontal wells (HRW) are depicted in Figure 1, assuming that a pumping rate, Q, is
applied and water is drawn into the well through radial slits in a cylindrical well screen. The
consequent lowering of the water table within the zone of influence of the well is described by
the loss of hydraulic head, h. The hydraulic head is the distance between the aquifer floor and
the water table. The height of the undisturbed water table is the sum of hydraulic head and

drawdown, S.
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Figure 1. Comparison of scheme of (a) vertical and (b) horizontal remediation well
operating with a pumping rate, 0, in an unconfined aquifer. Both wells configurations incur a

surrounding hydraulic head, 4, field with drawdown profile, S.

2.1 Governing equations
A 3D finite element model of the aquifer system is constructed with the use of the Subsurface
Flow module in Comsol Multiphysics®. The model can be used to predict the contaminant

transport and groundwater flux over time, ¢ (Tabatabain, 2014).



The governing equation for the description of the dynamics of a contaminant in three
dimensions (3D) with concentration, C, through the aquifer is described as follows (Fetter,

1993):

2 = V- (D,VC) — uvC (1)

Which combines the effect of advection and dispersion mechanisms. The hydrodynamic
dispersion coefficient, denoted with Dy, is defined as the sum of the tensor of mechanical

dispersion, D, and the molecular diffusion coefficient, D" (Gelhar et al, 1992). The components

of the mechanical dispersion tensor are:

Dyx = ap uyzc/lul + aT((ujzz + u§)/|u|)
Dy, =« u32//|u| + aT((uJZC + u%)/lul)
Dyp = ayuf/lul + ar((uf +u3)/Iul)
Dyy = Dy, = (a, —ar) uxuy/lul
Dy, = Dgy = (ay —ar) uyuz/lul
Dy, = Dy = (ay — ar) uxti,/|ul

2

where ; and a are the longitudinal and transverse dispersivities, respectively, and depend on
the porosity and tortuosity of the specific soil of the aquifer. Longitudinal dispersivity can be
experimentally obtained and varies with the fluid, media and contaminant characteristics

(Gelhar et al, 1992), while transverse dispersivity typically follow the relationship given by Eq
3.

a, = 100(T (3)

The advective flux through a porous medium, second term on the right hand side of Eq (1) is

dependent on the velocity vector, U described by the Darcy’s law,

il =—kK-Vh )

Where k is the hydraulic conductivity of the soil and V4 is the hydraulic head gradient vector.
By coupling Eqgs (1) and (2), the model can predict the profile of hydraulic head and



contaminant distribution over time, enabling also to find the best well configuration and
placement.

In Eq (1), it is assumed that no natural attenuation takes place, e.g. there is no adsorption
phenomena in the aquifer.

Among the possible methodology approaches (Yihdego, 2018), the well extraction rate, cone
of depression and well drawdown in an unconfined aquifer when pumping occurs at the centre

of a well, can be calculated by using Darcy’s equation,

mk (hi—h3)

Q=—>7" ®)

Where r;, 2, h; and Az denote the radius and water head at the well and at the end of the cone

of influence, respectively.

2.2 Case study

A simplified, unconfined groundwater aquifer is modelled according to the dimensions in
Figure 2. The domain considered is a uniform and homogeneous porous medium of total
volume equal to 15,000 m?, with 50 m length, 30 m width and 10 m depth. It is assumed that,
at the beginning of the remediation period, the domain contains a cuboid hexavalent chromium
contamination plume with a uniform concentration of hexavalent chromium, Cr'V?, equal to 1

(VD)

mg/L. As schematised in Figure 2, the total volume of CrV? plume is equal to 1,400 m?, which

extends over an area of 200 m? and a depth of 7 m.
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Figure 2. Schematization of the domain under consideration, with cuboid hexavalent

chromium contaminant plume.
The hexavalent chromium contaminant plume has been fictitiously released into the aquifer
prior to the remediation period, and there is no ongoing contaminant source. The key

characteristics of the aquifer system are given in Table 1.

Table 1. Aquifer characteristics and numerical model parameters.

Case Parameters

Hydraulic conductivity, k 1075 m/s
Porosity, € 0.3
Hydraulic gradient, i 20%
Hydraulic head at upstream boundary, h1 10 m
Hydraulic head at downstream boundary, h2 99m
Aquifer thickness, B 10 m
Ambient temperature 10 °C
Molecular diffusion coefficient, D* 10 m%/s
Longitudinal dispersivity, oL I m
Transverse dispersivity, o 0.1m
Initial concentration of Cr'VY plume, Cc, 1 mg/L

The computational mesh considered for the model was an extremely fine physics-controlled

mesh of 836,464 domain elements with a minimum of 0.190 m. Verification of numerical



accuracy was achieved through the estimation of numerical errors during the simulations. The
finite element discretization was solved via considering two adaptive and iterative accuracy
requirements, subject to relative and absolute tolerances: one for the time-stepping (solver)
error and one for the algebraic equation (solver) error (Soderlind and Wang, 2006). The relative
residual and the algebraic error estimates were verified to maintain below the order of 10714,

with no recorded failures of the adaptive step-size and of the algebraic nonlinear solver.

2.3 Groundwater treatment

The contaminant mass loading can be estimated by using the well flow rate, and the cost of
treatment of the extracted contaminated groundwater depends on the type of treatment used.
As treatment system, adsorption onto activated carbon is chosen. The configuration designed
is a fixed-bed column in which the water pumped from the wells is fed for the elimination of
the contaminant. To ensure that the adsorption limit of the column this is not exceeded, the
column(s) must be sufficiently long, and regenerated sufficiently often, to assure a full and
continuous remediation of the groundwater.

For simplicity it is supposed that, after pumping from the aquifer, the groundwater will enter a
storage tank, which will house the entire volume of contaminated groundwater. As such, the
contaminant concentration within the tank will reach a uniform value before entering the
treatment column. A probe was set up to report the total mass of chromium in the domain, m,,
at each time step. Linear interpolation was then used to estimate the mass of the remaining
contaminant, mr , in the aquifer when ¢=T; that is, the time at which the regulatory threshold
for hexavalent chromium, Cwmr, equal to 5- 107 g/L (LD, 2006) has been achieved across the
entire domain. The contaminant concentration inside the tank prior to treatment is therefore

given by:

T (6)

where myo, is the initial chromium mass, while m7 is the chromium mass over the time, Q is the
flow rate and T is the simulation time.

To model the behaviour of the contaminant through the adsorption column, the mass transport
Eq (1) must include the reactive term representing adsorption mechanisms. The Eq (1), by
assuming a 1D flux through the column and taking into account the rate of adsorption within

the treatment column, becomes:



a_C:i(Da_C)_u 9¢ _ppw 7

. dw., . . . . .
The adsorption rate (a_(:)’ i.e. the variation of the adsorption capacity of the solid calculated as

the contaminant mass adsorbed per dry weight of the activated carbon material, is a function

of the dry bulk density, p» , and porosity, &, of the adsorbing column material, so that:

Pr3% _ g A(C - C¥) @®)

gp Ot

where K is the liquid to adsorbent mass transfer coefficient, experimentally derivable and
dependent on the characteristics of the activated carbon and the groundwater (Di Natale et al,
2015). A is the external specific surface area of the adsorbent material; finally, C is the
contaminant concentration in the liquid phase and C* is the corresponding equilibrium value
as a function of the solid adsorption capacity. This term can be derived from an experimental
adsorption isotherm, which must be available in the same operating conditions as for the fixed-
bed column.

A granular activated carbon (GAC) material has been supposed to fill the column, namely the
Aquacarb 207EA™ having the characteristics detailed in Table 2.

Cr'VV adsorption isotherm onto the chosen activated carbon was described via a linear
relationship between the liquid concentration and the adsorbed solute mass per mass of

adsorbent w.

where the partitioning coefficient, K;, was derived from the experimental data reported in Di
Natale et al (2015).

Eqgs (7)-(9) were solved by assuming the following initial conditions:

_my-my
Co =47 (10)
w=0
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Table 2. Characteristics of Aquacarb 207EA™ for Cr'VV adsorption

GAC Characteristics
BET surface area 950 m? /g
Average pore diameter 26 A
Dry bulk density, p» 520 kg/m?
Porosity, € 04
Partitioning coefficient, K4 7.9x107 rn3/mg
Maximum inflow speed, ux 0.05 m/s
Retail cost 4.2 £/kg

2.4 P&T design considerations

An appropriately designed P&T system should achieve the groundwater remedy goals in a cost-
effective manner for the operating life of the system.

The cost of implementing a P&T system varies dramatically, depending on case-specific
conditions, such as the instillation depth, the aquifer characteristics, institutional drawdown
limits as well as the choice of well materials and design.

The main assumptions considered for the design of the P&T well system are summarised in
Table 3. Firstly, it was supposed that a successful configuration must be able to ensure the
removal of the polluted water, where chromium concentration is above the threshold
concentration Cmr. of 5 x 10 g/L (DL, 2006) from the entire domain. Simultaneously, the well
configuration must also be able to maintain a hydraulic head across the domain that satisfies a
chosen drawdown criterion. In order to preserve the ecosystem dependent on the groundwater,
a site-specific drawdown limit is imposed before each remediation intervention. Typically,
drawdown is limited to approximately one-third of the aquifer depth, B (Gorelick et al, 1993).
A widely adopted drawdown limit is 35% of the aquifer depth for the first year of pumping and
50% thereafter (GA, 2006). Based on these considerations, two drawdown criteria were
considered, namely AS,,4, = 35% and 50%. Finally, a successful well configuration must be
able to achieve the As,, 4, without exceeding a maximum pumping rate, Qu max-

The maximum pumping rate is based on the maximum well screen entry speeds, as well as the
adherence to the inequality, Re < 1, which is one of the conditions for the validity of Darcy’s
law.

To ensure the validity of Darcy’s law and laminar flow at the well screen, the maximum

pumping rate per well was calculated by respecting the conditions expressed in Eq (11).

ul

v
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where u and v are the velocity and kinematic viscosity of groundwater, respectively, while [ is
the flow length.

An average grain diameter of 1 mm was assumed, based on the correlation between hydraulic
head, porosity and grain size given by Zahir and Kaleel (2013).

The speed of groundwater flow through the well screen must therefore satisfy the following

inequality:

1.31%x1073 Pas
(103 kg/ m3)(10~3 m

5= 1.31%1073 m/s (12)

The smallest well screen considered for these purposes has an outer surface area of 3.83 m?.
The maximum water volume that may pass through an individual well per day was, therefore,

equal to 430 m?/d. The practical design criteria herein described are summarized in Table 3.

Table 3. Practical design criteria.
Design Constraints

Maximum pumping rate per well, Qy, max 430 m*/d
Maximum drawdown criteria, AS;, 4 35%, 50%
Maximum contamination level, Cy;;. 5 mg/m>

The costs of a P&T system account for the capital costs associated with system installation as
well as the annual costs for operation and maintenance (EPA, 2005).

Different assumptions were made to compare the vertical and horizontal P&T system, in line
with typical figures found in the literature (Huang and Mayer,1997; Fournier, 2002; EPA,
2017). The cost of a vertical well system, Cvpat, Was adapted from the model by Huang and
Mayer (1997), in which the costs are represented as the sum of an installation term, a pumping

term, a groundwater lift term and a treatment term:
Cv pgr = GoMw + @11, QT + a,Q(S/d,)T + azmgac (13)
Where n, is the number of wells, T is the time taken to bring the maximum contaminant

concentration below the limit across the aquifer, S is the average drawdown incurred by the

pumping wells and mgac is the mass of the adsorptive material used. The groundwater lift costs
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incorporated the drawdown effects, in which the depth of the wells, dw, was considered equal
to the aquifer depth, B.

Differently, the cost for a horizontal P&T system, Cupst, Was defined as the sum of the costs
associated with drilling, mobilisation, well materials, pumping, groundwater lift and treatment,

as summarised in Eq (14).
CHpgr = AaMy + AsLior + as(Lser + Lpipe) + a1V + a,V(S/d,,) + azmgac (14)
where V is the volume of pumped water, equal to the product of the pumping flow rate, Q, and

time of simulation, 7. In Eq (14), the total drilling length, L., is expressed as a function of the

well screen length, Ly, the aquifer depth, B, and the z-position of the well, z,, as follows:

Lot = Lger + 2Lpipe (15)
B-z,,
Loipe = (5 (10

Coefficient a; with i=1,..., 6 represents the unit costs applied to estimate the Cvpgr and Cuper

terms (Table 4).

Table 4. Operation unit costs

VRW Configuration cost
Well Installation a 4,000 £ per well
Pumping a, 2.35 £/m*
Groundwater lift a, 0.15 £/m*
Adsorbing column (CAG) as 4.19 £/kg
HRW Configuration cost
Well Installation ay 7,900 £ per well
Well Drilling as 120 £/m
Well Materials ae 38.5 £/m
Pumping a, 2.35 £/m’
Groundwater lift a, 0.15 £/m*
Adsorbing column (CAG) as 4.19 £/kg

The expenses associated with the installation and operation of both vertical well and horizontal
well configurations are listed in Table 4 and, in particular, for each vertical well, the related
installation cost was assumed as reported in Fournier (2002), while pumping and groundwater
lift costs were obtained from Huang and Mayer (1997). References for the implementation

costs of a horizontal well were from respectively EPA (2017) for the installation and well
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materials, Lehr (2004) and DT (2010) for the directional drilling costs and Huang and Mayer
(1997) for the pumping and lifting costs. The HRW installation cost listed in Table 4 refers to
the HRW mobilisation costs, which relate to the rig rate, costs of personnel costs/other costs
for the operating company's personnel and consultants, costs associated with service
companies/equipment contracts, and other consumables (NOG, 2009; EPA,2017). Generally
for VRW, these costs are part of the installation costs together with drilling and material costs,
as also reported in Fournier (2002). Specifically, HRW installation cost for a single well was
considered 1.9 times more expensive than a VRW’s, which falls within the expected 1.5 - 2.5

range suggested by Joshi (2003).

3. RESULTS AND DISCUSSION

Different P&T configurations were designed for the theoretical case study proposed in order to
compare the effect of the operating parameters. The modelling results were gathered for both
the vertical (VRW) and horizontal (HRW) P&T well configurations. A sensitivity analysis was
carried out by varying the well diameter, D, the pumping rate, Q, and the position of wells,
necessary to minimize the remediation cost and time, by accomplishing the limit drawdown,
ASmax, considered.

Generally, well screen diameters commonly applied for P&T application range from 4” (1.2 m)
to 12” (2.5 m) (Cohen et al., 1997). In order to avoid excessive drawdown and friction losses,
a larger diameter was selected to keep the uphole inflow speed and the inflow through the well
screen below 5 ft/s (1.5 m/s) and 0.1 ft/s (0.03 m/s), respectively (Driscoli, 1986). Then, in
order to determine a suitable diameter for the theoretical case study, a 6” well (1.8 m), was
compared with a 12” well (2.5 m) to evaluate the influence of well diameter on remediation
time and drawdown.

Firstly, a single well configuration for both VRW and HRW was compared. For the VRW
configuration, a single well, 10 m long, was placed at x = 2.5 m, y = 0 m and z=0 m (Figure
3a) , while the single horizontal well (HRW) was located centrally within the contamination
plume, at x =0 m, y=0m, and z = 0.5 m, axially parallel to the direction of flow and parallel
to the aquifer floor with an initial length of 10 m (Figure 3b). A schematization of both well
configurations together with an example of the aquifer hydrodynamics under the effect of a
well diameter of 12 and pumping rate, Q, of 40 m*/d is shown in Figure 3. Additionally, Figure
3 illustrates the initial contaminant plume distribution in the aquifer (black rectangle) in relation

to the cone of depression created by the wells. As highlighted, under the same aquifer initial
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conditions and well parameters, for a single HRW configuration (with screen length of 8 m)

the cone of depression is approximately the same width but twice longer than for a single VRW

configuration.
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Figure 3. Schematisation of well location and aquifer hydrodynamics for (a) vertical and (b)

horizontal well configuration with same well diameter (12”) and pumping rate (Q=40 m%/d).

Figure 4 compares the results of remediation time, 7, and drawdown, AS, for both the
configurations by varying the diameter of both vertical and horizontal wells for a range of
pumping rates.

As shown by Figure 4a, for the vertical well, a trivial difference in remediation time was
observed between the two diameters adopted. The well with the 12" diameter was able to bring
the maximum concentration to the Cwmr across the domain between 1 and 2 days faster than the
6” diameter well, depending on the pumping rate.

While the larger diameter provided negligible benefit to remediation time, it resulted in a
considerable reduction in drawdown. A drawdown difference of up to 8% was observed
between the two well diameters and this difference grew with increasing pumping rate. Under
the 35% drawdown limit, for example, the 6” well could be used in conjunction with a

maximum pumping rate of 20 m? /d, to remediate the well in 125 days.
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Figure 4. Comparison of remediation times between two well diameters respectively

for (a) vertical and (b) horizontal wells.

The influence of diameter of the horizontal well on remediation time and hydraulic head field
(Figure 4b) showed the same effects found for the vertical well. As seen from Figure 4b, the
observed variation of remediation time is almost negligible for the two diameters.

Differently from the vertical well, for the HRW the time difference is negligible and the
reduction in drawdown incurred by the larger well diameter is slightly smaller and it increases

with pumping rate, illustrated in Figure 4b.

16



After having established a suitable well diameter, D=12", other optimal parameters were
defined, such as the pumping rate for the vertical well and z-positioning, length and pumping
rate for the horizontal well.

For the VRW configuration, positions in the range of 0 m < x <5 m were tested, whose results
are depicted in Figure 5. As shown, the vertical well performs best at approximately half way
between the hotspot and the plume edge, at x = 2.5 m. This x-position corresponds to a

minimum remediation time of about 102 days.

The Effect of Vertical Well x-Position on Remediation Time
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Figure 5: Single VRW configuration results of remediation time by varying x-positions of
the well centre-point. Results are gathered from simulations of a single vertical well of 12”

diameter and Q=25 m?/d.

Then, increasing pumping rates were assumed, ranging from 10 to 40 m*/d, and compared to
the 35% and 50% drawdown limit taken into account, as represented in Figure 6. For the VRW
configuration, the maximum pumping rates for the 35% and 50% drawdown limits resulted 25

m?/d and 35 m?/d, respectively.
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The Effect of Vertical Well Pumping Rate on Drawdown

10 15 20 25 30 35 40
Q (m¥d)

Figure 6: Single VRW configuration results of percentage drawdown between wells by
varying pumping rates, @, in case of a single vertical well of 12” diameter at (x, y) = (2.5 m,

0 m). The red lines correspond to the suggested drawdown criteria.

Subsequently, multiple well configurations, by increasing the number of vertical wells up to
two, three and four were evaluated. In the following, the results of the four wells configuration,
with diameter of 12” at a position of x=2.5 and y=0 m was reported in the case of VRWs
(Figure 7). Once again, the influence of the inter-well spacing on the remediation time of a 4-

well system was examined.

Effect of Well Spacing on Remediation Time for 4 Vertical Wells
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Figure 7. Multiple VRW configuration results of remediation time by varying inter-well
spacing for four vertical wells of 12” diameter, placed at x =2.5 m, y =42 m, + 6 m, with a

combined pumping rate Q.. = 40 m*/d. .
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As illustrated in Figure 7, a well spacing of 4 m was deemed to be optimal and was
consequently adopted for all the subsequent tests on the 4-wells system.

The total pumping rate for all the wells was also varied in the case of four vertical pumping
wells, at intervals of AQ,,; =5 m*/d, starting from a lower value of 25 m?/d, until the drawdown
limits of 35% and 50% were exceeded. Figure 8 illustrates the influence of the four well system
on the hydraulic head field. It shows that the maximum pumping rates to satisfy the 35% and

50% drawdown criteria are 70 m®/d and 100 m>®/d, respectively.

Effect of Pumping Rate on Drawdown for 4 Vertical Wells
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Figure 8. Multiple VRW configuration results of percentage drawdown by varying the
pumping rate and the hydraulic head between four 12” diameter vertical wells, placed at x =

25m,y=+2m, +6 m.

An ideal well placement was explored also in the case of HRW P&T configuration, trying to
minimise both drawdown and remediation time. For the horizontal well, a suitable well location
was determined with the aid of the data represented by Figures 9 and 10. In this case, the
distance from the bottom of the aquifer, z, was considered as variable, with a range of 0 <z <
1.5 m. In the z-position range adopted, a positive relationship was observed between the well
height and remediation time but it influenced negatively the relationship between the well
height and drawdown. Accordingly, a z well position corresponding to 0.5 m was chosen for

subsequent horizontal well systems, as a compromise between these two opposing tendencies.
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Effect of z-Position of Horizontal Well on Drawdown
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Figure 9. Relationship between the z-position of a single horizontal well and the maximum
drawdown incurred, AS,,4,. This data set corresponds to a 10 m long,

12" diameter horizontal well, operating at a pumping rate Q = 25 m?/d.

The second variable analysed also in the case of horizontal well was the well screen length
(Figure 10). As expected, an increase in the well screen length together with the flow rate
showed a shorter remediation time. However, a longer drilling distance and increased well
screen materials results in a significant increment of the financial expense. Furthermore, a well
screen of 10 m length showed to increase the proportion of the well screen not in contact with
the plume. Consequently, the well length was changed at iterations of ALg., = 2 m, while
keeping pumping rate independent of well screen length.

As seen in Figure 10, a direct relationship between screen length and remediation time is
observed. For this reason, results for which L., = 10 m were discarded. Therefore, in the case
of HRW, the optimisation aimed at minimising the remediation time, and consequently
minimising the well length, while adhering to drawdown targets. However, these two
objectives are in opposite direction. For each of the 35% and 50% drawdown limits, the well
length was incrementally decreased below 10 m until both limits had been accomplished.

The pumping rates of Q = 25, 40 m*/d were selected to be able to compare the VRW and HRW
single well configurations. With Q =25 m?/d, the horizontal well remediated the aquifer in 100
days while adhering to the 35% drawdown limit, with a maximum well length of L. = 8 m.

The AS,,,4,, = 50% criterion was met at this L., value when Q = 35 m%/d.
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The Effect of Horizontal Well Screen-Length on Remediation Time
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Figure 10. Relationship between the length of a single, 12" diameter horizontal well, located

at z = 0.5 m, and the remediation time, t.

Furthermore, by decreasing the well length there was a reduction of the maximum pumping
rate, as illustrated by Figure 11, which shows the drawdown limits in comparison to the well
lengths tested. The flow rate, Q, equal to 40 m*/d pumping rate was not able to achieve neither
the drawdown criterion nor an economical well screen. A second L., value of 4 m was selected
for comparison with the 8 m screen. At this screen length, the well was able to remediate the
aquifer while adhering to the 30% and 50% drawdown criteria at pumping rates of 17 m*/d and
25 m*/d, respectively. The notable configurations for the single horizontal well are summarised

in Table 4.
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The Effect of Horizontal Well Length on Drawdown
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Figure 11. Relationship between the length of a single, 12" diameter horizontal well, located

at z = 0.5 m, and the maximum drawdown incurred, AS,, ;.

A summary of the best results obtained both for VRWs and HRWs, optimised for their

respective drawdown criteria are summarised in Table 5 and 6, respectively. Specifically, the
configurations that were optimised according to the 35% drawdown criterion are shown in

green. Those that were optimised according to the 50% drawdown criterion are shown in

orange. In particular, for each configuration, for a complete comparison, the pumping rates,

QOror, remediation time, 7, the contaminant concentration, C, (obtained from Eq (6)) and volume

treated, V, we also reported.

Table S. Summary of simulation results for a single and four vertical well of 12” diameter at a

position of (x,y) = (2.5 m, 0 m +4).

Single well VRW Configurations

P&T Pu:;lt[:ng Ren;;alcrllleatlon Drawdown, IV)EII: Il:leed Concentration,
) ’ ’ 3
Layout # 0 [m?/d] T [d] AS [%] V [m?] Co [mg/m°]
Vi1 25 102 34.0 2,550 168
V2 35 72.9 47.0 2,550 168
Four wells VRW Configurations
V3 25 89.6 12.5 2,240 190
V4 35 64.6 17.5 2,260 188
V5 40 56.7 19.5 2,270 188
Vo6 45 50.5 21.5 2,270 187
V7 55 41.4 26.0 2,280 187
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V8 65 35.2 325 2,290 186
Vo9 70 30.5 34.8 2,140 199
V10 100 21.9 49.5 2,190 194

Table 6. Summary of pertinent results for a single horizontal well with 12" diameter at z = 0.5

m.
Single well HRW Configurations
P&T Pumping Well Rem?dlatlon Drawdown, Pumped Concentration,
layout Rate, Length, time, AS [%] volume, Co [mg/m?]
# Q [m%/d] L[m] T[d] V [m?]
H1 17 4 134 34.0 2,278 188
H2 25 91.6 49.5 2,290 187
H3 25 2 99.7 34.5 2,493 172
H4 35 71.0 48.0 2,485 172

Table 5 demonstrates that, in case of VRW, the 4-wells system is able to remediate the aquifer
in accord with the 35% and 50% maximum drawdown criteria in approximately 31 and 22
days, respectively. As shown in Table 6, in case of HRW, the single well with 4 m screen length
reaches a drawdown of 35% in 134 days, while the single well with 8 m screen length in

approximately 100 days.

3.1 P&T configuration costs

To conclude the P&T systems comparison based on vertical and horizontal well configurations,
a cost analysis was carried out. Both the costs related to the pumping and treatment processes
were obtained as explained in section 2.4.

For the treatment process, the contaminant concentration of the inflowing water to the
treatment column varied for each well configuration, depending on the volume of groundwater
extracted during the pumping period and accumulated in the extracting tank (Table 7). The
configurations yielding the highest C, were the triple vertical well systems, for which 234 <C,<
241 mg/m>. For the treatment of the water deriving from this configuration, a 4 m activated
carbon column was obtained from calculation, by using Eqs (7)-(10). The same column was
checked to be able to treat the water deriving from all the tested configurations and, in all the
cases, the column reached the threshold limit concentration, Cyz, equal 5 mg/m3 after
approximately 18 h of treatment.

With a length of L;4c = 4 m, aradius, 7, of 1.2 m, and a bulk density of 520 kg/m?, the mass
of the activated carbon for treatment column obtained was of approximatively 3,000 kg (Eq

7)):
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Meac = Tr2Leacpp = m(1.2 m)?(4 m) (520 %) =~ 3,000 kg (17)

At a retail price of £ 4.2 per kg, the cost of treatment, not including the price of the thermal
regeneration phase, amounts to £12,580.

Table 7 and 8 list the expenses obtained for the best configurations obtained both for VRWs
and HRW:s listed respectively in Tables 5 and 6. Also in this case, the configurations that were
optimised according to the 35% drawdown criterion are shown in green while, those that were
optimised according to the 50% drawdown criterion are shown in orange. VRW configuration
costs have been estimated according to Eq (13), while horizontal well costs have been estimated

according to Eq (14).

Table 8. Summary of estimated costs for VRW Configurations.

P&T Installation Pumping Lift Treatment Total

layout CVP&T
# £ £ £ £ £
VRW Configuration with single well
Vi 5,980 1,300 23,860
V2 4,000 5,990 1,800 12,580 24,370
VRW Configurations with four wells |
V3 5,260 420 34,260
V4 5,310 593 34,500
V5 5,330 663 34,570
Vo6 5,340 733 34,650
V7 16,000 5,350 888 12,580 34,820
V8 5,380 1,120 35,100
Vo 5,020 1,110 34,710
V10 5,150 1,630 35,360

Table 9. Summary of estimated costs for HRW Configurations.

P&T Installation Drilling Material Pumping Lift Treatment Total

layout CHP&T
# £ £ £ £ £ £ £

HRW Configuration with single well of 4 m screen length

H1 2,840 912 5,350 1,160 30,750

H2 7,900 2,840 758 5,380 1,700 12,580 31,320
HRW Configuration with single well of 8 m screen length

H3 3,320 1,070 5,860 1,290 32,020

H4 7,900 3,320 758 5,840 1,790 12,580 32,500
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For VRWs, both single and four wells configurations allow complying with the targets, even
if with different time and comparable costs. For a single well HRW configuration, it was
equally possible but the associated total costs were 1.3 times greater than those corresponding
to a single VRW configuration. However, by considering the VRW configuration with four
wells, the single HRW configuration allowed for a reduction of total costs equal to

approximately 7.5% on average, with the same remediation results.

4. CONCLUSIONS

This study compared differing P&T configuration, by using vertical and horizontal wells for a
hypothetical homogeneous aquifer polluted by hexavalent chromium. A sensitivity analysis by
comparing different well diameter, D, the pumping rate, Q, and position of wells was carried
out. The analysis aimed at finding the best configuration, i.e. to simultaneously minimise the
remediation time and related cost of the case study, also allowing to respect a maximum
drawdown, ASma. The best P&T configuration by using vertical wells resulted when the
number of wells was increased to 4, while for the horizontal well configuration, a single well
allowed for the total plume removal, by also respecting the criteria adopted.

The cost analysis showed the expected disparity between the vertical and horizontal well
installation expenses. However, by considering the same operating costs per well, horizontal
wells can make the overall clean-up project less expensive, by reducing both the number of
wells, operating costs and disruption to businesses or other activities.

It is worth noting that the costs calculated in this work might be underestimated as installation
costs of both horizontal and vertical wells vary greatly depending on many site-specific factors.
Certain expenses that are independent of well orientation, placement and number do not
directly relate to the decision variables and have therefore been neglected for the present
purposes. The model used to estimate the costs provides a preliminary estimate in order to
compare the various configurations adopted. For a practical project, however, a more detailed

analysis would be required.
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