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ABSTRACT

Pump storage hydroelectricity is an efficient way to temporarily store energy. This technique requires to
store temporarily a large volume of water in an upper reservoir, and to release it through turbines to the
lower reservoir, to produce electricity. Recently, the idea of using old flooded quarries as a lower reservoir
has been evoked. However, these flooded quarries are generally connected to unconfined aquifers.
Consequently, pumping or injecting large volumes of water, within short time intervals, will have an
impact on the adjacent aquifers. Conversely, water exchanges between the quarry and the aquifer may
also influence the water level fluctuations in the lower reservoir. Using numerical modelling, this study
investigates the interactions between generic flooded open pit quarries and adjacent unconfined aquifers,
during various pump-storage cyclic stresses. The propagation of sinusoidal stresses in the adjacent por-
ous media and the amplitude of water level fluctuations in the quarry are studied. Homogeneous rock
media and the presence of fractures in the vicinity of the quarry are considered. Results show that hydro-
logical quarry - rock interactions must be considered with caution, when implementing pump - storage
systems. For rock media characterized by high hydraulic conductivity and porosity values, water volumes
exchanges during cycles may affect significantly the amplitude of the water level fluctuations in the
quarry, and as a consequence, the instantaneous electricity production. Regarding the impact of the pump
- storage cyclic stresses on the surrounding environment, the distance of influence is potentially high
under specific conditions, and is enhanced with the occurrence of rock heterogeneities, such as fractures.
The impact around the quarry used as a lower reservoir thus appears as an important constraining factor
regarding the feasibility of pump - storage systems, to be assessed carefully if groundwater level fluctu-
ations around the quarry are expected to bring up adverse effects. Results highlight opportunities and
challenges to be faced, to implement pump - storage hydroelectricity systems in old flooded open pit
quarries.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction and objectives

The energetic production currently induces a lot of socio-
economic and environmental challenges. Part of this production
is more and more made from renewable energy sources, and the
integration of this intermittent energy in the power distribution
grids becomes problematic (Connolly, 2010). In this context,
hydroelectricity is highly interesting because it constitutes an effi-
cient way to temporarily store energy. This is actually needed for
regulation purposes, to manage the variable energy demand and
production across a day. Pump-storage systems generally consist
of an upper and a lower reservoir. Water is pumped from the lower
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to the upper reservoir during periods of low energy demands. Dur-
ing high energy demand periods, water is released into the lower
reservoir through turbines, to produce electricity. The period of
the cycles is typically from one to a few hours. The amount of pro-
duced energy mainly depends on the elevation difference between
the two reservoirs, and the volume of water involved. This tech-
nique thus requires very large water reservoirs. Some pump-
storage systems have already been installed in different countries
(Rehman et al., 2015). This kind of hydroelectric stations classically
use impervious artificial water reservoirs and are connected to the
high voltage power grids. Recently, the idea of using the numerous
abandoned and flooded quarries or underground mines as storage
reservoirs has been discussed (Fig. 1). Due to the topographic con-
text, these quarries and mines would generally be used as the
lower reservoirs (Uddin and Asce, 2003). This would allow saving
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Fig. 1. Simplified representation of a pump-storage system between an upper artificial reservoir and a flooded quarry (lower reservoir).

some reservoir construction costs, reproducing these systems in
the many existing sites, and connecting them to the medium-
voltage power grids (Madlener and Specht, 2013). Quarries and
mines can however not be considered as impervious reservoirs.
They are actually in close interaction with the adjacent rock med-
ium (Fig. 1). As a consequence, pumping or injecting large volumes
of water in a quarry or a mine, within short time intervals, will
inevitably induce an impact on the surrounding groundwater table.
Reversely, under this kind of pumping and injection stresses, water
exchanges between the flooded quarry and adjacent unconfined
aquifers may also impact the amplitude of water level fluctuations
in the lower reservoir.

Studying the interactions between the flooded reservoir (quarry
or mine) and the adjacent water table is crucial to decide on the
feasibility of the projects. The water level fluctuations in the
flooded quarry constitutes an important parameter of the hydro-
electric production, because the drop of elevation between the
water levels of two reservoirs defines the productivity of the sys-
tem. These water level fluctuations must therefore be evaluated
carefully, including the potential influence of the water exchanges
between the reservoir and the rock medium. The fluctuations,
induced in the reservoir, will propagate into the rock medium.
The distance of propagation also has to be quantified, to determine
the impact of pump-storage systems on the environment. This is
necessary, for example to assess the cohabitation with other actors
such as neighboring groundwater pumping areas. Similarly, soil
stability problems, related to the subsidence or collapse of some
weathered rocks in the vicinity of the quarry (Kaufmann and
Quinif, 2002), may be caused or exacerbated by the induced fluctu-
ations of the groundwater table.

Very few pump-storage systems, using permeable reservoirs,
have been studied from a hydrogeological perspective. A few cases
involving underground mines have been reported. For an example,
Severon (2011) investigates the possibility of recycling some iron
mines in pump-storage systems. Some underground mines may
actually be interesting because they potentially enable a great ele-
vation difference between the reservoirs (Pujades et al., 2016).
However, these mines also generate some important questions
regarding their stability, and almost all studies have focused on
geomechanical problems (e.g. Lee and Song, 2003). Almost no
research about pump-storage systems using flooded quarries is
reported. A few hydrogeological studies involving quarries have
been performed, but they focus on steady-state problems. As an
example, Eberts and Bair (1990) have assessed the impact of
quarry dewatering on long-term groundwater resources, according

to the hydrogeological context. Lepage et al. (1999), have studied
groundwater contamination issues induced by a landfill located
in an old quarry in Canada and have highlighted the influence of
the geological structures. Pump-storage systems are however dif-
ferent as they involve transient processes, with unusual frequen-
cies of stresses in groundwater systems. Water is actually
pumped or injected cyclically, over short time periods, varying
from one to a few hours.

Recently, this kind of cyclic stresses has been investigated,
through the development of oscillatory pumping tests (Bakhos
et al., 2014; Bakker, 2009; Black and Kipp, 1981; Cardiff et al.,
2013; Guiltinan and Becker, 2015; Rabinovich et al., 2015;
Rasmussen et al., 2003; Renner and Messar, 2006). The approach
is to obtain hydraulic parameter estimation, using the amplitude
and phase shift of water level oscillations induced in a specific
point, and propagated in the porous media. This approach appears
to be useful in some specific conditions (Bakhos et al., 2014;
Rasmussen et al., 2003). For example, when the intensity of the
propagated signal becomes similar to the ambient noise, simple
signal processing can differentiate and extract specific frequency
components, and thus increase the resolution of the method.
Although the context of these tests is different compared to
pump-storage systems, the processes involved are similar. Oscilla-
tory pumping tests have generally been used to estimate hydraulic
properties in oil reservoirs, but they have also been applied and
studied in groundwater reservoirs. Rasmussen et al. (2003) have
performed oscillatory pumping field experiments in a confined,
leaky and partially penetrating aquifer and estimated the hydraulic
parameter values with an analytical solution. Black and Kipp
(1981) have estimated the different ranges of hydraulic diffusivity,
for which sinusoidal pumping tests can be applied, using the
amplitude and phase shift of the measured signal in a homoge-
neous isotropic confined aquifer. Bakker (2009) studied the effect
of aquifer heterogeneities on the response of a sinusoidal pumping
sequence, using an analytic-element solution. The possibility to
use oscillatory pumping test for hydraulic imaging is investigated
by Cardiff et al. (2013) with oscillatory pumping tests performed
in homogeneous and heterogeneous confined aquifer. Cardiff
et al. (2013), Renner and Messar (2006) and Guiltinan and Becker
(2015) highlight the influence of the frequency in the propagation
of the induced stressed and in the investigated scale of the oscilla-
tory pumping test.

All these studies have been performed considering confined
aquifers. In the case of pump - storage systems in open pit quar-
ries, concerned aquifers are however mostly unconfined. To our
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knowledge, only one recent study has considered such aquifers.
Using experimental field works, laboratory and analytical analyses,
Rabinovich et al. (2015) have studied the dependence of the calcu-
lated hydraulic parameter values on the prescribed cyclic stresses
frequency, in an unconfined aquifer.

The scale to be considered in pump-storage systems installed in
large surface reservoirs is also very different from the system
dimensions considered in previous studies. The typical size of open
pit quarries is several tens or hundreds of meters. As a conse-
quence, the scale to consider, the water flow rates to pump and
inject, and the capacity effects to consider in the quarry are much
more important, than in previously investigated experimental
sites.

Considering this context, the general objective of this paper is to
study the interactions between a flooded open pit quarry and an
adjacent unconfined aquifer, during cyclic water pumping and
injection in the quarry, for pump-storage system operations. We
focus our attention on the water volumes exchanged between
the quarry and the rock media, and on the environmental impact
of the cyclic stresses on the surrounding aquifer. Numerical simu-
lations are used to investigate different configurations, as a func-
tion of several sets of hydraulic parameters values. We consider
the case of a homogeneous media, the presence of fractures, the
influence of the cyclic stresses frequency and intensity, and the
influence of the regional hydraulic gradient. The results are dis-
cussed regarding the feasibility of pump-storage storage systems
as a function of the hydrogeological context of the open pit flooded
quarries.

2. Methods
2.1. Conceptual model

Fig. 2 conceptualizes the system consisting of a flooded open pit
quarry affected by cyclic stresses, and the surrounding rock media,
where induced groundwater level variations propagate. The case of
unconfined aquifers is exclusively considered. The limits of the sys-
tem are chosen far enough from the quarry so that they have no
influence on the studied processes. The quarry has a prismatic rect-
angular shape and is located at the center of the domain. The lower
limit of the modelled area corresponds to the bottom of the quarry.
Groundwater fluxes through the base of the quarry are conse-
quently not considered. This case is frequently observed when
the base of the quarry also corresponds to a geological limit. Cyclic

Pump-storage
flowrate
[m*.s7]

stresses correspond to water pumping and injection in the open pit
quarry. In this study, stresses are conceptualized as sinusoidal vari-
ations, as illustrated in Fig. 2. Negative and positive values corre-
spond to water pumping and injection, respectively. In a real
pump-storage system, stresses would not be sinusoidal, as further
discussed in Section 4. However, working with a sinusoidal signal
presents some advantages (Bakhos et al., 2014; Cardiff et al,
2013; Rasmussen et al., 2003; Renner and Messar, 2006). The sinu-
soidal input signal is fully controlled and characterized by a unique
frequency value, so that the output measured signal is easy to rec-
ognize and analyze. Results are also easier to compare with other
studies, which have used the same kind of stresses.

2.2. General equations

Assuming that flows are essentially horizontal, we model flows
in 2D using the classical Dupuit-Forchheimer equations (Dupuit,
1863).

The flow equation within unconfined aquifers is:

Sy oh

Kot~ V(hVh) (1)

with

Sy: the specific yield [-].

h: the variable groundwater head equal to the saturated thick-
ness [m].

t: the time [s].

K: the hydraulic conductivity [m.s™'].

In the quarry we assume that the hydraulic head is uniformly
equal to h. and can be directly derived from a simple flow balance
of the pumped/injected water and of the interaction with the
aquifer:

oh,

. t " Oh
SE = Qmax sSin <2TCE> +/rl(h%dl" (2)

where
S: the surface of the quarry [m?].
Qnax: the maximum value of the sinusoidal flow rate imposed
in the quarry [m3.s7"].
7: the period of the imposed sinusoidal flow rate [s].
n: the unit vector normal to the limit of the quarry [-].

Injection
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Fig. 2. Conceptualization of a flooded quarry affected by cyclic stresses (water pumping and injection).
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T": the contour of the quarry [-].

Continuity conditions are imposed at the interface I between
the aquifer and the quarry on the hydraulic head:

h(x,t) = he(t) Vx € T. (3)

Initial conditions are imposed on the whole considered domain
h(x,t =0) =hg Vx € Q (4)

where Q is the entire domain [-].

The objective of this study is to assess the impact of the periodic
pumping and injection flow rates on the water head variations in
the quarry and in the surrounding rock environment. To reach this
objective, different specific output variables will be calculated and
analyzed for several scenarios, as a function of the main hydraulic
parameters.

The amplitude of the water level variations at any point of the
modelled area can be expressed as in Eq. (5). This amplitude is
expected to change according to the hydraulic parameters of the
rock media, and to the related quarry-groundwater interactions.

Ah(X) = Nimax (X) — himin(X) [m]. (5)

More specifically, the amplitude of the water level variations in
the quarry is noted as Ah..

Ah¢ = he max — N min [M). (©)

The amplitudes of the hydraulic head fluctuations at any point
of the model is used to define a ‘distance of influence’ of the
pump-storage operations, in the rock media. This distance of
influence is defined as the distance between the quarry walls
and the point in the rock domain where the amplitude of the
hydraulic head fluctuation is reduced by 99%, compared to the
theoretical amplitude of the water level fluctuations in the quarry,
in absence of any water exchange between the quarry and the
rock medium (i.e. in a quarry located in a totally impervious
medium) (Eq. 7):

d[m] : distance from the quarry wall to the point(x),

where 20 _ 102 -] (7)
ne = oo ) ®)

1. represents the theoretical water level fluctuation in the quarry
during a half period of sinusoidal pumping, in absence of any water
exchange between the quarry and the rock medium.

2.3. Dimensionless equations

Several parameters related to the hydraulic properties, the size
of the quarry and the sinusoidal stresses are involved in the
equations. To reduce the number of parameters and simplify the
analysis, non-dimensional parameters and variables have been
introduced.

Dimensionless variables, related to the sinusoidal pumping
imposed in the quarry, are introduced:

h - he t

:n—c[—] hc:n—CH f:%[—]- 9)

=

Incorporating these variables into Eqs. 1 to 4 leads to the fol-
lowing non-dimensional equations:

Syohm. o iren
¥ ot = V{Ovh (10)

ohe . . Knt [:0h,
ﬁ_n.sm(zm)JrT/r_h%dl" (11)
h(x,t) =h(t) vx e T (12)
o hy .. =

h(x.,t:O):n— VX e Q (13)

Based on these equations, three non-dimensional parameters
are defined.

= 1K
D=1, [ (14)
- Ktn,
K==5"[-] (15)
~ hy
h=—1[-

. [-] (16)

D is interpreted as a non-dimensional diffusivity of the aquifer, and
does not depend on the quarry dimensions. K is understood as a
non-dimensional exchange capacity between the quarry and the
aquifer. h is the effective depth of the aquifer.

By substituting these non-dimensional parameters in Eqs. 1 to
3, the final non-dimensional formulation of the problem is:

10h o oo

55t = V(Vh) (17)
dhe I L L

T sin(2mt) +I(/rh%dr (18)
h(x,©) =h(f) vxeT (19)
h(x,t=0)=hVvxeQ (20)

Similarly to the parameters, the specific output variables may
be expressed in a non-dimensional way.

AR, represents the amplitude of the water level fluctuations in
the quarry, normalized by the theoretical amplitude in absence
of any water exchange between the quarry and the rock medium:

__Ah,
Ne
d is the distance of influence, normalized by the theoretical ampli-

tude of the water level fluctuations in the quarry in absence of any

water exchange between the quarry and the rock medium.

- d

d=—[-] (22)
Ne

Ah, -] (21)

2.4. Numerical methods

Eqgs. 17 to 20 are solved using Modflow 2005 (Harbaugh, 2005).
The modelled area, including the open pit quarry and the sur-
rounding unconfined aquifer, is discretized using one layer of rect-
angular finite difference cells. As consequence, calculated
groundwater fluxes are horizontal, and the Dupuit-Forchheimer
approximation is considered. It enables to reduce the total number
of cells and to prevent numerical problems related to saturation -
desaturation of cells. Errors induced by Dupuit-Forchheimer
approximation have been quantified by comparing multilayer
and monolayer model results. The maximum difference in terms
of groundwater fluxes remains below 2% when the drawdown
induced in the quarry is comparable to the aquifer thickness.



1006 A. Poulain et al./Journal of Hydrology 559 (2018) 1002-1012

The grid is composed by irregular rectangular cells. Next to the
quarry, cells are squared with a width of 1 m. Away from the
quarry, cells are rectangular with a size increasing with the dis-
tance to the quarry walls, by a factor of 1.05 every row and column.
This mesh ensures higher accuracy next to the quarry, where
groundwater variations are expected to be higher. In the quarry,
the hydraulic parameters have been specified to represent the vol-
ume of water and the absence of rock medium. The specific yield is
thus equal to 1 and the hydraulic conductivity has been fixed sev-
eral orders of magnitude larger than the maximum aquifer hydrau-
lic conductivity investigated. In these conditions, the simulated
hydraulic head field in the quarry can be considered as uniform.

Constant groundwater head boundary conditions are prescribed
on the external limits of the model. These boundaries are located
far enough from the quarry to prevent any influence on the studied
processes. Initial groundwater heads are constant all over the mod-
elled area and equal the prescribed heads on the external limits.
Natural groundwater recharge are neglected. Sinusoidal stresses
are applied as prescribed fluxes on all cells corresponding to the
open pit quarry.

In the following ‘Results’ section, several scenarios are consid-
ered, as a function of the hydraulic parameters values of the rock
medium, the frequency and intensity of the sinusoidal stresses in
the quarry, and the regional hydrogeological and geological con-
texts. All displayed results are considered when a ‘steady periodic’
state is reached, i.e. when the amplitude of the fluctuations is con-
stant and not influenced by the initial conditions.

3. Results
3.1. Pump-storage operations in homogeneous rock media

The impact of cyclic pump - storage operations is first studied
for a quarry located in a homogeneous rock media. This case study
is quite simple but enables to understand more easily the hydroge-
ological response of such systems.

Numerical calculations have been performed using specific
quarry, rock and pump - storage properties. In the following para-
graphs, results are presented using the non-dimensional formalism
exposed in Section 2.3, and are based on the following parameters
ranges. The squared quarry has horizontal dimensions between
100 x 100 m and 200 x 200 m, and a saturated depth of 80 m.
Pump-storage stresses in the quarry are sinusoidal, with a fre-
quency included between 1.6 and 24 cycles per day. Induced stres-
ses are simulated for hydraulic conductivity ranging from 10~ to
1078 m.s7!, and specific yield ranging from 0.01 to 0.30. Such
ranges have been chosen according to expected properties in such
a pump storage system.

Fig. 3A and B show the non-dimensional amplitude of the water
level fluctuations in the quarry Ah., and the non-dimensional dis-
tance of influence d in the rock media, as a function of the non-
dimensional exchange capacity K and the non-dimensional diffu-
sivity D. These two graphs directly give the evolution of the two
investigated variables as a function of the two non-dimensional
parameters. The non-dimensional amplitude of the water level
fluctuations in the quarry Ah. decreases as K increases and D
decreases (Fig. 3A). Within the ranges of parameter values consid-
ered in this study, this non-dimensional amplitude varies between
1 and 0.78. The unity value corresponds to an impermeable lower
reservoir without any quarry - rock medium water exchange. The
non-dimensional distance of influence increases with D and is
independent of K (Fig. 3B), as the isovalue curves are globally hor-
izontal. This non-dimensional distance of influence is included
between 0 and 30 for the considered parameters values.

The two graphs of Fig. 3 also enable to analyse the impact of
pump-storage systems as a function of all dimensional parameters
defining K and D. For any specific context related to the rock
hydraulic properties, to the quarry dimensions, and the pump-
storage configuration, results of Fig. 3 allow specifying the poten-
tial water level fluctuations in the quarry and the distance of
influence.

3.1.1. Influence of the rock medium hydraulic properties

A change of hydraulic conductivity implies a displacement
along the 1/1 direction (Fig. 3), as the hydraulic conductivity
defines both K and D non-dimensional parameters (Egs. 14 and
15). The amplitude of the water level fluctuations in the quarry
decreases and the distance of influence in the rock increases, as
the hydraulic conductivity of the rock increases. These effects are
logically explained by higher water exchanges and an easier prop-
agation of the induced stress in a more permeable rock media.

A change of specific yield implies a displacement along the ver-
tical direction. When the specific yield value increases, both the
amplitude of the water level fluctuations in the quarry (Fig. 3A)
and the non-dimensional distance of influence (Fig. 3B) decreases,
due to more important storage effects in the rock.

An equivalent increase in hydraulic conductivity and specific
yield implies a displacement along the horizontal direction. In this
context, the change regarding the water level fluctuations ampli-
tude in the quarry is more important. Conversely, there is no effect
on the non-dimensional distance of influence.

3.1.2. Influence of the quarry dimensions

Using a larger quarry and similar stresses logically induces
smaller absolute fluctuations in the quarry and in the surrounding
environment. Any pumped or injected water volume is actually
distributed over a larger quarry volume. Additionally, the interface
between the quarry and the rock media is also increased, inducing
potentially different quarry - rock interactions.

To figure out the impact of the quarry dimensions in a more
tangible way, a change of the quarry surface may be considered,
keeping the parameter M. constant. In this case, the maximum
value of the sinusoidal flow rate Q .., is increased by the same ratio
as the quarry surface S, so that water level fluctuations are only dif-
fering due to the potentially different quarry - rock media
interactions.

A similar increase of S and Q .., induces a decrease of K and has
no effect on D, resulting in a horizontal displacement, to the left, on
the graphs of Fig. 3. Therefore, the non-dimensional amplitude of
the water level fluctuations in the quarry increases, towards the
unity value. In other words, the attenuation of the water level fluc-
tuations in the quarry is relatively less important for a larger
quarry. This observation may be explained by the fact that the
water volumes exchanged between the quarry and the rock media
increase with the perimeter of the quarry. These volumes are how-
ever distributed over the whole quarry surface, which increases
faster than the perimeter. In a similar context, keeping the param-
eter 7, constant, the non-dimensional distance of influence in the
rock media is not influenced by the quarry surface.

3.1.3. Impact of the frequency of the pump-storage stresses in the
quarry

The frequency of the pumping/injection flow rates, prescribed
in the quarry, is depending on the electricity market prices and
on the instantaneous regional electricity production and demand.
This frequency is therefore variable across the day, but may be
approximately considered as included between one and a few
hours (European Commission, 2017).
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Fig. 3. (A) Non-dimensional amplitude of the water level fluctuations in the quarry Ah,, according to the non-dimensional diffusivity D and exchange capacity K. The range
between two adjacent isovalue curves is equal to 0.02. (B) Non-dimensional distance of influence d in the rock media, according to the non-dimensional diffusivity D and
exchange capacity K. The range between two adjacent isovalue curves is equal to 1. The black dots correspond to couples of non-dimensional diffusivity and non-dimensional
exchange capacity values, where the non-dimensional amplitude and non-dimensional distance of influence were actually simulated using the numerical model.

The impact of the frequency may be discussed on the graphs of
Fig. 3, in a similar way as for the quarry dimensions, keeping the
parameter M, constant. In this context, Q,., must vary in the same
proportion as the frequency, or in inverse proportion to the period
7. It also means that the same water volumes are pumped/injected
during a single pump - storage cycle.

An increase of the period T (a decrease of the frequency), keep-
ing 1. constant, induces a similar increase of K and D, resulting in
displacement along the 1/1 direction, towards the top-right graphs
corners (Fig. 3). These changes result in a decrease of the non-
dimensional amplitude of the water level fluctuations in the

quarry, and an increase of the non-dimensional distance of influ-
ence. In other words, results generally show that the interactions
quarry - rock media are more important, in terms of exchanged
groundwater volumes and distance of propagation, with the
decrease of the pump/storage stresses frequency.

3.1.4. Impact of a regional hydraulic head gradient

At the scale of the modelled area, a regional groundwater head
gradient is usually observed, and induces natural groundwater
flow around open pit quarries. To assess the influence of this regio-
nal gradient on the water level fluctuations in the quarry, and on
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the distance of influence in the rock media, all simulations per-
formed in previous sections were reproduced, considering a uni-
form hydraulic gradient ranging from 0.1% to 2%, over the
modelled area. These gradient values are commonly observed in
Belgian aquifers (Dassargues and Walraevens, 2014). For all mod-
els and simulations, the amplitude of the water level fluctuations
in the quarry, and the distance of influence upstream and down-
stream the quarry have been calculated.

Results (not shown here) indicate that the amplitude of the
water levels fluctuations in the quarry is similar to the correspond-
ing homogeneous case without regional hydraulic head gradient.
Regarding the environmental impact around the quarry, the dis-
tance of influence upstream the quarry is slightly longer than
downstream. However, the difference, compared to the corre-
sponding case without regional gradient, is very small. In all cases
and simulations, this difference is lower than 2%.

3.2. Pump-storage operations in heterogeneous rock media

The heterogeneity of the hydraulic properties may influence
substantially the flow and propagation of any stress in the rock
media. The objective is here to understand and quantify the impact
of a single fracture on a pump-storage system, regarding the water
level fluctuations in the quarry and the distance of influence in the
surrounding rock media. To assess this impact, a linear fracture is
introduced in the model grid using an equivalent porous media
approach. The width of the fracture is supposed to be the width
of a grid cell row. The equivalent hydraulic conductivity and poros-
ity are calculated using the following Equations.

The transmissivity of the fracture T, is calculated using the
Poiseuille flow equation.

pg(afrac)3 (23)

Tfrac = 12 m

p: density of water [kg.m~>].

g: acceleration due to gravity [m.s2].

afac: aperture of the fracture [m].

w: dynamic viscosity of water [kg.m~'.s71].

The equivalent hydraulic conductivity of the fracture Kg, is cal-
culated as:

Kfrac = (24)

ace: Width of the cells row where the fracture is implemented [m].
The equivalent specific yield of the fracture Sy .. is calculated
as:

Syfrac :ﬁ- (25)
Acell

The influence of the fracture is assessed as a function of its
hydraulic properties and position. The case of a fracture intersect-
ing perpendicularly the quarry walls is first considered, with differ-
ent fracture apertures (1 x 1072m, 1 x 10 >m and 1 x 10~*m).
Secondly, the case of a non-intersecting fracture is also investi-
gated, with different quarry - fracture distances (1 m, 5m and
10 m). In all cases, the fracture is perpendicular to the quarry walls,
and is extended to the external boundary of the model.

3.2.1. Influence of a fracture connected to the quarry

The influence of the fracture depends on its aperture, and
related transmissivity. Regarding the amplitude of the water level
fluctuations in the quarry, the presence of a single fracture how-
ever has a limited impact. This amplitude only slightly decreases

with the increase of the fracture aperture. Taking into account all
quarry dimensions and rock media properties considered in this
study, and a very large fracture aperture of 0.1 m (T, = 8.1 x
102 m%s™'), the maximal difference between the simulated nor-
malized amplitude, with and without a fracture, is lower than
0.1%, following the small impact of the fracture on the overall aqui-
fer storage. Nevertheless, note that the presence of several frac-
tures, fractured zones, or karstic conduits could affect more
significantly the storage and water levels in the quarry. Their pres-
ence and spatial distribution must be studied at the scale of any
quarry used for pump - storage systems.

Although the influence on the water level fluctuations in the
quarry is small, the presence of a single fracture may nevertheless
locally induce a more significant impact on the amplitude of the
groundwater level fluctuations. As the aperture of the fracture,
and its related transmissivity, increases, a preferential flow path
develops and locally extends the distance of influence. This effect
is clearly shown in Fig. 4, as a function of the fracture aperture,
for several cases corresponding to a pump - storage cycle period
of 10 h, a quarry surface of 100 x 100 m, and Qmax equal to 25
m>.s~!. This local distance of influence also depends on the hydrau-
lic properties of the adjacent rock matrix. The groundwater level
fluctuations generated and propagating in the fracture, actually
dissipate in the bordering rock matrix, following the same pro-
cesses as those reported in Section 3.1. As presented in Fig. 4, the
non-dimensional distance of influence d in the fracture increases
with the decrease of the rock matrix transmissivity and specific
yield (or decrease of K and/or D). Generally, depending on these
properties and the aperture of the fracture, the non-dimensional
distance of influence may sharply increase, compared to the non-
dimensional distance of influence in the porous rock media. The
affected area around the fracture increases with the diffusivity of
the rock matrix D. Note that for very thin fractures, results corre-
spond to the homogeneous cases. The impact of the fracture
becomes logically visible when the equivalent hydraulic conduc-
tivity of the fracture Kg,. is greater than the matrix hydraulic con-
ductivity. Note also that calculations are not yet relevant when the
distance of influence goes beyond the limits of the modelled area
and interacts with the prescribed boundary conditions. On the
graph of Fig. 4, this limit approximately corresponds to a non-
dimensional distance of influence equal to 125.

3.2.2. Influence of a fracture disconnected from the quarry

This section investigates the impact of a fracture located at a
specific distance from the quarry. The implemented fracture is still
perpendicular to the quarry walls but is limited in space and does
not intersect it. Fig. 5 shows the calculated ‘distance of influence’ in
the fracture direction, as a function of its distance to the quarry, for
different cases of rock matrix hydraulic properties. In this example,
the aperture of the fracture is equal to 4 x 1073 m, to maximise the
potential effects of the fracture, within the range of values for
which interactions with the domain limits remain negligible. Note
that when the distance between the quarry and the fracture is
equal to zero, the results correspond to the case of an intersecting
fracture (see previous Section 3.2.1 for comparison). Results shown
in Fig. 5 are interpreted as the propagation of the groundwater
level fluctuations in two successive different media (the rock
matrix and the fracture). If the fracture is located beyond the
non-dimensional distance of influence d corresponding to the
homogenous rock matrix, the effect of the fracture is logically
not visible. This is clearly illustrated in Fig. 5 for the rock matrix
characterized by a low non-dimensional exchange capacity K
(red curves). For this rock matrix, the distance of influence is very
short and equal to a few meters (see Section 3.1). As a conse-
quence, when the fracture is moved away from the quarry walls,
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Fig. 4. Calculated non-dimensional distance of influence d in the fracture, as a function of the fracture aperture, for different values of the rock matrix K and D.
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Fig. 5. Non-dimensional distance of influence in a fracture located at a specific distance from the quarry walls. The aperture of the fracture is equal to 4 x 10~ m. Different

cases of rock matrix hydraulic properties are considered.

the distance of influence rapidly drops from the high values corre-
sponding to the case where the fracture is connected to the quarry
(Section 3.2.1), to the low values corresponding to the homoge-
neous rock media. If the fracture is located within the distance of
influence corresponding to the homogenous rock matrix, the
fracture induces a local distortion and an elongation of the
impacted area. Between the quarry and the fracture, groundwater
level fluctuations are first attenuated in the porous rock matrix.
The residual fluctuations then propagate in the fracture. This effect
can be observed on the blue curves of Fig. 5, which correspond to a
rock matrix characterized by a non-dimensional exchange capacity
K of 1072 and two different non-dimensional diffusivity D values.
For these cases, the influence of the fracture remains strong, even

if this fracture is disconnected from the quarry. For longer
distances between the quarry walls and the fracture, the distance
of influence tends again to values corresponding to the homoge-
neous cases. As a conclusion, the influence of disconnected
fractures on the shape of the zone impacted by pump - storage
operations appears limited in many cases, and strongly depends
on the rock matrix hydraulic properties. From a general point of
view, and considering realistic rock properties, favourable condi-
tions to observe a significant influence would correspond to high
values of D and small values of S,. This case may combine large
zones around the quarry where disconnected fractures remain
influent; and adequate conditions for pressure propagation into
the fracture.
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4. Discussions

In terms of pump-storage application, the results presented
above show that the impact of geology and hydrogeology on the
water level fluctuations in the quarry are somehow limited. Con-
sidering the used values in Fig. 3, the non-dimensional amplitude

of the water level fluctuations in the quarry Ah. is included
between 1.00 and 0.78. Values lower than 1.00 are explained by
exchanged groundwater volumes during pump - storage cycles,
between the quarry and the rock medium. The lowest value corre-
spond to the most permeable and most porous rocks. In the worst
case, it corresponds to a decrease of 22%. However small, this dif-
ference may be important regarding the hydroelectricity produc-
tion, the system setup and its profitability (Pujades et al., 2017).
The evolution through time of the water level in the quarry actu-
ally also influences the maximum drop of elevation between the
upper and lower reservoirs, which determines the electricity
power production. This may be particularly significant if the eleva-
tion difference between the two reservoirs is small, compared to
the water level fluctuation amplitude in the quarry. Calculating
accurately these expected fluctuations is also important to setup
running operations, especially regarding the location of particular
equipment such as turbines or water pumping pipes. Finally, plan-
ning accurately these fluctuations enables to manage possible sta-
bility issues, which may occur along the quarry walls or within old
backfills, frequently observed in rock exploitations.

The distance of influence is much more sensitive. In Fig. 3B, the
non-dimensional distance of influence d around the quarry is
included between 0.5 and 25. Higher values correspond to more
permeable and less porous rocks. As shown in Section 3.2, this dis-
tance of influence may become substantially larger in the presence
of heterogeneities such as specific fractures or conduits, intersect-
ing the quarry. The influence area of the cyclic stresses around the
quarry thus appears to be the most constraining geological factor
when designing new pump-storage systems. The impact of
induced water level fluctuations in the rock media must be veri-
fied, and pump-storage systems must be developed considering
the different actors and the possible hazard or end-users conflicts,
which could occur within this distance. As examples, they ideally
must not interact with other existing pumping installations. Any
stability problems such as soil subsidence or collapse must also
be studied. This is particularly problematic in limestone forma-
tions, where potentially unstable weathered of karstified rocks
are regularly observed (Kaufmann and Quinif, 2002). All these
aspects may become critical factors, especially in highly urbanized
countries such as Belgium.

To limit this distance of influence, operators may potentially
adapt the maximum pump - storage flow rate Q. and the cycles
frequency 1. Imposing a minimum frequency would actually con-
stitute an efficient strategy to decrease the distance of influence
and mitigate the impact of pump - storage operations on the envi-
ronment (Section 3.1.3). The stresses frequency historically oper-
ated in some existing high-voltage pump - storage electrical
stations is about two cycles a day. In this case, the objective is
mainly to manage the higher electricity demands in the morning
and the evening. Currently, the idea of implementing medium-
voltage stations across the territory is also to be able to accommo-
date the intermittent energy production from renewable sources
(ex. wind turbines, photovoltaic systems). In this context, the fre-
quency of the pumping/injection cycles in the quarry are expected
to be much more variable, including higher frequency values,
potentially contributing to less important distance of influence.

Despite potential obstacles that may complicate the practical
implementation of pump - storage systems in quarries, many
development possibilities seem to exist. In South of Belgium

(Walloon Region - 16844 km?), Poty and Chevalier (2004) have
inventoried almost one thousand open pit quarries located in the
administrative and official extracting areas. Although many other
sites exist (Remacle, 2009), this inventory generally gathers the
most important open pits in terms of dimensions. Among them,
about 25% are actually still operated. Topographic conditions
would allow developing pump-storage systems in some of these
sites. They may be imagined in the old flooded quarries, or even
in the quarries still in operations with dewatering. In this latter
case, the whole depth of the open pit could potentially be used,
maximizing the elevation drop between the upper and lower reser-
voir, but a large part of the quarry should however be reserved for
water storage and excluded from any extracting operation. Quar-
ries are located in various rock types (Poty and Chevalier, 2004),
with different hydraulic properties and dimensions. For illustration
purpose, Table 1 shows four simplified examples, representative of
the variety of existing quarries, where pump-storage systems
could possibly be installed. Pumping - injection sinusoidal stres-
ses, characterized by a period of 10 h and a maximum flow rate
of 25 m>.s~! have been simulated in each of them.

Fig. 6 presents the simulated absolute amplitude Ah of the
groundwater level fluctuations in the rock medium, as a function
of the distance to the quarry walls. Dimensional and more tangible
results regarding water fluctuations in the quarry, distance of influ-
ence, and elevation drop potentially available are also presented in
Table 1. These results corroborate the conclusions of Section 3.1.
The distance of influence is generally larger for the rocks with
the highest hydraulic conductivity values. Note that the amplitude
of the water level fluctuations in the quarry (i.e. at x = 0) are not
normalized here, and are consequently primarily controlled by
the open pit surface. The larger the quarry, the smaller the absolute
amplitude.

Specific hydrogeological studies will be needed to design future
pump - storage systems in any existing quarry, in order to accom-
modate all specific conditions of the site. Each quarry has a specific
surface, depth, shape, geological structure, rock texture, etc., and it
was not possible or the objective, in this study, to consider all these
specificities. Nevertheless, presented results give guidelines on the
most constraining issues of the problem. Considering the water
volumes needed to reach a minimum cost-effective power produc-
tion, quarries smaller than 100 x 100 m might hardly be used for
pump - storage applications. Using larger quarries, the values of
amplitude attenuation and distance of influence play an important
role in the design of systems. Results calculated above for a homo-
geneous medium or for single fractures, can be viewed as a first
step for impact and feasibility assessment of the problem. Consid-
ering more realistic and complex conditions, in terms of shape,
hydrogeology, fractures, is however necessary to specify impacts.

5. Perspectives and conclusions

This study allowed assessing the hydrogeological interactions
between a flooded open pit quarry and the surrounding unconfined
rock media, in the context of a pump - storage system implemen-
tation. In particular, numerical simulations were conducted to
investigate the influence of the hydrogeological properties and
the pump - storage system parameters on these interactions. In
a broader context, most of previous studies about oscillatory
pumping tests have generally focused on confined aquifers and
smaller scales.

Results of this study have shown that hydrological quarry -
rock interactions must be considered with caution. For rock media
characterized by high hydraulic conductivity and porosity values,
water volumes exchanges during cycles may affect significantly
the amplitude of the water level fluctuations in the quarry, and
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Table 1
Main characteristics of simplified cases, representative of existing quarries where pump - storage systems could possibly be installed (DGARNE, 2017).
Ex. 1 Ex. 2 Ex. 3 Ex. 4
Lithology Chalk Limestone Crystalline rock Sandstone

Dimensions [m]
(Length x Width x water depth)

500 x 500 x 20 175 x 175 x 40 800 x 800 x 120 100 x 100 x 30

Elevation drop potentially available [m] 40 100 120 50
Hydraulic conductivity [m.s~'] 104 104 1077 10
Specific yield [-] 0.16 0.16 0.05 0.14
Amplitude of the water level fluctuations in the quarry Ah¢[m] 1.14 9.11 0.45 27.71
Maximal distance of influence from the quarry walls d [m] 57 82 6 27
Theoretical water level fluctuation in an impermeable quarry #,. [m] 1.15 9.35 0.45 28.65
Non-dimensional amplitude of the water level fluctuations in the quarry Ah.[-] 0.99 0.97 1 0.97
Maximal non-dimensional distance of influence the quarry walls d[-] 49.56 8.77 13.33 0.94
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Fig. 6. Simulated amplitude of the groundwater level fluctuations in the rock medium, as a function of the distance to the quarry walls, for the 4 specific examples of Table 1.

as a consequence, the instantaneous electricity production. Results
have shown that this effect is also greater as the surface of the
lower reservoir is small. With realistic hydraulic parameters val-
ues, and quarries not smaller than 100 x 100 m, the expected
impact on the water level fluctuations reaches maximum 22% of
the head fluctuations in an ideal quarry without loss in the aquifer.
Some authors have also evoked the possibility to use old under-
ground mines (ex. abandoned coal mine) to implement pump -
storage systems (e.g. Bodeux et al., 2017; Pujades et al., 2016). In
this case, the elevation drop between the upper and lower reser-
voirs, thus the instantaneous produced electrical power, could
potentially be higher. Involved volumes and the equivalent surface
of the shafts and galleries could conversely be substantially smal-
ler, maximizing the water level fluctuations in the mine. Bodeux
et al. (2017), investigate the possibility to use an underground slate
mine for pump - storage systems. They have also highlighted the
influence of these water exchanges on the efficiency of the system.

This present study has also assessed the impact of the pump -
storage cyclic stresses on the environment surrounding the quarry.
The distance of influence is potentially high under specific condi-
tions, and may be enhanced with the occurrence of rock hetero-
geneities. The presence of fractures intersecting the quarry is
crucial. They may affect locally, but significantly, the distance of
influence of the pumping/injecting operations. The impact around
the stressed quarry thus appears as an important constraining fac-
tor regarding the feasibility of pump - storage systems, to be

assessed carefully if groundwater level fluctuations around the
quarry are expected to bring adverse effects.

The implementation of a pump - storage system in a flooded
quarry imposes to characterize in details the hydraulic properties
and structure of the surrounding rock media. Conducting cyclic
field tests in the related geological formations may help perform-
ing this task. This kind of tests are however usually carried out at
much smaller spatial and time scales (Guiltinan and Becker,
2015; Rabinovich et al., 2015; Rasmussen et al., 2003). The ques-
tion thus arises about the representativeness of achieved measure-
ments and results, in the context of pump - storage systems in
quarries. Moreover, some authors have also highlighted a possible
drift of calculated hydraulic parameters, as a function of the stres-
ses frequency. Therefore, performing real-case experiments, with
relevant frequencies and amplitudes could bring highly interesting
information for a more realistic impact study. This kind of large
scale oscillatory pumping experiment would also provide opportu-
nities for characterizing the large-scale spatial distribution and
structure of hydraulic properties around the quarry, by inversion
of the measured cyclic data at different observation points.

Finally, this study has shown that development of pump - stor-
age systems in flooded quarries, for hydroelectricity production is
possible from a hydrogeological perspective under specific condi-
tions. Additional steps rely on the assessment of the other techni-
cal aspects, such as the electromechanical equipment, the
integration of the produced electricity in the power distribution
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grids, the adequacy with the power demand, and finally yet impor-
tantly, cost-benefit aspects of such projects.
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