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In the actual evolving energy context, characterized by an increasing part of intermittent renewable sources, the
development of energy storage technologies are required, such as pumped storage hydroelectricity (PSH).While
new sites for conventional PSH plants are getting scarce, it is proposed to use abandoned underground mines as
lower reservoirs for Underground Pumped Storage Hydroelectricity (UPSH). However, the hydrogeological con-
sequences produced by the cyclic solicitations (continuous pumpings and injections) have been poorly investi-
gated. Therefore, in this work, groundwater interactions with the cyclically fill and empty cavity were
numerically studied considering a simplified description of a slate mine. Two pumping/injection scenarios
were considered, both for a reference slate rock case and for a sensitivity analysis of variations of aquifer hydrau-
lic conductivity value. Groundwater impacts were assessed in terms of oscillations of piezometric heads and
mean drawdown around the cavity. The value of the hydraulic conductivity clearly influences the magnitude
of the aquifer response. Studying interactions with the cavity highlighted that seepage into the cavity occurs
over time. The volume of seeped water varies depending on the hydraulic conductivity and it could become
non-negligible in the UPSH operations. These preliminary results allow finally considering first geological feasi-
bility aspects, which could vary conversely according to the hydraulic conductivity value and to the considered
groundwater impacts.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Access to energy resources and supply stability have become strate-
gic elements in worldwide policy decisions. Climate change and limita-
tions of fossil fuels reserves have brought renewable energy resources
for electricity production to the limelight of global concern. It is there-
fore expected that renewable energy sources (RES) should triple their
total installed capacity in the following three decades (IEA, 2015). How-
ever, these energy sources experience fluctuations through time, pro-
ducing energy in a quite different pattern than needed by the demand.
Energy storage systems are then required to deal with this intermitten-
cy as they provide flexibility by shifting the load temporally (Bussar et
al., 2016; Moriarty and Honnery, 2016).

Pumped Storage Hydroelectricity (PSH) is an old and well-known
mature technology for large-scale storage of electricity (Deane et al.,
2010; Steffen, 2012; Yekini Suberu et al., 2014). During periods of low
electricity demand, the excess of generated energy is stored bypumping
water from a lower to an upper reservoir. Conversely, during peak de-
mand or underproduction periods, water is released back to the lower
deux).
reservoir through turbines to produce electricity (Rehman et al.,
2015). Conventionally, both reservoirs are located at the surface but ap-
propriate new sites are getting scarce for further developments of PSH
(Ardizzon et al., 2014; Chen et al., 2009). Favorable topographic condi-
tions are difficult to meet environmental and social issues (e.g. land-
scape, vegetation, wildlife, human activities, population settlement,
water quality, water policy, etc.) have risen over time. However, in the
increasing renewable energy framework, PHS technology appears as
one of the key components for energy storage (Ardizzon et al., 2014).

It is proposed to re-use abandonedmines as lower reservoirs for Un-
derground Pumped Storage Hydroelectricity (UPSH) systems to go be-
yond some of these constraints and to increase the number of
potential sites (Fig. 1). The idea came out in the late 1970′s (Tam et
al., 1978) and has been afterwards investigated in different conditions
but no facility has been yet installed. In the 1980s, Braat et al. (1985)
and deHaan andMin (1984) proposed to install an UPSH in the Nether-
lands but the project was not implanted for reasons such as the inade-
quate characteristics of the soil. In Singapore, Wong (1996) pointed
out the possibility of using abandoned rock quarries as upper reservoirs
of UPSH plants by transforming drilled tunnels and shafts as lower res-
ervoir. The taconitemine area inMinnesota (USA)was investigated eco-
nomically and technically to select ten potential sites to develop UPSH
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Fig. 1. Schematic representation of an Underground Pumped Storage Hydroelectricity
(UPSH) plant using an old mine as lower reservoir.
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plants in the non-used underground mines (Fosnacht, 2011; Martin,
2007; Severson, 2011). In Europe, the Harz and Ruhr regions in Germa-
ny have been investigated to assess the possibilities for constructing
UPSH plants in abandoned coal mines (Alvarado and Niemann, 2015;
Beck and Schmidt, 2011; Luick et al., 2012; Madlener and Specht,
2013; Meyer, 2013; Niemann, 2011; Steffen, 2012). In South Africa,
Khan and Davidson (2016) highlighted the possibilities and the eco-
nomic benefits of using existing mines and the surrounding aquifers
for UPSH applications. In Belgium, recent work are studying the techni-
cal possibilities of transforming abandoned quarries (Poulain et al.,
2016) or slate mines (Spriet, 2013) as reservoirs for future UPSH
developments.

While UPSH appears as a solution to increase the pumped storage
capacity, the re-use of abandoned underground mines brings questions
about the impacts on the geological medium and, particularly, on
groundwater resources. It is expected that the successive filling and
emptying of the cavity, due to the pumping/injection cycles, will inter-
act with the surrounding groundwater. It is required to investigate on
how and with which magnitude the oscillations of water level in the
cavity will be transmitted in the local aquifer as well as on the interac-
tions between the aquifer and the cavity.

Almost no precise study has been carried out about this topic.
Pujades et al. (2016) carried out a first parametric impact study with a
simplified representative square open-pit mine. They highlight that
pumping/injection in the reservoir induces piezometric head oscilla-
tions around the cavity, but the impacts vary according to the
hydrogeological parameters of the aquifer, the properties of the under-
ground reservoir, the boundary conditions, and the characteristics of
pumping/injection time periods. Those results were only suitable for
open pits mines where the volume of water pumped or injected is not
an issue in comparison with the huge total volume of the open pit
mine. The limited head variationswould not create important gradients
between the cavity head and the aquifer piezometric head. On the con-
trary, in deepmines, it ismost often required to use thewhole volumeof
the mine to obtain a system considered as economically and energeti-
cally interesting. Consequently, the head variation in the cavity could
be more important. The subsequent head gradient would create
groundwater inflows that could affect negatively the efficiency of the
UPSH by addingwater volume to be pumped or reducing thewater vol-
ume that can be injected in the cavity. In addition, Pujades et al., 2016
considered a cavity that was not totally saturated. As a result, although
hydraulic head recovers totally after a pumping, the pumped water
could be released into the cavity. However, the slate mine considered
in this study is completely located below thewater table. Consequently,
the amount of released water may be limited if water inflows after a
pumping fill appreciably the cavity, which affects the feasibility of
UPSH plants.

In the Belgian mining context, slate mines turn out to be one of the
most promising type of sites for deep mine UPSH applications in
terms of rock properties (permeability and rock strength). In this frame-
work, this paper focuses on the case of an underground slatemine using
numerical modelling as a tool for providing predictive results. Repre-
sentative geological properties are first considered in a reference case.
The main impacts on the surrounding geological medium are assessed
through the computed piezometric head evolutions (magnitude and in-
fluence area) and themean drawdown. Interactions between the cavity
and themediumare highlighted and calculated through thewater seep-
age into the cavity. In a second case, the influence of the hydraulic con-
ductivity (K) of the surrounding geological medium on the predicted
interactions for the chosen slate mine geometrical configuration is
assessed. Based on the results, it is proposed to point out some specific-
ities about the interactions between the cavity and the groundwater
and about the long term behavior under cyclic stresses. These observa-
tions are finally brought together in a feasibility point of view of such
underground storage.

2. Methodology

2.1. Modelling approach

Groundwater modelling in mining contexts is challenging because
they correspond to mixed contexts involving porous media and large
voids (Adams and Younger, 2001; Ghasemizadeh et al., 2012;
Rapantová et al., 2007; Sherwood and Younger, 1994; Surinaidu et al.,
2014). The Hybrid Finite Element Mixing Cell (HFEMC) method
(Brouyère et al., 2009; Wildemeersch et al., 2010), implemented in the
SUFT3D code (Brouyère, 2001; Brouyère et al., 2004; Carabin and
Dassargues, 1999), is a flexible method combining advantages of
black-box models together with physically based and spatially distrib-
utedmodels. The HEFMCmethod allowsworkingwithmixing cells cor-
responding to linear reservoirs and finite elements of porous medium
together in the same mesh. Interactions between zones are considered
thanks to internal boundary conditions (Brouyère et al., 2009;
Wildemeersch et al., 2010).

A full description and verification of the HFEMC method was pre-
sented by Brouyère et al. (2009). Wildemeersch et al. (2010) used the
method for a mined area in Belgium. The principle is to divide the
modeled zone into several subdomains. Each subdomain can be either
a reservoir represented by amixing cell or a zone of porousmedium (fi-
nite elements with spatially distributed properties). The mined zones
can be modeled using linear reservoirs. Linear reservoirs are equivalent
to a box model technique where each reservoir or box is characterized
by a computed meanwater level. Water flow in or out a reservoir is de-
scribed by a transfer equation (Eq. (1)). The unmined zones are
discretized with finite elements and groundwater flow equation in var-
iably saturated porous media (Richards equation, Eq. (2)) is solved for
providing the spatially distributed piezometric head in the simulated
domain.

QLR ¼ SLRALR
∂HLR

∂t
¼ −α Aexc HLR−Hð Þ þ Q ð1Þ

F
∂h
∂t

¼ ∇ KrKs——
∇ hþ zð Þ

� �
þ q ð2Þ

where QLRis the flow rate entering or leaving the linear reservoir
[L3T−1], SLR the storage of the linear reservoir [−], ALR the section of
the linear reservoir [L2], HLR the hydraulic head in the reservoir [L], α
the exchange coefficient between the linear reservoir with the external
domain [T−1], Aexc the exchange area between the linear reservoir with
the external domain [L2],H the piezometric head in the adjacent domain
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[L], Q the source/sink term [L3T−1], F the generalized (in variably satu-
rated conditions) specific storage coefficient of the porous medium
[L−1], h the pressure potential [L], Kr the relative hydraulic conductivity
[LT−1], Ks the saturated hydraulic conductivity [LT−1], z the gravity po-
tential [L], and q the source/sink term by unit volume [T−1]. H=h+z

and F ¼ Ss þ ∂θ
∂h where Ss is the specific storage [L−1] and θ the water

content given by a retention curve [−], considering water and media
compressibilities only in the saturated part of the soil.

Interactions between each subdomain can be described by internal
boundary conditions: Dirichlet (1st type) dynamic boundary condition
when continuity of head is assumed across the boundary, Neumann
(2nd type) impervious boundary condition for no flow boundaries be-
tween subdomains, and Fourier (3rd type) dynamic boundary condition
to assume a flux across the interface proportional to the head difference.
The term ‘dynamic’ is used to highlight the fact that the hydraulic heads
calculated on the boundary are time-varying unknowns of the problem
(i.e. they are calculated at each time-step).
2.2. Case study characteristics

Slate mines geometry may be highly complex and each particular
mine is specific. If themine has been abandoned for years, its character-
istics are often badly documented. Consequently, as a first step, and
based on the geometry of a potential specific site of a slate mine in the
Ardennes region of Belgium, the here modeled underground cavity is
simplified (Fig. 2). It is based on a typical one-chamber slate mine ge-
ometry of 50 m by 20 m on 50 m height. At the top of the cavity, a
30 m height rectangular prism, which links the underground cavity to
the surface, is added to conceptually represent the well of a mine. The
surrounding geological environment is extended up horizontally to
200 m away from the cavity and vertically to 50 m below the cavity
and 30 m above the cavity roof. The domain is divided into 12 vertical
layers of 10 m thick, except at the bottom of the domain where the
thickness of two layers is set at 20 m and at the bottom of the cavity
where the thickness of two layers is set at 5 m. The horizontal element
size is about 45mat the boundaries and is refined down to 8.5maround
the cavity.

The model consists in a 3D prismatic mesh. It is divided into two
subdomains: a linear reservoir for the cavity and a subdomain made of
finite elements of porousmedium for the surrounding aquifer. An inter-
nal Fourier dynamic boundary condition is set at the interface between
subdomains to simulate groundwater exchanges. It is derived from the
Fig. 2. General view and geometry of the numerical model. Light green surfaces represent
Dirichlet external boundary conditions with corresponding piezometric head. Light grey
surface represents the transect along which simulated piezometric head are observed at
75 m deep (corresponding to 55 m above the bottom of the mesh).
second term of Eq. (1) (Brouyère et al., 2009; Wildemeersch et al.,
2010):

QFBC ¼ α Aexc H−HLRð Þ ð3Þ

where QFBC, is the exchanged flow through the Fourier (3rd type) inter-
nal boundary condition [L3T−1], α the exchange coefficient between the
linear reservoir with the external domain [T−1], Aexc the exchange area
between the linear reservoir with the external domain [L2],H the piezo-
metric head in the aquifer and HLR the hydraulic head in the under-
ground reservoir [L]. The exchange coefficient is used to simulate
possible lining conditions of the mine walls: α values closed to aquifer
hydraulic conductivity (or higher) mean no lined walls conditions
while α values lower than aquifer hydraulic conductivity define lined
walls conditions. In each simulation described here after, the α values
are equal to K values to represent non-lined walls. Actually, α is numer-
ically defined by α=K/b, with b [L] corresponding to distance between
the reservoir and the porous medium. Hence, we considered a distance
of 1 m in our simulations. HLR is computed in the code after each time
step considering the outflows from and inflows to the linear reservoir.

TwoDirichlet external boundary conditions are adopted at two lateral
sides of themodelwithheadof 80mand79m, in order to obtain an initial
piezometric gradient of 1 m over themodel (Fig. 2). On the other bound-
aries, no flow conditions are prescribed. Given the adopted Dirichlet ex-
ternal boundary conditions and that the modeled slate mine is located
in the center of the model, the initial head inside the cavity is 79.5 m.

The values of parameters chosen for the reference case (Table 1) are
typical of slate mines and were chosen to be representative of the rock
properties of the potential mine site in Belgium (Bear and Cheng,
2010; DGO3, 2008). The same parameters are used for the sensitivity
analysis but varying the hydraulic conductivity from 1 × 10−5 to
1 × 10−9 m/s, which are potential values depending on the fracturing
(Bear and Cheng, 2010). To apprehend the sensitivity of the response,
we first consider hydraulic conductivity because it is the main rock
property that was expected to change in slate and, thus, that would in-
fluence the aquifer response. In addition, as α is considered representa-
tive to the hydraulic conductivity, its value was changed in parallel to
the hydraulic conductivity in order to avoid any influence of the
“rock-reservoir” interface conditions to the aquifer response.

The porousmedium is considered as homogeneous and isotropic in all
simulations because the objective of this work is to obtain general and
representative results that are useful as a first approach of the interaction
between groundwater and future UPSH plants. The representation of the
results would have been limited if in homogeneities such as fractures
would have been considered. Obviously, more detailed models will be
required during the design stage of future UPSH plants. In the variably
saturatedporousmedium, the retention curve and the related relativehy-
draulic conductivity are chosen as defined by Yeh (1987):

θ ¼ θr þ θs−θrð Þ
hb−ha

h−hað Þ ð4Þ

Kr θð Þ ¼ θ−θr
θs−θr

ð5Þ
Table 1
Value of main parameters used in the simplified SUFT3Dmodel for anUPSH in an old slate
mine (Bear and Cheng, 2010; DGO3, 2008).

Parameters Value Unit

K 1 × 10−7 m s−1

Ss 1 × 10−4 s−1

θr 0.01 –
θs 0.05 –
hb 0 m
ha −5 m
α 1 × 10−7 s−1
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where θs is the saturatedwater content [−], θr the residual water content
[−], hb the pressure head for the water content of θs [L], ha the pressure
head for the water content of θr [L], and Kr the relative hydraulic conduc-
tivity [−]. Such a simple relation is considered for these first applications
as studying water transfers in the unsaturated zone is clearly beyond the
objectives of this paper.

The pumping and turbining cycles of theUPSH facility are represent-
ed by the pumping (or injection) of water in the saturated zone of the
linear reservoir. In order to obtain a first understanding of the aquifer
response, a classical day/night pattern of electricity uses has been select-
ed. Two regular cyclic scenarios are considered (Fig. 3): scenario 1 con-
sists of a daily cycle of 12 h of pumping and 12 h of injection; scenario 2
of a daily cycle of 8 h of pumping and 8 h of injection separated by 4 h of
no-activity. These two scenarios were simulated to highlight the effect
of no-activity periods. Indeed, (U)PSH are not expected to run without
any no-activity periods between pumping and injection. On daily use
following electricity demands, there will often be no-activity periods
betweenhigh demand and lowdemandperiods. The pumping/injection
rate is constant and aims to empty/fill half the volume of the cavity
(25,000 m3) over an activity period. Consequently, it is 0.58 and
0.87 m3/s for scenarios 1 and 2, respectively. In our model, pumping is
simulated by using q in Eq. (2), which corresponds to a pumping rate
applied to the cells of the linear reservoir.

Groundwater evolution is computed over a period of 84 days
(≅3 months). The piezometric head evolutions are always computed at
75 m depth (corresponding to a head of 55 m) and at different distances
with respect the underground cavity along a transect perpendicular to the
piezometric gradient (Fig. 2).

3. Results

3.1. Reference case

Fig. 4 shows the computed head in the cavity and in the aquifer at
different distances from the cavity. Fig. 4A and B show the head evolu-
tion over the whole simulation period, respectively for scenario 1 and
2. Fig. 4C and D display detailed head evolution over one week at the
middle of the simulation period (day 42 to day 49). A daily mean draw-
down curve at the same distance is shown in Fig. 5A. The mean draw-
down is calculated based on the difference from the initial head
(deduced from the initial gradient between 80 m and 79 m over the
model) and the mean head per cycle (arithmetic mean of all head
over 1 day). A dailywater seepage volume from the surrounding aquifer
into the cavity is evaluated using the daily mean hydraulic head in the
cavity (Fig. 5B).

3.1.1. Piezometric response
Initially, the hydraulic head in the cavity is at equilibrium with the

groundwater piezometric head. Then, the pumping of water leads to a
quick decrease of the cavity hydraulic head, creating a sharp head
Fig. 3. Cyclic pumping/injection discharge diagrams (over 7 days) for scenario 1 without
no-activity period (blue line) and for scenario 2 with no-activity periods (red dashed
line). Positive discharge corresponds to pumping periods and negative discharge
correspond to injection periods (turbining phase of the UPSH plant).
gradient between the cavity and the aquifer (Fig. 4). In consequence,
groundwater seeps into the cavity producing a decrease of piezometric
head around the cavity. On the contrary, when water is injected, hy-
draulic head inside the cavity increases rapidly and passes above the pi-
ezometric head in the surrounding aquifer. Subsequently, water flows
back from the cavity into the aquifer, increasing the surrounding piezo-
metric head. A time lag is observed for minimum and maximum piezo-
metric head in the surrounding aquifer with respect the minimum and
maximum hydraulic heads in the cavity.

The repetition of water pumping and injection inside the cavity in-
duces head oscillation in the cavity and in the surrounding aquifer
(Fig. 4A & B). However, theses oscillations are damped with increasing
distance from the cavity: while the oscillation magnitude still reaches
few meters at 10 m, it drops near zero at a larger distance than 50 m
from the cavity. In addition to the decrease of oscillation magnitude
with distance from the cavity, the time lag of minimum and maximum
heads between the cavity and the surrounding aquifer is also increased
(Fig. 4C & D). Minimum and maximum heads in the cavity and in the
surrounding aquifer display increasing values over time, reaching up
to fourmeters at the end of the observation time. Note that the distance
of the drawdown influence does not depends on the direction because
themodeled porousmedium is homogeneous and isotropic which is re-
quired to reach representative results.

The no-activity periods of scenario 2 are clearly visible in the head
evolution in the cavity. Indeed, no-activity periods appear as head
stages (Fig. 4D), slightly increasing or decreasing according that they
follow pumping or injection periods. These slopes highlight the ex-
change of water between the cavity and the surrounding aquifer subse-
quently to head gradients. In the surrounding aquifer, the no-activity
periods are not clearly observed. However, the no-activity periods
allow the piezometric head nearby the cavity to equilibrate with the hy-
draulic head in the cavity: minima and maxima of oscillations are re-
spectively lower and higher.

3.1.2. Mean drawdown
The no-activity periods of solicitation (Scenario 2) do not influence

the mean drawdown in the surrounding aquifer. Indeed, mean draw-
down curves of scenario 1 (Fig. 5A, solid lines) and scenario 2 (Fig. 5A,
dashed lines) are superimposed. In scenario 2, the “pumping – no-activ-
ity” periods and “injection – no-activity” are identical and the total
stress over one day is the same as for scenario 1. Therefore, the aquifer
has the same time available to equilibrate in both scenarios. Conse-
quently, for each pumping-injection cycle, the piezometric head oscil-
lates around the same mean head in both scenarios. For irregular
cycles or stress pattern, a strongest influence of no-activity periods
would be expected.

A constant mean drawdown is reached progressively with time for
both scenarios (Fig. 5A). This varies according to the distance with re-
spect to the cavity ranging from 7 m (near the cavity) to 20 cm (at
100 m). Beyond this distance, it is reduced to almost zero at 200 m.

Beside this global trend, the dynamic of the decrease of drawdown
differs according to the distance from the cavity at any stage in the op-
eration of the UPSH. It increases gradually with a trend to stabilize at
late times for further distances of 50 m. In contrast, in the surrounding
aquifer closer to the cavity, the mean drawdown increases rapidly
reaching a maximum value during early times and, then, it decreases
progressively over time. This latter decrease is linked to the increase
of both the hydraulic head inside the cavity and the piezometric levels
in the surrounding aquifer (cf. Section 3.1.1). It seems that a progressive
recovery of the aquifer is observed from the initial stress by equilibrat-
ing progressively the global groundwater level.

3.1.3. Water exchanges between the cavity and the surrounding aquifer
The head evolution analysis (Fig. 4) shows that the hydraulic head in

the cavity increases over time. It is a result of water exchanges between



Fig. 4.Head evolution in the cavity and in the porousmedia at different distances from the cavity (0m–10m–50m–100m) for the reference case (K=1× 10−7m/s). Plots A & C represent
results of the scenario 1 and plots B & D represents results of the scenario 2. Plots A & B display the whole simulation times (84 days) and plots C & D detailed the head evolution between
day 42 and day 49.
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the cavity and the surrounding aquifer due to head gradients produced
by pumping-injection cycles.
Fig. 5.A -Mean drawdown in the aquifer at different distance from the cavity (0m–10m–
50 m–100 m) for the reference case (K = 1 × 10−7 m/s) with comparison of scenario 1
(solid line) and scenario 2 (dotted line). B - Daily seepage into the cavity for the
reference case (K = 1 × 10−7 m/s) with comparison of scenario 1 (dark dashed line)
and scenario 2 (light solid line). Scenarios 1 and 2 curves are nearly superimposed in
both figures.
The calculated daily water exchange budget for the cavity (Fig.
5B) highlights that the water exchanges are dominated by seepage
into the cavity (mean piezometric head higher that the hydraulic
one in the cavity), which explains the increase of the hydraulic
head in the cavity over time. This seepage presents higher values
during early simulated times (more than 100m3/day) and, then, it
sharply decreases over the 1st week and flattens progressively
around 20m3/day at the end of the observation time. In terms of rel-
ative volume (Fig. 5B, right axis), the seepage represents b1% of the
pumped water volume during early cycles and around 0.1% at the
end of the simulation time.

As for mean drawdown, scenario 1 and scenario 2 curves are
superimposed, meaning that the influence of the no-activity periods
on the water daily budget in the cavity is negligible.
3.2. Influence of hydraulic conductivity of the aquifer

The influence of the hydraulic conductivity on the aquifer re-
sponse is assessed by comparing the numerical results obtained by
variation of K (from 1 × 10−5 to 1 × 10−9 m/s). Scenario 1 and sce-
nario 2 are considered. The effect on the piezometric head is exam-
ined by comparing the oscillation magnitudes in the cavity and in
the aquifer (Fig. 6) and a 1 week-detailed view of head evolution
(Fig. 7), as well as the mean drawdown around the cavity (Fig. 8).
These figures only take into account distances from the cavity up to
50 m: at further distances, computed results show weak variations.
Finally, Fig. 9 shows the influence of K on computed daily seepage
into the cavity.

Mean drawdown and daily seepage computed considering scenario
1 and scenario 2 are not compared because they are similar for both
scenarios.



Fig. 6. Evolution of oscillationmagnitude in the cavity (A–B) and in the surrounding aquifer at different distances from the cavity (C to H) for hydraulic conductivities from 1× 10−5m/s to
1 × 10−9 m/s: comparison of scenario 1 (left column) and scenario 2 (right column). The magnitude scale is changed for each diagram.
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3.2.1. Piezometric impact
Fig. 6 shows the evolution of oscillation magnitude in the cavity and

in the surrounding aquifer. The value of K influences mainly the oscilla-
tion magnitude in the surrounding aquifer: the magnitude decreases
when the hydraulic conductivity is lower. In the cavity (Fig. 6A & B),
the influence of the hydraulic conductivity value is quite limited, as
the head variation is mainly controlled by the pumping/injection rate.
However, for high hydraulic conductivities (K N 1 × 10−7 m/s), the os-
cillationmagnitude is approximately 1 m smaller for scenario 2 in com-
parison with scenario 1, except at the early beginning. As the pumping/
injection rates are not modified depending on K, the difference is pro-
duced by the variation of seepage into the cavity. Consequently, this
seepage leads to increase the hydraulic head in the cavity over time, es-
pecially for higher hydraulic conductivities as it is highlighted by the
shift of the piezometric head curves in comparison with lower conduc-
tivities (Fig. 7A).

In the aquifer, whatever the distance from the cavity being consid-
ered, the oscillation magnitude displays large differences between
values obtained with lower and higher values of K (Fig. 6C to H). Mini-
mum oscillation magnitudes occur for lower hydraulic conductivities.



Fig. 7.Head evolution during 1 week (day 42 to day 49) in the cavity (A) and in the aquifer at different distances from the cavity (B: 0 m, C: 10 m & D: 50 m) for hydraulic conductivities
from 1 × 10−5 m/s to 1 × 10−9 m/s: comparison of scenario 1 (solid line) with scenario 2 (dotted line).
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This damping ofmagnitude for low K appears also distinctly in Fig. 7B to
D with the piezometric head curves tending toward a flat line for lower
K. This reflect the fact that the influence area of the pumping/injection
activities is smaller for lower hydraulic conductivities.

As already pointed out in the results of the reference case, the oscil-
lation magnitude decreases with distance from the cavity. According to
the hydraulic conductivity, oscillation magnitude ranges from b1 m to
20 m near the cavity (Fig. 6C & D). Its maximum value decreases
Fig. 8.Mean drawdown in the aquifer at different distances from the cavity (0 m–10
progressively with the distance and reaches up to 11 m and up to
1.7 m at respectively 10 m and 50 m from the cavity (Fig. 6E to H).
The oscillations magnitude drops rapidly towards zero at further
distances.

The value of the hydraulic conductivity also impacts theway the no-
activity periods of scenario 2 are displayed. In the cavity, no-activity pe-
riods lead to greater oscillation magnitude (Fig. 6B): during no-activity
periods, water levels keep varying, especially for K=1× 10−5 m/s (Fig.
m–20 m–50 m) for hydraulic conductivities from 1 × 10−5 m/s to 1 × 10−9 m/s.



Fig. 9. Daily seepage into the cavity for hydraulic conductivities from 1 × 10−5 m/s to
1 × 10−9 m/s.
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7A, dotted line). In the aquifer, the oscillation magnitude is greater for
scenario 2 in case of higher hydraulic conductivities andmore distinctly
at smaller distance from the cavity (Fig. 6D-F-H). For these high hydrau-
lic conductivities, the no-activity head stages in the cavity is also detect-
ed in the surrounding aquifer with progressive damping with distance
from the cavity (blue dotted lines in Fig. 7B to D). In contrast, for smaller
hydraulic conductivities, head stages vanish and merge with the global
head oscillation (green and red dotted lines in Fig. 7B to D).

3.2.2. Influence on the mean drawdown in the surrounding aquifer
The hydraulic conductivity value modifies the influence area, the

magnitude of the mean drawdown, and the evolution feature (Fig. 8).
The mean drawdown is negligible at distances further than 50 m for
all values of K.

The mean drawdown computed close to the cavity during early
times is higher when K is increased (Fig. 8A & B). After the early rise,
it rapidly decreases and then vanishes (i.e. calculated piezometric
head oscillate finally around the initial one). On the contrary, for
lower K, the mean drawdown increases constantly during the first
weeks until reach a constant and maximum value. A significant mean
drawdown takes place in the early days and then decrease slightly
over time for intermediate K.

At further distances from the cavity (N20m) (Fig. 8C & D), the mean
drawdown evolves in the same way as previously, but with smaller
magnitudes. However, for the lowest K, almost no mean drawdown is
computed, showing that the radius of influence is limited.

3.2.3. Seepage flow rate
The cyclic pumping and injection periods create exchanges of water

between the cavity and the surrounding aquifer. As already pointed out
for the reference case, the daily budget of these exchanges shows that
there is a net seepage into the cavity, leading to progressive increase
of the cavity water level. The computed head evolution in the cavity
highlights clearly this behavior, especially for higher conductivities.
The hydraulic head curves in the cavity display increasing maximum
values in comparisonwith the initial head, corresponding to the expect-
ed maximum head if no seepage occurred (Fig. 7A).

Cyclic pumping/injection periods induce seepage for every hydraulic
conductivity considered (Fig. 9). For low hydraulic conductivities, seep-
age remains relatively constant during the whole observation time, but
only with few cubic meters. It is negligible with respect the total
pumped water volume per day (b0.05%) and it does not affect signifi-
cantly the hydraulic head evolution. In contrast, inmore permeableme-
dium (K N 1 × 10−6 m/s), seepage is more important, especially during
the first days of solicitation with up to 3000 m3 of seeped water (≈12%
of the daily pumped water volume). However, for these highly perme-
ablemedia, the seepage is decreasing rapidly with time: after important
values during the first week (over 250 m3 equivalent to ≈1% of the
daily pumped water volume), seepage drops down to 25m3 (≈0.4% of
the daily pumped water volume) and it turns to be negligible (below
10 m3 per day) after around 30 days. Seepage decreases rapidly for
highly permeable media because themine is filled faster, and therefore,
the head difference between inside and outside the cavity decrease in a
short period. This behavior explains the increase of hydraulic head in
the cavity and the subsequent decrease of mean drawdown: the seeped
volume in the cavity allows the system recovering progressively from
the initial drawdown over the observation time. For intermediate hy-
draulic conductivities, the seepage appears more or less stabilized and
under 100m3 (namely 0.4% of daily pumped volume).

4. Discussion

4.1. Cavity and porous medium, a reciprocal interaction

The cyclic pumpings and injections induce piezometric head oscilla-
tions in the aquifer. Themagnitude of these oscillations varies according
to the distance from the cavity and to the hydraulic conductivity of the
aquifer. An increase of the hydraulic head in the cavity is observed at
each cycle when regular cycles are considered, which leads to a rise of
the mean head. This increment is produced by the net seepage from
the surrounding aquifer into the underground cavity. The higher the hy-
draulic conductivity, the higher the seepage and, then, the higher is the
total head increment in the cavity. As themeanhydraulic head increases
in the cavity, the piezometric head increases also in the surrounding
aquifer.

These reciprocal interactions explain the difference in the draw-
down dynamic between high and low hydraulic conductivity media.
For high K, hydraulic head increments show large values, leading to a
consequent increase ofmeanpiezometric head in the surrounding aqui-
fer, reducing the drawdown. Consequently, the mean head in the aqui-
fer equilibrates progressively the initial piezometric head, which
remains constant at large distance from the cavity. On the other hand,
in low permeable medium, seepage, and subsequent head increments,
are weak, limiting the increase of mean hydraulic head in the cavity,
and, therefore, in the surrounding aquifer. In addition, smaller re-
sponses to solicitations (oscillation magnitude, drawdown and influ-
ence area) are observed in this kind of aquifers, resulting in a
drawdown that increases continuously or trends toward a significant
constant value.

4.2. Cyclic stresses and steady state

The drawdown and seepage evolutions show both trends towards
constant values over time. Head evolution, especially for high hydraulic
conductivities, seem also stabilizing the oscillation around a constant
value. These observations would suggest that the system could reach a
“steady-state” under cyclic stresses.

For an open-pit UPSH configuration, Pujades et al. (2016) showed
that cyclic pumping/injection in the cavity evolves towards a “dynamic
steady-state” after the initial disruption of the system. The “dynamic
steady state” is achieved when the mean head around which ground-
water oscillates reaches a constant value. The time required to reach
this “dynamic steady-state” appeared being dependent on the hydraulic
properties of the aquifer. The higher is the hydraulic conductivity, the
faster the dynamic steady-state is reached. This “dynamic steady-
state” could be considered in order to explain the seepage and draw-
down trends towards constant values over time. However, for most of
our results, the “dynamic steady-state” is not reached. Indeed, formedi-
um and low hydraulic conductivities, longer simulation times would be
required to reach it.

4.3. Impact on feasibility

These first results point out some key features about the groundwa-
ter response under cyclic stresses created by using an old underground
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mine as lower reservoir of an UPSH. These observations can be brought
in a UPSH feasibility context.

Groundwater oscillations and drawdown around the cavity could ei-
ther interfere with other human activities, such as pumping wells for
example, either develop geomechanical instabilities in the surrounding
rock environment. On the other hand, the progressive head increment
in the cavity, due to the water exchanges with the surrounding aquifer,
may influence the energetic efficiency. This increment depends on both
the hydraulic conductivity of the porousmediumand the frequency and
rate of pumping cycles.

From the hydraulic conductivity sensitivity analysis, opposite out-
comes for the feasibility were underlined. Low hydraulic conductivity
media appeared being more suitable as the induced oscillation magni-
tude around the mine is lower than in high hydraulic conductivity
media. Concerning the drawdown, either high or low hydraulic conduc-
tivitymedia could be appropriate as the drawdown tends to vanish or is
very space-limited, respectively. Intermediate hydraulic conductivity
media turned out to be the worst cases with a significant drawdown
value, and wide area of influence. Drawdown will be negligible in case
of high hydraulic conductivity media after some time because the
head around groundwater oscillates reaches its initial position in a
short period given the high seepage provided. Although high hydraulic
conductivities are not a problem regarding the drawdown, in case of
seepage, these should be avoided as the seeped water volume is clearly
non-negligible and would significantly impact the efficiency with
regards to additional pumping volume.

In addition to these key features, the regularity of the pumping/in-
jection time pattern should also be considered given that the
pumping/injection rate, the duration of each period and the occurrence
of no-activity periodswould also influence the system response. Our re-
sults show that such a system could reach at some point a “dynamic
steady-state” under regular cyclic stresses, limiting therefore the im-
pacts. However, an irregular time pattern would probably prevent
reaching this kind of steady-state.

5. Conclusion

A simplified groundwater model based on a slate mine geometrical
properties highlights that using an old underground cavity as lower res-
ervoir of an UPSH will impact the surrounding aquifer. Repeated
pumping/injection cycles in the underground cavity are transmitted
through the aquifer as piezometric head oscillations. The magnitude of
head oscillations is attenuated when reducing the hydraulic conductiv-
ity and/or considering increased distance from the cavity. Larger oscilla-
tions across a wider influence areawill be expected in highly permeable
porousmedium. The cyclic pumping/injection solicitations also induce a
mean drawdown in the surrounding aquifer with extent, magnitude,
and decreasing trend dynamic depending on the hydraulic conductivity
value. In low hydraulic conductivemedia, a significantmean drawdown
is reached progressively and tends towards a constant value over time.
The drawdown is however limited spatially from the cavity. In case of
high permeablemedia, a large drawdown appears rapidly and gradually
decreases over time towards a zero value. For intermediate permeable
porousmedia, the drawdown is lower than for lowhydraulic conductiv-
ity media, but it extends over a wider area.

The analysis of the water level evolution in both the aquifer and the
cavity, subsequent to cyclic pumping/injection in the cavity, underlines
the importance of the reciprocal interactions between the cavity and the
surrounding groundwater with significant influence of hydraulic prop-
erties of the aquifer. More precisely, in addition to the piezometric
head evolution in the aquifer, the solicitations also induce hydraulic
head evolution in cavity as the seepage into the cavity over time, leading
to an increase of the meanwater level in the cavity. This process is neg-
ligible for low hydraulic conductivities but could become important for
high hydraulic conductivities, influencing negatively the efficiency of an
UPSH system due to additional water volume to pump.
The two different pumping/injection cycles (without and with no-
activity periods), applied on our model did not significantly influence
the system response (oscillation magnitude, drawdown nor seepage)
because of the regularity of these cycles in terms of period duration
and pumping/injection rates. It is then expected that irregular cycles
of pumping/turbining, as required by realistic production/demand elec-
tricity variations, would lead to a distinctive response.

These first preliminary results highlight the main key
hydrogeological features of such a project. In terms of impacts, induced
head oscillations and drawdown around the cavity could have conse-
quences on depending ecosystems or for other human activities. In
terms of energetic efficiency, the progressive head increment in the cav-
ity may influence badly the efficiency probably depending on the
adopted pumpand turbine characteristics. This induced head increment
in the cavity depends on both the hydraulic conductivity of the porous
medium and the frequency and rate of pumping cycles.

However, on future works, it will be interesting to investigate the
hydrogeological feasibility in details and on a specific chosen site, with
focus on the effect of non-homogeneous porousmedium and of hetero-
geneities occurrence (e.g. fault) in the geological environment, as well
as the influence on the system response of the use of realistic
pumping/injection curves.
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