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Abstract

Pump storage hydroelectricity is an efficient wayemporarily store energy. This technique
requires to store temporarily a large volume ofewat an upper reservoir, and to release it
through turbines to the lower reservoir, to prodalsztricity. Recently, the idea of using old
flooded quarries as a lower reservoir has beenesliodowever, these flooded quarries are
generally connected to unconfined aquifers. Conseilyy pumping or injecting large
volumes of water, within short time intervals, wilave an impact on the adjacent aquifers.
Conversely, water exchanges between the quarryrenaquifer may also influence the water
level fluctuations in the lower reservoir. Usingnmerical modelling, this study investigates
the interactions between generic flooded open ydirges and adjacent unconfined aquifers,
during various pump-storage cyclic stresses. Tlmpgwgation of sinusoidal stresses in the
adjacent porous media and the amplitude of wated Buctuations in the quarry are studied.
Homogeneous rock media and the presence of fractaréhe vicinity of the quarry are
considered. Results show that hydrological quamyck interactions must be considered with
caution, when implementing pump — storage systé&ms.rock media characterized by high
hydraulic conductivity and porosity values, watelumes exchanges during cycles may
affect significantly the amplitude of the water éévluctuations in the quarry, and as a
consequence, the instantaneous electricity pramiucRegarding the impact of the pump —
storage cyclic stresses on the surrounding enviemnithe distance of influence is potentially
high under specific conditions, and is enhancedh wie occurrence of rock heterogeneities,
such as fractures. The impact around the quarrg asea lower reservoir thus appears as an
important constraining factor regarding the fedi$ybiof pump — storage systems, to be
assessed carefully if groundwater level fluctuegiaround the quarry are expected to bring up
adverse effects. Results highlight opportunitied ahallenges to be faced, to implement

pump — storage hydroelectricity systems in old died open pit quarries.

Keywords:

Pump Hydro Energy Storage systems; quarry - aginferactions; oscillatory pumping tests;

groundwater; open pit.



1. Introduction and objectives

The energetic production currently induces a lotsotio-economic and environmental
challenges. Part of this production is more andamaade from renewable energy sources,
and the integration of this intermittent energy tire power distribution grids becomes
problematic (Connolly, 2010). In this context, hydiectricity is highly interesting because it
constitutes an efficient way to temporarily stonergy. This is actually needed for regulation
purposes, to manage the variable energy demangraddction across a day. Pump-storage
systems generally consist of an upper and a loesarvoir. Water is pumped from the lower
to the upper reservoir during periods of low enedgynands. During high energy demand
periods, water is released into the lower resettwough turbines, to produce electricity. The
period of the cycles is typically from one to a féaurs. The amount of produced energy
mainly depends on the elevation difference betwibentwo reservoirs, and the volume of
water involved. This technique thus requires vargé water reservoirs. Some pump-storage
systems have already been installed in differeanhttees (Rehman et al., 2015). This kind of
hydroelectric stations classically use imperviotigieéal water reservoirs and are connected
to the high voltage power grids. Recently, the idéaising the numerous abandoned and
flooded quarries or underground mines as storagerveirs has been discussed (Figure 1).
Due to the topographic context, these quarries raimees would generally be used as the
lower reservoirs (Uddin and Asce, 2003). This wowddow saving some reservoir
construction costs, reproducing these systemseimidny existing sites, and connecting them
to the medium-voltage power grids (Madlener andc8pe2013). Quarries and mines can
however not be considered as impervious reservdhigy are actually in close interaction
with the adjacent rock medium (Figure 1). As a eguence, pumping or injecting large
volumes of water in a quarry or a mine, within ghone intervals, will inevitably induce an
impact on the surrounding groundwater table. Relgraunder this kind of pumping and
injection stresses, water exchanges between tloaldtb quarry and adjacent unconfined

aquifers may also impact the amplitude of wateell@uctuations in the lower reservoir.
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Figure 1. Simplified representation of a pump-storge system between an upper artificial reservoir anad
flooded quarry (lower reservair).

Studying the interactions between the flooded xeserquarry or mine) and the adjacent
water table is crucial to decide on the feasibitifythe projects. The water level fluctuations
in the flooded quarry constitutes an important peeeer of the hydroelectric production,
because the drop of elevation between the watezldewf two reservoirs defines the
productivity of the system. These water level fliattons must therefore be evaluated
carefully, including the potential influence of tixater exchanges between the reservoir and
the rock medium. The fluctuations, induced in tkservoir, will propagate into the rock
medium. The distance of propagation also has tquamtified, to determine the impact of
pump-storage systems on the environment. This cessary, for example to assess the
cohabitation with other actors such as neighbogirgindwater pumping areas. Similarly, soil
stability problems, related to the subsidence dlapse of some weathered rocks in the
vicinity of the quarry (Kaufmann and Quinif, 2002)ay be caused or exacerbated by the

induced fluctuations of the groundwater table.

Very few pump-storage systems, using permeablerveise, have been studied from a
hydrogeological perspective. A few cases involvimgierground mines have been reported.
For an example, (Severon, 2011) investigates tlssilpitity of recycling some iron mines in
pump-storage systems. Some underground mines ntagllsicbe interesting because they
potentially enable a great elevation differencerMeen the reservoirs (Pujades et al., 2016).
However, these mines also generate some importagtiqns regarding their stability, and
almost all studies have focused on geomechaniaatblgns (e.g. Lee and Song, 2003).
Almost no research about pump-storage systems tisinded quarries is reported. A few

hydrogeological studies involving quarries haverbperformed, but they focus on steady-



state problems. As an example, Eberts and BairO)1B@ve assessed the impact of quarry
dewatering on long-term groundwater resources, rdagg to the hydrogeological context.
Lepage et al. (1999), have studied groundwateracoiniation issues induced by a landfill
located in an old quarry in Canada and have higtén) the influence of the geological
structures. Pump-storage systems are however ehffers they involve transient processes,
with unusual frequencies of stresses in groundwsystems. Water is actually pumped or

injected cyclically, over short time periods, vanyifrom one to a few hours.

Recently, this kind of cyclic stresses has beerestigated, through the development of
oscillatory pumping tests (Bakhos et al., 2014; ak2009; Black and Kipp, 1981; Cardiff
et al., 2013; Guiltinan and Becker, 2015; Rabinbwvit al., 2015; Rasmussen et al., 2003;
Renner and Messar, 2006). The approach is to obhtairaulic parameter estimation, using
the amplitude and phase shift of water level cstdhs induced in a specific point, and
propagated in the porous media. This approach app®abe useful in some specific
conditions (Bakhos et al., 2014; Rasmussen e2@03). For example, when the intensity of
the propagated signal becomes similar to the arhlmerse, simple signal processing can
differentiate and extract specific frequency comgds, and thus increase the resolution of
the method. Although the context of these testsliiferent compared to pump-storage
systems, the processes involved are similar. @szilf pumping tests have generally been
used to estimate hydraulic properties in oil resisy but they have also been applied and
studied in groundwater. reservoirs. Rasmussen e{(2803) have performed oscillatory
pumping field experiments in a confined, leaky apdrtially penetrating aquifer and
estimated the hydraulic parameter values with aty#inal solution. Black and Kipp (1981)
have estimated. the different ranges of hydraulftusivity, for which sinusoidal pumping
tests can be applied, using the amplitude and pbkh#e of the measured signal in a
homogeneous isotropic confined aquifer. Bakker @08tudied the effect of aquifer
heterogeneities on the response of a sinusoidapmgrsequence, using an analytic-element
solution. The possibility to use oscillatory punpitest for hydraulic imaging is investigated
by Cardiff et al. (2013) with oscillatory pumpingsts performed in homogeneous and
heterogeneous confined aquifer. Cardiff et al. 80IRenner and Messar (2006) and
Guiltinan and Becker (2015) highlight the influerafethe frequency in the propagation of the

induced stressed and in the investigated scaleeodscillatory pumping test.

All these studies have been performed consideramjimed aquifers. In the case of pump —

storage systems in open pit quarries, concerneifeasjare however mostly unconfined. To



our knowledge, only one recent study has considsueti aquifers. Using experimental field
works, laboratory and analytical analyses, Rabctovet al. (2015) have studied the
dependence of the calculated hydraulic parametieresaon the prescribed cyclic stresses

frequency, in an unconfined aquifer.

The scale to be considered in pump-storage sysiestalled in large surface reservoirs is
also very different from the system dimensions wered in previous studies. The typical
size of open pit quarries is several tens or hudglog meters. As a consequence, the scale to
consider, the water flow rates to pump and injaot the capacity effects-to consider in the

quarry are much more important, than in previoushestigated experimental sites.

Considering this context, the general objectivetto$ paper is to study the interactions
between a flooded open pit quarry and an adjaceabnfined aquifer, during cyclic water
pumping and injection in the quarry, for pump-sg@asystem operations. We focus our
attention on the water volumes exchanged betweequhrry and the rock media, and on the
environmental impact of the cyclic stresses orstireounding aquifer. Numerical simulations
are used to investigate different configurations,aafunction of several sets of hydraulic
parameters values. We consider the case of a horeogs media, the presence of fractures,
the influence of the cyclic stresses frequency iatehsity, and the influence of the regional
hydraulic gradient. The results are discussed daggthe feasibility of pump-storage storage
systems as a function of the hydrogeological cardéihe open pit flooded quarries.



2. Methods

2.1 Conceptual model

Pump-storage

flowrate
3 ol
s Injection
Pumping
Time [s]

b Groundwater h, h
z exchange <1

X quarry/rock media

S S S S S

Figure 2. Conceptualization of a flooded quarry afécted by cyclic stresses (water pumping and injectn).

Figure 2 conceptualizes the system consisting fidagled open pit quarry affected by cyclic
stresses, and the surrounding rock media, wheracewl groundwater level variations
propagate. The case of unconfined aquifers is skaly considered. The limits of the system
are chosen far enough from the quarry so thathbeg no influence on the studied processes.
The quarry has a prismatic rectangular shape alutaed at the center of the domain. The
lower limit of the modelled area corresponds tolibéom of the quarry. Groundwater fluxes
through the base of the quarry are consequentlycoosidered. This case is frequently
observed when the base of the quarry also corrdsptmna geological limit. Cyclic stresses
correspond to water pumping and injection in theropit quarry. In this study, stresses are
conceptualized as sinusoidal variations, as iltettan Figure 2. Negative and positive values
correspond to water pumping and injection, respelsti In a real pump-storage system,
stresses would not be sinusoidal, as further désszig Section 4. However, working with a
sinusoidal signal presents some advantages (Bakhoa., 2014; Cardiff et al., 2013;
Rasmussen et al., 2003; Renner and Messar, 200@).sihusoidal input signal is fully
controlled and characterized by a unique frequemadye, so that the output measured signal
is easy to recognize and analyze. Results areealsier to compare with other studies, which

have used the same kind of stresses.



2.2 General equations

Assuming that flows are essentially horizontal, medel flows in 2D using the classical

Dupuit-Forchheimer equations (Dupuit, 1863).

The flow equation within unconfined aquifers is:

—— (1)

with the specific yield [-]
the variable groundwater head equal to the sa&dithickness [m]
t the time [s]

the hydraulic conductivity [m’§.

In the quarry we assume that the hydraulic headifrmly equal toh. and can be directly
derived from a simple flow balance of the pumpeddted water and of the interaction with

the aquifer:

_ -, = (2)

where is the surface of the quarry [m?]

is the maximum value of the sinusoidal flow ratposed in the quarry
[m3.s7]

is the period of the imposed sinusoidal flow fale
is the unit vector normal to the limit of the quelr]
is the contour of the quarry [-].

Continuity conditions are imposed at the interfadeetween the aquifer and the quarry on the
hydraulic head:

#E% L %'(#)( . 3)
Initial conditions are imposed on the whole consdedomain
#E% * L'#)( (4)

where, is the entire domain [-].



The objective of this study is to assess the impéthe periodic pumping and injection flow
rates on the water head variations in the quardyiarthe surrounding rock environnement.
To reach this objective, different specific outpatiables will be calculated and analyzed for

several scenarios, as a function of the main hydrparameters.

The amplitude of the water level variations at aoint of the modelled area can be expressed
as in Equation 5. This amplitude is expected tanghaaccording to the hydraulic parameters

of the rock media, and to the related quarry-growatdr interactions.
- # # ., #(012(3( 4 (

More specifically, the amplitude of the water levatiations in the quarry is noted -as.

- e e - ass (012(3( 5(

The amplitudes of the hydraulic head fluctuationarey point of the model is used to define a
‘distance of influence’ of the pump-storage operagi in the rock media. This distance of
influence is defined as the distance between tlaergwalls and the point in the rock domain
where the amplitude of the hydraulic head fluctuatis reduced by 99%, compared to the
theoretical amplitude of the water level fluctuasoin the quarry, in absence of any water
exchange between the quarry and the rock mediwn ifi. a quarry located in a totally

impervious medium) (Equation 7):

d [m] : distance from the quarry wall to the pd(}, where'G— 7% 89 [-1( 2 (
re Z2H(012(3( A(

; & represents the theoretical water level fluctuaiiorthe quarry during a half period of
sinusoidal pumping, in absence of any water exchamgfween the quarry and the rock

medium.

2.3Dimensionless equations

Several parameters related to the hydraulic prigigetthe size of the quarry and the sinusoidal
stresses are involved in the equations. To redueetmber of parameters and simplify the

analysis, non-dimensional parameters and varidiales been introduced.

Dimensionless variables, related to the sinusoplahping imposed in the quarry, are

introduced:



B —(oc( B, —(0c( B -(0C2( 9)

Incorporating these variables into Equations 1 teatls to the following non-dimensional

equations:
__EDﬁ_ EFBERG (10)
ED (3 %D BE_E B (11)
Ba®, B B )( B (12)
Bagw  '@)(FE (13)

Based on these equations, three non-dimensionateders are defined.

F (—(oc2 (14)
E (2—o0c2 (15)
B _t0c2 (16)

F is interpreted as a non-dimensional diffusivitytieé aquifer, and does not depend on the
quarry dimensionsE is understood as a non-dimensional exchange dgpaeiween the

quarry and the aquifeP is the effective depth of the aquifer.

By substituting .these non-dimensional parameter&quoations 10 to 13, the final non-

dimensional formulation of the problem is:

E
==, EFEEEG (17)
= (3 %D E_B- B (18)
By H d#®B)(B (19)
B 89 BE'#B)(,E (20)

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

BHE, represents the amplitude of the water level flatitins in the quarry, normalized by the
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theoretical amplitude in absence of any water exghabetween the quarry and the rock

medium:
B ( < ((0c2(3( 7((

B is the distance of influence, normalized by theotetical amplitude of the water level
fluctuations in the quarry in absence of any waterthange between the quarry and the rock

medium.

B ( 2(P(0C2( (

2.4 Numerical methods

Equations 17 — 20 are solved using Modflow 2005rifldagh, 2005). The modelled area,
including the open pit quarry and the surroundinganfined aquifer, is discretized using one
layer of rectangular finite difference cells. Amsequence, calculated groundwater fluxes are
horizontal, and the Dupuit-Forchheimer approxinratisiconsidered. It enables to reduce the
total number of cells and to prevent numerical peois related to saturation — desaturation of
cells. Errors induced by Dupuit-Forchheimer appration have been quantified by
comparing multilayer and monolayer model resultse Tnaximum difference in terms of
groundwater fluxes remains below 2% when the drawdonduced in the quarry is
comparable to the aquifer thickness.

The grid is composed by irregular rectangular c@lisxt to the quarry, cells are squared with
a width of 1 m. Away from the quarry, cells areteggular with a size increasing with the
distance to the quarry walls, by a factor of 1.06rg row and column. This mesh ensures
higher accuracy next to the quarry, where grouneieriations are expected to be higher. In
the quarry, the hydraulic parameters have beerifiggkto represent the volume of water and
the absence of rock medium. The specific yield hastequal to 1 and the hydraulic
conductivity has been fixed several orders of miagie larger than the maximum aquifer
hydraulic conductivity investigated. In these cdiaahs, the simulated hydraulic head field in
the quarry can be considered as uniform.

Constant groundwater head boundary conditions sescpgbed on the external limits of the
model. These boundaries are located far enough finenquarry to prevent any influence on

the studied processes. Initial groundwater heagls@anstant all over the modelled area and
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equal the prescribed heads on the external lilN&sural groundwater recharge are neglected.
Sinusoidal stresses are applied as prescribedsfloreall cells corresponding to the open pit
quarry.

In the following ‘Results’ section, several sceoariare considered, as a function of the
hydraulic parameters values of the rock mediumfrgguency and intensity of the sinusoidal
stresses in the quarry, and the regional hydrogémiband geological contexts. All displayed
results are considered when a ‘steady periodité s¢areached, i.e. when the amplitude of the
fluctuations is constant and not influenced byitfigal conditions.

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

The impact of cyclic pump — storage operationsirist Studied for a quarry located in a
homogeneous rock media. This case study is quit@lsibut enables to understand more
easily the hydrogeological response of such systems

Numerical calculations have been performed usiregifip quarry, rock and pump — storage
properties. In the following paragraphs, results presented using the non-dimensional
formalism exposed in Section 2.3, and are basetherfollowing parameters ranges. The
squared quarry has horizontal dimensions betweeddxI@ m and 200x200 m, and a
saturated depth of 80 m. Pump-storage stressée iquarry are sinusoidal, with a frequency
included between 1.6 and 24 cycles per day. Indstexbses are simulated for hydraulic
conductivity ranging from 1 to 10° m.s*, and specific yield ranging from 0.01 to 0.30.
Such ranges have been chosen according to exppuotpérties in such a pump storage

system.
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Figure 3. (A) Non-dimensional amplitude of the watelevel fluctuations in the quarry B8 according to
the non-dimensional diffusivity & and exchange capacityE. The range between two adjacent isovalue
curves is-equal to 0.02. (B) Non-dimensional distaa of influenceUlh the rock media, according to the

non-dimensional diffusivity & and exchange capacit§. The range between two adjacent isovalue curves
is equal to 1. The black dots correspond to couples non-dimensional diffusivity and non-dimensional

exchange capacity values, where the non-dimensiorainplitude and non-dimensional distance of
influence were actually simulated using the numeria model.

Figure 3A and B show the non-dimensional amplitofi¢he water level fluctuations in the
quarryEER and the non-dimensional distance of influeRda the rock media, as a function
of the non-dimensional exchange capadityand the non-dimensional diffusivify. These
two graphs directly give the evolution of the twivestigated variables as a function of the

two non-dimensional parameters. The non-dimensicmaplitude of the water level



fluctuations in the quarr{ decreases ds increases ankf decreases (Figure 3A). Within
the ranges of parameter values considered intiniy sthis non-dimensional amplitude varies
between 1 and 0.78. The unity value correspondsitinpermeable lower reservoir without
any quarry — rock medium water exchange. The naredsional distance of influence
increases witlE and is independent &t (Figure 3B), as the isovalue curves are globally
horizontal. This non-dimensional distance of influe is included between 0 and 30 for the

considered parameters values.

The two graphs of Figure 3 also enable to analyserpact of pump-storage systems as a
function of all dimensional parameters definiagand F. For any specific context related to
the rock hydraulic properties, to the quarry dim@ns, and the pump-storage configuration,
results of Figure 3 allow specifying the potentiater 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 disgdanent along the 1/1 direction (Figure 3),
as the hydraulic conductivity defines bdtrandE non-dimensional parameters (Equations 14
and 15). The amplitude of the water level fluctomsi in the quarry decreases and the distance
of influence in the rock increases, as the hydcacdinductivity of the rock increases. These
effects are logically explained by higher water leages and an easier propagation of the

induced stress in a more permeable rock media.

A change of specific yield implies a displacemelaing the vertical direction. When the
specific yield value increases, both the amplitatithe water level fluctuations in the quarry
(Figure 3A)and the non-dimensional distance dtigrice (Figure 3B) decreases, due to more

important storage effects in the rock.

An-equivalent increase in hydraulic conductivitydaspecific yield implies a displacement
along the horizontal direction. In this contexte tithange regarding the water level
fluctuations amplitude in the quarry is more impott 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 logicaitluces smaller absolute fluctuations in
the quarry and in the surrounding environment. Awynped or injected water volume is

actually distributed over a larger quarry volumeddiionally, the interface between the
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quarry and the rock media is also increased, imdugpotentially different quarry — rock

interactions.

To figure out the impact of the quarry dimensiomsaimore tangible way, a change of the
quarry surface may be considered, keeping the paean; constant. In this case, the
maximum value of the sinusoidal flow ratg,, is increased by the same ratio as the quarry
surfaceS so that water level fluctuations are only diffeyidue to the potentially different

guarry — rock media interactions.

A similar increase 08 andW,, induces a decrease Bfand has no effect dg, resulting in

a horizontal displacement, to the left, on the psapf Figure 3. Therefore, the non-

dimensional amplitude of the water level fluctuaioin the quarry increases, towards the
unity value. In other words, the attenuation of tater level fluctuations in the quarry is

relatively less important for a larger quarry. Thisservation may be explained by the fact
that the water volumes exchanged between the gaadythe rock media increase with the
perimeter of the quarry. These volumes are howelstributed over the whole quarry

surface, which increases faster than the perimitexr similar context, keeping the parameter
Vg constant, the non-dimensional distance of infleeimcthe rock media is not influenced by

the quarry surface.

3.1.3 Impact of the frequency of the pump-storage steegsthe quarry

The frequency of the pumping/injection flow ratpsgscribed in the quarry, is depending on
the electricity market prices and on the instardaseregional electricity production and
demand. This frequency is therefore variable actbsesday, but may be approximately

considered as included between one and a few [fBurspean Commission, 2017).

The impact of the frequency may be discussed owgrtéyehs of Figure 3, in a similar way as
for the quarry dimensions, keeping the paraméteronstant. In this contexX}y, must vary
in.the same proportion as the frequency, or innseg@roportion to the peridd It also means

that the same water volumes are pumped/injecteidgiarsingle pump — storage cycle.

An increase of the period (a decrease of the frequency), keeping constant, induces a
similar increase oF andF, resulting in displacement along the 1/1 diregtiowards the top-
right graphs corners (Figure 3). These changedtregsa decrease of the non-dimensional

amplitude of the water level fluctuations in theaqy, and an increase of the non-dimensional
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distance of influence. In other words, results gaihe show that the interactions quarry —
rock media are more important, in terms of exchdng@undwater volumes and distance of

propagation, with the decrease of the pump/stostigsses frequency.

3.1.4 Impact of a regional hydraulic head gradient

At the scale of the modelled area, a regional glauater head gradient is usually observed,
and induces natural groundwater flow around opeqgumrries. To assess the influence of this
regional gradient on the water level fluctuatiomshie quarry, and on the distance of influence
in the rock media, all simulations performed in Jiwes sections. were reproduced,
considering a uniform hydraulic gradient rangingnfr 0.1% to 2%, over the modelled area.
These gradient values are commonly observed in i@8el@quifers (Dassargues and
Walraevens, 2014). For all models and simulaticth® amplitude of the water level
fluctuations in the quarry, and the distance ofuiefce upstream and downstream the quarry
have been calculated.

Results (not shown here) indicate that the ammitatithe water levels fluctuations in the
quarry is similar to the corresponding homogenecase without regional hydraulic head
gradient. Regarding the environmental impact arotnedquarry, the distance of influence
upstream the quarry is slightly longer than doveetr. However, the difference, compared to
the corresponding case without regional gradisntery 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 maffuence substantially the flow and
propagation of any stress in the rock media. Theatlve is here to understand and quantify
the impact of a single fracture on a pump-storagstes, regarding the water level
fluctuations in the quarry and the distance ofuiefice in the surrounding rock media. To
assess this impact, a linear fracture is introducede model grid using an equivalent porous
media approach. The width of the fracture is supgde be the width of a grid cell row. The

equivalent hydraulic conductivity and porosity asdculated using the following Equations.
The transmissivity of the fractukg. is calculated using the Poiseuille flow equation.

_  _ab> €
\re T5eg T (
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e :  density of water [kg.

f . acceleration due to gravity [r¥]s
Ore - aperture of the fracture [m]
h . dynamic viscosity of water [kg.fs?] .

The equivalent hydraulic conductivity of the fragiu . ¢ is calculated as:
pa = 77(
jkk

Oamm -  Wwidth of the cells row where the fracture is ismpented [m].

The equivalent specific yield of the fracturg. is calculated aé:
e —2(3( 7 (
jkk

The influence of the fracture is assessed as difumof its hydraulic properties and position.
The case of a fracture intersecting perpendiculdmyquarry walls is first considered, with
different fracture apertures (1x10n, 1x10°>m and 1x1d m). Secondly, the case of a non-
intersecting fracture is also investigated, witfiedent quarry — fracture distances (1 m, 5m
and 10 m). In all cases, the fracture crosses tt@denmodelled domain from the quarry to the

external boundary.

3.2.1 Influence of a fracture connected to the quarry

The influence of the fracture depends on its apertand related transmissivity. Regarding
the amplitude of the water level fluctuations ie tuarry, the presence of a single fracture
however has a limited impact. This amplitude oniighdly decreases with the increase of the
fracture aperture. Taking into account all quarignehsions and rock media properties
considered in this study, and a very large fracaerture of 0.1 m (¢ =8.1x102 m2.3), the
maximal difference between the simulated normaleexgplitude, with and without a fracture,
is lower than 0.1 %, following the small impacttbé fracture on the overall aquifer storage.
Nevertheless, note that the presence of severtlfes, fractured zones, or karstic conduits
could affect more significantly the storage andewxdtvels in the quarry. Their presence and
spatial distribution must be studied at the scdlearny quarry used for pump — storage

systems.

Although the influence on the water level fluctoas in the quarry is small, the presence of a

single fracture may nevertheless locally induceomensignificant impact on the amplitude of
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the groundwater level fluctuations. As the apertarie the fracture, and its related
transmissivity, increases, a preferential flow padglrelops and locally extends the distance of
influence. This effect is clearly shown in Figureaé a function of the fracture aperture, for
several cases corresponding to a pump — storadee pgood of 10 hours, a quarry surface of
100x100 m, and @x equal to 25 m35 This local distance of influence also dependshen
hydraulic properties of the adjacent rock matrilke Groundwater level fluctuations generated
and propagating in the fracture, actually dissipatéhe bordering rock matrix, following the
same processes as those reported in Section 3.1présented in Figure 4, the non-
dimensional distance of influend@in the fracture increases with the decrease ofrdlok
matrix transmissivity and specific yield (or deseafE and/orE). Generally, depending on
these properties and the aperture of the fractheenon-dimensional distance of influence
may sharply increase, compared to the non-dimeabidistance of influence in the porous
rock media. The affected area around the fradnmeases with the diffusivity of the rock
matrix E. Note that for very thin fractures, results copasd to the homogeneous cases. The
impact of the fracture becomes logically visibleamtthe equivalent hydraulic conductivity of
the fracture ¢ is greater than the matrix hydraulic conductivitypte also that calculations
are not yet relevant when the distance of influegaes beyond the limits of the modelled
area and interacts with the prescribed boundarylitons. On the graph of Figure 4, this

limit approximately corresponds to a non-dimensiahistance of influence equal to 125.

Non-dimensional distance of influence d

Figure 4. Calculated non-dimensional distance of ftuence U the fracture, as a function of the fracture
aperture, for different values of the rock matrix Fand §.



3.2.2 Influence of a fracture disconnected from the guar

This section investigates the impact of a fractioeated at a specific distance from the
quarry. The implemented fracture is still perpenliic to the quarry walls but is limited in
space and does not intersect it. Figure 5 showsdleelated ‘distance of influence’ in the
fracture direction, as a function of its distancdte quarry, for different cases of rock matrix
hydraulic properties. In this example, the apermfahe fracture is equal to 4x¥@n, to
maximise the potential effects of the fracture, himt the range of values for which
interactions with the domain limits remain negligibNote that when the distance between
the quarry and the fracture is equal to zero, #sults correspond to.the case of an
intersecting fracture (see previous Section 3.@rlcbmparison). Results shown in Figure 5
are interpreted as the propagation of the groursiwlavel fluctuations in two successive
different media (the rock matrix and the fractuié}he fracture is located beyond the non-
dimensional distance of influend&corresponding to the homogenous rock matrix, ffece

of the fracture is logically not visible. This itearly illustrated in Figure 5 for the rock matrix
characterized by a low non-dimensional exchangeagpE (red curves). For this rock
matrix, the distance of influence is very short aadal to a few meters (see Section 3.1). As
a consequence, when the fracture is moved away frenquarry walls, the distance of
influence rapidly drops from the high values copmwing to the case where the fracture is
connected to the quarry (Section 3.2.1), to thevalues corresponding to the homogeneous
rock media. If the fracture is located within thistdnce of influence corresponding to the
homogenous rock matrix, the fracture induces alldcstortion and an elongation of the
impacted area. Between the quarry and the fracgroeindwater level fluctuations are first
attenuated in the porous rock matrix. The resifluatuations then propagate in the fracture.
This effect can be observed on the blue curvesqifré 5, which correspond to a rock matrix
characterized by a non-dimensional exchange cap&ciof 10?and two different non-
dimensional diffusivitylE values. For these cases, the influence of théuiracemains strong,
even if this fracture is disconnected from the gudfor longer distances between the quarry
walls and the fracture, the distance of influereeds again to values corresponding to the
homogeneous cases. As a conclusion, the influehds@nnected fractures on the shape of
the zone impacted by pump — storage operationsaapfimited in many cases, and strongly
depends on the rock matrix hydraulic propertiesonfra general point of view, and
considering realistic rock properties, favouraldeditions to observe a significant influence

would correspond to high values lBfand small values d§,. This case may combine large
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zones around the quarry where disconnected frectueenain influent; and adequate

conditions for pressure propagation into the freetu

Non-dimensional distance of influence d

Figure 5. Non-dimensional distance of influence ia fracture located at a specific distance from the
quarry walls. The aperture of the fracture is equalto 4x10° m. Different cases of rock matrix hydraulic
properties are considered.

4. Discussions

In terms of pump-storage application, the resutesented above show that the impact of
geology and hydrogeology on the water level fluttre in the quarry are somehow limited.
Considering the used values in Figure 3, the nomedsional amplitude of the water level
fluctuations in the quarr§®is included between 1.00 and 0.78. Values lowan th.00 are
explained by exchanged groundwater volumes duringp— storage cycles, between the
quarry and the rock medium. The lowest value cpoerd to the most permeable and most
porous rocks. In the worst case, it corresponda tiecrease of 22 %. However small, this
difference may be important regarding the hydrdelgty production, the system setup and
its profitability (Pujades et al., 2017). The euwaln through time of the water level in the
quarry actually also influences the maximum droglevation between the upper and lower
reservoirs, which determines the electricity povpeoduction. This may be particularly
significant if the elevation difference between tia® reservoirs is small, compared to the

water level fluctuation amplitude in the quarry. I&@dating accurately these expected



fluctuations is also important to setup runningragiens, especially regarding the location of
particular equipment such as turbines or water pognpipes. Finally, planning accurately
these fluctuations enables to manage possiblelistalssues, which may occur along the

quarry walls or within old backfills, frequently sérved in rock exploitations.

The distance of influence is much more sensiting=igure 3B, the non-dimensional distance
of influence B around the quarry is included between 0.5 andH&$her values correspond to
more permeable and less porous rocks. As showreatidd 3.2, this distance of influence
may become substantially larger in the presendeetdrogeneities such as specific fractures
or conduits, intersecting the quarry. The influeaoea of the cyclic stresses around the quarry
thus appears to be the most constraining geolotactr when designing new pump-storage
systems. The impact of induced water level fluctuet in the rock media must be verified,
and pump-storage systems must be developed congidiee different actors and the possible
hazard or end-users conflicts, which could occuhiwithis distance. As examples, they
ideally must not interact with other existing pumgpiinstallations. Any stability problems
such as soil subsidence or collapse must alsousgest This is particularly problematic in
limestone formations, where potentially unstableativered of karstified rocks are regularly
observed (Kaufmann and Quinif, 2002). All theseea$p may become critical factors,

especially in highly urbanized countries such algiBen.

To limit this distance of influence, operators nmtentially adapt the maximum pump —
storage flow rate and the cycles frequenéy Imposing a minimum frequency would

actually constitute an efficient strategy to deseethe distance of influence and mitigate the
impact of pump — storage operations on the enviemin(Section 3.1.3). The stresses
frequency ‘historically operated in some existinghkvoltage pump — storage electrical
stations is about two cycles a day. In this case,objective is mainly to manage the higher
electricity demands in the morning and the eveni@grrently, the idea of implementing
medium-voltage stations across the territory ie &dsbe able to accommodate the intermittent
energy production from renewable sources (ex. wimbdines, photovoltaic systems). In this
context, the frequency of the pumping/injectionlegdn the quarry are expected to be much
more variable, including higher frequency valuesteptially contributing to less important

distance of influence.

Despite potential obstacles that may complicate pgtrectical implementation of pump —

storage systems in quarries, many development lphigss seem to exist. In South of

21



Belgium (Walloon Region — 16844 km?), Poty and Ghiev (2004) have inventoried almost

one thousand open pit quarries located in the adtrative and official extracting areas.

Although many other sites exist (Remacle, 2009}, itventory generally gathers the most
important open pits in terms of dimensions. Amohgm, about 25% are actually still

operated. Topographic conditions would allow dep&lg pump-storage systems in some of
these sites. They may be imagined in the old fldogigarries, or even in the quarries still in

operations with dewatering. In this latter cases thhole depth of the open pit could

potentially be used, maximizing the elevation doepween the upper and lower reservoir, but
a large part of the quarry should however be reskfor water storage and excluded from
any extracting operation. Quarries are located dnous rock types (Poty and Chevalier,

2004), with different hydraulic properties and dmsiens. For illustration purpose, Table 1

shows four simplified examples, representative hef variety of existing quarries, where

pump-storage systems could possibly be installedngihg — injection sinusoidal stresses,
characterized by a period of 10 hours and a maxirflom rate of 25 m3$ have been

simulated in each of them.

Ex. 1 Ex. 2 Ex. 3 Ex. 4

Chalk Limestone Crystalline rock Sandstone

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

40 100 120 50
" 10* 10* 107 10°
# 3 ! 0.16 0.16 0.05 0.14
% $ 1.14 9.11 0.45 27.71
$ & &
( $$ 57 82 6 27
$ &
) 1.15 9.35 0.45 28.65
$
& e
* $ 0.99 0.97 1 0.97
$
& B |
! 49.56 8.77 13.33 0.94
$ % &
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Table 1. Main characteristics of simplified casegepresentative of existing quarries where pump — stage
systems could possibly be installed (DGARNE, 2017).

Figure 6 presents the simulated absolute amplitudef the groundwater level fluctuations in
the rock medium, as a function of the distanceh® quarry walls. Dimensional and more
tangible results regarding water fluctuations ire thuarry, distance of influence, and
theoretical electrical power delivered are alscspnéed in Table 1. These results corroborate
the conclusions of Section 3.1. The distance dfi@nfce is generally larger for the rocks with
the highest hydraulic conductivity values. Notetthhe amplitude of the water level
fluctuations in the quarry (i.e. at x=0) are notmalized here, and are consequently primarily

controlled by the open pit surface. The largergharry, the smaller the absolute amplitude.

Figure 6. Simulated amplitude of the groundwater lgel fluctuations in the rock medium, as a functiorof
the distance to the quarry walls, for the 4 specifi examples of Table 1

Specific hydrogeological studies will be needediésign future pump — storage systems in
any existing quarry, in order to accommodate allcHr conditions of the site. Each quarry
has a specific surface, depth, shape, geologicattste, rock texture, etc., and it was not
possible or the objective, in this study, to coesidll these specificities. Nevertheless,
presented results give guidelines on the most cnstg issues of the problem. Considering
the water volumes needed to reach a minimum césttefe power production, quarries

smaller than 100x100 m might hardly be used for punstorage applications. Using larger
quarries, the values of amplitude attenuation asthice of influence play an important role
in the design of systems. Results calculated alffmva homogeneous medium or for single

fractures, can be viewed as a first step for impad feasibility assessment of the problem.



Considering more realistic and complex conditions,terms of shape, hydrogeology,

fractures, is however necessary to specify impacts.
5. Perspectives and conclusions

This study allowed assessing the hydrogeologica&ractions between a flooded open pit
quarry and the surrounding unconfined rock mediahé context of a pump — storage system
implementation. In particular, numerical simulasomwere conducted to investigate the
influence of the hydrogeological properties and poenp — storage system parameters on
these interactions. In a broader context, mostrevipus studies about oscillatory pumping
tests have generally focused on confined aquifeilssanaller scales.

Results of this study have shown that hydrologigaarry — rock interactions must be
considered with caution. For rock media characteriby high hydraulic conductivity and
porosity values, water volumes exchanges duringlesyenay affect significantly the
amplitude of the water level fluctuations in theagy, and as a consequence, the
instantaneous electricity production. Results hstvewn that this effect is also greater as the
surface of the lower reservoir is small. With rstdi hydraulic parameters values, and
quarries not smaller than 100x100 m, the expeatgohact on the water level fluctuations
reaches maximum 22% of the head fluctuations iidaal quarry without loss in the aquifer.
Some authors have also evoked the possibility éoals underground mines (ex. abandoned
coal mine) to implement pump — storage systems @ogeux et al., 2017; Pujades et al.,
2016). In this case, the elevation drop betweenughyger and lower reservoirs, thus the
instantaneous produced electrical power, couldntiadéy be higher. Involved volumes and
the equivalent surface of the shafts and gallezr@dd conversely be substantially smaller,
maximizing the water level fluctuations in the mim@odeux et al. (2017), investigate the
possibility to use an underground slate mine fompu- storage systems. They have also
highlighted the influence of these water exchamgethe efficiency of the system.

This present study has also assessed the imp#ot @ump — storage cyclic stresses on the
environment surrounding the quarry. The distancan@iience is potentially high under
specific conditions, and may be enhanced with tt®ience of rock heterogeneities. The
presence of fractures intersecting the quarry isciat. They may affect locally, but
significantly, the distance of influence of the ping/injecting operations. The impact
around the stressed quarry thus appears as antanpaonstraining factor regarding the
feasibility of pump — storage systems, to be asskessarefully if groundwater level

fluctuations around the quarry are expected togoauverse effects.
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The implementation of a pump — storage systemfloaed quarry imposes to characterize
in details the hydraulic properties and structuiréhe surrounding rock media. Conducting
cyclic field tests in the related geological forrnas may help performing this task. This kind
of tests are however usually carried out at muchllemspatial and time scales (Guiltinan and
Becker

, 2015; Rabinovich et al., 2015; Rasmussen eR@0D3). The question thus arises about the
representativeness of achieved measurements amitsres the context of pump — storage
systems in quarries. Moreover, some authors hase highlighted a possible drift of
calculated hydraulic parameters, as a function It stresses frequency. Therefore,
performing real-case experiments, with relevanguencies and amplitudes could bring
highly interesting information for a more realisimpact study. This kind of large scale
oscillatory pumping experiment would also provig®gortunities for characterizing the large-
scale spatial distribution and structure of hydraptoperties around the quarry, by inversion
of the measured cyclic data at different obserwapioints.

Finally, this study has shown that developmentwhp - storage systems in flooded quarries,
for hydroelectricity production is possible fromhgdrogeological perspective under specific
conditions. Additional steps rely on the assessroétite other technical aspects, such as the
electromechanical equipment, the integration of preduced electricity in the power
distribution grids, the adequacy with the power dadh and finally yet importantly, cost-

benefit aspects of such projects.
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Highlights

Pump Hydro Energy Storage (PHES) systems in groatehfiooded quarries are
studied

Numerical simulation is used to study the environtakimpact of these systems
Groundwater head fluctuations in the quarry andatfjacent aquifer are simulated
Distance of influence of PHES system in the surdimrock media iscalculated
Feasibility of PHES in quarries is deduce accordathe rock hydraulic parameters
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