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 21 

Abstract 22 

Underground pumped hydropower storage (UPHS) using abandoned mines is 23 

an alternative to store and produce electricity in flat regions. Excess of 24 

electricity is stored in form of potential energy by pumping mine water to a 25 

surface reservoir. When the demand of electricity increases, water is 26 

discharged into the mine (i.e., underground reservoir) through turbines 27 

producing electricity. During the complete operational process of UPHS plants, 28 

hydrochemical characteristics of water evolve continuously to be in equilibrium 29 

successively with the atmosphere (in the surface reservoir) and the surrounding 30 

porous medium (in the underground reservoir). It may lead to precipitation 31 

and/or dissolution of minerals and their associated consequences, such as pH 32 

variations. Induced hydrochemical changes may have an impact on the 33 

environment and/or the efficiency (e.g., corrosions and incrustations affect 34 

facilities) of UPHS plants. The nature of the hydrochemical changes is 35 

controlled by the specific chemical characteristics of the surrounding porous 36 

medium. However, the magnitude of the changes also depends on other 37 

variables, such as hydraulic parameters. The role of these parameters is 38 

established to define screening criteria and improve the selection procedure of 39 

abandoned mines for constructing UPHS plants. 40 

This work evaluates the role of the main hydrogeological factors for three 41 

different chemical composition of the porous medium. Results are obtained by 42 

means of numerical reactive transport modeling. Potential impacts on the 43 

environment (mainly on groundwater and surface water bodies) and on the 44 

efficiency of the UPHS plants vary considerably from a hydraulic parameter to 45 

another showing the need for a detailed characterization before choosing 46 

locations of future UPHS plants. 47 
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 50 

1. Introduction 51 

Energy Storage Systems (ESSs) are essential to improve the efficiency 52 

and the utilization of renewable energies (Gebretsadik et al., 2016). ESSs allow 53 

storing the electricity generated during low demand energy periods and 54 

releasing it when energy consumption increases (Delfanti et al., 2015; Mason, 55 

2015). Pumped Storage Hydropower (PSH) is the most worldwide used EES 56 

(Zhang et al., 2016), probably, because it allows storing and producing large 57 

amounts of electricity with a maximum efficiency. PSH stores electricity in the 58 

form of potential energy by means of two reservoirs located at different 59 

elevations, which is usually achieved taking advantage on the topography. 60 

Consequently, PSH plants are located in areas with steep topographical 61 

gradients. The excess of electricity generated during low demand periods (by 62 

other sources of energy such as nuclear power, wind or solar) is used to pump 63 

water from the lower to the upper reservoir. During peak electricity consumption 64 

periods, water is discharged from the upper to the lower reservoir generating 65 

electricity. Despite PSH is being widely used, it is limited by some factors: the 66 

necessity of a steep topography and the impacts on landscape (Düsterloh, 67 

2017), land use, environment and society (re-locations may be needed) (Wong, 68 

1996; Kucukali, 2014). These limitations, especially that related with the 69 

topography, have encouraged investigating new ESSs. Underground pumped 70 

hydropower storage (UPHS) is a potential alternative. UPHS plants consist of 71 

two reservoirs from which the lower one is underground while the upper one 72 

may be located on the surface or at shallow depth (Barnes and Levine, 2011). 73 

Indeed, they can be placed in flat regions because a special topography is not 74 
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required (Meyer, 2013). An UPHS has in principle less surface impact on 75 

landscape and land use as at least, one of the reservoirs is underground. In 76 

addition, if an abandoned mine is used as underground reservoir (Pummer and 77 

Schüttrumpf, 2018), UPHS may help for a better economic transition for local 78 

communities after the cessation of mine activities. However, in this case 79 

considered here, concerns may arise about environmental impacts and 80 

efficiency of the plant linked to the water exchanges occurring between the 81 

underground reservoir and the surrounding porous medium. 82 

The UPHS concept is not new (Tam et al., 1979) and opportunities for 83 

installing UPHS plants have been considered in Singapore (Wong, 1996), USA 84 

(Fosnacht, 2011; Martin, 2007; Severson, 2011), South Africa (Winde and 85 

Stoch, 2010a, b; Khan and Davidson, 2016; Winde et al., 2017), Netherlands 86 

(Min, 1984; Braat et al., 1985), Germany (Beck and Schmidt, 2011; Luick et al., 87 

2012; Madlener and Specht, 2013; Meyer, 2013; Alvarado et al., 2016), Belgium 88 

(Spriet, 2014; Poulain et al., 2016; Bodeux et al., 2017) or Spain (Menéndez et 89 

al., 2017). Impacts of the water exchanges on the groundwater flow conditions 90 

in the surrounding zone and on the UPHS efficiency evolution have been also 91 

investigated (Poulain et al. 2016, Pujades et al. 2016, Bodeux et al. 2017 and 92 

Pujades et al. 2017a). Finally, Pujades et al. (2017b and 2018) have 93 

investigated quantitatively possible hydrochemical impacts induced by UPHS 94 

when abandoned mines are used as underground reservoirs. They have 95 

simulated chemical changes associated to UPHS as water tends to evolve 96 

chemically to reach chemical equilibrium with the atmosphere (in the surface 97 

reservoir) and with the surrounding porous medium (in the underground 98 

reservoir). Hydrochemical changes vary depending on the chemical 99 



6 
 

composition of the porous medium. Pujades et al. (2018) studied them under 100 

three different scenarios that differed in the chemical composition of the porous 101 

medium. They consider the presence of only pyrite, pyrite and calcite or only 102 

calcite. The decrease of pH (in the reservoirs and in the porous medium) and 103 

the precipitation of schwertmannite and goethite may occur under the presence 104 

of pyrite, which is oxidized because discharged water in the underground 105 

reservoir introduces more dissolved oxygen in groundwater. The effects of 106 

pyrite dissolution are mitigated if calcite, which is dissolved from the porous 107 

medium acting as a buffer, is also present in the porous medium. In this case, 108 

the pH slightly increases and calcite and ferrihydrite may precipitate in the 109 

surface reservoir. Finally, hydrochemical changes may also be relevant when 110 

only calcite is present in the porous medium. In this case, UPHS activity 111 

induces an increase of pH, a dissolution of calcite in the porous medium and its 112 

precipitation in the surface reservoir. 113 

Hydrochemical changes may produce, among others, pH variations, 114 

precipitation and dissolution of minerals that are relevant in terms of 115 

environmental impacts and efficiency. Low pH could decreasing the 116 

groundwater and associated surface water quality. Additional corrosion or 117 

precipitation in pipes, turbines, pumps and concrete structures could also 118 

impact the UPHS efficiency at mid- or long-term. Consequently, water chemistry 119 

changes induced by UPHS operation are probably one of the key issues to be 120 

considered in future plants feasibility studies. Parameters influencing these 121 

hydrochemical changes must be identified and investigated. That could be 122 

useful to define adequate screening criteria for selecting abandoned mines to 123 

be used as underground reservoirs. 124 
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The main objective of this work is to identify the role of the main 125 

hydrogeological factors on hydrochemical changes induced by UPHS. Reactive 126 

transport numerical modelling is used for simulating several scenarios with 127 

modified hydrogeological parameters. 128 

 129 

2. Materials and methods 130 

2.1. Problem statement 131 

The main characteristics of the problem are defined in Figure 1a. An 132 

underground cavity is chosen as underground reservoir with top and bottom 133 

located at 95 and 105 m depth respectively. The cavity is a 50x50 m square box 134 

with a height of 10 m. The thickness of the whole domain is 200 m and the 135 

water table in natural conditions is considered at 92.5 and 97.5 m depth at the 136 

upgradient and downgradient boundaries of the model respectively. As a result 137 

of this chosen set-up, the cavity is totally saturated in natural conditions and is 138 

located in the upper part of an unconfined porous medium. The total saturated 139 

thickness ranges between 107.5 (upgradient boundary) and 102.5 m 140 

(downgradient boundary). The boundaries of the modelled domain are chosen 141 

at a 500 m distance from the cavity. Thus, the hydraulic gradient under natural 142 

conditions (i.e., before UPHS operation) is 0.005 (i.e. 5 m difference in water 143 

table elevation over a considered total length of the model). This hydraulic 144 

gradient will be varied for some simulations in order to establish its specific 145 

influence on the water chemical evolution. 146 

 147 

2.1.1. Pumping/discharge frequencies 148 
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The actual future frequency of pumping and discharge phases cannot be 149 

known in advance as it depends on numerous factors (Pujades et al., 2018). 150 

Therefore, day/night cycles are considered defining regular pumping and 151 

discharge phases allowing to obtain representative results for prediction. 152 

Pumping and discharge rates are assumed to be constant (43,000 m3/d) 153 

inducing a decrease (during pumping) and an increase (during discharge) of the 154 

hydraulic head inside the underground reservoir up to 8.6 m. 155 

 156 

2.1.2. Chemical features of the surrounding porous medium 157 

Three different hypotheses are considered for describing the chemical 158 

composition of the surrounding porous medium: 159 

x The porous medium contains 1% of pyrite (hypothesis 1 or H1): pyrite is 160 

a common sulfide mineral (Tabelin et al., 2017a and 2017b) in coal 161 

mines (Akcil and Koldas, 2006). Oxidation of sulfide minerals in the 162 

porous medium produces a drop in pH and precipitation of minerals 163 

(goethite and schwertmannite). 164 

x The porous medium contains 1% of pyrite and 30% of calcite (hypothesis 165 

2 or H2): coal formations are surrounded or contain sub-layers or lenses 166 

with carbonate rocks (Sharma et al., 2013; Campaner et al., 2014; Xu et 167 

al., 2018). Effects produced by pyrite oxidation can then be 168 

counterbalanced by dissolution of carbonate minerals. pH tends to 169 

increase and minerals precipitate in the surface reservoir (calcite and 170 

ferrihydrite) and are dissolved/oxidized (pyrite and calcite) in the porous 171 

medium. 172 
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x The porous medium contains 30% of calcite (hypothesis 3 or H3). In this 173 

case where limestone mines would be used for UPHS, hydrochemical 174 

changes are controlled by calcite and the partial pressure evolution of 175 

CO2 (pCO2). pH increases and calcite is precipitated in the surface 176 

reservoir and while it is dissolved in the porous medium. 177 

For all the three hypotheses, other minerals contained in the surrounding 178 

porous medium are silicates having relatively low reaction rates (White and 179 

Brantley, 1995). Consequently, they are neglected in the reactive transport 180 

model. Note that these three considered hypotheses correspond to strong 181 

simplification of the reality as the geological media compositions are actually far 182 

more complex. 183 

 184 

2.2. Basic concepts 185 

When water is aerated in the surface reservoir, the content of dissolved 186 

O2 increases, which induces pyrite oxidation when this water is subsequently 187 

discharged in the underground cavity in contact with the surrounding porous 188 

medium. Then ferrihydrite precipitation can also be observed when the water is 189 

back in the surface reservoir : 190 

2- +
2 2 2 3 4FeS +15 4O (aq) +7 2H O=Fe(OH) (s)+2SO +4H   (R1) 191 

If pH is higher than 6, ferrihydrite (≈Fe(OH)3) precipitates (R1), whilst, 192 

goethite ( �FeOOH+3H ) precipitates for pH values between 4 and 6 (R2), and 193 

schwertmannite ( � � � �8 8 44.5 1.75
Fe O OH SO ) at pH values lower than 4 (R3) 194 

(Sánchez-España et al., 2011). 195 

� � 3
2Fe +2H O FeOOH+3H                 (R2) 196 

� � � �3+ 2- +
2 4 8 8 44.5 1.75

8Fe +12.5H O+1.75SO =Fe O OH SO +20.5H   (R3) 197 
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Reactions R1, R2 and R3 reduce the pH and are characteristic of acid 198 

mine drainage processes (Banks et al., 1997; Robb, 1994) that produce well 199 

known adverse impacts on water resources (Plaza et al., 2017). 200 

The following reaction occurs when calcite is considered (Hypotheses H2 201 

and H3): 202 

+ 2+
3 2CaCO +2H =Ca +CO (aq)  + H2O    (R4) 203 

This reaction is not unidirectional and if pCO2 is modified (i.e., is 204 

exchanged with the atmosphere) calcite may precipitate or be dissolved. CO2 205 

and O2 are exchanged with the atmosphere in the surface reservoir as follows: 206 

2 2CO (aq)=CO (g)       (R5) 207 

2 2O (aq)=O (g)                   (R6) 208 

 209 

2.3. System behavior 210 

x Hypothesis H1 : Groundwater in equilibrium with the porous 211 

medium has a null pO2 because it has been consumed by pyrite 212 

oxidation. pO2 increases when water is pumped and stored in the 213 

surface reservoir as water composition evolves to reach chemical 214 

equilibrium with the atmosphere. Then, when this water is 215 

discharged into the underground cavity in contact with the porous 216 

medium, pyrite is oxidized following R1 and water pH decreases. 217 

The oxidation of pyrite stops when dissolved O2 is totally 218 

consumed. Pyrite oxidation also releases iron that may precipitate 219 

in the form of goethite (R2) or schwertmannite (R3), in the surface 220 

reservoir. 221 
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x Hypothesis H2 : Groundwater in equlibrium with the porous 222 

medium has a null pO2 (consumed by pyrite oxidation) and a high 223 

pCO2 (added during infiltration and circulation processes). pO2 224 

increases and pCO2 decreases (equilibrium with the atmosphere) 225 

when water is pumped and stored in the surface reservoir. The 226 

decrease of pCO2 induces a slight increase of pH. Later, when 227 

water is discharged in the cavity in contact with the porous 228 

medium, O2 is consumed in pyrite oxidation, like in H1. The 229 

increase of H+ induces the dissolution of calcite that acts as a 230 

buffer and prevents the pH to decrease. Oxidation of pyrite and 231 

dissolution of calcite release Ca2+ and iron that may precipitate in 232 

the form of calcite and ferrihydrite in the surface reservoir. 233 

x Hypothesis H3: Groundwater in equlibrium with the porous 234 

medium has a high pCO2 (CO2 increases as a consequence of 235 

infiltration and circulation processes). When water is pumped and 236 

stored in the surface reservoir, the pCO2 decreases, and 237 

consequently, pH increases. This process also induces 238 

precipitation of calcite. pCO2 of discharged water in the 239 

underground cavity increases in contact with the carbonate porous 240 

medium and groundwater, which induces calcite dissolution. 241 

These chemical processes occur in many abandoned mines and their 242 

surrounding media as observed by Johnson and Hallberg (2005). The range of 243 

time that water remains in each reservoir varies between few minutes up to 244 

almost 24 hours. A part of the total volume of water will be pumped at the 245 

beginning of the pumping period and discharged at the end of the discharge 246 
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period and vice-versa. Thus the average time that water molecules remain in 247 

each reservoir is about 12 hours. This mean duration is enough to explain the 248 

occurring reactions. Consequently, it is assumed here for the three hypotheses, 249 

that groundwater pO2 and pCO2 reach chemical equilibrium with the 250 

atmosphere when water is stored in the upper reservoir. This assumption is 251 

reasonable because water is not stagnant and is mostly moving in the surface 252 

reservoir. If water pO2 and pCO2 will not reach completely a chemical 253 

equilibrium with the atmosphere in the upper reservoir, chemical reactions 254 

would be the same but their consequences would be mitigated as shown in 255 

Pujades et al., 2018. 256 

 257 

2.4. Numerical model 258 

PHAST code (Parkhurst et al., 1995; Parkhurst and Kipp, 2002) is used 259 

to perform the numerical simulations. This code solves reactive transport 260 

problems in porous media coupling PHREEQC (Parkhurst, 1995; Parkhurst and 261 

Appelo, 1999) and HST3D (Kipp, 1987, 1997). Due to the symmetry of the 262 

defined domain along a West-East axis, only half of the whole domain is 263 

actually modeled (Figure 1). The modeled domain is divided in 15,600 264 

elements. The element size is decreasing towards the underground cavity 265 

(Figure 1c). A period of 30 days is simulated because long computation times 266 

are generally required (see section 2.4.5). Nevertheless, 30 days is a long 267 

enough period to achieve the main objectives of this work. 268 

 269 

2.4.1 Flow boundary conditions 270 
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Dirichlet boundary conditions (BCs) (i.e., prescribed head) are 271 

implemented at the Western and Eastern boundaries while no-flow is assumed 272 

through the North and the South boundaries (Figure 1b). The head is prescribed 273 

at a depth of 92.5 and 97.5 m at the Western and Easter boundaries 274 

respectively. Prescribed head values will be modified in some scenarios to 275 

assess the influence of the hydraulic gradient: head is then prescribed at depths 276 

of 90 and 100 m on the Western and Eastern boundaries respectively, defining 277 

a 0.01 hydraulic gradient. Flow BCs are implemented inside the underground 278 

cavity for simulating pumping and discharges with a rate of 21,500 m3/d (note 279 

that this rate is the half than specified above because only the half of the 280 

problem is modeled). This rate produces a 8.6 m difference of water level in the 281 

underground cavity during half a day. The modeled underground reservoir is not 282 

supposed to be totally drained in order to avoid numerical problems. A 283 

drawdown of 8.6 m ensures that, at least, one of the nodes where flow BCs are 284 

applied remains saturated (the deeper one). 285 

The numerical model assumes that the mine is flooded at the beginning 286 

However, it is maybe not so realistic with actual conditions where it is needed to 287 

rehabilitate the cavity and install the needed facilities (pipes, pumps, turbines…) 288 

before starting the activity of the UPHS plant. However, during those 289 

preparation works, groundwater would be most probably pumped from the 290 

cavity and stored in the surface reservoir. It means that this water is the 291 

previous mine water exposed to a chemical equilibrium with the atmosphere. 292 

This is thus similar to the first cycle of our model. Therefore, the difference 293 

between our model and the reality is the duration of the first cycle but not the 294 
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behavior of the system nor the chemical composition of pumped and discharged 295 

waters. 296 

 297 

2.4.2 Hydrochemical conditions and transport boundary conditions 298 

The hydrochemical and transport BC’s are chosen according to the 299 

considered hypotheses. Groundwater that (1) is initially present in the whole 300 

modeled domain (i.e., in the underground cavity and in the surrounding porous 301 

medium), (2) enters through the west boundary, and (3) initially flows out 302 

through the east boundary, is considered in equilibrium with pyrite for H1, with 303 

pyrite and calcite for H2 and with calcite for H3. In addition, it is prescribed that 304 

groundwater under natural conditions has a CO2 partial pressure (pCO2) of 10-2 305 

atm for H2 and H3 (Faimon et al., 2012; Sanz et al., 2011). 306 

 307 

2.4.3 Modeling hydrochemical reactions 308 

Pyrite oxidation is calculated using the kinetic law described by 309 

Williamson and Rimstidt (1994) and considering a specific surface area of 1000 310 

m-1. The kinetics of calcite reactions are implemented in the model using the 311 

kinetic law defined by Plummer et al. (1978) and considering a specific surface 312 

area of 45.3 m-1. Thermodynamic data for aqueous speciation and mineral and 313 

gas solubility are taken from the Minteq database, as implemented in the 314 

PHREEQC code (Parkhurst and Appelo, 1999). The solubility properties of 315 

schwertmannite are taken from Sánchez-España et al. (2011). 316 

 317 

2.4.4 Simulated scenarios 318 
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Varying hydraulic conductivity (K), porosity (θ), dispersivity (D) and 319 

hydraulic gradient (iN) values, their respective influences are calculated by 320 

comparing simulated results to a reference scenario. The chosen characteristics 321 

of the reference scenarios are as follows: K, θ, and iN are 0.01 m/d (1.16x10-7 322 

m/s), 0.05 (5%), and 0.005 (0.5%) respectively. D is assumed to be 10 m in the 323 

flow direction and 1 m in the transversal directions. For each hypothesis, 324 

reference scenarios are named as H1.R, H2.R and H3.R respectively. K is 325 

increased in scenarios H1.K, H2.K and H3.K, θ is increased in H1.θ, H2.θ and 326 

H3.θ, iN is increased in H1.iN, H2.iN and H3.iN, whilst D is reduced in scenarios 327 

H1.D, H2.D and H3.D. Table 1 summarizes the considered characteristics for all 328 

simulated scenarios. 329 

The characteristics of the underground cavity/reservoir are chosen the 330 

same for all the scenarios with θ = 1, K = 100,000 m/d and D = 10,000 m. The 331 

high values of these last parameters account for simulating that any discharged 332 

water in the cavity would be mixed homogeneously and instantaneously in the 333 

underground reservoir. This assumption does not influence significantly the 334 

simulated results (Pujades et al., 2017b). 335 

The water temperature is assumed constant in all the simulations and 336 

equal to 10 ºC corresponding to a local average annual temperature (i.e., in 337 

Walloon Region of Belgium) and in agreement with the measured groundwater 338 

temperatures in the same region (Jurado et al., 2018). The surface temperature 339 

may influence the concentration of dissolved gasses in the surface reservoir, 340 

and therefore, the magnitude of the hydrochemical changes. Effects of surface 341 

temperature are not considered in this work. However, results concerning the 342 

influence of the surface temperature are included in the Appendix B: results of 343 
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two scenarios representing the summer and winter seasons are compared with 344 

those computed with the reference scenario. Water temperature changes 345 

induced by friction and heat losses are not considered. In addition, these 346 

temperature changes would not affect significantly the results about the 347 

respective influences of the hydraulic parameters. 348 

 349 

2.4.5. Simulation strategy 350 

A challenging aspect is to simulate the water chemical evolution during 351 

successive pumping/discharging cycles because the chemical composition of 352 

the discharged water cannot be predicted in advance. The chemistry of the 353 

discharged water depends on the previously pumped water that is aerated 354 

before to be discharged in the surface reservoir. Thus, successive iterations 355 

with increasing simulated periods are performed following the same procedure 356 

than Pujades et al. (2018). The chemical characteristics of the discharged water 357 

are derived from the previous iteration results and are reintroduced in each 358 

iteration. The main particularity is that iterations must start from time 0 because 359 

the code used does not allow reintroducing the available volume of minerals in 360 

the porous medium. Thus, if the iterations were restarted after each pumping 361 

period, the available volume of minerals in the porous medium would remain 362 

constant. Consequently, the computational time increases exponentially with 363 

the simulated time (i.e., more than two weeks  are needed to simulate 30 days). 364 

 365 

3. Results 366 

Computed pH and mineral evolutions for the different scenarios and 367 

hypotheses are displayed in Appendix A. Global hydrochemical behavior of 368 
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water in the reservoirs and in the porous medium is not discussed in this paper 369 

since it has been previously described by Pujades et al. (2018). This work is 370 

focused on the differences (which are shown in percentage) between the 371 

reference scenarios and those in which parameters are modified. A positive 372 

difference means that computed results are higher than those obtained for the 373 

reference scenario while differences are negative when they are lower. The 374 

evolution of the difference between scenarios are shown during the complete 375 

simulated period. Table 2 summarizes the difference with respect to the 376 

reference scenario at the last simulated time step. 377 

 378 

3.1. Surface and underground reservoirs 379 

3.1.1. pH behavior 380 

Figure 2 displays computed differences of pH in the surface reservoir 381 

with respect to the reference scenarios. Results are shown for the three 382 

considered hypotheses. High values of K, θ and D (note that D is decreased in 383 

the scenarios H1.D, H2.D and H3.D) promote the increase of pH. Conversely, 384 

pH does not change when K, θ, D are modified in H3. The increase of iN only 385 

slightly modifies the pH in H1 while it does not vary in H2 and H3. Figure 3 386 

shows the results concerning the pH evolution in the underground reservoir. 387 

High values of K, θ and D promote the increase of pH in H1 (K and D slightly 388 

modify the results). In hypotheses H2 and H3, the largest differences are 389 

observed during early times (except in H2.θ) when K, θ and D are modified. pH 390 

decreases when K, θ and D are reduced. During later times of these scenarios, 391 

pH evolves to be equal (or very similar) to that computed for the reference 392 

scenario. The only observed exception occurs in the scenario H2.θ, in which pH 393 
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is lower during early times and higher during late times with respect to the 394 

reference scenario. The computed pH response is the same than in the surface 395 

reservoir when iN is increased. 396 

The maximum differences with respect to the reference scenarios occur 397 

when θ is modified. These are around +5% in H1 (both reservoirs), +0.43 398 

(surface reservoir) and -1.3% (underground reservoir) in H2 and -1.5% 399 

(underground reservoir) in H3.  400 

 401 

3.1.2. Precipitation of minerals in the surface reservoir 402 

Figure 4 refers to the precipitated mass of minerals in the surface 403 

reservoir. Schwertmannite and goethite precipitate for H1. Goethite only 404 

precipitates during the first pumping/discharge cycle while schwertmannite 405 

precipitates during the rest of the simulation (Pujades et al., 2018). Mass of 406 

precipitated schwertmannite increases with high K, θ, D and iN (slightly). The 407 

influence of the considered parameters is the opposite when the precipitated 408 

mass of goethite is regarded. Greatest differences are observed when the θ 409 

value is modified. At the end of the simulation time, precipitated mass of 410 

schwertmannite increases by 40% and that of goethite decreases by 15% for 411 

H1.θ. Calcite and ferrihydrite precipitate in the surface reservoir for H2. 412 

Precipitated mass of calcite increases with high K, θ, D and iN (slightly), whilst 413 

the opposite behavior is observed for the precipitated mass of ferrihydrite. The 414 

slightly influence of iN, which is difficult to deduce from Figure 4, can be 415 

observed in Table 2. The most relevant parameter for calcite and ferrihydrite 416 

precipitation is θ. The mass of precipitated calcite precipitation increases by 417 

35% whilst ferrihydrite precipitation decreases by 1.4% in H2.θ. Finally, only 418 
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calcite precipitates in H3. Mass of precipitated calcite increases for high K, θ, D 419 

and iN (slightly). Greatest differences are observed for H3.θ (+30 %). 420 

 421 

3.2. Porous medium 422 

3.2.1. pH behaviour 423 

Figure 5 shows the results concerning the pH behavior in the porous 424 

medium. pH is considered downgradient at 15 m from the underground 425 

reservoir. pH clearly increases with high values of θ and low values of D and 426 

decreases when the value of K is raised for H1, whilst the influence of these 427 

parameters is opposite for hypotheses H2 and H3. Greatest variations with 428 

respect to H1.R are observed for H1.D (+60%). When hypotheses H2 and H3 429 

are considered, greatest differences with respect to the reference scenarios 430 

occur in H2.K and H3.K (+1%). The influence of iN is not clearly observed in 431 

Figure 5 because differences are slight (+0.5 % for H1 and -0.01 % for H2 and 432 

H3). pH increases in H1 and decreases in H2 and H3 when iN is incremented. 433 

 434 

3.2.2. Dissolution of minerals 435 

Finally, results concerning the dissolved/oxidized minerals in the porous 436 

medium are displayed in Figure 6. Dissolved/oxidized minerals are computed 437 

downgradient at 5 m from the underground reservoir. Oxidized/dissolved 438 

minerals are pyrite (H1), calcite and pyrite (H2) and calcite (H3) (Pujades et al., 439 

2018). Influence of K, θ, D and iN varies depending on the hypothesis. The 440 

mass of oxidized pyrite increases in H1 and H2 when K, θ and D are increased. 441 

In the same manner, dissolved mass of calcite increases with higher values of 442 

K, θ and D for hypotheses H2 and H3. Masses of oxidized/dissolved minerals 443 
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slightly decrease in all hypotheses when iN is increased. At the end of the 444 

simulated time (Table 2), the greatest variations with respect to the reference 445 

scenarios,  are as follows: 1) the oxidized mass of pyrite is ≈160% and ≈170% 446 

higher when K is increased in H1 and H2, respectively, and 2) the dissolved 447 

mass of calcite is ≈220 % higher when the porosity is increased in H2 and H3. 448 

 449 

4. Discussion 450 

4.1. Assessment of the impacts of modifying K (scenarios H1.K, H2.K and 451 

H3.K) 452 

Water exchanges (between the underground reservoir and the 453 

surrounding porous medium) increase and indeed more water flows through the 454 

porous medium when K is increased. As a result, more water from the surface 455 

reservoir with high pO2 and low pCO2 reaches the porous medium 456 

(downgradient side) and thus more minerals can be dissolved/oxidized. For this 457 

reason, pH in the surrounding porous medium (Figure 5) decreases in H1 and 458 

increases in H2 and H3. Concerning the reservoirs (Figure 3), pH increases in 459 

H1.K because of the increased portion of groundwater from the upgradient side 460 

(less affected by the UPHS operation and in equilibrium with the porous 461 

medium). Groundwater from the upgradient side has a higher pH than 462 

groundwater from the downgradient side. pH also increases in the reservoirs for 463 

H2.K because more calcite and less ferrihydrite are precipitated. Finally, pH 464 

only varies slightly in the underground reservoir for H3. In this case, pH is lower 465 

than that computed for H3.R because groundwater from the upgradient side has 466 

lower pH than groundwater from the downgradient side (affected by 467 

precipitation and dissolution of calcite). 468 
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The variation of K also affects the mass of precipitated minerals in the 469 

surface reservoir (Figure 4). The mass of goethite decreases and that of 470 

schwertmannite increases for H1.K. Given that goethite precipitates when pH 471 

ranges between 4 and 6, precipitation may decrease because the pH in the 472 

surface reservoir is closer to the upper limit for H1.K than that in the reference 473 

scenario (H1.R). Similarly, the precipitation rate of schwertmannite decreases 474 

for pH lower than 2. Thus, the mass of precipitated schwertmannite increases 475 

because pH in the surface reservoir is higher for H1.K than that of H1.R. The 476 

volume of precipitated ferrihydrite slightly decreases with respect the reference 477 

scenario for hypothesis H2 when K is raised. In this case, groundwater flowing 478 

from the upgradient side has less dissolved iron than groundwater from the 479 

downgradient side, then, less ferrihydrite can precipitate. Finally, mass of 480 

precipitated calcite increases in H2.K and H3.K because groundwater from the 481 

upgradient side has a higher pCO2 than that of downgradient side. 482 

 483 

4.2. Assessment of the impacts of modifying θ (scenarios H1.θ, H2.θ and H3.θ) 484 

Available surface of minerals (pyrite and/or calcite) per unitary volume of 485 

porous medium increases when the value of θ is increased. As a result, more 486 

minerals (calcite and pyrite) are available to be dissolved/oxidized. However, 487 

the increase of the dissolved/oxidized mass of minerals is not reflected in the 488 

pH behavior because the volume of groundwater in equilibrium with the porous 489 

medium (i.e., natural conditions) per unitary volume of porous medium also 490 

increases. Consequently, hydrochemical changes are mitigated due to a dilution 491 

effect. Therefore, although the mass of dissolved pyrite increases in H1.θ with 492 

respect H1.R, pH in the surrounding medium is higher than that in the reference 493 
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scenario (Figure 5). The same occurs for H2.θ and H3.θ. In these hypotheses, 494 

pH in the surrounding porous medium is lower than those in the reference 495 

scenarios (Figure 5).  496 

Water exchanges (between the porous medium and the reservoirs), and 497 

thus, groundwater entering in the underground reservoir from the upgradient 498 

side increases when θ is increased. Thus, more water in equilibrium with the 499 

porous medium (i.e., not affected by UPHS) reaches the reservoirs. This water 500 

has higher values of pH than that from the downgradient side in H1. 501 

Consequently, pH in the reservoirs (Figure 2 and Figure 3) tends to increase 502 

with respect to the reference scenario. In H2, dissolved iron and calcium that 503 

are available to precipitate as ferrihydrite and calcite, respectively, are higher 504 

when the groundwater is not affected by UPHS (i.e., groundwater from the 505 

upgradient ide). For this reason, pH would tend to increase in H2.θ with respect 506 

to H2.R, although the opposite behavior is observed during early times. By 507 

contrast, pH in H3.θ does not vary noticeably with respect to the reference 508 

scenario (pH is only lower in the underground reservoir during early times). In 509 

this case, upgradient groundwater, with lower pH than groundwater from the 510 

downgradient side, would mitigate the pH increase in the reservoirs produced 511 

by calcite precipitaton. 512 

Mass of precipitated minerals (Figure 4) evolves as expected when θ is 513 

increased. Less goethite and more schwertmannite precipitate because pH is 514 

higher in H1.θ than in H1.R. In H2.θ, precipitated ferrihydrite decreases and that 515 

of calcite increases with respect to H2.R because the volume of upgradient 516 

groundwater reaching the reservoirs increases (upgradient groundwater has 517 

less dissolved iron and more or equal pCO2 than downgradient groundwater). 518 
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For the same reason, the mass of precipitated calcite increases in H3.θ with 519 

respect to H3.R. 520 

 521 

4.3. Assessment of the impacts of modifying D (scenarios H1.D, H2.D and 522 

H3.D) 523 

The portion of porous medium affected by the discharged water 524 

decreases when the value of D is lowered. As a result, less pyrite and calcite 525 

are dissolved/oxidized in H1.D, H2.D and H3.D (Figure 6). Thus, pH in the 526 

surrounding porous medium (Figure 5) is higher in H1.D and lower in H2.D and 527 

H3.D than in the reference scenarios. The lowering of D decreases the 528 

influence of groundwater not (or less) affected by the UPHS activity (i.e., pH=7, 529 

pCO2=10-2 atm and in equilibrium with the porous medium) on the water in the 530 

reservoirs. Consequently, pH in the surface and underground reservoirs 531 

decreases for H1.D with respect to H1.R (Figure 2 and Figure 3). In addition, 532 

mass of precipitated goethite increases and that of schwertmannite decreases 533 

(Figure 4). pH also decreases for H2.D (Figure 2) because less water with high 534 

pCO2 reaches the reservoirs and less calcite precipitates (Figure 4). Moreover, 535 

the mass of precipitated ferrihydrite increases, which contributes to a lowering 536 

of the pH (Figure 2 and Figure 4). Mass of precipitated calcite also decreases 537 

for H3.D (Figure 4). However, pH in the reservoirs remains constant (Figure 2 538 

and Figure 3) because calcite is the only mineral and water is equally in 539 

equilibrium with the atmospheric pCO2 as in H3.R. 540 

 541 

4.4. Assessment of the impacts of modifying iN (scenarios H1.iN, H2.iN and 542 

H3.iN) 543 
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The smallest changes with respect to the reference scenarios occur 544 

when iN is incremented. More upgradient groundwater, not (or less) affected by 545 

UPHS activity, reaches the underground reservoir and its downgradient side. As 546 

a result, discharged water reaching the surrounding porous medium 1) is mixed 547 

with more groundwater flowing from the upgradient side, and 2) affects a bigger 548 

portion of aquifer than in the reference scenarios. Thus, mineral dissolutions 549 

occur over a larger area and the volume of dissolved minerals at the 550 

observation point decreases (Figure 6). Given that the groundwater flow 551 

increases, the impacts on the surrounding porous medium are mitigated. pH in 552 

the surrounding medium (downgradient side) slightly increases for H1.iN and 553 

slightly decreases for H2.iN and H3.iN (Figure 5). The volume of upgradient 554 

groundwater reaching the underground reservoir increases with high values of 555 

iN, which modifies the mass of precipitated minerals and the pH at the reservoirs 556 

(Figure 2, Figure 3 and Figure 4). This fact is observed in H1.iN, in which the 557 

values of pH in the reservoirs are higher than those in H1.R (Figure 2 and 558 

Figure 3). In addition, the precipitated mass of goethite decreases and that of 559 

schwertmannite increases (Figure 4) because the values of pH in the surface 560 

reservoir are higher than in the reference scenario. Changes with respect to the 561 

reference scenarios are not observed in hypotheses H2 and H3 when the value 562 

of iN is raised. 563 

 564 

4.6. Efficiency of the UPHS plant and environmental impact 565 

Hydrochemical changes may impact on the environment and affect the 566 

efficiency of UPHS (Pujades et al., 2018). Note that the efficiency is not only 567 

considered from an energy point of view, in which the efficiency is defined from 568 
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the difference between the input and output of electricity. A global concept of 569 

efficiency is considered, thus, if the UPHS plant must be stopped (e.g., for 570 

cleaning tasks), it is considered that the efficiency is affected. The most relevant 571 

aspects concerning environmental impacts are the pH changes (in the 572 

groundwater of the surrounding porous medium and in water of the surface 573 

reservoir) and the dissolution of minerals. Three aspects must be pointed out 574 

concerning the impacts on the efficiency: 1) precipitation of minerals in the 575 

surface reservoir (cleaning tasks affect the efficiency), 2) pH evolution in the 576 

reservoirs (low pH induces corrosion while high pH produces scaling), and 3) 577 

the dissolved minerals in the groundwater of the surrounding porous medium 578 

(efficiency of pumps and turbines depends on the water exchanges; Pujades et 579 

al., 2017a). Table 3 shows how impacts on the environment and efficiency vary 580 

for all simulations with respect to the reference scenario. Grey and black cells 581 

mean that the impact decreases and increases, respectively, whilst cells are 582 

white when the impact does not vary. We can observe that in most scenarios 583 

some specific aspects relative to environmental impacts or efficiency are 584 

improved while others are worsened. All factors relative to environmental 585 

impacts are only improved or evenly-matched in four scenarios: H2.D, H2.iN, 586 

H3.D and H3.iN. If it is assumed that pH values in the reservoirs and in the 587 

surrounding medium are the most important parameter to establish guidelines 588 

for minimizing impacts and optimizing efficiency. Thus, on the one hand, 589 

environmental impacts are reduced in 1) H1 for high values of θ and iN, 2) H2 590 

for low values of D and high of iN, and 3) H3 for low values of D and high of θ 591 

and iN. On the other hand, efficiency is improved with 1) high values of K, θ and 592 
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iN in H1, 2) low values of D and high of iN in H2, and 3) high values of K, θ and 593 

iN and low of D in H3. 594 

 595 

4.7. Analysis of regression coefficients 596 

The most relevant parameters are assessed through the regression 597 

coefficient between the pH variations (with respect to the reference scenarios) 598 

and the degree of change of the different considered parameters. In the same 599 

manner, the regression coefficient is used to analyze the locations (i.e., 600 

reservoirs or porous medium) where the influence of the considered parameters 601 

is meaningful (Figure 7). High regression coefficients indicate that the influence 602 

of the considered parameter is high. The highest influence of the assessed 603 

parameters is observed in H1.  θ is the most determinant parameter and the 604 

highest variations of the pHoccur in the porous medium with respect the 605 

reference scenario. The influence of the assessed parameters is slightly higher 606 

in the underground reservoir than in the surface one. Similarly, the most 607 

relevant parameter in H2 is θ and the highest influence of the evaluated 608 

parameters occurs in the porous medium. The only exception is observed in 609 

scenario H2.θ. Concerning the reservoirs, the influence of the assessed 610 

parameters is higher in the underground cavity than in the surface one, except 611 

for H2.K. Finally, in H3, the most relevant parameter is K and the highest 612 

influence of the assessed parameters is observed in the porous medium. 613 

 614 

5. Conclusions 615 

This study investigates how hydrochemical changes (and their 616 

consequences on the environment and operational efficiency) induced by UPHS 617 
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operations might be dependent on different hydrogeological factors, such as the 618 

hydraulic conductivity, the porosity, the hydraulic gradient and/or the 619 

dispersivity. Other parameters such as the reactive surface of the minerals or 620 

the volume of water pumped and discharged are also relevant for the 621 

hydrochemical changes, but their influence has already been established 622 

(Pujades et al., 2018). Obviously, the synthetic model that is used here is not 623 

applicable as such to any real case-study. However, it allows simulating the 624 

influence of the considered parameters on the evolving water chemical 625 

characteristics and the results are useful for the selection of potential sites 626 

where constructing UPHS plants is considered. 627 

The most relevant statements concerning the hydrochemical changes 628 

are the following: high hydraulic gradients (iN) and low dispersivities (D) tend to 629 

mitigate environmental impacts while high hydraulic conductivities (K), 630 

porosities (θ) and hydraulic gradients (iN) improve the efficiency. The influence 631 

of the considered parameters on hydrochemical changes varies depending the 632 

chemical composition of the surrounding porous medium (Figure 7). The 633 

Highest influences of the assessed parameters occur when only pyrite is 634 

contemplated (H1) while lowest ones are obtained when only calcite is 635 

considered in the porous medium (H3). Results also show that the influence of 636 

the assessed parameters on the hydrochemical changes is higher in the porous 637 

medium than in the reservoirs. Finally, it is possible to deduce that the most 638 

influential parameters on the hydrochemical changes are K and θ. 639 

Consequently, these parameters should require special attention during the 640 

selection of potential sites for the construction of UPHS plants. 641 
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Evaluated parameters do not affect in the same way (positively or 642 

negatively) all the aspects relative to the environment or the efficiency. Thus, if 643 

a choice is possible between different abandoned mine sites to construct an 644 

UPHS, criteria can be adopted to select the most appropriate one. For example, 645 

if the main concern is the pH in the surface reservoir (due to an expected 646 

exchange with other surface water bodies), and if the surrounding porous 647 

medium contains pyrite (without calcite), it would be advisable to choose a site 648 

with the highest values of K, θ and iN. 649 

Results show that the magnitude of the hydrochemical changes depends 650 

on hydrogeological parameters. Consequently, a proper hydrogeological 651 

characterization will be essential for the construction of future UPHS plants. 652 

Reactive transport models will also be of paramount importance to predict the 653 

hydrochemical changes produced by UPHS. 654 
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Figure captions 870 

Figure 1. a) General view of the problem. An underground reservoir (cavity) of 871 

50 m by 50 m on 10 m height is considered. It is located below the water 872 

table. b) Schematic view of the model domain. Half of the problem is 873 

modeled by taking advantage of the symmetry. c) View of the meshed 874 

numerical model. Modified from Pujades et al., 2018. 875 

Figure 2. Variation of the pH in the surface reservoir with respect to the 876 

reference scenarios. Results considering the three modeled hypotheses 877 

(H1, H2 and H3) are shown. 878 

Figure 3. Variation of the pH in the underground reservoir with respect to the 879 

reference scenarios. Results considering the three modeled hypotheses 880 

(H1, H2 and H3) are shown. 881 

Figure 4. Variation of the precipitated minerals in the surface reservoir with 882 

respect to the reference scenarios. These results are based on the 883 

accumulated mass of precipitated minerals in the surface reservoir. 884 

Results considering the three modeled hypotheses (H1, H2 and H3) are 885 

shown. 886 

Figure 5. Variation of the pH in the surrounding porous medium with respect to 887 

the reference scenarios. Results considering the three modeled 888 

hypotheses (H1, H2 and H3) are shown. pH is computed at an 889 

observation point located at 15 m downstream from the underground 890 

reservoir. 891 

Figure 6. Variation of the dissolved minerals in the surrounding porous medium 892 

with respect to the reference scenarios. Results considering the three 893 

modeled hypotheses (H1, H2 and H3) are shown. Dissolved minerals are 894 
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computed at an observation point located at 5 m distance downstream 895 

from the underground reservoir. 896 
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Table captions 1132 

Table 1. Properties of the simulated scenarios. Grey cells highlight the modified 1133 

parameter with respect the reference scenario. Scenarios concerning the three 1134 

considered hypotheses are shown. 1135 

Table 2. Percentage of variation of computed results for the different scenarios 1136 

with respect the reference scenarios. Percentages refer to the last simulated 1137 

time. Results for the three considered hypotheses are shown. 1138 

Table 3. Variation of relevant aspects for the impacts on the environment and 1139 

the efficiency with respect the reference scenario. Grey, black and white cells 1140 

indicate that the computed impact is lower, higher or equal, respectively, than 1141 

that calculated for the reference scenarios. Results concerning the three 1142 

considered hypotheses are shown. 1143 

1144 
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Table 2 1169 

K (m/d) θ (-) D flow direction (m) D ortogonal directions (m) iN

Hypothesis H1
H1.R 0.01 0.05 10 1 0.005

H1.K 0.1 0.05 10 1 0.005

H1.S 0.01 0.25 10 1 0.005
H1.D 0.01 0.05 0.1 0.01 0.005

H1.iN 0.01 0.05 10 1 0.01
Hypothesis H2

H2.R 0.01 0.05 10 1 0.005

H2.K 0.1 0.05 10 1 0.005

H2.S 0.01 0.25 10 1 0.005
H2.D 0.01 0.05 0.1 0.01 0.005

H2.iN 0.01 0.05 10 1 0.01
Hypothesis H3

H3.R 0.01 0.05 10 1 0.005

H3.K 0.1 0.05 10 1 0.005

H3.S 0.01 0.25 10 1 0.005
H3.D 0.01 0.05 0.1 0.01 0.005

H3.iN 0.01 0.05 10 1 0.01

Scenario Variable Value Surface Underground Goethite Schwermannite
H1.K K ↑ 1.61 2.29 -0.89 8.89 -18.40
H1.θ θ ↑ 4.23 6.41 -14.17 39.54 25.40
H1.D D ↓ -0.96 -1.37 3.00 -6.72 65.80
H1.iN iN ↑ 0.08 0.08 -0.46 0.56 0.49

Surface Underground Calcite Ferrihidryte pH medium Pyrite Calcite
H2.K K ↑ 0.16 0.03 12.66 -0.57 0.98 172.00 184.00
H2.θ θ ↑ 0.44 0.85 35.66 -1.41 -0.20 70.70 216.00
H2.D D ↓ -0.09 -0.10 -5.67 0.24 -0.23 -98.90 -96.60
H2.iN iN ↑ 0.00 0.00 0.37 -0.02 -0.01 -1.26 -0.73

Surface Underground pH medium
H3.K K ↑ 0.00 -0.10 1.25
H3.θ θ ↑ 0.00 -0.02 -0.24
H3.D D ↓ 0.00 0.00 -0.27
H3.iN iN ↑ 0.00 0.00 -0.01

Precipitation surface reservoir Dissolution mediumpH reservoirs
pH medium

Pyrite
157.00
42.40
-98.80
-1.55

Calcite
10.21
27.68
-4.47
0.30

Calcite
182.00

-96.20
224.00

-0.87
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