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Abstract. This work presents a proposal for the transformation of mining-degraded areas into renewable energy installations, converting deactivated 
mine pits, in the Quadrilátero Ferrífero (QF) region in state of Minas Gerais (MG), Brazil, into reservoirs for Pumped Storage Hydropower (PSH). 
Additionally, it proposes the alteration of adjacent areas impacted by mining extraction process, through their conversion into Photovoltaic Power 
Plants (PV). This measure has the potential to turn mining liabilities into sources of energy with lower environmental impact and sustainability for 
society. This process allows energy to be stored in the form of hydraulic batteries, which can mitigate the effects of intermittency of photovoltaic 
generation in the electrical grid. The presented methodology involves mapping deactivated mines, calculating the energy potential of the coupled 
PSH and PV systems, and conducting an economic feasibility study for PSH implementation. The work includes a case study discussing potential 
local environmental impacts and the energy potentials of this solution. The case study resulted in identifying a suitable pair of mine pits for a PSH in 
the QF, capable of supplying the electrical grid with approximately 234.3 MW, with the generated energy cost ranging between U$112.26/MWh to 
U$167.22/MWh. It is concluded that utilizing inactive mines as PSH reservoirs and installing PV in adjacent mining-degraded areas are innovative 
and technologically feasible strategies. Economically, their implementation will depend on the market price of energy. 
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1. Introduction 

Currently, 72% of the electrical energy consumed in the 
world is obtained from fossil fuels (such as oil and its 
derivatives) and nuclear generation (IEA, 2022). This current 
dependence on fossil fuels has proven to be unsustainable in the 
long term, since these resources are scarce and cause several 
environmental impacts. Therefore, it is necessary to develop the 
renewable energy sector to replace electricity obtained from 
fossil fuels in the near future. 

One of the difficulties in this process concerns the fact that 
most renewable energy technologies are based on 
unpredictable natural sources, which have variable availability 
at different times, and therefore generate energy during time 
intervals that do not specifically correspond to periods of 
consumption (Zakeri & Syri, 2015). 

A good alternative to increase the efficiency of power 
generating plants is to adjust the energy generated to demand. 
Energy storage systems align production with consumption 
needs as they allow the surplus energy to be captured during 
periods of low demand, storing it for later use when demand 
increases (Rehman et al., 2015). 
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In this scenario, pumped storage hydropower (PSH) stands 
out, which constitutes one of the most commonly used storage 
systems, as they offer good energy conversion efficiency, long 
useful life, ancillary services, quick response capacity and 
storage capacity on a large scale. This development consists of 
two reservoirs located at different heights, allowing a large 
percentage of the surplus electricity generated during periods 
of low demand to be stored. During this interval, the excess 
electricity is used to pump water from the lower reservoir to the 
upper one, thus transforming electrical energy into potential 
energy. Then, during periods of high demand, water is released 
from the upper reservoir to the lower one to generate electricity 
through hydraulic turbines (Vilanova et al., 2020). 

However, PSH technology is limited by topography and land 
availability, as it requires a minimum elevation difference 
between the two reservoirs, as well as large reservoir 
dimensions to increase the amount of energy stored (Deane et 
al., 2010). 

One of the proposals that has been evaluated to overcome 
such obstacles comes from mining processes. At the end of the 
mining process of a mine, it is common for the site to be 
deactivated or abandoned. This practice is worrisome, 
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considering that, in addition to providing a high maintenance 
cost, it can also lead to even greater environmental degradation 
of the area, such as soil contamination, emergence of erosion 
and extinction of local fauna and flora (Tonidandel, 2011). 

Therefore, deactivated mining pits (DMP) have been the 
subject of studies to transform their status as a company liability 
into an asset, which is possible through their use as a reservoir 
for the installation of a PSH (Saigustia & Robak, 2021). This fact 
has the potential to minimize, or even nullify the burdens and 
costs associated with deactivating a mine, which, in the long 
term, can constitute a burden for the state and society. 

In light of this, the present work aims to explore the DMP, in 
the Quadrilátero Ferrífero (QF) in the state of Minas Gerais 
(MG), Brazil, in order to use them as reservoirs for PSH, as well 
as the use of contiguous degraded areas from mining as space 
for the allocation of panels solar panels for the implementation 
of PVPP, investigating whether these pits, the generating power 
plant complex and the region in which they are located have the 
necessary characteristics to behave as a reservoir, and whether 
it is viable to its construction in terms of installed capacity. 

 
2. Literature Review 

2.1 Pumped Storage Hydropower (PSH) 

PSH are large-scale energy storage systems that use 
electrical energy (surplus or intended for this purpose) to pump 
water to an upper reservoir, storing it so that, later, this water 
can be turbocharged, generating energy to be used, dispatched 
to the electrical grid. 

The basic operation of a PSH, seen on Fig. 1, involves two 
reservoirs: an upper and a lower reservoir, connected by piping 
and turbine-pump and motor-generator arrangements. During 
periods of low electricity demand - when energy generation is 
greater than consumption - excess electricity is used to pump 
water from the lower reservoir to the upper reservoir, raising its 
level and storing the water's potential energy. When there is a 
greater demand for electricity, the water stored in the upper 
reservoir is released back to the lower reservoir, passing 
through the turbines. As the water flows, it drives turbines, 
generating electricity that can be delivered to the electrical grid 
(Görtz et al., 2022). This cycle of energy storage and generation 
can be repeated as much as needed, making PSH an efficient 
way to store and supply energy at times of high demand or to 
compensate for fluctuations in intermittent renewable energy 
generation, such as wind and solar energy (Canales et al., 2015). 

PSH associated with a renewable power source plant, which 
dedicate their storage exclusively to these sources, are known 
as hybrid PSH. Unlike conventional PSH that primarily 
exchange energy with the grid, with energy from different 
sources, to compensate market fluctuations. Hybrid PSH 

emerge as a realistic and viable option to achieve high 
renewable energy insertion on the grid. 

The main components of a PSH are: reservoirs, dams, 
turbine-pumps, generator-motors, control equipment, electrical 
substation, powerhouse and tunnels connecting the reservoirs, 
whether or not there may be spillways and surge tank (Brandão 
et al., 2021). 

According to the storage capacity and the height difference 
between the reservoirs, a PSH can have different storage cycles: 
hourly, daily, weekly, monthly, seasonal or multi-annual. The 
greater the availability of renewable and intermittent sources for 
storage, the shorter the generation cycle of a PSH, whether daily 
or weekly, for example. This is due to the fact that these sources 
depend on factors that are provided in short periods of time, 
such as sunlight in a daily period and winds in a weekly period 
(Nikolaos et al., 2023). PSH can adopt open or closed loop 
configurations. In the open loop, a continuous flow of water, a 
river for example, is connected to the upper or lower reservoirs, 
with the pump turbines influencing the flow of the river, 
generating environmental impacts that can be mitigated by 
using existing dams. The closed loop is characterized by 
reservoirs far from continuous sources of water, reducing 
aquatics environmental impacts, by operating in daily or weekly 
cycles, being supplied at specific times by sources 
compensating for evaporation and infiltration (Brandão et al., 
2021). 

Turbines that operate with a fixed speed turbines have an 
invariable generating and pumping capacity. On the other hand, 
variable speeds can be reached through an asynchronous 
motor-generator or synchronous motor-generator with a 
frequency inverter. With that, the operating range of the turbine 
can be expanded, and the pump capacity can be adjusted to use 
only the amount of energy available. at the moment (Joseph & 
Chelliah, 2018). 

In addition to their rotation speed, there are three 
arrangements, divided according to their type, number, and 
arrangement of electrical and hydraulic machines used in PSH: 
binary, ternary and quaternary, where each one will have two, 
three, and four pieces of equipment, respectively. According to 
Nibbi et al. (2022), the most commonly used configuration is a 
turbopump, called reversible turbine, with fixed rotation, and a 
motor-generator that operate with synchronous rotation, that is 
a binary set. 

PSH has a net energy consumption, needing more energy for 
pumping than they can generate, this words duo to the different 
price of energy during the day. They stand out in terms of 
emissions, surpassing fossil fuel-based thermoelectric plants. 
Despite concerns about reservoir-associated emissions, studies 
indicate that PSH have significantly lower carbon emissions 
than equivalent thermoelectric plants. Thus, PSH contribute not 
only to low-emission generation but also facilitate the 
integration of renewable sources, enabling emission reduction 
strategies in the Brazilian electrical sector (EPE, 2021; Ferreira 
et al., 2022). 

It can be considered that a PSH emerge as a possible solution 
with advantages arising from their low environmental impact 
and cost savings in their generation/storage. This approach has 
been widely adopted in different regions of the world, as seen 
in Rehman et al. (2015) and (Guittet et al., 2016). Currently, the 
installed capacity of PSH in the world is 161.6 GW, which 
represents 94% of all electrical energy stored in the world (IHA, 
2022). 

In Brazil, despite the absence of a consolidated network of 
PSH, the growing interest and ongoing studies reflect the 
importance of this technology. With the national energy 
demand constantly rising and the increasingly significant 
integration of intermittent energy sources into the grid, it 

 

Fig. 1 - Schematic of a Pumped Storage Hydropower (adapted) 
(GÖRTZ et al., 2022). 
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becomes evident that the Brazilian electrical system needs to 
incorporate large-scale energy storage technologies to ensure 
stability and operational efficiency as seen in Libanori et al. 
(2018). Studies about this technology have been carried out 
throughout Brazilian history. Eletrobras, in the late 80s, 
conducted a potential study for PSH in the South, Southeast, 
and Northeast regions but overlooked socio-environmental, 
geological/geotechnical, and hydrometeorological 
considerations, as revealed by EPE (2019). 

In 2019, EPE presented a technical note on an inventory 
study for PSH in the state of Rio de Janeiro, Brazil. The aim was 
to map favorable locations for the implementation of these 
plants, and selecting the most promising locations with the 
characterization of the stored energy, where they defined 15 
sites with great potential for a PSH. Recent studies, such as that 
of Hunt et al. (2014) propose advanced PSH models, in which 
there was an increase in energy storage in an annual cycle in 
cascade hydroelectric plants. Focusing on storing energy during 
the flood period in the Amazon region, it was concluded that 
these systems would be valid, as they require a much smaller 
flooded area and can achieve an efficiency close to 90%. 

Internationally, in Rhodes, Greece, Arnaoutakis et al. (2022) 
discovered significant potential for PSH in conjunction with 
renewable sources, harnessing around 70% of the energy matrix 
from solar and wind sources integrated with PSH. Saigustia & 
Robak (2021) analyzed the potential for energy storage in 
abandoned mines in Poland, concluding that the technology has 
great potential on-site but requires detailed investigative studies 
for process understanding. 

 
2.2 Photovoltaic power plant (PVPP) 

Photovoltaic power plant (PVPP), or solar plant, is an 
installation designed to generate electricity from sunlight. It 
harnesses the power of the sun through photovoltaic 
technology, which directly converts sunlight into electricity. 
When sunlight shines on the solar panels, photons (particles of 
light) excite electrons in the semiconductor material, causing 
them to flow and create an electrical current. Based on sunlight, 
this energy source does not require inputs to operate. 

Depending on their configuration, these PVPP, when 
installed on the ground, can be designed with fixed or variable 
inclination. Although variable inclination configurations can 
provide better energy performance, as greater use of solar 
incidence would be possible, this feature implies higher costs for 
both installation and maintenance (Gol & Ščasný, 2023). 

It is also possible to place photovoltaic plates in lakes or 
dams; this technology structure is called Floating Photovoltaic 
Plant (FPVP). Such projects have a floating platform designed 
for the installation of photovoltaic modules. These platforms are 
anchored by a mooring system adjustable to fluctuations in 
water level, ensuring their orientation in a northerly direction. 
The connection of the solar panels to the substation is 
established using underwater cables. This option has been 
adopted in hybrid processes, where a Hydroelectric Power 
Plant (HPP) or PSH is used as a water layer for installation. 
According to Cazzaniga et al. (2019), this technology can reduce 
grid connection costs and water loss through evaporation. In 
addition to the association with water sources, there is also the 
possibility of associating PV with other nearby technologies, in 
conjunction with wind or thermoelectric plants, for example. 

Several studies are found in the literature regarding hybrid 
generations. Margeta & Glasnovic (2010) proposed a 
mathematical model for sizing a PV associated with a HPP, 
revealing positive results. The model indicated potential 
implementation in cold climates with abundant solar energy, 
requiring a relatively small amount of water. 

In a subsequent work, Margeta & Glasnovic (2012) 
introduced a hybrid energy system consisting of a PV combined 
with a PSH. This innovative hybrid plant operates continuously, 
using solar energy as the primary source and water for energy 
storage. Ma et al. (2015) presented a study of a PSH combined 
with a PV for small autonomous energy systems in remote 
areas. They developed mathematical models for key 
components, system reliability, and economic criteria, 
demonstrating the effectiveness of the proposed model and 
optimization algorithm for similar future studies. 

Cazzaniga et al. (2019) discussed the advantages of 
combining floating solar panels with the 20 largest HPP globally, 
revealing a potential 65% increase in energy production by 
covering 10% of reservoirs with floating solar panels. Silvério et 
al. (2018) assessed the economic and technical viability of FPVP 
in HPP in the São Francisco River basin, Brazil. From an energy 
perspective, the HPP demonstrated an average gain of 76%, 
with a corresponding average increase of 17.3% in capacity 
factor. 

Costa (2022) conducted a case study on a Brazilian HPP with 
FPVP on the water surface. Besides significantly reducing water 
evaporation, the addition of FPVP generation resulted in an 
average gain of 53% in energy production. The study also 
identified a return on the estimated investment within seven 
years. Silva et al. (2013) demonstrated the feasibility of 
associating technologies like batteries. In a case study, a 
hydrogen cell system was assessed for storing solar-generated 
energy in the Amazon region in Brazil, offering advantages but 
proving more costly than conventional battery systems. 

 
2.3 Mining pits in the Quadrilátero Ferrífero (QF) 

The history of mining activity in Minas Gerais, Brazil, which 
translated to English goes by “general mines”, is intrinsically 
linked to its own history, as evidenced by the name of the state. 
The Quadrilátero Ferrífero (QF), the main iron ore exploration 
hub in Brazil, is located in the central-southern region of Minas 
Gerais, Brazil, with an area of 12,785 km². With many mineral 
resources, including iron, manganese, gold, bauxite and 
precious stones, Minas Gerais, Brazil, is responsible for 
approximately 42% of the national production of metallic 
minerals (ANM, 2023). 

Despite such economic relevance, the activity of mineral 
extraction is considered to have a high environmental impact 
as, in addition to being a non-renewable extractive activity, it 
has a high potential for environmental degradation and 
constitutes a possible liability for society. It is crucial to 
emphasize the need to establish policies and mechanisms that 
enable the supervision and management of impacts arising from 
mining activities on different segments of society. Therefore, it 
is imperative to implement strict environmental control and 
monitoring in mining projects (Fernandes & Lima, 2021). 

The operation of a mine, although it brings positive 
economic impacts, also causes significant adverse effects on the 
environment, which need to be mitigated and repaired by those 
responsible for mining. At the end of local 
exploration/operation, the mining companies are assigned the 
work of deactivating the mines, which includes the removal of 
structures, the implementation of safety measures, the 
assessment of the impacts of deactivation on neighboring 
communities and the execution of social initiatives, the in order 
to recover degraded areas and restore the original 
characteristics of that environment (Fernandes & Lima, 2021). 

The appropriate process for closing a mining operation plays 
a fundamental role in ensuring that the activity can fulfill its 
social function effectively. This allows economic, social and 
environmental benefits to be achieved for all parties involved. 
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Negligence at this stage can result in the creation of abandoned 
mines and environmental liabilities, which can have direct 
consequences on communities residing close to the project 
(FEAM, 2022). The impacts resulting from the abandonment of 
a mine are diverse and include the possible destruction of 
remaining resources, devaluation of land, lack of soil protection, 
land erosion and siltation of water bodies, contamination of soil 
and water and risks to fauna and nearby communities (Oliveira 
Júnior, 2001). 

To ensure adequate environmental management of these 
projects, the specialized work of the State Environmental 
Foundation (FEAM) and the use of the Registry of Paralyzed and 
Abandoned Mines (CMPA) have played a crucial role as 
management instruments. The government of the state of Minas 
Gerais, through FEAM, formulated specific legislation for the 
closure of a mine – Copam Normative Deliberation nº 220/2018 
(SEMAD, 2023). This resolution includes a series of guidelines 
that the enterprise must carry out to declare the cessation of 
mining activity or closure of the mine. Along with this, the body 
includes a Registry of Paralyzed and Abandoned Mines (CMPA) 
which has 520 registered enterprises. 

It is important to highlight that, even with the reduction in 
the number of projects in a state of abandonment, FEAM 
continues to seek alternatives beyond inspection and 
application of penalties, aiming at the recovery and 
accountability of projects that are characterized as abandoned 
(FEAM, 2022). In light of this, it seen an alternative to transform 
these degraded places to become an economic asset, 
transforming these areas into a field for exploring renewable 
energy. 

 

3. Method 

The work proposes dimensioning a Pumped Storage 
Hydropower (PSH) associated with a Photovoltaic Powe Plant 
(PVPP), using Deactivated Mining Pits (DMP) as a reservoir. 
The following methodology refers to: i) definition of the pit 
addressed for the case study, ii) dimensioning of the PSH, 
including its generation potential and structural characteristics, 
iii) initial sizing of the PVPP, and iv) the energy available to the 
grid. To carry out the economic feasibility study, a sensitivity 

study was carried out on the costs of implementing the PSH. 
The cost of photovoltaic energy was determined by obtaining a 
value through a national auction, without calculating its 
implementation cost. Thus, the cost of stored energy is obtained 
through the PSH implementation cost, and the cost of energy 
generated by the combination of technologies is obtained 
through the cost of solar energy obtained via auction. In 
addition, a sensitivity analysis was conducted to define a range 
of generated energy costs related to the PSH implementation 
cost. Fig. 2 illustrates the flowchart followed by the work 
methodology. 

The closed loop arrangement was defined for PSH as the 
DMP are not located in a river course. The operation takes place 
on a daily cycle, where during a period of the day the PSH 
turbines water should supply energy to the grid, and for the rest 
of the day it pumps water to the upper reservoir. The project 
must operate in such a way that the PSH supplies electrical 
energy to the grid during its generation period. The PVPP 
provides the energy necessary to pump water from the lower 
reservoir to the upper reservoir, and also to the grid, so that the 
association of PSH and PVPP sends a steady energy throughout 
the day to the grid. Fig.  illustrates the association of the 
technologies in question. 

 
3.1. Dimensioning PSH 

The inventory study of a PSH is the initial part of the 
research. Based on a technical note developed by (EPE, 2019), 
this stage used part of the methodology adapted for the case 
study of the present work, which included the phases: mapping 
of promising locations for PSH implementation detailing the 
PSH involving its potential for generation and pumping, 
definition of the diameter of the pipe, tunnel and turbine. 

To evaluate the site, DMP of the QF were taken into account, 
and a pair of suitable mining pits were selected to work as 
reservoirs for the PSH in question. As this arrangement 
configuration will be a closed cycle, there will be a need for a 
water source to fill the reservoirs in the initial phase, and replace 
water due to evaporation and infiltration losses. This source will 
not be defined in this work. 

 

Fig. 2 - Flowchart of the methodology (author) 
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3.1.1. Mapping degraded mining pits 

Extensive research was carried out on the DMP in the QF, 
taking into account the existing volumes, the geographic 
location, the distance and difference in level between different 
pits. This step was carried out through the analysis of data from 
the CMPA, developed by FEAM. 

Through visual inspection using satellite images obtained by 
Google Earth ® software, registered enterprises were analyzed 
according to their location, their extracted mineral and their 
geometry in the shape of the mining pit. To work as a reservoir, 
the open-pit mining pit should have a basin shape, in which it 
would be viable (via these images) to impound a quantity of 
water on site, without the need for the actual construction of a 
dam. This characteristic can be found in iron ore mines, where 
extraction is voluminous and can create pits in the ground. 

The ideal topographic configurations for the construction of 
a PSH are characterized by short horizontal distances and high 
vertical variations between the upper and lower reservoirs of 
the plant. For the maximum distance between the two 
reservoirs, we tried to take into account the recommendations 
of Barnes & Levine (2011) , which recommend that the height 
(gross head)/distance ratio of the pits should be at least 1/ 10. 
This factor may vary depending on the characteristics of the 
region. If there were not two nearby deactivated pits that met 
the aforementioned criteria, one could look for active mining 
pits in their proximity, prioritizing the choice that at least one 
reservoir was a deactivated mining pit. 

 
3.1.2. Definition reservoir PSH 

After defining the location, a mathematical model was drawn 
up using electronic spreadsheets in which the geographic data 
of the DMP were introduced to obtain the volume of the 
reservoir. The areas viewed via satellite were used to trace the 
volume of the reservoirs based on their altitude. It was sought 
to make the most of the available area and, through this area, 
create the Elevation x Area x Volume curve to identify the total 
volume. 

The maximum and minimum heights of each reservoir were 
then defined. For the maximum height, the greatest height 
visible in satellite images that could form a reservoir inside the 
pit was taken into account. From this maximum height, called 
crest height, three meters are subtracted to obtain the maximum 
useful height of the reservoir. 

For the minimum height, it is necessary to define a depletion 
height, which is the lowering of the water level in the reservoir 
during emptying. This height was defined for the present work 

as 30 m. The useful volume comprises the estimated volume 
between the maximum and minimum useful heights that can be 
pumped and turbined. The smaller useful volume of the 
reservoirs must be taken into account when calculating the 
generation potential. 

The minimum height of the reservoir with the smallest useful 
volume is obtained through the maximum useful height minus 
the defined depletion. For the other, larger reservoir, the 
minimum height must be calculated taking into account the 
useful volume that will be turbined and subsequently pumped. 
This calculation is made using the Elevation × Area × Volume 
curve. 

After defining the useful volume and the maximum and 
minimum useful heights of both reservoirs, the gross operational 
head were established based on Equations 1, 2 and 3: 

 
𝑀𝑎𝑥. 𝐺𝐷 =  𝐵. 𝑚𝑎𝑥. 𝑢𝑝𝑝 −  𝐵. 𝑚𝑖𝑛. 𝑙𝑜𝑤  (1) 
 
𝑀𝑖𝑛. 𝐺𝐷 =  𝐵. 𝑚𝑖𝑛. 𝑢𝑝𝑝 −  𝐵. 𝑚𝑎𝑥. 𝑙𝑜𝑤  (2) 
 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒. 𝐺𝐷 (𝐻𝑏)  =  (𝑀𝑎𝑥. 𝐺𝐷 +  𝑀𝑖𝑛. 𝐺𝐷) / 2 (3) 
 

In which B is the water level in the reservoirs, maximum and 
minimum, upper and lower (superior and inferior) 

 
3.1.3. Generation time and boosted flow 

To determine the turbine flow based on the useful volume of 
the reservoir, it is necessary to define the generation time (𝑇𝑔) 

of the PSH. The generation time refers to the time range during 
which the PSH is capable of generating electrical energy at its 
maximum power, resulting in the gradual reduction of the water 
level in the upper reservoir, from the normal maximum level to 
the normal minimum level. 

For the current project, a generation time (𝑇𝑔) of 14 hours 

was adopted. Thus, in a period of 24 hours in a day, 10 hours 
would be reserved for pumping time (𝑇𝑏) - the time necessary to 
pump water from the lower reservoir to the upper one, reserved 
for daytime hours with greater solar incidence in the PVPP. 

The turbine flow (𝑄𝑡) was calculated using an initial 
approximation, using the relationship between the useful 
volume of the reservoir and the generation time, defined 
according to Equation 4. 

 
𝑄𝑡 = 𝑉𝑢/𝑇𝑔     (4) 

 
In which 𝑉𝑢 is the useful volume in [m³] and 𝑇𝑔 generation 

time [h]. 
 
 

 

Fig. 3 - PSH and PVPP Association (author) 

 

 

Fig. 3 - Percentage hydraulic loss in a hydroelectric installation as a 
function of gross head (Leite, 2020). 
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3.1.4 Hydraulic loss 

The hydraulic loss, which is the decrease in pressure or 
energy of the water as it flows, depends on several physical 
factors in the pipe construction, such as joints, valves, but also 
diameter, roughness, flow properties, etc. One of the methods 
used to estimate the pressure loss of the hydraulic circuit for 
preliminary phases of a study is the approximation of the 
percentage hydraulic loss in relation to the height of the total 
head of the analyzed system. For this work, it will be used a 
graph proposed by Leite (2020), which is seen on Fig. 3. 

 
3.1.5 Generation Power and Stored Energy 

The nominal generation power capacity is obtained by 
Equation 5. The stored energy (𝐸𝑃𝑆𝐻.𝑠𝑡𝑜𝑟𝑒) can be expressed in 
terms of energy stored in the upper reservoir, which is obtained 
by the product of the nominal generation power (𝑃𝑔) and the 

generation time (𝑇𝑔). 

 
𝑃𝑔  =  𝜌 ∗ 𝑔 ∗ 𝑄𝑡 ∗ 𝐻 ∗ 𝜂𝑡 ∗ 𝜂𝑔   (5) 

 
In which 𝑃𝑔 is the electrical power produced in motor 

generators in [W], 𝜌 is the specific mass of water in [kg/m³], 
assuming an average water temperature of 25°C, 𝑔 is gravity 
acceleration in [m/s²], 𝑄𝑡 is the total turbine flow in [m³/s], 𝐻 is 
the average gross head in [m], corrected for hydraulic loss, 𝜂𝑡 is 
the turbine-pump efficiency in turbine mode, adopted as a value 
of 90% and 𝜂𝑔 is the efficiency of the motor-generator in 
generator mode, adopting a value equal to 98%. 

 
3.1.6 Pumping power and tunnel diameter 

At this stage, it is considered that the same volume of 
turbined water must be pumped again to the upper reservoir. 
Therefore, the pumping flow is calculated so that the same 
volume that was turbined cand be pumped in the given time. In 
this way, the power required for pumping (𝑃𝑏) is given from 
Equation 6: 

 

𝑃𝑏  =
𝑄𝑏∗𝜌∗𝑔∗(𝐻𝑏+ ∆ℎ).

𝜂𝑏∗𝜂𝑚
    (6) 

 
As 𝑃𝑏 is the electrical power consumed in motor generators 

in [W], variable with the effective lifting height, 𝑄𝑏 is the pumped 
flow in [m³/s], calculated for each effective lifting height, 𝐻𝑏 +
 ∆ℎ is the gross head in [m], which will vary between maximum 
gross head and minimum gross head corrected for load loss, 𝜂𝑏 
is the pump turbine efficiency in pump mode, adopted as a value 
of 92% and 𝜂𝑚 is the efficiency of the motor-generator in motor 
mode, adopting a value equal to 98%. 

The powers for the two heights in question are then 
calculated. The average pumping power is used to calculate the 
PSH efficiency. The maximum power (𝑃𝑚𝑎𝑥) required for 
pumping is considered the PSH power, and is used for 
subsequent calculations. 

The adduction/discharge tunnel is responsible for 
connecting the reservoirs and the powerhouse with the turbines. 
For the present work, a maximum water flow speed (𝑣𝑒) of 4 
m/s was assumed, as analyzed in the literature by (EPE, 2019; 
Leite, 2020). The diameter (Ø) is calculated taking into account 
the largest defined flow rate. As the pumping time (𝑇𝑏) is shorter 
than the turbine time (𝑇𝑔), a higher flow rate for pumping is 

expected. Equation 7 is used to obtain the diameter (Ø) in [m], 
which is defined by a relationship between the flow speed (𝑣𝑒) 
of the water in [m/s] and the turbine flow (𝑄𝑡) in [m³/s]: 

 

Ø = √
𝑄𝑡 ∗ 4

𝑣𝑒 ∗  𝜋
     (7) 

 
3.1.7 Cycle Efficiency, Capacity Factor (CF) and turbine definition 

The cycle efficiency (𝜂𝑐) is calculated by the relationship 
between the electrical energy stored (𝐸𝑃𝑆𝐻.𝑠𝑡𝑜𝑟𝑒.) in [MWh] and 
the electrical energy consumed (𝐸𝑐𝑜𝑛𝑠.) in [MWh] during 
pumping, as per Equation 8. It is important to highlight that this 
value does not include losses associated with transformer 
performance, equipment consumption, volumetric losses, 
evaporation, infiltration and leaks. 

 

𝜂𝑐 =
𝑃𝑔∗𝑇𝑔

𝑃𝑏∗𝑇𝑏
=  

𝐸𝑃𝑆𝐻.𝑠𝑡𝑜𝑟𝑒.

𝐸𝑐𝑜𝑛𝑠.
    (8) 

 
Capacity Factor (CF) is a measure that expresses the 

relationship between the actual amount of electricity produced 
during a given period and the maximum amount theoretically 
generated if the plant operated continuously during that period. 
In other words, it tells us how effectively a plant is operating 
relative to its maximum power generation potential. The CF is 
expressed by Equation 9: 

 

𝐹𝐶 =
𝐸𝑝𝑟𝑜𝑑/∆𝑡

𝑃𝑚𝑎𝑥
       (9) 

 
In which, 𝐸𝑝𝑟𝑜𝑑 is the energy generated in [MWh] in the 

period considered, 𝑃𝑚𝑎𝑥 is the installed power in [MW] and ∆𝑡 
is the time considered. 

To define the equipment, knowledge developed by Schreiber 
(1978) was taken into account. The most primitive solution of 
choice would be the installation of a generating unit composed 
of a turbine and a generator, and a pump and a motor, that is, a 
quaternary set. However, this configuration, although it can 
provide more appropriate parameters and shorter start-up times 
specific to the project in which it was developed, is expensive 
and therefore not widely used. 

Thus, a binary set was adopted, with the installation of a 
turbine and a pump defined as proposed by Schreiber (1978), in 
which he indicates the relationship between the plant's gross 
head and specific speed of the main types of turbines. reversible. 
The specific speed (𝑛𝑠) is defined as the rotational speed of a 
turbine. The number of turbines was defined through the 
installed power of the reversible unit using sets with power of 
approximately 50, 100, 150 and 250 MW. 

 
3.2 PVPP needed 

In this study, a ground-mounted PVPP was chosen, aiming 
to potentially utilize degraded mining areas adjacent to the 
defined DMP as the study's focal point. The analysis of the 
available solar resource, the energy demand and the sizing of 
the photovoltaic plant in terms of area and power are presented 
below. 
 
3.2.1. Solar Resource Available 

The data of the solar irradiation comes from the SunData tool 
from (CRESESB, 2018), which calculates the average daily solar 
irradiation, in the monthly period, at any point in the Brazilian 
territory. The use of the month with the lowest solar irradiation 
must be taken into account when calculating the installed 
capacity of the PVPP. This method assumes that, if the system 
works properly this month, the same should occur in the 
remaining months of the year, producing more energy when 
conditions are more favorable. 

The energy demand, or daily required energy (𝐸𝑃𝑉𝑃𝑃), is a 
value given in [MWh] necessary for sizing the PVPP. This value 
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is obtained through Equation 10, where the pumping time (𝑇𝑏) 
is multiplied by the PSH generation power (𝑃𝑔), which will be 

supplied firmly to the network, and by the average pumping 
power required (𝑃𝑏). 

 
𝐸𝑃𝑉𝑃𝑃 = 𝑇𝑏 ∗ (𝑃𝑔 + 𝑃𝑏)    (10) 

 
The installed capacity of a PVPP is given in Watt-peak (Wp). 

As the power of a photovoltaic panel varies depending on 
irradiation and temperature, Wp was established as the power 
of the panel in Standard Test Conditions (STC), which considers 
an irradiation of 1000 W/m2 and the temperature of the 25°C 
photovoltaic cell. This capacity can be calculated based on the 
energy demand (𝐸𝑃𝑉𝑃𝑃), daily solar availability (HSP) and PVPP 
efficiency. This is done according to Equation 11. 

 

𝑊𝑝𝑙𝑎𝑛𝑡 =
𝐸𝑃𝑉𝑃𝑃

𝐻𝑆𝑃 ∗ 𝜂𝑃𝑉𝑃𝑃
    (11) 

 
In which 𝑊𝑝𝑙𝑎𝑛𝑡 is the nominal power of the plant in [Wp], 

HSP is the Peak Sun Hours in [kWh/m²] and 𝜂𝑃𝑉𝑃𝑃 is the 
efficiency of the PVPP. It will be adopted in this work the 
average efficiency equal to 77% 

The number of photovoltaic panels (𝑁°𝑝𝑎𝑛𝑒𝑙𝑠) is calculated 

according to Equation 12, in a simple calculation of the defined 
installed power [W] of the PVPP and 𝑊𝑝𝑎𝑛𝑒𝑙 is the nominal 

power [W] of each photovoltaic panel: 
 

𝑁°𝑝𝑎𝑛𝑒𝑙𝑠 =
𝑊𝑝𝑙𝑎𝑛𝑡

𝑊𝑝𝑎𝑛𝑒𝑙
    (12) 

 
The area required for installing the photovoltaic plant is 

defined by the sum of the area of each panel plus a percentage 
of free area intended for access by machines and technicians 
responsible for maintenance, cleaning and assembly of the 
system. It is also important to highlight that there is a minimum 
distance between the photovoltaic modules, preventing 
possible shadowing of the solar panels on each other. For the 
present work, an approximation was made of the values 
obtained from a significant PVPP in Brazil, the Janaúba Solar 
Complex. Located in Minas Gerais, the plant holds the title of 
the largest photovoltaic plant in Brazil. Taking into account the 
total number of panels and the area occupied by the solar park, 
a reference value equivalent to 717 solar modules per hectare 
was obtained, using panels whose modules add up to 550 Wp 
each, according to data obtained from Elera Renováveis (2023). 
This reference value allows us to approximate the area used, 
accounting for panels, inverters, structures and the like. 

Once the total area required by the plant is obtained, an area 
adjacent to the mines chosen for allocation of the panels must 
be chosen. This area must include, as a priority, abandoned or 
deactivated mines and flat areas, without the shape of a pit. If 
there are no deactivated mining areas nearby, it is suggested to 
evaluate mines in operation, and, as a last resort, areas without 
construction and with flat/favorable geometry. 

 
3.3 Daily generation scheme 

With the PSH and PVPP installations defined, a daily 
generation scheme is then developed for the enterprise by 
allocating energy throughout the day. In it, the source and 
destination of the energy generated and consumed are 
simulated, hourly, in a daily period. 

The calculation of energy generation and its hourly 
allocation is carried out to provide a basis for the possible self-
sufficiency of the installation. It takes into account the electrical 
energy production potential of PSH and PVPP installations, over 
a period of one day, at hourly intervals. This simulation is 

carried out using data provided by the SAM – System Advisor 
Model software, developed by the National Renewable Energy 
Laboratory. 

Initially, an average daily solar irradiation curve at the 
defined location is considered. The incident irradiation at the 
defined location is provided in W/m², and allows hourly solar 
generation to be calculated through the integral of the graph 
area, at defined intervals. The average daily irradiation curve of 
the month with the lowest incident solar irradiation must then 
be used. For comparison purposes, the same procedure is 
performed with a higher incident irradiation, in a month with a 
high irradiation rate. 

 
3.4 Economic feasibility study 

The economic feasibility study is carried out in two parts. 
First, the implementation cost of the PSH will be calculated, and 
then, through the calculation of the levelized cost of storage 
(LCOS), the cost of final energy is calculated. This leveling takes 
into account the payback period for the investment to pay off, 
thus providing data to guide the venture investor. The useful life 
of the PSH, investment, maintenance and operation costs must 
be taken into account, thus obtaining the value of the energy 
cost. This step is carried out using part of the model developed 
by Stocks et al. (2021). 

The final cost, called cost per unit of energy generated, is 
derived from international methodologies and imposed 
measures adopted for this particular study. In this way, a cost 
sensitivity analysis is conducted, exploring different 
implementation cost projections and the corresponding costs 
associated with the energy generated. 

 
3.4.1 Capital Costs (Capex) 

The capital cost of a closed-cycle PSH can be roughly 
divided into capital costs associated with energy generation and 
those associated with the capital cost of energy storage. The 
capital costs associated with power generation include water 
transportation, powerhouse, pump/turbine, generator and 
substation. The capital costs associated with energy storage 
comprise the cost of reservoirs. 

The model developed by Stocks et al. (2021), relied on 
hydraulic engineering consultants using detailed spatial analysis 
of a variety of locations. Costs are reported in US dollars. This 
was used to calculate the implementation capital. 

The main cost of building reservoirs is moving rocks to form 
a dam. Considering that deactivated mining pits (DMP) were 
objects of choice, aiming at their characteristic as a pit format to 
minimize costs associated with the construction of reservoirs, a 
low cost is expected compared to other projects. This, called the 
cost of the storage component (𝐶𝑎𝑟𝑚.), was defined based on the 
volume of a dam around the entire pit (upper and lower) and an 
average construction cost (Y), being the same used by Stocks et 
al. (2021). The defined cross-section of the dam is made up of a 
trapezoid with a lower base of 4 m, an upper base of 3 m and a 
height of 2 m, which must be built around the entire perimeter 
of both reservoirs. Equation 13 demonstrates the cost of the 
storage component (𝐶𝑟𝑒𝑠𝑣.). 

 
𝐶𝑟𝑒𝑠𝑣. =  𝑌 ∗  𝐴𝑑𝑎𝑚 ∗ (𝑃𝑅𝑢𝑝𝑝 +  𝑃𝑅𝑙𝑜𝑤)  (13) 

 
In which, Y is the defined cost of 168 in [$/m³], 𝑃𝑅𝑢𝑝𝑝 is the 

perimeter in [m] of the upper reservoir, 𝑃𝑅𝑙𝑜𝑤 is the perimeter 
in [m] of the lower reservoir, and 𝐴𝑑𝑎𝑚 is the area in [m²] of the 
cross-section of the dam. 

The relationships for power generation costs comprise two 
components: tunnel and powerhouse. These have a complex 
relationship with the characteristics of the location. It is 
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assumed that the tunnel, responsible for transporting water 
between the reservoirs, is composed of a vertical well, the cost 
of which is proportional to the power of the PSH, 𝑃𝑚𝑎𝑥 in [MW], 
the horizontal distance between the reservoirs, S in [m], and the 
height 𝐻𝑏 in [m], as demonstrated in Equation 14. 

 
𝐶𝑡𝑢𝑛𝑛𝑒𝑙 = (66.000 ∗ 𝑃 + 17.000.000) + 𝑆 ∗ (1.280 ∗ 𝑃𝑚𝑎𝑥 +

210.000) ∗ 𝐻𝑏
−0,54    (14) 

 
The cost of the powerhouse includes civil, mechanical and 
electrical costs. It is assumed that the engine room is excavated. 
Civil costs include excavation of the machine and transformer 
rooms, and tunnels for vehicular access and electrical access. 
Mechanical includes pumps/turbines and electrical generators, 
including commissioning. Equation 15 represents the cost of the 
engine room, where 𝐻𝑏 in [m] is the height of the project and 
𝑃𝑚𝑎𝑥  in [MW] the power. 

 

𝐶𝑝.ℎ𝑜𝑢𝑠𝑒 =  63.500.000 ∗  𝐻𝑏
−0,5  ∗  𝑃𝑚𝑎𝑥

0,75 (15) 

 
The capital cost, called 𝐶𝐶𝑎𝑝𝑒𝑥, is the sum of the reservoir, tunnel 

and powerhouse costs. The cost of the land was not taken into 
account. 

 
3.4.2 Levelized Cost for Electrical Storage (LCOS) 

To obtain the levelized cost, it is necessary to calculate the 
Capital Recovery Factor (FRC). It refers to the rate used to 
calculate the periodic amount needed to recover the initial 
investment over a period of time. This concept is often used in 
cost analysis, especially in investment projects. The FRC takes 
into account the initial cost of the investment, the desired 
recovery period and the associated interest rate. Equation 16 
expresses how FRC can be calculated. 

 

𝐹𝑅𝐶 =  
(1+𝑖)𝑛∗𝑖

(1+𝑖)𝑛−1
    (16) 

 
In which 𝑖 is the interest rate adopted for the project and 𝑛 is 
the useful life of the project, in this case considered in years. 

The FRC is used to calculate the annual Capex cost 
(𝐶𝐴𝑛𝑛𝑢𝑎𝑙.𝐶𝑎𝑝𝑒𝑥) according to Equation 17. 

 
𝐶𝐴𝑛𝑛𝑢𝑎𝑙.𝐶𝑎𝑝𝑒𝑥 =  𝐶𝐶𝑎𝑝𝑒𝑥 ∗ 𝐹𝑅𝐶   (17) 

 
The maintenance and operation cost (𝐶𝑂&𝑀) is adopted as 5% of 
the Capex capital cost, per year. Thus, the annual cost of PSH 
(𝐶𝐴𝑛𝑢𝑎𝑙.𝑃𝑆𝐻) can be obtained, according to Equation 18. 

 
𝐶𝐴𝑛𝑛𝑢𝑎𝑙.PSH =  𝐶𝐴𝑛𝑛𝑢𝑎𝑙.𝐶𝑎𝑝𝑒𝑥 + 𝐶𝑂&𝑀  

 (18) 
 

The cost for storage is obtained according to Equation 19, with 
energy produced annually with an availability of 95% 
(𝐸𝐴𝑛𝑛𝑢𝑎𝑙.95). 

 

𝐶𝐸𝑛𝑒𝑟𝑔𝑦.𝑆𝑡𝑜𝑟𝑒. =  
𝐶𝐴𝑛𝑛𝑢𝑎𝑙.𝑈𝐻𝑅

𝐸𝐴𝑛𝑛𝑢𝑎𝑙.95
   (19) 

 
Finally, the generated energy cost is obtained, which takes 

into account the cost of stored energy and the cost of available 
solar energy. To this end, the cost of solar energy supplied 
through the 2022 A-5 New Energy Auction (EPE, 2022) was 
taken into account. In it, it is possible to find the winner of the 
auction for the supply of energy from PVPP, where the average 
price of R$ 171,51 /MWh is obtained, being (𝐶𝐸𝑛𝑒𝑟𝑔𝑦.𝑆𝑜𝑙𝑎𝑟). The 

value is then converted to dollars, adopting a quote for 
November/2023, with R$4.90 being the value of U$1.00. 

Equation 20 finally shows the cost of energy generated for the 
adopted project. 

 
𝐺𝐸𝐶 =  𝐶𝐸𝑛𝑒𝑟𝑔𝑦.𝑠𝑡𝑜𝑟𝑒. + 𝐶𝐸𝑛𝑒𝑟𝑔𝑦.𝑆𝑜𝑙𝑎𝑟  (20) 

 
3.4.3. Cost sensitivity analysis 

Cost sensitivity analysis explores different cost and 
deployment projections, providing different costs of generated 
energy, thus creating a margin. This approach is crucial for 
evaluating project viability in varying scenarios, allowing for 
strategic adaptation in the face of fluctuations in initial 
installation costs. 

Within the scope of this study, changes in the 
implementation cost were considered, representing 70%, 80%, 
90%, 110% and 120% of the installation capital cost (Capex). 
Operation and maintenance costs remained constant. To define 
the cost of available solar energy supplied, the value of the 
previous year's auction, New Energy Auction A-5 De 2021 (EPE, 
2021a) was evaluated, with the average cost being R$ 
166.90/MWh. In view of the fluctuation in value in auctions, 
representations of 70%, 80%, 90%, 110% and 120% of the cost 
of the solar energy supplied were made. 

A detailed table was created to present the values obtained 
in each of these configurations, providing a comprehensive view 
of the variations in costs associated with the energy generated. 

 

4. Results and discussion 

4.1 Identification or reservoir PSH 

Using Google Earth® software, the area comprising the Iron 
Quadrangle (QF) was plotted, according to the coordinates of 
the Geological Map of the Iron Quadrangle version 2020 
(QFE2050, 2019). Its ends are located at coordinates between 
19°30’ and 20°43’South and 43°07’ and 44°30’ West. In Fig. 4 it 
is possible to see the delimitation of the QF on the map. 

Of these 34 mines, 29 do not have suitable geometry to be 
used as a reservoir for the PSH and therefore were not 
considered in this study. Analyzing the favorable developments, 
the height (gross head)/distance ratio between the possible 
pairs of pits to be defined was calculated. No pair of deactivated 

 

Fig. 4 - Map of Quadrilátero Ferrífero with FEAM mines (Google 
Earth - Image Landsat 2023). 
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pits was found that satisfied the ratio greater than 0.1 between 
these projects. Therefore, it was looked for active mining sites 
that were not included in the CMPA registry, but that best fit the 
project criteria. 

Five paralyzed favorable developments were found in the 
CMPA registry, then, active pits that could work as a reservoir 
were researched. Table 1 includes the relevant active projects 
and deactivated projects considered for the project, as well as 
height data (verified via satellite image topography) and area at 
the highest height verified for water depth. 

According to the projects listed on Table 1, we have the 
following considerations: the Geral mines do Brasil Mining 
(Brumadinho), Córrego do Meio Mine (Sabará), Capanema Mine 
(Itabirito), Águas Claras Mine (Belo Horizonte) and Pico Mine 
(Itabirito) do not have another pit close to the site, verified 
within a radius of 3km, being considered unfeasible for the 
present study. 

The Horizontes Mine is located 2,820 m from the Tamanduá 
Mine, the height/distance ratio between both mines is 0.057. 
Both projects are active, which undermines the central idea of 
the work of using degraded areas. It must also be considered 
that they are separated by a residential condominium (Morro do 
Chapéu). In this case, the penstock that would connect both 
reservoirs would necessarily pass under the condominium, 
making it difficult for government agencies to approve the 
project, since the private property located on the surface has a 
high number of residences. Therefore, they were discarded as 
hypotheses for the work. 

Mutuca Mine and Viga Norte Mine are paralyzed projects 
that can be quoted for the present study. Both of them have 
nearby mine pits currently active, with a high degree of 
exploration of the site. The Pau Branco Mine, located 1,270 m 
from the Viga Norte Mine, could act as an upper reservoir. The 
Capão Xavier Mine is located 1,978 m from the Mutuca Mine, 

and can act as the project's upper reservoir. The pairs and their 
height/distance relationships can be seen in Table 2. 

In light of this, it is analyzed the gross head height/distance 
coefficient, as recommended by Barnes & Levine (2011). Since 
the closest coefficient to 0.1 is the one of the pair Mutuca Mine 
and Capão Xavier Mine, it was decided that the present work 
would be carried out using these two enterprises. 

In Fig. 5, it is possible to see the isometric view via satellite 
of the chosen project, with demarcation of the reservoirs and 
penstock, which is the shortest distance between the two 
reservoirs. The coordinates of Mutuca Mine are 
20°01'42.7"South and 43°57'44.9"West. 

4.2 PSH Technology 

Once the mining pits were defined, data relating to the 
elevation, area and volume of the reservoirs were obtained to 
draw the Elevation × Area × Volume curves. This was obtained 
from the approximation of the area varying with each meter of 

Table 1 
Enterprises quoted for the project 

Name City Situation Reservoir Area Elevation on H.max Perimeter 

Geral do Brasil Mining Brumadinho Paralyzed 11,786 m² 1,340 m 472 m 

Córrego do Meio Mine Sabará Paralyzed 28,000 m² 950 m 628 m 

Viga Norte Mine Nova Lima Paralyzed 33,785 m² 1,430 m 687 m 

Capanema Mine Itabirito Paralyzed 178,489 m² 1,440 m 2,206 m 

Mutuca Mine Nova Lima Paralyzed 467,939 m² 1,220 m 2,826 m 

Mar Azul Mine Nova Lima Active 139,983 m² 1,150 m 1,445 m 

Pico Mine Itabirito Active 250,175 m² 1,345 m 2,186 m 

Tamanduá Mine Nova Lima Active 384,427 m² 1,170 m 2,668 m 

Águas Claras Mine Belo Horizonte Active 513,311 m² 1,060 m 2,747 m 

de Pau Branco Mine Nova Lima Active 581,662 m² 1,420 m 3,610 m 

Horizontes Mine Nova Lima Active 648,300 m² 1,330 m 3,814 m 

Capão Xavier Mine Nova Lima Active 806,750 m² 1,330 m 3,657 m 

Source: author 

 

Table 2 
Pairs of pits quoted for the case study (author) 

Upper Reservoir Lower Reservoir Distance Gross head Height/distance 

Capão Xavier Mine Mutuca Mine 1.978 m 116.5 m 0.056 

Mutuca Mine Mar Azul Mine 2.768 m 70 m 0.025 

Viga Norte Mine Pau Branco Mine 1.270 m 10 m 0.008 

Source: author 

 

 

Fig. 5 – Mutuca Mine and Capão Xavier Enterprise (Google Earth 
- Image Landsat 2023). 
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height in elevation. Fig. 6 illustrate these curves for the 
reservoirs. 

By depleting 30 m, the useful volumes in both reservoirs 
were calculated. The volume of the Capão Xavier Mine (upper) 
is 20,183,713 m³, while that of the Mutuca Mine (lower) is 
equivalent to 12,254,659 m³. Therefore, the volume of the 
Mutuca Mine is considered as the useful volume of the project. 
It is important to highlight that a new depletion was calculated 
for the upper reservoir (Capão Xavier Mine) based on the 
defined useful volume. 

The evaluation of gross head, a key aspect in assessing the 
site's hydraulic potential, is calculated derived using Equations 
1, 2, and 3. The range of gross head values are: from a maximum 
(𝑀𝑎𝑥. 𝐺𝐷) of 140 meters to a minimum (𝑀𝑖𝑛. 𝐺𝐷) of 93 meters, 
with an average (𝐴𝑣𝑒𝑟𝑎𝑔𝑒. 𝐺𝐷) of 116.5 meters. This detailed 
analysis helps us understand the terrain's variation and how it 
affects our options for harnessing hydraulic energy. 

Using the data in Table 5, it is possible to calculate the 
flow/power of the installation that can be installed in this 
location. The values presented in this table were obtained from 
the elevation x area x volume graphic developed for both 
reservoirs. These values facilitate an examination of the 
installation's capabilities in terms of flow and power. Thus, the 
turbine flow (𝑄𝑡) calculated by Equation 4, using the generation 
time (𝑇𝑔) of 14 h is 243.15 m³/s. 

The incorporation of hydraulic loss percentages, as 
elucidated in Leite (2020), adds an additional layer of precision 
to the assessment. The establishment of a 4.1% hydraulic loss, 
calibrated against the defined average gross head of 116.5 
meters, adjusted the average gross head to 111.72 meters. This 
adjustment reflects the effort to obtain a more accurate result. 

Equation 5 is used to compute the generation power, using 
data from Table 3, giving us a tangible measure of the 
installation's potential output. With a substantial 3,279.8 MWh 
of stored energy (𝐸𝑃𝑆𝐻.𝑠𝑡𝑜𝑟𝑒), as outlined in the table, we have a 
solid foundation for assessing feasibility.  

For a day, 14 hours are allocated to generation via turbine 
and 10 hours to pumping. In this case, the pumping flow is 1.4 
times the turbine flow. According to Equation 6, the powers 
required during the pumping operation were then calculated, 
according to the maximum and minimum heights, both 
corrected for the pressure loss in question. Table 4 shows the 
values used in Equation 6 and the pumping power. From the 
average pumping power required, we have the pumping energy 
consumed (𝐸𝑐𝑜𝑛𝑠. ) in the amount of 4,124.4 MWh. The cycle 

 

 

Fig. 6 - Graphic elevation x area x volume of the upper reservoir - 
Capão Xavier Mine (a), graphic elevation x area x volume of the 
lower reservoir – Mutuca Mine (b) (author) 
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Table 5 
Reservoir Data 

 
Lower 

Reservoir - 
Mutuca Mine 

Upper 
Reservoir - 

Capão Xavier 
Mine 

Elevation min. 1,150 m 1,235 m 

Elevation max. (crest) 1,220 m 1,330 m 

Elevation max. useful 1,217 m 1,327 m 

Depletion 30 m 17 m 

Elevation min. useful 1,187 m 1,310 m 

Reservoir Height 67 m 92 m 

Total Volume 21,805,337 m³ 40,144,682 m³ 

Useful Volume (𝑽𝒖) 12,254,659 m³ 12,283,296 m³ 

Source: author 

 

Table 3 
Generation Power 

Average head (𝐻) 111.72 m 

Turbine efficiency (𝜂𝑡) 90 % 

Generator efficiency (𝜂𝑔) 98 % 

Specific mass of water at 25º (𝜌) 997 kg/m³ 

Gravity (𝑔) 9.807 m/s² 

Turbine flow (𝑄𝑡) 243.15 m³/s 

Electric power of generation (𝑃𝑔) 234.3 MW 

Source: author 
 
 
 

Table 4 
Pumping Power 

Pumped flow (𝑄𝑏) 340.41 m³/s 

Max. Height. 134.26 m 

Min. Height 89.19 m 

Pump efficiency (𝜂𝑏) 92% 

Motor efficiency (𝜂𝑚) 98% 

Power Required H.max. (𝑃𝑚𝑎𝑥) 495.64 MW 

Power Required H.min. 329.24 MW 

Average Power Required 412.44 MW 

Source: author 

 



A.A.B. Guimarães et al  Int. J. Renew. Energy Dev 2024, 13(4), 639-653 

| 649 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

efficiency, calculated from Equation 8, is then equivalent to 
79.52%. 

Considering the highest flow rate, which is the pumping flow, 
to calculate the tunnel diameter, using Equation 7, we have a 
pipe with a diameter (Ø) of 10.41 m. As this was an initial 
analysis, a configuration with four tunnels was adopted, 
reducing the diameter value when compared to just one unit. 
Therefore, four tunnels with a diameter (Ø) of 5.20 m were 
adopted for the installation. 

The power of the PSH is defined by the highest power 
required for pumping (𝑃𝑚𝑎𝑥). Therefore, the installation's power 
is equivalent to 495.64 MW. This value is different from the 
project's generation power, which, according to 14 h in a day, is 
234.3 MW. 

According to item 3.1.7, the installation will be equipped with 
binary sets, consisting of four Francis-type turbine/pump units, 
radial-axial flow of 123.90 MW (the installation power being 
divided by four) each, with speed specific speed of 
approximately 190 rpm. The turbine power must be equal to the 
highest power demanded by the system, which is the pumping 
condition at its maximum height, that is, when the upper 
reservoir is close to its maximum capacity and the lower one is 
close to its minimum. 

The capacity factor (FC), according to Equation 9, is 
calculated considering the time interval of one day (24h), being 
equivalent to 27.57%. 

 
4.3 PV Technology 

For the defined location, the average solar irradiation was 
sought on a surface inclined at 20°, provided by CRESESB 
(2018). According to the data, it was identified that the month 
with the lowest irradiation is November, which is consider for 
subsequent calculations the value of 4,77 kWh/m²/day. 

The daily energy demand (𝐸𝑃𝑉𝑃𝑃), calculated using Equation 
10, is equivalent to 6,467.1 MWh. The installed capacity of the 
PVPP was calculated according to Equation 11, the values for 
the calculations are shown in Table 6. Based on Equation 12, 
around 3.20 million panels would be needed, considering 
generic monocrystalline panels with 550 Wp of power. The total 
area occupied would be approximately 4,493 ha, considering 
the area of the panels plus the area required for distancing, 
inverters, natural ventilation and maintenance. This value is an 
approximation of the Janaúba Solar Complex. 

To allocate the necessary area, degraded areas adjacent to 
the mines in question and degraded areas of mines close to the 
project were taken into consideration. Therefore, the degraded 
areas of nearby mines could be used to allocate the panels and 
equipment necessary for the PVPP. The adjacent areas, 
evaluated via satellite image, for each mine are: Mutuca Mine 
with 277 ha, Tamanduá Mine with 115 ha, Horizontes Mine with 
253, Pico Mine with 632 ha and Sapecado Mine with 684 ha. 
These have a total area of 1,961 ha, requiring an additional 2,504 
ha to allocate the panels that make up the PVPP. These areas 
can come from mining land or private land. 

It is important to highlight that these areas were selected via 
satellite images, avoiding pit areas. As this is an idea in its initial 
phase, it is suggested for future work that the parameters of the 

areas, such as the slope of the terrain and real availability, be 
better analyzed. 

 
4.4. Daily generation scheme 

The calculation of energy generation and its hourly 
allocation is initially carried out using the average daily hourly 
irradiation curve for the month of November, which has the 
lowest average daily solar irradiation. Through the integral of 
the curve, it is possible to obtain the hourly generation of 
electrical energy for 1000 Wh/m², which when multiplied by the 
power of the PVPP installation, provides the amount of 
electrical energy produced for the time of day. The same was 
also carried out for the average daily hourly irradiation curve for 
August, the month with the highest average, in order to evaluate 
a day with a high incidence of irradiation. 

The curves referring to the average daily irradiation in a 
given month were obtained using the SAM software (System 
Advisor Model (SAM), 2023), in a location close to the mines, 
whose geographic coordinates are 19°51' South and 43°57' 
West. Fig. 7 illustrate both curves for the months of November 
and August. Using these curves, the energy generated in both 
cases in different months was calculated to evaluate the energy 
produced by PVPP. A generation/pumping scheme is then 
drawn up, illustrated in Table 7. The analysis of this table is 
carried out below. Losses associated with technologies are not 
considered in the Table, as the value is embedded in the 
efficiency of each installation. 

The first column [1] illustrates the hours of the day. In the 
second [2] and third column [3], the powers injected into the 
grid by PSH (turbine generation) and PVPP (solar generation) 
are shown, respectively. The sum of the two powers for each 
hour of the day is seen in the fourth column [4]. The required 
pumping power, seen in column five [5], is the power necessary 
for the PVPP to pump water from the lower reservoir to the 
upper one. This power in the first hour corresponds to the 
lowest power required, obtained in Equation 6, in which the 
lowest height is taken into account, since the lower reservoir is 
full and the upper one is empty (in relation to its useful volume). 
Column six [6] corresponds to the sum of the power injected 
into the network by the PVPP [3] and the required pumping 
power [5]. 

Table 6 
PVPP Power Installed 

Energy demand (𝐸𝑃𝑉𝑃𝑃) 6,467.1 MWh 

HSP 4.77 kWh/m² 

PVPP efficiency (𝜂𝑃𝑉𝑃𝑃) 77.0% 

PVPP Power (𝑊𝑝𝑙𝑎𝑛𝑡) 1,760.76 MWp 

Source: author 

 

 

Fig. 7 - Average daily solar irradiation for the month of November 
(a) and August (b) (Software SAM – adapted) 
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The seventh column [7] is responsible for the available solar 
energy generated by the PVPP. This column was constructed 
taking into account the average daily hourly irradiation curve 
for the month of November. The eighth column [8] represents 
the available solar energy generated by the PVPP in a condition 
where irradiation is much higher than in the month of 
November, which takes into account the average daily hourly 
irradiation curve for the month of August, which represents the 
highest annual average. 

It is possible to verify that the total power required by the 
PVPP does not always correspond to the energy available from 
solar generation. For the condition with low solar irradiation, on 
one day in November, it is seen that there is not enough energy 
for pumping from 13:00 until 16:59. The same occurs on an 
August day with high solar incidence, but for the hours of 7:00 
am to 7:59 am. 

It should be noted that on rainy days, irradiation may be 
minimal, while on sunny days, irradiation may be maximum. 
Rainy days can also fill the upper reservoir depending on 
rainfall, but calculations regarding this balance must be 
performed to make statements about the current project. One 
solution to this issue adopted for this work is to complement the 
energy required during these times with grid energy, also 
adopting the cost of energy from national auctions. 
4.5. Economic feasibility study 

The initial phase of our financial analysis delved into 
computing the Capex capital cost, an important determinant of 
project viability. This intricate process involved a breakdown of 
expenses, encompassing storage, tunnel, and powerhouse 
costs. Notably, the powerhouse cost was crafted to 

accommodate four turbines, ensuring a robust infrastructure to 
harness hydroelectric potential. The dataset presented in Table 
8 provided the necessary inputs for calculating storage costs, 
meticulously executed through Equations 13, 14, and 15. 

The methodology followed a systematic approach, 
commencing with the calculation of the FRC using Equation 16, 
with due consideration to an interest rate of 10% and a 
projected useful life of 30 years for the PSH. Leveraging 
Equation 17, it was derived the annual capital cost, a 
cornerstone in the financial evaluation. An allocation of 5% of 

Table 7 
Generation/Pumping Scheme 

Time 
on a 

day [h] 
[1] 

Power injected 
into the grid by 
PSH [MW] [2] 

Solar power 
injected into 

the grid [MW] 
[3] 

Power 
supplied to 

the grid 
[MW] 

[2]+[3]= [4] 

Power 
required for 

pumping 
[MW] [5] 

Total 
Power 

Required 
by the Solar 
Plant [MW] 

[6] 

Hourly Solar 
Energy 

Available 
Month 

November 
[MWh] [7] 

Hourly Solar 
Energy 

Available 
Month 
August 

[MWh] [8] 

1 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

2 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

3 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

4 234.27 0.00 234.27 0.00 0.00 35,22 0,00 

5 234.27 0.00 234.27 0.00 0.00 202,49 0,00 

6 234.27 0.00 234.27 0.00 0.00 466,60 70,43 

7 0.00 234.27 234.27 329.24 563.51 633,87 352,15 

8 0.00 234.27 234.27 347.73 582.00 686,70 809,95 

9 0.00 234.27 234.27 366.22 600.49 717,51 1.126,89 

10 0.00 234.27 234.27 384.71 618.98 748,32 1.214,92 

11 0.00 234.27 234.27 403.20 637.47 730,71 1.232,53 

12 0.00 234.27 234.27 421.68 655.95 673,49 1.223,73 

13 0.00 234.27 234.27 440.17 674.44 616,27 1.188,51 

14 0.00 234.27 234.27 458.66 692.93 537,03 1.126,89 

15 0.00 234.27 234.27 477.15 711.42 466,60 1.060,86 

16 0.00 234.27 234.27 495.64 729.91 365,36 937,60 

17 234.27 0.00 234.27 0.00 0.00 189,28 633,87 

18 234.27 0.00 234.27 0.00 0.00 44,02 268,52 

19 234.27 0.00 234.27 0.00 0.00 0,00 57,22 

20 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

21 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

22 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

23 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

24 234.27 0.00 234.27 0.00 0.00 0,00 0,00 

Total 3279.77 2342.69 5622.46 4124.40 6467.09 7113,47 11304,07 

Source: author 

 

 

Table 8 
Data for calculating Capex capital cost 

Cost Y 168.00 U$/m³ 

Dam area (𝐴𝑑𝑎𝑚) 7.00 m² 

Upper reservoir perimeter (𝑃𝑅𝑢𝑝𝑝𝑢𝑝𝑝) 3.653.0 m 

Lower reservoir perimeter (𝑃𝑅𝑙𝑜𝑤) 2.826.0 m 

Horizontal distance between reservoir (S) 1.978.0 m 

Storage cost (𝐶𝑟𝑒𝑠𝑣..) U$       7.619.304.00 

Tunnel cost (𝐶𝑡𝑢𝑛𝑛𝑒𝑙 ) U$   177.640.003.50 

Powerhouse cost (𝐶𝑝.ℎ𝑜𝑢𝑠𝑒 ) U$   617.992.006.62 

Capex cost (𝐶𝐶𝑎𝑝𝑒𝑥) U$   803.251.314.12 

Unit Capex cost (𝐶𝐶𝑎𝑝𝑒𝑥) U$      1.620.65/kW 

Source: author 
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the Capex cost was earmarked for operation and maintenance 
expenses. Equation 18 facilitated the computation of the annual 
cost of the PSH, providing insights into the ongoing operational 
expenditure. 

Then, the energy stored annually is calculated, considering 
an availability of 95%, meaning that the system is operational 
and available for use during 95% of the time for an annual 
period. And then, as expressed in Equation 19, the cost of the 
stored energy is calculated. Finally, the cost of the energy 
generated (GEC) is obtained by Equation 20, synthesizing the 
findings into a comprehensive framework. Table 9 presents the 
values used and resulting in the calculations according to the 
mentioned equations. 

This set of procedures provides a comprehensive 
assessment of the costs associated with PSH implementation. 
However, due to the fact that some metrics come from the 
international market, a sensitivity study is carried out to analyze 
the final cost of the energy generated for different 
implementation values. Table 10 shows the values obtained for 
the different percentages of the capital cost. According to the 
values obtained, it can be said that, for the project in question, 
it is possible that the energy generated costs between U$ 
112,26/MWh and U$ 167,22/MWh. 

In Mongird et al. (2020), a wide range of total implementation 
cost was estimated, ranging from $1,349/kW to $4,048/kW for 
the PSH, and provided an average cost of $2,698/kW for a 500 
MW plant with 10 hours of generation, in 2010 dollars. 
Correcting the values to December 2023, according to the CPI 
Inflation Calculator (USBLS, 2023), a range of $1,909/kW to 
$5,730/kW was obtained, with an average cost of $3,819/kW. 

It is evident that the value obtained for the capital cost 
(Capex) per kW is lower than that achieved by Mongird et al. 
(2020). This could be attributed to the low cost of storage 
(related to reservoir construction) in the present study, as this 
cost is one of the highest in the construction of a PSH. The 

presence of excavations to act as reservoirs significantly 
reduces the cost of civil works. 

It can be inferred from the results obtained that the selected 
location is a feasible option for the installation of an PSH, and 
there are indications that other places may also yield favorable 
energy outcomes. Solar generation serves as a renewable 
energy source to be stored by the PSH, yet other renewable 
sources could also be integrated into the strategy, like wind 
power. The feasibility study provides a preliminary insight into 
the installation costs, thereby lending meaning to the actual 
construction feasibility of the project in the surveyed territory. 

 
5. Conclusion 

In this study, an innovative proposal was outlined for the 
reuse of deactivated mining pits in the Iron Quadrangle, Minas 
Gerais, transforming them into reservoirs for Reversible 
Hydroelectric Power Plants (PSH) and providing space for the 
installation of a Photovoltaic Plant (PVPP). 

The results obtained reveal that there is a pair of pits in the 
established region that meets the necessary requirements for 
the energy project in question, with considerable potential 
capable of providing a firm power of 234.27 MW. The cost of 
energy supplied from the studied project falls within the range 
between US$ 112.26/MWh to US$ 167.22/MWh. 

The model of integrating these technologies allowed 
evaluating their operation over the course of a day. To ensure 
the self-sufficiency of the project, studies focused on the 
consistency of solar generation potential coupled with PSH are 
necessary. 

Based on the economic results obtained, it is concluded that 
the implementation of a PSH in mining-damaged areas will 
depend on the energy value practiced by the market, but its 
construction in technological terms is feasible. Implementing 
this proposal can not only minimize the costs associated with 
mine closure, attracting investment from private mining sector 
companies but also contribute to providing energy with lower 
environmental impact, playing a crucial role in transitioning to 
a sustainable energy system. 

For one of the mines analyzed that is currently in operation, 
this becomes an alternative for the future when it enters the 
deactivation phase. The same can be said regarding active 
mines that were not analyzed for this work, potentially having 
pit reserves beyond those studied. 

As future research, an analysis of the available water source 
for reservoir replenishment is suggested, given its importance 
for the execution of the presented project. A detailed evaluation 
of the PVPP sizing associated is necessary due to its magnitude, 
as well as further studies aimed at better economic evaluation 
conditions for implementing this technology. Additionally, a Life 
Cycle Assessment (LCA) is recommended to assess the 
environmental performance of the project. These more in-depth 
analyses can provide valuable insight to guide the successful 

Table 9 
Data for calculating the cost of generated energy (GEC) 

FRC 0.1061 

Annual Capex Cost (𝐶𝐴𝑛𝑢𝑎𝑙.𝐶𝑎𝑝𝑒𝑥) 85,208,295.56 U$/year 

Operation and Maintenance cost 
(𝐶𝑂&𝑀) 

40,162,565.71 U$/year 

PSH annual cost (𝐶𝐴𝑛𝑛𝑢𝑎𝑙.PSH) 125,370,861.27 U$/year 

Energy produced annually (𝐸𝐴𝑛𝑛𝑢𝑎𝑙.95) 1,137,259.68 MWh/year 

Stored Energy Cost (𝐶𝐸𝑛𝑒𝑟𝑔𝑦.Store.) 110.24 U$/MWh 

Cost of solar energy supplied 
(adopted at auction) 

U$ 35,00 

Generated Energy Cost (𝐺𝐸𝐶) 145,24 U$/MWh 

Source: author 

 

Table 10 
Sensitivity analysis for the cost 

Percentage 70% 80% 90% 100% 110% 120% 

Cost of Capital Capex (in 106) [U$] U$ 562,28 U$ 642,60 U$ 722,93 U$ 803,25 U$ 883,58 U$ 963,90 

Unit Capital Cost [U$/kW] U$ 1134,45 U$ 1296,52 U$ 1458,58 U$ 1620,65 U$ 1782,71 U$ 1944,78 

Operation and Maintenance Cost (in 106) U$ 40,16 

Annual Capex Cost [U$/year] (in 106) U$ 59,65 U$ 68,17 U$ 76,69 U$ 85,21 U$ 93,73 U$ 102,25 

PSH Annual Cost [U$/year] (in 106) U$ 99,81 U$ 108,33 U$ 116,85 U$ 125,37 U$ 133,89 U$ 142,41 

Stored Energy Cost [U$/MWh] U$ 87,76 U$ 95,25 U$ 102,75 U$ 110,24 U$ 117,73 U$ 125,22 

Cost of solar energy supplied (adopted at auction) 
[U$/MWh] 

U$ 24,50 U$ 28,00 U$ 31,50 U$ 35,00 U$ 38,50 U$ 42,00 

Generated Energy Cost [U$/MWh] U$ 112,26 U$ 123,25 U$ 134,25 U$ 145,24 U$ 156,23 U$ 167,22 

Source: author 
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realization of this proposal, demonstrating that the interaction 
between environmental sustainability and energy innovation 
can go hand in hand. 
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