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ABSTRACT

The integration of solar and wind energy into the electrical grid has received global research attention due to
their unpredictable characteristics. Because wind energy varies across all timescales of utility activity, renewable
energy generation should be supplemented and enhanced, from real-time, minute-to-minute variations to annual
alterations influencing long-term strategy. Wind energy generation does not only fluctuate but is also challenging to
accurately forecast the timeframes of significance to electricity decision makers; day-ahead and long-term making
plans of framework sufficiency such as meeting the network peak load annually. A utility that integrates wind and
solar energy into its electricity mix would understand how to adapt to uncertainty and variability in operations
while sustaining grid stability. Due to hydropower’s adaptability, a system using hydropower as one of its generating
resources could be precisely adapted to absorb the variability of wind and solar energy. The objective of this research
study is to create a hybrid system comprising hydro-wind and solar (Hybrid-HWS) integration for power balancing
in an isolated electrical network in Klipkop village, Pretoria region, South Africa. The desirability of designing and
building goaf storage tank in regard to capability, the fullness of line throughout water pumping, dispensing, storage
tank spillage, and pressure difference throughout liquid flow within the storage tanks were preliminary assessed
using geotechnical and weather forecasting data from a distinctive area of Klipkop town in Pretoria, South Africa.
Different facility hours premised on daylight accessibility are scheduled to balance maximum load at early and
late hours. However, in the scenario of electrical power, time shift requiring storage for extended periods of time,
such as in terms of hours, Hybrid-HWS has been found to have a crucial role. The results of simulations showed
a coordinated process design for Hybrid-HWS Energy Storage (ES) to determine everyday strategic planning
in reducing the variability of the system resulting from wind-solar-pumped hydro ES output inadequacies and
satisfy daily load demands. It could be recommended that by considering the adaptability characteristics, extremely
rapidly, ramping, peaking support and maximum stabilizing aid of the system could be archived with pump-hydro
into the energy mix which can provide specific guidelines for energy policymakers.
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PHS Pumped hydro storage
PV Photovoltaic
RE Renewable Energy
UPSH Underground Pumped Storage Hydro power

1 Introduction

Renewable Energy (RE) is playing an increasingly important role in the global electricity evolution
since fossil power generation is comparatively expensive. Renewable energy could be a cheaper long-
term option hence, alternative power sources must be harnessed largely in rural areas that have a
significant percentage of non-renewable sources. The increasing use of RE might raise the need for the
utilization of pump-hydro facilities, particularly large-scale ES technology. The transition from fossil
fuel usage to RE is seen as an unavoidable concept to combat climate change, reduce pollution, and
decrease reliance on crude oil. In line with the rapid development, numerous businesses around the
world, particularly powerful corporate interests, had already spearheaded the use of green energy. The
fact is that, so many businesses are embracing the concept of RE and getting concrete steps to expedite
the switchover to clean energy sources which are regarded as a positive indication in the global attempts
to develop a sustainable world. As a result, many nations have made initiatives to shift their electricity
generation mindsets by vigorously integrating renewable energy sources (RESs), such as wind, solar
photovoltaic (PV), bioenergy, and ocean wave energy, into their power generation mix [1]. The major
issue with some renewable energy sources, such as solar and wind energy, is that they are intermittent
and uncertain in nature and their generation over time cannot be matched to changes in load [2,3].
As a result, ES systems have emerged as a critical tool for increasing the capacity and production of
renewable. A typical conceptual pumped hydro storage system with wind and solar power options
for transferring water from the lower to the upper reservoir is represented as depicted in Fig. 1. This
system includes a photovoltaic (PV) array, a wind turbine, an energy storage system (pumped-hydro
storage), a control station, and an end-user interface (load). This entire system can be isolated from the
grid, i.e., as a standalone system, or it can be connected to the grid, with the control station serving as
the grid inertia capacity. Based on determining factors such as capital costs, suitable topography, and
climate change challenges, this is currently the most cost-effective method of storing large amounts of
renewable energy.

Figure 1: A hybrid hydro-wind-solar system with pumped storage system [4]
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ES systems enable power generation to be controlled based on demand and can help the power
system with inertia to achieve better grid reliability [5]. These technologies allow surplus power
to be stored throughout the periods of minimum load while generating power during peak load.
Pump Storage Hydropower (PSH) is a popular storage system since it enables huge amounts of
power to be stored and generated when needed by using water and gravity. Pump-Hydro-Solar-Wind
complementation can significantly decrease PV and wind fluctuations while also improving renewable
energy utilization functionality [6]. It can give electricity systems more adaptability. This adaptability
is critical for improving the consistency of electric power systems with increased uncertainty. In the
United States, there are 40 PSH plants with an installed power of more than 22 GW accounting
for approximately 2% of overall electricity production [7]. One of the most significant advantages
a PSH draws to the network is that it stores surplus power, allowing reference power stations to
remain operational and renewable to continue generating even when the net consumer is low. The
percentage of costly shutting down and starting-up activities at any of those baseload-generating
units can be significantly lowered. When required, the energy contained in a PSH storage tank is
used to provide power. As a result, the total operating cost of the system is lowered. The total
operating cost, which includes grid power capital outlay, load management program acquisition cost,
and solar power sale revenue, was discovered to reduce as the original upper reservoir volume of PSH
increased [8]. Moreover, since its minimum level height distinction between the two storage tanks and
large volumes, the PSH system is restricted by terrain and land size. PSH plants are divisive due to
their effects on the terrain, land utilization, ecosystem (diverse flora and fauna), and community.
In contrast, Underground Pumped Storage Hydropower (UPSH) is a non-topographically restricted
option for storing and managing huge amounts of energy. Hence, there are more sites available. The
topmost reservoir of UPSH plants is positioned close to the exterior while the smaller storage tank is
underground. Whereas the subsurface storage tank could be drilled, the highly cost-effective option is
to use abandoned projects, such as deep or abandoned coal mines. Hydroelectric power technology
based on groundwater had also gained popularity in South Africa because of the country’s arid
environment, little research study has been carried out in this area, and it has not received widespread
attention [9]. UPSH has fewer effects on land use, grasslands, and creatures than PSH because (at
least) one of the reservoirs is underground. To accurately measure the contribution to climate change,
the impacts of UPSH plants on neighboring porous materials must be considered. UPSH plants have
lesser social implications because fewer migrations are needed, the smaller reservoir is underground
and the recycling of abandoned mines makes a significant contribution to introducing support for
local towns and cities after mining operations cease. Furthermore, even though utilized groundwater
is smoothed by the porous channel, clogging issues are reduced in UPSH plants. Clogging issues
are likely to arise as a result of wear particles from the abandoned mine walls. Notwithstanding,
when considering the advantages, there is no bibliographical proof of any of the various UPSH
turbines being built across the country. Nonetheless, some research and initiatives were carried out
and established in recent years. In the early 1980s, the Netherlands initiated a campaign to build a
UPSH turbine. However, the turbine was never built due to a variety of factors, including insufficient
soil physical properties [10]. Abandoned rock quarries were proposed in [11] for the building of UPSH
plants as upper reservoirs and drilling of tunnels as Underground Reservoir (UR). Reference [12]
assessed the possibility of ten locations in Minnesota to establish an underground taconite mine
for UPSH. Preparatory investigations have been performed in Germany to evaluate the feasibility
of building UPSH plants in abandoned mines [13]. Underground projects are seldom inaccessible,
and even when they are used as UR, subsurface interactions will take place between UPSH turbines
and the neighboring permeable channel. Groundwater interactions may have an impact on the UPSH
coefficient of performance. The top difference between the upper and lower reservoirs determines the
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effectiveness of the pumps and the turbines. This face differential fluctuates and is easy to anticipate
in PSH plants, which may be impacted by groundwater interactions in UPSH plants [14]. PHS has
received a lot of consideration as a resilient technology for resolving the discrepancy between wind and
solar power in electricity production. Many countries such as China, Belgium, Spain, and Germany
to mention but a few recommended using abandoned mines to generate electricity [15,16]. Using
abandoned mines as PHS might encourage the advancement of sustainable power supply while saving
substantial investment and time, and also protecting the region’s natural resources.

This article presents an innovative concept of a PHS system based on abandoned open pit mines
integrated with wind and solar power. The desirability of designing and building a goaf storage tank
regarding capability, the fullness of line throughout water pumping, dispensing, storage tank spillage,
and pressure difference throughout liquid flow within the storage tanks were preliminary assessed
using geotechnical and weather forecasting data from a distinctive area of Klipkop town in Pretoria,
South Africa. If the viability of repurposing abandoned pit mines as hybrid-PHS power turbines are
to be debated at a government policy level. The outcomes of this research will aid in the advancement
of this technology for employing Abandoned Pit Mines (APM) in the development of large-scale ES
throughout the South African region, which has a fast-expanding coal mining industry. The main
contributions are as follows:

• The desirability of designing and building a goaf storage tank regarding capability, the fullness
of line throughout water pumping, dispensing, storage tank spillage, and pressure difference
throughout liquid flow within the storage tanks were preliminary assessed using geotechnical
and weather forecasting data from a distinctive area of Klipkop town in Pretoria, South Africa.

• Different facility hours premised on daylight accessibility are scheduled to balance maximum
load at early and late hours.

• Coordinated process design for Hybrid-HWS Energy Storage (ES) to determine everyday
strategic planning in reducing the variability of the system resulting from wind-solar-pumped
hydro ES output inadequacies and satisfy daily load demands.

The solutions developed in this research paper can be useful for distribution system officers
and independent power producers at the planning and installation stage of integration. The paper is
structured into seven sections. The first section is the introduction while the second section discusses
the design approach. The third section presents the mathematical expression for renewable energy of
wind, PV system and hydro-pump storage and the fourth section discusses the storage tank system.
Section five presents the designed indicators for the hydro pump, the system simulation and discussion
results are presented in section six while section seven summarizes the conclusion.

2 Design Approach

The main coal mine has a strike length of about 2.9 km, a normal strip ratio at a range of 2.3
and 3.2 bcm/t ROM, target production from the main pit operation is around 7 Mtpa. A normal coal
mine with 3 × 4.9 km2 sizes and 5.9 m coal thickness of usable capacity with 1.59 × 103 m2 based on
possible assessment for goaves satisfying as storage tanks. To guarantee seamless water interaction
in goaf storage tanks, the permeation is greater than 10−7 m2, which corresponds to the utilizable
coefficient (>0.79) of goaf storage tanks. The lowest plane distance between two storage tanks is
fixed at 245 m to keep leakage rates below 0.99%. In terms of air pressure drop, a radius of 0.5 m for
longitudinal air ducts is considered (211 Pa). Premised on a calculation of the current coal mine goaf
space in South Africa, it could be determined that designing a hybrid-HWS power turbine for everyday
regulation utilizing abandoned coal mines is possible in the immediate term. Coal mines typically
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contain numerous viable seams. The two PHS storage tanks could both utilize underground coal mines
to prevent major moisture loss in drought weather. The structure schematic representation is depicted
in Fig. 2. The top storage has a greater quantity of water storage while the down storage is located at
the lower pit to obtain an adequate volume of water. The power generation chamber, which houses
suitable generator components and related accessories, is also located underground at a lower level
compared to the lower storage to ensure that the pump-turbine runners always remain underwater.
Water-collection wells are installed at the bottom of the storage tanks, linking the pump-turbine to
the storage tank. Penstocks with a normal radius of around 1.5 m are being placed in the original
tunnel to link the two storages. A few new cavities linking each goaf to the exterior are constructed for
airflow since the pressure created by the air, which will be supplemented by water during the pumping
and water dispensing procedure, will in practice cause a significant issue. A surge chamber is created
between the storage tank and the engine room to mitigate the effects of sudden pressure fluctuations.

Figure 2: Hybrid hydro-pump system using abandoned coal mine

3 Equations and Mathematical Expressions

The projected system consists of wind generators, PV modules, reversible hydraulic pump turbine,
penstocks, and 2-storage tanks. Wind generators and PV systems transform clean energy into electrical
power for load consumption. Once power generation exceeds the amount of power consumed, the
excess power will drive the pump to raise the water from the bottom storage to the top storage, thereby
keeping potential energy. During the intermittent nature of the wind and solar power systems, when
peak load demand cannot be met, water in the storage would be released to power the hydro pump
turbine and complement the power demand by the loads.

3.1 Wind Generator
Wind generators use a shaft power WP to transform the wind energy of airflow into electricity as

expressed in Eq. (1), while Eq. (2) produces the station output power. Before energy can be consumed
by the hydraulic systems, it must be transmitted to achieve a suitable voltage, which might result in
power losses.
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WP = 1
2

CwAdπ l2V 3
w (1)

P0 = εtWP (2)

where Cw is the efficiency of the generators harnessing the airflow, Ad is the density of the airflow, l is
the length of the blades of the generator and Vw is the speed, εt is the complete efficiency, and P0 is the
receiving end power.

3.2 PV System
The energy from the sun can be converted into electrical energy by a solar cell. Hence, power can

be assessed by Eq. (3) [17], where: Sf , Si, Sε are the solar fraction, the intensity of the PV radiation,
the PV efficiency and the temperature loss. Thus, the generated power from solar power will sustain
several losses before approaching the pump turbine.

Ppv = Sf ASiSε(1 − Hl) (3)

3.3 Hydro-Pump Turbine
The turbine’s input energy Ehydr is equal to the power station’s output power. The power used to

move the water from the bottom storage tanks to the top storage tanks is deduced in Eq. (4). The
flow of the water can be derived by Eq. (5), where εhydro is the efficiency of the pump, ρ the density
of the water, a is the acceleration due to gravity and lh is the lifting height of the 2-storage tanks. The
hydraulic generator transforms the potential of water in the top storage tank into electrical energy and
the power output can is expressed in Eq. (6). The efficiency of a hydro-generator typically ranges from
0.85 and 0.96 depending on the efficient water head variation between two storage tanks. The efficient
water head loss might fluctuate due to water pumping/discharging processes and unexpected water
transfer between storage tanks and supporting walls. During the planning phase of the PHS system,
a cautious and rigorous choice of facilities might be carried out depending on the rate of flow, value
and working head, maximum power, and other factors, guaranteeing that the pump-turbine operates
within an acceptable operating range that does not deviate too far from the performance curve. For
the sake of clarity, the efficiency of the hydro-generator is assumed to be stable and roughly equivalent
to 0.92 in this article.

Ehydr = εhydroWP (4)

Qhydr = εhydrP0

ρalh

(5)

Pht = εhtWdalhQht (6)

3.4 Penstock
The change in pressure �P will result from friction occurring between the fluid and the pipe

surface as expressed in Eq. (7), where dε is the friction factor, Wv is the fluid speed in the pipes, l is the
length, Wr is the wall roughness of the penstock and the diameter D of the penstock.
�P

l
= dε

D
WdW 2

v

2
(7)

dε = 0.109
(

Wr

D

)0.25

(8)
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4 The Storage Tank

After coal mining, enormous rifts and porosities are capable of preserving water in the goaf region.
Depending on the proximity to the pit as shown in Fig. 3, the overlying rock segments over the mined
pit can be categorized into “different regions,” such as the caving, the fissure and the displacement
region. The caving region is located somewhere higher than the residual coal, and significant rock
segmentation has been attributed to the development of a huge storable area. There are numerous
fissures and deformations over the caving region (fissure region) that can also hold some liquid.

Figure 3: Strata regions

The rock in the displacement region only has a few micro-cracks and no storage capacity, but
it has a higher porosity because of the presence of microcracks. The rock mass extension coefficient
Eϕ is described as the proportion to categorize the flow rate relationship, possibly arising to initial
size following fragmentation and the neighboring rock expands. The region variation and coefficient
Eϕ might change based on the compression, rock properties, and proximity to the coal mine. If the
multilayer rock is tough, Eqs. (9) and (10) can be used to calculate the peak of the caving region and
the fissure region, Tm is the thickness. The reservoir space and the fissure region could be obtained in
Eq. (11), where Uf is the usability coefficient of the reservoir, which is 0.8, n is the no of the goaf field,
l is the length of the goaf field, Wth is the width and Sf is the goaf storage coefficient which could be
obtained by employing the expansion coefficient Exf in Eq. (12). Extraction actions have an impact
on the rock layers as depicted in Fig. 3. The new facility generated as a result of these operations is
significantly smaller (in comparison to the caving and fissure regions), and therefore not part of the
storable area as discussed in [18]. Therefore, the penetration of impact in inherent rocks h−1 can be
obtained in Eqs. (15) and (16), respectively, where C is the cohesion, ϕ is the friction angle, ϕm is the
friction angle, δ is the coefficient of the strain absorption, γ is the weight while h0 is the depth. It is
presumed that the circulation of absorbing moisture via steam is slow as stipulated by Darcy’s law thus,
the fluid flow speed is calculated with Eq. (17), where r is the distance, k is the permeability and p is
the fluid pressure. By considering the finite element approach, the leakage speed of the fluid passing
across the top storage tank limit could also be obtained.

h1 = 100Tm

2.1M + 16
+ 2.5 (9)

h1 = 100Tm

1.6Tm + 3.6
+ 5.6 (10)
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Vsg =
∫ h2

0

Uf nlwthSf dh (11)

Sf = 1 − 1
Exf

(12)

Exf =

⎧⎪⎨
⎪⎩

Kut + dε1h, dε1 = Kmax − Kut

h1

, 0 ≤ h ≤ h1

Kmax − h2in (h − h1 + 1) , dε2 = Kmax − 1
in (h2 − h1 + 1)

, h1 ≤ h ≤ h2

(13)

h−1 = xaCosϕ

2Cos
(π

4
+ ϕ

2

)e(
π
4 + ϕ

2 )tanϕ (14)

xa =
MIn

μγ h0 + Ccotϕm

δCcotϕm

2δtanϕm

(15)

δ = 1 + Sinϕm

1 − Sinϕm

(16)

v = k
βva

dp
dr

(17)

Whenever there is a greater amount of power available from wind and solar systems during the
peak load, Phydro is negative, indicating that the turbine is in the pumping phase and the top tank is
filled with water. Electricity production by the hydro pump generator must be prioritized according
to power balance specifications expressed in Eq. (18). When the power generated is inadequate, the
generator would access the hydro pump system thereby Phydro would be negative. The overall efficiency
εsys is the ratio of the output to the input of the hydro pump in Eq. (19). To sustain water management,
the water content in the two storage tanks ought to be steady during the regulation hour, which means
that the water that flows into the top tank has to be zero or duration t, Eq. (20) is expressed.{

Phydro(in) = Pl − Pw − Pso, < Pw + Ps

Phyd(out) = Pl − Pw − Pso > Pw + Ps

(18)

εsys = Phydro(out)

Phydro(in)

(19)

∫ T

0

Phydro(in)εsys (t) dt
∫ T

0

Phydro(out)dt = 0 (20)

4.1 System Evaluation
Aside from the system efficiency εsys, several other indicators, such as wind and photovoltaic

energy ratio α, that define the proportion of wind and solar production in the overall generated
power, dissipated store ratio β, which indicates the ratio of power generated to power absorb,
and the controlling density (Energy controlled Econt for the two storage tanks) are expressed from
Eqs. (21)−(24) where Wtp, and Wtv denotes the maximum and the minimum volume of water in the
storage tanks [19].
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∝w=
∫ T

0
Pwdt∫ T

0
Pwdt + ∫ T

0
Psdt

(21)

∝w=
∫ T

0
Psdt∫ T

0
Pwdt + ∫ T

0
Psdt

(22)

When ∝w + ∝s= unity

β =
∫ T

0
Phydr(out)dt∫ T

0
Pldt

(23)

Econt =
∫ T

0
Pldt

Wtp − Wtv

(24)

5 Designed Indicators for the Hydro-Pump

It is assumed that the storage tanks are entirely narrow, meaning that perhaps the leak value is zero,
the moisture interaction within the goaf is perfect, and the pressure drop is negligible. The differential
in the head of the 2-storage tanks is 149.5 m. The original radius of penstocks is 1.5 m, and the reservoir
capability of one goaf is momentarily specified at 1.039 × 105 m3. The storage original water level is
zero. The spacing of major roadways in coalfields is usually around 5 m. However, a larger pipe reduces
wall tension and thus increases system performance, the diameter of the pipe must be less than 3.5 m to
give access to check and repair the facilities. The value of the radius chosen for penstock in this article
has been set at 1.5 m. Table 1 depicts the daily load profile for a specific day (15th September 2022)
around Klipkop, Pretoria, South Africa. Table 2 summarizes the other preliminary concept variables
and comprehensive requirements for simulation and evaluation.

Table 1: Preliminary concept variable and evaluation requirement

Time (s) Load (GW) Wind (m/s) Kj/m2

0 10.5 5.95 0.0
1 9.8 5.88 0.0
2 9.5 5.75 0.0
3 9.4 5.70 0.0
4 9.3 4.99 0.0
5 9.2 5.50 4.2
6 10.1 4.99 22.2
7 11.2 4.90 73.2
8 11.8 4.88 120.5
9 13.2 4.85 170.3
10 13.5 4.83 215.8
11 13.7 5.50 288.7
12 13.3 5.30 325.2
13 13.1 5.90 340.4
14 12.1 5.90 380

(Continued)
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Table 1 (continued)

Time (s) Load (GW) Wind (m/s) Kj/m2

15 13.2 5.30 280
16 13.4 5.55 250
17 14.2 5.70 133.7
18 15.8 5.87 50.2
19 16.2 5.70 8.4
20 15.4 5.99 0.0
21 14.7 5.60 0.0
22 15.3 5.50 0.0
23 13.2 5.95 0.0

Table 2: The system original plan

Description Value

Temperature 274
Water density (kg/m3

) 995.9
Pressure (Pa) 101,4
Acceleration due to gravity (m/s2

) 10
Altitude for storage tank (m) 149.5
Radius (m) 1.5
Length of penstock (m) 599.9
Turbine efficiency 0.905
Pump efficiency 0.905
Transmission efficiency 0.98
Coal thickness (m) 6
Goaf width (m) 349.8
Goaf length (m) 1999
Depth of mined coal 450, 600

6 The System Simulation and Discussion

Fig. 4 depicts the system’s simulation and water fluctuation in the overhead tank when the wind
energy ratio ∝w is 0.5 for both storage tanks, which possess a potential of a goaf. The overall system
performance is 82.8%, with a controlled load of 6.49 MW. About 80% of the potential is utilizable
such that F = 0.8, the water variance between top and lower storage tanks is 8.33 × 104 m2. The
required-to-store ratio is 0.23, which means that the hydro pump system would store 23% of the power
utilized in a day. The controlling density is 1.59 kWh/m3, demonstrating that 0.99 m3 the volume of
top storage could produce a controlling force for 1.59 kWh. The efficiency of the system with various
conditions, such as goaf count (ability), controlling method, and power settings, could be evaluated.
The following parametric investigations were carried out with one variable changing as well as some
associated criteria changing in response, while others remained unchanged.
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Figure 4: Output of the system (a) power in a day (b) water interaction in top storage in a day

6.1 Changing the Goaf Number
A bigger storage capacity is obtained from having more goaves acting as reservoirs. Since the

system performance is lowered when only one penstock is operating, due to increasing pressure loss as
the water flow velocity rises. The system efficiency and average regulated load for varied goaf numbers
are presented in Fig. 5a. The utilizable total storage of the goaf reservoirs increases from 8.29 × 104 m3

to 116.78 × 104 m3 when the goaf number increases from 1 to 17 while system efficiency is reduced
to 80.3% from 82.9% as shown in Fig. 4a. This is due to the friction created on the penstock wall
by increased water flow from 5 to 72 m3/s thus inducing higher pressure loss. Since the controlling
energy density (Econt.) is dependent on the load profile and penstock height difference rather than
the storage capacity, it remains stable at 1.585 kWh/m3 as depicted in Fig. 5b. System efficiency is
a crucial metric for assessing power-generating effectiveness. The number of goaves or the reservoir
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capacity should be regulated because a minimum level of system efficiency must be ensured. As an
illustration, if the minimum system efficiency is set at 80%, the reservoir’s maximum storage capacity
would be 186.25 × 104 m4 and the number of goaves must not exceed 22, which would be equal to the
average controlled load of 127.1 MW. More appropriate goafs (186.25 × 104 m3) that could serve as
pumped hydro storage tanks should be excavated from the rock and new penstocks and additional
pump generators be installed.

(a) (b)

Figure 5: (a) System performance and average controlled load with various goaf numbers (b) control-
ling density with number of goafs

6.2 Daily Operations Scenario
Fig. 4 depicts the overall system performance in a daily performance scenario. The pump’s peak

input of −6.12 MW (matching total water flow of 4.71 m2/s) occurs at 12 h when the solar irradiation
is at its peak and a greater amount of power is produced as shown in Fig. 3a. The hydro-generator
with a maximum output of 5 MW, peaking at 21 h, nearly the night-time maximum demand. The
upper storage tank’s initial water level is zero at 12 am, after which begins to fall till 8 h, with a bottom
potential of −5.1 × 104 m3, and then begins to rise till 18 h, with a maximum output of 4.1 × 104 m3,
before returning to zero. In the meantime, the water contained in the down storage tank will flow in the
opposite direction. The water in the lower storage tank will, however, flow in the opposite direction.

6.3 Annual Operation Scenario
Table 3 presents the annual mean load demand, wind speed, and solar energy concentration in

Klipkop from 2013 to 2021. Fig. 6a depicts the element output and water fluctuation over 12 months
when the wind energy proportion is 0.5. The peak input of the pump at −11.10 kW occurred in
February, and its peak output power of 11.1 kW in August as shown in Fig. 5a. The water level in
the overhead storage tank rises gradually over time from September to July of the succeeding year,
achieving a maximum of 7.13 × 104 m3 before dropping to −0.30 × 104 m3 as shown in Fig. 6b. In a
year, the mean efficiency is 83%. The conserved-to-absorbed ratio is just 0.035, far lower compared
to the everyday scenario, implying that the energy storage system can easily adjust to the annual
load characteristic and power scenario. The controlling density remains at 2.91 kWh/m3, which is
comparable to the result obtained for the daily operation scenario. But for a long timeframe (annual
operation), 1.18 × 106 m3 a bigger capacity is required with the same controlled load of 5.51 MW as
in the daily regulation scenario.
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Table 3: Annual mean load demand

Month Solar irradiation (MJ/m2) Wind (m/s) Load (GW)

January 26 5.2 26
February 32 5.0 32
March 42 4.8 44
April 52 4.4 52
May 62 4.2 60
June 66 3.2 66
July 62 2.8 64
August 46 2.4 56
September 32 3.2 42
October 26 3.8 32
November 22 4.2 26
December 18 4.8 22

(a)

(b)

Figure 6: (a) Scenario output and (b) variation in water in a year at ∝w is 0.5
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6.4 Different Power Configurations
The performance of the model might vary depending on different power configurations. Fig. 7a

depicts the operation of the daily operation regulation scenario, the conserved-absorbed ratio (β)

drops and the controlling energy density (REPV) increases steadily over time as the wind out power
rises (∝w increasing from 0 to 1). It can be deduced that the hybrid-pumped hydro-energy system with
a demand profile and weather characteristics similar to those of Klipkop in Pretoria, South Africa,
wind power generation is the best-suited source configuration on a daily timeframe. The optimal
power configuration (∝w) on an annual timeframe can be found using the same technique. Fig. 7b
depicts the differences between β and controlling density with varying ∝w. The smallest and largest
controlling density appear when ∝w equals 0.24, indicating that a power configuration of 0.24 wind
power and 0.76 photovoltaic energy shows perfect synergies on an annual timeframe. As a result, the
power configuration must be determined based on the controlling methods.

(a) (b)

Figure 7: The conserved-absorbed ratio β, and the controlling density, of the hybrid-PHS decrease in
the (a) everyday regulation mode with different ∝w (b) annual regulation mode with different ∝w

6.5 Abandoned Coal Mine’s Viability Potential
This section discusses issues relating to the use of abandoned coal mines for pumped hydro-

energy storage systems. The coal mine goaf’s capacity was determined, and its suitability as a pumped
hydro-energy storage reservoir was examined in relation to the saturation line. Thereafter, the Finite
Element Technique was then used to examine the water leakage from the reservoirs. Then, the ideal
air circulation shaft size was calculated, and the exact horizontal air circulation tubes for air exchange
were recommended. Apart from the lithology, the extraction level (or pressure) and the width of the
coal mine can significantly affect the coefficient of expansion K . Empirical estimates of Kmax and Kut

for numerous coal seam thicknesses were adopted to optimize the evaluation. Table 4 shows these
coefficients. Fig. 8a depicts the storage tank capability of a goaf with varying coal seam widths. It
is interesting to note that the caving and fissure regions possess comparable storage capacities. The
storage tanks’ water levels could not continue to rise permanently. The water content is determined
by the opposition of the waterproof walls, typically constructed in the air circulation and conveyance
roadways to prevent seepage. Whenever the wall is constructed of concrete, the highest water content
recommended could be 18 m. Fig. 8b depicts the reservoir capability for various coal seam thicknesses
whenever the amount of water is 18 m. A normal mining zone with dimensions of 3 × 5 km2 and a
thickness of 6 m has a reservoir capability of 2×106 m3 at a water level of 18 m. It is presumed that 20%
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of the storage tank’s water is challenging to obtain comfortably. As a result, the utilizable coefficient
is set to 0.8. A goaf’s available reservoir capacity for a typical abandoned mine is 2 × 106 m3.

Table 4: Kmax and Kut estimate

Coal width Kmax Kut

1.9 1.07 1.02
3.9 1.2 1.02
5.9 1.2 1.02
7.9 1.31 1.02

 
(a)

(b)

Figure 8: (a) The storage tank capability (b) the reservoir capability
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6.6 Energy Balance
The selection of a hybrid-HWS energy strategy would guarantee a reasonable percentage of yearly

power consumption fulfillment. Fig. 9 depicts the power impacts of the hybrid-HWS renewables for
regular summer and winter days scenario. Despite having a low generated solar energy (1/6 wind),
it can be extremely beneficial on hot summer days, particularly at noon when the wind reduces and
radiation from the sun rises. Nevertheless, while expanding PV total capability guarantees 65% of
usage across wind power and solar system as shown in Figs. 9d and 9h hydro-pump supports the
variation with the pump/hydropower strategy in Figs. 9b and 9f also meet active power demand while
also preserving grid reliability by supplying or absorbing reactive power in a manner similar to that
described in [17]. Most winter days have excess wind production early in the day, which can be used to
lower the cost of power for scheduled pumping in the morning. Moreover, when compared to other
situations, there is virtually no major contribution to the storage capability of 144 and 288 MWh in
Figs. 9c and 9g. It is critical to confirm sometime around 12:00–23:00, the generator capacity in all
situations in Fig. 9d that the generator volume is less than the lowest generator volume accepted;
thus, the system will not function through such hours, even with higher Photovoltaic production.
Because the system relies not on the surplus wind and solar power, the scenario in Figs. 9a and
9e demonstrates a more efficient use of hydropower. Nonetheless, thinking about the fact that this
control remedy must be linked to the power network because the system will not be often energized
by wind and solar power to operate pumping. Considering that the maximum power is 3.99 MW, with
each daily consumption of (24 h × 3.99 MW = 95.76 MWh) , the hydro-pump generation capability
required for an optimized system could amount to 1.49 times the peak everyday power consumption,
supposing that the highest combination of wind and photovoltaic is 0.06 per hour × peak everyday
power consumption. Hence, the total yearly wind and solar power ought to be 5.39 MWh, and the
power storage capability ought to be 142.68 (e.g., 1.49×95.76) MWh. Improving the store capabilities
to 287.9 MWh, and it is a determinant of nearly twice the most power storage than the preceding one
(e.g., 1.49), has no substantial impact on the network process. As a result, the storage tank could well
be overlarge, as a huge proportion of reserves are not needed to satisfy utilization. As a result, this
system is dependent on peak daily power use and hydropower system. Because maximum output and
peak each day electricity consumption also are essential and crucial factors, maximum power demand
sometimes doesn’t define a system’s production and reservoir criteria.

(a) 

Figure 9: (Continued)
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(b) 

(c) 

(d) 

Figure 9: (Continued)
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(e) 

(f) 

(g) 

Figure 9: (Continued)



EE, 2023, vol.120, no.9 1957

(h)

Figure 9: (a–d) The power contribution in the summer scenario, (e–h) are the power contribution in
the winter scenario

Fig. 10a depicts the involvement of each electricity generation to demand fulfillment for four
situations. It is obvious that storage qualities (for both wind and pump-hydro) have a significant
impact on utilization fulfillment. This is less noticeable when solar and pump-hydro are combined,
particularly at greater storage qualities. Wind power is more efficient for every situation because there
is a small difference between the peak and lowest generation qualities. In the first case, as shown
in Fig. 10b, the pump-hydro involvement is higher than in other circumstances, resulting in more
unfulfilled demand and lower wind and solar power influence. In the second situation, improving
wind/solar energy improves fulfilled utilization from the power input by close to 3.9% over the
preceding one. Nonetheless, a pump-hydro projects storage system with double the nominal capacity
provides no benefit in Fig. 10c. However, when compared to the fourth situation in Fig. 10d, improving
the generated solar sometimes does not make a significant contribution to the network stability or
consumer fulfilment. As a result, expanding the pump-hydro system, which can retain water reserves,
is not beneficial to assisting utilization because it is fully extended for aligning power sources to peak
demand durations as shown in Fig. 10c. As a result, the first and the second situations showcase the
main focus of renewable power. Several of the difficulties related to sustainable energy sources might be
overcome if a portion of the excess power generated by renewable sources during non-peak hours (i.e.,
photovoltaics in the summer) might be saved and released when consumption increases. Nevertheless,
when making comparisons between the second and the first situation in Fig. 10b, this workaround
seems to be more costly, necessitating assessment charges for the suitability of this system.
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(a) 

(b) 

(c)

(d)

Figure 10: Contribution of each electricity generation to demand fulfilment for four situations
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7 Conclusion

This study demonstrated that a hydro-pump system incorporating other renewable sources is an
interesting sustainable option. Because of the consistency of hydro by pumping and the stochastic
fluctuation of other renewable resources and electricity consumption, the energetic involvement of
various sources reveals unique characteristics. The hybrid-HWS system such that by integrating the
three systems in a harmonizing and consistent manner, might produce and store power at a cheap
price, combating climate change and lowering the power generation in a self-satisfactory approach.
Hence, a sustained guideline was created to maximize renewable energy accessibility and conservation,
choosing the optimal mixture of maximum variables to produce the most efficient remedy in terms of
performance, power use, prices, and footprint. The major deduction from the study is that substituting
fossil fuels with clean energy systems necessitates extensively disseminating deployments such as
wind generators; employing a variety of various intermittent power distributions, particularly ones
that are partly supplementary (e.g., hot climate frequently implies low winds and conversely); and
corresponding with the appropriate operation of power sources during peak demand periods. This
work demonstrates that the pumped hydro energy storage system is technically capable of integrating
other renewable energy sources (Wind and Solar) as a cost-effective energy solution. It was observed
in the scenarios that one of the more significant hurdles for sufficient energy generation is this cutout
wind speed, as much potential energy is lost due to the limitation of these turbines. At the same
time, a hybrid WindSolar-PHES system would need an energy storage capacity of at least 10–15 h
to cover the shortfall in electricity demand during periods of low wind or solar power production.
which necessitates a large volume of the upper reservoir.

Nonetheless, there has been ample proof that each of these modern integrated methods for
synergies among clean energy sources can decrease electricity tariffs and improve overall power
quality, which are the primary goals of the hybrid-HWS approach. The excess power from hydropower
generated during periods of low consumption such as solar energy in the summer period can be
preserved and released when consumption increases.
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