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ABSTRACT 

Underground Pumped Hydroelectric Energy Storage (UGPHES) is a similar energy 

storage concept to the conventional Pumped Hydroelectric Energy Storage (PHES) with 

the major difference being that the lower reservoir is in an underground cavern system. 

Electricity is stored in the form of gravitational potential energy between a surface reservoir 

and an underlying subterranean reservoir. In this study, various existing energy storage 

systems are examined with the UGPHES introduced as an alternative technology for bulk 

energy storage in South Africa to contribute to the constrained electricity network with 

environmental and economic benefits. The use of existing infrastructure for the 

implementation of UGPHES systems is explored, which includes the use of aquifers and 

abandoned mines. South Africa has large amounts of groundwater as well as 

transboundary aquifers which may be used for UGPHES systems. A mathematical model 

is presented which highlights the considerations for the implementation of an aquifer 

UGPHES system including head and aquifer transmissivity. The use of abandoned mines 

in South Africa is also explored as it presents an existing underground cavern as well as 

large amounts of groundwater. Finally, a mathematical model is presented to provide an 

analysis of the water hammer phenomenon as well as an economic analysis for the use of 

abandoned mines for UGPHES systems.  
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CHAPTER 1 

INTRODUCTION 

The last century has demonstrated that every facet of human development is woven 

around a sound and stable energy supply regime [1]. Fossil fuels have for a long time 

been regarded as the primary energy resource used for bulk electric power generation, 

beside large hydro electric power schemes which use water. However, this has brought 

with it health and environmental issues which is considered to be a contributor to global 

warming [2]. Fossil fuels are depletable resources. The real challenge lies in producing 

electricity supplies through renewable energy and clean energy sources. While renewable 

energy (RE) sources such as wind and solar energy are seen to be inexhaustible, the 

amount of energy that we use ultimately needs to be regulated, hence the adoption of 

energy efficiency measures which include demand-side management. This also presents 

opportunities for improving the energy infrastructure through the use of distributed 

generation technologies and provisions for energy storage which ultimately contributes to 

the level of reliability and security of the electric power supply network [3].  

The South African electricity supply industry is evolving to allow for major ongoing 

changes. The main drivers include system reliability, climate, environmental, regulatory 

and economic challenges, as well as the fundamental goal of reducing 

transmission/distribution losses. While the new Kusile and Medupi coal-fired power 

stations are on the horizon to inject some much needed capacity to the electric power 

generation capacity, they are fossil fueled power stations which is certainly not in keeping 

with the drive towards renewable or clean energy technologies. South Africa’s 

geographical positioning allows the country access to an abundance of coal, sunshine and 

coastal wind, and neighboring countries with vast hydro reserves. It would appear to be a 

valuable opportunity for South Africa to drive the concept and development of useful 

renewable energy technologies which will not only alleviate some of the current electrical 

power supply constraints but ultimately contribute to economic growth and provide more 

stable and secure energy resources to the ever growing demand. This will also create the 

unique opportunity to develop methods that will involve the use of all the available 

technologies together for the overall benefit of customers and consumers.  
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The future of the energy industry needs to be quickly geared towards alleviating the 

current energy crisis. This is a technology that must be further developed in order to 

produce more efficient and cleaner energy as well as minimize energy wastage. Electrical 

transmission and distribution systems is evolving and to be optimized in support of the new 

smart grid technologies and harnessing diversified RE generation sources and load 

management. The combined use of renewable and conventional technologies is becoming  

common place. Current renewable energy technologies in the form of wind and solar will 

have to continue to grow while the demand for energy and usage will need to focus on 

efficiency and be optimized through time-of-use energy management amongst other 

measures [3].   

For South Africa, there will be challenges with the growth of RE in the form of integration 

into the existing system. Wind and solar energy are intermittent sources requiring intricate 

planning, processing and control and management to support the traditional AC power 

grid. Conventional power generation infrastructure will continue to be used however it will 

have to be more controlled and with a concerted effort on the reduction in use of fossil 

fuels. It must however be noted that RE technologies will not simply replace conventional 

power generation infrastructure. The use of solar and wind sources must be controlled and 

a concerted effort placed on energy storage as a critical component for effective control.  

An additional method of energy storage being proposed in South African is the 

Underground Pumped Hydroelectric Energy Storage (UGPHES), as a compliment to 

existing storage systems such as the conventional hydro dams and pumped storage 

systems. This proposed system has been identified as an effective method for bulk energy 

storage by using existing infrastructure in the form of abandoned mines and aquifers.  

1.1  Purpose and scope of research 

Pumped Hydroelectric Energy Storage (PHES) is a conventional method of energy storage 

that is used throughout the world. South Africa has the Drakensberg Pumped Storage 

Scheme which has been in operation since 1981 and has a capacity of 1,000 MW [4]. The 

Ingula Pumped Storage Scheme is currently under construction with scheduled completion 

in 2015 with a capacity of 1,332 MW [5]. PHES has now attained efficiencies of between 

70 and 85 percent [6]. The overall contribution globally of PHES installations is 
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approximately three percent of generating capacity [6]. PHES is reliant on geographic 

parameters which often times has proven to be quite restrictive in that it is required to use 

the height difference between two artificial reservoirs or natural bodies of water. 

Eskom maintains a varied portfolio of plants: coal fired, hydroelectric power, pumped 

storage, open cycle gas turbine (OCGT), nuclear and wind power as shown in Table 1-1. 

Eskom, South Africa’s dominant electric utility owns most power stations in the country 

and accounts for over 95% of all electricity produced in South Africa. Eskom’s generation 

pool comprises of 85% coal, 4.5% hydro, 5.5% gas, 4.4% nuclear and wind accounts for 

the balance [7]. 

Table 1-1 – Eskom’s power stations [7] 

Name of 
Station 

Type of Station Sets (MW) 
Total Capacity 

(MW) 
Year of 

Operation 

Arnot Coal  2,352 1975 

Camden Coal  1,510 1967 

Duvha Coal  3,600 1980 

Grootvlei Coal  1,200 1969 

Hendrina Coal  1,965 1970 

Kendal Coal  4,116 1988 

Komati Coal  940 1961 

Kriel Coal  3,000 1976 

Lethabo Coal  3,708 1985 

Majuba Coal  4,110 1996 

Matimba Coal  3,990  

Matla Coal  3,600 1983 

Tutuka Coal  3,654 1985 
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Name of 
Station 

Type of Station Sets (MW) 
Total Capacity 

(MW) 
Year of 

Operation 

Koeberg Nuclear 2 x 960 1,920 1984 

Gariep Hydro  360 1971 

Vanderkloof Hydro  240 1977 

Drakensberg 
Pumped 
Storage 

 1,000 1981 

Palmiet 
Pumped 
Storage 

 400 1988 

Darling Wind  5.2 2008 

Klipheuwel Wind  3.2 2002 

Acacia OCGT  171 1976 

Port Rex OCGT  171 1976 

Ankerlig OCGT  1,338 2007 

Gourikwa OCGT  746 2007 

Total Installed Capacity 44,032.40 MW  

 

This dissertation report presents a new adaptation of the pumped hydroelectric method of 

storing energy which is known as underground pumped hydroelectric energy storage 

(UGPHES). UGPHES uses an underground water structure in the form of an aquifer or 

cavern as a lower reservoir which therefore eliminates the dependence on surface 

topology and minimizes environmental impacts [8]. The primary consideration as part of 

this research investigation is to consider UGPHES as a potential bulk energy storage 

system ranging from 1,000 to 3,000 MW to be used during times of high electricity demand 

similar to the applications of PHES. Furthermore, UGPHES can also be used in smaller 

applications from as small as 10 kW to 0.5 MW as a cost effective and environmentally 

benign method of energy storage [3]. Consideration will therefore also be given to 

schemes of this size for use as an example in agricultural irrigation.  
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1.2  Methodology 

This dissertation considers the value of UGPHES in South Africa as a practical and 

sustainable alternative to PHES. The practical limitations is explored, including current 

developments and progress made to date with this prototype concept. This dissertation 

assesses the availability of South African energy storage systems and provides a 

comprehensive review of the consideration of implementing such a system. Hydrogeology, 

electrical and mechanical technologies, legal considerations, system design, operation and 

economics are all considered. Specific consideration is also given to the practicality and 

viability of using abandoned mines in South Africa as well as aquifers [3]. Finally, it offers 

recommendations for further development within the field. 

Key questions to be addressed are as follows: 

1. What are the advantages and disadvantages of using UGPHES as compared to the 

conventional PHES? 

2. What is the progress being made globally in UGPHES schemes? 

3. What is the expected contribution of UGPHES to the electricity grid? 

4. What are the practical limitations of UGPHES in South Africa? 

5. What are the economic implications? Is UGPHES a financially viable option in South 

Africa? 

6. What are the steps required going forward for UGPHES to be considered as a viable 

renewable energy alternative for implementation in South Africa? 

7. Can South Africa benefit from the groundwater aquifers of Namibia [9]? 

This dissertation consists of four major chapters. Chapter 2 is a comprehensive literature 

review of available energy storage technologies and schemes available including PHES 

with a model for the scheme. Chapter 3 examines UGPHES together with a model for the 

scheme. Chapter 4 introduces the aquifer UGPHES system, and provides a design and  

performance model of the system. It also considers groundwater and aquifers in South 

Africa and Namibia and the opportunity and feasibility of South Africa benefitting from 

harnessing this resource. Chapter 5 considers the use of abandoned mines in South Africa 

for UGPHES schemes. The goal of this dissertation is to provide a framework and 
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methodology for assessing the use of UGPHES as a viable energy storage scheme in the 

South African context.  
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CHAPTER TWO 

LITERATURE REVIEW 

ENERGY STORAGE SCHEMES AND 

TECHNOLOGIES 

A sustainable energy future is dependent on the ability to store energy on a large scale in 

an effort to cope with the ever growing demand for energy and to liberate the effect on the 

utility industry [3].   

One of the primary reasons behind energy storage is the fast response time required 

during peak demand which the conventional coal and nuclear plants cannot deal with 

efficiently, resulting in wasted energy [3]. Furthermore, the current renewable energy 

technologies of wind and solar power have no means of storing the energy produced 

resulting in any excess energy that may be produced, being wasted.  While there are 

many methods of energy storage available and with the development of renewable energy 

sources, the real challenge however lies in being able to store large amounts of energy in 

an efficient and cost effective manner.   

In the recent past, existing energy storage technologies have been improved and many 

new storage technologies have been developed. Following is a brief discussion on the 

various energy storage technologies available. 

2.1  Compressed air energy storage (CAES) 

Compressed Air Energy Storage (CAES) is a technology whereby electrical energy is 

stored in the form of high pressure air and is suitable for long duration utility scale 

applications. It is a technology similar to that of the conventional gas turbine and is seen 

as a hybrid form of storage. CAES is a proven technology that is both scalable and  

economical [10]. 

Off-peak power is used to drive a motor which in turn drives a compressor which 

compresses air into the underground reservoir. CAES is flexible in its ability to use a broad 

range of reservoirs for storage of large amounts of air typically in underground geologic 
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formations [8], saline aquifers and abandoned mines, which therefore results in it having a 

modest surface footprint. The type of storage bed used influences the dynamics of the 

CAES system [11]. The stored compressed air energy is used whereby the compressed 

air is expanded through a high pressure air turbine. The mixture of natural gas with the 

exhaust from the high pressure turbine is fired in a low pressure natural gas turbine. The 

natural gas used by the CAES turbine to heat the compressed air that drives the turbine is 

only one third the requirement of a conventional combustion turbine [11]. The compressed 

air can also be used whereby the adiabatic pressure change and expansion volume can 

generate power in a gas turbine [12, 13]. The energy content in this case however, is low 

[14]. The operation of a CAES system is shown in Figure 2-1. 

 

Figure 2-1 – Schematic of CAES [24] 

A primary application for CAES is the storage of wind energy which can later be used 

during times of shortfalls in wind output due to its long duration storage and fast output 

response times [8]. Another very important consideration for the use of CAES is the fact 

that it has a low greenhouse gas emission rate and would therefore be an ideal application 

for reducing the carbon footprint while at the same time maintaining its efficiency [8]. 
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Underground CAES systems are able to store up to 400 MW or 8-26 h of discharge while 

aboveground systems have a capacity that is significantly lower in the order of 3-15 MW or 

2-4 h of discharge [15]. CAES plants have a fast start-up in the order of 12 minutes under 

normal conditions and 9 minutes for an emergency start [16]. 

Other adaptations of the CAES system include Ocean Compressed Air Energy Storage 

(OCAES) whereby a container used for the storage of air is installed on the ocean floor 

thereby making use of hydrostatic pressure on the seabed which keeps the high pressure 

compressed air under storage [17]. Adiabatic CAES is a system whereby a combustion 

chamber is replaced by the use of a thermal energy storage system, and recycling 

compression heat in order to increase overall efficiency [17]. The isothermal CAES system 

allows for the compression of air without a rise in temperature thereby eliminating the 

requirement for thermal energy storage, a combustor, or a series of intercoolers. 

Isothermal compression requires minimum work for the compression process [17]. 

2.1.1  Cost of CAES 

The construction of the air storage infrastructure and the required air storage volume are 

the primary factors that determine the capital cost of the CAES system [18]. Compared to 

other energy storage technologies, CAES requires a fairly low capital cost which is only 

slightly more than a conventional natural gas turbine and only about half that of lead-acid 

batteries, adding 3-4 c/kWh [19]. The cost of a CAES installation is in the order of 672–784 

R/kW [20]. CAES can be compared to pumped hydroelectric energy storage in that they 

are both high power, high energy types of storage that are used on a timescale of hours to 

days ideally suited to utility scale energy storage [21].   

2.1.2  CAES site requirements 

The primary requirements for a CAES site is for the operation of a gas turbine and a 

reservoir for compressed air storage with a further consideration of the availability of a 

natural gas line [21].  

Three different geological formations in the form of salt, aquifer or hard rock can host a 

CAES with salt caverns being the most cost effective cavern option [21]. An aquifer is 

another option that can also be considered. Hard rock mining is a possible option but the 
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costs associated with having to excavate a mine make it the least attractive of the three 

options [21]. Rock caverns are around 60% more expensive to mine as compared to salt 

caverns for CAES purposes [16]. The use of an abandoned mine is an option for 

consideration. 

2.1.3  CAES performance 

The operating temperature and pressure inside the CAES cavern affect the operating 

capacity of the cavern storage [11]. The energy density for a CAES system is in the order 

of 12 kWh/m3 with an estimated efficiency of around 70% [22]. CAES is distinguished from 

other storage technologies by two characteristics. Firstly, fuel is used during the 

generation phase, however the net output from the turbines is increased which ultimately 

means that the fuel efficiency is greatly increased. Secondly, the output electrical energy 

exceeds the input energy [8]. CAES performance is therefore characterized by the 

following [8]: 

�� = ����
���	


										(2.1) 

Where, 

�� represents the energy ratio 

����   is the Electrical Energy Output 

���	
	 is the Electrical Charge Energy 

In a pure storage scheme, the �� would be identical to the storage efficiency.  

�� = ����������	����	��������
�������� �	����!"	���#�� $%/$'ℎ											(2.2) 

Where, 

�� is the Heat Rate. 

The fuel heat rate for a generating plant is (3600/thermal efficiency) kJ/kWh [8]. 
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The turnaround efficiency of a CAES system which is represented by equation (2.3) is 

based on the overall efficiency of the system taking into consideration the power produced 

and the usage of gas and off-peak power [23]: 

��� = 1
�� + ��											(2.3) 

Where, 

��� is the Turn-Around Efficiency 

Equations (2.4) and (2.5) show the mass and energy balance over the control volume 

enclosing the air in the cavern respectively [11]: 

�+
�� =

�, -� −�, �/0
1 										(2.4) 

Where, 

+ is the cavern air density 

�, -� is the incoming air from the compressor mass flow rate 

�, �/0  is the out-going air to the turbine mass flow rate  

1 is the cavern volume 

�(34)
�� = �, -��-� −�, �/0��/0 − ℎ5	67�58�9�(: − :5	6)									(2.5) 

Where, 

(�(34))/�� is the cavern air internal energy rate of increase 

3 is the cavern air mass 

�-� is the incoming air specific enthalpy 
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��/0 is the outgoing air specific enthalpy 

ℎ5	6 is the heat transfer coefficient between the air and cavern wall 

7�58�9� is the heat transfer area between the air and the cavern wall 

: is the air temperature 

:5	6 is the wall temperature of the cavern 

2.1.4  Existing installations of CAES systems 

Huntorf near Bremen in West Germany is host to the first ever CAES plant built in 1978 

primarily to provide black-start services. It is currently being used as a peak shaving unit 

and as a supplement to other storage facilities on the electrical power system to 

compensate for the generation gap due to the slow response of conventional power 

generation plants [8].  

The unit has a dual solution mined salt cavern of approximately 150,000 m3 each and 

located approximately 600 m underground. A maximum pressure of 10 MPa is produced 

via 60 MW compressors and has a capacity of 290 MW which could last for 4 hours. The 

starting reliability is rated at 99% with an availability of 90% [24].  

Another existing CAES installation which has been in operation since 1991 is the McIntosh 

110 MW plant built in southwestern Alabama on the McIntosh salt dome. It uses a salt 

cavern of approximately 560,000 m3 designed to operate between 45 and 74 bar for 26 

hours [8]. The operational aspects of the plant are similar to those of the Huntorf plant. The 

distinguishing features of the McIntosh plant as compared to the Huntorf plant is that the 

fuel consumption is reduced by approximately 22% at full load due to the inclusion of a 

heat recuperator as well as a dual-fuel combustor which is capable of burning natural gas 

and fuel oil [8]. The McIntosh plant achieves 91.2% and 92.1% average starting reliabilities 

with 96.8% and 99.5% average running reliabilities for the generation and compression 

cycles respectively [8]. 
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2.2  Battery energy storage 

The storing of electrical energy in the form of chemical energy in batteries is one of the 

most established methods of electrical energy storage. Electrochemical cells made from 

an electrolyte material with an attached positive and negative electrode is the heart of the 

battery. Batteries provide a rapid response for both charge and discharge and can respond 

rapidly in the order of 20 milliseconds to load changes [6]. An electrochemical reaction at 

the electrodes generates a flow of electric current through an external circuit during 

discharge of the battery. The discharge rate is dependent on the chemical reaction rates 

which determines the amount of available energy. The battery can be recharged through a 

reversible process by applying an external power source to the electrodes [25].  

The use of batteries for large scale applications which includes renewable energy systems 

has led to the development of newer battery technologies which offer increased energy 

storage densities, higher reliability, lower cost and with greater cycling capabilities [26]. 

Table 2-1 shows a comparison of battery attributes for selected battery technologies. 

Battery systems due to being modular, quiet and non-polluting, are able to be installed 

near load centers, however, the choice of battery technology is a defining criteria. The 

round-trip efficiency which is dependent on the frequency of cycling and the  

electrochemistry used, is in the 60-80% range [6]. Batteries used in power systems offer a 

wide range of applications which include spinning reserve, power factor correction, load 

leveling and stabilizing as well as load frequency control [26].  

Table 2-1 – Comparison of key battery attributes [24] 

Attributes Lead Acid Li Ion NaS Ni-Cd Zn-Br 

Depth of 

Discharge 

75% 80% 100% 100% 100% 

Cost Low Very High High and 

auxiliary 

heating 

systems 

needed 

High High 
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Attributes Lead Acid Li Ion NaS Ni-Cd Zn-Br 

Lifespan 

(Cycles) 

1000 3000 2500 3000 2000 

Efficiency 72-78% 100% 89% 72-78% 75% 

Self-

discharge 

Average Negligible Negligible High Negligible 

Maturity of 

Technology 

Mature Non-Mature Mature Mature Non-Mature 

 

Existing applications of battery energy storage systems include a 10 MW (40 MWh), 4 

hour discharge plant built at the 12 kV substation facility in Chino, California [6] and a 1.2 

MW, 1.2 MWh (1:1 power-energy ratio) for Metlakatla Power and Light (MP&L) in Alaska 

[27]. The Alaskan application saved MP&L around US$6.6 million over a period of 11 

years as well as nearly eliminating the use of fossil fuels [27]. 

2.2.1  Lithium-Ion batteries 

A flow of current is generated in a lithium-ion battery when lithium ions flow between the 

anode and cathode [28]. Plug-in hybrid electric vehicles is the latest technology to use 

lithium-ion batteries with more common usage found in power electronic devices. Lithium-

ion batteries have the highest power density of all batteries on the commercial market on a 

per-unit-of-volume basis of between 500 W/kg to 2,000 W/kg and energy densities ranging 

from 80 Wh/kg to 150 Wh/kg [16]. 

A long life span together with a low self-discharge, high energy density and no requirement 

for scheduled cycling, are the main advantages of lithium-ion batteries. When compared to 

other battery technologies, they are proven to be more expensive with prices likely to 

increase as limited lithium-ion resources are depleted [29]. Lithium-ion batteries have a 

very high efficiency of almost 100% and is therefore primarily used on laptops and other  

portable electrical equipment [24]. 
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2.2.2  Nickel-Metal Hydride batteries 

Nickel-Metal Hydride batteries are being used as back-up power sources for 

telecommunication services with optical fiber cables. Each terminal of the optical fiber 

network  requires a power source due to the inability for electric power to be supplied 

through optical fiber cables. Electric power is supplied at the optical network terminals 

together with converting of optical signals. The batteries used as a back-up need to be 

able to supply power for several hours [30]. 

Nickel-Metal Hydride batteries make use of the pulse charging method which prevents 

over-charging. For fiber optic network application, the Nickel-Metal Hydride battery is 

assembled from 6 cells and rated at 2,000 mAh with a weight of 0.55 lb [30]. It is able to 

operate at temperatures ranging from -10 °C to +55 °C with a  projected life span of 7.5 

years at 30 °C [30].   

2.2.3  Nickel-Cadmium batteries 

Nickel-Cadmium batteries have very good performance at high and low temperature 

operation and offers a better life cycle time than lead-acid. They can store up to 27 MW  of 

power which make them very useful for power system applications [24]. Nickel-Cadmium 

batteries have an efficiency of between 72-78% with a high  self-discharging rate of 5-20% 

of charge lost per month [24]. They have a typical maximum energy density of 50 Wh/kg 

and a lifetime at deep discharge levels between 1,500 and 3,000 cycles [16]. They are 

however more expensive than traditional lead-acid batteries and contain toxic components 

which makes disposal environmentally challenging [31]. Benefits of Nickel-Cadmium 

batteries include low life cycle cost, low maintenance, resistance to abuse, environmentally 

safe and long life with high reliability [32]. Nickel-Cadmium batteries were used to provide 

spinning reserve for a transmission project in Alaska and have also been applied in a 

variety of backup power applications. A 26 MW battery rated for 15 minutes was used in 

this project and is the largest utility application in North America [33]. It is comprised of  

3,440 cells in a string of four batteries with a total voltage of 5,200 V [24]. 
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2.2.4  Sodium-Sulfur batteries 

Sodium-sulfur batteries store and release electrical energy through an electrochemical 

reaction between the sulfur at the positive electrode and sodium at the negative electrode. 

Advantages of sodium-sulfur batteries include low material costs, good temperature 

stability, high coulombic efficiency, long cycle life and a high energy density almost triple 

that of lead-acid batteries [28]. They are however only suitable for large-scale stationary 

applications as a result of sodium being highly corrosive [16]. 

Sodium-sulfur batteries have a lifespan of 2,500 cycles for a 100% depth of discharge  at a 

temperature of 300 °C which therefore requires energy thereby decreasing the overall 

system efficiency and negatively impacting the cost [24]. They can be applied in DC 

distribution systems due to the high efficiency of 85% for DC conversion [28]. Applications 

using sodium-sulfur include renewable integration, peak shaving, emergency power and 

power quality management [24]. The batteries are built in modules rated in kW that allows 

for MW battery systems to be built by combining the kW modules [28].  

Sodium-Sulfur batteries are a relatively mature technology with over 55 installations 

globally in 2003 [31]. Northern Japan is host to the largest single Sodium-Sulfur battery 

installation. It is a 34 MW, 245 MWh system which is used for wind power stabilization of a 

51 MW wind farm. The battery installation allows for the wind farm to be 100% 

dispatchable during on-peak periods [33]. The United States makes use of 9 MW Sodium-

Sulfur battery installations for backup power, firming wind capacity and for peak shaving 

[33]. 

2.2.5  Lithium Titanate batteries 

Lithium-Titanate batteries use manganese in the cathode and titanate anodes which 

allows for good performance at lower temperatures, fast-charge capability and a very 

stable design. They have a relatively long life  and are able to be discharged to 0% [33]. 
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2.2.6  Zinc-Bromine batteries 

Zinc-bromine batteries operate by circulating reactants through the battery with the use of 

a pump system. The non-destructive charging and discharging of energy through the 

electrochemical reaction allows a depth of discharge of up to 100%. The battery has a life 

span is rating of 2,500 cycles and is more environmentally friendly in comparison with  

lead-acid batteries due to the use of less toxic electrolytes [28]. Zinc-bromine batteries 

have negligible self-discharge with an efficiency of 75% and have high power and energy 

density [24]. Three 60 cell battery stacks are connected in parallel to make up a 50 kWh 

module with the advantage of being able to replace individual stacks instead of the entire 

module. Each module is rated to discharge at 150 A for four hours at an average voltage 

of 96 V [28].  

2.2.7  Lead-Acid batteries 

Lead-acid batteries is the most developed form of battery energy storage system 

technology most commonly known for its application in automobiles and as backup power 

in uninterruptable power supplies [28]. The power output is non-linear which therefore 

allows for the use in applications such as switching components and control systems 

power quality management. Lead-acid batteries have very low energy density of around 30 

Wh/kg with power density around 180 W/kg [34]. They also have a short operational  life of 

4-5 years/750 cycles with their life cycle  dependent on discharge rate, usage and the 

number of deep discharge cycles [28]. Lead-acid batteries also have a high maintenance 

requirement, capacity drop at low temperatures and hazards associated with lead and 

sulphuric acid during production and disposal [31]. 

Life-cycle and performance of lead-acid batteries is improved through the use of advanced 

materials and technologies which allows these advanced lead-acid batteries to be used for 

distribution and transmission grid level support [28].  

The low cost of lead-acid batteries is regarded as their main benefit. A depth of discharge 

of 75% can be tolerated  with an efficiency of 72-78%. Lead-acid batteries is currently the 

most matured battery technology [24]. 
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There is currently two UPS installations in East Asia that utilize Valve Regulated Lead Acid 

(VRLA) batteries. These batteries are rated at 2.8 MW and 4.2 MW and provide protection 

until such time that the back-up generators are brought on line. The installations utilize 

1,165 VRLA cells rated at 2 V and discharge to 1,900 V (1.65 V/cell) in 5 minutes [30]. 

2.3  Thermal energy storage (TES) 

The earth is seen as a source of renewable energy whereby geothermal energy is 

extracted from the earth at great depth as demonstrated by the occurrence of volcanic 

eruptions and hot springs. The earth can also be used for the storage of heat or cold 

energy in subsoil sand layers referred to as aquifers or in soil/rock using boreholes [35]. 

There are three main components to this method of storage namely the useful energy 

potential, the storage medium and the energy flow mechanism. The useful energy 

potential can be sourced from solar thermal, industrial waste heat and winter cold, 

however, the integration with the energy storage medium together with the transportation 

of the waste energy can be a challenge [35]. TES technology can be expected to have a 

roundtrip efficiency of up to 60% with the use of a heat pump and is estimated to have 

favorable economies of scale [36]. The performance of a solar-assisted heat pump system 

(SAHPS) based on geothermal energy storage was studied and verified that the whole 

energy efficiency of the coupled system is improved [37]. This system also considerably 

reduces fossil fuel usage and CO2, SOx and NOx emissions to the atmosphere [38]. 

Rapidly increasing applications of ground source heat pump (GSHP) systems in China led 

to the idea of solar-ground coupled heat pump systems (SGCHPS) being widely accepted 

and recognized as one of the most energy efficient, cost effective and cleanest systems for 

space heating and cooling [39]. SGCHPS systems are used mainly for hospitals, hotels, 

shopping centers and offices due to the higher initial cost [38]. 

2.3.1  Aquiferous low-temperature TES 

The process of cooling or icing of water during low demand (off-peak) hours and storage 

for use at a later stage during high demand (peak time) to meet the cooling needs is 

known as aquiferous low-temperature thermal energy storage [24]. The temperature 

difference between the warm return water from the heat exchanger and the chilled/iced 

water stored in the tank determines the amount of cooling energy stored. This form of 
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thermal energy storage is primarily suited to lowering the peak industrial and commercial 

cooling loads during the daytime [24]. It is primarily applicable to large commercial 

buildings for heating and cooling purposes [40] which therefore allows for smaller chillers 

to be used thereby substantially lowering the air conditioning operating costs with 

particular benefit to peak demand charges [24].  

An aquiferous thermal energy storage (ATES) system has two groups of wells connected 

to the heating, ventilation and cooling (HVAC) system with groundwater extracted from the 

wells by submersible pumps. The condenser of the HVAC system is cooled using 

groundwater from the cold well while the waste heat is stored in the aquifer through the 

warm well and can be recovered when required [40].  

The first application of an integrated ATES with an HVAC system was in Mersin, a city 

near the Mediterranean coast in Turkey. The ATES system when compared to the 

conventional HVAC system used 60% less electrical energy during the cooling mode [40]. 

A feasibility study of such a system for a hospital in Adana, Turkey showed the savings in 

energy which ultimately contributed to environmental benefits by decreasing CO2 

emissions by 2,100 tons/year, SOx by 7 tons/year and NOx by 8 tons/year [40].   

2.3.2  Cryogenic energy storage (CES) 

CES is a form of electrical energy storage system which is considered a green option due 

to no direct emissions through the use of air and nitrogen which is abundantly available in 

the atmosphere [41]. Ambient air is filtered to remove impurities during the storage 

process while also removing water and carbon dioxide to prevent freezing [42]. Cryogen in 

the form of liquid nitrogen or liquid air produced from the process can be used 

commercially or for refrigeration purposes [41] and can be generated in a few different 

ways namely renewable generated electricity, off-peak power or mechanically from hydro 

or wind turbines [24]. At times of peak power requirements electricity is generated using 

heated cryogen to drive a cryogenic heat engine by boiling the liquid using the heat from 

the surrounding environment. The CES system is also able to use waste heat from the flue 

gas of a power plant [24]. CES has many uses including powering vehicles, providing 

direct cooling and refrigeration and for air conditioning units. It has no effect on the 

environment, has a long storage period, capital cost per unit energy is low and it has a 

relatively  high density in the order of 100-200 Wh/kg [24]. The one drawback of CES is 
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that it has a relatively low efficiency of 40~50% due to the large amount of energy required 

to compress the gases [41]. Highview Power Storage’s (HPS) 80 MW biomass power plant 

in Slough, UK has successfully implemented CES. The CES unit is capable of storing 2.5 

MWh of energy via a 60 ton liquid nitrogen tank with a maximum output of 300 kW [43]. 

CES offers the following benefits [42]: 

• Proven technology which has been around for any years is used; 

• CES regulations already exist; 

• Tanks are less costly due to low pressure storage; 

• Air is non-toxic and does not explode; 

• Liquid air has four times the energy density of compressed air. 

2.3.3  Molten salt storage and room temperature ionic 

liquids (RTILs) 

RTILs can be stored without decomposition at temperatures of 100s of degrees and have 

therefore been proposed for storage of energy. They are organic salts with a melting 

temperature below 25 °C and with negligible vapor pressure in the relevant temperature 

range [24]. Testing of the two-tank molten salt storage system using molten salt as the 

heat transfer fluid was done in the “Solar Two” Central Receiver Solar Power Plant 

demonstration project in California [24]. 

Molten-salt storage which is one of the concentrating solar power (CSP) storage methods, 

is the only storage currently in use commercially. Thermal storage systems offer a very 

high annual storage efficiency of up to 99% for commercial plants [44]. Heat losses 

through the tank walls are minimized through insulation while the heat exchange process 

between mediums such as salt to steam for towers, accounts for the other heat losses. 

Conversion losses however do not affect the efficiency of the thermal storage system due 

to the energy being stored as heat prior to conversion to electricity through the Rankine 

cycle [44].  

Solar salt is used together with molten-salt power towers due to its high upper stability 

temperature limit of 600 °C which allows for the use of high-efficiency Rankine cycle 

turbines [44]. A steady flow of power can be produced dependent on the storage of 
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sufficient energy in the hot salt tank which is made possible due to the energy generation 

system being completely independent of the energy collection system [44].  

Trough and tower storage plants are two methods of transferring heat to the molten-salt. 

Trough plants use parabolic trough mirrors to heat oil to its thermal limit °C through CSP 

and feeds the oil directly to the oil-to-steam heat exchanger resulting in power being 

produced immediately. The remaining oil is passed through an oil-to-salt heat exchanger  

to heat the molten-salt for storage to be used to produce power on demand [44]. Tower 

plants use molten-salt as the heat transfer fluid and the storage medium. Molten-salt at the 

top of the tower is heated by CSP from a field of heliostat mirrors. The heated molten-salt 

is stored at the bottom of the tower where it is passed through a heat exchanger to create 

superheated steam to turn the turbine to generate electricity.  

Molten-salt power tower storage systems have several advantages which include lower 

salt requirements, simplified piping schemes, improved winter performance, higher steam 

cycle efficiency and elimination of heat transfer oil and associated heat exchangers [44]. 

Investigations into the improvement of molten-salts thermal properties and the 

development of single tank storage solutions are currently being investigated.  

The Gemasolar plant was the first commercial power tower to operate with molten-salt 

storage and using water as the cooling medium. The key statistics for the Gemasolar plant 

are listed in Table 2-2: 

Table 2-2 – Key statistics for Gemasolar plant [44] 

Characteristic Quantity 

Number of heliostats 2 650 

Total reflective area (m2) 306 658 

Tower height (m) 140 

Receiver power (MWt) 120 

Turbine power, gross (MWe) 19.9 
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Characteristic Quantity 

Turbine power, net (MWe) 17 

Storage size (hours of operation without solar radiation) 15 

Storage tank dimensions (height x diameter, m) 10.5 x 23 

Mass of salt (tons) 8 500 

Annual net electricity generation (MWh/year) 110 000 

Capacity factor 74% 

 

The Thémis station in France uses molten salts for storage of 40,000 kWh of thermal 

energy economically and to simplify the solar panel regulation [22]. Other commercial 

installations of molten-salt CSP storage include the Andasol-1 trough plant near Guadix in 

the province of Granada, Spain with 7.5 h of molten-salt storage. This has grown to a total 

of eight plants each with 7.5 h of molten storage [44]. 

2.3.4  Phase change materials (PCMs) 

PCMs are latent heat storage materials with the transfer of thermal energy occurring when 

a material changes phases from either solid to liquid or liquid to solid. This energy storage 

technology uses materials that have a phase change at a temperature matching the 

thermal input source [24]. A heat transfer fluid is used to transfer the heat between the 

thermal accumulator and the exterior environment [22]. Higher energy storage densities 

are possible due to the heat generated during this phase change as compared to non-

phase change high temperature materials. More heat per unit volume to the order of 5-14 

times is stored by PCMs compared to sensible storage materials such as water, masonry 

or rock [45]. Sensible heat storage although relatively inexpensive, has a low energy 

density and variable discharging temperature. PCMs enable higher storage capacities and 

target-oriented discharging temperatures [46]. Sodium hydroxide has a specific thermal 

storage capacity of 1,332 MJ/m3 between temperatures of 120-360 °C and is therefore 

considered to be a good storage fluid [22]. PCMs are classified as organic, inorganic and 

eutectic.  A heat transfer mean from the source to PCM is required due to the phase 
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change. This can be accomplished by the embedding of PCM in a matrix made of another 

solid material with high heat conduction as well as encapsulation of small amounts of PCM 

[24]. Most PCMs have low thermal conductivity, long cycling lives and are non-toxic [47]. 

These properties result in slow charge and discharge rates during the phase change 

coupled with small volume changes [48]. PCM storage still needs to be developed further. 

2.4  Hydrogen energy storage 

Hydrogen is seen as an energy carrier rather than an energy storage device due to it being 

a substance that can store energy by being charged. It must be removed or separated 

from water or from compounds containing hydrocarbons by electrolysis or reforming 

processes, however, the use of a renewable energy source, fossil fuels or nuclear energy 

is required for these reforming processes [6]. Several basic components as depicted in 

Figure 2-2, make up the hydrogen-based storage system. These include an electrolyzer 

system which uses the method of electrolysis of water to produce hydrogen, a hydrogen 

storage system in the form of a steel tank or geologic storage and finally a fuel cell or 

internal combustion engine to convert the hydrogen back into electricity. The use of a fuel-

cell is preferred due to its higher conversion efficiency. Depending on the operating 

pressure and efficiency of an electrolyzer-fuel cell combination or the efficiency of a 

reversible fuel cell device, the round trip efficiency ranges from 60-85% [6]. 

 

Figure 2-2 - Basic elements of a hydrogen energy system [25] 
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There are five methods of storing hydrogen in different states. These are compression of 

gas, liquefaction, physisorption, metal hydrides and complex hydrides, with the method of 

compressed gas storage being the most appropriate. This method is primarily for standby 

applications where space is not a limitation [49]. Large quantities of renewable energy 

such as wind power and photovoltaic power are also able to be stored and transported 

using the carbon-hydride energy storage system (CHES). The electric power generated 

through the use of renewable energies is converted into hydrogen energy which is then 

further converted into methylcyclohexane (MCH) which is  an organic hydride used as the 

energy storage medium. This allows excess renewable energy to be stored for long 

periods of time to be used at times when demand exceeds supply [50].  

Hydrogen as a fuel and energy carrier has many advantages including being storable, 

lightweight, non-toxic, transportable and depending on its storage form, a high energy 

density. Further advantages include  producing non-toxic exhaust emissions (depending 

on the oxidant used), usage in all sectors of the economy and can be generated from 

various energy sources with various means of production [49]. Disadvantages include 

safety issues (combustibility of hydrogen) and difficulty of being stored with a high energy 

density [49]. The first full scale application of wind/hydrogen was in July 2004 at Utsira in 

Norway and is powered by two 600kW wind turbines operating at wind speeds in the range 

of 2.5-25 m/s. A 48 kW, 10 Nm3/h electrolyzer is used to produce hydrogen which is stored 

compressed in a 2,400 Nm3 container. When wind energy is in short supply, the stored 

hydrogen is used to produce power by a 10 kW fuel cell and a 55 kW hydrogen internal 

combustion engine [49]. Another application is a 350 kW solar hydrogen demonstration 

plant in Saudi Arabia which has been in operation since 1993 and produces 463 m3 of 

hydrogen at normal pressure [51].  

2.5  Superconducting magnetic energy storage 

Superconducting magnetic energy storage (SMES) is a unique diurnal energy storage 

technique in that there is no conversion from one form of energy such as mechanical, 

thermal or chemical, to electrical energy [52]. The electrical energy is rather stored directly 

as a circulating current in the magnetic field of a large superconductive coil which allows a 

direct electrical current to flow through it with virtually no loss [53]. A power converter 

module is used to convert the direct current to alternating current for delivery to the power 
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system. SMES devices are specified according to the inductively stored energy and the 

rated power. These can be represented as follows [26]: 

� = <
= >?2											(2.6)    

A = ��
�� = >? �?�� = 1?										(2.7) 

Where, 

� is the inductively stored energy in Joules 

> is the coil inductance 

? is the coil DC current  

A is the rated power in Watts 

1 is the voltage across the coil 

The  SMES coil is required to operate at cryogenic temperatures (-150 °C to -273 °C) in 

order to remain in a state of superconductivity [53]. Cryogenic refrigerators in the form of 

helium or nitrogen liquid vessels is therefore an integral subsystem of the SMES together 

with solid-state power conditioning devices, climate controls, safety devices, monitors, 

controls and utility and user interface equipment as depicted in Figure 2-3.  

 

Figure 2-3 - SMES system [24] 
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The SMES system is able to provide a rapid response at efficiencies of 95-98% or more 

for both cycles of charge and discharge [22] with the availability of energy independent of 

the discharge rating [54]. The change-over from charging to discharging can be done 

within 17 milliseconds [6]. Utility applications include load leveling, frequency support  

during loss of generation, transient and dynamic stability enhancement, dynamic voltage 

support (VAR compensation), power quality improvement and increasing transmission line 

capacity therefore enhancing overall reliability of power systems [55]. Typical ratings are 

1~10 MW with a storage time of seconds while the larger SMES systems are in the range 

of 10~100 MW with a storage time of minutes [24]. 

There are several advantages of SMES systems. These include the following [53]: 

• Power in large amounts can be released within a fraction of a cycle with full 

recharge taking a few minutes making it very efficient and economical. 

• Performance does not degrade over the life-span  of the system including 

controllability and reliability. 

• Highly mobile due to being compact and self-contained. 

• No hazardous chemicals and no production of flammable gases. 

• Approximate life-span of at least 20 years. 

One of the biggest technical challenges that need to be considered during the system 

design is the potential for the production of  large magnetic fields which is due to the fact 

that the SMES system cryostats become rapidly pressurized when the coils become non-

superconducting [53]. This requires careful component design and stay out zones. In the 

case of coil failure, the quick release of stored energy is vital to prevent the coil from being 

damaged. Releasing the stored energy in to the power system might shock the system 

resulting in damage to other equipment connected to the power system. Pre-cooling of the 

system can take as long as four months to cool the superconducting coil from room 

temperature to operating temperature [53]. This reduces the availability of the SMES 

system. SMES systems have low energy density with large parasitic energy losses, and is 

expensive [31]. 

The first three-phase converter SMES system was tested at the Los Alamos National 

Laboratory (LANL) in 1974 [6]. In 1976, the Bonneville Power Authority together with LANL 
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designed and constructed a 30 MJ, 10 MW SMES unit [6]. The European Organization for 

Nuclear Research, CERN, is home to one of the largest superconducting magnets that 

was constructed for the liquid-hydrogen bubble chamber with a stored energy of 

approximately 0.2 MWh [56].  

2.6  Ocean renewable energy storage (ORES) 

The offshore environment can be used for economical utility-scale energy storage while at 

the same time being unobtrusive and safe [33]. Ocean renewable energy storage is a 

system of storing energy in concrete spheres deep underwater. A secondary application of 

the sphere is to act as an anchor for floating wind turbines (FWTs) [33]. Figure 2-4  

represents the ORES charging and discharging process. Energy is stored by pumping 

water out of the spheres and when required, flow of water is allowed back in to the sphere 

through a turbine thereby generating electricity. When excess power from renewable 

energy sources such as an ocean current turbine, wave energy harvester or wind turbine 

is available and the spheres are required to be charged, the excess power is used to 

operate the pump/turbine to pump water out of the sphere. Storage is found to be 

economically feasible at depths ranging from 200 m to 1,500 m with cost per megawatt 

hour of storage dropping until 1,500 m [33]. The storage capacity is maximized for a given 

volume by placing the sphere in deeper locations. 

 

Figure 2-4 - ORES concept for charging and discharging [33] 
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The storage cylinder total charge capacity (in megawatt hours) can be related to the inner 

volume of the sphere, depth and efficiency of the pump/turbine unit. This relationship can 

be represented by the following equation [33]: 

CDEFG	HIJ.ƞLMNO.P.�.QRSSTNU.VWX<YZ 										(=.[)	 

Where, 

 +\]	is the seawater density (1,025 kg/m3) 

ƞ0/96 is the efficiency of the turbine typically (85%)  

! is the gravitational acceleration of 9.81 m/s2  

� is the depth of the sphere in meters 

1-���9 is the sphere interior volume  

3.69x109  is the conversion from Joules to Megawatt hours. 

The major challenge associated with this technology involves finding a suitable location. 

Large areas with excellent wind resources are required, along with suitable bottom 

topography conditions and a reasonable distance from the shore and load center. Other 

challenges include corrosion and clogging from sediment ingestion during turbine 

operation and effects on nearby marine life during pumping and turbine operation [33].  

The ORES system will have a round trip efficiency between 65-70% with a turbine 

efficiency of 80-85% [33]. The life-span is estimated at up to 40 years based on offshore 

platform applications.  

2.7  Flywheel energy storage 

Flywheel energy storage is an electromechanical storage system whereby kinetic energy 

is stored in a rotor that spins at extremely high velocities. The momentum of the rotating 

rotor is responsible for the stored energy [53]. A decelerating torque is applied to slow 
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down the flywheel thereby retrieving the stored energy which is returned as kinetic energy 

to the electrical motor operating as a generator [16]. The flywheel energy storage scheme 

consists of a rotor complete with suspension system, a motor/generator system to couple 

energy to and from the rotor, and a containment enclosure [57]. The rotor spins on 

bearings in a vacuum to reduce friction and increase efficiency [36]. The friction loss of a 

200 tons flywheel is estimated at 200 kW [22]. The flywheel can be classified according to 

speed as either low or high with speeds of up to 6,000 rpm and 50,000 rpm respectively 

[34]. Specific energy achieved for low speed flywheels is in the order of 5 Wh/kg while high 

speed flywheels can achieve specific energy of 100 Wh/kg [16]. A typical flywheel system 

is depicted in Figure 2-5. The stored kinetic energy is transformed into electrical energy 

and vice-versa, by the electrical machine driving the flywheel. The rotor design and control 

system technology has advanced over the years making  flywheel energy storage a very 

useful means of storing energy. It is highly durable and capable of tens of thousands of 

cycles per year [6]. Development of the flywheel technology includes operation of the 

wheel in a vacuum and using a levitated magnetic bearing to reduce bearing heat loss [6]. 

 

Figure 2-5 - Flywheel system [24] 
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The stored kinetic energy in the flywheel, with moment of inertia, and spinning at a 

particular speed, can be represented as [58]: 

�� = 1
2 ?^2										(2.9) 

Where, 

�� is the stored kinetic energy in the flywheel 

? is the moment of inertia 

ω is the speed 

The flywheel mass and geometry determines the moment of inertia of the flywheel [58]: 

? = ` �2��										(2.10) 

Where,  

� is the distance of each differential mass element in relation to the spinning axis 

�� is the differential mass element 

Power quality is an area whereby flywheel energy storage is used to provide reliability and 

stability to the power system with its quick response to power system anomalies such as 

frequency deviations, voltage sags, voltage swells and temporary interruptions [6]. Other 

applications include a battery substitute in a UPS, delivering ac power to the UPS where 

the utility source has failed and in an engine-generator set whereby  the flywheel provides 

energy to the generator due to the failure of the utility source until such time that the 

engine has started and reached operating speed [30]. Flywheel systems offer many 

advantages as outlined below [30]: 

• Minimum operation and maintenance requirements resulting in exceptionally long 

service life and low life-cycle costs. 
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• Compact and self-contained which allows the flywheel system to be placed in 

space constrained areas. 

• No hazardous chemicals nor is flammable gases produced. 

• Much higher charging and discharging rate in comparison with lead-acid batteries. 

• The flywheel system storage capacity is not affected by exposure to temperature 

extremes due to it being independent of temperature fluctuations. 

• Available energy is measured accurately by measuring the speed and calculating 

the energy. 

• Provide AC generator or DC converter output. 

The one significant challenge with flywheel systems is containment issues due to rotating 

energy equipment. This challenge needs to be addressed with careful selection of sites, 

material selection, containment design and thorough testing and rating of equipment [36]. 

Other negative factors are the installed cost which is 1-1.4 times that of batteries as well 

as storage expansion not being easy [30], low energy density and large standby losses 

[31]. 

Flywheel energy storage has a life expectancy of around 20 years and with a round-trip 

efficiency which includes the electronics, flywheel drag, frequency of cycling and bearings, 

of 80-85%. The more common modular flywheel designs range in size from greater than 

10 MW to around 250 kW for 10 to 15 minutes [6]. Stabilizing power supply and achieving 

a smoothing effect on the output from wind turbines is a potential application of flywheels 

[59]. A medium scale flywheel application is by New York’s Power Authority. The 

application consists of ten 100 kW, 30 second flywheels for regenerative breaking and 

startup of subway transit cars [6]. Another flywheel application is in Stephentown, New 

York and started operation in 2011. It uses 200 flywheels for an output of 20 MW and a 

storage capacity of 5 MWh that allows it to provide maximum output for 15 minutes [6].  

2.8  Supercapacitor energy storage 

A supercapacitor is an electrochemical double layer capacitor which has a greater energy 

density and capacitance compared to conventional capacitors [18]. Energy is stored by 

using an electrolyte solution which is located between two solid conductors as depicted in 

Figure 2-6, rather than the more common arrangement of conventional capacitors which 
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make use of a solid dielectric between the electrodes. The electrodes of supercapacitors 

are often made from porous carbon as the conductor with an aqueous or non-aqueous 

electrolyte. Due to the surface area of activated carbons being very high in the order of 

2,000 m2 per gram as well as the distance between the plates being less than 1 nm result 

in large capcitances and stored energy [24].  

 

Figure 2-6 - Supercapacitor [24] 

The supercapacitor energy storage system does not involve any chemical reactions which 

therefore allows charging and discharging to the order of hundreds of thousands of times. 

It is operates between a wide temperature range between -40 °C to +70 °C as a result of 

being highly temperature, shock and vibration resistant [60]. With the advances of using 

nano-tube technology to increase the surface area of the capacitor, the energy density of 

the supercapacitor is  comparable to that of a lithium-ion battery. Supercapacitors are 

rated up to 2.7 V and are able to be combined for a maximum string voltage in the order of 

1,500 V [6]. However, to be truly effective in a large scale energy storage system, they will 

need to be able to handle multiple kV.  
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The capacitance represents the relationship between the stored charge and the voltage 

between the plates. This relationship can be represented by the following equation [26]: 

b = C1										(2.11) 

Where, 

b is the charge stored 

C is the the capacitance 

1 is the voltage 

The permittivity of the dielectric, the area of the plates, and the distance between the 

plates, determines the capacitance. This is substantiated by the following equation [26]: 

C = c7
� 										(2.12) 

Where, 

c is the dielectric permittivity 

7 is the area of the plates 

� is the distance between the plates 

The energy stored on the capacitor depends on the capacitance and on the square of the 

voltage, as represented by the following equation [26]: 

� = 1
2C12										(2.13) 

Where, 

� is the capacitor stored energy  
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The capacitor energy storage capability is proportional to the capacitance and the voltage 

stored on the capacitor. However, the voltage withstand strength of the dielectric limits the 

voltage stored [26]. Supercapacitors currently have a round trip efficiency of 84-95% [6]. 

Their very high cycle life of more than 500,000 cycles at 100% depth of discharge [16] 

coupled with the fact that they can be modular, quiet and non-polluting makes 

supercapacitors a very desirable energy storage device [6]. Their lifetime of up to 12 years 

[16] and high self-discharge rate of 14% of nominal energy per month are seen as limiting 

factors [34]. The cost of supercapacitors of 240,000 R/kWh is also seen as a significant 

issue [16]. They are currently being used for blade-pitch control devices for individual wind 

turbine generators which allows the rate at which power increases and decreases with 

changes in wind velocity to be controlled. This application is especially desirable for wind 

turbines connected to weak utility power grids to decrease voltage and power fluctuations 

[61, 62]. Supercapacitors are also used for short-term storage in power converters and are 

most applicable for high peak power, low-energy situations. Supercapacitors can also 

provide support during momentary interruptions and voltage sags by assisting in extended 

availability of power [26]. 

2.9  Pumped hydroelectric energy storage (PHES) 

Pumped Hydroelectric Energy Storage (PHES) is the most wide spread energy storage 

technology in use today with over 200 installations worldwide [18]. The total combined 

generation capacity of these installations is over 90 GW and contributes to approximately 

3% of the world’s generating capacity [6]. The European Union, USA and Japan have as 

of 2009 contributed 36 GW, 21.8 GW and 24.5 GW respectively to the total worldwide 

installed capacity of PHES [63]. 

PHES is a storage technology whereby the potential of water raised against gravity is the 

stored energy in itself. A mass of 1 ton of water falling 100 m generates 0.272 kWh [22]. 

Energy is taken from the grid and returned at a later time when it is needed. Water is 

pumped from a lower reservoir (afterbay) to a higher reservoir (forebay) through a turbine 

and stored in the higher reservoir as bulk potential energy. When the energy is required in 

the form of electrical energy to meet peak load demand, the water is released from the 

upper reservoir through the turbine to the lower reservoir [15]. Water is pumped back to 

the upper reservoir during off-peak periods. A schematic diagram of a PHES scheme is 
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depicted in Figure 2-7. A large amount of energy can be produced and sustained for 

significant periods (days) of time with the size of the reservoir directly impacting the 

storage capacity [6]. 

 

Figure 2-7 – Schematic diagram of a PHES [24] 

PHES plants can be designed to be brought online rapidly i.e. between 1 and 2.4 seconds, 

as a source of assured reserve capacity with the ability to react almost instantaneously 

based on load requirements [8]. Its ability to respond to peak load fluctuations assists with 

more uniform and efficient loading on the base load fossil-fueled units operating in 

conjunction with the PHES plant [8]. The use of a combined wind and small PHES system 

has also been proposed for the storage of wind generated power in off-peak (low demand) 

periods and improve the controllability of the wind generated power [64, 65, 66].  

2.9.1  Cost of PHES 

PHES systems have the lowest investment risk with regards to the lowest levelized cost of 

delivered energy relative to the cost per kilowatt-hour of electricity produced, which is 

comparable to combined cycle gas turbines [15]. The cost of PHES depends primarily on 

the site which includes elevation difference, length of water conduits, operating drawdown 

of reserves, size of reservoirs and size of the plant. PHES plants are costly to build and 

are known to take a considerable amount of time to plan and to build. An example of this is 
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a PHES plant in the Alps which is rated for 1.06 GW of power and 8.5 GWh of energy 

storage capacity [6]. This plant took a total of 37 years to plan and build [67]. The low 

operating cost of PHES plants consisting of pumping energy and operation and 

maintenance is the major cost advantage when compared to other energy storage 

technologies.  

2.9.2  PHES site requirements 

The major drawback of PHES technology is the significant amount of land with suitable 

topography required to accommodate both the upper and lower reservoirs as well as 

ensuring an elevation or head between the two reservoirs [22]. Alternative designs for the 

lower reservoir or afterbay include oceans and lakes [8]. The availability of water 

resources is also another challenge and requires suitable alternatives to natural water 

resources to be considered such as the coupling of a PHES facility with an agricultural 

water supply as well as the possibility of utilizing the water produced from the gas and oil 

extraction industry [8]. The opposition from environmental groups citing deforestation, 

biodiversity, fisheries and water resources as major concerns needs to be overcome [14]. 

A considerable increase in GHG emissions can result from the development of 

hydroelectric reservoirs [68] with atmospheric carbon increasing due to the clearing of 

biomass from the land prior to construction of the reservoirs [69]. The proximity to existing 

transmission infrastructure and load centers also needs to be given serious consideration. 

One of the ways to overcome the environmental issues and which has proven to be 

technically feasible, is to locate the reservoirs underground [6]. This concept is known as 

Underground Pumped Hydroelectric Energy Storage (UGPHES) which will be discussed 

later in more detail. 

2.9.3  PHES performance and modelling 

Elevation change (head) and water are the two fundamental resources required by PHES 

facilities [8]. The availability of power and energy of a PHES facility can be determined by 

the availability of water and the potential elevation change. This can be represented by the 

following equation [8]: 

A� = �!�										(2.14) 
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Where,  

A� represents the potential energy in Joules 

� is the mass [volume (m3).density 1000 kg/m3] 

! is the gravitational acceleration of 9.81 m/s2  

� is the hydraulic head height in meters (m).  

The output power can be presented as: 

A = d	e	�	e	+	e	!	e	ƞ										(2.15) 

Where, 

A is the power generated (W) 

d is the fluid flow (m3/s) 

� is the hydraulic head height (m) 

+ is the fluid density (kg/m3) = 1000 (kg/m3) for water 

! is the gravitational acceleration (m/s2) or 9.81 (m/s2) 

ƞ is the efficiency 

The head and the flow have an inversely proportional relationship whereby the water 

utilization can be minimized with a larger head. Similarly, if the flow is maximized the head 

can be reduced [8] as shown in Figure 2-8.  
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Figure 2-8 – PHES power output vs flow and head height with 80% efficiency 

Head 
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An assessment of the total energy available in the raised volume of water in the form of 

potential energy will allow for a controlled dispatch of the stored energy by varying the 

power of the specific system [8]. PHES facilities have a turnaround efficiency ranging from 

70-80% with newer variable speed PHES plants operating at an efficiency of between 70-

100% [6]. The efficiency is dependent on design characteristics such as the plant size, 

penstock (main water conduit between the forebay and the turbo machinery) diameter, 

hydro-turbines used and the height between the upper and lower reservoir [6]. The loss of 

efficiency is due to a number of factors which include efficiency losses in the motor 

generator and pump turbine, rolling resistance and turbulence in the penstock, and tail 

race (water conduit between the afterbay and turbo machinery) whereby some energy is 

retained by the water as it flows into the tail race [8].  

Equation (2.15) considers a steady or laminar flow of water whereby � remains constant 

considering an average (mean) flow velocity. The average velocity is the total flow rate 

divided by the cross-sectional area and is represented in units of length per time. 

� = ��										(2.16) 

� = �	�	�										(2.17) 

Where, 

� is the average velocity (m/s) 

� is the fluid flow (m3/s) 

� is the cross-sectional area in square meters (m2) 

Substituting (2.17) into (2.15) introduces the average velocity component into the equation: 

� = �	�	�	�	�	�	�	�	�	�	ƞ										(2.18) 

For most surface water systems as in the case of the upper reservoir of a PHES system, 

the flow is considered to be turbulent [70]. The continuous mixing of low flow velocity with 

higher flow velocity, leads to the turbulent velocities being closer to the mean velocity [71]. 
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The Reynolds number is used to classify flow as either turbulent or laminar and is 

represented as follows [71]: 

�� = 4	�	�	�	�� 										(2.19) 

Where, 

�� is the Reynolds number (unitless) 

� is the average velocity (m/s) 

� is the hydraulic radius (m) 

� represents the kinematic viscosity (m2/s) 

Using the Reynolds number, the velocity � can be represented as follows: 

� = 	��	�	�4� 										(2.20) 

Substituting equation (2.20) into equation (2.18), the power output represented as a 

function of the Reynolds number is as follows: 

� = ���	�	�4� ��	�	�	�	�	�	�	�	�	ƞ										(2.21)		 

From equation (2.21) it is evident that a larger Reynolds number results in a greater power 

output provided that the hydraulic radius remains constant. 

Fluctuations in velocity are created due to turbulent eddies. For turbulent flow, the velocity 

includes both a mean and a turbulent component. This can be decomposed, known as the 

Reynold’s decomposition, to represent the flow as follows [72]: 

�(�) = 	� + ��(�)										(2.22) 

��(�) = 	�(�) −	�										(2.23) 
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Where, 

�′(�) is the turbulent fluctuation (m/s) 

� is the mean velocity (m/s) 

The mean velocity can be evaluated through integration as follows [70]: 

� = 	# �(�)$�										(2.24)
%&'

%
 

With turbulent velocity represented as a function of time  
()
(% 	, introducing this into equation 

(2.18) results in the following equation showing the power output also as a function of time: 

$�
$� =

$�
$� 	�	�	�	�	�	�	�	�	�	ƞ										(2.25)	 
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Figure 2-9 shows the power output as a function of changing velocity for an efficiency of 80%: 

 

Figure 2-9 – PHES output for turbulent velocity
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2.9.4  Existing installations of PHES systems 

The Drakensberg pumped storage scheme built in 1981, is located in the Northern 

Drakensberg mountains of South Africa and is one of the largest pumped storage 

schemes in the world. This scheme makes use of four dams with the electricity generation 

equipment located between the Driekloof Dam and the Kilburn Dam. Electricity storage is 

in the form of 27,000,000 m3 of water which translates to 27.6 GWh of electricity [4]. 

During times of peak electricity demand, water is released from the Driekloof Dam to the 

Kilburn Dam through four 250 MW turbine generators. Water is pumped back to the 

Driekloof Dam during times of low electricity demand [4].  

The Ingula pumped storage scheme which is also located in the Drakensberg of South 

Africa, is still under construction since 2005 with expected completion in 2015 [5]. The 

lower Braamhoek Dam is 4.6 km away from the upper Bedford Dam and connected to an 

underground power station by the use of tunnels. The headrace tunnel is 2 km long with 

the tailrace at 2.5 km. The power station will house four 333 MW reversible pump turbines 

[5]. 

Other installations include Lac des Dix, Switzerland (2,009 MW), Guangzhou, China 

(2,400 MW), Kanagawa, Japan (2,700 MW) and Bath County, USA (2,710 MW) [73]. 
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CHAPTER THREE 

UNDERGROUND PUMPED HYDROELECTRIC ENERGY 

STORAGE (UGPHES) 

Underground Pumped Hydroelectric Energy Storage (UGPHES) is a very similar energy 

storage concept to PHES with the major difference being that the lower reservoir (afterbay) 

is in an underground cavern system. The underground reservoir must have the capability 

of storing water without compromising the structural integrity or water quality. The upper 

reservoir (forebay) is constructed in the same manner as the conventional PHES scheme 

and is usually located directly above the lower reservoir as shown in Figure 3-1. Water 

conduits and powerstations are also located below ground with variations in the location of 

the powerstations allowing for two classifications of UGPHES namely single-stage and 

double-stage [74].  

 

Figure 3-1 – Three dimensional concept of a UGPHES plant [75] 
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The single-stage UGPHES scheme is a system whereby there is a single vertical drop or 

hydroelectric head and a single underground powerstation between the upper and lower 

reservoir. The hydroelectric head is limited either by the head at which reversible 

pump/turbine units can operate or by geologic conditions [76]. 

In a double-stage UGPHES scheme there are two vertical drops or hydroelectric head and 

two underground powerstations between the upper and lower reservoir. A small reservoir 

between the two powerstations located at the level of the upper powerstation is used for 

equalizing the flow between the two powerstations [76]. With the lower reservoir being the 

largest cost item of UGPHES, the double-stage scheme is usually less costly than the 

single-stage scheme [75]. With the inverse relationship between the head and reservoir 

volume, double-staging effectively increases the head thereby reducing lower reservoir 

volume requirements and ultimately resulting in a nearly proportional cost saving. 

Additional costs are incurred due to the deeper shafts, equalizing reservoir and the second 

powerstation, however these are much less than the cost saving in the lower volume 

reservoirs [75]. 

3.1  Cost of UGPHES 

There is no doubting the technical feasibility and advantages associated with UGPHES 

schemes, however the exorbitant costs of implementing such a scheme has seen none 

constructed thus far [6]. Considering  an aquifer UGPHES system, the cost depends on 

whether there is an existing surface reservoir, transmissivity of the aquifer and depth to 

water [8]. The present regulatory and economic climates coupled with the relatively low 

cost of natural gas to fuel turbines for peaking power and the prospective payback periods 

(time consuming for planning and construction and pricey) which are too long to attract 

investors makes UGPHES an unattractive option at this point in time [77].  

3.2  UGPHES site requirements 

The site requirements or elements essential for a UGPHES scheme include surface 

conditions for a suitable and dependable reservoir, adequate water supply for initial 

reservoir filling and make-up, satisfactory underground structures or rock at required 

depths for the underground reservoirs and powerstations [75].  
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A regional geologic analysis of sites deemed suitable for the location of a UGPHES 

scheme followed by an in-depth detailed analysis of particular areas is required prior to the 

selection of a site. Good rock conditions is imperative for the lower reservoir with granite at 

the required depth being the most suitable. Limestone of low solubility as well as other 

hard and massive igneous and metamorphic rocks are also found to be suitable [78]. One 

of the methods used to attain a large underground cavern is through a process whereby 

underground salt is dissolved over several plant cycles [8]. The lower reservoir is not 

simply a single large cavern but rather a network of extruded narrow caverns which 

improves the structural integrity of the reservoir [79]. The use of underground aquifers as 

the lower reservoir is also an option which will later be discussed in depth. 

The upper reservoir of an UGPHES scheme can be located off a stream which will also 

require a pipeline and pumping station. Excavated, embankment or a combination are the 

main types of upper reservoir design [8]. In the case whereby the upper reservoir is 

required to be excavated, the cost of excavating and lining the reservoir coupled with the 

challenge of maintaining the water quality are causes for concern [80]. The high energy 

content in the water due to the high head makes the water supply requirement for 

UGPHES comparatively small. 

The environmental challenges facing UGPHES are a lot more manageable as compared 

to those affecting PHES. The most frequent issues that arise is the disposal of spoil 

generated from the excavation of the lower reservoir and the gradual temperature increase 

of cycled water [77]. The spoil from the excavation of the lower reservoir could be used in 

the construction of the upper reservoir while the gradual water temperature increase is not 

seen as a serious problem [77]. 

3.3  UGPHES performance and modelling  

The power output of a UGPHES installation may be represented by the basic laminal fluid 

power equation which can also be used to illustrate the inverse relationship between the 

head and flow [8]: 

� = �	�	�	�	�	�	�	�	ƞ										(3.1)                                        

Where, 
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� is the power generated (W) 

� is the fluid flow (m3/s) 

� is the hydraulic head height (m) 

� is the water density (kg/m3) = 1,000 (kg/m3) for water 

� is the gravitational acceleration (m/s2) or 9.81 (m/s2) 

ƞ is the efficiency 

 

The components of the electrical system including the motor generator have relatively high 

efficiencies with the pump or turbine having the greatest impact on the system efficiency 

[81, 82]. The power output can be maximized by maximizing the head and the flow. In 

instances where the head is limited due to the characteristics of the installation, the flow 

rate can be looked at as an opportunity to maximize the power output. The flow and 

reservoir volume affect the energy capacity however the required duration of power 

generation constrains these parameters [8]. 

 

The hydraulic head, electrical system efficiency and flow capacity are the most important 

parameters for optimization of the system design. When considering an aquifer system, 

the measured flow that can be re-injected into the aquifer is of interest. In modelling the 

performance of an aquifer system, it is approximated that the re-injection flow capacity is 

the same as the yield capacity of the well under steady state flow conditions [3]. A cone of 

depression around the well is created at the point where the pump is located when 

drawing water because of the finite transmissivity (the rate which groundwater flows 

horizontally through an aquifer) of the aquifer material. The location of the pump in the well 

and the hydraulic conductivity of the material create the limits for the well yield [3].  

A mound of injection resulting from the hydraulic conductivity of the aquifer material occurs 

when water is injected into the well as shown in Figure 3-2. The hydraulic head and 

transmissivities of the aquifer determine the injection flow rate however, the location of the 

turbine or pump also has an effect on the injection flow rate [8].  
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Figure 3-2 - Mound of injection and cone of depression [3] 

Water flow in a confined aquifer can be represented by the groundwater equation which is 

represented as follows [83]: 

�
�	. ��

�� =	 1� 	 . �
�� 	 . �	�. ��

��	�																							(3.2) 

Where, 

� is the storage coefficient 

� represents the transmissivity (m2/s) 

� is the hydraulic head (m) 

� is the radius from well 

�� is the drawdown (hinitial – h (m)) 

 

Equation (3.2) can be correlated to the height of an injection mound operating in an 

unconfined aquifer. Assuming that the pumping occurs over a long period of time, the 

equation representing drawdown over time is as follows [8]: 

 

��������	(����) = 	 2.3	. �
4	. �	. � 	. log �2.25	. �	. �

�2	. � �																	(3.3) 
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Where, � is the water flow (m3/s) 

It can be determined from equation (3.3) that the transmissivity is an important parameter 

to be considered when determining the drawdown during design of the power output of the 

system. An inversely proportional relationship exists between the drawdown,  

transmissivity and flow; drawdown decreases as the transmissivity and flow increases as 

shown in Figure 3-3.  
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Figure 3-3 – UGPHES drawdown head with variable transmissivity and flow for a confined aquifer 

Flow 
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In an aquifer with low transmissivity, the mound of injection can become too high thereby 

severely limiting the drawdown which can in effect negate the turbine’s ability to produce 

power from injection flow [3]. Therefore, the aquifer transmissivity must be as large as 

possible in order to reduce the mound of injection which in effect increases the hydraulic 

head for power generation through the turbine. The major design parameters of the aquifer 

UGPHES system is therefore the aquifer transmissivity, injection mound height and the 

depth to water [8]. In making use of large underground caverns as the lower reservoir, the 

issue of transmissivity and injection mound height is not a cause for concern. 

The situation with regards to the transmissivity and injection mound as described above, 

can be represented as a simple electrical circuit as shown in Figure 3-4.  

 

Figure 3-4 – Electrical circuit model for hydraulic head [8] 

The parameters associated with this is a voltage source which represents the total 

hydraulic head potential (HEADTotal), resistances representing the “head drop” for the 

turbine (resistance to water flow in the pipe and the turbine - RTurbine) and the aquifer 

transmissivity (RInjection), and the current (QTotal) which represents the flow of water. With the 

HEADTotal held constant, a reduction in RInjection will result in an increase in RTurbine while 

keeping QTotal constant but increasing the turbine power output. These relationships are 

governed by the linear behavior of an electric circuit as per Ohm’s Law as follows [3]: 

��������	 
	���������� �	�������������										�3.4� 
���������� 
	�����		 ∗ 	�������																															�3.5� 
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�������������	 
 	�����		 ∗	����������																											�3.6� 
 !"#$������	 
	�����		 ∗	����������																					�3.7� 

 

The flow (current) through the circuit is proportional to the transmissivity (resistance) in the 

circuit. The resistance and conductance in the circuit can be represented by [3]: 

� 
 &
'. �																				�3.8� 

) 
 1
� 
 '. �

& 																					�3.9� 

Where,  

� is the resistance (Ω) 

) is the conductance (S) 

& is the length (m) 

σ is the conductivity (S/m)  

� represents the area (m2) 

 

The aquifer transmissivity can be represented by [83]: 

 

, 
 -. �
$ 																								�3.10� 

, 
 -. /																									�3.11� 

, 
 к. 1. /
2 																						�3.12� 

Where, 

, is the transmissivity (m2/s) 

- is the hydraulic conductivity (m/s) 

� is the area (m2) 

$ is the radius (m) 

/ is aquifer thickness (m) 

к is intrinsic permeability (m2) 
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1 is the specific weight of water (1,000 kg/m3 at 4 °C)  

2 is the dynamic viscosity of water (0.00089 Pa/s) 

3.3.1 Water hammer effects on a confined aquifer well 

system 

Water hammer is a phenomenon whereby an abrupt or sudden change to the flow in a 

confined system resulting in transient events, can lead to large pressure fluctuations. It is 

an important phenomenon that needs to be considered due to the extreme variations in 

pressure whereby a dramatic rise in pressure resulting from a high pressure wave can 

result in damage to the well while a negative wave can result in pressures which can be 

extremely low thereby creating the possibility of intrusion of contaminants. Transient 

events can also result in the abnormal operation of pumps [84]. Transient flow in a closed 

conduit which in this case is the well system can be described by the equations of 

momentum and continuity.  

For the momentum equation, consider 4 as the top of the well (upper reservoir), � 

represents the flow, and the pressure head plus the elevation head is �. 4 �	∆4 is 

considered the bottom of the well (lower reservoir) resulting in a flow at this position of 

���	6768 ∆4�, the piezometric head is �� �	6968 ∆4� where 
67
68 and 

69
68 are the partitial 

derivatives of � and � with respect to 4 and are considered to increase in the positive 4 

direction [84].  

:; and :< which are the pressure forces, together with the wall shear force due to friction =, 

and the body force are the forces that act on the fluid element. The shear force is 

represented by the following equation [84]: 

= 
 	 18> ?@<A�∆4										�3.13� 

Where, 

= is the shear force 

> is the gravitational acceleration  

? is the Darcy-Weisbach friction factor 

@ is the average fluid velocity in the well 
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� is the well diameter 

1 is the specific weight of water  

∆4 is the length of the well 

1/8>?@<	is the wall shear stress CD 
A�∆4		is the area that the shear is acting on 

 

E�/E4∆41�	 can be neglected due to it being negligible compared to E�/E4∆41� [85]. 

The pressure and the weight components are accounted for by the piezometric head 

�� 
 	 FG � H�. :; and :< is represented as follows [84]: 

 

:; 
 �� − H�1�										�3.14� 
 

:< 
 J� � E�
E4 ∆4 − HK 1�									�3.15� 

 

Where the fluid element area on either side is represented by �. 

Summing the forces in the direction of flow [84]: 

: 
 :; − :< − =										�3.16� 
Substituting equations (3.13), (3.14) and (3.15) into equation (3.16): 

: 
 L�� − H�1�M − NJ� � E�
E4 ∆4 − HK 1�O − 1

8> ?@<A�∆4										�3.17� 

Equation (3.17) can be simplified to: 

: 
 −1� E�E4 ∆4 −
1
8> ?@<	A�∆4										�3.18� 

Newton’s second law of motion [86, 87]: 

: 
 P Q@
QR 										�3.19� 
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Where, 

P is the mass of the fluid element 

Q@ QR⁄  is the acceleration of the fluid element 

The fluid element mass can be represented as [84]: 

TUVV 
 1
>�∆4										�3.20� 

Substituting equations (3.19) and (3.20) into equation (3.18) and dividing by mass: 

Q@
QR 
 −> E�E4 −

?@<
2� 										�3.21� 

The partial derivative of velocity gives the total derivative Q@/QR [84]: 

Q@
QR 


E@
ER �

Q4
QR
E@
E4 										�3.22� 

Replacing Q4/QR 
 @ [84]: 

Q@
QR 


E@
ER � @ E@E4 										�3.23� 

@E@/E4 may be neglected since the velocity change term due to position being negligible 

compared to the velocity change with time term [85]. Neglecting @E@/E4 and substituting 

into equation (3.21):  

E@
ER � > E�E4 �

?@<
2� 
 0										�3.24� 

Equation (3.24) represents the momentum equation for water hammer used for one 

dimensional pipe flow expressed as a function of velocity and piezometric head [84]: 

The continuity equation considers the continuity of the flow in the well, the well wall 

extension and expansion due to well wall elasticity and compressibility of the fluid. The  
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moving, deforming control volume is represented by the continuity equation as follows [86, 

87]: 

W EX
ERY.Z
Q∀ �W X@\]�Y.^

Q�] �W X@\]Y.^
_\]Q�] 
 0											�3.25� 

Where, 

`. @. is the control volume 

`. =. is the control surface  

X is the fluid density 

Q∀ is the elemental volume 

@\]� is the boundary velocity of `. @. 
@\] is the relative velocity of the fluid with respect to the control volume boundary velocity 

@\] is the actual fluid velocity 

_\]	 is the outward drawn normal for the area Q� 

� is the well cross-sectional area 

 

Equation (3.25) can be rewritten as [86, 87]: 

 

Q
ERW XQ∀ �W X@�Y.^.Y.Z.

Q� 
 0										�3.26� 

Where, 

@� 
 @ cosd and d is the angle between @\] and _\] 
Writing equation (3.25) in differential form [87]: 

EX
ER ��Qe� � X f∀fR �

E
E4 �X@�Qe� 
 0										�3.27� 

Where, 

� is the cross-sectional area of the well 

f∀ is the incremental volume due to well expansion 

Qe is the elemental well length 
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@ 
 @� is the water velocity 

 

f∀ can be written as [88]: 

 

f∀	
 �Qe N1 − g<
� O JfhQ# K									�3.28� 

Where, 

 

g is the Poisson ratio 

� is the Young’s modulus of elasticity  

fh is the pressure increment 

Q is the pipe inner diameter 

#	is the pipe wall thickness 

 

Substituting equation (3.28) into equation (3.27): 

 

EX
ER ��Qe� � X�Qe N1 − g<

� OQhQR
Q
# �

E
E4 �X@�Qe� 
 0										�3.29� 

 

Equation (3.29) reduces to [84]: 

 

1
X
EX
ER � N1 − g<

� OQhQR
Q
# �

E@
E4 �

@
X
EX
E4 
 0										�3.30� 

 

Replacing the following in equation (3.30) [84]: 

 

1
X i

EX
ER �

EX
E4 @j 


1
X
QX
QR 										�3.31� 

 

Where, 

@ 
 Q4
QR 											�3.32� 

 

And, 
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QX
QR 


X
k
Qh
QR 										�3.33� 

 

Where, 

k represents the bulk modulus of the fluid 

Therefore [84], 

Qh
QR l

1
k � N1 − g<

� OQ#m �
E@
E4 
 0										�3.34� 

Substituting, 

1
Xn< 
 l1k � N1 − g<

� OQ#m 

1
k i1 �

kn;Q�# j										�3.35� 
Where, 

n is the wavespeed and n; 
 �1 − g<� 
Results in: 

iEhER �
Eh
E4@j � Xn< E@E4 
 0										�3.36� 

 

Dividing equation (3.36) by 1 yields the continuity equation [84]: 

iE�ER �
E�
E4 @j �

n<
>
E@
E4 
 0										�3.37� 

3.4  Existing installations of UGPHES systems 

There is to date no existing UGPHES installation in operation. There are however two 

UGPHES projects that are at various stages of development. The Elmhurst Quarry 

Pumped Storage Project (EQPS) which is located in the City of Elmhurst, DuPage County, 

Illinois, USA, is a UGPHES project that will utilize an abandoned mine and quarry for both 

the upper and lower reservoir. It is in close proximity to existing electrical transmission and 

a large load center, has renewable energy opportunities, low environmental impacts and 

has flood control capabilities [89]. The power generated will be used during peak demand 
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periods whereby water will gravity flow from an above-ground reservoir, through the pump-

turbine and into the lower underground reservoir in the form of abandoned mine caverns. 

Off-peak power will be used to return the water to the upper reservoir. The initial design 

capacity will have a storage potential estimated at 708.5 GWh and rated between 50 MW 

and 250 MW [89]. 

The Riverbank Wiscasset Energy Centre (RWEC) to be located in Wiscasset, Lincoln 

County, Maine, USA, is the site for a proposed UGPHES facility of 1,000 MW. Water will 

be diverted down vertical shafts of 2,000 ft, through four 250 MW pump turbines and 

stored in underground caverns [89]. The water will be pumped back to the upper reservoir 

using low-cost off-peak power. The facility will be located in close proximity to existing 

electric transmission lines and an industrial substation. There is also a proposed UGPHES 

project for Estonia – Muuga port whereby the sea will be used as the upper reservoir and 

the lower reservoir will be located underground [77]. Seawater which will be drawn from 

the Baltic Sea will be used due to its marginal salt content of  only 4-6%. The following 

technical parameters are proposed for the project [77]: 

• 450 MW of maximum storage / input power; 

• 500 MW of maximum generation / output power; 

• Three reversible pump-turbines rated 1 x 100 MW and 2 x 175 MW; 

• One additional turbine of 50 MW; 

• Maximum flow rate during pumping or generating of 120 m3/s; 

• 500 m of water head; 

• Lower reservoir volume of 5,200,000 m3; 

• Roundtrip efficiency of 75% (generating 88% and pumping 85%); 

The use of this UGPHES installation will be for a hybrid installation with wind power as the 

renewable energy source [77]. 

3.5  Technological adaptation of UGPHES 

An adaptation of UGPHES technology is by a company known as Gravity Power, LLC. 

They have developed the Gravity Power Module (GPM) shown in Figure 3-5, which makes 

use of a very large piston that is suspended in a deep water filled shaft and a return pipe 
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connecting to a pump-turbine mounted at ground level. Leakage around the piston which 

is comprised of reinforced rock or concrete, is prevented by using sliding seals [90]. The 

shaft is filled with water only once at startup and then sealed with no further requirements 

for water. Electricity is produced when the piston drops thus forcing water down the 

storage shaft. The water is pushed up the return pipe and through the turbine to produce 

electricity. The storage of energy is the process in reverse whereby water is forced by the 

pump (motor/generator spinning in reverse) back down the return pipe and into the shaft 

causing the piston to lift [90].  

The GPM system is highly efficient with low pump-turbine losses and minimal friction, and 

is able to store hundreds of megawatt-hours per shaft [90]. The cost of the GPM module is 

primarily dependent on the cost of construction of the shaft which requires less excavation 

per storage capacity. The overall cost is significantly lower than that for conventional 

UGPHES [90]. Aside from the cost advantage, there are many other advantages 

associated with the GPM which include modularity (small footprint and unobtrusive 

operation), low cost per megawatt-hour, high efficiency, long lifetime, environmental 

compatibility leading to fast permitting and rapid construction resulting in a short time from 

project start to revenue [90]. 

 

Figure 3-5 - Gravity Power Module [90] 
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CHAPTER 4 

AQUIFER UNDERGROUND PUMPED 

HYDROELECTRIC ENERGY STORAGE 

An aquifer or groundwater UGPHES as shown in Figure 4-1 is a system whereby an 

integrated pump-turbine unit located below the surface of the aquifer water level is used to 

either pump water to the surface reservoir or to generate electricity when water is released 

from the surface reservoir back in to the aquifer [3].  

 

Figure 4-1 – Aquifer UGPHES system concept illustration [8] 

The weight of the water in the surface reservoir is stored as gravitational potential energy 

with respect to the aquifer. The volume of the surface reservoir and head height is directly 

proportional to the energy storage needs required by the application as shown in Figure 4-

2. This also dictates the positioning of the integrated pump-turbine unit whereby for large 
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UGPHES installations, it is located below the lower reservoir in an effort to avoid water 

hammering issues [3]. 

 

Figure 4-2 – Relationship of flow and head to power output and expected ranges [8] 

A primary requirement of the aquifer UGPHES system is a deep well to the groundwater. 

The well is constructed to meet flow demands by the using an adequately sized  water 

tube together with a conduit for the electrical feeders. The size and construction of the well 

directly impacts the size of the integrated pump-turbine assembly that can be installed and 

the water flow capacity [3]. This ultimately impacts the sizing of the system for maximum 

power. Where an unconfined aquifer is not deep enough, a well may be dug to interface 

with deeper confined aquifers [3]. Water flow capacity can be maximized through well 

modifications such as radial or horizontal as shown in Figure 4-3 and Figure 4-4 

respectively.  
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Figure 4-3 – Direct injection radial unconfined aquifer well concept [91] 
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Figure 4-4 – Direct injection horizontal confined aquifer well concept [91] 
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4.1  Aquifers in South Africa 

South Africa is underlain over 80% by relatively low-yielding, shallow, weathered and/or 

fractured rock aquifer systems. However, in the northern and southern parts of the country 

consisting of dolomitic and quartzitic aquifer systems, along with primary aquifers along 

the coastline, groundwater is able to be abstracted at relatively high rates [92]. Figure 4-5 

shows the distribution of significant secondary and primary aquifer systems in South 

Africa. Aquifer consumption in South Africa contributes only around 15% of the total 

volume of water consumed in the country [93]. 

 

Figure 4-5 – Distribution of significant secondary and primary aquifer systems in South 

Africa [94] 

Figure 4-6 shows the distribution of aquifer storage systems in South Africa which 

indicates approximately 235,500 Mm3 of storage.  
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Figure 4-6 – Estimated total volume (m3/km2) of groundwater stored in South African aquifers [94] 
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The South African mean annual groundwater recharge volume from rainfall is 30,520 Mm3  

which is estimated using various empirical rainfall versus recharge relationships and the 

chloride-mass-balance [92]. The abstraction of the maximum volume (m3) of groundwater  

per unit area per annum without continued long term declining water levels, is known as 

the Groundwater Resource Potential (GRP). For South Africa, this ranges from a 

maximum of 47,727 Mm3/a to as low as 7,536 Mm3/a [92]. The Average Groundwater 

Resource Potential map is shown in Figure 4-7. The Average Groundwater Exploitation 

Potential (AGEP) which utilizes the total volume of groundwater available for abstraction 

under normal rainfall conditions is recommended for water resource planning purposes. 

This is estimated at 19,073 Mm3/a which declines to 16,253 Mm3/a during drought 

conditions in South Africa [92]. 

 

Figure 4-7 – Average groundwater resource potential for South Africa [94] 
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The Department of Water Affairs (DWA) South Africa, has developed a series of aquifer 

maps based on aquifer classification, vulnerability and susceptibility, to provide the 

appropriate information to national water resource managers and planners. These maps 

are a vital source of information that can be used for identification of aquifers suitable for 

implementation in a UGPHES scheme. It is evident from Table 4-1 that an aquifer 

classified as a major aquifer system is the most suited for UGPHES application although 

other  important factors including the head height will also need to be considered. 

South Africa has developed three aquifer maps namely aquifer classification, aquifer 

vulnerability and aquifer susceptibility to assist with the Reconstruction and Development 

Programme (RDP) in South Africa of which the role of groundwater resources is of high 

importance [95]. The aquifer classification map in Appendix A, indicates the aquifer 

classification system of South Africa. The aquifer vulnerability map in Appendix B indicates 

the tendency or likelihood of contamination of the aquifer, while the aquifer susceptibility 

map in Appendix C includes both the aquifer vulnerability and aquifer classification, while 

also indicating the relative ease with which a groundwater body can be potentially 

contaminated. 

The South African aquifers are classified as tabulated below: 

Table 4-1 – Aquifer system management classification [95] 

Aquifer Type Description 

Sole Source Aquifer 

System 

An aquifer for which there is no available alternative source and 

which is used to supply 50% or more of domestic water for a 

given area.  

Major Aquifer System Able to support large abstractions with high water quality. Highly 

permeable formations with probable presence of fracturing.  

Minor Aquifer System Variable water quality with limited extent. Potentially fractured 

rocks with formations of variable permeability. 

Non-Aquifer System Negligible permeability regarded as not containing groundwater 

that can be in exploited. Water quality may not be good enough 

for use. 
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Aquifer Type Description 

Special Aquifer System Classified as special following due process by the Ministry of 

Water Affairs. 

 

The maps indicate an abundance of aquifer systems in South Africa with certain potential 

to develop selected aquifer systems for UGPHES schemes. These selected aquifer 

systems are discussed further in an effort to identify key knowledge gaps and to ascertain 

the extent and suitability of the aquifers for the implementation of UGPHES schemes.  

4.1.1  The South African Transvaal aquifer (SATVLA) 

The SATVLA is one of the world’s largest subterranean sedimentary aquifers with an area 

approximated from the Geosciences map of 500 km by 250 km and incorporating the area 

from Springs and Brakapan east of Johannesburg; to Lenasia south of the city; 

Zuurbekom, Carltonville and Magaliesberg on the West Rand; Kuruman in the Northern 

Cape and even as far as parts of Botswana as shown in Figure 4-8 [96, 97].  

 

Figure 4-8 – Location map of the SATVLA area, Johannesburg at the north central part of 

the country (east-west solid line is water divide between Limpopo and Orange Rivers, blue 

lines represent streams and red lines represent roads) [96]  
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The area also includes the Bushveld Igneous Complex (BIC) shown in Figure 4-9 which is 

the world’s largest known layered intrusion with an estimated area of 182,000 km2 and 

hosts many billions of Terra litres of subterranean groundwater [97].  

 

Figure 4-9 – Location map of the Bushveld Igneous Complex – [97] 

The mean annual rainfall in the SATVLA area is between 600 to 700 mm/year [98] and is 

an extremely important contribution to the groundwater recharge. The dolomitic aquifers 

have been identified as highly productive aquifers in the region [99, 100]. Mining in the 

area pumped out 110 ML/day of groundwater until 2008 [101] which has not affected the 

shallow groundwater. Recharge of the shallow aquifer is increased considerably due to 

surface discharge of pumped water to dams, reservoirs and local streams [102].  

The SATVLA area holds much promise for the development of UGPHES schemes from an 

aquifer vastness, availability of groundwater and groundwater recharge perspective. 
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Further investigations will have to be carried out to ascertain depth to groundwater related 

to the head of the UGPHES scheme which is a vitally important parameter in determining 

the power output. 

4.1.2  The Karoo aquifer system 

The main Karoo basin shown in Figure 4-10 covers an area of approximately 500,000 km2 

[103]. The upper shallow aquifer system (less than 300 m deep) of the Karoo is relatively 

well understood due to detailed research over the years and groundwater exploration while  

deeper formations (greater than 300 m to greater than 4,000 m deep) and associated 

groundwater occurrences are relatively unknown. The occurrence of a continuous 

aquiferous zone from the shallow aquifer zone to the deep formations is considered highly 

unlikely [104].  

The existence of undetected deep aquifers is a strong possibility which can only be 

confirmed by exploration drilling. Deep (up to 4,692 m) exploration drilling in the 1960s and 

1970s did indicate isolated occurrences of deep, saline groundwater in the Karoo 

formations and fresher underground water from the underlying Witteberg Group [105]. The 

Karoo area has only two known hot springs that are estimated to be more than a 1,000 m 

deep [26].  

The key knowledge gaps for the Karoo aquifer system is the presence or otherwise of 

deep aquifers, the hydraulic interconnectivity between the shallow aquifer and deeper 

formations, and the existence of upward migration of deep groundwater [104]. 
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Figure 4-10 – The Karoo aquifer system and other key regional features [104] 
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4.2  Aquifer under seabed 

Deep Water Research (DWR) which is a marine research company from Cape Town  in 

South Africa, has identified the possibility of fresh water aquifers occurring in significant 

volumes off the coast of South Africa, more specifically approximately 60 km off Port 

Elizabeth which they claim could be very long term and consistent. Years of oil and gas 

exploration in the area revealed the possible existence of fresh water aquifers at least a 

kilometer beneath the seabed where a potentially abundant supply of fresh water was 

intersected by an exploration well off Port Elizabeth [106]. DWR has reached an 

agreement with oil and water exploration and sea spring water companies, to explore sites 

on the south, east and west coasts of South Africa including Namibia for the existence of 

aquifers under the seabed.  

While this looks very promising from a water supply perspective for potable water and 

human consumption, the adaptation of an onshore aquifer system for use as a UGPHES 

scheme will surely be challenging if at all possible. This is an area that will surely require 

future extensive research from a technical, financial and viability perspective. 

4.2  Aquifers in Namibia 

The Cuvelai-Etosha Basin (CEB) in central-northern Namibia, represents the largest 

aquifer system in Namibia known as the Ohangwena II that extends into Southern Angola 

covering an area of approximately 100,000 km2. It is part of the much larger Kalahari basin 

which covers parts of Angola, Namibia, Zambia, Botswana and South Africa and is 

estimated to be able to supply the north of Namibia for 400 years at current rates of 

consumption [107, 9]. The Ohangwena II aquifer however, is still in the process of being 

investigated in terms of its sustainable capacity as well as the sustainable management of 

the transboundary resource. A project known as Groundwater Management in the North of 

Namibia (GMNN), is currently underway that will ultimately provide the relevant information 

and procedures required towards sustainable management and utilization of the aquifer 

[108].  

The CEB which is the most densely populated area in Namibia and hosting approximately 

half the country’s population, relies on an inefficient open canal and pipeline network from 

Angola to provide drinking water supply for most of the population in the CEB. There is no 
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doubting the potential of such a vast aquifer to be used for UGPHES scheme/s, however 

utilizing the Ohangwena II vast aquifer for anything other than a sustainable resource for 

human consumption and other basic social needs will certainly be a challenge in itself 

considering the fact that Namibia is the most arid African nation south of the Sahara [107]. 

Appendix D shows a map of groundwater and aquifers in Namibia. 

Namibia’s electrical generating capacity is currently severely constrained. This is due in 

part to the fact that South Africa supplies nearly half of Namibia’s electricity [109]. Namibia 

is currently actively embarking on ways to increase the electricity generation capacity in 

the country through the investigation of solar photovoltaic, wind, hydro and gas 

technologies. However, utilizing the Ohangwena II vast aquifer for a UGPHES scheme can 

benefit both Namibia and South Africa in the long term. The GMNN project will provide 

important technical details which can be used to further investigate the aquifer’s suitability 

for implementation of a UGPHES scheme from a technical, economic and political 

perspective.  

4.3  Transboundary aquifers shared by South Africa 

Transboundary groundwater or shared aquifer resources refers to a volume of 

groundwater shared between two or more countries. Approximately 5,116 km of land 

border and seven aquifers is shared between South Africa and Namibia, Botswana, 

Zimbabwe, Mozambique, Swaziland and Lesotho as shown in Figure 4-11 [2]. The seven 

transboundary aquifers shared with South Africa have been identified for further 

investigation with only one of the seven consisting of only shallow and local aquifers [110].  
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Figure 4-11 – Map of seven transboundary aquifer systems shared with South Africa [110] 

Whilst this is encouraging from an electrical perspective through the development of 

UGPHES schemes and cross boundary wheeling of electricity, the actual management of 

transboundary groundwater may be a challenge. Further consideration needs to be given 

to the nature of the aquifer itself in terms of its hydraulic properties which includes 

transmissivity.  

4.4.1  Limpopo river alluvial aquifer 

The northern border between Botswana, Mozambique, Zimbabwe and South Africa is 

created by the Limpopo River as shown in Figure 4-11. The irregular adjoining floodplain 
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resulting from unconsolidated alluvial deposits that fill the river channel constitutes an 

international transboundary aquifer [2, 111]. The aquifer is currently tapped by using 

wellpoint systems, hand-dug wells, infiltration galleries and boreholes generally located on 

the river bank [112]. The town of Musina meets its municipal water demand by tapping off 

the Limpopo river through the use of boreholes and wellpoints while agricultural use by 

neighboring countries from this aquifer is negligible. Resource-poor farmers consider this 

aquifer as a valuable source of water that allows during dry periods for meeting and 

sustaining irrigation demands [2].  

It must be noted that there is no evidence of the potential of this aquifer being fully 

explored. Deeper exploratory wells need to be drilled in an effort to understand the full 

extent of the aquifer and its potential to be adapted for use in a UGPHES scheme. 

4.4.2   Lesotho/Eastern Free State Karoo aquifer 

The boundaries between western Lesotho and south-eastern South Africa are created by 

the Caledon, Senqu, Mohokare/Clarens and Makhaleng rivers. The aquifer characteristics 

for this area comprise of the Burgersdorp Formation, Molteno Formation and the Elliot 

Formation [2].  

The Burgersdorp Formation is a semi-confined to confined aquifer able to support 

borehole yields <0.5 l/s and with a mean transmissivity of 20 m2/d [113, 105]. Many 

boreholes have been dug in this formation and used for the supply of water to small rural 

communities and farms [2].  

The Molteno Formation is classified as a semi-confined aquifer with an average 

transmissivity of 20 m2/d and is regarded as the best aquifer in this region. The borehole 

yields from the Molteno Formation are >3 l/s while there is also spring discharges as high 

as 0.5l/s [113, 105]. 

The Elliot Formation is an aquifer that is classified as poor due to its compact nature. The 

underlying Molteno Formation and aquifer are often in hydraulic continuity. The borehole 

yields are only 0.9 l/s and transmissivity is 5 m2/d [113, 105].  
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The low borehole yields and low transmissivities of the transboundary aquifers between 

Lesotho and South Africa makes this area unfavorable for the application of UGPHES 

technology. It must be noted as with the Limpopo River Alluvial Aquifer, that there is no 

evidence of the potential of this aquifer being fully explored with the drilling of deeper 

exploratory wells [2]. Deeper drilling could yield aquifers with improved transmissivities and 

well yields suitable for implementation in a UGPHES scheme.  

4.4.3  Mozambique/Zululand Coastal aquifer 

The Zululand coastal plain extends approximately 250 km south of the Mozambique and 

South Africa border along the northeast coast of South Africa, and approximately 1,000 km 

north towards and into Mozambique. Groundwater recharge figures for this area ranges 

between 5% and 18% across the plain [114]. Land use for this area which is sparsely 

populated, is limited to subsistence farming, nature conservation, irrigation farming using 

surface water and limited commercial forestry. The South African side of the boundary has 

a confirmed north-south groundwater divide which continues north towards and into 

Mozambique with the flow separated towards the coast (east) and the Pongola River 

(west) [2].   

A primary aquifer with shallow groundwater levels underlies the entire plain giving rise to 

fresh water lakes which are used to support the water requirements of the majority of the 

local population. The aquifer capacity is estimated to be able to support a population 

>500,000 with the Uloa Formation being the most productive aquifer with transmissivity 

>1,000 m2/d and borehole yields up to 30 l/s [2]. Limited information is available for the 

aquifer on the Mozambique side of the border however it is expected to be similar to that 

on the South African side [2].  

It is envisaged that the demand for groundwater from this aquifer is unlikely to be 

significantly expanded in the future with little to no risk of competition for water between 

South Africa and Mozambique thereby negatively impacting the available water resources 

[110].   

The vastness of this aquifer and excellent transmissivity presents a very promising  

opportunity for the development of a UGPHES scheme that could greatly contribute 

towards the dire need for generating capacity in South Africa. There are however many 
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parameters that will first need to be investigated to ascertain the viability of such a scheme 

in this area. One such parameter is the head height which is directly proportional to the 

power output. Due to the shallow groundwater levels, this could prove to be an obstacle.  

4.4  Cost estimate of an aquifer UGPHES system 

There is no existing installation of an aquifer UGPHES system hence the available 

associated costs are only an estimation. A cost estimation has however been done for a 

relatively small scale aquifer UGPHES system rated at 50 kW and providing 300 kWh of 

energy, to be implemented for use in an irrigation scheme. The cost estimation was done 

for two different sites each with existing wells, however the second site requires well 

modifications. The cost estimate was performed in 2001 hence a 15% escalation per 

annum is added in an effort to align the cost with current economies of scale. The cost for 

site1 is estimated at R40,815,077 and for site2 R46,652,534 [3]. It is clear that the costs 

are dependent on site characteristics which include the availability of a surface reservoir,  

the amount of possible well modification that may be required, transmissivity and depth to 

water [3].   
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CHAPTER FIVE 

UGPHES SYSTEM USING EXISTING 

INFRASTRUCTURE 

The ever increasing demand for energy storage coupled with the pressures of 

environmental concerns due to the required urban or suburban space development, has 

led to the use of subsurface space for the large scale storage of energy in the form of 

CAES and UGPHES technologies. These technologies which require the excavation of 

subsurface rock to depths of up to 1,500 m [80], are being developed in conjunction with 

the development of underground excavation technology which makes the use of 

subsurface space an attractive option for energy storage. A further consideration for 

subsurface space is the use of existing infrastructure in the form of abandoned mines and 

quarries [80].  

5.1  Viability of using abandoned mines and quarries 

for UGPHES 

The use of abandoned mines or quarries for UGPHES has enormous potential. Water is 

pumped from the bottom of the abandoned mine up to the surface in the case of excess 

electrical capacity and allowed to flow back through a turbine to the bottom of the mine 

when electricity is needed. There are numerous advantages associated with the use of 

abandoned mines or quarries [14]: 

• Multiple extra sites for the installation of new energy storage facilities due to the 

vast number of abandoned mines and quarries; 

• Faster and easier licensing procedures due to the mandatory recultivation process 

for the abandoned mines and quarries; 

• Fewer environmental concerns due to already existing structures and hardly any 

intrusion to the landscape; 

• Lower construction costs due to existing structures for the installation of at least the 

lower reservoir; 

• Already existing grid connection points at high voltage level. 
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5.2  Challenges and possible solutions for using 

abandoned mines and quarries for UGPHES  

While the numerous advantages of using abandoned mines and quarries are attractive, 

there are challenges and technical considerations including questions around the storage 

reservoirs, head, amount of stored energy, equipment sizing, feasibility of mining 

engineering, technical feasibility of the construction and ultimately the economic viability, 

which need to be considered for each unique situation of an abandoned mine or quarry 

[115]. The required size of the storage reservoirs is also of vital importance as it depends 

on the expected operation of the UGPHES system with many factors such as load profiles, 

operating policy, generation mix and supply-demand-balance having an effect on the 

required reservoir size [116].  

5.3  Upper reservoir 

The upper reservoir of a UGPHES scheme can be established on-surface where in the 

case of an abandoned mine, the area of the former mine which is potentially large may be 

used [115]. The establishing of the on-surface reservoir on a former mine may be realized 

without too much conflict from close settlement areas and environmentalists as it will 

contribute significantly to the rehabilitation of the former mining site which is currently a 

major issue in the South African mining industry [117, 118]. 

5.4  Lower reservoir 

The use of existing cavities is dependent on the mining technique that was used during 

mining activities. In the case of coal mines, there are three global coal mining methods that 

are used namely Bord/Pillar, Longwall and Opencast [119].  

The Bord/Pillar method shown in Figure 5-1 is the most important method of coal 

extraction in South Africa and is a form of mining whereby only a portion of the coal is 

extracted leaving behind the remaining coal that act as pillars to support the overlying 

rocks [120].   
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Figure 5-1 – Bord and pillar section plan view with associated equipment [121] 

The Longwall method allows all the coal to be completely removed thereby allowing the 

roof of the mine to collapse into the void. It also creates additional void spaces which 

increases both inflow and seepage [119]. The method of Opencast mining allows the 

scraping and stockpiling of the soil cover. The rocks overlying the coal seam are blasted 

and removed thereby allowing the coal to be extracted. The broken rock is returned to the 

pit followed by landscaping of the site, returning of the soil and planting of grass. 

Groundwater aquifers are completely destroyed by Opencast mining thereby resulting in a 

single, massive aquifer in the mine void [119]. It is evident that the only coal mining 

technique that allows the original mine cavern to be reused is the Bord and Pillar method, 

although the cavern integrity would have to be thoroughly investigated to ensure adequate 

reinforcement and sealing.  
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The Longwall or Opencast mining method requires additional caverns to be excavated, 

using existing drifts or digging of new drifts. Drift grids which may be partly used after 

abandonment of mining operations can be quite extensive resulting in a potentially large 

storage volume [115]. During mining operations the grids are developed to various 

degrees and effort with the important segments of the grid secured to the highest degree 

of stiffness by cladding the walls with concrete and rib-shaped steel girders to carry the 

rock pressure above the tunnel to ensure the drift remains intact for a long period of time. 

The drift grid for each abandoned mine has to be investigated to ascertain the amount of 

drift kilometers there are in pits close to the water and to ensure a sufficient and steady 

downward slope to safeguard backflow of the stored water in pumping operation. While 

individual drift sections may be reused, new drifts will also have to be constructed [115].  

5.5  Head and energy quantity 

The head height of the abandoned mine is of vital importance as it contributes directly to 

the power output of a UGPHES scheme. The head height is also important for the 

selection of the pump and turbine combination with the Pelton turbine preferred to the 

Francis turbine for heads of more than 700 m [115]. The higher pressure of the Pelton 

turbine resulting from increasing heads may require slight modifications whereby the 

higher delivery heights have to be realized in several stages by using intermediate 

reservoirs. The pumps are therefore not seen as a limiting factor to the maximum possible 

head The head and water mass moved determine the amount of energy stored [115]. 

Table 5-1 shows the resulting energy capacity based on possible heads in relation to 

different masses of water. The gravity constant used is 9.81  m/s2 and the turbine 

efficiency ƞ = 95%. 

Table 5-1 – Storage capacity in MWh for different heads and water masses [115] 

Head [m] Water Mass [Mt] 

 0.1 0.25 0.5 0.75 1 1.5 

100 25.9 64.7 129.4 194.2 258.9 388.3 
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Head [m] Water Mass [Mt] 

250 64.7 161.8 323.6 485.4 647.2 970.8 

500 129.4 323.6 647.2 970.8 1294.4 1941.6 

750 194.2 485.4 970.8 1456.2 1941.6 2912.3 

1000 258.9 647.2 1294.4 1941.6 2588.8 3883.1 

1250 323.6 809.0 1618.0 2427.0 3235.9 4853.9 

 

It is evident that the water mass and head are directly proportional to the storage capacity. 

These are vital parameters when considering the use of an abandoned mine or quarry for 

a UGPHES scheme. Associated costs in achieving the storage capacity for each unique 

case of an abandoned mine or quarry will have to be evaluated to understand the viability 

of pursuing such an option.  

5.6  Feasibility of mining engineering 

Severe subsurface dangers associated with spontaneous combustion in the case of 

abandoned coal mines, droppings and mine collapse have mostly become controllable due 

to technical progress and improved security measures. However, in the case of an 

abandoned mine to be used for an UGPHES scheme, new challenges associated with 

slope, tunnel water tightness and stability have been brought to the fore [115].  

A continuous downward slope to the deepest point in the cavern is required by the drift to 

be flooded to ensure water is collected before it is pumped back up to the surface. Existing 

drifts in abandoned mines previously used to collect leakage water will have to be 

individually investigated to ascertain the inclination of the drift and the suitability in line with 

the application for a UGPHES scheme. In the event that the inclination of the existing drifts 

do not suffice, new drifts will have to be constructed in an effort to realize the required 

slope [115]. 
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Abandoned mines are susceptible to mine water ingress into the empty lower reservoir 

(cavern). This water needs to be pumped to the surface as it reduces the available 

pumping volume and ultimately reduces the plant efficiency with the added danger of 

infiltration of sediment into the system which poses a danger to the plant. The full 

development of drifts is a form of efficient counteraction as it minimizes the amount of 

intruding mine water and sediment [115]. Adequate drainage and a combination of 

cementitious and chemical grout will allow the construction of a grout curtain capable of 

cutting off a large percentage of mine water ingress [80]. 

The existing drift grids of abandoned mines are secured by long-wall supports which do 

not provide long term stability while other consideration of rock stresses which affect the 

cavern stability include gravitationally induced stresses, tectonic stresses and residual 

locked in stresses [80]. Occasional repair work will be required but this is considered 

technically and economically manageable [115]. 

5.7  Assembly and structure 

The pressure pipes between the upper and lower reservoir are important components for a 

UGPHES plant with the added challenge of determining whether the existing drifts of 

abandoned mines are able to accommodate the pressure pipes. The design of pressure 

pits and adits is highly complex as it takes into account the inner pressure of the 

surrounded stones, flow characteristics, diameter of the pressure pipes to reduce frictional 

losses, choice of material and many other considerations [115].   

Consideration needs to be given for the installation of the pumps and turbines to assess 

whether they are able to be assembled below ground and transport in the sub-surface 

machine and generator house. The disassembling of bulky components with reassembly 

underground is an option for consideration however this will result in additional costs [115]. 

5.8  Cost of electricity generation for a UGPHES 

scheme 

The total investment cost of a UGPHES installation is comprised of the initial installation 

cost ����	together with the operating and maintenance costs [122, 123]. ���� can be 

expressed as a function of two coefficients �� (R/kWh) and �� (R/kW) where �� is related to 
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the type of system and storage capacity and �� refers to the type of the storage system 

and the hydro-turbine’s nominal power. The following equation is based on the assumption 

that the UGPHES system has efficiency ƞ=100% [124, 125]: 

���� = ��	�� +	����� = 	�  �����ƞ������ + �����ƞ� 11 + ���										(5.1) 
Where, 

	�� is the energy storage capacity of the UGPHES system (kWh) 

��� is the nominal output power of the UGPHES system (kWh) 

	� is the electrical network average hourly load per annum (kW) 

�� is the energy autonomy period of the UGPHES system (h) 

� is the energy demand ratio covered directly by the UGPHES system 

ƞ�� is the energy transformation efficiency of the UGPHES system (round-trip) 

���� is the maximum permitted depth of discharge of the UGPHES system 

� is the peak load demand ratio covered by the UGPHES system 

�� is the electrical network capacity factor 

ƞ� is the power efficiency of the UGPHES system 

�� is the electrical network safety factor 

The input energy cost 	��� for a time period of � years can be expressed as [125]: 

	��� = 	�� !ƞ�� �"#$	(1 + %")(1 + &) '
(()*

()"  
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											= � 	� �ƞ�� �"#$	(1 + %")(1 + &) '
(()*

()"  

																= � 	� �ƞ�� �"+"																(5.2) 
Where, 

	� � is the local electricity network annual energy demand (kWh) 

�" is the specific input energy cost (R/kWh) 

& is the capital cost of the local market 

%" is the mean annual escalation rate of the input energy price 

The maintenance and operation cost can be separated into the fixed maintenance cost ���� and the variable maintenance cost -���. ���� is therefore represented as [125]: 

���� = ����.#/1 + %01 + & 1
()*
()"

(
= ����.+0										(5.3) 

Where, 

. is the fraction of annual maintenance and operation cost to the total initial investment 

%0 is the mean annual maintenance and operation cost inflation rate 

Including a fuel input for the pumping cycle of a UGPHES scheme from the lower reservoir 

to the upper reservoir, equation (5.3) is rewritten as [125]: 

���� = ����.#/1 + %01 + & 1
()*
()"

(
+	�3(	�� !)#/1 + %41 + & 1

()*
()"

(
 

																																															= ����.+0 + �3(�	� �)+4																																																						(5.4)												 



 

 87 

 

Where, 

�3 is the specific energy cost of fuel used (R/kWh) 

%4 is the mean annual escalation rate of fuel input price 

The variable maintenance and operation costs is mainly associated with the replacement 

of major parts 6�	of the installation which have a shorter lifetime �7	than the installation as 

a whole ��� and can be expressed as [125]: 

-��� =	 ���� # 877)79
7)" :# $	(1 + ;7)(1 − =7)(1 + &) '>*?>)>?

>)� @ = 	 ����A���										(5.5) 
Where, 

87 is the replacement cost coefficient for major parts to be replaced 

B7 is the times of replacement for major parts being replaced 

;7 is the mean annual change of cost for major parts to be replaced 

=7 is the mean annual change of technological improvement for major components 

�7 is the lifetime of energy storage system’s major parts to be replaced 

B7 may be expressed as [125]: 

B7 = C� − 1�7 D										(5.6) 
The total cost ���	related to the UGPHES installation and operation after � years may be 

estimated using the following equation [125]: 

��� = ����(1 − F) + 	��� + ���� + -��� 
��� = 	 ����G(1 − F) + .+0 + A���H + (�	� �) I �"ƞ�� +" + �3+4J − K*(1 + &)* 										(5.7) 
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Where, 

F	is the ratio of any possible total investment cost subsidy 

K* is the residual value of the UGPHES system (R) 

Defining A* as the non-dimensional value of K*		[125]: 

A* = K*/����(1 + &)* 										(5.8) 
The electricity generation cost (R/kWh) of the UGPHES system is given as [125]:  

�� = ���
	�� ! ∑ P1 + %Q1 + & R(()*()"

= ����	� �+Q 										(5.9) 

Substituting equations (5.2), (5.4), (5.5), (5.7) and (5.8) into (5.9) [125]: 

�� = �����	� � $1 − F+Q +.+0+Q + A���+Q − A*+Q' + �"ƞ�� +"+Q + �3 +4+Q 										(5.10) 
5.9  Cost assessment of UGPHES in an abandoned mine 

The cost assessment discussed is for the use of abandoned coal mines for UGPHES in 

the Ruhr area of Germany. The costs are focused specifically on the energy storage costs 

as this relates to the amount of energy that can be stored in the conceivable tracks of the 

lower reservoir [115]. 

The realized head is an important factor in determining the costs as the storage capacity 

increases proportionately with the head while the costs rise slowly with increasing head 

[115, 13]. The costs of a greater pit drift which include pressure pipes and turbines able to 

withstand higher stresses with turbine assembly becoming more difficult with increasing 

depth, are deemed to be relatively small. Costs associated with having to extend tracks for 

the lower reservoir which include excavation and lining are not related to the head. Newly 

excavated and fully lined drifts are assumed at 150-300 kR/m [115]. The costs of the lower 

reservoir are dependent only on the extracted volume and are considered to be quite 
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substantial. The doubling of the storable amount of energy theoretically leads to a 

reduction in the specific costs by 50%. Benchmark values for the costs of the lower 

reservoir at a depth of 500 m is 3,405 R/kWh whereas for a depth of 1000 m this cost 

decreases to 1,695 R/kWh [115]. A graph with the unit cost shares for UGPHES in an 

abandoned mine with 1,000 m head is shown in Figure 5-2.  

Other costs related to the construction of a UGPHES plant which include the cost of the 

plant components, extension of the upper reservoir or construction of subsurface caverns 

for machines and generators are quantifiable only in specific cases. For a rough cost 

estimate of these parameters, the costs for the construction of a conventional PHES plant 

can be used. Where the costs of the lower reservoir are not taken into consideration, the 

largest cost share of approximately 37% is attributed to the turbines, pumps, generators 

and transformers while roughly equal cost shares arise for the land, upper reservoir and 

engineering expenditures for planning and construction of the plant [115]. 

 

Figure 5-2 – Unit cost shares for UGPHES in an abandoned mine with 1,000 m head [115] 

Assuming a head of 1,000 m, the following comparisons between the costs for a 

conventional PHES and a UGPHES using an abandoned mine can be assumed [115]: 

• The upper reservoir costs are markedly lower for a UGPHES using an abandoned 

mine as fewer storage facilities are required to be constructed. In South Africa, 

rehabilitation of the mining site by the plant operator has become mandatory [117].  
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This is an opportunity for the low-cost construction of a lake or a reservoir 

independently of the UGPHES plant project. 

• Modest real estate costs can be expected for the case of a UGPHES using an 

abandoned mine as the largest part of the UGPHES would be erected on the mine 

site or subsurface.  

• With the construction of the lower reservoir in an abandoned mine currently not 

proven and tested, the planning and development costs are expected to contribute 

significantly to the overall costs thus rendering this aspect of the construction of a 

UGPHES in an abandoned mine more expensive than for a conventional PHES 

plant. This could however change in the future as the UGPHES technology in 

abandoned mines is developed further. The specific costs associated with the 

lower reservoir for an abandoned mine is assumed to be higher as compared to the 

conventional PHES. This is highly dependent on the condition of the existing 

cavern in terms of rock quality, location of portals, tunnels and other facility 

operations [80] and whether it is favorable for use as is or whether additional work 

will need to be done to allow it to be used for a UGPHES plant. The construction of 

a UGPHES plant with lower head will lead to higher specific costs as compared to 

a higher head as excavation costs will roughly remain the same while the storable 

amount of energy for a higher head will increase as shown in Figure 5-3. 

 

 

Figure 5-3 – Specific energy storage costs for different heads [115] 

• The powerhouse costs which include the turbines, generators, pumps and 

transformers are assumed to cost more for the UGPHES plant. This can be 

attributed to the space saving disassembly and reassembly of components for the 

purposes of transportation subsurface. 
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• Considerably higher specific costs can be expected for the machine and generator 

cavern in the case of the UGPHES plant in an abandoned mine resulting from 

unfavorable conditions of the existing cavern. Where existing caverns can be used, 

the costs reduce accordingly. 

• The construction costs for the pits and adits are assumed to be lower for the 

UGPHES in an abandoned mine as these can be reused with only minor additional 

development. 

5.10  Abandoned mines in South Africa 

The Department of Mineral Resources (DMR) of South Africa has identified approximately 

6,000 abandoned and neglected mining sites which includes mine dumps across various 

parts of South Africa including the Northern Cape, Limpopo, Mpumalanga, Witwatersrand, 

Northern Namaqualand and Kwazulu-Natal [118]. Mine operators have previously 

abandoned mining operations with complete disregard for the management of the negative 

impacts on public health and safety and the environment. These include open shafts, 

unstable slopes on dumps and pits, collapse features, abandoned mine infrastructure, 

explosives, radioactivity, wind blown dust, water and soil contamination and in the case of 

coal mines, spontaneous combustion of coal and coal waste [118]. Another major concern 

associated with abandoned mines is the devastating impact on surface and groundwater 

resources. Mine-water challenges are not only at local mine level but also at regional level 

with over 10,000 km2 of hydraulically interlinked coal mines and over 300 km of interlinked 

gold mines [126]. The DMR has put together a strategy to deal with the abandoned mines 

in an effort to rehabilitate the mines to a level where they can be used for other 

development activities where possible [117]. One such activity that needs to be explored is 

the use of the rehabilitated mines for implementation of UGPHES schemes.  

Surface water refers to any place where the accumulation of surface water can occur and 

which is in direct contact or close to mine residue areas including unlined return water 

dams, open canals, storm water storage systems and natural and anthropic mine 

depressions [118]. In the case of the abandoned mines, this results in the surface water 

becoming heavily polluted with soluble heavy metals and chemical reactions leading to 

high salinity and acidity. This also results from water flowing from the mine dumps or 

decanting from underground by a process known as ground water rebound [127].  
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The dewatering of mine workings in underground or deep open pit mining often results in  

pollution which could result in the localized depression of the water table and subsequently 

a decrease in groundwater availability. Groundwater does in many cases recover close to 

its pre-mining levels, however the groundwater is polluted due to chemical reactions in the 

mined out areas [117]. A major concern regarding abandoned coal and gold mines is the 

formation of acid mine drainage (AMD) which after filling the underground mine voids, 

dissolves salts and mobilizes metals from mine workings and residue deposits, sometimes 

decant on to the surface resulting in the pollution of surface water bodies [128]. The 

groundwater pollution also results from the ingress of polluted surface water to the 

underground aquifers. It is estimated that AMD from neglected and abandoned gold mines 

in the Witwatersrand area could reach levels of 350 million litres per day thereby posing a 

threat to the fresh water supply from the Vaal River and Limpopo River watersheds [129]. 

In 2002, AMD from an abandoned mine in the Krugersdorp area began pouring out on to 

the surface with some of the 15 million litres of spillage per day flowing into a stream close 

to the Cradle of Humankind World Heritage Site. The AMD has already dissolved a 16,000 

m3 void in the calcium carbonate rocks outside the protected site and was finally 

responsible for a fish kill within the site [129].   

The DMR has implemented an action plan to deal with the abandoned mines to remedy 

the impact on the pollution of both surface and groundwater resources by the dewatering 

of mine voids, dewatering and treatment of acid mine water, surface water diversion and 

passive water treatment which is the preferred option as it is more cost effective [130].  

The rehabilitation method is dependent on the identified end land use as shown in Figure 

5-4. 
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Figure 5-4 – South Africa’s mine rehabilitation process [118] 

The management of AMD associated with neglected and abandoned mines in South Africa 

is a major issue which will impact the development of UGPHES schemes due to the 

envisaged negative impacts of the polluted water on the UGPHES infrastructure especially 

with regards to the pump-turbine. The UGPHES technology will first have to be adopted as 

a viable energy storage option in South Africa and will require extensive research in to the 

technology. Further research will then be required to determine rehabilitation 

methodologies specifically for implementing UGPHES schemes as an End-Product at 

identified mine sites in South Africa.  
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5.11  Thermal extraction from mine water 

While the flooding of abandoned mines is seen as a challenge, an interesting opportunity 

in the form of geothermal heating presents itself. Mine water from deep mines can 

potentially serve as a low grade geothermal source as shown in Figure 5-5, with the 

benefit being that it has a high heat capacity due to being intimately connected to the host 

rock thus providing good heat transfer as well as already decanting to the surface. Surface 

based heat pumps are also more cost-effective [131].  

 

Figure 5-5 – Mine water heat extraction [131] 

A single coal seam in Pennsylvania, West Virginia and Ohio discharges 380,000 L/min of 

mine water which is theoretically sufficient enough to heat and cool 20,000 homes [132]. 

The use of mine water for geothermal heat pump systems could reduce annual heating 

and cooling costs by 67% and 50% respectively over conventional methods [132]. 

5.12  Existing installations of UGPHES using abandoned 

mines or quarries 

The Elmhurst Quarry Pumped Storage project as discussed in 3.10.4 is a development 

that will use an existing quarry and abandoned mine for a UGPHES scheme. The Mineville 

Pumped Storage Project (MPSP) has proposed the use of an underground mine located in 
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the Town of Moriah, New York. A draft license application has been made by the Moriah 

Hydro Corporation to the Federal Energy Regulatory Commission for the construction of a 

260 MW UGPHES plant in the Old Bed, New Bed, Bonanza open pit and Harmony mines 

[133].  

The existing mine cavities will house the upper and lower reservoirs with a concrete 

bulkhead separating and containing the upper reservoir within the mine. The upper 

reservoir will be formed underground between the existing +122 m and +305 m  elevations 

of the mine with an approximate surface area of 50 acres and 732 acre-meter of volume. 

The lower reservoir will be formed between the existing -503 m and -320 m elevations of 

the mine with a surface area of approximately 50 acres and volume of 732 acre-meter. 

The vertical bored drop shafts will be 762 m long and 3 m in diameter [134]. 

The construction of the concrete powerhouse next to the mine approximately 625 m 

beneath the upper reservoir will be 21 m wide by 85 m long and 12 m high [134]. The 

project is proposing to use 20 pump-turbine/generator power trains each consisting of 5 

reversible pump-turbines connected in series [133]. Each reversible pump-turbine will be 

directly coupled to a synchronous motor/generator rated at 2,600 kW and 3,450 hp in 

turbine mode and 2,790 hp in pump mode. The capacity of each parallel train will be 

13,000 kW and a total installed capacity of 260,000 kW with all power trains operating in 

parallel [133].  

The high and low pressure penstocks will be constructed from steel with a diameter of 4.5 

m and embedded beneath the powerhouse floor. A new 115 kV substation will be 

constructed next to an existing 115 kV transmission line located a horizontal mile in 

proximity from the underground powerhouse [133].  

5.13  UGPHES design for the abandoned Ohio limestone 

mine 

The preliminary design for the proposed location of the powerhouse in the abandoned 

Ohio limestone mine UGPHES scheme provides insight into some of the design 

techniques  for the development of a UGPHES scheme in an abandoned mine. 
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The abandoned Ohio limestone mine located approximately 671 m below the ground 

surface thus presenting the opportunity to develop a high head and with a volume of 9.6 

million cubic meter was identified as an ideal location to be used for the implementation of 

a UGPHES system [135]. Figure 5-6 shows a vertical section of the mine containing strata 

and mining openings. 

 

Figure 5-6 – A generalized stratigraphic section at the Ohio limestone mine [80] 

The powerhouse was designed to be located 81 m below the bottom of the mine for the  

submergence of the pumps to avoid cavitation [80]. The proposed powerhouse location 

encountered brine water at high pressure which posed a problem. Two options were 

identified to mitigate this with the first option being to use a combination of grouting and 

drainage while the second option was to use pump-turbine equipment that did not require 
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such deep submergence. It was ultimately decided to avoid the brine water problem by 

raising the powerhouse sufficiently from the initially identified location [79].  

Exploratory drilling was undertaken to ascertain the anticipated behavior of the mine due 

to further excavation as well as to ascertain the hydrogeology and and geology [80]. The 

two basic criteria that had to be met for the location of the powerhouse was to firstly 

ensure that the loading conditions emanating from the proposed excavations and the high 

pressure brine could be structurally stabilized. Secondly, the possibility of significant brine 

inflow had to be eliminated [79]. A number of failure mode analysis as shown in Figure 5-7, 

comprising of the finite element method (FEM), parallel FEM analysis, wedge and beam 

analyses and seepage analysis were performed to clearly establish the fluid flow 

conditions and rock stress in the rock strata for the safe location of the powerhouse [80]. 

 

Figure 5-7 – Potential failure modes due to hydrofracture, excessive seepage, wedge 

failure and beam failure – clockwise from top [80] 

The limit condition of the FEM analysis on the mine and powerhouse openings is for the 

highest stresses to be calculated in the mine at the point of failure. With the mine known to 

be stable it has a safety factor of one or greater. FEM analysis performed on the 
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powerhouse should show a powerhouse safety factor greater than that of the mine [79, 

136]. 

The wedge analysis was performed to represent an extreme condition to assess the 

stability of a rock wedge formed by two inclined joints in the base of the powerhouse and a 

horizontal joint at the top of the Oriskany sandstone [80, 136]. The analysis showed that  

the powerhouse opening had to be lowered to within 12.2 m of the top of the Oriskany for 

wedge sliding to occur. The beam analysis was performed to determine the minimum 

depth of the rock below the powerhouse to prevent failure. The rock below the 

powerhouse was analyzed as a beam with the result showing that a beam thickness of 

13.7 m would be sufficient to resist the loads imposed by the brine fluids at the Oriskany 

[79].   

The seepage analysis was performed to ascertain the impact of the high pressure brine on 

potential seepage into the powerhouse. The calculated inflow was found to be 0.1 m3/h 

which was regarded as negligible [79].   

The above analysis showed that the setting of the powerhouse between the bottom of the 

powerhouse excavation and the top of the Oriskany stratum had to be at 27.4 m from a 

structural and seepage standpoint to be regarded as safe and stable with no risk of failure 

caused by the presence of fluids. It is interesting to note that this project did not go ahead 

for reasons other than the technical challenges [80]. 
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CHAPTER 6 

CONCLUSION 

The bulk energy storage scheme known as Underground Pumped Hydroelectric Energy 

Storage (UGPHES) has been introduced and analyzed with an emphasis on its viability for 

implementation in South Africa to contribute to the currently constrained electricity supply. 

The use of aquifer systems and abandoned coal mines for the implementation of UGPHES 

systems has also been analyzed. Various design considerations which include the head of 

the installation, volume of the underground reservoir, structural integrity of abandoned 

mines, transmissivity of the aquifer system, water hammer, mound of injection and cone of 

depression, etc. are some of the critical factors that must be considered during system 

design as well as during scoping activities for the identification of suitable sites for the 

implementation of a UGPHES system.  

A cost comparison with other bulk energy storage systems shows the UGPHES system to 

be very competitive especially in comparison with the conventional pumped hydroelectric 

energy storage. Using existing infrastructure in the form of abandoned mines for the lower 

reservoir, the mine quarry for the upper reservoir and existing wells, contribute to a 

reduction in capital costs. These costs however vary from site to site where considerable 

costs can be incurred should the abandoned mine need to be further excavated. South 

Africa has a large number of ownerless and derelict mines which can be considered for 

use in a UGPHES system. There is no doubting the potential of the abandoned mines 

considering the head, the storage volume, the use of the quarry as the upper reservoir and 

the abundance of groundwater. This will have a positive impact on the environment 

especially considering the problem of acid mine drainage (AMD).  

The use of aquifers for UGPHES systems shows a lot of promise. South Africa alone has 

an abundance of groundwater which can be used for the implementation of UGPHES 

systems. Using transboundary aquifers also needs to be seriously considered as this will 

benefit both South Africa and the respective neighboring country as well as an overall 

contribution to the South African Power Pool (SAPP). 

The UGPHES system certainly shows a lot potential, however this technology needs to be 

further investigated for implementation in South Africa. Future steps to be considered is 
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the identification of suitable pilot sites for both aquifers and abandoned mines, performing 

geological sampling tests, analyzing transmissivities, storativity values, field testing with a 

centrifugal pump/turbine to determine pump/turbine efficiencies and flow. The use of 

abandoned mines will also need to be included as part of South Africa’s mine rehabilitation 

process. 
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