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1.  Executive Summary  

The Pumped Storage Hydro Working Group (PSH WG) is a newly formed group consisting of UK industry and 

government representatives wit h an interest in PSH. The groupôs purpose is to ensure that the interests of 

pumped storage hydro developers are accurately reflected within the Scottish Renewables Storage Network in 

response to a range of ongoing work stream s and consultations expected over the year ahead.   

This work has been commissioned by Scottish Renewables on behalf of the PSH WG. Funding partners are 

ScottishPower, SSE and Scottish Government.  

In this report DNV GL conducts an exhaustive analysis of th e multiple benefits of PSH for power systems, as 

well as the many issues that obstruct its development.  

The benefits of PSH for the operation of power systems and the integration of variable renewable energy are 

widely acknowledged . However, the large majo rity of the benefits derived from the deployment of PSH 

schemes are subjective  or not quantifiable, which  proposes a challenging task for regulators in developing  

market arrangements and mechanism s to  allow  measuring and monetizing those benefits so as to fairly 

compensate PSH operators.  

From an economic perspective, current market conditions and business models in liberalized electricity markets 

for energy storage, and specifically for PSH, do  not provide the right  incentives to attract investors. Revenues  

and policy uncertainty are  the main sources of risk for PSH investment . Only electricity markets that still have 

a degree of monopolistic structure show large deployments of PSH.  
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2.  Introduction  

The storage of electric energy is essential for balancing demand and supply. For low penetration levels of 

renewables, net -demand 1 can be forecasted with low error , and existing conventional generation can provide 

the required load following capability to balance the system. However, large -scale deployment of renewables 

will make this task much more complex, because  those generation resources will greatly increase the 

variability and uncertainty of net -demand  [1] . Larger amounts of system flexibility will  then  be required to 

balance the system at a ll times and under the  range of expected operating  conditions  [2] . In this scenario 

energy storage will play a key role, as it will be useful for storing excess renewable energy, generate electricity 

when net -demand peaks, or also when net -demand rate of change is high and cannot be compensated  by 

available system flexi bility  [3]  [4] . 

A traditional way of storing energy on a large  scale  is through the use of hydrologic storage facilities, such as 

hydroelectric dams and pumped -storage power plants. Almost 99% of worldwide large -scale electricity storage 

capacity is provided  by hydrologic storage systems  [5] . The ambitio us renewables agendas and the CO 2 

emissions reduction targets of many countries around the world, and specifically those of the UK, highlight the 

relevance that traditional hydro s torage technologies will have for  the development of a sustainable and 

affordable future low -carbon power system.  

The need for additional system flexibility has attracted increasing attention into energy storage technologies, 

which has  resulted in substant ial  research and development over the last two decades. A number of works 

have studied the key role and value of energy storage in power system s with a high penetration level of 

renewable generation, concluding that storage allows reduction of  system opera tion costs, and helps to 

integrate  large  volumes of renewable generation  [6]  [7]  [8]  [9] . The flexibility potential that can be obtained  

from energy storage facilities highlights their importance for the operation and expansion of future power 

systems  [10] . 

Among all available energy storage techn ologies  [11]  [12]  [13] , hydroelectric storage is still, and will be, the 

most important one in modern power systems, at least until the multiple barriers that limit the applicability of 

other potential large -scale energy storage tec hnologies have been overtaken. Within the available hydroelectric 

technologies, pumped storage  hydro  is today the most popular one not only because its high operational 

flexibility, but also because is the most developed large -scale energy storage technolo gy currently available  

[14] . 

Identifying and acknowledging all potential benefits that pumped storage  hydro  can have , and also the issues 

that act as impediments , is not only crucial for informing regulators, but also t o raise awareness about the 

importance of creating the required market arrangements and supporting structures for promoting the 

development of this type of project.  

In the UK, a variety of Energy Storage schemes have been deployed over the years ï some of the most recent 

projects arising as a consequence of Ofgemôs Ã500m Low Carbon Network Fund, and the new enhanced 

frequency response service that National Grid is procuring for managing system frequency. Whilst there remain 

no óformalô market incentives, ex cept the four  years contract that National Grid will sign with the providers of 

enhanced frequency response , the level of interest in the technology is  on a rapid upward trajectory  [15]  [16] . 

                                                 

1
  The net -demand is defined as the total system electricity demand minus the power contribution of óintermittent ô or óvariableô renewable 

resources. This residual power demand must be supplied by conventional generation and other controllable generation and demand 

resources in the power system.  
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Pumped storage  hydro  provid es one of the few large -scale, affordable means for storing and generating 

carbon - free and low cost electricity.  Pumped storage is one of the most cost -effective utility -scale options for 

grid energy storage  [17] , acting as a key provider of ancillary services. With an ability of responding almost 

instantaneously to changes in the amount of electricity flowing through the grid, pumped storage is an 

essential componen t of the  electricity network for countries that have an aggr essive renewables agenda, as is 

th e case of the UK, and have the potential  for  develop ing  this type of hydro projects.   

This report looks to inform and create awareness about the r elevance of pump ed hydro  for the integration of 

large -scale deployments of renewables and the development of sustainable, secure and cost -effective future 

low -carbon power systems. For this  purpose , this report  presents a comprehensive coverage of the benefits of 

pumped s torage hydro for the development of future power systems, and also addresses  the multiple issues 

that put at  risk the development of this large -scale energy storage technology.  

The rest of this document is structured as follows:  

1.  Section 3 describes t he res earch methodology used in the development of this report.  

 

2.  Section 4 gives a general overview of the deployment of pumped storage hydro worldwide.  

 

3.  Section 5 starts by analysing the maturity and key features of pumped storage hydro technology, to 

then desc ribe available configurations and latest technological developments. The last part of this 

section summarizes what have been the developments of this technology until today, and which new 

projects have been proposed, in the UK.  

 

4.  Section 6 analyses the bene fits of pumped storage hydro  throughout the electricity supply system , and 

at different timescales.    

 

5.  Section 7 starts by analysing the engineering and economic issues that affect and restrict the 

investment in pumped hydro storage, to then analyse the cu rrent market s and mechanisms in five 

international regions in relation to energy storage and pumped  storage hydro.  

 

6.  Section 8 outlines a set of key facts and recommendations for acknowledging the benefits of pumped 

storage hydro f or the UK, as well as the techno -economic barriers that today impede the development 

of this technology.  
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3.  Methodology  

The research methodology , shown in Figure 1 , used to produce this report wa s based on three lines of 

action s:  

1.  Market research:  DNV GL UK conducted an exhaustive market research of publically and internal ly  

available information on pumped hydro storage.  

2.  International discussions:  International discussions were organized across the network of consultants 

of DNV GL around the world in order to identify regional initiatives and common barriers for the 

deployment of pumped storage hydro technology.  

3.  Industry stakeholders interviews:  Local industry stakeholders were interviewed in order to get their 

views about the role and  barriers for the development of pumped storage hydro in the UK.  

 

The specific and common objectives that guided the three lines of actions were:  

a)  understand  which are  the multiple issues and barriers for the development of this typ e of power 

generation project;  

b)  identify the full range of benefits that can be achieved by promoting investment in this tra ditional and 

mature technology; and  

c)  identify which have been the loc al initiatives and market arrangements that have successfully induced 

the market to deliver this type of energy storage project.  

 

 

Figure 1 : Conceptual representation of the research methodology.  
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The industry stakeholders  interviews were motivated by the following set of questions:  

¶ what ar e the benefits that pumped  storage  hydro  can bring, specifically for the UK  now and in the 

foreseeable future ?;  

¶ what needs to happen to make those benefits reality? ;  

¶ what barriers need to  be removed?, a nd maybe also how ?; and  

¶ is there a nything else you think is relevant  regarding the promotion of pumped storage hydro in the 

UK. 

 

Several industry stakeholders in the UK were interviewed , with the following results:  

Å Internal and external documents provided for reference by Scottish Government, SSE, and Forestry 

Commission . 

Å Meeting with British Hydropower Association . 

Å Meeting with Engie/First Hydro . 

Å Meeting with SSE.  

Å Meeting with Scottish Power.  

Å Meeting with National Grid.  
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4.  Global Overview  

Many governments around the globe have committed themselves to boost the share of renewables in their 

generation energy mix. Such a global movement h as been driven not only by concern about greenhouse ga s 

emissions and their impact on climate change, but a lso by the goal of ensuring secu rity of supply through the 

development of sustainable and affordable low -carbon power systems.  

The rapid and large -scale deployment of intermittent renewable technologies has led to a complex and 

challenging scenario not onl y for the operation of power systems , but also for the ir  long - term planning and 

development  [1] . The p ower injections of wind and solar generation have increased the variability and 

unpredictability of net -demand, which needs to be supplied by available controllable d emand and generation 

side  resources  [18] . 

The larger var iability of net -demand in amplitude, frequency and rate of change have translated into the need 

for operating conventional generation against its  operational limits, and when those have been reached, into 

the need of curtailing renewable energy as an addit ional source of flexibility for balancing supply and demand  

[2] . Also, the lower predictability of net -demand requires  larger volumes of flexible and fast response  

resources that can provide the ancillary services required to ensure the system can b e safely operated in all  

operating conditions , and that demand can be satisfied with minimal disruptions at all times.  

Traditionally, system flexibility was provided by f ast response thermal generation. Emission restrictions,  fuel 

availability and price uncertainties,  technological developments and  ever increasing  cheap and carbon free 

renewable capacity  are making energy storage technologies the next step in the developme nt of future low -

carbon power systems  [3]  [7]  [8] . Development of s torage technologies  has been supported by many 

governments  through policies that include funding for demonstration projects, subsidies and mandatory 

storage requirements for utilities  [19] . However, the high capital  cost  remains  as one of  the most important 

barrier s to  their  wide deployment.  

Accordin g to the DOE Global Energy Storage Database  [5]  and IEA [20] , the global deployment of battery 

energy storage systems rose from about 0.1GW to 0.8 GW, and thermal , mechanical and hydrogen  energy 

storage  capacity  from about 0.9GW to 3.1G W, between 2005 and 201 5. Non -hydro energy storage  contributed  

less than  3% of the total large -scale energy storage capacity in 201 6, which top ped  148.2 GW as shown in 

Figure 2 .  

 

Figure 2 : Installed global capacity for energy storage  (data source [5] ) . 
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Pumped storage hydr o is by far the most predominant large -scale energy storage technology  worldwide. More 

than 97% of worldwide storage capacity was  PSH by 2015 , more than 23 GW of additional capaci ty are 

currently under  construction , and another  8.3GW have been announced to be constructed in the near future  

[5] . 

In the UK there are four PSH facilities which  amount  to  2,828M W of total capacity  and which  have a n energy 

storage capacity of approximately 26 .7GWh [21] . Exist ing  PSH plants  were commissioned betwee n 1963 and 

1984, and s ince 1984 there have not been any new developments, and the only sign s of new or potential 

developments in the near future are  given by :  

1.  the announcement made by ScottishPower  in early 2016  of  their intention to  upgrade  the  Cruachan 

pumped hydro power station in order to double its power output ;  

2.  the  proposed  new pum p storage schemes Coire Glas,  Balmacaan , and Glyn  Rhonwy;  

3.  the planned  Sloy  power station  conversion  into a pumped storage facility ; and  

4.  two new PSH schemes recently announced that are under planning: Muaitheabhal 2 and Glenmuckloch 3 

[22] [23] . 

All those projects toget her might contribute more than 1.75 GW of additional PSH capacity , and can potentially  

increase  energy storage capacity  by at least 88 GWh. 4 

System flexibility will be crucial in achieving the UK green agenda  [10] . According to the National Grid Future 

Energy Scenarios 2015  [24] , installed wind and solar capacity will increase by a factor bet ween two and four  

over the course of the next 15 years , and conventional thermal generation will shri nk by between 11% and 

23%. This means that larger volumes of system flexibility will be required to accommodate new renewable 

generation in a cost -effective manner  [9] . Non -hydro distributed energy storage systems will contribute to 

balancing net -demand and keeping the system stable. However, their relative ly  small energy capacity together 

with  the dynamic operati ng  regime under which those energy resources are expected to be  operated will limit 

their capability of absorbing the excess  of  renewable energy to a few hundred MWh. 5 Bulk fast response  and 

reliable large -scale energy storage capacity will  then  be needed i n the UK for absorbing excess  renewable 

energy a nd  providing the range of ancillary services that allows  security of supply.  

Pumped hydro is the most developed and reliable large -scale energy storage technology, with facilities dating 

from the 1890s in Italy and Switzerland.  It  is an extremely fast  ramp ing technology that  can go from zero to 

full output in l ess than a few  minutes . For example  the Dinorwig  PSH scheme , w ith all motor/generator units 

synchronised and spinning - in -air, can achieve full out put in approximately 16 seconds [25] . PSH technical  

characteristics , in addition to be ing  a carbon - free energy resource, provide a very good c omplement for the 

development  and integration  of large -scale volumes of renewable resources  and a key for reducing greenhouse 

emissions  [26] . However  the high cost of capital and long construction  time of this technology,  lack of mark et 

arrangements to support development,  added to the geographical and environmental aspects related to it, 

have limited its development.  

 

                                                 

2
 According to Renewable Energy News issue No. 337, 9 June 2016, the estate owner and d eveloper Eishken Ltd is understood to be planning a 

pumped storage facility of up to 150MW close to its planned Muaitheabhal mega wind farm on the Isle of Lewis off north -west Scotland.  

3
 Buccleuch is working alongside 2020 Renewables to develop plans for a pumped storage hydro scheme at the Glenmuckloch Surface Coal Mine, 

Kirkconnel, Dumfries and Galloway, which would be capable of generating up to 400MW of electricity.  

4
 Refer to Table 5 - 1  for further details about these numeric figures.  

5
 Assuming that non -hydro energy storage will be mostly used for providing dynamic and non -dynamic frequency response services.  
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5.  The Technology  

5.1  Technology  Maturity & Key Features  

Pumped storage hydro , or pumped hydroelectric energy storage (PHES), uses two water reservoirs for storing 

energy in the form of gravitational potential energy of water. Water is pumped from the lower to the upper 

reservoir at off -peak times when electricity cost is low. When  required,  the water is release d from the upper to 

the lower reservoir t hrough turbines that generate electricity which  is then injected  into the grid. The roundtrip 

energy efficiency of PSH varies between 70% and 85 % typically, making it a net consumer of  energy  [27] . The 

energy losses however are compensated by the charging -discharging  price differential , and also by providing 

ancillary services . 

 

Figure 3 : Energy Storage Technologies Maturity Curve  [27] . 

Pumped storage is the most developed and largest capacity form of grid energy storage available as shown in 

Figure 3 , with the first plants built at the end of the 19th century. All other grid -connected energy storage 

technologies are less mature, and therefore have higher levels of risk, real and perceived.  

PSH can provide a wide spectrum of services fo r supporting the operation of the grid. The longevity of PSH 

installations  also aids  the long - term planning a nd development of power systems.  

Traditional pumped storage plants however have techno -economic drawbacks that limit their development. 

From a physical perspective the main disadvantage of PSH is the specialist nature of the site required, needing 

both suitable topography  and water availa bility, and there are also  a series of social a nd ecological issues . 

From an economic perspective , PSH projects require long construction times and high capital expenditures, 

which creates risk s for investor s when there are no guaranteed income streams,  or  other arrangements to 

support their investment in PSH projects . 

5.2  PSH Configurations  & Recent Developments  

A typical conventional PSH power plant consists of four components:  
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1.  Water reservoirs:  normally two 6 interconnected water reservoirs.  

2.  Water piping:  tunnels that allow moving water from one reservoir to another.  

3.  Powerhouse:  facility w ith  one or more pump/turbine  and motor/generator  assemblies that allow 

pumping water into the upper reservoir at off -peak hours, and discharging water into  the lower 

reservoir. 7 

4.  Grid connection:  power transmission lines to move the generated power from the plant into the grid.  

Traditionally PSH projects use as reservoirs natural lakes, large rivers, or existi ng conventional hydro -power 

facility  reservoirs. D epending on the source of the water and how  it  is moved PSH can be clas sified into two 

types: open - loop  and closed - loop. Open - loop PSH plants are  continuously  connected to naturally flowing wat er 

sources . Closed - loop PSH plants, on the other hand, are cons tructed independently from a na turally occurring 

river or lake, and therefore have fewer impacts on the natural environment.  

PSH installations vary in size, with the largest one in the UK, Dinorwig Power Station  in north Wales, having a 

capacity of 1,728MW  and an energy storage capacity of 9.1GWh. The smallest PSH installation in the UK is 

Foyers Hydro -Electric Power Scheme  in Scotland, which  has a capacity of 300MW and an energy storage 

capacity of 6.3GWh. Independently of the size, all PSH in norm al opera tion mode follow an  operational cycle  

(usually daily)  where during periods of low demand or when electricity prices are low, water is pumped from 

the lower reservoir to the upper reservoir. The water stored in the upper reservoir is then discharged into th e 

lower reservoir during peak demand periods, which allows injecting more valuable electricity into the grid  (so -

called óenergy arbitrageô) and reduces the need for running expensive peaking generation plants. 8 

Conventional f ixed -speed  is the most common PSH technology, where both the pump/turbine and 

motor/generator assemblies operate at a fixed synchronous speed. The last big technological development s in 

PSH technology include variable -speed and ternary  PSH plants 9 [28] . Some of the advantages of these 

technological developments are  [29]  [30] :  

1.  Variable -speed:  

¶ There is no need for a pony motor 10  to start pumping/generating.  

¶ Full power output can be delivered from water -head variations of a factor of two.  

¶ Rotational speed can be adjusted to avoid resonances within the equipment and cavitation 

modes in the water flow. This leads to longer life and less maintenance.  

¶ Higher overall efficiency  and improved flexibility . 

¶ Frequency regulation can be provided indep endently of the operating mode and  speed.  

2.  Ternary PSH:  

¶ Higher overall effi ciency.  

¶ Impacts from hydraulic transients are significantly reduced.  

¶ Improved flexibility: t he machine can move rapidly from the full pumping mode to the full 

generating mode, unlike  a reversible machine, which must stop before restarting in the 

opposite direction.  

                                                 

6
 More than two reservoirs can be connected in cascade . 

7
 It should be noted that the pump/turbine and motor/gen erator assemblies can be either reversible pump/turbine -motor/gene rator sets, or 

separate turbine -generator and pump -motor sets.  

8
 PSH plants can also generate and consume at other periods, depending on the ancillary services they provide.  

9
 A ternary pumped storage system consists of a separate turbine an d pump on a single shaft with a single  electric al  machine that can operate 

as either a generator or a motor.  The major difference between a  ternary plant and other types of pumped storage plants is that the 

ternary plant can simultaneously operate both the pump and turbine. All other pumped storage plant designs operate either in a generating 

mode or a pumping mode, and the shaft rotates in o pposite directions in these two modes.  

10
 Auxiliary motor used to bring synchronous machinery up to speed before synchronizing . 
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¶ Ability to employ different turbine technologies for the pump and turbine.  

¶ Better natural response to system disturbances for which transient stability is a concern. A 

tern ary unit inherently has a higher total inertia, since this inertia includes both a pump and a 

turbine in addition to the generator.  

Whilst PSH is mature, reliable and well understood by planners, the technology continues to evolve to 

accommodate changing m arket conditions, as well as to mitigate environmental impacts of new and existing 

stations. Technological innovation over the past few years has focused on increasing the scale of turbines, 

improving their durability and flexibility, and reducing environm ental impacts  [31]  [32] . Such advancements 

continue to increase generating capacity, and mitigate the impact of new and existing stations.  

5.3  PSH in the UK: Past, Present & Future  

Pumped storage hydro development in the UK was motivated by two reasons: a) the need to store nuclear 

power overnight when electricity demand was low; and, b) the need for fast response resources for grid 

stability.  

The UK currently has only four  operational  fixed -speed PSH schemes that in conjunction contribute 2,878MW of 

generation capacity and can store approximately 26.7 GWh of energy  as show n in Table 5 - 1 .  Additionally there 

are five  new schemes, four  in planning stage  (Coire Glas , Sloy , Glenmuckloch , and Muaitheabhal )  and three  

that have been proposed  (Glyn Rhonwy,  Balmacaan  and Cruachan upgrade )  [5]  [22]  [23]  [33]  [34] . 

Table 5 -1 : Operational, Planned and Proposed PSH Schemes in the UK.  

Scheme status  Name  
Power  
(MW)  

Energy Capacity 
(GWh)  

Operational  

Dinorwig  1,728  9.1  

Cruachan  440  10.0  

Festiniog  360  1.3  

Foyers  300  6.3  

Planning  

Coire Glas  300 -600  30 -40  

Sloy (conversion)  60  20 -40  

Glenmuckloch  400  TBD 

Muaitheabhal  150  TBD 

Proposed  

Glyn Rhonwy  100  1.2  

Balmacaan  300 -600  30 -40  

Cruachan (upgrade)  + 440 -600  +7.2  
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6.  Benefits  

The operation of the electric grid is a very complex process that requires balancing demand and supply at all 

times so as to maintain system frequency  within normal operating limits and ensure the stability of the grid  

with the pur pose of supplying reliable  and affordable electricity to consumers . For such a purpose the system 

operator needs to control hundreds of generation and demand side energy resources in time scales ranging 

from microseconds to days  as shown in Figure 4 .  

 

Figure 4 : Timescales of Power System Operational Issues and PSH Operational Ranges ( adapted from  

[26]  and  [35] ).  

Grid harmonics and stability are managed in the very short term through system control and automated 

response actions of online controllable and fast response resources. In the mi d- term,  fr equency regulation, 

spinning and non -spinning reserve deployment and dispatch action s are  employed to balance supply and 

demand and maintain system frequency. Finally, at longer timescales, the system operator needs to schedule , 

in a cost -effective manner , sufficient resources so as to handle the variability and uncertainty in net -demand  

created by intermittent generation, with the additional objective of minimizing emissions  [36] . 

The large -scale deployment of intermittent renewables and their increasing power injections will impact the 

grid operation  and economics  at all timescales. This will require using all available system flexibility in order to 

avoid renewab les curtailment as a final measure to ensure grid stability. New flexibility resources will also be 

required, especially in the timescale range where intermittent generat ion has the biggest impact on grid 

stability, i.e. between a few seconds and a couple of hours.  PSH is the perfect match for such requirement due 

to its fast response and large -scale energy capacity  as shown in Figure 4  [37]  [38] . 

6.1  System  Level  

Variability and uncertainty are inherent char acteristics of modern power systems. Penetration of e lectricity in 

modern society  is making electricity demand a very dynamic and complex process, ch aracterized by constant 

changes and  increase d variability . The large -scale penetration of intermittent rene wables is one of the key 

factors in the increased variability and u npredictability of net -demand,  product of their inherent intermittency 

and stochastic nature.  
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It is in this context where flexibility begins to play  a key and  important role  [39]  [40] . Generally speaking, 

flexibility refers to the extent to wh ich a power system, or a component of it, can modify the electricity 

production or consumption in response to expected or unexpected variations in electricity demand or supply. 

To unde rstand why flexibility is important  for the ongoing development of  futur e low -carbon  power systems  

and the role that PSH can play , it is necessary to appreciate  the features introduced by renewable generation 

in the time dynamics of net -demand  when the share of such renewables in the power system is not negligible  

[41] . 

Large shares of renewables are expected to boost existing net -demand variability in amplitude, frequency and 

rate of change, as shown in  the top - left graph of  Figure 5 , where the variability of demand and net -demand i s 

depicted in a simulation of a challenging winter week in 2030.  The blue line corresponds to the total elec tricity 

demand, while the red one corresponds to the demand net of wind and solar PV power output , assuming  all the 

energy provided by renewables is fully utilized,  and  perfect forecast s of demand a nd renewables power 

generation.  

   
 

   
 

 

   

 

   

Figure 5 : Simulation of demand and net -demand  (top - left), rate of change (top - right), forecast 

uncertainty (bottom - left), and required level of upward spinning reserve (bottom - right),  during a 

challenging week in 2030 assuming 50% intermittent generation  share  [40] . 

Demand shape  follows a regular and smooth pattern characterized by an increasing demand during worki ng 

hours, with a peak in t he early evening  when people arrive  home from work, after which it gradually decreases 

into the night time. Net -demand on the contrary exhibits an irregular and non -smooth pattern, which 

highlights the boosted variability caused by renewables power injecti ons. Larger shares of renewables will 

translate into a larger variability and uncertainty in net -demand, which will need to be supplied by existing and 

new controllable and flexible generation capacity, demand side resources, interconnectors, energy storag e, etc. 

Current power systems have the flexibility resources to accommodate moderate amounts of renewables . 

However, increasing renewable  penetration levels will put power systems  under stress , revealing the need for 












































