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About the International Forum on Pumped Storage Hydropower 

Launched in 2020 and jointly chaired by the U.S. Department of Energy and the International Hydropower 

Association (IHA), the International Forum on Pumped Storage Hydropower (IFPSH) is a multi-stakeholder 

platform that brings together expertise from governments, the hydropower industry, financial institutions, 

academia and NGOs to shape and enhance the role of pumped storage hydropower (PSH) in future power 

systems.  

 

The Steering Committee of the IFPSH, comprised of governments, intergovernmental organisations and 

multilateral development banks, established three Working Groups (WG) covering ‘Policy and Market 

Frameworks’, ‘Sustainability’, and ‘Capabilities, Costs and Innovation’ to help address the common challenges 

facing PSH development. 

 

The Policy & Market Frameworks WG, led by GE Renewable Energy, developed a global position paper to identify 

the current market and investment barriers and opportunities for PSH development, as well as recommendations 

to de-risk investment. With thanks to over 20 supporting organisations, country and region-specific 

recommendations were developed for the U.S., the U.K., Africa, Australia, Brazil, Latin-America and the 

Caribbean, Europe, Southeast Asia, India and China.    

 

The Sustainability WG, led by EDF, aims to provide guidance and recommendations on mitigating adverse 

impacts that may occur in the development of PSH to ensure that it can best support the clean energy transition 

in the most sustainable way.  

 

The Costs, Capabilities and Innovation WG, led by Voith Hydro, seeks to raise awareness on the role of PSH in 

addressing the needs of future power systems and deepen understanding about its potential, capabilities, costs, 

and innovation. 

 

Disclaimer 
 

The information, views, and conclusions set out in each report are entirely those of the authors and do not 

necessarily represent the official opinion of the International Forum on Pumped Storage Hydropower (IFPSH), 

its partner organisations or members of the Steering Committee. While all reasonable precautions have been 

taken, neither the International Forum on Pumped Storage Hydropower nor the International Hydropower 

Association can guarantee the accuracy of the data and information included. Neither the International Forum 

on Pumped Storage Hydropower nor International Hydropower Association nor any person acting on their behalf 

may be held responsible for the use, which may be made of the information contained therein. More information 

on the International Forum on Pumped Storage Hydropower is available online at (https://pumped-storage-

forum.hydropower.org/) 

  

https://pumped-storage-forum.hydropower.org/
https://pumped-storage-forum.hydropower.org/
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Executive Summary 

Pumped storage hydropower (PSH) works on a simple principle. At times of low demand when electricity prices 

tend to be lower water is pumped from a lower reservoir to an upper reservoir, and then released at times of 

high demand to drive a turbine and generate electricity. Today, in 2021, it is the dominant form of energy 
storage on electricity grids across the globe, providing daily, weekly, and seasonal storage, with over 160GW 

of installed generating capacity and around 9,000GWh of energy stored.  
 

As the world relies more and more on variable sources of electricity like solar PV and wind, the demand for 

energy storage will grow. Even conservative estimates of the level of variable renewable deployment predict a 
ten-fold increase. To keep global warming below 1.5 degrees Celsius, many international organisations foresee 

significantly more deployment1.  
 

However, variable generation places new demands on grids.  
 

Periods of excess supply of VRE will need to be curtailed unless there is flexible demand to absorb the surplus; 

conversely, prolonged periods when the sun does not shine, or the wind does not blow will mean system 
operators will need to turn to other sources of electricity to keep the lights on. Over much shorter time frames, 

variable renewables cannot provide the many ancillary services such as spinning and contingency reserves that 
are vital for keeping electricity grids stable. 

 

In these circumstances, there is a role for shorter duration storage technologies such as batteries which perform 
well for up to four hours - but of course weather does not always accommodate these timeframes. Low carbon, 

long duration storage is, and will be, essential to maintain security of supply and avoid wasted energy in a 
renewables’ dominated grid.  

 
Historically PSH was built to take advantage of excess generation, usually at night, from relatively inflexible 

sources of baseload generation such as nuclear power and coal. However, the conditions that supported the 

development of PSH are changing. Baseload resources are retiring, many energy markets are no longer 
dominated by vertically integrated entities, and price fluctuations are no longer easy to model based on a simple 

difference between predicted day and night prices. 
 

There is a real risk that without appropriate policy frameworks, PSH as a highly cost-effective, low impact 

technology will not be deployed at the scale needed to support an efficient and reliable energy transition. 
 

The reasons for this are multiple. In common with other large low carbon infrastructure, much of the lifetime 
cost of PSH is incurred during construction, with a high capital cost; this means that without a degree of long-

term revenue certainty, investors are unwilling to invest even if the technology is highly cost effective and 

sustainable. Historically developers were governments, government owned businesses or vertically integrated 
utilities, and as such were able to consider the wide range of benefits provided by PSH in a holistic, system-

wide manner, with some certainty as to revenues generated by long duration storage projects. But now, in 
liberalized markets in particular, it is difficult for investors to judge what sources of revenue will be available 

over the long lifetime of PSH assets. 
 

This is compounded by the fact that in many markets a number of the vital grid services that PSH can, and 

does provide, are not fully remunerated. For example, storage solutions charged from renewable resources and 
able to provide energy over long durations in case of unfavourable climatic conditions (a sustained lack of wind 

or cloudy days) are not rewarded for delivering this low carbon electricity. Instead, they are compensated on 
par with carbon fuelled resources in both energy and capacity markets. Other services, such as inertia, are 

often a requirement of grid interconnection and receive no remuneration at all. 

 
The services that PSH provides can be considered transmission services as well as generation services. In the 

past this was not a problem for vertically integrated utilities, as they could assess the benefits of PSH to the 

 
1 The IEA in their Net Zero by 2050 – A Roadmap for the Global Energy Sector report, indicated that global generation from renewables 
needs to triple by 2030 and grow eightfold by 2050 (based on 2020 figures). They anticipate that solar and wind will generate over 
23,000 TWh by 2050. To meet 1.5°C scenarios with no or limited overshoot, IPCC Special Report 15 states renewables will increase across 
all 1.5° scenarios, and renewables (including hydro) shall makeup 38–88% of primary energy. 

https://iea.blob.core.windows.net/assets/405543d2-054d-4cbd-9b89-d174831643a4/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_Chapter2_Low_Res.pdf
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whole system to guarantee the continuity of electricity supply, but it poses a challenge in liberalized markets. 
Rules designed to protect consumers by limiting the activities of transmission system operators inadvertently 

restrict access to more cost-effective ways of managing grids. For example, it may be cheaper to procure a PSH 
project to ease congestion than to build new transmission cable infrastructure, while at the same time delivering 

generation services, but transmission system operators are often not able to procure PSH in this manner. 

 
Any significant new infrastructure requires appropriate planning and permitting; however, it is important that 

these are timely and proportionate, avoid complex regulatory approval processes, and legislative uncertainty 
does not disincentivise investment in the most efficient low carbon solutions. Planning authorities can learn 

from the best practices in other regimes to ensure issues are addressed in good time, and take advantage of 
the availability of internationally recognised assessment mechanisms, such as the IHA Sustainability’s tools2, 

which can further provide reassurance that good practice is being met in the development of PSH.  

 
More generally, many energy system planning authorities lack targets for long duration storage and the models 

used do not fully reflect the system-wide benefits that long-duration storage can deliver, particularly in 
facilitating an effective and cost-efficient integration of higher shares of VRE on their grids. Up to now, the 

successful deployment of wind and solar PV globally has been a result of clear goals and policy interventions to 

systematically support the deployment of those technologies, despite the high upfront costs. As this deployment 
continues, it will be more and more difficult to ensure system reliability while meeting clean energy goals without 

resources like long duration storage to support renewable integration.  
 

No two electricity markets are identical – different mixes of energy resources, regulatory frameworks, market 
structures and historical characteristics mean that there is no ‘one size fits all’ approach to securing the place 

of long duration storage technologies like PSH. However, this report identifies key recommendations that are 

applicable in many contexts. 
  

 
2 IHA Sustainability Ltd (IHAS), a not-for-profit corporate entity created to carry out the sustainability work programme of International 
Hydropower Association, manages the Hydropower Sustainability Tools on behalf of the multistakeholder Hydropower Sustainability Council 
and its Governance Committee. This Council includes representatives of social, community and environmental organisations, governments, 
commercial and development banks, and the hydropower sector. The Hydropower Sustainability Tools include the Hydropower Sustainability 
Guidelines on Good International Industry Practice (HGIIP), Hydropower Sustainability Assessment Protocol (HSAP) and Hydropower 
Sustainability ESG Gap Analysis Tool (HESG). More recently, the tools have been developed into a new global Standard for hydropower and 
provided the basis for additional How-to Guides.  

https://www.hydrosustainability.org/
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Summary of what we need to do now: 
 

1) Policymakers should assess the long-term storage needs of their future power system now, so that the 

most efficient options, which may take longer to build, are not lost. 
 

2) Comparisons between energy storage and flexibility options must follow a consistent, technology 

neutral approach that considers all impacts and benefits. 

 
3) Providers of essential electricity grid, storage, and flexibility services should be remunerated for all 

services that they provide.  

 
4) Licensing and permitting arrangements must be timely, proportionate and take advantage of the range 

of internationally recognised sustainability tools. 

 
5) Investors in long lasting assets, such as PSH, must have long-term visibility of revenues, with risk that 

is shared fairly to deliver the lowest overall cost to society in the long-term. 

 
6) Existing hydropower assets and prospective sites should be assessed and mapped for their potential to 

provide the most efficient long duration storage.  

 
7) Green recovery programmes should include and support PSH, and green finance mechanisms should 

incentivise PSH. 

 

 

Modelling and System planning   
 
In order to avoid unnecessary future costs as more and more variable renewables come onto the system, 

policymakers need to assess the long-term storage needs of their future power system now. This is a low cost, 

no regrets option.  
 

These assessments should follow a consistent, technology neutral approach to evaluating storage and other 
flexibility options that accounts for the full spectrum of grid needs including deep storage, grid services, and 

environmental impacts, including land use and decommissioning.  
 

Opportunities for sharing assets such as PSH across regional borders should be given full consideration, 

including coordination with transmission expansion and augmentation strategies. 
 
Prospective PSH sites should be mapped to understand the full development potential, including the potential 
from existing mines. 

 
Existing hydropower assets should be assessed for their potential to be converted to PSH or modernized to 
make better use of existing energy storage operations. 
 
Existing PSH assets should be assessed for their potential to be upgraded to the latest technology to enhance 

the benefits they bring to the system. 
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Licensing and permitting 
 

Licensing and permitting arrangements must be timely and proportionate and take advantage of the range of 
internationally recognised tools3 for assessing the environmental and social impact of hydropower (including 

conventional and new technology based pumped storage hydropower). These tools can be deployed by 

policymakers with confidence.   

 
Electricity market design 
 
In designing market products, policymakers must ensure that those products provide enough long-term revenue 
visibility to stimulate investment in the most efficient low carbon technologies. There are many options to do 

so, including ensuring appropriate contract lengths, allowing for ‘bundled’ grid services products and introducing 
income floor mechanisms.  

 
Providers of ancillary services such as frequency control, inertial response and voltage control should be 

remunerated for those services as well as providers of transmission congestion solutions.  
 

Where PSH can participate in ancillary services markets, those market rules should be stress tested to ensure 

they are not inadvertently excluding the most efficient technologies, and low carbon solutions should be 
prioritized. 

 
Transmission system operators should be allowed and encouraged to procure PSH services for which they are 

responsible, and where that would be the most efficient way of managing grids. 

 
Market rules should be reformed to allow participation of technologies, such as PSH, across transmission and 
generation markets, if necessary, through the creation of a new storage asset category. 

 
Green Recovery 
 
PSH should be included in green recovery programmes and be part of a sustainable approach to build back 

better and strengthen grid resilience while helping to meet 2050 net zero targets. 

 
Finance 

 
PSH should be permitted and encouraged to actively participate in finance mechanisms like green bonds or 
impact bonds. 
 

Governments should consider recoverable grants that allow the sharing of project risks between Government 
and developers to support private investment and development. 

 
 
  

 
3 As noted above the IHA Sustainability has a range of tools internationally recognised. For further information on international tools, please 
see International Forum on Pumped Storage Hydropower's (IFPSH) WG.2 paper on Sustainability. 
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Chapter 1 
Pumped storage hydropower’s place 
in the global energy transition 

Summary 

• The global energy transition from fossil fuels to renewable energy will 

require large quantities of long duration storage. 

• Pumped storage hydropower is a proven storage technology that offers 

a cost-effective way to provide reliable large-scale balancing and grid 

services. 

• Countries and regions are developing storage targets, estimated 

requirements, and need to ensure PSH is included as part of critical 

infrastructure planning.  
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1.1 Introduction 

 

As the world relies more and more on variable renewable sources of energy like solar photovoltaic (PV) and 

wind, the demand for energy storage is only going to grow as variable generation places demands on grids. 
Without flexible demand to absorb the surplus, periods of excess supply will need to be curtailed, and prolonged 

periods when weather conditions are not right will mean system operators have to turn to other sources of 
electricity to keep the lights on. 

 

Pumped storage hydropower (PSH) works on a simple principle. At times of low demand (and low electricity 
prices), water is pumped from a lower reservoir to upper reservoir, and then released at times of high demand 

(and high prices) to drive a turbine and generate electricity. Today it is the dominant form of energy storage 
on electricity grids across the globe with over 160GW installed and around 9,000GWh of energy storage.  

 
While some markets have begun to assess storage needs, there is a real risk that without appropriate policy 

frameworks, this highly cost-effective, low impact technology will not be deployed at the scale needed to 

support an efficient and reliable energy transition. 
 

This International Forum on Pumped Storage Hydropower (IFPSH) report on policy and markets identifies key 
recommendations that are applicable in many contexts to enable a global energy transition.  

In addition to the main report, supplementary regional and country-specific reports have been written to provide 

detailed contexts and recommendations on the potential for pumped storage hydropower. These are available 
at https://pumped-storage-forum.hydropower.org and include the following: 

 

• Africa 

• Australia 

• Brazil 

• China 

• European regional paper, as well as annexes for: 

o Austria 

o Greece 

o Italy 

o Portugal 

o Switzerland 

• India 

• Latin American countries 

• South East Asia 

• United Kingdom 

• United States  

https://pumped-storage-forum.hydropower.org/
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1.2 Global energy transition 

 

Tackling climate change is one of the most challenging issues facing the world today. Central to solving climate 

change is the need for a rapid transition of the energy sector from fossil fuels to decarbonised production and 
renewable sources. The energy transition has become a reality globally, in every single region, and is 

accelerating as more and more countries place renewables at the core of their post-pandemic recovery plans. 
In addition to post-pandemic targets, over 40 nations are in the process of introducing legislative targets to 

achieve net zero emissions by 2050. 

 
Today, hydropower is the most significant provider of renewable electricity (over 15% of the total global 

electricity generation), however, the share from variable renewables is expected to continue increasing. With 
strong government support, global installed capacity has grown from approximately 1 GW of solar PV and 17 

GW of wind in 2000 to approximately 650 GW of each today (1). Under IRENA’s Transforming Energy Scenario 
for 2050, 86% of electricity generation will be renewable, and 60% would come from solar and wind, with 

installed capacities of over 6,000 GW (wind) and 8,500 GW (solar), in 2050 (2). 

 
This huge increase in variable renewables will radically change how electricity grids are planned and operated 
(see Figure 1 for an example of Kyushu Japan’s grid is already impacted by the increase in VRE). To compensate 

for periods of low supply – for example during prolonged spells of cloudy weather and / or low wind – there 
must be reliable, low carbon alternatives. Conversely, to avoid curtailment (i.e., wasting energy from solar or 

wind when there is excess supply relative to demand) there must be flexible sources of demand. According to 

the IEA, over 250 TWh of variable renewable electricity was curtailed in 2020 – nearly the equivalent of Spain’s 
annual electricity demand. If this wasted clean generation could have been stored for later use, 180 million MT 

CO2 emissions could have been avoided (3). Moreover, avoiding curtailment also improves the utilization of 
renewables and contributes to higher investment returns for such projects.      
 
Figure 1 – Example of increased variant renewable generation for hourly electricity generation in 

Kyushu, Japan, April 2010 and 2020. 

Source: IEA, 2021 (4) 

 

 
And over much shorter timeframes – seconds and minutes – ancillary grid services such as frequency control 

will continue to be needed on electricity grids; however, solar and wind are rarely able to provide these services 
due to their variability and/or their innate technical characteristics.   
 

The need for energy storage is not new. Indeed, for years, PSH has offered a cost-effective way to provide 
reliable large-scale balancing and grid services, and today accounts for more than 95% of the global storage 
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capacity on electricity grids with a huge installed base of more than 160 GW and an estimated 9,000 TWh of 
storage. What is new is the likely demand to meet the challenges described above.  

 
In some markets an early assessment of storage needs – including long term storage – has begun, but there 

is a very mixed picture globally, with a lack of consistent methodological approaches that may or may not 

consider all relevant factors. Table 1 highlights some examples of existing targets or estimated needs in different 
electricity markets around the world. 

 
Table 1 – Examples of existing targets or estimated needs in different electricity markets 

National/ regional entity Storage target/ identified need 

Australia Australia’s market operator identifies that 6-19GW of dispatchable generation and 
storage (dependent on modelled scenario) will be needed by 2040 to support VRE 
integration. Most early investment focussing on PSH and utility-scale batteries. In the 
state of New South Wales, they have indicated they need 2 GW by 2030 with a focus 
on PSH. 

China  Draft 14th Five-Year Plan (2021-2025) highlights energy storage as a priority to 
enhance consuming and storing renewable energy. Currently 52 GW of PSH is under 

construction, and the NEA plan includes 62 GW to be constructed by 2030 and 120 
GW by 2035 and modernising PSH industry system with advanced technology (5). 

France French "Programmation Pluriannuelle de l'Énergie" forecasts an additional +1.5 GW 
of PSH before 2035 (6). 

Germany German "Netzentwiklungsplan 2021" forecasts, in 2035, an additional +0.4 GW of 
PSH, +3.4 GW of grid batteries and +13.5 GW of PV-associated batteries (7) 

Great Britain (note that the GB 
electricity market is separate 
from Northern Ireland’s) 

Estimates that GB could need at least 13 GW by 2030 and 60 GW of flexible capacity 
to meet 2050 climate goals – fifteen times current energy storage capacity (8) 

India 375 GW needed by 2030, focus on batteries (27 GW) and PSH (10 GW). 

United States  As of March 2020, 67 new PSH projects with a total potential capacity of 52.48 GW 
are in various stages of permitting and development. 
California’s Regulator, California Public Utilities Commission (CPUC), has identified 
the need for 1 GW of PSH, or other long-duration storage with similar attributes, by 
2026. Studies suggest up to 55 GW will be needed by 2045. Other states that have 
outlined energy storage mandates include: Oregon, New York. States with energy 
storage targets include: Massachusetts, Nevada, New Jersey, and Virginia (9) 

1.3 Long duration storage and PSH as a key enabler 

 

The value of long duration storage capacity from PSH or conventional hydropower resources has been well 
established in many countries. For example, Costa Rica, with a heavy reliance on hydropower, in the order of 

90% of the country’s total installed capacity, uses reservoir storage on its system to manage seasonal dry 
periods of lower flow on its run-of-river hydropower plants, and both short-term and longer-term seasonal 

droughts from its wind generation fleet.  
 

PSH is today the most competitive bulk energy storage solution. As with any large infrastructure project the 

initial capital expenditure (CAPEX) is high, yet PSH has one of the lowest costs of production and storage in 

terms of cost/kWh, thanks to its long lifetime, scale, and in many instances utilisation of pre-existing 
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infrastructure. Additionally, PSH has an ‘economy of duration’ which makes pumped hydro inherently 

competitive at longer durations for energy storage (e.g., 6-24 hours+), and explains the significant cost 

differential observed when PSH is compared with chemical batteries, for which CAPEX scales more linearly with 

duration, and that are best suited for more limited scale storage. But it is not simply a question of a 

straightforward comparison of the levelized cost of electricity (LCOE) often used in energy policy making. PSH 

brings superior energy services to the grid including peak generation capability, demand management, and 

significant storage over a long duration. It also provides a wide range of ancillary services including inertia 

services, frequency regulation and black start capabilities4. 

 

 

 
 

 
 

 
 

 

 
4 Many authors have noted the critical role of PSH for grid flexibility, including the IEA and UN Sustainable Water and Energy Solutions 
Network. The IEA Hydropower working Group published in July 2021 Annex IX “ Valuing Flexibility in Evolving Energy Markets: Current 
Status and Future Outlook for Hydropower” and a Whitepaper in October 2019 “Flexible Hydropower providing value to renewable energy 
integration”. The UN Sustainable Water & Energy Solutions Network published in July 2021 a “Report on Sustainable Water and Energy 
Solutions Addressing Climate Change”, which notes the critical role hydropower already plays in energy storage.  

Box 1. The demand for grid flexibility today 

The need for flexible sources of electricity has also been demonstrated by recent events on grids across 

the globe. Historically, The European Blackout of November 2006 saw an increase in French hydroelectric 
production of 4 GW in 40 minutes, and elsewhere in Europe 1.6 GW of PHS in pump mode stopped, 

giving a net system improvement of around 6 GW to help restore generation and load balance (36).  

 
More recently, in January 2021, an event caused the Continental Europe synchronous area to separate 

into two areas to avoid a major black-out across Europe with PSH playing a significant role in maintaining 
the system. Extreme weather events in Texas in 2021 have demonstrated the impact of a lack of system 

flexibility which PSH can provide. In India in 2020 a nationwide “lights out” to show solidarity with 

frontline workers tackling COVID led to a huge drop in system demand and then subsequent ramping 
up (37).  

 
In August 2019, the UK electric grid saw a power outage with interruption to more than 1 million 

customers as a result of a fault caused by a lightning strike on a transmission line that led to 
simultaneous power-loss at an offshore windfarm and combine cycle gas turbine (CCGT) site. The event 

resulted in two large generators experiencing technical frequency issues and going offline (~1,000 MW). 

All of this led to a significant drop in overall system frequency and drops of 350MW embedded generation 
further exacerbated the issue. This required significant load shedding, or demand disconnection (38). 

Reserve providers, like hydro plants were able to help restore the system frequency and loads. Figure 2 
provides the output in MW over time, showing an increase in hydro output at 16:53 as the energy system 

operator (ESO) instructed hydro plants to help stabilise the frequency and replace missing energy. The 

output was a significant increase to the estimated (dotted) transmission.  
 

These events are demonstrating the value of long-duration storage and flexible system services as in all 
of these instances, the broad capability of PSH was, or could have been, utilised to help manage these 

events.  

 

https://www.ieahydro.org/news/2021/6/annex-ix-report-published
https://www.ieahydro.org/news/2021/6/annex-ix-report-published
https://www.ieahydro.org/media/51145259/IEAHydroTCP_AnnexIX_White%20Paper_Oct2019.pdf
https://www.ieahydro.org/media/51145259/IEAHydroTCP_AnnexIX_White%20Paper_Oct2019.pdf
https://www.un.org/sites/un2.un.org/files/sustainable_water_energy_solutions_addressing_climate_change_final_20210628_1.pdf
https://www.un.org/sites/un2.un.org/files/sustainable_water_energy_solutions_addressing_climate_change_final_20210628_1.pdf
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PSH further contributes to reducing overall system costs through avoiding variable renewable energy (VRE) 

curtailment, avoiding the CAPEX from other generation solutions options (e.g., nuclear, hydrogen, gas CCS) 

that would otherwise be needed. It can reduce transmission congestion, avoiding CAPEX of additional 
transmission (deferring transmission network investment) and can displace investment in carbon intensive 

flexible assets such as CCGTs avoiding the costs of related greenhouse gas (GHG) emissions. 
 

To put this into context, according to Bill Gates’ How to Avoid a Climate Disaster, if Tokyo were to get all its 

electricity from wind power and a storm causes the wind turbines to shut down, 14 million batteries would be 
required to keep the lights on for three days. The purchase price would be USD $400 billion for the capital cost 

of the batteries alone, without including installation and maintenance costs (10). If Tokyo were to rely on PSH, 
the required investment in PSH assets would be between 2 and 10 times lower than the costs of batteries.5 

Furthermore, while batteries have a shorter lifespan and need to be replaced every ten years, PSH 
electromechanical equipment is typically refurbished after 40 years, and dams can last for over a century. 

Beyond the lifespan and costs, PSH brings additional grid services such as inertia or black start capability on a 

large scale6. 
 

Lastly, beyond power generation, some PSH can also provide many additional benefits (such as water 
management, irrigation control for agriculture, water distribution and water waste control). 

 

Therefore, a holistic approach that considers the overall system benefits of PSH over the longer-term will help 

minimise cost and make energy production more reliable than ever. These holistic benefits for the system are 

rarely valued; whereas, if valued appropriately, they justify the development of new PSH projects. One such 

example that holistically assesses market-wide benefits is the Australian Integrated System Plan (ISP) which 

communicates the system operator’s view of a least-cost resource mix over the next twenty years. The ISP 

indicates that Australia will need 6-19 GW of new dispatchable resources (energy storage including PSH), to 

support increasing shares of VRE. The ISP also assesses the emerging need for short, and long duration storage 

assets, demonstrating a clear and critical role for long-duration storages in a high renewables future.  

 

 
5 These estimates vary depending on the assumptions taken as a reference for the $ / kWh from different projects. 
6 For more information on the additional grid services that PSH can provide, please see International Forum on Pumped Storage 
Hydropower's (IFPSH) WG.3 paper on Costs, Capabilities and Innovation. 

Figure 2 – Balancing Mechanism Conventional Forecast submitted by the generators (dotted) 
and estimated outturn of conventional transmission generation (solid line) by fuel type at the 

4-hour ahead stage. 

SOURCE: National Grid ESO Appendices to the Technical Report on the events of 9 August 2019 (56 p. 76) 
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A further Australian example is the New South Wales’s Electricity Infrastructure Roadmap which promotes the 

development of Renewable Energy Zones combined with long duration energy storage (specifically PSH) and 

found that this initiative would benefit the end user by reducing retail electricity prices by 8% compared to no 

action, representing savings of several billion dollars per year.   

 

Another recent study by Imperial College London estimated the whole-system value of long-duration energy 

storage in a net zero emission energy system. The study stated that the total gross electricity system cost 

savings from an additional 4.5 GW or 90 GWh of new PSH were estimated to be up to US$950m per year in 

2050, with more savings made when the energy storage volume is higher, and system flexibility is lower (11). 
 

The IFPSH’s Capabilities, Costs and Innovation Working Group has prepared a comparative analysis of different 

type of storage technologies and a detailed assessment of the capabilities of PSH. Table 2 summarises this 

comparative analysis, visually showing PSH’s unique properties in comparison with other existing storage 

technologies, including Mechanical inertia, Reactive power and Black start capabilities, as well as its long 

lifetime, high storage cycles, and very high technical readiness level7. When looking at the effective capex costs 

of PSH’s long lifetime, in comparison to other technologies which may need replacing, PSH is the most cost-

effective energy storage choice in the long term.   

 
* Source: US DOE, 2020 Grid Energy Storage Technology Cost and Performance Assessment 
** Estimation based on the value of initial investment at end of lifetime including the replacement cost at every end of life period. 

 

PSH, like all infrastructure, has local environmental impacts and it is important that these are properly assessed 
and appropriately mitigated. The Forum’s Sustainability working group’s report sets out how this can be 

achieved through the deployment of a wide range of globally recognized tools and practices.  

 
 

 

 
7 For more information on the additional grid services that PSH can provide, please see International Forum on Pumped Storage 
Hydropower's (IFPSH) WG.3 paper on Costs, Capabilities and Innovation. 

Table 2 – Comparison of different electricity storage technologies for 1000/100 MW and 10h duration 

Source: provisional information extracted from IFPSH WG.3 reports 
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1.4 Recent PSH development worldwide and looking ahead  

 

Pumped storage technology was first developed at the turn of the 20th century, however, the planning and 

construction of PSH projects began in earnest after the end of the Second World War (see Figure 3). By the 
1960s, most of the new thermal generators coming online were of large-capacity and high temperature and 

pressure units, with little prospect for significant improvements in efficiency. These generators were best suited 
for constant high output to reduce equipment stress and maintenance cost while optimizing operating 

efficiencies. PSH plants were ideally placed to absorb surplus power and generate peaking capacity and were 

almost exclusively built by state-owned utilities.  
 

Yet, after the 1980s, fewer projects, especially in the more mature markets of Europe, Japan and the United 
States, were developed; the main reason for the reduction was a result of energy market deregulation and a 

decline in nuclear growth. However, there were some exceptions, notably Austria. With no nuclear generation, 
but a rich hydropower resource, Austria developed PSH to enhance the operation and efficiency of its large-

scale hydropower fleet and provide balancing services to neighbouring grids. Since the turn of the century, 

there has been a renewed interest in PSH in numerous countries, most notably in China but also in Europe and 
virgin markets. As VRE sources increasingly penetrate grids, PSH has begun to be viewed by some as a key 

renewable integration tool.8 At the end of 2020, the global installed capacity stood at 160GW with over 9,000 
GWh of storage capacity. China has accounted for much of the recent growth, having added over 15 GW of 

capacity alone since 2010, driven by ambitious government targets for renewables. For PSH in China, 31.5 GW 

has already commissioned, a further 53.7 GW is under construction, with the aim of 62 GW installed by2025, 
for a total installed capacity of 120 GW by 2030 (5). 

 
Over the last decade, new PSH installed capacity in Europe was almost +8 GW, with the biggest growths in 

Switzerland, Austria, Portugal, Spain, and France.  
 

Figure 3 – Total installed capacity additions between 1965 and 2020 broken down by country and 

region. 

Source: IHA’s hydropower database. 

 
 

 

 
8 The International Energy Agency recently released a report on the challenges associated with integrating variable renewable energy 

sources and the potential of hydropower (traditional and PSH) to deliver system services to meet these challenges. See Botterud et al. 

(2021) “Valuing Flexibility in Evolving Electricity Markets: Current Status and Future Outlook for Hydropower.” 
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Despite this renewed interest and market need, PSH capacity growth has slowed in recent years to below 3% 
(see Figure 3 and a map of the pipeline for PSH development in Figure 4). Indeed, despite all the potential 

benefits and value, the maturity of the technology and its costs, outside China, year-on-year installed capacity 
growth has been just 1.5 per cent since 2014. This has been due to a combination of factors, most notably 

policy and market frameworks which in many countries fail to provide appropriate market signals to de-risk 

development. 
 

 

Lack of appropriate policy and market frameworks have also contributed to limited private-sector-led or financed 

PSH capacity being added: of the estimated 60 GW expected to be commissioned by 2030, less than 10% is 
being developed by the private sector. Given the growing need for long-duration storage as highlighted by 

several country and regional targets, and estimated requirements (see Table 1), the level of private-sector-led 
development will need to rapidly accelerate supported by a viable route to market. 

 

  

Figure 4 – Map of pumped storage hydropower project development pipeline by region and 

development stage. 

SOURCE: US DOE - U.S. Hydropower Market Report January 2021 (9) 

 

Box 2. How Israel is managing the energy transition in an island grid 

The Israel Electric Corporation (IEC) - Israel’s state grid operator - identified a need for the development of 

long-term reliable capacity to integrate variable renewables, specifically increasing developments of solar 
resources. The Israeli grid is fossil fuel heavy, as it is without any regional interconnections, limiting the 

system’s flexibility to respond to long duration solar energy output shortages. IEC identified a need for 800 

MW of energy storage (5% of demand of 18 GW). Recognizing this need on its system, the IEC undertook 
a concerted effort to develop this long-term capacity in the form of multiple PSH resources. At present, 

these are among the small number of PSH plants in the world of a significant size being actively built by 
private developers. These plants are discussed in further detail in section 4.3 Capacity and availability 
payments. 
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Chapter 2 
Barriers and Challenges to PSH 
development 

Summary 

• Many markets lack long term modelling or targets for long duration 

storage needs. 

• Where models are used, they often have outdated assumptions about 

technical capabilities and may not take account of key discriminating 

factors. 

• Long term electricity and ancillary services prices are difficult to forecast 

and subject to wider government policies. Without risk mitigation 

mechanisms investors are reluctant to invest in assets with long term pay 

back periods such as PSH. 

• In many markets not all services provide by PSH are remunerated. 

• In some markets existing PSH plant margins are being squeezed by 

carbon intensive gas. 

• Rules on transmission assets can create barriers to efficient deployment 

of PSH. Hybrid assets that can serve both transmission and generation 

markets may lower overall system costs. 

• Licensing and permitting requirements for PSH are often lengthy, where 

feasible these should be shortened, and best practice robust yet timely 

process introduced. 
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2.1 Planning and modelling 

In many instances, decision makers and planners utilise models that are not robust enough to properly evaluate 

and distinguish different storage technologies.  For example, many use data based on existing resources and 

technologies within their systems, which in the case of PSH, may be old technology (e.g., 30 years+ in some 

markets).  These data and models are not representative of what new technology can achieve.   

Like for like comparisons between technologies are important but can be conceptually difficult. Factors such as 
the timeframe on which comparisons are based can make a significant difference to a recommended option. 

For example, using a 5-year life to compare battery costs to PSH costs will skew the results to batteries; 

whereas, using a 40-80-year reference period is more reflective of the typical lifespan of PSH but would require 
many cycles of battery deployment.  Lifecyle costing should include the costs of decommissioning and disposal 

including associated environmental impacts. In the previous example this would include the costs of multiple 
decommissioning of batteries, but only one PSH decommissioning exercise. Furthermore, projected costs for 

unproven technologies must be realistic and decision makers should be clear when they are being asked to take 

decisions based on estimates of future costs rather than technology that is understood and deployable today. 

Planners must be clear on the services they are seeking to model when considering energy storage resources:  

modelling should not be limited to only generation or charging capacity (i.e., MW of capacity) but should 
consider storage of energy (i.e., MWh of energy) and the operational ranges capabilities of storage resources 

across capacity and energy. System models in use today have been designed for traditional energy systems 
dominated by dispatchable resources and accordingly do not adequately model operations in systems with 

significant deployments of variable renewable resources.   Many models use average values for renewable 

generation, energy storage, and other asset characteristics, as well as for grid service requirements beyond 
energy. Importantly, most energy models used by planners and policymakers do not capture intra-hour 

operations, which can lead to potential underestimates of system flexibility requirements and the capability of 

resources that might be able deliver services to meet them. 

Similarly, many models do not capture multi-day, weekly, monthly, or longer duration seasonal operations, and 
thus may not adequately model the need for long duration capacity needs, such as those that can be provided 

by PSH. Aligning electricity supply and demand and ensuring grid stability over a long period requires long 

duration large scale energy storage solutions that can provide not only capacity (MW) but also energy (MWh) 
to the network for several hours or days. Finally, in an environment of increasing weather severity, many models 

do not consider inputs from updated climate models, rather relying on historical data that does not include 

more recent extreme climate events such as those recently experienced in the U.S. or Australia.   

Utilising models that consider the full benefits of PSH is critical for setting energy storage targets; however, 

very few countries have set targets for energy storage, and some of them only focus on batteries or hydrogen 
deployment.  

 
As part of assessing and planning for sustainable long duration storage, WG3 on Sustainability, has noted three 

core requirements 1) System-level strategic assessment 2) Options Assessment 3) Project optimisation. 

Sustainable long duration storage planning requires a system-level strategic assessment to determine the 
electrical system service needs, characteristics of flexibility that may be needed, economic performance and life 

duration expectation to ultimately determine the storage and flexibility demonstrated need. Next, an options 
assessment to compare potential energy storage technologies should be carried out, and finally project 

optimisation to ensure that the most sustainable PSH projects will be delivered.  
 

To prepare a smooth clean energy transition, and ensure grid stability in the near future, decisions on energy 

storage must be made today, require global action, national commitments, and consistent policy and regulatory 
frameworks for all storage technologies. However, planning considerations leave out long duration storage, and 

there are constraints around financing PSH projects and how services will be remunerated.  

2.2 Financial considerations 

 

The main challenges for PSH today are the profitability of existing plants and the need for stable economic 
signals to build the business case and attract institutional investors for new development. As with all large 

infrastructure projects it is necessary to mitigate investment risks as much as possible to improve attractiveness 



 

21 
 

to developers and financiers.  There are several reasons for this but at the core it results from two related 
considerations: the large capital outlay and lack of a secure revenue stream. 

 
2.2.1 Large capital outlay – project finance risk 
 

Hydropower projects, including PSH, typically have large upfront civil works costs as well as a high-risk profile 
because investors are exposed to the full cost before revenues commence. Risks will impact whether a project 

is deemed bankable to the private sector9.  Because of this required high upfront capital investment, this can 
directly add to increasing the financial risk, i.e., a project might be seen as nonviable financially, so even for 

those projects deemed low risk, public sector financial measures can be used to help mitigate risk. Financial 
nonviability can be mitigated through tax concessions, which provide early relief, as well as government 

subsidies. Risk profiles that are deemed “unacceptable” can be supported through credit enhancement 

guarantees or rearrangement of the risk between the project parties. 
 

One common way that Hydropower Projects like PSH mitigate risks, is to set-up public private partnerships 
(PPPs) which can have a combination of public and private ownership of the asset, as well as combination of 

private or public financing; thereby enabling risk sharing across parties10. 

 

 

 

 
9 For more on the risk profile of Hydropower projects, please see “Perceptions of risk in relation to large hydropower projects: a finance 
perspective” and for an interactive model of hydropower project risk see Future DAMS Risk Framework. 
10 The choice of financing model or structure of ownership is discussed in “The Financing of Water Infrastructure A Review of Case Studies 
2006” and charts the chain of decisions for potential risks which then impact whether a project is funded and owned/operated via the 
public sector or private.  

Figure 5 – Risk and Project Development 

Source: IFC Guide (55) Head 2006 

https://www.cisl.cam.ac.uk/system/files/documents/future-dams-working-paper-risk-2.pdf
https://www.cisl.cam.ac.uk/system/files/documents/future-dams-working-paper-risk-2.pdf
http://www.futuredams.org/risk-framework/
https://documents1.worldbank.org/curated/en/259611468175789554/pdf/590700WP0Water1Box0349464B01PUBLIC1.pdf
https://documents1.worldbank.org/curated/en/259611468175789554/pdf/590700WP0Water1Box0349464B01PUBLIC1.pdf
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One example of risk sharing is 
the San Roque hydroelectric 

power project in the Philippines 
which was built through a 

consortium of Marubeni 

Corporation, Sithe Philippines 
Holdings Inc. and Italian Thai 

development public issuer under 
a BOT scheme and now provides 

peaking power, irrigation, flood 
control and water quality 

improvement to the area (12). 

The project was split between a 
lower risk private project for the 

power station and a higher risk 
public project for the dam, 

thereby sharing risk across the 

two split projects. The 
consortium formed the San 

Roque Power Corporation which will operate and own the power facilities for 25 years before transferring to 
the public sector National Power Corporation.  

 
As part of determining the ownership and financing model, this process will also include an assessment of the 

length of time for debt repayment or ’tenor’. With high upfront costs for civil works creating a high risk, Figure 

6 shows an example of how a longer debt tenor of 20 years allows the break-even tariff to be closer to the 
levelized tariff whilst servicing debt in early years, compared to shorter debt tenor of 10 years. Because projects 

have a long lifespan, debt repayments tend to be relatively short in comparison to the technical life span, and 
any PSH investment should be viewed as long-term. If projects are financed with short tenor debt, then they 

may need a much higher tariff in the short term or could be viewed as unattractive for investment. Thus, the 

level of tariff or remuneration can affect how projects are funded and it is therefore, critical to reduce financial 
risks by securing a revenue stream that will effectively remunerate PSH for all the services it provides, and 

thereby reduce revenue uncertainty. 
 

2.2.2 Revenue uncertainty 
 

Lack of a secure revenue stream uncertainty manifests in two primary ways: first the difficulty of predicting 
revenue streams over long timeframes due to market conditions and emerging technologies, and secondly the 

existing regulatory and market paradigms where storage assets are only remunerated for a fraction of the 

benefits they can provide to the system (13) (14) (15) (For a breakdown in remuneration services provided in 
different country’s electricity markets, see Figure 7).  

 
These revenue uncertainties do not allow potential developers or financiers to predict revenue over the time 

required to recover the pumped storage investment. Whereas, for example, energy and ancillary service market 

prices may be reasonably predicted in a short timeframe based on historical data, fuel forecasts, and market 
planning processes; predicting these same variables over the duration of a pumped storage asset’s life (e.g., 

at least 40 years) is far more difficult. Further complicating this difficulty is that by their very nature and scale, 
pumped storage assets can alter system conditions by charging or discharging. While this is exactly what makes 

these plants valuable, their charging and discharging operation alters the market and the precise impact on 
pricing may be difficult to predict.  

 

Another form of revenue uncertainty is that energy storage resources, including pumped hydro plants but also 
others, are subject to limiting and unclear market and regulatory rules. Pumped storage plants are not 

compensated for all the benefits that they can provide to electricity systems that are impacted by the higher 
penetration of VRE; this includes their uncompensated delivery of system inertia and primary frequency 

response, which are not currently market products in most electricity markets. It also includes the value they 

provide with regards to reliability or resilience as controllable energy system assets (15).  
 

Figure 6 – Example of debt tenor and tariffs for hydropower project 

Source: (39) 
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These services will be especially valuable as VRE penetration increases and replaces existing spinning 
machinery. Variable technologies cannot inherently provide inertia or primary frequency response and are not 

sufficiently controllable to address reliability or resiliency requirements. In addition, pumped storage can provide 
value across the electric system functions of 

generation, transmission, and distribution.  

However, it is often explicitly restricted from 
obtaining revenue in doing so or the avenues for 

participation and remuneration are not clear for 
PSH, particularly in organized markets where PSH 

does not have a clear pathway to participation as 
both a generation and transmission resource. 

 
2.2.3 Changes in the operations of 
existing PSH 
 

Before the emergence of significant variable 
renewable resources PSH plants were largely used 

to complement non-flexible generation, 

particularly nuclear power plants, by shifting the 
peak demand. As markets in Europe and the 

United States have become organized, and 
generation resources spun off from regulated 

entities, PSH operations have changed to follow 

market prices. In Europe arbitrage of market price 
variations has maintained PSH revenue streams 

until recently.  
 

The growing deployment of renewables has seen 
more volatile price spreads. PSH plants should be 

able to take advantage of this increasing volatility 

and charge or dispatch as market prices move. 
However, with decreasing demand following the 

2008 financial crisis and the emergence of low-
cost natural gas these price spreads have 

dropped, and fast-moving carbon emitting natural 

gas units have been able to respond to price as 
well as PSH plants. Accordingly, arbitrage 

revenues have decreased for PSH plants to the 
point that invested capital expenses cannot be 

recovered. In the United States, more 
robust ancillary service markets have 

supported existing revenues with PSH plants being operated in a far more flexible fashion. PSH plants in Europe 

with less robust ancillary service markets have not been as fortunate.  
 

For example, Figure 8 below highlights PSH performance in the Swiss market. Revenues per capacity have 
dropped significantly since 2008 with dropping prices and price spreads 11 and have fallen below project 

breakeven revenue. They have maintained above operating expenditures allowing existing projects to continue 

operating but preventing any new development. 
 
 
 

 
11 P-OP in the chart refers to the difference between Peak and Off-Peak price. 

Figure 7 – Remuneration for multiple grid services 

Source: IEA - Hydropower Special Market Report Analysis and forecast to 2030 
(4)  
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On top of revenue uncertainties, further economic barriers penalize the viability of projects and prevent 
investment in new or other energy storage technologies. In many EU countries, double grid fees apply to 

operators of pumped storage power plants in some Mem3ber States12: they have to pay when consuming 
electricity (Load-charge) as well as when generating electricity (Generator-charge). Double charges penalise 

the complementary benefits of storage to the networks for balancing the wider electricity system.  

2.3 Ownership models and transmission / generation considerations  

 

Ownerships models for energy storage have become a critical issue with the deregulation of electricity markets. 

Historically, in many markets, PSH plants were developed under regulated market conditions and were owned 

by vertically integrated utilities which managed the overall value chain of electricity from generation to 

transmission and distribution. Such models allowed energy storage to be integrated into long-term system-wide 

resource planning, achieving economies of scale, and benefiting the overall power system.  

 

However, new market designs have emerged, and the unbundling of power entities requires clear ownership 

rules for energy storage assets to enable investments. The categorization of energy storage as either 

transmission or generation, or even potentially under its own category as a unique asset, helps to determine 

its potential revenues, i.e., whether it can provide flexibility and balancing services in competitive markets or 

contribute to transmission and distribution deferral. Most recent regulatory and legal frameworks classify 

storage as a generation asset preventing transmission or distribution system operators from owning storage 

devices. While this helps to develop a level playing field for all energy asset owners it is a significant barrier to 

transmission and distribution services, one of the highest-value applications for energy storage.  

 

Legal frameworks can also impact the economic viability of projects. In several EU countries, India and other 

countries, PSH plants were classified both as a generation asset and as a final consumer, requiring them to pay 

 
12 The EU’s recent ‘Fit for 55’ announcement included an amendment to the Energy Tax Directive to avoid the risk of double taxation for 
energy storage devices; however, taxation is an EU Member State competency.  

Figure 8 – Swiss market PSH performance 

Source: Alpiq 

 

https://ec.europa.eu/commission/presscorner/detail/en/IP_21_3541
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the grid access fee twice13. There was a proposal as part of the European Clean Energy Package (CEP) in 2019 

to define storage as a separate entity from generation, transmission, or load, preventing it from being double-

taxed when charging and discharging. In the new electricity market designed by the CEP, storage services 

would be market-based and competitive, and therefore regulated functions of distribution or transmission 

should not cover energy storage activities, and they can own, develop, manage, or operate energy storage 

facilities only under exceptional and restricted circumstances.  

 

In China, energy storage is categorized as transmission and distribution assets, and grid companies are 

responsible for the construction of PSH plants. State Grid and China Southern Grid companies own 

approximately 75% of the 60 GW PSH installed base under operation or construction. However, in 2019, 

regulations changed, and grid companies can no longer include storage costs in their transmission and 

distribution fees. 

 

In the U.S., energy storage has historically been classified by the type of service it provides, nearly always 
generation, but transmission in a few instances. In 2019, the Federal Energy Regulatory Commission (FERC) 

published a note, suggesting that energy storage resources could be operated as “dual use” assets, providing 
both generation and transmission services, but left it up to its regulated markets to propose specific rules. 

Accordingly, both California’s Independent System Operator (CAISO) and the Midcontinental Independent 

System Operator (MISO) undertook stakeholder proceedings to identify “dual use” rules. However, due to 
logistical complexity in operations and disagreement across stakeholders, both suspended these proceedings 

for future consideration. Instead, both reaffirmed and detailed rules for energy storage resource participation 
as solely transmission assets.   

 

In Chile the national law was changed to allow for storage to serve as transmission network reinforcement in 

emergency cases (2). 

2.4 Licensing / permitting  

 

Large infrastructure projects such as new PSH development are subject to long processes that include many 
steps from site selection, pre-feasibility / feasibility studies as well as environmental and social assessments, to 

permitting/licensing from one or various entities. Unlike other technologies that can go from proposal to 
realization in under six years, a pumped storage plant might take more than ten years from conception to 

operation (14 pp. 8-14). As noted previously, pumped storage plants have the characteristic of major 
infrastructure investments, namely that they are capital intensive, have relatively low operational costs in use, 

and once construction begins there is little opportunity to change course and modify investment in response to 

a change in market conditions. Other electric system technologies such as natural gas plants, renewables or 
even other smaller energy storage assets, namely batteries, have smaller total upfront capital costs (i.e., 

generally they are smaller plants) and smaller development timeframes (14) (16).14  
 

In the U.S., a new license from the Federal Energy Regulatory Commission (as well as other state and federal 

permits) can take from 3-5 years and include significant investments in planning and studies. Most PSH projects 
can take up to 3-5 years for construction in addition to the 3–5-year license application process. To facilitate 

the development of projects, FERC has established an expedited process within its existing licensing framework 
for issuing original licenses for qualifying low-impact PSH such as off-channel or closed-loop projects (17). 

Projects qualify based on criteria that include minimal water flow impacts and other environmental concerns. 
Under the expedited licensing process, the Commission works to issue a final decision no later than two years 

after it receives a completed license application.  

 
The regulator should make this process more explicit in its licensing material, extend this accelerated process 

in non-powered dam and existing reservoir pumped storage. In the event of multi-purpose projects, licensing 

 
13 The fees are noted in Central Electricity Regulatory Commission (Terms and Conditions of Tariff) Regulations, 2019. However, the Indian 
Ministry of Power issued a waiver in June 2021 of inter-state transmission charges for PSH projects if at least 70% of annual electricity 
used for pumping water is from solar / wind power.  
14  The recent Tennessee Valley Authority Integrated Resource Plan uses a 60-year plant life for pumped storage plants. See 
https://www.tva.gov/Environment/Environmental-Stewardship/Integrated-Resource-Plan.  

https://powermin.gov.in/sites/default/files/webform/notices/Waiver_of_inter_state_transmission_charges_Order_dated_21_June_2021.pdf
https://www.tva.gov/Environment/Environmental-Stewardship/Integrated-Resource-Plan
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can be even more challenging since additional externalities and related costs (such as establishing new parks, 
recreational facilities, new environmental studies, etc.) must be integrated.  

 
In India, PSH is considered as a river valley project even if there is no construction of a new dam, resulting in 

a very long time (3–5 years) for obtaining the environment and forest clearances from the Ministry of 

Environmental and Forest and Climate Change (MoEF&CC). Utility scale off-river PSH integrated with renewable 
power are not being treated as renewable projects and thus all incentives and easy clearances available to solar 

and wind renewable projects are not available to PSH. Separate guidelines for off-river PSP for early concurrence 
from MOEF&CC are not available, resulting in a longer time for obtaining financial closure.  

 
In the Philippines, the Department of Energy’s (DoE) Framework for Energy Storage System in the Electric 

Power Systems explicitly includes PSH as a technology to maintain power reliability and integrate VRE. This DoE 

circular also highlighted licensing and permitting, frameworks for market participation, connection, and 
operational requirements. To meet ambitious targets of tripling RE capacity by 2030, demand for conventional 

hydropower and PSH is projected to increase to provide grid stability and reliability. As of 2018, projects deemed 
of “national significance” can be streamlined through the regulatory procedures and fast-tracked under 

Executive Order 30. 

 
The shorter and simpler the development phase is, the more attractive the investment will be. Clearly this 

cannot be at the expense of robust and appropriate environmental and other assessments. Governments and 
regulatory authorities can learn from best practice deployment around the world and ensure the most 

appropriate assessment tools are deployed.15 In recognition of the longer lead times required for PSH to meet 
the appropriate assessment timelines, participation in the relevant market and incentive mechanisms should 

allow for these timelines. Finally, it is important that technologies are considered as equitably as possible, 

including full consideration of lifecycle impacts for example16.  
 

  

 
15 For example, the hydropower sustainability tools governed by a multi-stakeholder council (https://www.hydropower.org/sustainability-
tools) 
16 For further information on lifecycle impacts, please see International Forum on Pumped Storage Hydropower's (IFPSH) WG.2 paper on 
Sustainability. 

https://www.hydropower.org/sustainability-tools)
https://www.hydropower.org/sustainability-tools)
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Chapter 3 
Recent government-led developments 
and best practices 

Summary 

• There are many examples of successful incentive schemes and other 

mechanisms to support the deployment of low carbon technologies, but 

these are rarely available to PSH. 

• Where PSH does have specific mandates, such as in China, deployment 

is happening at pace. 

• Structural issues with capacity market mechanisms have limited PSH 

participation, short term contracts, limited carbon obligations and 

requirements to build within short time frames have implicitly supported 

other technologies. 

• Direct targeted support for PSH can result in significant local economic 

benefit. 

• Direct support for specific projects or sites can secure low cost reliable 

PSH capacity. 

• Mechanisms used to support certain types of transmission infrastructure 

while minimizing consumer costs has the potential to be used, with some 

adjustment, for PSH.  
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3.1 Government policies (mandates, targets and support mechanisms) 

 

Following sustained government intervention in the form of mandates, targets, investment and other technology 

incentive support mechanisms, wind and solar resources have seen widespread deployment worldwide and 
achieved grid cost parity with traditional fossil fuel energy technologies. A similar pattern is being repeated with 

short duration energy storage. Successful examples have included the UK’s Low Carbon Contract Company 
(LCCC) that runs the Contract for Difference scheme, Investment Tax Credit and Production Tax Credit in the 

US, or feed-in-tariffs in Germany.  

 
In these examples, market signals on their own were insufficient to enable investment in these technologies.  

Government intervention, for example, in the form of subsidies made the difference in making these VRE 
competitive with fossil fuel options. 

 
PSH faces a similar challenge: its value as a system resource to enable a reliable clean energy future is clear.  

However, as discussed in the prior section, the market incentives and regulatory and market environments are 

not sufficient to attract investment. Whilst it is in society’s interest to support the deployment of new 
technologies, support mechanisms that are only available to emerging technologies risks distorting markets and 

may restrict investment in the most efficient options.   
 

PSH has the advantage of being a mature technology where costs have been optimized, and importantly, it is 

widely used and recognized across industry as a reliable resource. Yet, the market frameworks within which it 
was previously built are no longer applicable, with the exception of some markets e.g., China. 

 
The need for energy storage to integrate variable renewable technologies has been accepted in energy planning 

communities, and in some governments for the last decade; however, long duration energy storage, and in 
particular PSH, has been left out of these considerations. More recently, planners and governments have begun 

to recognize the need for long duration storage, especially as evidence mounts that ensuring energy delivery 

and reliability in a system of high VRE penetration will require long duration storage. Energy markets as currently 
designed will not on their own incentivise the development of long duration storage, such as PSH. 

 
In the draft 14th Five Year Plan, China identified solar and wind power generation as the main contributor to 

China’s incremental power capacity for the next decades to come.  Unlike the 13th Five Year Plan, solar and 

wind have overtaken hydropower to become China’s second-largest power generation source. 
 

The 14th Five Year Plan mentions building a series of pump-hydro storage plants, as well as demonstrations of 
battery storage, compressed air and flywheel storage (18) and the NEA’s recent announcement means China 

could see more than 300 GW of PSH capacity in the coming decades. 

 
European countries are also planning a significant increase of the installed capacity in energy storage, pumped 

hydro storage particularly: the Spanish National Energy and Climate Plan (NECP) considers 6 GW of additional 
storage capacity by 2030, 3.5 GW of which from PSH; Italian NECP plans +6 GW of new storage capacity, with 

at least 50% from PSH plants; the Portuguese Roadmap for Carbon Neutrality 2050 with energy storage to 
account for 7.5 GW by 2050, and the Swiss last updated version of Energy Perspectives 2050+ considers +1.8 

GW PSH in Zero-carbon scenario by 2050.  
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A mechanism used to promote development of new 

generating capacity, or for existing capacity to remain in 
operation, has been capacity markets in the United States 

and Europe. The capacity market mechanism was 
specifically designed to help ensure that electricity supply 

continues to meet demand as more volatile and 

unpredictable renewable generation plants come online. 
Capacity markets are auctions or trading sessions for 

exchanging capacity guarantees, where system operators 
seek a certain amount of capacity for future system needs 

thereby ensuring security of supply. Under the mechanism, 
if successful, participants are generally paid a per MW rate 

for the capacity they offer to the market. This capacity 

needs to be available when providers are called upon by 
the system operator at any time during the contracted 

period. 
 

However, these capacity markets have not, to date, 

enabled the development of greenfield long-term energy 
storage, and have instead largely supported natural gas 

generation which in current market frameworks provides a 
much faster return on investment.  Most capacity markets 

do not consider the clean energy potential of technologies 
being deployed and are not incentivized to price 

carbon externalities properly.  

 

 

Boxed 3 PSH development support in India 
 
With increasing deployment of wind and solar expected over the coming years to meet ambitious targets, 

the Indian government has identified a need for a significant expansion in power system flexibility to ensure 

grid stability and avoid power shortages (40). Reflecting this, in March 2019, India declared that large 
hydropower (greater than 25 MW) was officially a renewable energy resource. This move will enable new, 

large projects to benefit from the non-solar Renewable Purchase Obligation which mandates that regional 
utilities must purchase a portion of their electricity from hydropower. More recently, India also moved to a 

real-time market in electricity which will encourage and reward more flexible generation sources. 

 
To further support this aim, the Indian government has requested the World Bank to carry out a study to 

determine the flexibility of hydropower and investigate appropriate market and regulatory framework for 
hydropower flexibility, particularly for pumped storage (41).   

 
In addition, the country recently amended its National Wind-Solar Hybrid Policy to clarify that pumped 

storage could be used in hybrid wind-solar projects, to promote large grid-connected hybrid wind-solar PV 

development and efficient grid utilization. Putting this policy into effect, the Solar Energy Corporation of 
India awarded the world’s largest renewables-plus-storage tender for the 1,200 MW Pinnapuram Integrated 

Renewable Energy PSH Project in the state of Andhra Pradesh in southern India. This project will see a 
1,200 MW PSH system, coupled with a 2,000 MW solar PV plant and a 400 MW wind farm tied together at 

a single substation to be available by 2022. Furthermore, the project was also recognized as a Mega 

Industrial Project by the State Government which enabled it to benefit from streamlined and accelerated 
grant clearances. 

 
Experts speculate that this project may revive new interest in PSH development in India, particularly in 

hybrid projects, beyond the existing 1,000 MW Tehri PSH project currently under construction.1 For instance, 

Greenko has received US$ 500 million in equity financing from the Abu Dhabi government and from 
Singapore’s GIC last year for development of PSH hybrid projects in India (42). 
 

 
Figure 9 – Short and long-term remuneration 

of capacity in selected countries 

Source: (4) 
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These markets are largely focused on short duration capacity development over three to five years in the future 
with auction periods that have capacity obligations of only one year. Even with longer contract periods (e.g., 

some auctions have 15-year contracts, see Figure 9) requirements to build within a short timeframe (e.g., 2-5 
years) precludes more cost-effective but longer-to-develop technologies such as PSH from competing as they 

will not be operational on-time. This requirement for short construction-time is especially unfair for longer-to-

develop technologies’ when considering PSH plants have an economic lifetime of 40-60 years.  Capacity markets 
should not exclude longer-to-develop technologies and need to provide long-term remuneration schemes to 

help stimulate new PSH projects in electricity markets.  
 

Other structural factors also play a role: energy markets are based on marginal operating costs which means 
they are inherently biased to natural gas plants, particularly in light of retirements of other price-setting 

resources. With the price of electricity tied to natural gas in most markets, when gas prices go up, electricity 

prices go up, and vice versa, effectively protecting gas generators and those financing them. Conversely, for 
resources with low operating costs and high capital costs, such as PSH, capital costs do not change and need 

to be recovered regardless of market conditions. Therefore, even though capacity markets might be a 
mechanism to ensure reliable capacity, in their current form they do not help greenfield PSH development.  

 

In the United States, capacity market clearing prices are usually of the order of USD $5 to $10 per kilowatt per 
year of capacity cleared, which is an insufficient incentive for developing PSH resources. Even when coupled 

with potential energy and in ancillary market revenues the revenues are still insufficient.  
 

However, in the UK capacity market payments have benefited existing PSH stations, to the extent that such 
payments have helped finance modernization and refurbishment work. 

 

As discussed earlier, in Section 1.3, Long duration storage and PSH as a key enabler, various studies show that 
on a system level PSH is often the most cost-effective solution, but if developers are only able to participate in 

mechanisms on a limited basis their investors will not have the confidence that they will be sufficiently 
remunerated to risk the investment. As the world moves away from fossil fuels, even gas, it is vital that whole 

system analysis takes account of the provision of low carbon grid services across multiple timeframes in order 

to ensure the lowest cost outcomes. 

3.2 Financing supports (from state, regional – EU’s projects of common 
interest, R&D funding programmes, grants and green bonds) 

 

Financing for PSH can be provided by governments (federal, state, or regional), EU funded projects of common 
interest, R&D funding programmes, grants, and green bonds (as shown in Table 3) and will be required to meet 

sustainability criteria based on the country or regional context.  
 

Box 4. Capacity markets supporting the modernization of pumped storage 
plants in the UK 
 
First Hydro operates over 2 GW of pumped storage in the UK at their Dinorwig and Ffestiniog PSH plants, 

and in recent years have successfully taken part in the UK’s Capacity Market. For example, the company bid 

generating units at its 360 MW Ffestiniog plant into a capacity auction that was held in 2016. After securing 
a 15-year contract that year, which covered part of the plant’s installed capacity, First Hydro and its parent 

owners (ENGIE and Brookfield Renewables) proceeded with a decision for the plant’s modernisation. In 
2017, a GBP £50m investment was announced to fully refurbish two of the plants’ four turbine-generator 

units (43). Originally commissioned in 1963, the modernisation project is expected to extend the life of the 
plant while also improving its performance and fast response capabilities (43). With capacity options also 

available for other units, the project additionally supports the owner’s wider strategy to participate in future 
ancillary service and balancing markets (44). 
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Table 3 – Possible financing mechanisms for hydropower projects    

Source: (19). 

Type of Finance Source Interest Tenor 

Concessionary 
finance grants of 
soft loans 

Bilateral sources or multilateral development 
agencies; carbon credits 

Very low Long-term 

Public equity 
Public investment (government-supported) 
Some public equity is indirectly funded through 
bilateral/multilateral development banks 

Dividends cans start low and 
increase over time 

Indefinite 

Public debt 
Government loans, public bonds, or multilateral 
development banks 

Low rates set by government or 
development banks 

Medium to long-term 
with optional grace 

period 

Export credit Finance through Export Credit Agencies Medium to high 
Variable but commonly 
short- to medium -term 

Private 
commercial debt 

Private banks, commercial arm of development 
banks 

High (may be lower with a 
guarantee) 

Short- to medium- term 
(possibly extended with 

guarantees) 

Private equity 
Private sponsors, private investors, commercial 
arm of development banks 

High dividends are expected as 
risk compensation 

Depends on concession 
length 

 
Table 3 shows a summary of the types of financial mechanisms that might be used when public or private entities are 
looking to finance hydropower projects. It is worth noting that because of the similar characteristics (including high upfront 
capital cost and large civil works component) similar types of finance might be used for PSH projects.  

 
Direct financial support to promote wider economic benefits of PSH  

 
Another factor that has supported the development of renewable energy has been its potential to promote 
economic development; this includes the promotion of technology development and manufacturing companies 

as well as project developers. It also includes jobs created from construction, maintenance and operations, 

industry and supply chains, and indirect increases in local commerce (e.g., hotels, restaurants, and stores) 
associated with infrastructure development. A recent example hydropower project in Peru saw the creation of 

12,500 direct jobs and 10,000 indirect jobs and improved roads access for rural communities (20). Accordingly, 
governments have long supported the development of emerging renewable and smart grid technologies to 

achieve economic objectives via direct support. Direct support has come in the form of grants, loans, tax 

incentives, and special economic zones where access to government requirements such as licenses and 
permitting is streamlined (21; 22). 

 
Similarly, to renewable energy projects, PSH projects require significant infrastructure development in the 

building of reservoirs, dams, powerhouses, and related infrastructure, including transmission and roads. Such 
projects include a major civil works component, often representing upwards of 70% of the total project capital 

expenditure that provide opportunities for local employment and businesses. The development of a PSH project 

requires long construction timeframes and significant investment. Projects are generally in remote areas which 
may not have the same economic development opportunities as more populated regions. These factors make 

PSH plants excellent candidates to leverage economic development and promote synergies with wider socio-
economic goals. 

 

A recent example is the proposed 250 MW/2,000 MWh Kidston pumped storage project in Far North 
Queensland, Australia. This project benefitted from grant funding and is set to receive a 30-year concessional 

loan, worth AU$ 610 million, from the federal government’s Northern Australia Infrastructure Facility (NAIF) to 
support its development. Led by Genex Power, the project will be the first pumped storage scheme in the world 

to be located in an abandoned gold mine and will create over 500 jobs locally during the construction phase 
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along with considerable upstream and downstream opportunities and generate an estimated AU$ 800 million 
of economic activity across the region (23). 

 
Outside of market policy mechanisms  

 

Outside of market policy mechanisms are targeted, technology, or even project-specific interventions carried 
out by governments to meet an agreed upon energy need. One notable example is in the UK where in 2016 

the government agreed an inflation-linked set rate for the first 35 years of operation of the 3,200 MW Hinkley 
Point C nuclear power station (currently under construction). 

 
Targeted intervention has also taken place in the hydropower sector. In Portugal, the government established 

the National Plan on Dams with High Hydro Power Potential in 2007-08. This programme focused solely on 

increasing hydropower capacity, including PSH, to support VRE in order to reach their climate targets and has 
led to several important projects being built (24). 

 
The Australian Federal Government’s Underwriting New Generation Investment scheme is another example of 

an outside of market policy mechanism designed to support the development of dispatchable generation and 

storage assets. Six of the 12 projects short-listed for support under this programme are pumped storage hydro, 
including projects identified in the Tasmanian Battery of the Nation initiative. This investment programme will 

support investment confidence for a 750MW 20-hour PSH plant at Lake Cethana in Tasmania.  
 

Snowy Hydro 2.0 in Australia is a further example. In 2017, the federal government identified the value and 
need for large scale long duration energy storage as a necessary system resource in light of the increasing 

penetration of VRE across Australia’s National Electricity Market and imminent closure of significant coal-fired 

capacity. In response, the government supported the development of the 2,000 MW/350 GWh project by 
becoming the sole shareholder of the project’s developer, Snowy Hydro Limited, as well making an AU$ 1.4 

billion equity investment in the project. It is expected to be fully operational in 2025.  
 

In Europe, the EU taxonomy is a classification system establishing a list of environmentally sustainable economic 

activities to implement the European Green Deal. It is expected to create security for investors, protect private 
investors from greenwashing, help companies to plan the transition, mitigate market fragmentation and 

eventually help shift investments where they are most needed. The Act is now aligned with hydropower sector 
good practice requirements described in the Hydropower Sustainability ESG Gap Analysis Tool, compliance with 

which is necessary to secure green bond financing through the Climate Bonds Initiative. Importantly, the Act 

also now recognises all types of pumped storage hydropower as making a substantial contribution to climate 
change mitigation. 
 
Any finance mechanism or funding, and particularly those that will help mitigate the economic impacts of 

COVID-19 by implementing large-scale infrastructure projects, should be made available also for flexible 
hydropower, and in particular PSH.  

Box 5. Pumped storage and the green bond market 
The Climate Bonds Initiative (CBI), a not-for-profit organisation which develops certification standards for green 

bond issuances, has recently published its hydropower criteria (including PSH) (49). The hydropower sector 
has received the green light for climate bond finance, meaning that owners and developers can now benefit 

from this mechanism to finance or refinance hydropower projects. Certified climate bonds are a very good lever 

to direct investment to infrastructure that supports the Paris Agreement while reducing negative impacts on 
local environments and communities. 

 
To-date, worldwide green bond issuances have reached over US$1 trillion (50).  Green bonds fund projects that 

have positive environmental and climate benefits and the market has experienced significant growth since the 

first bond was issued in 2007.  
 

The published criteria recognise PSH projects as key supporting infrastructure for the deployment of VRE 
sources and vital for grid stability. The green bond market could prove to be an important source of financing 
and re-financing providing developers with a diversified investor base. 
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3.3 Other sectors’ initiatives  

3.3.1 Transmission 
 
The case can be made that PSH resources are very much like transmission infrastructure: not only can PSH 

provide several transmission services, (e.g., network congestion relief, system reliability, or voltage and reactive 
power support) but is a capital-intensive resource with a long asset life that has system-wide benefits. 

Accordingly, it is worth considering transmission investments, specifically merchant, or non-rate regulated 

investments, as potential models for PSH development that may help to address high capital costs and revenue 
uncertainty. Transmission that is rate regulated may also serve as a model for PSH development. 

 
3.3.2 European transmission development 
 
Europe has developed a multitude of transmission links and high voltage interconnectors between countries. 

For example, the NordBalt interconnector, which was partially funded by the EU, was commissioned in 2015, 

provides undersea transmission from Sweden to Lithuania, and facilitating trade between the Baltic and Nordic 
electricity markets. Following the development of the interconnector, Lithuania’s 900 MW Kruonis PSH plant 

has seen additional use supporting operational efficiency and back-up to Lithuania’s system, when the NordBalt 
interconnector is unavailable (25). There are plans to further expand capacity by another 225 MW to address 

wind intermittency expected from an expansion of wind generation in the region and to take advantage of price 

differentials between regional markets. 
 

Expansion studies for Kruonis PSH have been financed by the European Commission (26), and the project is 
included in the EU Projects of Common Interest (PCIs). The PCI programme comprises a list of proposed cross-

border infrastructure and storage projects, mainly high voltage interconnectors between two or more countries, 

but which also currently includes 12 PSH projects spanning Europe (in the UK, Ireland, Spain, Baltics, Balkans, 
Central Europe, an innovative offshore concept Belgium, etc.). Projects are listed through a stakeholder 

selection process conducted every two years by the European Commission. The process supports development 
studies, fast tracking of approvals, and makes it easier to obtain financing. The interconnectors on this list can 

also access Connecting Europe Fund (CEF) facility for capital support, and the recent review may allow the 
possibility for listed PSH plants to also access this support (27). It is important that cost benefit analysis and 

other tools used by parties assessing PCI projects take full account of the benefits of storage technologies. 

 
3.3.3 Cap and floor: Insights from UK’s interconnector process 
 
In the UK, to unlock greater investment in electricity interconnectors which enable the large-scale imports and 

exports of energy to the European mainland, the market regulator, Ofgem, developed the “Cap and Floor” 

mechanism. In simple terms, the mechanism supports the development of transmission where otherwise private 
developers were not able to secure financing due to uncertainty of long-term revenues. The Cap and Floor 

mechanism establishes a rate recovery floor, that is a minimum return, that transmission projects are 
guaranteed to receive from customers through regulated transmission rates. The scheme also establishes a 

cap, or a maximum return that projects can receive, permitting market participation while protecting ratepayers 
and preventing windfall profits for the developer. Any revenues generated above this cap are transferred to the 

system operator which are used to reduce transmissions charges across the system.  

 
Since the scheme was implemented in 2012, there are six installed and operating transmission projects. Review 

of these projects carried out by Ofgem have indicated that the scheme is operating as intended (15) (28). PSH 
projects might benefit from a similar Cap and Floor mechanism if it has long-term contracts, is open to all long-

duration storage technologies, and where the annual income floor value could be competitively set with 

conditions placed on the availability of flexibility services. 
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3.3.4 Chinese PSH Development 

 
China’s 13th Five Year Plan targeted a total pumped storage capacity of 90 GW by 2025 and the 14th Five Year 

Draft Plan includes mention of a series of PSH plants. The National Energy Administration has drafted a long-
term industry plan that will double the scale from the 13th Five Year Plan to 62 GW by 2025, and aim to have 

120 GW installed capacity by 2030 (5). Currently China has 32 GW pumped storage installed capacity and 
another 52 GW under construction. These projects have been developed by state owned transmission operators 

or in joint venture with local governments with state supported financing. Local governments often welcome 

the PSH projects as stimulus for the local economy and actively support benefit sharing and resettlement 
programmes. Pumped storage was regarded as a grid asset rather than a generation asset, deploying it in such 

a manner that it can capture benefits beyond generation services. The costs in the construction and operation 
of PSH are absorbed by the total costs of the power grid. PSH revenue in China is currently decided by the 

Chinese government using a two-part tariff system, which is combination of a fixed annual capacity-based 

payment and generation-based tariff intended for cost recovery.  
 
However, under the currently on-going electricity market reform, China is aiming to exclude the cost of 

energy storage from transmission and distribution costs in an attempt to reduce consumer electricity prices, 
with the goal of transitioning to spot markets, with an ancillary services market. Since 2019, pilot spot 

markets haves been trialled in eight provinces across the country, however PSH was not included in these 
spot markets. Regional ancillary service markets are also being trialled, but PSH is still excluded in some 

markets such as Shanxi and Shandong. PSH can participate in some ancillary service markets in regions of 
eastern China regions, and some services such as black start have been compensated, yet revenue has been 

too low to be self-sufficient.  China’s National Development and Reform Commission (NDRC) in May 2021 

released a policy paper, which sought to consolidate PSH pricing mechanism and suggested to optimize the 
two-part tariff mechanism based on capacity and energy. 

 
 

 

Box 6. PSH supporting a cleaner, more secure energy mix in the Middle East and 
North Africa  
 

Egypt’s electric system is currently operated by state-owned companies, with some private entities delivering 
renewable energy under contracts with the state utilities. Energy is largely produced by fossil fuels with 75% 

of the generation from natural gas resources. Egypt is working to diversify its energy mix and develop 10 GW 

of new solar and wind capacity by 2022, and is undertaking efforts to develop regional interconnections to 
increase cross-border trading. (51).  

 
As part of this diversification approach, the Attaqa Mountain PSH plant is a 2.4 GW project planned for 

development in Suez, developed by the Hydro Power Projects Executive Authority, and will be the first PSH 

plant in the country. The Export-Import Bank of China agreed to provide US$ 2.6bn in February 2019 following 
a memorandum of understanding signed between Egypt and the Chinese state-owned Sinohydro Corporation 

which is the engineering, procurement and construction (EPC) contractor for the project (52). The project will 
be used to provide energy during peak hours where available system capacity is limited, help integrate VRE 

resources and diversify Egypt’s energy system (53).  
 

In the United Arab Emirates, the Dubai Electricity & Water Authority (DEWA) is the government owned utility 

responsible for generating and delivering electricity across the Emirate of Dubai. Historically its generation has 
been entirely natural gas fired but under the Dubai Clean Energy strategy has recently greatly expanded solar 

generation. Dubai aims to produce 75% of its generation from clean resources by 2050 and is developing a 5 
GW solar farm by 2030 (25). DEWA awarded an EPC contract for the 250 MW Hatta PSH Plant in August 2019 

in the Dubai exclave of Hatta in the Hajar Mountains (26). The project, expected to be operational by 2024, is 

intended to pump water using collocated solar energy during off-peak hours and generate electricity during 
peak hours. The project benefits from the existing Hatta dam infrastructure (54).  DEWA has targeted the Hatta 
area renewable energy development to meet Dubai’s 2050 Clean Energy Strategy (25).  
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Chapter 4 
Remuneration schemes 

Summary 

1. Real time power settlement supports more efficient allocation of generation 

resources. 

2. Ancillary services in many markets are not compensated. 

3. Where ancillary services are procured and remunerated PSH can be competitive. 

4. Bespoke capacity mechanisms matched with longer-term power system modelling 

can share risk appropriately and deliver secure long term PSH services. 

5. PSH – variable renewable hybrids can provide firm, low cost, low carbon electricity. 
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As part of the energy transition, most policymakers are changing market structures in lock step with their 

transitioning generation mixes. For this to be successful, remuneration schemes must become more 
sophisticated and take into account the need for long-term power system planning to identify power system 

needs ahead of time and recognise the role hydropower can play in delivering grid stability. Table 4 summarizes 

the remuneration schemes or mechanisms available to PSH across different electricity markets. 

 
Table 4 – Electricity market services that PSH can provide 

Payment 
Mechanism/Service 

Description Example 

Energy  Delivery of energy [MWh] 
Most power purchase agreements/contracts 
around the world 

Capacity  Presence of capacity on the system [MW] 
Capacity markets in the UK/US or power purchase 
agreements that include a capacity term (Nevada 
PV and Energy Storage Projects) 

Availability 
Potential to deliver a certain amount of energy 
over a period of time. The resource must be 
available to deliver that energy if called upon. 

Israel PSH Contracts; Hydro Tasmania “Virtual 
Storage” contract 

Ancillary services 
(reserves) 

Delivery of different ancillary service reserve 
products (spinning reserve, firming, ramping, 
etc.) 

Snowy Hydro Super Peak Firming Payment 
California’s Market Ramping Product 

Ancillary services 
(frequency regulation) 

Delivery of short-term (seconds) reserves 
(energy) in response to a system operator signal 
(automatic generation control) 

Batteries delivering frequency regulation in 
Germany: EnspireME project 

Ancillary Services 
(inertia/fast frequency 
response) 

Delivery of inertia or primary (fast) frequency 
response to a system. This is an immediate 
delivery of energy in response to a frequency 
shortfall through spinning machinery or inverters. 

Ireland’s inertia and fast response market product 

Ancillary services 
(reactive power, voltage 
regulation) 

Delivery of reactive power [VARs] 
National Grid UK’s inertia/reactive power contract 
with Drax PSH 

Black Start 
Payment for delivery of energy to the grid that 
can enable other generators to start following a 
grid outage. 

Competitive tender to procure this capability in 
New Zealand, Texas, Alberta and Ontario.  

Performance incentives 
Performance of plant relative to present levels 
(can be speed of response, time to start up, etc.) 

Israeli PSH Contracts 

Start up and shut down The start up or shut down of a power plant Israeli PSH Contracts 

 

4.1 Wholesale market signals 

Real-time power settlement 

 

In recent years, markets in regions like the US, Europe and Australia have announced or implemented moves 
towards closer to real-time dispatch and settlement of generation. Real-time dispatchability will be critical 

especially as it becomes more and more apparent the volatility of renewable resources that will require more 
frequent balancing intervals.  
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Studies indicate that shorter settlement periods promote efficiencies in market operations with an overall more 
efficient allocation of generation resources to meet load, provide price signals closer to actual operational 

requirements, and in the end save money for consumers. Improved price signals also better direct investments 
in generation that brings the highest value to the system, and in particular incentivizes flexible generation and 

load response (29) (30). 

 
India’s move towards a 5-minute market from the two-decade old existing 15-minute market is an important 

development on the road to meeting the country’s target of 175 GW of renewable energy capacity developed 
by 2022 (31). At present, existing private PSH and hydropower plants are compensated at very low contract 

rates with state-owned utilities. The introduction of a real-time market may allow for an increase in revenues 
for existing plants and an additional driver for more PSH development. 

4.2 Ancillary or flexibility support services (frequency control, voltage 
regulation, black-start and inertia) 

 
Payments for uncompensated ancillary services  

 
PSH plants are not compensated for all the services and benefits that they can, and often do, provide to 

electricity systems. This includes their delivery of system inertia and primary frequency response, which are not 

currently market products in many jurisdictions17. It also includes the value they provide with regards to 
reliability or resiliency as controllable energy system assets (16). These ancillary services will be especially 

valuable as VRE penetration increases and replaces conventional power plants (typically coal and natural gas) 
that have provided these key system and balancing services in the past for free.  

 

As noted previously, the valuation of PSH benefits is essential but complex, requiring detailed modelling and 
simulation tools. The failure to provide the required certainty and clarity in policies and regulations can increase 

borrowing costs and deter investment in new PSH projects. 
 

Both Ireland and the UK have started to pay for inertia services that are not otherwise compensated in most 
other countries, primarily as a result of reliance on existing fossil synchronous generation to deliver these 

services. System operators in Ireland have introduced synchronous inertial response and fast frequency 

response as grid services to be compensated. A market participant capable of delivering both inertia and fast 
frequency response is allowed to bid to provide and be remunerated for both services (32).  

 
17 Inertia in the context of the electric system is defined as the kinetic energy contained in rotating synchronous machines, like generators 
and turbines, that can immediately inject energy into the system in case of disturbances. As fossil generation is retired to meet clean energy 
goals, system inertia is decreasing, leading to possible grid instability. Development of PSH is one way to return inertia to the system. 
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The Australian Energy Market Operator and the Electric Reliability Council of Texas (ERCOT), the Texas electric 

market operator, are also considering inertia and faster response products. In the Tasmanian region of Australia, 
the market operator declared a shortfall of inertia as well as system strength (fault level) at 4 distinct locations 

in the Tasmanian network. These shortfalls are commonly observed during periods of high import via HVDC 
interconnection, high wind output, and low energy demand in Tasmania, which can result in over 85% non-

synchronous penetration in Tasmania. To remedy these shortfalls, the Tasmanian network company has 

contracted directly with Hydro Tasmania to operate some hydropower assets in synchronous condenser mode. 
This capability required some modest investments to the existing hydropower fleet, but was easily the most 

cost-effective solution to deliver this integral grid service when compared to the costly investment in new 
standalone synchronous condensers.  

 
Continental Europe is looking at evolving technical definitions and requirements on ancillary services as part of 

broader plans to harmonise services between participating countries; this is being led by the European Network 

of Transmission System Operators (ENTSO-E). While currently the inertia and faster frequency services are not 
defined or remunerated on the continental grid system, their introduction in future may prove likely as the 

energy mix changes. European platforms are already being set-up to support cross-regional markets and 
exchange of proposed service products (known by acronyms PICASSO, MARI, and TERRE). An ongoing research 

and innovation project called XFLEX HYDRO, funded by the EU, is also investigating the role of hydropower 

technologies in meeting ancillary services and emerging requirements, with a particular focus on PSH plants18. 

4.3 Capacity and availability payments 

 

As part of the Israel Electric Corporation determination that the system required a significant deployment of 
long duration storage, Israel developed a payment mechanism with a remuneration structure intended to ensure 

private financing and development. Based on this structure, two major pumped storage projects have been 
evaluated for the Israeli market: the 344 MW Kokhav Hayarden project owned by Star Pumped Storage which 

is under development, and the 300 MW Gilboa pumped storage project which is already operational.  
 

The payment structure pays on plant availability over an 18 to 20-year timeframe, the long-term nature of 

which, as discussed above, is traditionally not available to resources in liberalized electric markets. This 
approach mimics, in some form, an asset in a vertically integrated market with a guaranteed level of payment 

 
18 For an ancillary Services Matrix recently published: https://xflexhydro.net/ancillary-services-matrix  

Box 7. A new approach to procuring inertia and reactive power 
 

In 2020, the UK saw the award of a six-year contract that will permit one of the four turbines at Drax’s 440 
MW Cruachan pumped storage station to be used to provide flexibility support services to the grid, 

specifically, inertia and reactive power. This contract was a part of National Grid Electricity System Operator’s 

System Stability Pathfinder Tender (45). National Grid estimates that its contract with Drax and five other 
developers will save consumers up to £128 million over the six-year contract period. This is an effort by 

National Grid to ensure that by 2025 it will be able to operate the grid safely and securely at zero carbon 
(46).  

 
These are particularly important outcomes for PSH because synthetic inertia, that is inertia derived from 

inverter response, is not proven at scale.  Comparatively, system operators value inertia delivered from a 

rotating mass, such as a PSH turbine, as a proven inertia service. In addition to paying for inertia, National 
Grid is also establishing a fast frequency product, called dynamic containment. The product, while 

technology-neutral, has only had battery storage projects meet the requirements as it will require 
autonomous response within one second to respond to a sudden demand or generation loss, and could be 

an exciting opportunity for Variable Speed PSH technology to deliver high-value service for the system 

operator.  In addition to dynamic containment, National Grid will also enable the delivery of modified 
dynamic regulation and moderation products (47) (48). 

 

https://xflexhydro.net/ancillary-services-matrix
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to ensure development, but at the same time includes delivery and performance requirements to promote 
efficiency and a high level of resource performance.  

 
The three-part payment scheme consists of the following revenue streams:  

1. Primary source of revenue: An availability payment which forms the bulk of revenue and requires 

the plant to be available for a minimum time during a year. In addition, an availability requirement 

is passed on to the equipment manufacturer, supplying plant availability guarantees through a 

long-term operations and maintenance contract. This payment also includes bonus payments for 

dynamic benefits including ramp rates, pumping to generation switching timeframes, start-up and 

shutdown speeds, etc. 

2. Payment for energy. 

3. Start up and shut down payments based on how often the plant is operated.  
 

These plants are being provided a fixed revenue stream over a long time based on certain performance 

requirements, and additional incentives for flexibility and reactivity. Developers support this mechanism as it 
mitigates market and regulatory risks for the project’s business case. The grid operator bears long-term 

development risk while the developer bears the plant’s performance risk, which is also being shared by 
equipment suppliers. This allows for risk allocation and sharing amongst all the involved parties and has led to 

these two successful deployments (for further information on risk sharing, see section 2.2.1 Large capital outlay 
– project finance risk).  

4.4 Others (hybrids auctions, firming products, PPA etc.) 

 

Hybrid and firming products  
 

Hybrid projects have recently gained a lot of interest around the world. These projects combine renewable 
energy with an energy storage device often in the form of batteries or a PSH development. In some cases, 

these projects involve co-development of the PSH resource with a wind or solar farm, and the output from the 

entire project is sold to a utility as a single entity. In other cases, a standalone PSH project can sign firming 
contracts with renewable energy developers for wind and solar projects. These firming contracts are often 

long-term and turn renewable output into a dispatchable unit that can meet capacity or resource adequacy 
needs.  These contracts may also be multi-part payment contracts with capacity or availability, and energy and 

performance payments similar to the Israeli framework. Long-term contracts open new markets for PSH 
developers, help mitigate financing risk, and promote development.  

 

One example is Hawaiian Electric Industries Inc. (Hawaiian Electric) developing PPAs for renewable dispatchable 
generation. These contracts are intended to solicit firm renewable energy capacity in the form of solar and 

energy storage, or wind and energy storage. Hawaiian Electric worked extensively with industry to develop 
these contracts and ensure competitive participation in their request for proposals. The contracts permit 

guaranteed payment for net energy potential and facility availability rather than energy delivery. This permits 

the developer a guaranteed revenue stream that is less subject to curtailment and permits the utility, and its 
ratepayers, a lower cost dispatchable renewable energy resource.  

 
Nevada Energy took a similar approach with a recent procurement of hybrid solar and storage capacity. The 

PPA structure pays a price during system peak hours (i.e., 4:00pm to 9:00pm) that is 6.5 times higher than the 
price paid for output during other hours. This PPA ensures that the projects provide capacity value in addition 

to energy. Nevada Energy additionally has the flexibility to dispatch the plant during non-peak hours to minimize 

system costs (33). 
 

In Australia in 2018, Snowy Hydro signed eight wind and solar contracts totalling 888 MW which are to be 
firmed with Snowy Hydro’s existing assets enabling the company to deliver extremely competitive prices to 

customers (34). More recently, Snowy Hydro started exploring a new ‘super-peak’ contract designed to cover 

demand during the high-priced morning and evening periods, when solar output is low (35). This new hedging 
product enables participants to manage the risk of very high prices and is a perfect fit for hydropower, including 
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PSH. Such firming products are also an important revenue stream for the Snowy 2.0 pumped storage project 
currently under construction. 

 
Also in Australia, Hydro Tasmania recently announced the signing of a “Virtual Storage” contract with Macquarie 

and ERM Power. Under the contract Hydro Tasmania sell the rights to power stored in their hydro catchments 

during the highest priced parts of the day and buy energy to charge their plants when prices are low. This 
allows Hydro Tasmania to take advantage of the swings in daytime prices due to weather-dependent renewable 

energy and lock in their price spread. This virtual storage contract trial is a ‘world first’ product and is among a 
range of financial derivatives that could provide part of the much-needed revenue certainty to support future 

PSH investments.   
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Chapter 5 
Recommendations to governments 
and stakeholders 

Summary of Policy Recommendations 

1) Policymakers should assess the long-term storage needs of their future power 

system now, so that the most efficient options, which may take longer to build, 

are not lost. 

 

2) Comparisons between energy storage and flexibility options must follow a 

consistent, technology neutral approach that considers all impacts and benefits. 

 

3) Providers of essential electricity grid, storage, and flexibility services should be 

remunerated for all services that they provide. 

 

4) Licensing and permitting arrangements must be timely, proportionate and take 

advantage of the range of internationally recognised sustainability tools. 

 

5) Investors in long lasting assets, such as PSH, must have long-term visibility of 

revenues, with risk that is shared fairly to deliver the lowest overall cost to society 

in the long term. 

 

6) Existing hydropower assets and prospective sites should be assessed and mapped 

for their potential to provide the most efficient long duration storage.  

 

7) Green recovery programmes should include and support PSH, and green finance 

mechanisms should incentivise PSH. 
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Over the past decades, policies and support mechanisms have been devised and implemented covering nearly 

all renewable and low carbon sources, but long duration storage, and especially PSH, were the forgotten 
enabler. Given the undeniable need for long duration storage solutions, to support net zero and security of 

supply, it is now necessary to bridge that gap. 

 
Each country or state has its own unique regulatory framework, market design and dispatch operations. Based 

on the contributions of the various stakeholders, as well as the best practices identified in some markets, 
hereafter are several specific recommendations which could be applied or used as a guide in other jurisdictions. 

5.1 Non-economic levers: Policy, regulation, licensing, permitting, and others 
(modelling, ownership, IRP) 

 
Policy/regulation 

 

• To enable the energy transition, the vital role of long duration energy storage must be recognised.  

 

• Renewable energy policies need to take into account grid stability issues, and the need to maintain an 

appropriate frequency and sufficient reserve capacity, and integrate flexible sources like PSH for efficient 

utilization of projected VRE. Absent such integration, the true cost of reserves to ensure grid stability will 

not be properly accounted for, which may result in an inefficient deployment of resources to ensure 

stability.  

 

• Energy storage targets (in GWh) for short and long duration storage should be assessed and implemented, 

as they can ensure energy transition objectives are achieved in line with these targets. Such targets should 

be set on a technology neutral basis and incorporate medium (e.g., 2030) and long-term goals (2050) to 

ensure the most cost effective long-duration storage technology can compete with other technologies. 

 

• Market and regulatory frameworks should be flexible enough to support innovative approaches to facilitate 

“firming” low carbon products. Those markets that procure firm low carbon electricity should not artificially 

restrict PSH hybrid projects with wind or solar as such plants bring comprehensive benefits such as 

reduction in VRE curtailment, energy savings, reduction of fossil fuel consumption and emission reductions.  

 

• Wider societal benefits from the investment in PSH should be recognized as part of green post 

COVID economic recovery by governments. If the climate targets of the Paris Agreement are to be met 

with minimum financial commitments, annual investments in hydropower and PSH have to grow. It is 

therefore critical that hydropower is included in green recovery funding and planning to enable a smooth 

energy transition. Unusually among energy technologies PSH projects include a major civil part (often 

representing upwards of 70% of the total project CAPEX). The civil part of PSH projects enables bringing 

wider economic benefits through local jobs creation and opportunities for local businesses, workers, and 

communities. It can also contribute to technical skills development through the creation of a pool of Skilled 

engineers. 

 

• Cost benefit and other studies must be undertaken to leverage the significant hydropower installed 

base globally, to evaluate the possibility of converting these assets to PSH where technically possible 

(and following a cost benefit analysis). Moreover, modernization projects to upgrade older PSH projects to 

more flexible solutions (e.g., variable speed technology) should be assessed and supported through 

dedicated programmes.  
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Modelling and System Planning 
 

• A standard ‘modelling methodology’ should be developed for evaluation of storage 

technologies for system planning purposes (regarding both generation and transmission expansion) and 

covering technical, economic feasibility as well as sustainability. This common methodology should cover 

the operational performance characteristics and capabilities of storage technologies, the value of energy 

storage and capacity products that can be utilised across the spectrum of technologies available to provide 

these services. The methodology should also include the evolving needs of the electricity system, such as 

the increased need for ancillary services. Additional flexibility criteria such as the number of cycles for 

energy storage projects, as well as standard name plating with both energy and capacity at the facility 

level (MWh and MW), should be included to appropriately assess all storage technologies. 

 

The standard modelling methodology should further enhance knowledge of long duration storage 

technologies such as PSH, across different stakeholders, including utilities, regulator, and system 

planners so that it can be properly integrated within the planning process. 

 

• The analysis of system adequacy, interconnection capacities, grid capacity requirements, and need for 

storage should be performed at the country level and also across national boundaries. Then 

appropriate policy frameworks that share the costs and benefits will increase the overall consumer and 

citizen benefits.  

 

• PSH inventory studies that map favourable sites, define principle technical characteristics, and rank 

the best projects should be pursued; they should also feed into the planning process by applying 

multicriteria analysis decision methods (MCA). Prioritisation factors to be considered can include:  location 

of project, capacity (MW and MWh), related system benefits and financial performance, off-river or on-

river scheme, land and environmental impacts, development maturity (pre-feasibility and feasibility studies 

or project reports), existing infrastructure and grid connectivity at interstate and/or regional grid level, and 

efficiency gains by planning alongside future VRE deployment plans.  

Studies should also include innovative solutions such as seawater pumped hydro storage (SWPHS) 

potential, and hybrid pumped storage configurations with batteries and/or flywheel.  
 

Licensing/permitting 

 

• Streamlining licensing and permitting procedures is critical to accelerate lead times and 

reduce transaction costs. Streamlining can be done as a first step for low-impact PSH, such as off-

channel, modular or closed-loop projects, while ensuring the projects are sustainable through the 

application of the sector best practices in development phase (e.g., Hydropower Sustainability Assessment 

tools, and IHA – ESG tool).  

 

• It is essential that governments create a favourable framework in which PSH projects can be 

implemented. Countries and regulators should learn from best practice in other jurisdictions to ensure 

fast, efficient processes that take account of stakeholders’ concerns. For some countries, it may be 

necessary to adapt the regulatory framework to facilitate development studies and procedures for site 

concession (environmental permit, water use authorization, pre-feasibility studies). 

 

Ownership 
 

• In many regimes, restrictions apply to the type of asset that network operators can procure or operate.  

These imposed constraints can lead to sub-optimal outcomes, if they do not take into account the potential 

network benefits of long duration storage technologies such as PSH, and may lead to higher costs for 

consumers. Where appropriate, PSH assets should be considered part of a system and/or network 

solution for transmission so that a transmission system operator can be a potential owner and/or 
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operator to benefit from economies of scale and maximize intermittent VRE integration. A PSH project 

could then be included in future transmission planning, and would then be operated in accordance with 

the requirements of the grid operator. Tariffs for input power for pumping and output power would be set 

by the regulator. It may be necessary to review energy networks regulations, especially how storage 

solutions can compete in a fair and technologically neutral manner (e.g., utility-scale storage vs. 

transmission upgrades), as well as ensuring appropriate protections are in place. 

 

• Constraints placed on transmission system operators should not restrict the procurement of the most 

efficient assets, such as PSH, directly or indirectly. Innovative transmission/generation hybrid products, 

appropriately regulated, may be cost-effective and lower overall costs for consumers. Governments, 

regulators, and other relevant stakeholders should assess the potential for such solutions. For example, 

grid deferral savings could be recognized and shared between the PSH operator and transmission system 

operator. Transmission operators could then sign long-term agreements with PSH operators on a non-

discriminatory basis. 

 

• Another option would be for an ISO or RTO to procure a PSH project (with or without VRE) under an 

availability contract. The ISO/RTO would then dispatch the system to provide critical transmission services 

that it is responsible for. The contracts would be paid for by ISO/RTO charges on all market participants 

through rates or other established mechanisms. Any additional revenues could be refunded to all 

participants.     

 

• While these approaches to ownership by TSO/DNOs should be examined, it would be important to avoid 

distorting existing energy markets from which the majority of energy storage revenue would derive. 

 

Vertically integrated markets 
 

• Governments and regulators should fully integrate energy storage resources into long-term planning with 

VRE and modelling that considers all relevant factors when comparing different storage technologies. 

 

• Consideration should be given to support the large capital costs and long-term implementation timeframe 

technologies, such as PSH, especially in the context of limited other clean capacity alternatives. This 

support could take the form of both mandates to evaluate PSH by the regulated utility in planning and 

financial support (i.e., rate-basing or inclusion in rates). 

5.2 Economic levers: Financing, market designs, revenue schemes, others 
 

Policies / incentives 

 

• Policies to secure timely investment in long duration storage technologies, such as PSH, must 

provide adequate revenue visibility to stimulate private sector participation by providing a 

suitable revenue de-risking mechanism.  

 

• Policy mechanisms must allocate all risks fairly to those parties best able to assume them.  

 

• Policies should be technology-agnostic and provide clear and enduring investment signals with 

secured guarantees, to improve predictability of revenue streams and long-term returns. 

Solutions should compensate both system services (i.e., immediate operational priority) as well as 

incentivising new investments for system balancing (i.e., short/medium and long-term strategic priorities). 

These signals could take the form of an operating reserve market, a resource adequacy mechanism, 

compensation for inertia and/or system strength, or a combination of these features.  
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For example, an Income Floor model (based on existing Cap and Floor regime currently used to stabilise 

interconnector revenues in the UK) would de-risk revenue streams and provide sufficient long-term 

certainty (through 15 to 20-year contracts) by securing minimum revenues to meet annual costs and 

therefore attract debt finance. The annual income floor value could be competitively set, and open to all 

long duration storage technologies, with conditions placed on the availability of flexibility services such as 

frequency response, reactive power, or inertia.  Owing to the long development and construction cycles 

for PSH, it is vital that these signals arrive before the technical need has emerged to ensure 

the required capacity can be constructed in time. 

 

Another example is the New South Wales’s Investment Safeguard that will provide an investment signal to 

deliver new electricity infrastructure. Long Term Energy Services Agreements will be available for 

long duration storage (which the Government recognises will be pumped hydro for at least the 

immediate future) and firming capacity. These will be awarded through a competitive process and will be 

option contracts that give the project optional access to a competitively set minimum price for their energy 

service. Additional support will be provided to pumped hydro projects through a new Pumped Hydro 

Recoverable Grants Programme that will help meet the significant upfront costs of establishing the 

feasibility of potential pumped hydro projects. 

 

• Specific long duration storage support schemes should be put in place to ensure long-term 

financial stability and revenues (e.g., a storage tax credit that takes into account the long development 

timeline). Any government mandates, incentives, taxation and regulatory frameworks should be consistent 

across all technologies and not encourage perverse incentives: for example, not favouring less efficient 

options for decarbonisation through specific tax regimes, reduction of transmission network charges, 

exemption of grid tariffs for pumping, or introduction of differential tariff structure for peak and off-peak 

times. 

 

• Policymakers and regulators should review the existing incentive mechanisms and standards to 

stress test their applicability to long duration storage, especially in respect of encouraging and enabling 

investment. 

 

Green Recovery  
 

• PSH should be included in green recovery programmes and be part of a sustainable approach to better 

build back and strengthen resilience strategies to meet national determined contributions for 2050 net zero 

targets. 

 

• Green finance products and funding (including COVID recovery) should be available also for flexible 

hydropower and in particular PSH. 

 
Financing 

 

• The design and implementation of suitable financing arrangements, that take into consideration long 

development timeframes and high upfront capital cost of projects, is critical to attract private sector 

investors.  

 

• PSH should be permitted and encouraged to actively participate in finance mechanisms like 

green bonds or impact bonds.  

 

• In addition to the financing mechanisms listed in Table 3, the hydropower sector and financiers 

should issue green bonds in accordance with recognised criteria. 
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• Governments should consider issuing recoverable grants from governments that effectively 

share project risks between governments and the private sector to support investment and development 

of PSH projects. 

 

Market designs and revenue schemes  

 

• Suitable innovative business models for long-term sustainability of PSH need to be developed 

based on technology neutral products and services for future system needs. Eligibility to provide 

key support services to the grid should consider energy storage technologies in terms of project lifecycle 

costs, performance, and energy storage system degradation.  

 

• Clear policies should be developed to define how PSH can compete to provide grid services while:  

i. Ensuring consistency in contract length for different types of ancillary services and, where possible, 

auctions or other allocation mechanisms should operate at the same time to allow for the possibility 

of revenue stacking by the most efficient service providers. 

ii. Allowing for bundled service provision so that any technology that can provide multiple services at 

the lowest overall cost are able to compete.  

 

• New commercial products should be introduced. In addition to ancillary services, such as primary 

frequency response or load following, new services such as inertia or ramping products to manage 

variability in net load should be compensated. New flexible capacity mechanisms should prioritize low 

carbon solutions and only reward un-abated fossil fuel if no low carbon alternative is viable. Examples of 

potential mechanisms include: more granular financial wholesale market products through real-time power 

settlement (15-minute intervals or less), fast ramping capacity mechanisms, storage capacity auctions, 

winter reserves, remuneration for grid deferral savings, VRE PPA integration, renewables firming, real time 

renewable supply, participation as demand response supplier, long-term agreements between transmission 

operators and energy storage developers. 

 

The special features of PSH and other long duration storage technologies (heavy capital investments and 

long payback periods) should be taken into consideration to secure payments for more than 15 years 

and cross-border participation of flexible plants should be allowed and encouraged (requiring 

the harmonization of grid tariffs and the costs for fair competition). 

 

Vertically integrated markets 
 

• Vertically integrated markets should put in place a model that captures the overall benefits of PSH for 

the power system including security of supply, VRE integration, transmission deferral etc. to properly run 

a comprehensive cost benefits analysis.  

• In vertically integrated markets, the economic compensation mechanism for ancillary services should be 

assessed, including existing tariff and market structures as well as for a wider range of balancing 

services. They should also consider introducing a trading mechanism for flexibility services that could be 

traded in “competitive” wholesale markets such as energy, peak load regulating capacity and other 

ancillary services in the power system. 
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5.3 Planning for the long-term: Remuneration of PSH in a market dominated 
by zero-marginal cost VRE 

 
The widespread deployment of variable renewable energy resources has changed worldwide energy markets 

and will continue to do so. As fossil fuel resources are replaced by zero marginal cost VRE, current market and 
regulatory constructs, based on the marginal costs of generation, will be less valid. It is clear that change will 

occur.  
 

The barriers and recommendations that apply to PSH identified here also apply to other types of energy storage 

and large renewable capacity (e.g., hydroelectric and geothermal).  
 

As policymakers, regulators, and market operators consider changes to their market and regulatory frameworks 
to enable the development of PSH and new clean capacity, they should ensure these changes are inclusive and 

technology-agnostic to the extent possible and permit other technologies, including those not yet developed, a 
fair chance to compete. 

 

Energy storage resources of various capacities and durations will be an integral part of the future electricity 
system, providing reliable capacity and reserves to enable widespread VRE deployment.   

Therefore, consideration must be given to incentivising PSH development now and to continue incentivising 
operation of these resources in future.  

 

Absent an eye to the future, modifying current markets and regulatory constructs to deal with current problems 
is likely to lead to challenges for the operation of the future electricity system and the development of yet to 

emerge resources. Maintenance of the status quo and even changes that do not consider the future, will result 
in history repeating itself, where renewables were incentivized and rapidly deployed to build an industry and 

reduce emissions, but resulted in significant inequities to customers, an incremental rather than holistic 

response to intermittency and variability, and the exclusion of other resources that could provide value, such 
as PSH, historically. 

 
Therefore, to achieve the decentralized, low carbon, efficient electricity grid of the future, policymakers and 

regulators must place value through financial incentives and market models, and include long duration storage 
options, like PSH, at the heart of their future energy planning.  
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AU$ Australian Dollar 

BOT Build-operate-transfer 

CAISO California Independent System Operator 

CAPEX Capital expenditure 

CBI Climate Bonds Initiative 

CCGT combined cycle gas turbine 

CCS carbon capture and storage 

CEF Connecting Europe Fund 

CEP Clean Energy Package 

CO2 carbon dioxide 

CPUC California Public Utilities Commission 

DEWA Dubai Electricity & Water Authority 

DOE U.S. Department of Energy 

ENTSO-E European Network of Transmission System Operators 

EPC engineering, procurement and construction contractor 

ERCOT Electric Reliability Council of Texas, Inc. 

ESG Environmental, Social, and Governance 

EU European Union 

FERC Federal Energy Regulatory Commission 

GB Kingdom of Great Britain comprising England, Scotland and Wales 

GBP British pound sterling – official UK currency  

GHG greenhouse gas 

GIC Government of Singapore Investment Corporation 

GW Gigawatt 

GWh gigawatt-hour 

HVDC High-voltage direct current 

IEA International Energy Agency 

IFC International Finance Corporation 

IFPSH International Forum on Pumped Storage Hydropower 

IHA International Hydropower Association 

IRENA  International Renewable Energy Agency 
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IRP Integrated Resource Plan 

ISO independent system operator 

kWh kilowatt-hour 

LCOE levelized cost of electricity 

MARI Manually Activated Reserves Initiative 

MCA Multi-Criteria Analysis 

MISO The Midcontinental Independent System Operator, Inc. 

MoEF&CC Ministry of Environmental and Forest and Climate Change 

MT CO2  metric tonnes of carbon dioxide 

MW Megawatts 

MWh Megawatt-hour 

NAIF Northern Australia Infrastructure Facility  

National Grid ESO National Grid Electricity System Operator in the UK  

NEA National Energy Administration of China 

NECP National Energy and Climate Plan 

NRDC National Development and Reform Commission of China 

PICASSO Platform for the International Coordination of Automated Frequency  
Restoration and Stable System Operation 

POSOCO India’s Power System Operator Corporation 

PJM RTO for much of the Eastern United States19 

PCI Projects of Common Interest 

PPA power purchase agreement 

PPP public private partnerships 

PSH  pumped storage hydropower 

PV Photovoltaic 

RTO regional transmission organisation 

Snowy Hydro Snowy Hydro Limited, an Australian developer 

SWPHS seawater pumped hydro storage 

T Tonne 

TERRE Trans European Replacement Reserves Exchange 

 
19 PJM is a regional transmission organization that coordinates the movement of electricity in all or parts of Delaware, Illinois Indiana, 
Kentucky, Maryland, Michigan, New Jersey, North Carolina, Ohio, Pennsylvania, Tennessee, Virginia, West Virginia and the District of 
Columbia. 
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TWh terawatt-hour 

USD United States Dollar 

UK United Kingdom of Great Britain and Northern Ireland 

U.S./United States United States of America 

VRE variable renewable energy 

 


