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EXECUTIVE SUMMARY  

The slow pace of Pumped Storage Hydropower development in the US over the past twenty years has led 

to widespread interest in the feasibility and viability of alternative PSH designs, development schemes, 

and technologies. Since 2011, Oak Ridge National Lab has been exploring the economic viability of 

modular Pumped Storage Hydropower (m-PSH) development through targeted case studies, revenue 

simulations, and analysis of innovative configurations and designs. This paper outlines the development 

and supporting analysis of a scalable, comprehensive cost modeling tool designed to simulate the initial 

capital costs for a variety of potential m-PSH projects and deployment scenarios. The tool is used to 

explore and determine innovative strategies that can improve the economic viability of m-PSH in US 

markets. 

 

The major finding of this work is that development of m-PSH scale projects is technically feasible with 

existing technologies and construction techniques, but the cost to build the project is the largest deterrent 

to m-PSH deployment.  Based on numerous simulations and test case analyses, improvements in the cost 

of storage provide the critical path towards achieving m-PSH economic feasibility.  Test cases developed 

to analyze the cost implications of varying levels of existing storage works showed when two new 

reservoirs are required, a project is generally uneconomic unless it can be developed at a high head 

greater than 500 ft.  If instead the excavation burden is only 20% of a completely new reservoir, a much 

greater range of m-PSH projects are brought into the realm of economic feasibility.  The reduced 

excavation burden not only reduces the physical volume of earth that requires movement, it also reduces 

the construction time and overall costs associated with preparing the reservoir for long-term storage.  This 

idea is not novel - most conventional PSH projects within the existing US fleet take advantage of existing 

infrastructure and storage works.  However, the changing paradigm of smaller scale m-PSH projects 

coupled with the pressing need for innovation and cost reductions in electrical energy storage demands a 

fresh look at what kinds of locations can readily support m-PSH projects.  The results presented herein 

can be put into a more tangible context if better insight is gained into the types of m-PSH resources that 

are widely and readily available in the US.     

 

Following improvements in the cost of storage, either through cost reductions in the civil works 

associated with storage construction or through strategic siting, innovative technical research and 

development should be focused on reducing the largest cost drivers of m-PSH development.  At lower 

relative heads, the cost of electromechanical equipment is substantial, and could be improved through 

new designs and manufacturing strategies for modular reversible pump-turbines.  At higher relative 

heads, both electromechanical equipment and water conveyance costs become large project cost 

categories.  New penstock materials, joining techniques, and construction strategies that utilize a 

combination of conventional and alternative materials have the potential to reduce overall project costs.  

These cost reductions become more pronounced with increases in head and penstock length.  

 

A comparative analysis of simulated m-PSH costs to alternative electrical energy storage technologies of 

various scale and maturities showed that m-PSH facilities exhibit an installed cost and a levelized cost of 

storage range that is on par or better than many battery alternatives at many scales, even if both reservoirs 

need to be excavated and constructed.  The added benefits of long useful life, proven technology, high 

roundtrip efficiency, known technology scalability, and low performance degradation over time further 

make m-PSH a compelling alternative.  An important finding of this analysis is the need for a common 

basis for economic and financial comparisons across electrical energy storage technologies.  Existing 

comparisons can be improved and made more reliable by offering explicit detail on how lifecycle costs 

and cost assumptions are developed for mature, recently deployed, new, and future energy storage 

technologies.      
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1. BACKGROUND AND INTRO DUCTION  

Pumped storage hydropower (PSH) provides nearly all utility-scale energy storage in the world (U.S. 

Department of Energy & Sandia National Laboratories, 2015).  The process of pumping water from a low 

elevation into a reservoir at a higher elevation and releasing that water through hydroelectric turbines 

back into a lower reservoir is an efficient and reliable means to store electrical energy.  In the U.S. and 

globally, nearly all PSH facilities have capacity in excess of 100 MW with greater than 4 hours of storage, 

reflecting both the economies of scale in construction and equipment procurement available to large 

projects, and the market advantage of marginal energy storage (Deane et al., 2010; Uria-Martinez et al., 

2015).  The pace of PSH development in the U.S. slowed to a standstill  over the past 25 years, largely the 

result of economic uncertainties in a deregulated electricity market, protracted siting and environmental 

constraints, and a continuous decline in natural gas prices (Yang & Jackson, 2011).  A shifting energy 

landscape, driven by the growth of intermittent renewable energy generating capacity, the rise of state 

mandated renewable portfolio standards, and the emergence of wholesale electricity markets, is redefining 

the role of energy storage.  Many opportunities are arising for smaller, efficient, deployable distributed 

energy storage systems to competitively enter the electricity market (IHS, 2015). 

 

An interesting perspective on energy storage is gained by viewing the historical timeline of energy 

storage projects throughout the world (Figure 1).  PSH plants were the predominant energy storage 

projects being installed for nearly 80 years, from their introduction in the early 1900s through the turn of 

the century.  Capacities in the range of 400 MW to 1,000 MW were most common, with few dedicated
1
 

PSH projects under 100 MW.  In the past 20 years, the pace of PSH construction has slowed significantly 

while the number of electro-chemical (i.e., battery) storage projects has significantly increased, primarily 

as a result of advanced in technology, along with favorable state policies and federal incentives favoring 

small scale energy storage projects.  While PSH projects still provide the vast majority of global energy 

storage capacity, cumulative large-scale PSH plant growth is being rapidly outpaced by smaller-scale 

battery projects with installed capacities generally less than 10 MW per project.   

 

 
Figure 1. Global energy storage projects as of March, 2016.  Scatter points represent individual plants, line 

plot represents cumulative number of plants over time.  Data obtained from (U.S. Department of Energy & 

Sandia National Laboratories, 2015) 

                                                      
1 Conventional hydropower projects with reversible turbines can offer pumped storage capabilities.  While this type 

of development is common in the US, and these units are included in Figure 1, they are not discussed in this report. 
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As a mature and proven technology, existing large-scale PSH plants are efficient and highly cost 

competitive as an energy storage mechanism.  Historically, PSH has been the cheapest form of energy 

storage on a $/kW installed basis by roughly an order of magnitude (Figure 2).  A clear trend of 

increasing PSH installed costs ($/kW) over time is evident, reflecting both an increase in labor and 

construction costs, a decreased in average projects size, the added costs and challenges of developing less 

topographically favorable sites, and increased environmental protection and mitigation requirements.  

Understanding the complex economics of energy storage is a challenge due to the variety of energy 

storage installation types, capacities, lifetimes, and technical characteristics, and thus it is easiest to 

compare various energy storage alternatives based on a levelized cost of energy storage
 
(LCOS), where 

LCOS is measured on a $/MWh basis.  PSH is nearly always the least cost storage technology alternative 

on a LCOS basis.  For example, the unsubsidized LCOS of transmission scale PSH plants is estimated 

between $188/MWh and $275/MWh, while lithium-ion electro-chemical storage technologies with 

similar capacities and storage dynamics have an estimated LCOS 2-3 times greater, between $347/MWh 

and $739/MWh (Lazard, 2015).     

 

 
Figure 2. Capital cost estimates of global energy storage projects as of March, 2016.  Data obtained from 

(U.S. Department of Energy & Sandia National Laboratories, 2015). 

 

The recent increase in electro-chemical storage technology installations is often attributed to scale and 

deployability.  Batteries generally have a smaller physical footprint than PSH, they do not require a large 

elevation difference or a substantial volume of water, they can be installed at any grid location, they are 

commissioned and constructed in a relatively short period of time, and they can scale up in power 

capacity efficiently and effectively through the addition of battery cells.  However, batteries fall well 

short of the scalability of PSH in terms of both power and energy.  For example, the largest battery 

storage facility in the US in 2015 was rated at 31.5 MW of power with 12.2 MWh of storage, giving 

roughly 39 minutes per discharge cycle.  Numerous small plants on the scale of 10 MW or less generally 

have storage capacities on the order of 30 minutes to 2 hours.  PSH plants, on the other hand, contain 

single pumping and generating units on a scale of several MW to several hundred MW, with storage 

capacities of hours to days.  PSH is in fact quite scalable from a technology standpoint using existing 

technologies and construction methods.  While over 70% of plants in the existing US PSH fleet have 

installed capacities of greater than 100 MW, at least six plants have units with a rated capacity of less than 

20 MW, the smallest being 4.2 MW (U.S. Department of Energy & Sandia National Laboratories, 2015).   

Under the existing PSH paradigm of custom site layouts and unit design, smaller, m-PSH scale plants 

would be more expensive to build on a per-kilowatt basis. However, the standardization and 
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modularization of small PSH units could enable significant cost reductions by streamlining and 

standardizing design processes, manufacturing capabilities, and installation procedures. Most large-scale 

pumped storage projects require significant transmission additions and upgrades, which are often 

beneficial to the transmission system, and the requisite costs are most often solely the responsibility of the 

PSH facility, leading to high added cost and increased regulatory timelines for the developer.  The 

modular approach being considered could have standard interconnection details and utilize existing 

transmission and distribution, requiring only minor upgrades and associated costs.  Environmental 

footprints and impacts would be proportionally much smaller, which could lead to greater social 

acceptance and quicker development timelines.  If m-PSH plants can be built more quickly, efficiently, 

and cost-effectively, they would provide an extremely competitive alternative to batteries (Figure 3).       

 

 
Figure 3. Capital cost and system power ratings of various energy storage technologies, highlighting the 

potential for m-PSH innovation (Welch, 2016, as adapted from the State Utility Forecasting Group). 

 

Development of modular pumped storage hydropower is a major focus for the U.S. Department of Energy 

(DOE). To investigate the feasibility of developing m-PSH facilities, DOEôs Wind and Water Power 

Technologies Office has tasked Oak Ridge National Laboratory (ORNL) with assessing the cost and 

performance trade-offs of modularizing PSH plants and the potential for cost-reduction pathways.  In this 

report, a cost model is developed to estimate the initial capital cost of m-PSH projects.  The model is 

developed with user inputs that allow for cost estimates at a maximum number of potential locations.  

This report builds upon previous model development and case studies regarding the economic feasibility 

of specific m-PSH deployment scenarios (Hadjerioua et al., 2011; Hadjerioua et al., 2014; Witt et al., 

2015). 

1.1 SCOPE 

The scope of this study is to develop a decision making screening level tool to predict the capital costs of 

small scale, modular pumped storage hydropower projects.  The tool is intended to support a broader 

DOE effort to encourage alternative pumped storage designs that can lower capital costs and reduce 

deployment timelines.  Cost results from this analysis are validated against available data for large scale 

projects, specific test cases are analyzed to provide context on possible deployment scenarios, and project 

economics are assessed and compared with existing electric energy storage technologies.   
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2. MODEL OVERVIEW  

The m-PSH model is built using a bottom-up cost estimating approach that identifies seven major 

categories
2
  of a project, briefly introduced and defined below: 

1. Civil works  ï activities and costs associated with site preparation and access, and with building 

an upper reservoir, a lower reservoir, a water conveyance, and a powerhouse;  

2. Electro-mechanical ï activities and costs associated with pump-motors, turbine-generators, 

ancillary electrical systems, and ancillary mechanical systems;  

3. Electrical ï activities and costs associated with transmission lines, transformers, a switchyard, 

and a substation; 

4. Engineering Construction Management (ECM) ï activities and costs associated with 

managing the quality and schedule of project construction;  

5. Environmental and regulatory compliance - activities and costs associated with mitigating 

environmental impacts and environmental regulations, including permitting, licensing, and 

compliance requirements; 

6. Development - activities and costs associated with site acquisition, engineering, water rights, 

engineering feasibility, transmission planning, and development of financial models; 

7. Contingencies ï the cost of uncertainty associated with the unknown conditions or equipment 

that may arise during construction; 

Within each category, the model is designed to compute elements of design and cost.  Design elements 

refer to the design, scaling, and sizing of equipment and infrastructure.  Cost elements refer to the cost of 

project equipment, infrastructure, components, or other development activities. 

 

A bottom-up cost estimating approach is employed to enable a robust but flexible decision making tool 

for transparent investigation of cost reduction strategies.  The model strives to offer generic design 

options that can accommodate a variety of potential m-PSH deployment scenarios.  By linking dynamic 

design options to scalable parametric and volumetric costing methods, a powerful tool has been created 

for wide-area analysis of potential site configurations and project installed capacities.  To date, most PSH 

cost modeling is based on proprietary information that does not provide a sufficient level of detail for 

scaling purposes (Knight Piésold Consulting, 2010; MWH, 2009), reviews of the Federal Energy 

Regulatory Commission (FERC) preliminary permit information, which  provides planning stage bulk 

cost estimates but not high level category costs (OôConnor et al., 2015a), or parametric scaling of project-

level costs based on the original total installed cost of the project (Electric Power Research Institute, 

2011).  The present model is distinguished by an increased level of cost and design detail available to the 

end user, scalability to a broad spectrum of project installed capacities, head, and storage volume, and 

flexibility to address alternative deployment options. 

2.1 MODEL FRAMEWORK  

A conceptual schematic of the cost estimating model framework is shown in Figure 4. The framework 

consists of seven basic steps: 

1. Input Site Characteristics ï The model requires a minimum of three (storage volume, storage 

time, and design head) user input parameters, from which design variables are computed based on 

additional default parameters; 

2. Develop Reference Design ï the reference design step takes input parameters and computes a 

basic project design using design equations and engineering judgement.  Several design 

                                                      
2 These seven categories were adapted from Federal Energy Regulatory Commission (FERC) Form 1 guidelines, 

accessed through http://www.ferc.gov/docs-filing/forms/form-1/form-1.pdf 

http://www.ferc.gov/docs-filing/forms/form-1/form-1.pdf
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parameters can be specified by the user, such as penstock diameter, penstock length to hydraulic 

head ratio, dead storage volume, site access road length, and turbine type and arrangement;      

3. Estimate Project Category Cost ï based on the reference design, a cost estimate for each of the 

seven major cost categories is developed, including contingencies for undefined, uncertain, and 

risk items;   

4. Output Project Initial Capital Cost  ï the sum of all project categories is determined and output 

as project initial capital cost;  

5. Economic Evaluation ï using the project initial capital cost and basic economic and operational 

assumptions, the levelized cost of storage is determined;  

a. Alternative design strategies ï alternative project design strategies are implemented, 

based largely on the status of upper and lower reservoirs (Greenfield or some storage 

works already exists);  

6. Sensitivity analysis ï the sensitivity of cost assumptions are assessed based on likely variables to 

be encountered during m-PSH deployment, such as changes in generating unit efficiency, civil 

works contingencies, or penstock length to height ratio; 

7. Comparative analysis ï the initial capital cost and levelized cost of storage under several 

potential deployment scenarios are compared to alternative electrical energy storage technologies; 

8. Define and Disseminate Strategies ï the scenarios under which economic criteria are met are 

documented and discussed. 

                                                

Figure 4. m-PSH cost modeling framework. 
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2.2 KEY DATA SOURCES 

The key data sources used to develop m-PSH model include: 

¶ ORNL Hydropower Cost Model reports (OôConnor et al., 2015a,b;  and OôConnor et al., 2016); 

¶ Integrated Hydropower Cost Model (Chalise et al., 2016); 

¶ US Bureau of Reclamation (USBR), US Army Corps of Engineers (USACE) and DOE historical 

design reports and project data (USACE 1979; USBR, 1980; DOE, 2002; USACE 2013); 

¶ European Small Hydropower Design Guidelines (ESHA, 2004); 

¶ RETScreen Small Hydropower Software (NRC, 2004); 

Additional project data, design and cost information was collected from various hydropower stakeholder 

and reliable online resources, including recent FERC PSH application cost estimates
3
.  Section 3 also 

provides data source information that is used to develop the m-PSH model. 

2.3 IMPORTANT MODEL ASSU MPTIONS AND LIMITATIONS  

To develop a wide-area m-PSH cost analysis tool, numerous design, cost, and economic assumptions are 

required.  Major assumptions made in model development include: 

¶ Conventional PSH projects entail custom designed facilities, where storage capacity, generation 

capacity, siting, penstock size, length, material, and location, and many other technical decisions 

are converged upon after detailed engineering, cost, and benefit tradeoff studies.  This model 

attempts to systematically arrive at the best possible design from the lowest number of user 

inputs, and thus numerous design decisions are assumed and hard coded into the model.  Results 

should be viewed in this light; 

¶ The model assumes a production scale project.  It is acknowledged that the first few m-PSH 

projects may have higher installed costs, contingencies, engineering construction management 

costs, and development timelines, but as the m-PSH concept becomes standardized and more 

widely adapted, these costs are assumed to decline; 

¶ A closed-loop projects with two distinct reservoirs.  Open-loop projects and pump-back schemes 

that use reversible pump-turbines in conventional hydropower plants are not considered; 

¶ Some costs and contingencies reflect a production scale project.  It is acknowledged that the first 

m-PSH project may have higher contingencies, management costs, and development timelines.   

¶ Surface penstock and powerhouse.   

Where applicable, the sensitivity of project costs to major assumptions have been tested and quantified.   

 

While the model is developed to apply to a vast array of m-PSH project types, there are several 

limitations to its applicability: 

¶ This model is intended as an analysis tool, used to gather insight into general development cost 

trends, not to assess the specifics of a unique project; 

¶ Some design and cost equations have limitations on their applicable range
4
; applying such 

equations beyond their application ranges adds uncertainty in the model results; 

¶ Site physical, geological, and environmental conditions strongly influence the feasibility of a 

conventional PSH project; in practice, Monte Carlo simulations are often used as a bottoms up 

estimate to determine risk uncertainty and contingency for vagaries of ground and 

civil/geotechnical aspects, and to assess reservoir feasibility.  These considerations are not 

explicitly accounted for in project design; 

¶ The model carries large ranges of uncertainty that are difficult to quantify for every case.   

                                                      
3 http://elibrary.ferc.gov/ 

4 The application range of each equation is provided in Appendix A whenever applicable. 
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3. METHODOLOG Y 

3.1 USER INPUT 

In order to use the m-PSH model, a minimum of 3 (gross storage volume, storage time, and design head) 

and a maximum of 32 user input design parameters are required (Table 1). Out of these 32 user inputs, 19 

inputs can be selected from a list. The remaining 10 items are model default values, which can be 

replaced by the user.  
Table 1. m-PSH model design inputs. 

Items Symbol Units Value
Ϟ
 Note 

CIVIL WORKS  

Storage Information      

Gross Storage Volume Vsg ft
3
  Can also provide in acre-ft 

Dead Storage Pds %  Default = 2% 

Storage Time T hrs   

Design Head H ft   

Upper Storage      

Status    New, Existing, Refurbishment 

Type    Geomembrane lined reservoir, Tank 

Tank Type    Bolted Steel, Welded Steel, Concrete 

Total Storage Depth Ds ft  Default = 50 ft 

Lower Storage      

Status    New, Existing, Refurbishment 

Type    Geomembrane lined reservoir, Tank 

Tank Type    Bolted Steel, Welded Steel, Concrete 

Total Storage Depth    Default = 50 ft 

Water Conveyance System
ϞϞ

     

Intake Status    New, Existing, Refurbishment 

Intake Gate Type Tig   Slide, Radial 

Penstock Status    New, Existing, Refurbishment 

Penstock Maximum Velocity Vmaxp ft/s  Default = 10 ft/s 

Penstock Maximum Diameter dmaxp ft  Default = 12 ft 

Penstock Length: Head    Default = 4 

Upper Penstock Length  ft   

Upper Penstock Material    Steel (spiral weld), HDPE 

Lower Penstock Length  ft   

Lower Penstock Material    Steel (spiral weld), HDPE 

Tailrace Status    New, Existing, Refurbishment 

Tailrace Length Lt ft  Model will compute if no length is provided 

Powerhouse     

Powerhouse Status    New, Existing, Refurbishment 

Site Preparation     

Site Access Road Length    Default = 0.5 mile 

Terrain Complexity    Low, Medium, High 

ELECTROMECHANICAL  

Equipment     

Pump Turbine Arrangement    Reversible (Default), Standard 

Turbine Type    Vertical Francis (Default), Pelton 

Generating Unit Efficiency    Default = 90% 

Roundtrip Efficiency    Default = 82% 

ELECTRICAL  

Electrical Infrastructure      

Transmission Status    New, Existing, Refurbishment    Default = 2 miles 
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Items Symbol Units Value
Ϟ
 Note 

 Transmission Line Length 

Transmission Line Voltage    Default = 15 kV 

ENVIRONMENTAL COMPLIANCE  

Compliance     

Mitigation Type    5 different environmental mitigation types 
À Blue cells represent a required user input, yellow cells can be selected from a list, green cells represent a default input that can be overwritten 

ÀÀ Penstock wall thickness design uses Allievi Formula (ESHA, 2004) , which requires additional user inputs, currently the model uses default 

values as: valve closing time= 5 sec, weld type = x-ray inspected weld, weld efficiency = 90%, Allowable tensile stress of steel = 24 ksi, extra 
thickness for corrosion=0.125 inch 

3.2 CAPACITY ESTIMATES  

The project generating capacity is estimated as, 

ὖ  
ὗ Ὄ –

ρρψρτ 
    

where P is power delivered from turbine/generator in MW, H is design head acting on the turbine blade in 

ft, and ɖ efficiency of the turbine/generator unit. Q is the design flow in cfs, calculated as, 

ὗ  
ὠ

σφππ Ὕ 
 

where Vs is the upper storage volume for power generation in ft
3
/s, T is the storage time in hrs. Energy 

storage capacity is estimated as, 

Ὁ  ὖ Ὕ    

where E represents energy in MWh. 

3.3 DESIGN 

The m-PSH model concept design incorporates component-level design of civil works, electro-

mechanical works and electrical infrastructure. Other project features such as engineering and 

construction management (ECM) and environmental mitigation (EM) are not explicitly designed in the 

model. The design of each model components is provided in Appendix A.1. 

3.4 INITIAL CAPITAL COST 

A detailed description of the costing approach of each model component and a comparison of historical 

cost indices are provided in Appendix A.2.  The tool uses approximate unit based and parametric costing 

methods to simulate the costs of the seven total project categories: civil works, electromechanical (EM) 

equipment, electrical equipment, contingencies, Engineering Construction Management (ECM), 

environmental and regulatory compliance, and development (Figure 5).  The ECM and EM equipment, 

having no explicit concept design, are assumed to scale with project size and such, cost implications are 

captured accordingly in the costing process. The project development cost includes licensing and initial 

engineering costs. As there is no explicit licensing cost methodology available for pumped storage 

projects, the m-PSH modelôs licensing cost is computed using INL (2003) non-powered dam licensing 

cost methodology, with additional validation using the current FERC licensing environment. 
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Figure 5.  Methodology to compute m-PSH initial capital cost.   

 

The m-PSH model assumes a 20% contingency
5
 for civil works and 15% contingency for electro-

mechanical equipment as a default values, based on USBR (2011). It is acknowledged that there is 

substantial cost uncertainty in many cost categories, including contingencies, and that parametric and unit 

based cost estimates may vary substantially from final project costs.  There are limitations to the 

applicability of these equations and contingencies, and where possible, sensitivity analyses have been 

conducted to provide a sense of model uncertainty to input parameters.  It is also acknowledged that many 

cost estimates in this report are escalated from estimates made years ago, as these are considered reliable 

sources based on extensive reconnaissance evaluations of numerous installed projects.  Where 

appropriate, spot checks on escalated cost estimates were carried out based on more recent data.  See 

Section 4.4., Section 6, and Appendix A.2. for more discussion on sensitivity and uncertainty.       

The USBR historical cost indices, Engineering News Record (ENR) cost indices, and Consumer Price 

Index (CPI) are used to escalate cost to 2015$. The initial capital cost (ICC) of the project is taken as the 

sum of cost categories and contingencies  

3.5 PROJECT ECONOMICS 

Initial capital cost (ICC) and levelized cost of storage (LCOS) are used to enable a levelized comparison 

across m-PSH projects of various power and storage capacities.  The ICC will be presented in $/kW of 

generating capacity and $/kWh of energy storage capacity, and represents the overnight cost to develop 

and construct a project.  The LCOS represents the net present value of the unit cost of storage over the 

lifetime of the project, assuming a single capital structure, cost of capital, and operational and cost 

assumptions.  LCOS is computed as the sum of ICC (in $) and discounted annual expenses minus the 

residual value divided by the energy output over the lifetime of the project, computed as  

 

                                                      
5 Contingency is added to the original estimated cost to cover any unforeseen expenses as well as to cover specific 

expenses the model does not capture that may occur during project construction. 
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where O&M i,a = annual operation and maintenance expenses in year i, Ri,a = annual replacement expenses 

in year i, Fi,a = annual fuel expenses in year i, Vres = the residual value of the project in year n, Ei,a = 

annual energy output in year i, d = annual degradation due to age and wear, and r = the real discount rate.  

All future costs are adjusted for inflation.  Unless otherwise specified, LCOS is computed using the 

assumptions outlined in Table 2.  Several of these assumptions are chosen to enable a direct comparison 

of LCOS with other electrical energy storage (EES) technologies that have 100 MW of installed capacity 

and 8 hours of storage (Lazard, 2015).  The sensitivity of these assumptions and their impact on LCOS is 

discussed in Section 6.2.   

 
Table 2. Default economic assumptions. 

Category Variable Value 

Discount rate (WACC)  r 10% 

Inflation rate   2% 

Project Life n 40 years 

Annual degradation d 0.25% 

Days of full discharge per year cycles 300 

Roundtrip efficiency hrte 82% 

Annual generation (MWh) Ei,a P*T*cycles 

Annual pumping (MWh)  Pi,a Ei,a/hrte 

Pumping tariff  Tp $50/MWh 

Annual pumping tariff escalation  0.25% 

Annual fuel cost Fi,a Pi,aTp 

Annual O&M (fixed)   $12/MWh 

Replacement cost at 20 years Ri 20% of EM Cost 

Residual value Vres 20% of ICC 
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4. MODEL  VALIDATION  

The model is validated against a variety of installed projects and projects under study to evaluate how 

well the overall relationship between project costs and installed capacity (MW) is captured.  Validation is 

carried out for a wide range of head and storage options at a substantial range of power capacities to 

ensure large scale trends and economies of scale are accurately modeled.  A detailed validation for small 

scale projects is not possible as there are no dedicated m-PSH scale projects from which a comparative 

cost analysis can be made.  However, curves were obtained that extend large scale project costs to small 

scales, and these are provided as a best estimate for cost model validation.  Cost model outputs will be 

referred to as simulated projects in this section.    

4.1 EXISTING STUDIES AND  COST ESTIMATES  

Three existing data sources are used to validate project costs.  The first is an estimate of installed costs of 

six existing and operational conventional (i.e., not pump-back) PSH projects in the US with installed 

capacities between 280 MW and 628 MW (Electric Power Research Institute, 2011).  The 2011 reported 

costs were escalated using a factor of 1.128 based on the USBR Composite index. 

 
Table 3. Estimated 2015 installed costs of conventional PSH plants in the US.  

Project 

Name 

Capacity 

(MW)  

Estimated Cost  

(1988 $/kW) 

Estimated Cost  

(2015 $/kW) 

Tom Sauk 350 462 1,354 

Cabin Creek 280 404 1,184 

Yards Creek 330 332 973 

Seneca 380 505 1,480 

Fairfield 512 586 1,718 

Bear Swamp 540 507 1,486 

Jocassee 628 422 1,237 

 

Additional estimates from EPRI put the cost of PSH projects with 280 MW to 530 MW of capacity at 

$2,500 to $4,300/kW (Electric Power Research Institute, 2010).  The second is a screening level 

assessment report carried out in British Columbia to quantify the projected costs of projects between 500 

MW and 1,000 MW (Knight Piésold Consulting, 2010).  The third is a family of cost curves developed by 

MWH based on 60 preliminary level estimates for PSH projects conducted between 2005 and 2009 

(MWH, 2009).  

 

4.2 MODEL VALIDATION ASS UMPTIONS 

To validate the cost model, several assumptions are required that align m-PSH concept design inputs with 

the characteristics of the projects to which they are compared.  Major assumptions include: 

¶ Two reservoirs, each with a live storage depth of approximately 50ft and dead storage of 2% of 

total storage volume; 

¶ The majority of conventional US sites were constructed on a site with some existing 

infrastructure, including roads, transmission, and/or usable reservoirs (i.e. a quarry, mine, or 

natural reservoir).  For validation purposes it is assumed that one reservoir already exists (only 

20% of the excavation burden with respect to overall storage volume is required) and one 

reservoir has some existing storage infrastructure in place (only 50% of the excavation burden 

with respect to overall storage volume is required); 

¶ All generating units are assumed to be reversible Francis turbines with a peak generating 

efficiency of 90%; 
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¶ Surface penstock and powerhouse; 

¶ Many studies exclude the cost of transmission lines from the initial capital cost.  Other projects 

may require extensive transmission at significant cost.  A transmission line length of 2 miles at 

230 kV is chosen as a default value; 

¶ Terrain with medium complexity is assumed; 

¶ Civil works contingency of 20% and electro-mechanical and electrical infrastructure 

contingencies of 15%; 

¶ Fish and wildlife environmental mitigation is required;  

¶ A random Gaussian distribution of four variables is chosen to mimic the characteristics 

representative of installed projects and those studied at a feasibility level (see Figure 6 for an 

example distribution): 

o head varying between 100 ft and 1,000 ft; 

o storage volume varying between 10,000,000 ft
3
 and 1,200,000,000 ft

3
 (230 ï 27,548 

acre-ft); 

o storage time varying between 8 and 16 hours; 

o Penstock length to height ratio (L:H) varying between 3 and 10. 

 
Figure 6.  Frequency distribution of variables used for model validation. 

4.3 COST MODEL VALIDATION  

To capture a wide range of cost model outputs, a Monte Carlo type simulation of 1,000 projects with 

characteristics outlined in Section 4.2 is carried out.  Simulation results are shown compared with existing 

projects and those under study in Figure 7.  The main trend captured very well is the economies of scale 

in development, namely an increase in ICC as project capacity is decreased, and a decrease in ICC as 

capacity is increased.  It is critical that any cost model accurately reflect these cost dynamics.  For a given 

project capacity, a lower ICC is indicative of a higher relative design head and a lower relative storage 

volume.  As head is decreased and storage volume is increased, at the same capacity, a rise in ICC is 
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observed.  The spread between low and high costs becomes increasingly more apparent as project 

capacity is decreased, indicating low capacity simulated projects are most economically viable at higher 

relative design head.  It is interesting to note that installed project costs are significantly lower than those 

under study.  This accurately reflects the low ICC of the existing PSH fleet, and the challenges in the 

current PSH development market.   

 
Figure 7.  Cost model validation against existing projects and projects under study.  All costs are in $2015. 

 

The range of ICC in $/kWh for simulated projects is compared with estimates for conventional PSH in 

Figure 8.  A wide spread of ICC is predicted by the model, a result of the greater range of installed 

capacities and storage times simulated compared to the Lazard (2015) model, which only assumed 

projects with 100MW of capacity and 8 hours of storage, and compared to EPRI (2011), which assumed 

projects with 280 MW to 530 MW in installed capacity and 6 to 10 hours of storage.  The EPRI estimates 

likely provide the best comparison, as it is unclear what siting and civil costs are included in the Lazard 

(2015) estimate.  

 
Figure 8.  ICC prediction in $/kWh of simulated projects with installed capacity < 500 MW and storage time  

of < 10 hours compared to estimates for various transmission scale energy storage technologies.  All costs are 

in $2015. 

 

Average simulated project cost distribution among four major categories is shown in Figure 9, with cost 

categories defined in Table 4.  The electro-mechanical and electrical equipment categories are combined 
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and contingencies are backed out of civil works and electro-mechanical and electrical equipment 

categories to match the cost estimation categories of Knight Piésold (2010).  There is overall good 

agreement between the major cost categories, with excellent agreement in the ranges and average civil 

works costs and soft costs percentages.  The largest discrepancy is the difference between contingencies 

and electro-mechanical and electrical equipment, though the potential range of the latter overlaps with 

that of Knight Piésold (2011).  Overall, the range of cost distributions predicted by the model are 

consistent with those predicted by engineering consultant with expertise in PSH development.   

 

 
Figure 9.  Simulated project cost category (right) validated against conventional PSH cost categories (left).  

Average distribution is shown in each pie, with the min and max observed values shown in parenthesis. 

 
Table 4. Definition of cost categories for comparison in Figure 9. 

Category Name Knight Piésold (2011) Cost Model Simulation 

Contingencies Contingency Contingency 

Civil Works  Construction costs Civil works 

Electro-mechanical and 

Electrical Equipment 

Generating equipment and 

switchyard 

Electro-mechanical equipment, 

electrical equipment 

Soft Costs 

Ownerôs costs, Mobilization, 

Demobilization, Insurance, 

Bonds, Overhead, Contractorôs 

Profits, Permitting and Design 

Engineering Construction Management, 

Environmental Mitigation and 

Regulatory Compliance, Development 

 

 

4.4 COST MODEL SENSITIVI TY TO ESCALATION  

Component level cost data used to develop the cost model is obtained from a wide variety of sources with 

original cost estimate dates that range from around 1980 up through 2015 (see Appendix A).  In many 

cases, a comprehensive study carried out many years ago provides the most reliable, scalable, and 

relevant cost estimate (see e.g., USBR, 1980).  Escalation of these component costs is the means by which 

historical estimates are updated to reflect modern cost realities.  Common cost indices used for escalating 

construction activity and equipment costs for large infrastructure projects (including hydropower) are: 

1. USBR Structures (USBR, 2016); 

2. USBR Equipment (USBR, 2016); 

3. USBR Composite (USBR, 2016); 

4. Engineering News Record (ENR) Construction Cost Indices (ENR, 2016); 

5. U.S. Consumer Price Index (CPI) (BLS, 2016). 
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More detail on cost escalation indices can be found in Appendix A Section A.2.  The m-PSH cost model 

primarily uses USBR Structures for civil works cost escalation, USBR Equipment for electromechanical 

and electrical equipment cost escalation, and CPI for environmental mitigation, regulatory compliance, 

and development cost escalation.  The impact of different escalation indices over various years is shown 

in Table 5, with the maximum escalation difference identified on the right.  The impact of escalation 

index choice generally varies from the minimum index to the maximum index by between 12% and 24% 

depending on the year.  The USBR structures index tends to fall near the mean to the high end in most 

years, with the exception of 1980, when it is the lowest of all indices.                  

 
Table 5. Cost escalation index comparison for various years.  Minimum values are highlighted in gray, 

maximum value cells are highlighted in red.  

Year 
USBR 

Structures 

USBR 

Equipment 

USBR 

Composite 

USACE 

Composite 
ENR CPI 

Maximum 

Escalation 

Difference
*
 

1980 2.78 2.87 2.94 2.81 3.10 2.88 12% 

1985 2.38 2.23 2.43 2.28 2.39 2.20 10% 

1990 2.17 1.86 2.13 2.01 2.12 1.81 20% 

1995 1.89 1.62 1.86 1.77 1.83 1.56 21% 

2000 1.64 1.52 1.65 1.62 1.61 1.38 20% 

2005 1.34 1.35 1.35 1.31 1.35 1.21 12% 

2010 1.13 1.11 1.13 1.10 1.12 1.09 4% 

2015 1.00 1.00 1.00 1.00 1.00 1.00 0% 

*Maximum escalation difference is defined as the percentage increase in escalated cost from the 

minimum of all escalation index values to the maximum of all escalation index values for a given year.    

 

Because of the wide disparity in original cost estimate years, the variety of potential escalation 

comparisons, the relevance of different indices to different components of project cost, and the use of the 

highest and lowest reported escalation index in some cases, it is assumed that maximum escalation 

uncertainty varies between 5% and 12%.    

4.5 ECONOMIC MODEL VALID ATION  

The predicted LCOS of simulated projects is compared with industry estimates of LCOS for conventional 

PSH and other transmission scale technologies in Figure 10.  Note the model includes the model 

validation assumptions outlined in Section 4.2 and the economic assumptions from Section 3.4, while the 

industry estimate includes only projects with 100 MW of capacity and 8 hours of storage.  The modeled 

LCOS of $172/MWh to $269/MWh is very closely aligned with the predicted range of conventional PSH 

technologies, and as expected, is significantly below transmission scale battery storage technologies.   

 
Figure 10.  LCOS prediction of simulated projects with installed capacity < 500 MW compared to industry 

estimated of LCOS for various transmission scale energy storage technologies (Lazard, 2015).  
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5. TEST CASE ANALYSIS  

The development of m-PSH projects may occur at a variety of scales, storage volumes, storage times, and 

installed capacities.  Modular PSH technology is not limited by size, storage time, scalability, response 

time, or equipment requirements ï turbine/generators and pump/motors exist today at scales appropriate 

for m-PSH development.  The cost to build a project is the single largest inhibitor of m-PSH deployment.  

And the cost to build a project consists largely of the cost of storage.  The existing fleet was built by 

taking advantage of economies of scale in construction and by using sites with some degree of existing 

storage infrastructure.  The former assumption is not valid for m-PSH scale projects, and it is unclear the 

degree to which the latter assumption affects project feasibility.  As a basic example, the model is used to 

simulate projects with capacities of less than 100 MW using all assumptions outlined in Section 4.2, and 

then under the assumption that both reservoirs require the full storage volume to be excavated for both 

reservoirs (Figure 11).  In both cases the penstock length to height ratio (L:H) is held constant at 6 and 

storage time at 10 hours.  When upper and lower reservoirs need to be excavated from flat surfaces, m-

PSH project costs are simulated between $6,000/kW to $12,000/kW depending on capacity, head, and 

storage characteristics.  These costs are nearly double the cost of projects developed where existing 

shallow depressions or excavated basins exist.  It is evident that Greenfield m-PSH development that 

scales down the conventional PSH development paradigm requires innovation and cost reductions in the 

storage of water to achieve economic viability.         
 

    

                   
Figure 11.  Simulated ICC of m-PSH projects with installed capacity of < 100 MW: assuming construction of 

a new upper and lower reservoir (top left) and assuming an upper reservoir is a refurbishment of existing 

storage infrastructure, and the lower reservoir is largely in place (top right).  Corresponding line plots at 

various storage volumes and head are shown below the contour plots.   


























































































































