ORNL/TM-2016/590

Development and Implications of a Predictive
Cost Methodology for Modular Pumped

Storage Hydropower (mPSH) Projects in the
United States

-

A IIII’IIIM

AdamWitt

Dol Raj Chalise
Boualem Hadjerioua
Michael Manwaring
Norm Bishop

Approved for public release.
Distribution is unlimited.

September 206

OAK RIDGE NATIONAL LABORATORY

MANAGED BY UT-BATTELLE FOR THE US DEPARTMENT OF ENERGY



DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via US Department of Energy
(DOE) SciTech Connect.

Website http://www.osti.gov/scitech/

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)

TDD 703-487-4639

Fax 703-605-6900

E-mail info@ntis.gov

Website http://www.ntis.gov/help/ordermethods.aspx

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
representatives, and International Nuclear Information System representatives from the following

source:

Office of Scientific and Technical Information
PO Box 62

Oak Ridge, TN 37831

Telephone 865-576-8401

Fax 865-576-5728

E-mail reports@osti.gov

Website http://www.osti.gov/contact.html

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States
Government or any agency thereof.




ORNL/TM -2016/590

Environmental Sciences Division

Development and Implications of a Predictive Cost Methodology for
Modular Pumped Storage Hydropower (mPSH) Projects in the United States

Adam Witt, Oak Ridge National Laboratory
Dol Raj ChaliseOak Ridge National Laboratory
Boualem HadjeriougDak Ridye National Laboratory
Michael ManwaringMWH
Norm Bishop Knight Piésold

Date PublishedSeptember 2@

Prepared by
OAK RIDGE NATIONAL LABORATORY

Oak Ridge, Tennessee 3783233

managed by

UT-BATTELLE, LLC
for the
USDEPARTMENT OF ENERGY
under contracDE-AC05-000R22725



TABLE OF CONTENTS

ACKNOWLEDGEMENTS......co oottt eeer st eeeme e mmme e e e e e e e e e e eeeeeees iii
EXECUTIVE SUMMARY ..ottt ettt e s sanr s e e e e e e s iv
LIST OF FIGURES ..ottt et e aeer et e e e e e e e s s n e e s e v
LIST OF TABLES ..ottt e e st e e e e e s e e e e e e s viii
ABBREVIATIONS ...ttt e e s et e e e e e e e e e e e e s iX
1. BACKGROUND AND INTRODUCTION.......cuttiiiiiiiiiiiiiiiieeeiiree e ssssrnree e 1
L1 SCOPKE. .. oot e e 3
2. MODEL OVERVIEW ....coiiiiiiiiiiii ettt 4
2.1 MODEL FRAMEWORK ..ot meme e e e e e eneennn e D
2.2 KEY DATA SOURCES..... ..ot 6
2.3 IMPORTANT MODEL ASSUMPTIONS AND LIMITATIONS.........uumme e 6
3.1 USER INPUT ottt eeees s e s s e e en e aennrennrrnrnne 1
3.2 CAPACITY ESTIMATES ... .ottt ettt eeees e 8
3.3 DESIGN. i 8
34 INITIAL CAPITAL COST ..ottt rrnn e enrr s mmme e 8
3.5 PROJECT ECONOMICS. ... oo rmme e e e e e e e e e e e e e e e e e e e e e e e s emennnnnanns 9
4. MODEL VALIDATION ..otititiittititttietiiietsrmme e s e e e e e e e e e e e e e e ae e e e e et anamsssbssas e s e e e e e e eeeeeees 11
4.1 EXISTING STUDIES AND COST ESIMATES ... 11
4.2 MODEL VALIDATION ASSUMPTIONS.......coiiiiiiiiiiiiiee et 11
4.3 COST MODEL VALIDATION L..coiiiiiiiiiiiiiiiieeeieeimees s e e eeeennnennnnnnn e 12
4.4 COST MODEL SENSITIVITY TO ESCALATION.......cooiiiiieieeeeeeeeceees 14
4.5 ECONOMIC MODEL VALIDATION ....coiiiiiiiiieeeee e 15
5. TEST CASE ANALY SIS, . oottt e e e e e e e e e e e e e e e e e e e s emeern e rrrnnne 16
5.1 TEST CASE L.ttt et mmme e e e e e e e e e e e e e e e e e e 19
5.2 TEST CASE 2.ttt et 24
5.3  TEST CASE Gttt re et errr et e e 29
5.4 TESTCASE SUMMARY ..ottt ettt teee s a e e s 34
6. SENSITIVITY ANALY SIS ettt s e e s e e e e e e e e e e e e e e e e e e e e e e ememreenbbrennee 35
6.1 ICC SENSITIVITIES.. ... ottt eeee s amme e eeeeees 35
6.2 LCOS SENSITIVITIES. .. ittt e e e e e e e e e e e e e e e e e e e e ememreeeneees 36
6.3  SENSITIVITY ANALYSIS SUMMARY ...ooiiiiiiiiiiiimmme e eenees s 38



7. COMPARITIVE ANALY SIS .ottt rr e e e e e e e e e e e e e e e e e e e s emenrnnnnnnnes 39

7.1 TRANSMISSION SCALE PROJECTS ...ttt 40
7.2 PEAKING REPLACEMENT PROJECTS......oiiiiiiiieiiieeeeeeiemees s 41
7.3 COMPARITIVE ANALYSIS SUMMARY ..o eeeeeeeeeeeeeeeeennnes s 42
8. CONCLUSIONS AND RECOMMENDATIONS........ootiiiiiiiiiirrm e e 43
9. REFERENCES. ... .. ottt imme ettt ettt eeeea s s s s s e a e e e e e e e s s smmme e e e ee e senesrnn s rennnrnrnnnes 45
Appendix A. DESIGN AND COST METHODOLOGIES............cccccviiiiiiiiceeccceeiiee . 48
Appendix B. FURTHER DISCUSSION OF STORAGE..........cccccceiviiiiiieeiiviiineeeeeenn 4
Appendix C. REFERENGCES...... .ottt r e e s e e e e e e e e e e e e e e e e e e e e e e s smenrnnnnnnes 76



ACKNOWLEDGEMENTS

The authors would like to acknowledge and express their appreciation to all the following individuals and
programs for their review, comments, and support of this tepor

DOE Water Power Program

9 Daniel Rdon, Water Power Program Manager
1 Tim Welch,Hydropower Program Manager

Oak Ridge National Lab
1 Miles Mobley

New Mexico Institute of Mining and Technology
1 Rebecca Brink



EXECUTIVE SUMMARY

The slow pace of Pump&torage 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 exploraugtiaenic viability of

modular Pumped Storage HydropowerR&H) development through targeted case studies, revenue
simulations, and analysis of innovative configurations and designs. This paper outlines the development
and supporting analysis of a scalglitomprehensive cost modeling tool designed to simulate the initial
capital costs for a variety of potentiatsH projects and deployment scenarios. The tool is used to
explore and determine innovative strategies that can improve the economic vi&biyIH in US

markets.

The major finding of this work is that development 6P8H scale projects is technically feasible with
existing technologies and construction techniques, but the cost to build the project is the largest deterrent
to mPSH deploymemn Based on humerous simulations and test case andigpesyements in the cost

of storageprovide the critical path towards achievingR8H economic feasibilityTest cases developed

to analyze the cost implications of varying levels of existing geoveorks 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 fRH 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 theorefmriongterm storage This

idea is not novel most conventional PSH projects within the existing US figle¢ advantage of existing
infrastructure and storage works. Howevie thanging paradigm of smaller scald®®H projects

coupled with thg@ressing need for innovation and cost reductions in electrical energy storage demands a
fresh look at wht kinds of locations can readily suppoHR8H projects The results presented herein

can be put into a more tangible context if better insight iseghiinto the types of fRSH 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,ditimgvativetechnical research and
development should be focused on redutireglargest cost drivers of-RSH developmentAt lower

relative heads, the cost of electromechanical equipment is substantial, and could be improved through
new designs and manwctaring strategies for modular reversible putagbines. At higher relative
headsboth electromechanical equipment and water conveyarate become large project cost

categories. New penstock materials, joining techniques, and construction strategigitize a

combination of conventional and alternative materials have the potential to reduce overall project costs.
These cost reductions become more pronounced with iesrgabead and penstock length.

A comparative analysisf simulatedn-PSHcosts to alternative electrical energy storage technologies of
various scale and maturities showed tha®&Hfacilities exhibit & installed cost andlavelized cost of
storage range that is on par or better timamybattery alternatives at many scalessreif both reservoirs
need to be excavated and constied. The added benefits of long useful life, proven technology, high
roundtrip efficiencyknowntechnology scalabilityand low performance degradation over tiitther

make mPSHa compelling altsnative An important finding of this analysis is the needdarommon

basis for economic and financial comparisons across electrical energy storage technologies. Existing
comparisons can be improved and made more reliable by offering explicit detailvdifecycle 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 usitible energy storage in the wofldlS.
Department of Energy & Sandia National Laboratories, 20T8e 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 a&fficient and reliable means to store electrical energy. In the U.S. and
globally, nearly all PSH facilities have capacity in excess of 100 W greater than 4 hours of storage
reflecting both the economies of scale in construction and equipmentgarant available to large

projects and the market advantage of marginal energy stqieaneet al.,2010; UriaMartinezet al,

2015) The pace of PSH development in the U.S. slowexdstandill over the past 25 years, largely the
result of eonomic uncertainties in a deregulated electricity market, protracted siting and environmental
constraints, and a continuous decline in natural gas giNeesy & Jackson, 2011)A shifting energy
landscape, driven by the growth of intermittent renewable energy generating capacity, the rise of state
mandated renewable portfolio standards, tiedemergence of wholesale electricity markets, is redefining
the role of energy storage. Many opportunities are arising foresefficient,deployabledistributed

energy storage systems to competitively enter the electricity m#d&t2015)

An interesting perspective on engigforage is gained by viewing the historitaieline of energy

storage projects throughout the workdgurel). PSHplants werdghe predominant energy storage
projectsbeinginstalledfor nearly 80 years, from their introduction in the early 1900s through the turn of
the century. Capacities in thange of 400 MW to 1,000 MW were most common, with few deditated

PSH projects under 100 MW the past 20 years, the pace of PSH construction has slowed significantly
while the number of electrohemical (i.e., battery) storage projects siggificantly increased, primarily

as a result of advanced in technology, along with favorable state policies and federal incentives favoring
small scale energy storage project®®hile PSH projects still provide the vast majority of global energy
storage capacity, cwulativelarge-scale PShblant growth is being rapidly outpaced by smadleale

battery projectsvith installed capacities generally less than 10 MW per project
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Figure 1. Global energy storage projects as of March, 2016Scatter 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.




As a mature and proven technology, existargescalePSH plants are efficient and highly cost
competitiveas an energy storage mechanidtnstorically, PSH has been the chestgerm of energy
storage on a $/kWhstalledbasis by roughly an order of magnitugiégure?2). A clear trend of
increasing®SH installeccoss ($/kW) over timeis evidentreflecting both an increase in labor and
construction costs decreased in average projects stre added cos@nd challengesf developing less
topographically favorable siteand increased environmental protection and midgaequirements
Understanding theomplexeconomics of energy storageai€hallenge dut® the variety of energy
storagenstallation types, capacities, lifetimes, and technical characteristidghus it is easiest to
compare various energy storagernatives based on a levelized cost of energy stfr&g§eS), where
LCOS is measured on a $/MWh basi®SH isnearly always thé&astcost storage technologyternative
on a LCOS basisFor example, the unsubsidized LCOS of transmission scale R8ts [ estimated
between $188/MWh and $275/MWh, while lithition electrechemicalstorage technologies with
similar capacities and storage dynamics have an estimated 2G@iSes greatehetween $347/MWh
and $739/MWHLazard, 2015)
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Figure 2. Capital cod estimatesof global energy storage projects as of Brch, 2016. Data obtained from
(U.S. Department of Energy & &ndia National Laboratories, 2015)

Therecent increase ielectrachemical storage technolpinstallations is oftemttributed to scaland
deployability Batteries generally have a smalidysicalfootprint than PSH, they do not require a large
elevation difference or a substantial volume of watesy can be installed at any grid locatithey are
commissioned and constructed in a relatively short period of sintetheycan scale up ipower

capacity efficiently and effectively through the #uoh 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. Numersmall plants on the scale of 10 MW or less generally
have storage capacities on the order of 30 minutes to 2 h@8k4.plants, on the other hand, contain
single pumping and generating units on a scale araéMW to several hundred MW, with storage
capacities of hours to days. PSH is in fact quite scalable from a technology standpoint using existing
technobgies and construction methods. While over 70% of plants in the eXissimgH fleet have
installedcapacities of greater than 100 Mt least six plants have units with tethcapacity of less than
20 MW, the smallest being 4.2 M{M.S. Department of Energy & Sandia National Laboratories, 2015)
Under the existingeSHparadigm of custorgite layouts and unit design, smallerR8H scale plants
would be moreexpensivao buildon a petkilowatt basis. However, the standardization and




modularization of small PSH units could enable significant cost reductions by strearatiding
standardizinglesignprocessesnanufacturing capabilitiegnd installation proceduredglost largescde
pumped storage projects require significant transmission additions and upgtaidesare often
beneficialto the transmission system, and tbquisite costs are most often solilg responsibility othe
PSH facility, leadig to high added cost aimttreased regulatotymelinesfor the developer The

modular approach being considered could have standard interconnection details and utilize existing
transmission and distribution, requiringly minor upgradeand associated costEnvironmental
footprints and impacts would be proportionaityichsmaller, which could lead to greater social
acceptance and quicker development timelinem-PSH plants can be built more quickly, efficiently,
and costffectively, they would provide an extremely compesi alternative to batterie&igure3).

Uninterruptible Power Supp! Transmission and Distribution Grid Support

Bulk Power Management

10,000 $/kWh i
FlM&ls E
5,000 $/kWh i
9 Li-lon Battery |
] i
o |
© 1000 $/kWh :
= 1

% Lead-ACid Flow Batteries : 70% of existing plants
(@) Battery !
500 $/kWh Na-S Battery I

PSH Innovation
50 $/kWh i
1kw 10 kW 100 kw 1MW 10 MW 100 MW 1GW

Source: State Utility Forecasting Group

System Power Ratings

Figure 3. Capital cost and system power ratings of various energy storage technologibgghlighting 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 developingA8Hfacilitiess, DOEG&6s Wi nd and Water
Technologies Office has tasked Oak Ridge Natitahbratory (ORNL) with assessing the cost and

performance tradeffs of modulaizing PSH plants and the potential for costluction pathwaysln this

report, a cost model is developed to estimate the initial capital cosP&Hhproject. 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 retfadingnomic feasibility

of specific mPSH deployment scenarifldadjerioua et al., 2011; Hadjerioatal.,2014; Wit et al.,

2015.

1.1 SCOPE

The scope of this study is to develogexision makingcreening level tool to predict tieapitalcosts of

small scale, modular pumped storage hydropower projects. The tool is intended to support a broader
DOE effort to encourage alteative pumped storage designs that can lower capital costs and reduce
deployment timelinesCost results from this analysis are validated against available data for large scale
projects,specific test cases are analyzed to provide context on possiblgrdeploscenarios, andgect
economics are assessed and compared with exed&ogic energygtorageechnologies.




2. MODEL OVERVIEW

The mPSH models built usinga bottomup cost estimatingpproactthat identifies sevemajor
categorie$ of a project briefly introduced and defined below:

1. Civil works T activities and costs associated with site preparatimhaccessandwith building
an upper reservoir, a lower reservoir, a water conveyamcka powerhouse;

2. Electro-mechanicali activities and costassociated with pumpotors, turbinegenerators,
ancillary electrical systems, and ancillary mechanical systems;

3. Electrical T activities and costs associated with transmission lines, transformers, a switchyard,
and a substation;

4. Engineering ConstructionManagement (ECM)T activities and costs associated with
managing the quality and schedule of project construction;

5. Environmental and regulatory compliance- activities and costs associated wititigating
environmental impacts and environmental regutetjéoncluding permitting, licensing, and
compliance requirements

6. Development- activities and costs associated with site acquisiBogineering, water rights,
engineering feasibility, transmission planning, and development of financial models

7. Contingenciesi the cost of uncertainty associated with the unknown conditions or equipment
that may arise during construction;

Within each category, the model is designed to comgetaents of design and codDesignelements
refer to thedesign, scaling, and sizing efjuipment and infrastructure. Cost elements refer to the cost of
project equipment, infrastructure, components, or other development activities.

A bottomup cost estimating approahemployed to enable a robust but flégidecision making tool
for transparent investigation of cost reduction strategieg. niddel strives to offegeneric design
optionsthat caraccommodate gariety of potential MPSH deploymentcenaris. By linkingdynamic
design options to scalablerpmetricand volumetric costing methgds powerful tool has beamreated
for wide-area analysis qfotentialsite configurations and project installed capacities.date, most PSH
cost modeling is based on proprietary information that does not prosidécient level of detail for
scaling purpose@night Piésold Consulting, 2010; MWH, 2009¢views ofthe Federal Energy
Reguatory CommissionKERQ preliminary permit information, which provides planning stage bulk
cost estimates but not high level category cos® 6 C oet al, @015), or parametric scaling of project
level costs based on the originafal installed cost of the projefflectric Power Research Institute,
2011) The present model is distinguished by an increased level of cost and design detail available to the
end userscalabilityto a broad spectrum of project installed capacities, head, and storage \aridme,
flexibility to addresslternativedeployment options.

2.1 MODEL FRAMEWORK

A conceptual schematic of the cost estimating mérdateworkis shownin Figure4. Theframework
consists okeven basic steps:

1. Input Site Characteristicsi The model requires a minimum of three (storage volume, storage
time, and design head) user input parametess which design variables are computed based on
additional default parameters

2. Develop Reference Desighthe reference desigteptakes input parameters and computes a
basic project design using design equations and engineering judgessertal design

2 These seven categories were adapted from Federal Energy Regulatory Commission (FERC) Form 1 guidelines,
accessed throudtttp://www.ferc.gov/docsiling/forms/form-1/form-1.pdf
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paraneterscan be specified by the user, such as penstock diametestock length to hydraulic
head ratiodead storage volume, site access road lengthtuabine type and arrangement;
Estimate Project Category Cost based on the reference desigoost estimate for each of the
seven major cost categories is develgpecduding contingencies for undefined, uncertain, and
risk items

Output Project Initial Capital Cost i the sum of all project categories is determined and output
as project initiacapital cost;

Economic Evaluationi using the project initial capital cost and basic economic and operational
assumptions, the levelized cost of storage is determined,;

a. Alternative design strategied alternative project diggnstrategiesre implemented,
based largely on th&tatus ofupper and lowereservois (Greenfield or some storage
worksalready exists);

Sensitivity analysisi the sensitivity of coshissumptionare assessed basedli@ely variables to
be encountered during-BSH deploymensuchaschanges in generating unit efficiency, civil
works contingencies, or penstock length to height ratio;

Comparative analysisi theinitial capital cost and levelized cost of storage under several
potential deployment scenarios are compared to alterredéetrical energy storage technologies;
Define and Disseminate Strategiek thescenariosinder which economic criteria are met are
documented and discussed.

Input Site
Characteristics

l

Develop Reference |, Explore alternative
Design X design strategies
Estimate Project
Category Cost

) Loop through
all categories

h 4

QOutput
Project
Initial
Capital Cost

Economic Evaluation

Define and Disseminate
Results

Figure 4. m-PSH cost maleling framework.




2.2 KEY DATA SOURCES

The key data sources used to deveteBSHmodel include:
T ORNL Hydropower Cost ModelabraamgloOt6Conh@®Corenorale
1 Integrated Hydropower Cost Modghalise et al., 2016)
1 US Bureau oReclamation (3BR), US Army Corps of Engineer&JSACE) and DOE historical
design reports and project data (USACE 19FSBR, 1980; DOE, 2002JSACE 2013;
1 European SmaHydropower Design GuidelindESHA, 20@1);
1 RETScreen Small Hydropower Software (NRGQ2),
Additional project data, design and cost information was collected from various hydropower stakeholder
and reliable online resourcéacluding recent FERC PSH application cost estimat8ection 3 also
provides data source information that is usedevelop the APSH model.

2.3 IMPORTANT MODEL ASSU MPTIONS AND LIMITATIONS

To develop a widaream-PSHcostanalysigool, numerous design, cost, and emoit assumptions are
required. Major assumptions made in model development include:

1 Conventional PSH projecentail custom designefécilities, where storage capacity, generation
capacity siting, penstock size, lengtimaterial,and location, and many other technical decisions
areconverged upoafter detailed engineering, cost, anddfértradeoff 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 thResatis!.
should be viewed in thight;

1 The model assumes &opluction scale projectit is acknowledged that the first few-RSH
projects mayhave higher installed costs, contingencésgyineering constructiomanagement
costs, and development timelindsit as the APSH concept becomes stardiaed and more
widely adapted, these costs are assumed to decline

1 A closedloop projecs with two distinct reservoirs. Opdnop projects and pumback schemes
that use reversible purprbines in conventional hydropower plamtre not considered;

9 Somecosts 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.

9 Surface penstock and powerhouse.

Whereapplicable the sensitivityof projed costs to major assumptions hdaen tested and quantified.

While the model is developed to applyawast array om-PSH projectypes there are several
limitations to its applicability:

1 This modelis intended asreanalysis toqglused tayatherinsight intogereraldevelopment cost
trends notto assess the specifics of a unique project

 Somedesign and cosiquations have limitations on their applicable rangeplying such
equations beyond their application ranges addgiainty in tle model results;

9 Site physical, geological, and environmental conditions strongly influence the feasibility of a
conventional PSH projeadn practice, Monte Carlo simulations are often used as a bottoms up
estimate to determine risk uncertainty aodtingency for vagaries of ground and
civil/geotechnical aspectand to assess reservoir feasibilifynese considerations are not
explicitly accounted for in project design;

1 The model carriekarge ranges of uncertainty that are difficult to quantifyevery case.

3 http://elibrary.ferc.gov/
4 The application range of each equation is provided in Appendix A whenever applicable.




3. METHODOLOG Y
3.1 USER INPUT

In order to use the +RSH model, aninimumof 3 (grossstorage volume, storage time, and design head)
andamaximumof 32 user inputlesignparameterare requireqTablel). Outof these 32 user inputs, 19
inputs can be selectédm alist. The remaining 10 items are model default values, wtan be
replaced by the user.

Table 1. m-PSH modeldesigninputs.

Items Symbol  Units Value® Note
CIVIL WORKS
Storage Information
Gross Storage Volume . it [ Can also provide in acife
Dead Storage Pys % Default = 2%
Storage Time T hrs -
Design Head H ft
Upper Storage
Status New, Existing, Refurbishment
Type Geomembrane lined reservoirank
Tank Type Bolted Steel, Welded Steel, Concrete
Total Storage Depth Ds ft Default = 50 ft
Lower Storage
Status New, Existing, Refurbishment
Type Geomembrane lined reservolrank
Tank Type Bolted Steel, Welded Steel, Concrete
Total Storage Depth Default = 50 ft
Water Conveyance Systerft
Intake Status New, Existing, Refurbishment
Intake Gate Type Tig Slide, Radial
PenstoclStatus New, Existing, Refurbishment
Penstock Maximum Velocity Vyax — ft/s Default = 10 ft/s
Penstock Maximum Diametel  dmaxp ft Default = 12 ft
Penstock Length: Head Default =4
Upper Penstock Length ft
UpperPenstock Material Steel(spiral weld) HDPE
Lower Penstock Length ft
Lower PenstockMaterial Steel(spiral weld) HDPE
TailraceStatus New, Existing, Refurbishment
TailraceLength L, 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 TurbineArrangement ReversiblgDefault), Standard
Turbine Type Vertical FrancigDefault), Pelton
GeneratingJnit Efficiency Default = 90%
Roundtrip Efficiency Default = 82%
ELECTRICAL
Electrical Infrastructure
Transmission Status Default = 2miles




Items Symbol  Units Value® Note

Transmission Line Length
Transmission Line Voltage Default = B kV
ENVIRONMENTAL COMPLIANCE
Compliance
Mitigation Type 5 differentenvironmentamitigation types

ABlue ells represenarequired useinput, yellowcellscan be selecteidom alist, greencellsrepresena default inputthatcan be overwritten
AAPenstock ll thickness design uses Allievi Formula (ESHA, 2004) , which requires additional user inputs, currently the model uses
values as: valve closing time= 5 sec, weld typerayinspected weld, weld efficiency = 90%, Allowable tensile stress of steel = 24 ksi, e
thickness for corrosion=0.125 inch

3.2 CAPACITY ESTIMATES
The projecigeneratingapacity is estimated as,

5 0 O-
pPpuprt

whereP is power deliered fromturbine/generator in M/, His design headcting am the turbine blade in
ft, andd efficiency of the turbingfenerator unitQ is the design flow in cfgalculated as,

. w
oQTYt

whereV; is the upper storage volume for power generatiorifs, T is the storage time in hrEnergy
storage capacitig estimated as,

O 0Y
whereE represents energy in\Mh.

3.3 DESIGN

The mPSH modektonceptdesign incorporates componédatel design of civil works, electro

mechanical works and electrical infragtture. Other project features such as engineering and
construction management (ECM) and environmental mitigation (EM) are not explicitly designed in the
model. Thedesign of each model componentsgrigvided inAppendixA.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’Bhetool uses approximate unit based and parametric costing
methodgo simulate the costs of the seven totajgct categories: civil works, electromechanical (EM)

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

environmental and regulatory compliance, and develop(Réguire 5). The ECM and EM equipment

having no exptit conceptdesign, are assumed to scale with project size and sucimetisations are

captured accordingly in the costing procdd® project development cost includes licensing and initial
engineering costs. As there is no explicit licensing cethodology available for pumped storage
projects,therP SH model 6s | i censing c os tpowereddamlmgnsinged usi n
cost methodologywith additional validation using the current FERC licensing environment




1. Civil Works

2. Electro-mechanical Equipment

3. Electrical Infrastructure

4. Contingencies (20% of 1, 15% of 2 and 3)

5. Engineering Construction Management (15% of 1+2+3+4)

6. Environmental Mitigation

7. Development

Initial Capital Cost (ICC) = 1+2+3+4+5+6+7

Figure 5. Methodology to compute mPSH initial capital cost.

The mPSH model assumes a 20% contingéffiaycivil works and 15% contingency for electro

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

substantial cost uncertainty in many cost categories, including contingencies, and that parametric and unit
based cost estimates may vary substantially from final project cistse are limitations to the

applicability of these equatiormnd contingencies, and where possible, sensitivity analyses have been
conducted to provide a sense of model uncertainty to input paramieieralso acknowledged that many

cost estimates in this report are escalated from essmadde years ago, agfle areonsdered reliable

sources based on extensive reconnaissance evaluations of numerous installed Whpgrets.

appropriate, spot checks on escalated cost estimates were carried out based on more recent data. See
Section 4.4.Section 6and 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 20IB8.initial capital cost (ICC) dhe 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 useghtable a levelized comparison
across rfPSH projects of variess power and storage capacitid$e ICC will be presented in $/k\df
generating capacitgnd $/kWhof energy storage capacignd represents the overnight cost to develop
and construct a project. Th€OSrepresents 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
assumptionsLCOSis computed as the sum of IGi@ $) and discounted annual expenses minus the
residual value divided by the energy output over the lifetinteeproject, computed as

5 Contingency is added to the original estimated cost to cover any unforeseen eapemsksis to cover specific
expenses the model does ngpteaethat may occur during project construction.
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whereO&M; , = annual operation and maintenance expenses in,y&ar annual replacement expenses

in yeari, F; ,= annuafuel expenses in yearV,.s = the residual value of the project in y@aE; ,=

annual energy output in yeiaid = annual degradation due to age and weary antthe real discount rate.

All future costs are adjusted for inflation. Unless otherwise specifie@Sis computed using the
assumptions outlineith Table2. 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, 201Bhe sensitivity oftiese 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 Nie 82%
Annual generation (MWh) Eia P*T*cycles
Annual pumping (MWh) Pia Ei o/ Mre
Pumping tariff Tp $50/MWh
Annual pumping tariff escalation 0.25%
Annual fuel cost Fia Pialp
Annual O&M (fixed) $12/MWh
Replacement cosat 20years R 20% of EM Cost
Residual value Vies 20% of ICC
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4. MODEL VALIDATION

The model is validated against a varietyraftalledprojects angrojects under study evaluate how
well the overall relationship between project costsiasthlledcapacity(MW) is captured Validation is
carried out for a wide range of head storage options at a substantial range of power capacities to
ensurdarge scale trends and economies of scale are accuraidbled A detailed validation for small
scale projects is not possilae there arao dedicatedn-PSHscale pojectsfrom which a comparative
cost analysis can be maddowever,curveswere obtanedthatextendlarge scale projectossto small
scales, and these are provideda best estimate for cogbdelvalidation Cost model outputs will be
referred to as simulated projects in this section.

4.1 EXISTING STUDIES AND COST ESTIMATES

Three exiting data sources are used to validate project costs. The first is an estimate of installed costs of
six existing and operationabnventional (i.e., not purdApack)PSH projects in the U®ith installed

capacities between 280 MW aB28 MW (Electric Power Research Institute, 201The 2011 reported
costswere escalated using a factor of 1.128 based on the USBR Composite index.

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

Project Capacity Estimated Cost  Estimated Cost
Name (MW) (1988 $/kW) (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/kWElectric Power Research Institute, 201The second is a screening level
assessment report carriedt in British Columbia to quantify the projected costs of projects between 500
MW and 1,000 MWKnight Piésold Consulting, 2010)The third is a family of cost curves developed by
MWH basedon 60 preliminary level estimates for PSitbjectsconducted between 2005 and 2009
(MWH, 2009)

4.2 MODEL VALIDATION ASS UMPTIONS

To validate the cost modeleveral assumptions are required that aligg$k conceptdesign inputs with
thecharacteristics of the projects to which they are compavisgor assumptionsiclude:
1 Two reservoirs, each withliwe storage depth adpproximately50ft and dead storagd 2% of
total storage volume
1 The majority ofconventional US sites were constructed on a site with some existing
infrastructurejncluding roads, transmission, and/or usable reservoirap@arry, mine, or
natural reservojr For validation purposeasis assumed that one reservoir already exmity
20% of the excavation burden with respect to overall storage volume is réguicedne
reservoir has some existing storage infrastructure in jptade 50% of the excavation burden
with respect t@verall storage volume is required)
9 All generating units are assumed to be reversible Francis tushitiea 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 amplexity is assumed,
Civil works contingency of 20% and electneechanical and electrical infrastructure
contingencies of 15%;
Fish and wildlife environmental mitigation is required;
A randomGaussiardistribution of four variables is chosen to mimic taracteristics
representative of installed projects and theiselied at a feasibility leveséeFigure6 for an
example distribution

o head varying etween 100 ftiad 1,000 ft

o storage volume varying between 10,000,08@rid 1,200,000,000%(230i 27,548

acreft);
0 storage time varying between 8 and 16 hours;
o Penstock length to height ratio (L:H) varying between 3 and 10
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Figure 6. Frequency distribution of variablesusedfor model validation.

4.3 COST MODEL VALIDATION

To capture a wide range of cost model ougpaitMonte Carlo type simulation @000projectswith
characteristics outlined in Section 4.2 is carried @imulationresults are shown compared with existing
projects and those under studyFigure7. The main trend captured very well is #x@nomies of scale

in developmentnamely arincreasédn ICC as project capacity is decreasadd adecrease in ICC as

capacity is increasedt is critical that any cost model accurately reflect these cost dynamics. For a given
projectcapacity alower ICC is indicative ofa higher relativedesignhead and lower relativestorage

volume As head is decreased and storage volume is incredsbd 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 § decreased, indicating low capadisnulatedprojects are most economically viable at feigh
relative design headt is interesting taotethat installed projeatoss are significantly lower thatmose
under study. This accurately reflects the I&€ of theexistingPSHfleet, and the challenges in the

current PSH development market.

10,000
MWH (2009) - Low B EPRI (2010)
= = MWH (2009) - Mean @ Installed Projects (EPRI, 2011)
= = MWH (2009) - High Simulated Projects
8,000 + B Knight-Piesold (2011)
& 6,000
7
Z
@)
O 4,000
o
2.000
0 T T T T T T T
0 100 200 300 400 500 600 700 800

Installed Capacity (MW)

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

The range of ICC in $/kWh for simulated projects is compared with estimates for conventional PSH in
Figure8. A wide spread of ICC is predicted by the model, a tefuhe 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 3BMW 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.

Conventional PSH (Lazard, 2015) 9 244 . 359

Conventional PSH (EPRI, 2010) 458 I 473

mean = 379
Simulated Prajects 4 200 I:I:l 639

0 200 400 600 800 1000
ICC (8/kWh)

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.

Averagesimulatedproject cost distribution amorfgur majorcategories is shown fgigure9, with cost
categories defined ihable4. The dectromechanical and electrical equipment categories are combined
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and contingencies are backed out of civil works and elea&chanical and electrical equipment
categories to match the ¢@stimationcategorief Knight Piésold (2010)There is overall good
agreement between the major cost categories,exitbllent agreement in the ranges and average civil
works costsand soft costpercentagesThe largest discrepancy is the difference between contingencies
and electremechanical ash electrical equipment, though the potential range of the latter overlaps with
that of KnightPiésold(2011). Overall, the range of cost distributipmedicted by thenodelare

consistent with those predicted by engineering consultant with expertiS¢lidé¥elopment.

Average PSH Cost Distribution (Knight Piesold, 2011) Simulated Project Average Cost Distribution

Contingencies
Soft Costs Contingencies Soft Costs
(12%- 169

13%
Civil Works
Electro-mechancial and
Electrical Equipment

Figure 9. Simulated project cost category(right) validated against convenional PSH cost categories (left)
Average distribution is shown in each pie, with the min and max observed values shown in parenttsesi

Electro-mechancial and
Civil Works Electrical Equipment

Table 4. Definition of cost categories for comparison irFigure 9.

Category Name Knight Piésold (2011) Cost Model Simulation
Contingencies Contingency Contingency

Civil Works Construction costs Civil works
Electro-mechanical and Generating equipment and Electromechanical equipment,
Electrical EQuipment switchyard electrical equipment

Own er 6 Mobdizasoh, s

Demobilization, Insurance,
Bonds, Over hea
Profits Permitting and Design

' Engineering Construction Managemel
Environmental Mitigation and
Regulatory Compliance, Developmer

Soft Costs

4.4 COST MODEL SENSITIVI TY TO ESCALATION

Componentevel cost data used to develop the cost model is obtained from a wide variety of sources with
original cost estimate datésat rangdrom around 1980 ughrough2015(see Appendix A) In many
cases, a comprehensive study carried out many years agdgstive most reliable, scalable, and
relevantcost estimate (see e.g., USBIR80). Escalation of these component costs is the means by which
historical estimates are updated to reflect modernreafities Common cost indicessed for escalating
constuctionactivity and equipment coster large infrastructure projects (including hydropower) are:

1. USBR Structure§USBR, 2016);

2. USBR Equipmen{USBR, 2016);

3. USBR CompositéUSBR, 2016);

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

5. U.S. Consumer Price Index (CRBLS, 2016).
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More detail on cost escalatiamdicescan be found ilppendix A Section A.2The mPSH cost model
primarily uses USBR Structures for civil works cost escalation, USBR Equipment for electromechanical
and eletrical equipment cost escalaticand CPI for environmental mitigation, regulatory compliance,

and development cost escalation. The impact of different escalation indices over various years is shown
in Table5, with the maximum escalation difference identified on the rigthte impact of escalation

index choice generally varies from the minimum index to the maximum index by between 12% and 24%
depending on the yearThe USBR structures index tends to fall near the mean to the high end in most
years, vith the exception of 1980, when it is the lowest of all indices.

Table 5. Cost escalation index comparisoifor various years Minimum values are highlighted in gray,
maximum value cells are highlighted in red.

Year Sttﬁz’:rzes Eqﬂ%ﬁint CoUrr?piF\s)ite CLcJ)iApgsl,Eite ENR CPI g:é(;gltji;nq
Difference
1980 2.78 2.87 2.94 2.81 3.10 2.88 12%
1985 2.38 2.23 2.43 2.28 239 220 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 1.31 135 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 th
minimum of all escalation index values to the maximum of all escalation index values for a giver

Because of the wide disparity aniginal cost estimate yearthe variety of potentiagscalation
comparisonsthe relevance of different indices to different components of projectasabthe use of the
highestand lowesteported escalatioimdex in some caseis,is assumed thahaxmum escalation
uncertaintyariesbetween 5% and 22

45 ECONOMIC MODEL VALID ATION

The predicted LCOS dfimulated projectss compared with industry estimates of LCOS for conventional
PSH and other transmission scale technologi€sgnre10. Note the model includes the model
validation assumptions outlined in Section d2l the economic assumptions from Sectionstlle the
industry estimate includes only proje with 100 MW of capacity and 8 hours of storagibe modeled
LCOS of$172/MWhto $269MWh is very closely aligned witthe predictedrange é conventional PSH
technologiesand as expected, is significantly below transmission scale battery storagedgis

Conventional PSH (Lazard, 2015) 188 D 274

mean = 205
Simulated Projects 173 _ 20

0 100 200 300 400 500 600
LCOS (S'MWh)

Figure 10. LCOS prediction of simulated projects with installed capacity< 500MW compared to industry
estimated of LCOS for varioustransmission scaleenergy storage technologief_azard, 2015)
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5. TEST CASE ANALYSIS

The development of f/RSH projects @y occur at a variety of scales, storage volumes, storage times, and
installed capacitiesModularPSH technology is not limited by size, storage time, scalability, response
time, orequipment requirementsturbine/generators and pump/motors etastayat scales appropriate

for m-PSHdevelopment The cost to build a project is the single largest inhibitor 13 deployment.

And the cost to build a project consists largely of the cost of stoiyeexisting fleet was built by

taking advantage of enomies of scale in construction and by using sites with some degree of existing
storage infrastructureThe former assumption is not valid forPSHscale projects, and it is unclear the
degree to which the latter assumption affects project feasibiisya basic exampléhe 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
resevoirs (Figurell). In both cases th@enstock length to height ratib:) is held constant at 6 and

storage time at 10 hour§Vhen upper and lower reservoirs néedbe excavated from flat surfaces, m

PSH project costs are simulated between $6,000/kW to $12,000/kW depending on capacity, head, and
storage charaetistics. These costs arearly double the cost of projects developed where existing
shallow depressior® excavated basins exist. It is evident that GreenfieRSH development that

scales down the conventional PSH development paradigm requires innovation and cost reductions in the
storage of water to achieve economic viability.

ICC ($/kW)
100

90 1 3,000

80 4,500

70 1 6,000

60 | 7,500

50 |

9,000
40

Storage (million £t )

10,500
30

12,000
20

3
10 13,500

b Ay L T Py Py P 3
o T 0 o iy 0,
Design Head (ft)

Figure 11. Simulated ICC of m-PSH projects with installed cacity of < 100 MW: assuming construction of
a new upper and lower reservoir (topleft) and assuming an upper reservoir is a refurbishment of existing
storageinfrastructure, and the lower reserwoir is largely in place (top right). Corresponding line plots at

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