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Figure 15. Simulated annual net revenues in PJM for 2014.  RT = real time, DA = day ahead, 7dopt = weekly 

optimization, 24hopt = daily optimization, A/S = ancillary services.    
 

      
Figure 16. 2014 annual DA generation (MWh) for the flex (left) and base (right) 7dopt units.   

 
Table 7.  Simulated revenue for a 7dopt, 75% RTE unit in the 2014 PJM DA market. 

 
DA Energy Base Unit  

DA Energy + A/S 
Flex Unit  

DA Energy + A/S 
Gross Energy Revenue $706,252 $750,566 $764,191 
Pumping Cost $436,712 $514,590 $545,493 

Net Energy Revenue $269,540 $235,976 $218,698 
    

Frequency Regulation Revenue - $146,586 $327,459 
Spinning Reserves Revenue - $809 $1,649 
Non-Spinning Reserves Revenue - $20,272 $16,558 

A/S Revenue - $167,667 $345,666 
    

Total Annual Net Revenue $269,540 $403,643 $564,364 

Total Annual Net Revenue $/kW ($/kWh) $54 ($5.40) $81 ($8.10) $113 ($11.3) 
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Figure 17. Simulated annual net revenues in the PJM RTO for 2013.  RT = real time, DA = day ahead, 7dopt 

= weekly optimization, 24hopt = daily optimization.     
 

       
Figure 18. 2013 annual DA generation (MWh) for the flex (left) and base (right) unit.   

 
 

Table 8.  Simulated revenue for a 7dopt, 75% RTE unit in the 2013 PJM DA market. 
 

DA Energy Base Unit  
DA Energy + A/S 

Flex Unit  
DA Energy + A/S 

Gross Energy Revenue $472,808 $529,062 $540,398 
Pumping Cost $336,675 $413,816 $438,408 

Net Energy Revenue $136,133 $115,246 $101,990 
    
Frequency Regulation Revenue - $94,866 $209,442 
Spinning Reserves Revenue - $287 $665 
Non-Spinning Reserves Revenue - $180 $88 

A/S Revenue - $95,333 $210,195 
    

Total Annual Net Revenue $136,133 $210,579 $312,185 

Total Annual Net Revenue $/kW ($/kWh) $27 ($2.77) $42 ($4.20) $62 ($6.20) 
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4.6.1 Economic Indicators 

Using the assumptions stated in Section 3.3 and the revenue estimates presented in the previous section, 
economic analyses were conducted for each combination of price series and turbine type.  A cross section 
of these results is presented in Table 9.  The best case assumes the minimum construction cost 
($8,700,000) with 10 year replacements costs of 50% of the balance of plant equipment.  The worst case 
assumes the maximum construction cost ($12,000,000) with 10 year replacements costs of 50% of the 
balance of plant equipment, 25 year replacement costs of 50% of the turbine-generator, and 35 year 
replacement costs of 50% of the switchyard costs.  Results are shown only for 2014, as no scenario in 
2013 produced a BCR ratio above 1.   
 

Table 9.  Economic indicators for 2014 DA 7dopt simulations.  

2014 
Annual Net 

Revenue  
($1,000) 

BCR LCOE ($/MWh) NPV ($1,000) 
Best 
Case 

Worst 
Case 

Best 
Case 

Worst 
Case 

Best 
Case 

Worst 
Case 

Energy Only h = 0.70 236 0.42 0.30 94.02 121.54 Negative Negative 
  h = 0.75 270 0.47 0.34 81.07 104.06 Negative Negative 
  h = 0.80 305 0.54 0.39 71.40 91.09 Negative Negative 
Base + A/S h = 0.70 363 0.64 0.46 83.07 106.03 Negative Negative 
  h = 0.75 404 0.71 0.51 74.19 94.24 Negative Negative 
  h = 0.80 444 0.78 0.57 68.02 86.17 Negative Negative 
Flex + A/S h = 0.70 519 0.91 0.66 78.44 99.41 Negative Negative 
  h = 0.75 564 0.99 0.72 72.24 91.41 Negative Negative 
  h = 0.80 606 1.07 0.77 67.79 85.83 950 Negative 

 
If similar price patterns to those experienced in 2014 in the PJM market were to prevail over the life of 
the best case m-PSH unit, its associated BCR would be above 1 only for co-optimized, highly efficient, 
flexible units.  The worst case BCR for this same unit ranged from 0.66 to 0.77, indicating profitability is 
not pliable with respect to the best case scenario - construction cost overruns or underestimates and 
significant replacement costs will quickly erode revenue potential.  In most cases LCOE is well above 
$65/MWh which, outside of 2014, is about 50% higher than the average DA clearing price.  As a 
reference, the wholesale cost of providing energy for PJM in 2014 averaged $70.40/MWh across all 
regions, approximately $54/MWh of which can be attributed to energy and ancillary services payments 
(PJM, 2015b).  Energy and ancillary service bids from within PJM should be expected to meet the 
average cost requirement or risk being surpassed for lower cost generators.  Simulation results indicate 
that, on average, an m-PSH unit would not be dispatched by a system operator if the m-PSH bid is based 
on best case cost estimates.   
 
In all arbitrage cases the NPV is negative, reinforcing the conclusion that energy arbitrage alone is not a 
viable market strategy.  Even a co-optimized base unit is not able to achieve a positive NPV in 2014 DA 
simulations.  Only a flexible, co-optimized unit with RTE greater than 75% shows a positive NPV, 
indicating ancillary services revenue is a necessity for m-PSH viability.   
 
When an m-PSH unit operates solely based on market signals, there are very low prospects for 
profitability, even in years where energy prices are volatile and higher than average.  Additional revenue 
sources, incentives, discounts, or agreements need to be in place to ensure a steady and sufficient revenue 
stream.                    
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4.6.2 Locational Marginal Pricing Characteristics 

The market prices used in the revenue simulation are load weighted-average PJM market prices, used to 
provide a high level estimate of how an m-PSH unit could behave in the PJM interconnect.  A more 
appropriate analysis should include the locational marginal price (LMP), a pricing mechanism that 
reflects local transmission congestion.  Electrically upstream of a transmission constraint, generation 
exceeds load (positive congestion) and negative congestion costs lower LMPs as marginally expensive 
generators curtail production.  The opposite occurs downstream of a constraint, where additional, 
marginally expensive generation is required to meet load and the congestion cost component is positive.  
An m-PSH facility may aid in alleviating congestion if it is electrically situated where constraints 
frequently occur and congestion costs are positive.  From a system perspective, m-PSH could store energy 
when transmission costs are low, and generate when transmission costs are high.  Bids from PSH 
generators are generally more attractive than bids from thermal generators, so m-PSH would reduce 
system-wide congestion costs if strategically utilized to be used in place of marginally expensive units. If 
energy is transmitted to the m-PSH during off-peak hours, improved transmission and distribution system 
utilization would be an additional added benefit.        
 
An LMP analysis for CS1 requires some system specifications.  The unit would be located within the East 
Kentucky Power Cooperative (EKPC), a utility co-op with approximately 3,100MW of generating 
capacity.  EKPC operates three coal-fired stations (1,882MW of installed capacity), one combustion 
turbine plant (1,032MW of installed capacity), and five landfill gas plants (14.5MW of installed capacity).  
The balance of capacity comes from hydropower purchased through U.S. Army Corps of Engineers 
dams13.  There is currently no wind or solar installed capacity, and no storage capacity within EKPC.   
 
To assist in visualizing the LMP analysis, a geospatial representation of EKPC system boundaries, 
generators, and a fixed number of bus nodes is shown alongside the average difference between the local 
LMP and the PJM DA load-weighted average price (Figure 19, left).  The LMP is calculated at each node 
or generator and the proposed m-PSH site is superimposed on the map (Figure 19, right).  Nowhere 
within EKPC is the LMP greater than the PJM clearing price – at all locations, the LMP contains a 
negative congestion and/or transmission loss component.  The largest LMP negative difference is seen 
near regions of high installed capacity, or near load centers (i.e., cities). In these regions the average LMP 
is 85%-87.5% of the average PJM DA.  Very near the proposed m-PSH site the LMP is 90% of the PJM 
DA, indicating energy prices are on average less than those used in the revenue simulations.   
 

 
   Figure 19. EKPC service region (left) and annual average LMP deviation from the 2014 PJM DA.      

 
                                                   
13 http://www.ekpc.coop/generation.html.  Retrieved on June 19, 2015.   



 
 

 

 
 

32 
 

Energy revenues may improve if the off peak LMP is lower than the PJM average, and if the on peak 
LMP is greater.  Energy arbitrage would be more efficient in this case, with gross energy revenue 
increasing and gross pumping costs decreasing.  For summer 2014, the daily average peak LMP was 
90%-95% of the PJM clearing price, and the daily average off peak LMP was 100%-105% of the PJM 
clearing price near the m-PSH location (Figure 20).  The LMP trends indicate m-PSH arbitrage 
opportunities are diminished within EKPC compared to the PJM DA average.  The gap between peak and 
off peak energy prices has been closed due to congestion and transmission loss components.     
 

          
   Figure 20. Comparison of Summer 2014 DA peak and off-peak LMP deviation from the 2014 PJM DA.  

Symbols see Figure 19.         
 
The magnitude of the congestion and transmission loss components shows that congestion is the greater 
driver of LMP differences (Figure 21).  The average congestion component is negative throughout all of 
EKPC, meaning generation frequently exceeds demand and a negative congestion pricing mechanism is 
implemented to correct the mix of generation.  Near the proposed m-PSH facility, the average congestion 
loss of $4.30/MWh would put the generating unit upstream of the congestion constraint.  While the unit 
would most likely not get asked to curtail production (bids are assumed more competitive than landfill 
gas and coal bids), it would suffer from reduced energy credits and in turn reduced revenue potential.  The 
transmission loss component is very near $0/MWh, which means existing generation is not electrically 
distant from existing load centers.  While the overall LMP loss components do not show the need for 
large-scale energy storage, there may be local or regional factors outside the scope of this study that 
would drive interest in m-PSH, including isolated load centers and generators with high curtailment costs.                   

        
   Figure 21. 2014 LMP congestion (left) and transmission loss (right) components.  Symbols see Figure 19.         
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4.6.3 Comparison to Other ISOs 

Various ISOs throughout the U.S. maintain competitive markets for energy and ancillary services (Table 
10).  Assuming the same constraints and limitations apply, the baseline revenue potential of an m-PSH 
unit operating within a different RTO can be speculated based on hourly market clearing prices.   
 
Table 10.  Competitive market products by ISO.  Bold/shaded entries are plotted in Figure 22 and Figure 23. 

 PJM NYISO CAISO ERCOT 

Energy     
Day ahead (DA) X X X X 

Real time (RT) X X X X 
Regulation     

Up   X X 
Down   X X 

Combined (Up and Down) X X   
Spinning Reserves     

Loaded within 30 minutes  X   
Loaded within 10 minutes X X X X 

Non Spinning Reserves     
Loaded within 30 minutes X X  X 
Loaded within 10 minutes  X X  

*For comparative purposes, regulation prices in markets with separate 
up and down products were combined (excluding mileage and 
performance scores) to give a single clearing price.     

 
For a high level comparison with PJM, market clearing prices for DA energy in the NYISO (New York), 
CAISO (California), and ERCOT (Texas) RTOs were plotted for the 2014 calendar year (Figure 22).  
Energy prices in PJM and NYISO were consistently higher than in ERCOT and CAISO in Jan-Mar, 
largely due to record cold temperatures and energy demand.  Later in the year, DA prices in CAISO were 
generally highest, while the other three ISOs tracked closely throughout the day except for the early 
evening, when ERCOT prices peaked above PJM and NYISO.  On pure energy sales alone, operation 
under the NYISO should produce higher gross energy revenue, especially when extreme temperatures 
stress the grid.  Pumping costs would also be elevated, and m-PSH arbitrage potential would rely on the 
difference between the highest and lowest average daily clearing prices.   
 
  

 
Figure 22. 2014 DA average hourly market clearing price for four ISO regions.   
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To quantify the expected arbitrage potential, the six minimum average daily DA clearing prices are 
subtracted from the six maximum average daily DA clearing prices (Table 11), giving an upper limit to 
revenue that could be achieved under ideal conditions with no restrictions on unit cycling (starts/stops).  
In severe winter cold, NYISO provides the greatest arbitrage potential, followed by PJM then ERCOT.  
This difference is not sustained throughout the year, as all three show diminished arbitrage potential from 
April through December.  The expected differential in those months ranges from $10/MWh to $30/MWh.  
As shown in Table 1, a difference of $20/MWh maintained for 10 hours a day would provide $365,000 in 
annual energy revenue, and as highlighted in Figure 15, annual revenue of $530,000 is required for CS1 
to consistently maintain a BCR of 1.  The maximum differentials in ERCOT are consistently high 
throughout the year, though they quickly diminish, and the average of all differentials does not show 
significant promise compared to PJM, NYISO.  Differentials in CAISO are relatively consistent 
throughout the year, though not large enough to warrant m-PSH viability.  Unless the market trends of 
Jan-Mar persist throughout the year across the country, m-PSH will not be viable if energy arbitrage is the 
sole revenue strategy, and additional revenue streams are necessary.     

Table 11.  Average 2014 DA price differentials ($/MWh). 
Season PJM NYISO CAISO ERCOT 
Jan-Mar 72.69 95.19 28.22 65.96 

 60.34 83.23 26.18 56.95 
 53.32 78.04 21.00 38.08 
 50.73 69.24 19.08 32.91 
 41.24 66.39 12.92 31.37 
 34.48 55.45 10.34 19.82 

Apr-Jun 26.18 22.80 33.57 40.61 
 25.03 19.95 27.53 30.67 
 23.09 19.63 25.44 27.79 
 21.51 17.16 20.28 21.19 
 20.03 15.90 18.80 18.97 
 18.90 13.77 11.81 12.86 

Jul-Sep 31.92 24.83 30.43 52.10 
 28.33 23.83 27.48 44.13 
 25.33 21.75 26.91 29.10 
 22.89 20.53 22.79 27.79 
 18.79 17.55 20.97 19.28 
 15.53 14.49 17.94 17.57 

Oct-Dec 21.83 28.54 30.96 26.49 
 19.72 26.30 29.38 22.16 
 19.27 22.68 24.41 21.04 
 15.33 16.71 18.37 17.66 
 13.58 14.36 14.14 15.04 
 11.32 13.05 10.03 12.21 

 
Ancillary services clearing prices (regulation, spinning, and non-spinning reserves) across ISOs give 
insight into how co-optimization may take place in different geographies (Figure 23).  Regulation prices 
are consistently highest in PJM, where a co-optimized CS1 unit obtained 30%-60% of revenues from 
regulation.  The unit should not be expected to perform better in other regions, as regulation revenue is 
dependent solely on regulation pricing magnitude.  In all cases and hours, spinning and non-spinning 
reserve clearing prices are lower than regulation clearing prices, and exhibit comparable daily patterns 
with the exception of ERCOT.  The reliance on intermittent renewables in Texas leads to fluctuations in 
spinning and non-spinning reserve pricing.  Sunshine and wind are frequently intermittent or unavailable 
in early morning and evening when electrical load increases, driving reserve market prices higher.  
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Despite these spikes, regulation and DA prices are generally much higher than reserve prices, and an m-
PSH unit would be better off bidding capacity into regulation and energy markets.  The lack of significant 
improvements in regulation prices across ISOs indicates a co-optimized m-PSH unit would need 
additional revenue streams to achieve sustained economic viability.   
 
 

 
 

 
 

 
Figure 23. 2014 frequency regulation, spinning reserve, and non-spinning reserve average hourly market 

clearing price for four ISO regions.   

4.6.4 Additional Revenue Streams 

Traditionally, large PSH projects may have additional revenue streams from multipurpose use of the 
reservoir.  There is also debate over whether PSH may be undervalued in the role it plays providing 
national energy security (NHA, 2012), and in providing other functions such as improving optimization 
of thermal plants and quick ramp rate capabilities (IWPDC, 2013).  For m-PSH, reservoirs are not 
expected to be large enough to warrant substantial multipurpose use, revenue potential from additional 
water use and energy security may be limited, and “portfolio effects” achieved by integration with 
thermal units may not be significant based on anticipated m-PSH installed capacity.   
 
Though the capabilities and estimated costs of m-PSH are comparable with many utility-scale battery 
installations (Figure 13), the latter are seeing rapid uptake throughout the country and world.  The U.S. 

Regulation 

Spinning 

Non-Spinning 
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market for battery storage is being driven largely by utilities in states with aggressive Renewable 
Portfolio Standards (RPS), including California, New York, and Texas, who together committed to 
develop more than 6GW of energy storage by 2020.  A growing number of battery systems with installed 
capacity of approximately 5MW-10MW are being constructed to support large wind farms (Akhil et al., 
2013), enabling better integration of wind capacity and increased eligibility for production tax credits 
(PTCs).  A wind farm owner may see a two-fold or more increase in revenues over a pure energy 
arbitrage case when battery storage is integrated to improve dispatchability and avoid curtailment (Tewari 
& Mohan, 2013).  Considering PSH technology is at present consistently utilized for fast-response grid 
stability applications, the ability of m-PSH to integrate with wind and provide a similar service is 
appealing.  The significant disadvantage of m-PSH is that favorable topography is necessary, while 
battery installations, with significantly more compact footprints and higher energy densities, can be sited 
in nearly any location.  In the case of CS1, there is no wind capacity in the area, and thus no potential for 
wind integration.  Kentucky is one of a handful of states with no RPS, and according to PJM there is no 
wind or solar installed capacity in the state (Monitoring Analytics, 2014).  Further analysis and scoping is 
necessary to determine if and where m-PSH may compliment the integration of wind capacity.       
 
Many RTOs are aware that energy and ancillary service markets alone do not provide sufficient 
compensation to incentivize investments in generation resources (PJM, 2009).  A new capacity 
performance product was introduced by PJM in late 2014 that attempts to fulfill generators cost 
requirements and “make them whole” when they reliably supply generation as expected.  Generators must 
commit capacity three years in advance through a base residual auction, a mechanism designed to satisfy 
future capacity obligations.  The most recent capacity auction14 for 2018 set a preliminary zonal capacity 
price for EKPC at $162.44/MW-day.  A 5MW m-PSH unit bidding full capability into the capacity 
market could receive $296,453 in the capacity auction, roughly 50% of best case annual energy revenues, 
to be distributed throughout 2018.  During the delivery year, an additional capacity settlement will take 
place based on actual unit performance during emergency conditions, as determined by PJM.  Generators 
that cannot meet their proposed electricity obligations will be assessed a penalty that, for 2018, is set at 
$2,420/MWh.  High performing units will be compensated with the penalty payments from under-
performing resources, and based on market data from 2014 (Paulos, 2014), some generators would have 
received capacity performance payments of over $4,000/MWh (nearly 100 times the average PJM market 
clearing price).  Storage resources that wish to offer their generation as a capacity performance product 
must be available for continuous operation for more than 10 hours during peak load for multiple 
consecutive days, and they will be required to follow dispatch orders from the PJM operator (PJM, 2014).  
A detailed, site specific analysis would be necessary for an m-PSH owner to determine if capacity 
performance is a viable market strategy, and if so, how much capacity would be appropriate to allocate 
towards the product.  The operational strategy would also need to be adjusted to ensure adequate storage 
is always available to meet capacity obligations during emergency conditions and forego penalties.  For 
CS1, the capacity market appears to provide the highest potential for additional revenue.  However, the 
revenue simulation results from 2013 demonstrate that in years with low energy price volatility, the 
addition of best case capacity payments would not be sufficient to achieve economic feasibility under the 
best case project cost scenario.   
 
In addition to frequency regulation and spinning reserves an m-PSH unit could provide voltage control by 
regulating the supply and demand of reactive power through production or absorption of Volt-Ampere-
Reactives (vars).   In this case, the unit would need automatic voltage regulator equipment, and would 
need to pass a performance test to be considered eligible to provide voltage control (Hadjerioua et al., 
2011).  According to the PJM Interconnection Agreement, generators capable of providing reactive power 

                                                   
14 http://www.pjm.com/~/media/markets-ops/rpm/rpm-auction-info/2018-2019-base-residual-auction-results-xls.ashx 
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must do so, and compensation is provided on a cost basis as approved by FERC (PJM, 2009).  To assess 
the cost of voltage regulation, a detailed analysis would be necessary to quantify how voltage control may 
impact unit availability for energy generation and how revenue streams could offset the efficiency losses 
incurred when operating at a power factor less than unity.  Some generators providing reactive power in 
PJM state that voltage control operations are generally carried out less than 100 hours per year (Bloom, 
2014), making the provision of this service an attractive revenue stream compared to unit commitment.  
Within PJM, voltage control revenue requirements15 can range from $600/MW-yr to $4500/MW-yr based 
on installed capacity and apparent power rating (Hadjerioua et al., 2011; Bloom, 2014).  Based on these 
estimates, a 5MW m-PSH unit could earn an upper limit of $25,000/yr for this service (roughly 5% of 
best case annual net revenues), an amount that does not significantly impact the economic indicators.  
Within all of PJM, voltage control net revenues make up one to five percent of net revenues for most 
generators (PJM, 2009).  When an m-PSH unit is located geographically close to a load center, voltage 
regulation may provide additional, significant value that could be quantified in a site specific analysis. 

Traditional PSH also provides black-start service, a capability offered by units able to restore power after 
blackouts without the need of external electricity.  Generally a unit must demonstrate the ability to self-
start within a given time frame when automatically disconnected from the grid, and they must make a 
multi-year commitment to be eligible for black start service compensation.  Many RTOs reimburse black-
start service on a cost-basis, only covering annual capital and O&M costs related to providing the service 
(Hadjerioua et al., 2011).  It is assumed that black-start capability is called on less frequently than voltage 
regulations, and that revenue potential would also be diminished.  In PJM in 2015, for example, system-
wide annual voltage regulation revenue requirements16 total $274 million while black start revenue 
requirements17 are $45 million.  The mix of m-PSH black-start and voltage regulation revenues may be 
highly location and equipment specific, though in a competitive market, compensation for these services 
does not appear sufficient to improve economic feasibility.   

Additional revenue could be achieved by exploiting the versatility of advanced turbomachinery, such as 
adjustable speed turbines and pumps.  In this case, the unit could offer curtailable load for demand 
response and frequency regulation in both pumping and generation mode.  There are currently variable 
frequency drives in service on smaller pumps, and their implementation within an m-PSH configuration 
could serve as the base for future adaptations.  The incremental costs of adding adjustable speed 
technology range from 50% to 125% of single-speed equipment (MWH, 2009), and the equipment 
generally requires more volume and excavation costs.  There are currently no adjustable speed PSH units 
in the U.S., and dedicated R&D on m-PSH-scale units would be required before this technology would be 
readily available.  For these reasons revenue streams from adjustable speed units were not considered in 
this study.     
 
Energy storage used to defer new transmission and distribution infrastructure projects may provide 
sufficient benefits to justify costs.  Several battery installations in the U.S. have been strategically 
developed to defer costs and provide capacity relief while new generation is under construction (Doughty 
et al., 2010).  The potential long lead times for m-PSH may be a hindrance to this revenue stream, and 
siting near locations with favorable elevation would be necessary.  For CS1, a high level analysis of 
EKPC transmission congestion shows that transmission capacity is sufficient to cover existing load 
(Figure 21), though a more detailed analysis may reveal site-specific needs for additional storage capacity 
to defer infrastructure investments.  
                                                   
15 Annual reactive revenue requirements for all PJM generators can be found at:  
http://www.pjm.com/markets-and-operations/billing-settlements-and-credit.aspx 
16 http://www.pjm.com/~/media/markets-ops/settlements/reactive-revenue-requirements-table-august-2015.ashx 
17 http://www.rtoinsider.com/black-start-generators-1402/ 
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Recently, a project in the Czech Republic was able to overcome m-PSH development barriers and convert 
an old coal mine into a small PSH facility with approximately 1MW of installed capacity (Ministry of 
Industry and Trade, 2015).  The project uses a remote controlled Pelton turbine and control system 
situated approximately 500m underground.  Of the $3.3 million in reported project costs, nearly 66% 
consisted of a government subsidy, an indication of how energy storage is currently valued 
internationally.  In fact, a recent review of large energy storage plants in several European countries 
concluded that none of the existing energy storage plants are economically sustainable without 
government subsidies (Locatelli, Palerma, & Mancini, 2015).  Nevertheless, the recent coal mine 
installation was able to overcome technological, environmental, and regulatory obstacles, demonstrating a 
pathway to m-PSH project viability.      
 

4.7 CS1 CONCLUSIONS 

This case study presents a detailed analysis of a potential m-PSH installation at a coal mine in Kentucky.  
Based on cost estimates and simulated revenue streams, an initial determination on economic viability can 
be summarized as follows: a low cost m-PSH unit with round trip efficiency greater than 75%, co-
optimized for energy and ancillary services operation, will be profitable in years with high volatility and 
relatively high energy prices.  Sensitivity to cost underestimates and construction overruns is significant, 
as the high cost estimate project did not exhibit economic feasibility under any market condition.  
 
The lessons learned from CS1 can be distilled into the following guidance for future research activities: 

¶ Existing transmission, storage, and conveyance infrastructure must be in place for m-PSH initial 
capital costs to be competitive with alternative energy storage technologies;   

¶ Under these conditions, m-PSH shows cost competitiveness with utility-scale battery 
installations.  Additional cost data on geotechnical engineering, regulatory, and environmental 
analyses are necessary for a full value comparison; 

¶ Economic feasibility, at a minimum, requires co-optimization of energy and ancillary services.  
Energy arbitrage alone does not provide a sufficient revenue stream for sustainable operation; 

¶ Participation in a market with distinct ancillary service products must be part of any revenue 
generation strategy; 

¶ Frequency regulation offers the highest potential for ancillary services revenue.  In this case, the 
m-PSH unit must be able to operate efficiently at partial load.  The provision of black start and 
voltage control services would not generate sufficient revenue to produce favorable economic 
indicators; 

¶ Participation in a market with capacity performance payments has the potential to improve 
project viability, though additional detailed analyses are necessary to determine the appropriate 
operational strategies to accommodate capacity product requirements;   

¶ Environmental factors (such as very cold or hot periods, climate change, etc.) and political events 
(such as wars or other political strife) stress the power markets and result in higher energy and 
benefit pricing. Even though these events are not predictable, m-PSH could play a valuable role 
in smoothing market volatility if the frequency of these events increases; 

¶ Non-traditional revenue streams should be explored.  Economic feasibility is generally not 
achievable for a merchant unit relying solely on market price movements.   

¶ No equipment manufacturer currently produces reversible pump-turbine units on a 5MW scale.  
New technology developments in this area may reduce equipment costs. 

¶ Regulatory acceptance of m-PSH is untested, with no clear pathway for pumped-storage to 
receive a FERC license exemption.  Early adapters to m-PSH may experience additional and 
unforeseen regulatory hurdles.   
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5. CASE STUDY #2: OAK RIDGE NATIONAL LAB CAMPUS 

5.1 INTRODUCTION 

Oak Ridge National Lab (ORNL) is the largest science and energy laboratory under the auspices of the 
U.S. Department of Energy.  As a leader in energy research, ORNL operates a number of high-demand 
experimental and computational systems that require a reliable, flexible, and substantial source of 
electricity.  The continuous operation of high-energy systems contributes to a fluctuating monthly 
electrical load, subject to seasonal variability in electricity costs.   
 
ORNL is situated adjacent to Melton Hill Lake, a 5,470 acre lake impounded by the Melton Hill Dam, a 
hydroelectric dam and lock operated by the Tennessee Valley Authority (TVA).  The proximity to this 
substantial volume of water and the rolling topographical characteristics of the ORNL campus have been 
identified as two favorable conditions for a potential pumped storage facility.  A pumped storage facility 
providing electricity to ORNL could offset some of the variability in electrical load by releasing water to 
generate electricity during on-peak hours when demand and costs are high and pumping water during off-
peak hours when demand and cost are low.  By shaving peak demand, monthly electricity costs may be 
reduced and the variability in electrical load smoothed.  A pumped storage facility could also provide 
valuable research opportunities as a test bed for efficiency improvements, electro-mechanical equipment 
optimization, and environmental impact mitigation studies.                       
 
In 2010, HDR Engineering, Inc. (HDR) completed a reconnaissance study on the viability of constructing 
small (5MW – 10MW) pumped storage facilities at several locations on the ORNL campus (HDR 
Engineering Inc., 2011).  The open-loop pumped storage facility would utilize a large tank as an upper 
storage reservoir, and Melton Hill Lake as a lower reservoir.  Their assessment included a rough cost 
estimate, which identified attractive pumped storage schemes based on the geological and physical 
characteristics of an upper reservoir and probable water conveyance schemes.  A total of 14 sites were 
evaluated, two sites with upper reservoirs impounded by earthen dams and twelve with storage tanks for 
an upper reservoir.  The bulk of project construction costs were estimated based on 1988 component 
prices from EPRI Document No. GS-6669 (1990), indexed to 2010 dollars using a combination of 
engineering cost indices and professional judgement.  While this method provides best-guess estimates 
for component costs, it does not reflect the cost savings inherent to a modular design.  The method also 
relies heavily on the choice of an indexing factor, which is subject to a wide range of uncertainty.     
 
The goal of Case Study 2 (CS2) is to revise the ORNL campus m-PSH feasibility analysis based on 
modular component and civil works cost estimates from CS1.  This approach will give an improved 
outlook on m-PSH feasibility on the ORNL campus, as manufacturer and consultant expertise regarding 
m-PSH components and structures will be utilized in place of dated cost estimating tools.  The updated 
costs will be contrasted against historical electrical load data obtained from ORNL facility personnel and 
real-time TVA energy prices to evaluate two m-PSH applications: energy sales via arbitrage and peak 
shaving.   A discussion of ancillary services and utility contracts will provide direction for future efforts.    

 

5.2 UPDATING THE ORNL M-PSH CAPITAL COST ASSESSMENT 

While the construction, civil, regulatory, and environmental costs inherent to a large water infrastructure 
project are generally site-specific, electro-mechanical equipment is designed to operate under a given set 
of hydraulic conditions, and it is feasible to apply equipment cost estimates across similar project 
schemes.  The focus of this section will be on the penstock, turbine/generator, pump/motor, and balance 
of plant equipment costs.  The remaining component costs will be left as originally estimated. 
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A detrimental lack of data on small-scale (<5MW) pumped storage and hydro projects plagues many 
feasibility assessments (O’Connor et al., 2015; Zhang et al., 2012).  This fact is evident in the cost 
estimating technique used by HDR (2011) to evaluate the feasibility of PSH on the ORNL campus.  To 
improve upon this approach, equipment costs from the report are updated using estimates from CS1.   
 
To establish a baseline of project comparison, relevant hydraulic and project parameters are outlined in 
Table 12, and the general project schematic is shown in Figure 24.  The cost update focuses on four 
proposed ORNL sites: T1, T6, T7, and T12 (Figure 25), referred to as ‘tank sites’.  These sites are chosen 
to represent a combination of head and penstock characteristics similar to CS1.  While the construction, 
civil, regulatory, and environmental costs inherent to a large water infrastructure project are usually site-
specific, electro-mechanical equipment is designed to operate under a given set of hydraulic conditions, 
and it is feasible to apply equipment cost estimates across similar project schemes.  Both CS1 and the 
tank sites use a rough order of magnitude cost estimate subject to similar assumptions, and that order of 
magnitude should reflect the current best estimates for project components.           
 

  Table 12.  Comparison of m-PSH project specifications.   

Project 
Specifications 

Installed 
Capacity 

Estimated Energy 
Storage 

Approximate 
Static Head Discharge Penstock 

Diameter 
Penstock 
Length 

  (MW) (MWh) (ft) (cfs) (ft) (ft) 

T1 5 25 475 144 3 1,600 

T6 5 25 280 245 4 1,480 
T7 5 25 290 237 4 2,390 
T12 5 25 380 181 4 1,164 
CS1 5 25 492 141 4 1,700 

 

 
Figure 24.  Project schematic for T1, T6, T7, and T12. 

 

5.2.1 Penstock Costs 

The water conveyance system for all tank sites includes a steel penstock, sized using a maximum flow 
velocity of 18 ft/s and a design discharge chosen to maximize power based on head at each location.  All 
penstocks were assumed to remain above ground.  Costs were estimated using a 1988 unit cost of $900/ft, 
escalated to 2010 dollars using a multiplier of 2.5.  The design for CS1 includes a spiral-welded steel 
penstock varying in thickness from 3/8 to 1/2 inch.  A pre-concept civil cost estimate obtained from an 
engineering consultant priced this penstock at $6,000/ton, with an estimated 200-300 tons required to 
construct 1,700 ft of penstock.  This estimate includes penstock bifurcation, installation, and supports, 
while the tank sites costs reflect only the component costs. 



 

 

Figure 25.  Study area and potential m-PSH sites on ORNL campus (HDR Engineering Inc., 2011)


