
 
 

 

 

UNIVERSITAT POLITECNICA DE CATALUNYA, ETSEIB 

in collaboration with 

UNIVERSITY OF CALIFORNIA, IRVINE 

 

Techno-economic analysis of energy storage systems for grid ancillary services 

UNDERGRADUATE SENIOR PROJECT 

 

submitted in partial fulfillment of the requirements for 

BACHELOR DEGREE in Industrial Technology Engineering 

 

by      Àlex Peracaula Ruiz 

Advisor: Professor Jacob Brouwer, Ph.D. 

 

 

 

July 2015 

 



ii 
 

 

Contents 

List of figures ................................................................................................................................................. v 

List of tables ................................................................................................................................................. xi 

Acknowledgements .....................................................................................................................................xiii 

Abstract ....................................................................................................................................................... xiv 

1. Introduction .......................................................................................................................................... 1 

2. Background ........................................................................................................................................... 3 

2.1. Technical analysis .......................................................................................................................... 3 

2.2. Economic analysis ......................................................................................................................... 6 

3. Goal and Objectives .............................................................................................................................. 8 

3.1. Goal ............................................................................................................................................... 8 

3.2. Objectives...................................................................................................................................... 8 

4. Sizing and context in southern California ............................................................................................. 9 

4.1. Higher Wind Scenario ................................................................................................................. 11 

4.2. Higher Solar Scenario .................................................................................................................. 16 

4.3. Lower Baseload Scenario ............................................................................................................ 20 

5. Electricity Energy Storage options: technical discussion .................................................................... 24 

5.1. Pumped hydro storage (PHS) ...................................................................................................... 24 

5.2. Compressed Air Energy Storage (CAES) ...................................................................................... 28 

5.3. Hydrogen ..................................................................................................................................... 31 

5.3.1. State of the art .................................................................................................................... 31 

5.3.2. Systems Technical aspects .................................................................................................. 34 

5.4. Batteries ...................................................................................................................................... 38 

5.4.1. Lead-acid ............................................................................................................................. 39 

5.4.2. Li-ion .................................................................................................................................... 40 



iii 
 

5.4.3. Sodium Sulfur (NaS) batteries ............................................................................................. 41 

5.5. Flow-batteries ............................................................................................................................. 44 

5.6. Flywheels ..................................................................................................................................... 46 

5.7. Capacitors ................................................................................................................................... 48 

5.8. Summary of technical properties ................................................................................................ 50 

6. Ancillary services in southern California ............................................................................................. 52 

7. Feasibility Analysis .............................................................................................................................. 58 

7.1. Applications Studied ................................................................................................................... 58 

7.2. Feasibility calculation .................................................................................................................. 60 

7.3. Results ......................................................................................................................................... 62 

7.3.1. Bundled or single App1, App2, App3 and App7 .................................................................. 63 

7.3.2. Area Regulation (App4) ....................................................................................................... 64 

7.3.3. Supply Spinning Reserve (App5) ......................................................................................... 65 

7.3.4. Bundled App4 and App5 ..................................................................................................... 65 

7.3.5. Black Start (App8) ............................................................................................................... 66 

7.3.6. Maturity Modification Discussion for Feasibility Analysis .................................................. 66 

7.3.7. Rest of locations results ...................................................................................................... 67 

8. Electricity Energy Storage options: economical and costs analysis .................................................... 69 

8.1. Methodology, cost metrics and data collection ......................................................................... 69 

8.2. Financial assumptions ................................................................................................................. 76 

8.3. Energy Storage Systems Life-cycle cost analysis ......................................................................... 77 

8.3.1. Hydrogen ............................................................................................................................. 77 

8.3.2. CAES (underground) case .................................................................................................... 79 

8.3.3. Pumped hydro ..................................................................................................................... 81 

8.3.4. Lead acid batteries .............................................................................................................. 83 

8.3.5. NaS batteries ....................................................................................................................... 85 



iv 
 

8.3.6. Li-Ion batteries .................................................................................................................... 87 

8.3.7. VRFB batteries ..................................................................................................................... 89 

8.3.8. Flywheels ............................................................................................................................. 91 

8.4. LCC Results Summary and variations .......................................................................................... 93 

8.5. Cash Flow Analysis and comparisons .......................................................................................... 95 

8.5.1. Bundling Applications ......................................................................................................... 95 

8.5.2. Potential benefits of the applications ................................................................................. 97 

8.5.3. Restrictions ......................................................................................................................... 99 

8.5.4. Results by location ............................................................................................................ 100 

9. Conclusions ....................................................................................................................................... 122 

10. References ........................................................................................................................................ 124 

Appendix A. Hydrogen and Lithium-ion data collection . ......................................................................... 129 

Appendix B. ES Select Hydrogen System inclusion ................................................................................... 131 

Appendix C. Matlab Cost Model example................................................................................................. 135 

 



v 
 

List of figures 

 

Figure 1. Classification of energy storage technologies by discharge time and power rating. .................... 5 

Figure 2. South California Edison area with installed wind and solar capacity in 2015 (www.eia.gov) ..... 10 

Figure 3. Area plots of power generation by source, curves of production and power curtailment for every 

one of the four seasons. ............................................................................................................................. 13 

Figure 4. Maximum energy storage capacity required for 5 days in a row ................................................ 14 

Figure 5 Power curtailment along the simulated year in the described scenario ...................................... 14 

Figure 6 Energy values for every one of the curtailed intervals of power along the simulated year in the 

described scenario ...................................................................................................................................... 14 

Figure 7. Area plots of power generation by source, curves of production and power curtailment for every 

one of the four seasons, in a high solar renewable power scenario. ......................................................... 17 

Figure 8. Maximum energy storage capacity required for 3 days in a row in the second scenario. .......... 18 

Figure 9. Power curtailment along 2020 in the described high solar scenario........................................... 18 

Figure 10. Area plots of power generation by source, curves of production and power curtailment for 

every one of the four seasons, in a lower baseload scenario ..................................................................... 21 

Figure 11. Maximum energy storage capacity required for 1 day in a row in the third scenario .............. 22 

Figure 12. Power curtailment along 2020 in the described lower baseload scenario................................ 22 

Figure 13. Pumped Hydro typical central scheme (courtesy of DOE/EPRI handbook) ............................... 24 

Figure 14. Number of Pumped Hydro stations around the world (courtesy of DOE energy storage database)

 .................................................................................................................................................................... 25 

Figure 15. CAES plant scheme with underground cavern storage and a recuperator used to reduce fuel 

usage ........................................................................................................................................................... 28 

Figure 16. Location of known US salt deposits, oil and gas fields and sedimentary basins, potentially 

profitable for CAES storage caverns. .......................................................................................................... 30 

Figure 17. Positioning of energy storage systems according to rated capacity and discharge time at rated 

power .......................................................................................................................................................... 31 

Figure 18. Utsira, Norway, wind-hydrogen plant, operative from 2004 to 2008.. ..................................... 32 

Figure 19. Hydrogen Energy storage scheme by using a salt underground cavern as the storage mean .. 34 

file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637835


vi 
 

Figure 20. Hydrogen can be used as a transportable fuel, giving it an advantageous situation when being 

compared to others. University of California Irvine recently held the inauguration of its first hydrogen bus 

of the Campus fleet. .................................................................................................................................... 37 

Figure 21. Scheme of a battery (concretely of a Li-ion battery) ................................................................. 38 

Figure 22. Lead acid battery parts and components. ................................................................................. 39 

Figure 23. Li-ion plants around the State of California, extracted from DOE energy storage database, 

updated in 2015. ......................................................................................................................................... 40 

Figure 24. Tehachapi Wind Energy Storage project rack corridor .............................................................. 41 

Figure 25. Up, Sodium sulfur battery scheme and components, courtesy of [7]. Down, graphic explanation 

of these batteries working process, from https://www.ngk.co.jp/nas/specs. ........................................... 42 

Figure 26. Sodium sulfur plants installed around the world in 2012, courtesy of DOE energy storage 

database ...................................................................................................................................................... 43 

Figure 27. SCE Catalina Island Energy storage complex, using sodium sulfur battery technology. ........... 44 

Figure 28. Flow battery schematic, courtesy of [41]. ................................................................................. 45 

Figure 29. Basic elements of a flywheel storage system [42]. .................................................................... 46 

Figure 30. Flywheel for energy storage scheme and components [43]...................................................... 46 

Figure 31. Capacitor interior scheme. Courtesy of ESMA. .......................................................................... 48 

Figure 32. Requirements for Non-spinning reserve service in April-May 2015 .......................................... 53 

Figure 33. Requirements for Regulation Up service in April-May 2015 ..................................................... 54 

Figure 34. Requirements for Regulation Down service in April-May 2015 ................................................ 54 

Figure 35. Spinning reserve requirements for three different times in the last year. ................................ 56 

Figure 36. (Three graphs) Prices for the three offered ancillary services according to CAISO OASIS for April-

May 2015. ................................................................................................................................................... 57 

Figure 37. Grid Possible Considered Locations for Energy Storage Systems (from ES-Select™ Tool) ........ 59 

Figure 38. Technical Maturity specified for feasibility analysis. From Chen H, Cong TN, Yang W, et al. 

“Progress in electrical energy storage system: a critical review”. .............................................................. 60 

Figure 39. Feasibility Scores for the chosen applications at Central/Bulk Storage .................................... 63 

Figure 40. Feasibility Scores for Area Regulation in Central/Bulk Storage ................................................. 64 

Figure 41. Feasibility Scores for Supply Spinning Reserve at Central/Bulk Energy Storage level. .............. 65 

Figure 42. Feasibility scores for the bundled applications selected at Central/Bulk Energy Storage ........ 65 

Figure 43. Feasibility Scores for Black Start at Central/Bulk Storage level ................................................. 66 

Figure 44. Some variations are observed if maturity is not considered a main criteria for the analysis. .. 67 

file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637854
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637867
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637868
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637868
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637874


vii 
 

Figure 45. Present Value Factor Sensitivity when discount rate and escalation rate vary. ........................ 72 

Figure 46. Five charts that show values for the different cost concepts shown and averaged for those found 

in the literature ........................................................................................................................................... 75 

Figure 47. (Two charts) The evolution of the breakdown of costs along 20 years. Upper figure shows capital 

initial costs. Lower figure shows the same as the upper figure but at a more close scale. ....................... 78 

Figure 48. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice years 8 and 16). 

Red line represents the cumulative present value of the cost. .................................................................. 78 

Figure 49. (Two charts) The evolution of the breakdown of costs along 20 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 80 

Figure 50. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 16). Red line 

represents the cumulative present value of the cost. ................................................................................ 80 

Figure 51. (Two charts) The evolution of the breakdown of costs for pumped hydro along 20 years. Upper 

figure shows capital initial costs a part from annual costs. Lower figure shows the same as the upper figure 

but at a more close scale. ........................................................................................................................... 82 

Figure 52. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 16). Red line 

represents the cumulative present value of the cost. ................................................................................ 82 

Figure 53. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 84 

Figure 54. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 5). Red line 

represents the cumulative present value of the cost. ................................................................................ 84 

Figure 55. (Two charts) The evolution of the breakdown of costs along 15 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 86 

Figure 56. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 8). Red line 

represents the cumulative present value of the cost. ................................................................................ 86 



viii 
 

Figure 57. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 88 

Figure 58. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 5). Red line 

represents the cumulative present value of the cost. ................................................................................ 88 

Figure 59. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 90 

Figure 60. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 8). Red line 

represents the cumulative present value of the cost. ................................................................................ 90 

Figure 61. (Two charts) The evolution of the breakdown of costs along 15 years. Upper figure shows capital 

initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close 

scale. ........................................................................................................................................................... 92 

Figure 62. Blue dots represent the present value of the costs for every year that goes by, taking into 

account the fixed and variable O&M costs, charging costs and replacement costs (notice year 10). Red line 

represents the cumulative present value of the cost. ................................................................................ 92 

Figure 63. Sensitivity plots for different discharge times and different ESS: Upper: Hydrogen, Middle: Li-

ion, Lower: VRFB. ........................................................................................................................................ 94 

Figure 64. Example of Total Bundled Value calculation for ES-Select™. Different colors imply different 

values for each application, independent of the weight applied. .............................................................. 97 

Figure 65 Annual Benefit in current dollar basis......................................................................................... 98 

Figure 66 Present Value for Benefit in 10 years ......................................................................................... 98 

Figure 67. Upper table:  Grid Applications for different grid locations. Lower table: ESS suitability for 

different grid locations................................................................................................................................ 99 

Figure 68. Optimal priority combination of the three applications with specified value of the bundle. . 100 

Figure 69. Cumulative Costs and Benefits for Pumped Hydro storage and CAES in cavern storage, when a 

discount rate of 10% is applied and three applications bundled. ............................................................ 100 

Figure 70. Cash flow for CAES. CAES is one of the few technologies that actually shows a possibility of 

payback in 15 years. .................................................................................................................................. 101 

file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637894
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637894
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637895
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637898
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637899
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637899
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637900
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637900


ix 
 

Figure 71. Cumulative Costs and Benefits for Flywheels and Li-ion battery storage, when a discount rate 

of 10% is applied for Area Regulation at Central/Bulk level. .................................................................... 101 

Figure 72. Cash Flow for Double Layer Capacitors (Supercapacitors). ..................................................... 102 

Figure 741. Bundling of Spinning Reserve and Area Regulation, with specified expected values. .......... 102 

Figure 732. Sodium Sulfur, as the most suitable technology for Spinning Reserve at Central/Bulk level, 

cumulative costs and benefits in present value with discount rate of 10%. ............................................ 102 

Figure 75. CAES is the only technology studied that shows payback possibilities within 20 years. ......... 103 

Figure 76. Bundle Value for the above mentioned applications. ............................................................. 103 

Figure 77. For NaS, the most suitable and feasible technology at this circumstances, cumulative costs and 

benefits in a current dollar basis for a discount rate of 10%. ................................................................... 104 

Figure 78. CAES, as the third most feasible option, almost presents payback possibilities. .................... 104 

Figure 79. Three different ESS cumulative benefits and costs charts for Energy Time Shift, Load Following 

and Supply Capacity applications, NaS and Thermal storage are interesting for being, respectively, the 

most suitable and the most profitable. .................................................................................................... 105 

Figure 80.  CAES and Thermal storage offer payback possibilities in 6 years for the three bundled 

applications mentioned above.. ............................................................................................................... 106 

Figure 81. Upper chart: Flywheel cumulative costs and benefits along 15 years. Lower chart: Flywheel 

doesn't present payback options for this applications at least in 15 years time. .................................... 107 

Figure 82. Cumulative costs and benefits for Spinning Reserve applied to NaS and Li-ion batteries. ..... 108 

Figure 83. Flywheel cumulative benefits and costs with total cashflow. ................................................. 109 

Figure 84.  Potential payback for Renewable capacity firming, black start and regulation coming from CAES.

 .................................................................................................................................................................. 109 

Figure 85. Cumulative costs and benefits for suitable technology, Li-ion and for Hydrogen. .................. 110 

Figure 86. HES cash flow chart, way below the breakeven point. ............................................................ 111 

Figure 87. Lithium-ion technology cost and benefits charts with payback possibilities for area regulation 

application, as the best option for this. .................................................................................................... 111 

Figure 88. Capacitors show a consistent chance of early payback for area regulation. ........................... 112 

Figure 89. Lithium ion Batteries, although not presenting payback options in the 20 years horizon, present 

themselves as the best alternative for Spinning Reserve. ........................................................................ 113 

Figure 90. Li-ion again as the best suitable technology presents so little benefits if compared to the 

cumulative costs. ...................................................................................................................................... 113 

file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637901
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637901
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637904
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637904
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637911
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637911
file://storevault01/shares/Grabbag/ugrad/apr/My%20TFG/TFG.docx%23_Toc424637913


x 
 

Figure 91. From an economic point of view, payback options are complicated, as the majority of charts 

present the tendency the one above with Valve Regulated Lead Acid shows. ........................................ 114 

Figure 92. (Three charts). For the last set of applications bundling, upper figure shows Li-ion cumulative 

costs and benefits, as it is one of the most feasible technologies in this case. Lower figures show the HES 

case, showing that there's still no payback tendency for this kind of technology. .................................. 115 

Figure 93. NaS, as the most feasible technology, cumulative costs and benefits for commercial location in 

the grid. Lower charts: Hydrogen case for this set of applications in the commercial location. ............. 116 

Figure 94. Four charts, the two upper for Li-ion batteries and the lower for Capacitors, both of them with 

payback options and considered technically feasible for the application. ............................................... 118 

Figure 95. Cum ulative costs and benefits for NaS batteries, as the most suitable technology, though no 

payback options were presented.............................................................................................................. 119 

Figure 96. Upper chart: Li-ion cumulative costs and benefits. Lower chart: Pessimistic tendencies to what 

payback options refer. .............................................................................................................................. 120 

Figure 97. (Four charts). Two upper charts: Thermal storage is by far the best option in a technical and 

economical way to fulfill these services at Residential level. Two lower charts: Li-ion also presents some 

payback chances although replacements may slow them down. ............................................................ 121 



xi 
 

List of tables 

 

Table 1. Seasons curtailment comparison with load following and demand. ............................................ 15 

Table 2. Energy curtailment results for different seasons. ......................................................................... 15 

Table 3.Seasons curtailment comparison with load following and demand for the high solar scenario.. . 18 

Table 4. Energy curtailment results for different seasons for high solar scenario. .................................... 19 

.Table 5. Seasons curtailment comparison with load following and demand for the high solar scenario. 22 

Table 6. Energy curtailment results for different seasons for high solar scenario. .................................... 23 

Table 7. California PHS installed facilities with their rated power, technology type, current status and 

services provided (courtesy of DOE energy storage database, (updated in 2014). ................................... 27 

Table 8. Hydrogen storage plants around the world, courtesy of DOE energy storage database. Green 

squares indicate power to gas technology, yellow indicates hydrogen and photovoltaics for capacity 

firming, blue indicates hydrogen plus wind and red indicates that hydrogen production is made from 

renewable energies combined. .................................................................................................................. 33 

Table 9. Costs of Geologic Storage Cavern Development for CAES and Hydrogen Formation Type .......... 35 

Table 10. Flywheel technology plants in California. Information for filling the table was taken from DOE 

energy storage database [34]. .................................................................................................................... 47 

Table 11. Capacitor/supercapacitor projects in California, filled with the DOE energy storage database 

information (Summer 2014). ...................................................................................................................... 49 

Table 12. Summarized table for technical features of different Energy Storage Technologies. (Followed 

specifically by the references used) ............................................................................................................ 50 

Table 13. References for the summary table. ............................................................................................. 51 

Table 14. Applications data for Central/Bulk storage. “NaN” means the application’s incompatibility with 

the grid location chosen. ............................................................................................................................ 62 

Table 15. Summary table for results of the feasibility analysis. ................................................................. 68 

Table 16. Costs for several Energy Storage options and explanation. ........................................................ 72 

Table 17. Gathering of financial assumptions by source ............................................................................ 76 

Table 18. Financial assumptions. ................................................................................................................ 76 

Table 19. Hydrogen parameters for the study ............................................................................................ 77 

Table 20. CAES parameters for the study ................................................................................................... 79 

Table 21. Pumped hydro parameters for the study.................................................................................... 81 



xii 
 

Table 22. Pumped hydro parameters for the study.................................................................................... 83 

Table 23. NaS batteries parameters for the study ...................................................................................... 85 

Table 24. Li-Ion parameters for the study. ................................................................................................. 87 

Table 25. VRFB parameters for the study ................................................................................................... 89 

Table 26. Flywheel parameters for the study. ............................................................................................ 91 

Table 27. Summary of cost results for different life-times LCC. ................................................................. 93 

Table 28. Applications values used for the feasibility analysis. These values were taken from [3], [6] and 

ES-Select™ default database. ...................................................................................................................... 96 

 



xiii 
 

Acknowledgements 

 

In the first place I would like to thank my family for feeding me with confidence and support in the decision 

and in the process of going so far from home to complete my education, both personally and 

professionally. 

I would also want to show my appreciation to Professor Jacob Brouwer, who has dedicated many of his 

valuable hours to our meetings, has given me advice whenever I needed it and has rubbed me an intense 

interest towards the renewables field, in which I now intend to pursue a career. 

Thanks to Ramon Yll Prous and Alessio Coracci, who have made shorter those long office hours, and whose 

friendship goes way beyond the lab. 

In addition, I am really grateful to the friendship with Alejandro De Haro, Gorka Fuentes, Lluis Laguarda, 

Adrià Moya and Marc Rovira, whose companionship has been essential to overcome all glooms found 

along the six months experience. 

Last, but not least, I want to thank Balsells Fellowship and the Balsells-Generalitat de Catalunya Mobility 

Program for without its funding this wouldn’t have been possible. 

  



xiv 
 

Abstract 

 

In a future with a higher renewable penetration, energy storage technologies will play an important role. 

They may, for example, use curtailed energy for arbitrage or supply ancillary services, help in relieving the 

grid congestion, and promote distributed generation. A techno-economic understanding and comparison 

between several electrical energy storage options is pursued as the main objective. Technologies with 

particular interest are: pumped hydropower storage, compressed air energy storage (CAES), several kinds 

of batteries (i.e. lead–acid, NaS, Li-ion), vanadium redox flow batteries, flywheels, capacitors and 

hydrogen. Special emphasis is put in the latest, as in a few years it may be one of the most suitable 

technologies for long term storage. After commenting these storage systems technically, an approach to 

ancillary services for southern California is made, considering them as a profitable use for energy storage 

technologies. Further life-cycle cost-benefit analysis of these electricity storage systems is done, taking 

into account several sources for cost data, providing an updated database for the cost elements (capital 

costs, operational and maintenance costs, and replacement costs).  
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1. Introduction 

 

There was a critical point during the mid 1900’s in which smog, due to the production of carbon and 

nitrogen oxides, reached hazardous limits. Even though action began to be taken on this issue, climate 

change is still warning us and providing day-by-day worrying data. If we add the fact that fossil fuels are 

eventually coming to an end, the need to invest in improving the use of renewable energies becomes 

bigger. Today, over the 40% of electrical power is generated from coal-fired plants and only a 3% is coming 

from renewable [1]. By 2035 this low portion has been said to become around a 16%. Regarding this, the 

worldwide rapid construction of fluctuating renewable energy sources, such as wind and solar energy, has 

created an increasing demand for storing large quantities of energy.  

In order to sustain an uninterrupted supply of energy in a grid system dominated by renewable energy 

sources, there must be substantially larger storage capabilities than available today to cover long periods 

of little or no wind, and reduced periods of sunshine. Nevertheless, as one of the most pressing questions, 

how to store large quantities of energy at grid level remains unanswered [2]. Moreover, the aim of this 

report is also to emphasize hydrogen as a meaningful alternative to store energy, receiving an important 

leading role and placing it amongst the best energy storage alternatives. Therefore it could be of huge 

relevance to have a detailed overview and comparison of the main different options of energy storage, 

not only from a thermodynamic and technical point of view but also from an economical perspective. 

There is a vast number of applications for which energy storage in a future society could make a lot of 

improvements. These improvements, basically in form of economic benefit, are also of interest and are 

meant to be discussed in this project. Of all energetic applications with their particular markets, one of 

the most significant is the ancillary services market. Ancillary services are said to be necessary services 

that must be provided in the generation and delivery of electricity. They are electric resources that are 

used to maintain reliable and effective operation of electric supply and transmission systems. As defined 

by the Federal Energy Regulatory Commission (FERC), they include: coordination and scheduling services 

(load following, energy imbalance service, control of transmission congestion); automatic generation 

control (load frequency control and the economic dispatch of plants); contractual agreements (loss 

compensation service); and support of system integrity and security (reactive power, or spinning and 

operating reserves) [3]. 
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This being said, the structure of this report will be the following. First of all a global technical overview of 

the most significant energy storage alternatives will take place in order to describe the present state of 

the art. Then, after defining some of the applications that will be reviewed, an introduction to the cost 

estimating procedures and economic facts will be provided, in order to define the economic feasibility for 

using different energy storage options for certain applications. 
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2. Background 

 

When considering the magnitude of the need of energy storage, if talking about grid reliable 

energy systems, E. Wolf’s system analysis [2] shows that storage needs are in the two-digit terawatt 

hour and gigawatt range while other reports confirm that assessment by stating that, by 2040, 40 TWh 

would be required for this application. There are eventually a few ways to store energy at a large-scale 

level, even though they all share the hard issue of being relatively expensive. 

Regarding the needs of today’s society [4] we can distinguish five different electric grid energy storage 

services, which are said to be: bulk energy services, ancillary services, transmission infrastructure 

services, distribution infrastructure services and customer energy management services. New energy 

storage techniques are being developed to guarantee the accomplishment of these so called 

electricity storage services and in a future they will fulfill these with no doubt [3]. In this thesis the 

focus will remain in the analysis of storage options applied to the first two mentioned services, which 

actually are the ones with a biggest impact. Ancillary services are those that basically constitute a back- 

up for the grid in case something goes wrong. According to California ISO [5], these services are 

regulation, spinning, non-spinning and supplemental reserves, voltage support, black start and others 

such as load-following. For some of these, many studies are currently studying the adaptation to the 

grid of battery energy storage systems as well as flywheels, which due to their low-energy and power 

rating but their fast ramp rate, can easily satisfy frequency control and regulation, for example [4]. 

If we take a look at the energy storage scenario [6] [7], we can appreciate that today’s either used or 

investigated for integrating intermittent renewable energy storage options are, basically: hydrogen 

energy storage, pumped hydro, compressed air energy storage (CAES), various types of battery 

systems, flywheels, super capacitors and thermal energy storage. 

 

2.1. Technical analysis 

 

There are currently many articles, reports and peer reviewed papers regarding the technical comparison 

among energy storage technologies [4] [6] [7] [8] as it is one of the latest concerns of our society, which 

pursues a renewable future. These articles have in common the mentioning of wind and solar power 

generation as growing quickly around the world, mainly to mitigate some of the negative environmental 
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impacts of the electricity sector. Then energy storage is proposed as one of the potential solutions to deal 

with the variations of variable renewable electricity sources (VRES). Every paper of these presents in its 

own way an up-to-date review of the state of technology, installations and some challenges of electrical 

energy storage (EES) systems. In the case of Beaudin et al. [6] it particularly focuses on the applicability, 

advantages and disadvantages of various EES technologies for large-scale VRES integration. This paper 

also discusses external factors, such as mineral availability and geographic limitations, that may affect the 

success of the widespread implementation of EES technologies.  The DOE Storage Handbook [4] is a 

complete guide to all these technologies and S. Schoenung in [8] emphasizes the differences regarding 

the time scale of EES. 

The comparisons found are made in different terms depending on the source. Choosing the parameter 

that best evaluates the performance of energy storage is well matter of discussion. S. Succar et al. [9] 

affirm that the main performance evaluation for energy storage is round-trip efficiency (RTE), which 

benefits CAES more than hydrogen, for example. Nevertheless, J. Brouwer et al. [10] pose that for 

integration with large-scale renewable energies, large energy capacity and low self-discharge become 

of more importance than RTE. 

Each one of storage options should therefore be specially treated as they differ considerably in their 

nature. For example, by analyzing the thermodynamic study realized by P. Zhao et al. [11] focused on 

a hybrid energy storage system with CAES and flywheels, it can be seen that as far as the CAES 

system is concerned,  compressors, heat exchangers, combustion chambers, turbines and storage 

caverns play a huge role and are the main object of study [10] when determining this system total 

efficiency. This total efficiency, in terms of RTE, is concluded [11] to be of a 71,64%, which is in between 

of S. Karellas et al. [12] 55.55% and 85% obtained from performance measures by Garvey et al. [23].  

On the other hand, pumped hydro storage, as mature as it is by now [13], has several advantages 

too and is, together with CAES (and hydrogen storage), the most consistent ES option for large-scale 

bulk energy storage while covering fluctuations produced in renewable energies generation. For 

every technology literature considers all the factors and gathers them together in comparison tables such 

as [4] [14] [15]. 

Figure 1 (extracted from [4])  is found repeatedly in literature and is very helpful if it is wanted to 

have a global idea of the storage magnitude of each of the discussed technologies. 

 

http://www.sciencedirect.com/science/article/pii/S1364032113004644
http://www.sciencedirect.com/science/article/pii/S1364032113004644
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Figure 1. Classification of energy storage technologies by discharge time and power rating. 

Notice that Hydrogen is not taken into account in Figure 1. This says quite much about the current 

situation of hydrogen in the energy storage scenario, which is about to change, as hydrogen is being the 

object of a lot of research [16] [17] [18] [19]. As Siemens AG [2] provided, hydrogen is one of the 

storage options that actually can cover energy capacities up to very large capacities and offers a 

broad power range too. That storage type is applicable at the community level, in the distribution 

grid and also in areas of high population density and at the transmission grid level. It can actually cover 

power between 10-1000MW for days or even weeks. 

A part from the most common way known for hydrogen storage, in tanks above or underground, other 

ways are being considered. Some of them are curious ways such as V. P. Ting et al. [5] who detail some 

recommendations to aid in the direct comparison of the hydrogen storage capabilities of any nanoporous 

material, a development which will prove invaluable in the evaluation of new hydrogen storage 

materials. 

Nevertheless, eventually the social environment is not still prepared for a total immersion in what is 

called hydrogen economy but one first step to take would be improving the hydrogen distribution 
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network and that would be feasible and practical if, for example, better conclusions on blending 

hydrogen into natural gas pipeline network [20] are reached. 

 

2.2. Economic analysis 

 

In order to be able to economically compare different energy storage options (even comparing these to 

combustion turbines (CTs) or other alternatives for similar applications), several assumptions need to 

be taken [4] [12] [17] [21]. Literature agrees in that in general, cost estimates for energy storage cannot 

currently be defined with a high level of confidence; they widely vary.  For example they present wide 

ranges for battery technologies, which have limited operational experience at the bulk system size, and 

are highly location specific for CAES and pumped storage. However, the approximate cost and 

performance of each technology relative to each other, which is the most important factor for the 

wanted comparison, is consistent in several  studies consulted [4] [22] [23].  

Furthermore, there are an incredible number of variables surrounding energy storage systems 

installation and application which go from the ownership (whether IOU, municipal, IPP…) to the site 

location and positioning in the grid, passing through the needs of each specific plant. It is also 

important to take into account which role energy and ancillary services markets play and where and 

when energy storage systems bid into this markets [4]. In order to reach congruent conclusions on the 

issue, the proper cost metrics, which are needed to embrace all these considerations, have to be clearly 

defined. Some of the most popular cost metrics that help when comparing energy storage technologies 

between them are levelized cost of capacity ($/kW-yr), levelized cost of energy (LCOE)($/MWh), installed 

cost ($/kW) and present value of life-cycle costs ($/kW installed), all of them discussed and explained in 

[4]. 

Prior studies have found that bulk energy storage can provide system benefits that are not captured in 

energy markets alone [21] and that market structure and ownership can have significant impacts on 

break-even costs [24]. Some studies find compressed air energy storage (CAES) potentially economic 

when providing both energy and reserves [25] while others have highlighted cost and siting challenges 

[26]. More recent studies have found that bulk energy storage technologies can be cost-competitive 

with CTs in providing grid balancing and arbitrage in Western US under 2020 renewable penetration 

scenarios and that revenue from frequency regulation would be four times that of energy arbitrage for 

the Tehachapi Wind Energy Storage Project in California. 
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Needless to say, a part from technical details on each technology (such as round-trip efficiency, capacity, 

depth of discharge, minimum charging and discharging levels…), all these estimations require a financial 

background, which is provided by financial assumptions. These financial assumptions (WACC, federal 

income tax rate, state income tax rate, insurance cost, regional capital cost multiplier, fixed O%M 

escalator…) tend to be globally similar in studies found and can be borrowed from many literature sources 

[8] [17] [22] [23] [27] [28]. Moreover, in [4] several software tools are provided in order to process this 

information and obtain graphic and practical results from comparing several energy storage options. 
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3. Goal and Objectives 

 

3.1. Goal 

The goal of the present project is to provide an update and a comparison of energy storage technologies 

for current and future scenarios from a technical and economic point of view. In this process, a further 

understanding of the potential benefits for these technologies, coming from the procurement of services 

such as the ancillary services, is also planned to be achieved. 

 

3.2. Objectives 

In order to reach the goal stated above, the determined objectives are: 

i. Review recent and relevant literature about technical and economic aspects of energy storage 

technologies. Understand basic functioning principles and properties of current pumped hydro, 

hydrogen, CAES, flywheels, batteries and capacitors. 

ii. Perform future scenario simulations to understand the need of energy storage systems and 

therefore justify the importance of developing these technologies. 

iii. Study the feasibility of every energy storage technology for different applications at different 

locations using the proper tools. 

iv. Learn to manage economic indicators for energy storage systems. Learn to apply these indicators 

to the technologies mentioned above and apply them. 

v. Understand how energy storage systems can help with the ancillary services and study the 

potential benefits that its use for these applications would bring. 

vi. Perform a life-cycle cost analysis and achieve consistent cost results for every technology. Once 

this is done, perform a cash flow analysis in which costs and benefits are analyzed together. 

vii. Add some variations to previous analysis to observe the sensitivity to the variation of some factors 

and compare the energy storage technologies under these terms. 
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4. Sizing and context in southern California 

 

In order to have a better understanding of the importance that energy storage will have in the next few 

years, it was decided to address the close future situation of the State of California. Established in 2002 

under Senate Bill 1078, accelerated in 2006 under Senate Bill 107 and expanded in 2011 under Senate Bill 

2, California's Renewables Portfolio Standard (RPS) is one of the most ambitious renewable energy 

standards in the country. The RPS program requires investor-owned utilities (IOUs), electric service 

providers, and community choice aggregators to increase procurement from eligible renewable energy 

resources to 33% of total procurement by 2020 [29]. Therefore, to simulate these coming years a model 

was built in order to determine the dimensions of the energy curtailed and then useful for storage, energy 

needed, and to apply these at different time scales such as days, weeks or even seasons.  

Furthermore, three different cases in the 33% renewable scenario were simulated. The first one assumes 

that in the future, wind capacity will be higher and predominant over solar. The second one assumes that 

these roles would switch, having a higher solar capacity than wind. It has to be said that the interest of 

this scenario resides in the fact that it’s a more feasible one, as southern California’s territory has vast 

desert extensions suitable for solar plants, as there’s a lot of sun in these. Finally, a third scenario in which 

the baseload would be reduced by approximately 2 GW, representing the amount of power lost by the 

decommissioning of conventional plants (such as the nuclear plant in San Onofre). The following 

paragraphs explain the procedure to obtain the results that will be used later. 

First of all, through the interactive map of [1], Figure 2, listing plant by plant, the total wind installed 

capacity for 2015 as well as the total solar installed capacity of the same year for the Southern California 

Edison region was calculated. When talking about wind capacity, there are two regions in the SCE area 

which are considered of high wind power activity, and those would be Tehachapi and Palm Springs. As for 

the solar, solar plants can be seen widespread but it would be necessary to highlight that Mojave Desert 

has the largest solar power plants, with the concentrated solar thermal high capacity plants near Las 

Vegas. The currently installed capacities obtained for wind and solar were, respectively, 2971.9 MW and 

1944.8 MW. 
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Figure 2. South California Edison area with installed wind and solar capacity in 2015 (www.eia.gov) 

From NREL wind integration datasets were obtained from different regions in which wind turbines can be 

found. A total of 12 different wind speed profiles from the three main wind regions: Tehachapi, Palm 

Springs and Apple Valley. These wind profiles were obtained in order to estimate a reliable curve of power 

provision when applying the speed data to the power-speed profiles of several different wind turbines. 

Wind turbines of 100 kW, 660 kW, 2MW and 3MW were used in their own proportions related to the total 

installed wind capacity. By using Matlab and Simulink models, scaling the data to the installed capacity of 

2015 explained above, a reasonable curve of wind generation power was achieved. 

Also from NREL database, sun integration datasets were obtained of 12 different locations around SoCal 

Edison area. Scaling this later to the installed capacity of 2015 observed, proceeding as in the wind case, 

makes reliable sun power generation profiles came up. 

For the first two cases shown, the base load (including coal, nuclear, natural gas…) and other renewables 

(hydropower at small and large scale, geothermal…) were assumed constant and compared to 2013 [30] 

(to make sure it had a reasonable basis). The amount of energy obtained from conventional sources (Base 

load) was said to be a 67% of the total demand of 2020. With a 0.98% of growth per year in the demand 

(according to California Energy Commission), the demand data for 2020 was obtained from that of 2015. 

Getting to the total energy demand of 146840 GWh, the 67% was applied to reach the number of 98382.8 
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GWh coming from conventional sources. This number was divided by the 8760 hours of a year to get the 

constant power of 11231.3 MW. 

To calculate the energy at constant power obtained from renewables, [30] was consulted again but this 

time to obtain the data. Due to the fact that these data refer to the whole State of California, it was needed 

to scale it to the South California Edison region. In order to achieve that, from the demand data of SoCal 

Edison and the whole State of California, a ratio was determined (of 0,39). It had to be also subject to a 

growth from 2015 to 2020, which was assumed to be 0.084%/year. A total constant power of 2405.7 MW 

(21073.98 GWh) from other renewables was therefore assumed. 

 

It has to be noticed that although the base load was checked to be always smaller than the demand, when 

the other renewables, with their constant input, were added, sometimes this power overcame the 

demand. That being said, what was done is to give other renewables the ability of load following, reducing 

their generation when needed. 

 

4.1. Higher Wind Scenario 

 

With all this in mind, the energy coming from other renewables was still of only a 14.35% so the next 

18.65% to reach the 33% target, was meant to be achieved by solar and wind. With the current capacity 

installed situation of 2015 only 12873 GWh would be produced coming from these sources, being just a 

8.76% instead of an 18.65%, what proved that in order to achieve the goal, an increase of 2.12 times of 

solar and wind capacity was needed. This was assumed and entered in the model. The following figures 

(Figure 3) show some graphic results from the model, where for different groups of four days along the 

year, the different kinds of power are shown. 
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Figure 3. Area plots of power generation by source, curves of production and power curtailment for every one of the four seasons. 

 

For a general energy storage application, such as time-shifting (so called arbitrage) or load following, the 

main idea would be to take the curtailed energy provided by wind and solar power and deliver it later 

when it is needed. In order to scale this energy storage system a simulation of all the year has been done 

(like the one that provided the total amount of energy curtailed and load following). Particularly now the 

objective was to determine the highest amount of energy to be stored in a certain moment along the year 

and for that, the energy curtailed data was used. It was obtained that the highest power peak of energy 

curtailed would be of 8,679.3 MW and the biggest amount of energy stored in a row would be of 338.5 

GWh (Figure 4). These would need to be stored at a certain point, so these numbers would be the ones 

telling us the energy storage scale at SoCal Edison area. In the following figures it is shown the amount of 

energy curtailed along the year (in MW) as well as the curve that results from analyzing the amount of 

energy curtailed when a curtailment situation is given. 



 

14 
 

 

Figure 4. Maximum energy storage capacity required for 5 days in a row 

 

Figure 6 Energy values for every one of the curtailed intervals of power along the simulated year in the described scenario  
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Figure 5 Power curtailment along the simulated year in the described scenario 
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It could be interesting to have a comparison among different storage needs for different seasons, in order 

to consider, possibly, seasonal arbitrage as a new form of ancillary service, once its value is estimated. For 

winter, the total amount of curtailment would be of approximately 3,865 GWh compared to a total 

demand amount of 33,204 GWh. In the case of spring, these numbers come to be of 3,811 GWh and 

35,762 GWh. Finally, for summer and fall these values would be 1,288 GWh and 42,367 GWh, 2,715 GWh 

and 35,928 GWh, respectively. Table 1 shows this comparison. 

Table 1. Seasons curtailment comparison with load following and demand. 

  Energy 
Curtailed 
(GWh) 

Demand 
(GWh) 

Load 
Following 
(GWh) 

Curtailment as 
part of demand 
(%) 

Curtailment as part 
of load following 
(%) 

Winter 3,865 33,204 1,255 11.64 308 

Spring 3,811 35,762 2,067 10.67 184.37 

Summer 1,288 42,367 7,448 3.04 17.29 

Fall 2,715   35,928      3,314 7.56 81.93 

 

These results coming from the simulated scenario show how clearly the winter and spring seasons, being 

winter the most significant of both, are the seasons with most storage potential.  

Furthermore, in the next table (Table 2), other results from the study are shown, which can also be used 

to estimate further costs and take conscience of the dimensions of energy storage needs in a future with 

higher renewable penetration. 

Table 2. Energy curtailment results for different seasons. 

 Winter Spring Summer Fall TOTAL 

Curtailment periods 97 89 99 91 376 

Maximum Energy Curtailed (GWh) 296.2 338.513 48.325 220.65 338.513 

Minimum Energy Curtailed (GWh) 0.001 0.004 0.001 0.0007 0.001 

Maximum Energy Curtailed in 1 day or 

less (GWh) 

82.5 76.67 48.325 87.61 87.61 

Maximum Curtailment 

Capacity/Power (MW) 

8679.3 7760.7 6000 7136.4 8679.3 

Average of power curtailment (MW) 2770.6 2829.3 1975.9 2476.7 2581 

Average of curtailment (GWh) 37.5 42.83 13.01 29.84 30.8 
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4.2. Higher Solar Scenario 

 

Returning to what was said at the beginning of the section, the energy coming from other renewables was 

still of only a 14.35% leaving the other 18.65%, needed to reach the 33% target of the RPS, to solar and 

wind. But with the current capacity installed situation of 2015 only 12873 GWh would be produced coming 

from these sources, being just a 8.76% instead of an 18.65%, what proved that in order to achieve the 

goal, an increase in solar and/or wind capacity was needed. Regarding the interest of this scenario 

simulation, it was assumed that all the power needed to reach this amount of energy and to reach the 

18.65% would come in an 80% from future increase in solar installed capacity and the other 20% from 

increased wind capacity. Therefore, solar capacity was increased by a 4.25 factor whereas wind capacity 

factor remained equal to 1.31. This was assumed and entered in the model. The following figures (Figure 

7) show some graphic results from the model, where for different groups of four days along the year, the 

different kinds of power generation and curtailment are shown.  
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Figure 7. Area plots of power generation by source, curves of production and power curtailment for every one of the four 
seasons, in a high solar renewable power scenario. 

As has been explained in previous section, it would be interesting to have a simulation of all the year to 

obtain the maximum amount of storage capacity needs. This simulation has been done according to the 

premises of the current scenario. This time it was obtained that the highest power peak of energy curtailed 

would be of 9,734.4 MW and the biggest amount of energy stored in a row would be of 213.62 GWh 

(Figure 8). These would need to be stored at a certain point, so these numbers would be the ones telling 

us the energy storage scale at SoCal Edison area for the particular high solar capacity scenario. In a similar 

way as in the previous section, the following figure (Figure 9) shows the amount of energy curtailed along 

the year (in MW). 
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Figure 8. Maximum energy storage capacity required for 3 days in a row in the second scenario. 

 

Figure 9. Power curtailment along 2020 in the described high solar scenario 

The same comparison among different storage needs for different seasons has been made. For winter, 

the total amount of curtailment would be of approximately 3,480.18 GWh compared to a total demand 

amount of 33,204 GWh. In the case of spring, these numbers come to be of 3,907.6 GWh and 35,762 GWh. 

Finally, for summer and fall these values would be 1,586.4 GWh and 42,367 GWh, 2,922.7 GWh and 35,928 

GWh, respectively. Table 3 shows this comparison. 

Table 3.Seasons curtailment comparison with load following and demand for the high solar scenario.. 

  Energy 
Curtailed 
(GWh) 

Demand 
(GWh) 

Load 
Following 
(GWh) 

Curtailment as 
part of demand 
(%) 

Curtailment as part 
of load following 
(%) 

Winter 3,480.18 33,204 1,411.18 11.26 249.38 

Spring 3,907 35,762 2,131.3 10.93 183.35 

Summer 1,586.4 42,367 7,187.4 3.74 22.07 

Fall 2,922.7  35,928      3,460.8 8.13 84.45 
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Again, the winter and spring seasons have the highest amount of energy curtailed, being winter the most 

significant of both. Furthermore it is interesting to see how the curtailed energy is more than enough to 

cover energy deficiencies, used as load following when possible.  

In the following table (Table 4), other results from the study are shown, which can also be used to estimate 

further costs and take conscience of the dimensions of energy storage needs in a future with higher solar 

renewable penetration. 

Table 4. Energy curtailment results for different seasons for high solar scenario. 

 Winter Spring Summer Fall TOTAL 

Curtailment periods 120 121 99 98 438 

Maximum Energy Curtailed (GWh) 184.16 213.62 56.09 175.218 213.62 

Minimum Energy Curtailed (GWh) 0.0002 0.0001 0.0003 0.0002 0.0001 

Maximum Energy Curtailed in 1 day or 

less (GWh) 

106.44 93.53 56.09 72.96 106.44 

Maximum Curtailment 

Capacity/Power (MW) 

9,734.4 8,699.3 6,937.5 8,362.2 9,734.4 

Average of power curtailment (MW) 2,835.2 2,957.7 2,251.8 2,667.8 2,715.6 

 

Generally, if this scenario is compared to the first one some relatively small differences can be noticed. A 

first thing that can be noticed is that the curtailment periods number is distinctively higher in the higher 

solar scenario than in the higher wind one: 438 curtailment periods in front of 376. This is basically due to 

the fact that when curtailing excess solar energy as the main component, this happens discretely in the 

daylight hours and more sporadically, even more than once per day, whereas wind can be blowing for 

several days with high intensity. Something that really supports this explanation is the fact that even 

though the number of curtailment periods is higher, the maximum amount of energy curtailed in one of 

these is lower in the high solar case than in the high wind. As a matter of fact, the first turns out to be of 

213.62 GWh (in almost three days in a row) while the latter would be of 338.51 GWh (in five consecutive 

days). Because of the assumptions made in this last scenario, even though the final energy amount over 

the whole year that’s coming from renewables is the same, with a larger capacity for solar energy to meet 

the 33% target, there is higher curtailment and higher required capacity for curtailment.  The maximum 

curtailed in one day is, therefore, higher with a considerable solar capacity installed. Nevertheless the 

average power curtailment values remain very similar one to another.  
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4.3. Lower Baseload Scenario 

 

In a future where renewables gain more and more terrain it is estimated that many currently conventional 

(nuclear, coal…) operative plants will cease their activity, causing a reduction in the assumed baseload of 

the up till now simulated scenarios. Taking as an example the dismantling of the San Onofre Nuclear 

Generating Station, which occurred in 2013 after some technical issues, a drop of a 20%, approximately 2 

MW, has been assumed, meaning a constant baseload of 9018.4 MW. As for the rest, the same 

assumptions as in section 4.2 where made, considering a higher solar scenario. The following figures 

(Figure 10) show some graphic results from the model, where for different groups of four days along the 

year, the different kinds of power generation and curtailment are shown.  

 

 



 

21 
 

 

 

Figure 10. Area plots of power generation by source, curves of production and power curtailment for every one of the four seasons, 
in a lower baseload scenario 

 

It can be easily seen when comparing these to the other scenarios, how, evidently, load following 

resources play now a more important role at the time of fulfilling the demand. It can also be deduced that 

the overall energy curtailed in this scenario, suitable for storage, will be much lower than in the other 

simulations. Proceeding like in previous cases, a simulation of all the year to obtain the maximum amount 

of storage capacity needs has been made. This simulation has been done according to the premises of the 

current scenario. For these conditions, it was obtained that the highest power peak of energy curtailed 

would be of 9,208.6 MW and the biggest amount of energy stored in a row would be of 72.78 GWh (Figure 

11). The following figure (Figure 12) shows the amount of energy curtailed along the year (in MW). 
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Figure 11. Maximum energy storage capacity required for 1 day in a row in the third scenario 

 

Figure 12. Power curtailment along 2020 in the described lower baseload scenario 

The same comparison among different storage needs for different seasons has been made. For winter, 

the total amount of curtailment would be of approximately 1,746.42 GWh compared to a total demand 

amount of 33,204 GWh. In the case of spring, these numbers come to be of 2,006.3 GWh and 35,762 GWh. 

Finally, for summer and fall these values would be 500.75 GWh and 42,367 GWh, 1,417.7 GWh and 35,928 

GWh, respectively. Table 5 shows this comparison. 

.Table 5. Seasons curtailment comparison with load following and demand for the high solar scenario. 

  Energy 
Curtailed 
(GWh) 

Demand 
(GWh) 

Load 
Following 
(GWh) 

Curtailment as 
part of demand 
(%) 

Curtailment as part 
of load following 
(%) 

Winter 1,746.42 33,204 3,823.3 5.59 47.56 

Spring 2,006.3 35,762 4,708.1 5.61 42.61 

Summer 500.75 42,367 10,965 1.18 4.57 

Fall 1,417.7  35,928      6,348.9 3.95 22.33 
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Now, winter and spring seasons have again the highest amount of energy curtailed, being also winter the 

most significant of both. Nevertheless in this case load following is much more required than in previous 

cases, causing an important decrease of the ratio energy curtailed-load following. As it can be seen these 

percentages show how if energy storage means were available to use energy curtailed for later load 

following, only a 40% (approximately) of this service could be provided. Therefore some alternative 

generating sources would be needed even for winter and spring in this scenario. 

Like in the previous scenarios, the following Table 6 shows other results from the study. These can also 

be used to estimate further costs and take conscience of the dimensions of energy storage needs in a 

future with lower baseload. 

Table 6. Energy curtailment results for different seasons for high solar scenario. 

 Winter Spring Summer Fall TOTAL 

Curtailment periods 110 114 80 98 402 

Maximum Energy Curtailed (GWh) 72.79 67.07 32.89 47.15 72.79 

Maximum Energy Curtailed in 1 day or 

less (GWh) 

72.79 67.07 32.89 47.15 72.79 

Maximum Curtailment 

Capacity/Power (MW) 

9,208.6 8,172.3 5,253.7 7,244.8 9,208.6 

Average of power curtailment (MW) 2,449.7 2,577.0 1,615.4 2,173.5 2,305.2 

 

If this scenario is compared to either the first or the second, some facts deserve to be highlighted. First of 

all the curtailment periods number is not distinctively higher or lower in the higher solar scenario than in 

this one: 438 curtailment periods in front of 422. Nevertheless it is shown how these periods tend to be 

of less than one day, as another important fact is that the maximum energy curtailed in 1 day per season 

is exactly the same number as the maximum energy curtailed in a row for every season. Therefore this 

means that in general no curtailment periods are longer than a day in a scenario with 9 GW baseload 

instead of 11 GW, for the assumed solar and wind capacities. As it has been stated before, lowering the 

baseload capacity would clearly put more responsibility in load following and would reduce not only the 

amount of curtailment but also the continuous times in which the curtailment would be produced. 
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5. Electricity Energy Storage options: technical discussion 

 

In this section a presentation of the different and most relevant Energy Storage options will take place. 

For every one of the alternatives the main features and special characteristics will be explained, as well 

as a detailed description of the state of the art and mentioning of the current working plants, if any. 

5.1. Pumped hydro storage (PHS) 

 

PHS is the most widely implemented large-scale electrical energy storage (EES) (99% of bulk storage 

capacity worldwide according to EPRI). The system can be easily understood, as it consists of two 

reservoirs located at different elevations, a unit to pump water to the high elevation (to store electricity 

in the form of hydraulic potential energy during off-peak hours), and finally a turbine to generate 

electricity with the water returning to the low elevation (converting the potential energy to electricity 

during peak hours) [7]. Currently there are two kinds of pumped hydro systems, open loop or closed loop. 

The main difference between them is hat in the latest both reservoirs are artificial and no natural 

waterways are involved, whereas in the open loop a natural waterway can bring water to one of both 

reserves and therefore the water can be changed if needed. Figure 13 shows the typical scheme for a 

pumped hydro installation. 

 

Figure 13. Pumped Hydro typical central scheme (courtesy of DOE/EPRI handbook) 

PHS is the most mature technology for storage, with large volume, long storage period, high efficiency 

and relatively low capital cost per unit of energy. According to Hino and Lejeune [31], pumped 
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hydroelectric storage plants have several advantages, such as (1) flexible start/stop and fast response 

speed, (2) ability to track load changes and adapt to drastic load changes, and (3) can modulate the 

frequency and maintain voltage stability. Furthermore, pumped hydro energy storage can reach efficiency 

rates of 70-80% even larger [32]. 

Pumped hydro stations spread around the world already present long lives, on the order of 50-60 years. As a 

general rule, a reservoir one kilometer in diameter, 25 meters deep, and having an average head of 200 meters 

would hold enough water to generate 10,000 MWh [4]. It can also be taken into account that, according to [8], 

approximately 400 m3 of water is required per meter of reservoir height per kWh generated; for example, for 

a reservoir elevated 100 m above the turbine, 4 m3 of water are required for each kWh generated. 

PHS rated power is about 1000 MW (100 MW–3000 MW) [4] and facilities continue to be installed 

worldwide at a rate of up to 5 GW per year [32]. The rating of PHS is the highest all over the available 

EESs, hence it is generally applied for energy management, frequency control and provision of reserve. 

Since first use in Italy and Switzerland in the 1890s and the first large-scale commercial application in the 

USA in 1929 (Rocky River PHS plant, Hartford), there are over 100 GW of PHS in operation worldwide (32 

GW installed in Europe, 21 GW in Japan, 19.5 GW in the USA and others in Asia and Latin America), which 

is about 3% of global generation capacity. Figure 14 shows the number of PHS stations around the world, 

courtesy of Google Maps and DOE energy storage database. 

 

Figure 14. Number of Pumped Hydro stations around the world (courtesy of DOE energy storage database) 

 

Talking about the disadvantages of PHS, location takes the first place. As this system needs explicitly two 

large reservoirs and one or two dams, this restricts its use in many places. Also PHS present a long lead 

time (typically 10 years) and a high cost (typically hundreds to thousands of million US dollars) for 
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construction and environmental issues (e.g. removing trees and vegetation from the large amounts of 

land prior to the reservoir being flooded) [13].  

Specifically in California there are ten different installed PHS plants, which are shown in Table 7 in the next 

page.
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Table 7. California PHS installed facilities with their rated power, technology type, current status and services provided (courtesy of DOE energy storage database, (updated in 
2014). 

Project Name Technology Type 

Rated 

Power in 

MW 

Duration at Rated 

Power HH:MM 
Status Service/Use Case 1 Service/Use Case 2 

Olivenhain-Hodges 

Storage Project 

Open-loop Pumped 

Hydro Storage 
40 6:0.00 Operational Electric Energy Time Shift Electric Supply Capacity 

Eagle Mountain Project 
Closed-loop Pumped 

Hydro Storage 
1300 - Contracted Electric Energy Time Shift Renewables Energy Time Shift 

Castaic Pumped-Storage 

Plant 

Open-loop Pumped 

Hydro Storage 
1247 10:0.00 Operational 

Electric Supply Reserve Capacity - 

Spinning 
Electric Energy Time Shift 

Helms Pumped Hydro 

Storage Project 

Open-loop Pumped 

Hydro Storage 
1212 - Operational 

Load Following (Tertiary 

Balancing) 
Electric Energy Time Shift 

San Luis (William R. 

Gianelli) Pumped Storage 

Hydroelectric Powerplant 

Open-loop Pumped 

Hydro Storage 
424 - Operational Electric Energy Time Shift Electric Supply Capacity 

Big Creek (John S. 

Eastwood) Pumped 

Storage 

Open-loop Pumped 

Hydro Storage 
199.8 17:40.00 Operational Electric Energy Time Shift Electric Supply Capacity 

Lake Elsinore Advanced 

Pumped Storage 

Closed-loop Pumped 

Hydro Storage 
500 12:0.00 Announced 

Grid-Connected Commercial 

(Reliability & Quality) 
Load Following (Tertiary Balancing) 

Edward Hyatt (Oroville) 

Power Plant 

Open-loop Pumped 

Hydro Storage 
819 - Operational Electric Energy Time Shift Electric Supply Capacity 

Thermalito Pumping - 

Generating Plant 

Open-loop Pumped 

Hydro Storage 
120 - 

Offline/Under 

Repair 
Electric Supply Capacity Electric Energy Time Shift 

O'Neill Powerplant 
Open-loop Pumped 

Hydro Storage 
25.2 - Operational Electric Energy Time Shift Electric Supply Capacity 
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5.2. Compressed Air Energy Storage (CAES) 

 

The main idea of this storage mean is to compress air taken from the atmosphere with the excess of 

energy or the energy that wants to be stored, and store this air in an existing underground site, which 

could be for example a salt dome, rock cavern or an abandoned mine. Once this energy wants to be 

released, the air is routed to a gas turbine fueled by natural gas that produces electricity. This energy 

storage system requires a substantial amount of fossil fuel to operate and therefore carbon dioxide 

emissions can be generated by the system [10], which is one of its biggest disadvantages. A typical 

compressed air energy storage (CAES) stores gas at approximately 4–8 MPa [7]. Right now, CAES and PHS 

are the only storage technologies that are currently suitable for large-scale power and high energy storage 

applications.  

 

Figure 15. CAES plant scheme with underground cavern storage and a recuperator used to reduce fuel usage 

 

At the moment we can find two CAES plants in the world for a total of 400 MW of capacity. The first one 

built is in Huntorf, Germany and it is a 290 MW capacity utility which can have a discharge duration of 2 

hours. This site was installed in 1978 by Alstom. This system, initially built to support a nuclear plant, is 

now used for grid support 3 h/day [7]. It has demonstrated a 90% availability and a 99% starting reliability 

[12]. The second CAES plant was built in 1991, in McIntosh, AL, USA, with a 110 MW capacity for 26 h. This 

plant uses a recuperator, which reduces the fuel consumption by approximately 25% compared to the 

Huntorf plant [7]. The McIntosh plant basically is used for complementing a coal plant. Nevertheless, 
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neither of these two sites is used for variable energy sources. Research, however, shows that CAES is a 

viable method to mitigate wind and sun variability for renewable leveling and energy management 

purposes [6]. For example, the McIntosh plant, which has a 134 MW generation and 110 MW compression 

rating, can swing from full generation to full compression in less than 5 min, and back to full generation 

in less than 15 min. 

Although there are only these two CAES plants in the world, they have both demonstrated high reliability 

and economic feasibility, and have sparked considerable interest for constructing more for wind 

integration. From [6] it is said that the Iowa Stored Energy Park was expected to be commissioned in year 

2011 or 2012, and that would have been the first plant to use wind energy and off peak electricity to store 

compressed air in an aquifer. This system, with a capacity of 268 MW/13,400 MW h, would have got its 

energy from a 75 to 150 MW wind farm, and was expected to reduce t he  emissions considerably 

compared to a system that does not use the CAES through energy management. Due to large storage time, 

i.e., 50+ h at full generation, the system was expected to cut down on wind dumping whenever energy 

demand was low, and would support shifting wind energy production to periods with high grid 

emissions intensity. Nevertheless, this plant was never built due to high project contingencies at the time 

of construction, having difficulties with the location installation and construction, with much higher costs 

than expected. Another example of determination in developing this technology can be found in the 2007 

Shell-Luminant CAES plant project treat in Texas, where TXU Energy and Shell WindEnergy said to start 

working to build a 3000 MW wind farm connected to a CAES system that will pump air into underground 

salt beds. The Shell-Luminant CAES plant would store 1000 MW h of energy in Briscoe County. This plant, 

however, hasn’t been built yet. 

CAES shares many of the same attractive qualities of PHS, such as high power capacity (50–300 MW), large 

energy storage capacity (2–50+ h), a quick start-up (9 min emergency start, 12 min normal operation), a 

long storage period (over a  year),and  a  relatively high efficiency (60–80%) [33].  

The CAES systems disadvantages are very similar to the ones of PHS. As it has been said previously one of 

the main issues with CAES technology is that it involves the use of fossil fuels, basically natural gas, for 

combustion and therefore generates a certain level of carbon dioxide. It also suffers from reliance on 

favorable geography (proximity to underground storage area and availability of natural gas), a 

requirement for large power storage to make the system feasible, and low energy density (12 kW h/m3) 

[4] [7 ] .  Moreover CAES systems present a limited ability of quickly changing output power generation. 
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However, the capital cost of CAES is significantly lower than that of PHS, as it will be discussed more 

deeply in section 8.  Also, since the storage is underground, there is very little impact to the surface 

environment [4] [3]. In addition, appropriate sites are bountiful and virtually untapped; approximately 

three quarters of the United States [17] has the potential for this technology. Figure 16 shows in a US 

map, several locations with geological formations that may encourage the building of CAES plants.  

 

Figure 16. Location of known US salt deposits, oil and gas fields and sedimentary basins, potentially profitable for CAES storage 

caverns. 

Focusing in the State of California, in 2010 it was announced that PG&E would built an underground 

storage CAES plant in San Joaquin County, near San Francisco [34]. The 300 MW Adiabatic CAES demo 

plant will use an underground storage container (depleted gas reservoir), and next-generation 

turbomachinery. It is believed that the commissioning will be done by 2020. 
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5.3. Hydrogen 

5.3.1. State of the art 

In Figure 17 (also shown at the beginning), extracted from DOE/EPRI handbook, different energy storage 

options are classified where they belong regarding their power ratings or sizes  and their discharge times 

at the rated power. 

 

Figure 17. Positioning of energy storage systems according to rated capacity and discharge time at rated power 

Notice that Hydrogen is not taken into account in Figure. This says quite much about the current situation 

of hydrogen in the energy storage scenario, which is about to change, as hydrogen is being the object of 

a lot of research [2] [19] [35]. As Siemens AG [16] provided, hydrogen is one of the storage options that 

actually can cover energy capacities up to very large capacities and offers a broad power range too. That 

storage type is applicable at the community level, in the distribution grid and also for areas of high 

population density and at the transmission grid level. It can potentially cover power between 10-1000MW 

for days or even weeks.  

There are several ways of hydrogen storage which have emerged and are well-being discussed after 

years of research. One of the most common ways of hydrogen storage is to keep it underground. Large-

scale underground storage of hydrogen (UHS), as an energy carrier, dated back a long time ago, and has 

long been researched and applied in many countries [19] [35]. It became possible thanks to the 
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technology of underground storage of natural gas (UGS) as well as carbon dioxide (CO2). This has been 

experimented and put in application for several decades and the maturing technology offers the 

possibility to carry out UHS which can save ground space, improve economic and energy efficiency, and 

balance demand and supply [9]. Early on, hydrogen was mixed with methane at a ratio of 50–60% and 

then injected into underground aquifers or salt caverns for storage. Engineers in France, Germany and 

the former Czechoslovakia utilized the storage of the mixed gas to meet their cities demands [19]. 

When talking about hydrogen storage at smaller scales in order to use it for fuel cells electric vehicles 

(FCEV), for example, the main ways to store it are keeping it at high pressure in gaseous state or cooling 

it at temperatures close to 0K in a liquid form. These methods still present some important issues 

regarding hydrogen high volume in gaseous state and its huge energy demand in order to cool it at those 

temperatures. As a matter of fact, regarding pros and cons, J. R. Anstrom et al. [36] conclude that due to 

the scientist community disagreements on using hydrogen for transportation, the market will be the one 

who decides its future. 

Different strategies of integrating wind and solar energy with hydrogen storage are being proposed 

worldwide for the last years though, and there are currently some working installations with that purpose. 

Norsk Hydro and Enercon installed the first and largest (for that moment) wind- hydrogen plant in Utsira, 

Norway, in 2004, which operates as an isolated power system with 90% availability. The mentioned 

installation comprises a 600 kW wind turbine, 48 kW electrolyzer, 55 kW H2 combustion engine, 10 kW 

fuel cell and compressed H2 storage capacity of about 215 kg. The system is designed to provide reliable 

power to 10 households for 2–3 days without wind [37]. In this case, grid stability and back-up were 

provided by a flywheel and a battery bank. This plant, however, was decommissioned in 2008. 

 

Figure 18. Utsira, Norway, wind-hydrogen plant, operative from 2004 to 2008..



 

33 
 

Table 8. Hydrogen storage plants around the world, courtesy of DOE energy storage database. Green squares indicate power to gas technology, yellow indicates hydrogen and 
photovoltaics for capacity firming, blue indicates hydrogen plus wind and red indicates that hydrogen production is made from renewable energies combined. 

Project Name Country 

Rated 

Power in 

kW 

Duration at Rated 

Power HH:MM 
Status 

Service/Use Case 

1 
Service/Use Case 2 

EnBW Hydrogen Testing Facility Germany 400 1:0.00 Operational 
Transportation 

Services 

Renewables Capacity 

Firming 

E.ON "Power to Gas" Pilot Plant 

Falkenhagen 
Germany 1000 0:0.00 Operational Renewables Capacity Firming 

Power to Gas Plant in Reitbrook Germany 800 0:0.00 Contracted Renewables Capacity Firming 

Thüga-Demonstrationsprojekt Strom 

zu Gas 
Germany 320 24:0.00 Operational 

Renewables Energy 

Time Shift 
Frequency Regulation 

Univeristy of Corsica MYRTE Test 

Platform 
France 150 0:0.00 Operational 

Electric Bill 

Management with 

Renewables 

Onsite Renewable 

Generation Shifting 

140 MW Wind Park with 1 MW Power 

to Gas System 
Germany 1000 27:0.00 Operational Renewables Capacity Firming 

Hydrogenics Power-to-Gas Canada 2000 0:0.00 Contracted Frequency Regulation 

Utsira Wind Power & Hydrogen Plant Norway 65 0:0.00 
Decommissioned 

(2004-2008) 

Onsite Renewable 

Generation Shifting 

Renewables Capacity 

Firming 

INGRID Hydrogen Demonstration 

Project 
Italy 1200 32:30.00 Under Construction 

Renewables Capacity 

Firming 

Renewables Energy 

Time Shift 
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5.3.2. Systems Technical aspects 

 

Hydrogen differs from the conventional idea of energy storage because it uses separate processes for 

hydrogen production, storage, and use. The main advantage of using H2 as a storage medium to smooth 

wind power fluctuations is the flexibility that the H2 storage systems offer regarding sizing, operation and 

end-use. As a first principal agent, there are electrolyzers, whose function is hydrogen production. An 

electrolyzer produces hydrogen and oxygen from water by introducing an electric current. Then, after 

being stored, when the energy wants to be recovered, a hydrogen fuel cell converts hydrogen and oxygen 

back into water to release energy. The high cost of this equipment is one of the biggest disadvantages of 

hydrogen use for storing energy, as it will be discussed along the section.  

As mentioned above, a hydrogen energy storage system has several ways to operate, and one of the most 

commonly studied is the compressed hydrogen system with a salt cavern as storage section [10]. The 

compressed hydrogen energy storage system is defined by an electrolyzer, a compressor, a geologic 

underground salt cavern, small turbine and a fuel cell, typically a PEM. When an excess of power coming 

from the grid (renewable sources such as wind, solar…) is produced, the electrolyzer is used to produce 

hydrogen, then it is compressed and stored in the salt cavern. When power is needed, the turbine and the 

PEM fuel cell make sure that power can be released, produced from the previously compressed hydrogen. 

The following Figure 19 easily illustrates the above-described system. 

 

Figure 19. Hydrogen Energy storage scheme by using a salt underground cavern as the storage mean 

These systems have the advantage of lowering the costs considerably, as geologic storage stands amongst 

the cheapest storage ways. Table 9 shows an estimation, comparing CAES with hydrogen, of different 
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geologic storage options with their associated costs which will be taken into account in section 8 for the 

economic analysis.  

 

Table 9. Costs of Geologic Storage Cavern Development for CAES and Hydrogen Formation Type 

Storage 
Air $/kWh 

($2003) 
Air $/kWh ($2008) Air $/m3 ($2008) Hydrogen $/kWh 

Solution-mined salt caverns 1.00 1.20 2.88 0.02 

Dry-mined salt caverns 10.00 11.50 27.60 0.16 

Rock caverns created by 

excavating comparatively 

impervious rock formations2 

30.00 35.00 84.00 0.49 

Naturally occurring porous rock 

formations (e.g., sandstone and 

fissured limestone) from 

depleted gas or oilfields2 

0.10 0.12 0.29 0.002 

Abandoned limestone or coal 

mines2 
10.00 11.50 27.60 0.16 

Geologic storage of hydrogen3 N/A N/A N/A 0.30 

 

As it happens in the CAES case explained in section 5.2, these kind of hydrogen storage systems also incur 

in the need of having an available and suitable geologic formation at the desired installation location, 

which in most cases turns out to be a very important limitation. Nevertheless, the higher energy density 

of hydrogen makes it suitable for smaller storage caverns. As for the emissions, this technology is totally 

clean, with no carbon dioxide emissions at all. This hydrogen technology has been the focus of many 

research studies obtaining promising results for variable renewable energy sources integration [8] [10] 

[17]. 

Moreover there is another advantageous way to use hydrogen as a storage mean, and that is by avoiding 

storage infrastructure and maintenance costs by mixing it with natural gas in existing pipelines. This is part 

of what is known as ‘Power-to-Gas’ pathway. While having hydrogen directly mixed with natural gas is 

only possible at a very small scale, doing so with synthetic natural gas (SNG) has no limitations; and from 
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hydrogen to SNG there’s only the methanation step [38]. Focusing on the “Power-to-Gas” pathway, low-

priced surplus electricity would be used to feed electrolyzers that are able to produce a syngas consisting 

of either pure hydrogen or a mixture of H2 and CO, starting from water or a mixture of H2O and CO2 as 

feed reactants. These methods, using high temperature fuel cells (SOFC) are currently being carefully 

studied at the Advanced Power and Energy Program, the place where this report is being written.  

Hydrogen storage offers, then, a big range of possibilities and that makes it hard to estimate an exact cost 

for this storage option. Therefore an interval for the installed cost for this technology would be between 

$500 and $10,000/kW [7] [8]. Because the capital cost is currently more expensive than the other options, 

and it has a low storage conversion efficiency (30–40%), hydrogen storage for integrating variable 

renewable energy sources can be expensive. According to some studies, a wind-hydrogen system should 

sell energy generated by the fuel cell at a price between $1.76 and $2.5/kW h to be competitive in energy 

management timescales [24].  

Fuel cell technology could be a viable option for the future, as its cost is expected to drop to $15–145/kW 

by 2020 [17] [24]. 

Right now, when thinking of solving today’s grid problems such as transmission congestion, regulation, 

capacity control, many EES can be applied to the mentioned problems at a smaller cost than hydrogen. 

Hydrogen may become competitive, though, for other large-scale and long-time storage services, and 

eventually for some new ancillary services, an example of which would be seasonal storage of variable 

energy sources. 

For applications in seasonal storage, electric energy storage would require large energy capacity and a 

very low self-discharge. For this application, only PHS, flow batteries, CAES and hydrogen would be 

technically viable [6]. Due to the high seasonality of renewable energy sources, long term storage may 

become more attractive as their penetration increases.  

Moreover, hydrogen presents another advantage: it is a transportable fuel Figure 20. In this sense, the 

use of hydrogen for energy storage provides unique opportunities for integration between transportation 

and power sectors. The hydrogen market therefore may also considerably expand if it enters the transport 

sector as an emissions-free alternative to gasoline [39]. In this case, some research show that hydrogen 

storage can drastically increase even more wind energy penetration [33].This is because the excess wind 

after hydrogen production can be used for these purposes other than electricity, such as fueling ferries or 

cars. A hydrogen storage system connected to both filling stations and electrical generators can be 
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regarded as a future solution in areas where grid-connected wind generation is economically and/or 

technically viable [24]. 

 

Figure 20. Hydrogen can be used as a transportable fuel, giving it an advantageous situation when being compared to others. 

University of California Irvine recently held the inauguration of its first hydrogen bus of the Campus fleet. 
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5.4. Batteries 

Batteries have been part of our lives for a long time. Due to their high modularity, electrochemical energy 

storage in batteries is an important alternative to mechanical and other technologies, such as 

superconducting magnetic storage, for example.  In the 90s, alkaline, NiCd and NiMH batteries were very 

common among secondary cells [40]. With the advent of mobile electronics, they entered many 

households in mobile phones and other devices. Therefore, due also to the maturity of the technology, 

NiCd and NiMH rechargeable cells are therefore candidates which remain to be monitored. All batteries 

present a similar modus operandi, in which an anode and a cathode get involved in the chemical process 

of extracting the electrons, deviating them for convenience, while at the same time ions move through 

the electrolyte. Figure 21 schematizes this process. 

 

Figure 21. Scheme of a battery (concretely of a Li-ion battery) 

In starter batteries of internal combustion engine vehicles, lead-acid batteries are widespread and have 

gained broad market diffusion. In China for example, lead-acid batteries have had the greatest share in 

usage for solar or wind systems. This can be explained by their maturity and cost competitiveness [40]. 

Increasing requirements in energy density by consumer electronics due to the advent of laptops and 

smartphones have caused the rising use of lithium batteries. Next to their high energy density, which is 

around 75 to 160 Wh/kg [6]), also the high efficiency of more than 90% [7] renders lithium batteries a 

promising technology. 

Yet another possibility, which is becoming more and more relevant particularly for grid-scale application, 

is sodium-sulfur batteries, which operate at high temperatures.  
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These three last technologies will be discussed in more detail in the following subsections. 

5.4.1. Lead-acid 

Lead-acid batteries have been used for large-scale energy storage for more than a century and are the 

most widely used rechargeable electrochemical devices [17]. Referring to their technology, a lead acid 

battery consists of (in the charged state) electrodes of lead metal and lead oxide in an electrolyte of about 

40% sulfuric acid. In the discharged state both electrodes turn into lead sulfate and the electrolyte loses 

its dissolved sulfuric acid and becomes primarily water [7]. The chemical reactions are as shown in Figure 

22.  

 

Figure 22. Lead acid battery parts and components. 

Lead acid batteries can present different nature among them so there exist several kinds of these 

batteries, including the flooded battery requiring regular topping up with distilled water, the sealed 

maintenance free battery having a gelled/absorbed electrolyte, and the advanced valve regulated battery 

(VRLA) [6]. Lead–acid batteries have been a common choice in microgrids or isolated power systems, for 

maintaining power quality, uninterruptible power supply (UPS), and spinning reserve applications [7]. 

Nevertheless, they are not a favorable choice for energy time-shift purposes, and that would be because 

of their relatively limited lifecycles (of about 2500), short discharge times, and low energy density (about 

50 Wh/kg at most). However, currently there are large lead–acid batteries with discharge time of hours 

that are currently in operation. One of the most significant ones is precisely in California, the Chino project, 

with a power rated capacity of 10MW and 4h discharge time [34]. New advances in lead–acid batteries 

configuration have offered improved characteristics for the utility scale applications. The above 
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mentioned advanced VRLA (valve-regulated lead acid) batteries, equipped with carbon-featured 

electrodes can reach 10 times longer life cycles compared to the conventional ones [40]. 

As a matter of fact, a very important tourist attraction for California is currently using this technology to 

meet the electric demand. That would be no less than the Alcatraz Island MicroGrid Project, built in 2012. 

A microgrid system, comprised of PPS inverters, a solar array, advanced lead-acid batteries, a PPS Site 

Controller, and back-up generators, was selected as a way to independently power the island [34].  

5.4.2. Li-ion 

Lithium ion batteries, first proposed in the 1960s, came into reality when Bell Labs developed a workable 

graphite anode to provide an alternative to lithium metal (lithium battery) [7]. The first commercial Li-ion 

batteries were produced in early 1990s. They were first targeted for portable applications but were 

employed in grid-scale, stationary applications as well. High energy density (of 75 to 200Wh/kg), long 

lifetime (around 10,000 cycles), and relatively high efficiency (0.85–0.90) are the features that have led to 

the development of these batteries. If we look specifically in California’s case, currently installed plants of 

several Li-ion technologies look like in Figure 23. 

 

Figure 23. Li-ion plants around the State of California, extracted from DOE energy storage database, updated in 2015. 
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One of these is particularly interesting from the point of view of renewable integration, and that would 

be the Tehachapi Wind Energy Storage Project. The Tehachapi Wind Energy Storage Project, funded by 

Southern California Edison (SCE) and federal 

stimulus funding awarded by the Department 

of Energy as part of the American Recovery 

and Reinvestment Act of 2009, is positioned 

to demonstrate the effectiveness of lithium-

ion battery and smart inverter technologies 

to improve grid performance and assist in the 

integration of variable energy resources 

Figure 24 [34]. The project is based at SCE’s 

Monolith Substation in Tehachapi, California, 

and includes a 32 MWh battery energy 

storage system (BESS) and the associated power conversion system. The project will evaluate the 

performance of the BESS to improve grid performance and assist in the integration of large-scale variable 

energy resourced generation. Project performance will be measured with 13 specific operational uses 

including some ancillary services of those discussed in section 6. Moreover, SCE will also demonstrate the 

ability of lithium-ion battery storage to provide nearly instantaneous maximum capacity for supply-side 

ramp rate control to minimize the need for fossil fuel-powered back-up generation. 

As for the technology characteristic of Li-ion batteries, the cathode in this kind of battery is a lithiated 

metal oxide (LiCoO2, LiMO2, LiNiO2 etc.) and the anode is made of graphitic carbon with a layering 

structure [7]. The electrolyte is made up of lithium salts dissolved in organic carbonates. When the battery 

is being charged, the lithium atoms in the cathode become ions and migrate through the electrolyte 

toward the carbon anode where they combine with external electrons and are deposited between the 

carbon layers as lithium atoms. This process is reversed during the discharge process [6]. 

 

5.4.3. Sodium Sulfur (NaS) batteries 

Sodium sulfur (NaS) working principle is a little different if compared to traditional batteries. Yet they are 

not universally classified as “Flow Batteries” either [14]. One of these batteries consists of molten sulfur 

at the cathode and molten sodium at the anode plus an electrolyte which is generally made of solid beta 

Figure 24. Tehachapi Wind Energy Storage project rack corridor 
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alumina ceramic electrolyte [7]. The electrolyte allows only the positive sodium ions to go through it and 

combines with sulfur to form sodium sulfides. During discharge positive sodium ions flow through the 

electrolyte and electrons are forced to go through the external circuit of the battery producing in general 

terms an amount of 2.0 V. In the charging process these steps occur the other way. These batteries are 

kept at relatively high temperatures of 300 to 350ºC as the electrodes materials need to stay molten. 

Figure 25shows the scheme of a sodium sulfur battery so as an idea can be made of how this technology 

works. 

 

 

Figure 25. Up, Sodium sulfur battery scheme and components, courtesy of [7]. Down, graphic explanation of these batteries 

working process, from https://www.ngk.co.jp/nas/specs. 
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These batteries are basically supplied by NGK Insulators, from Japan. They are one of the most proven 

electrochemical storage technologies in larger MW scale. NaS batteries have shown capabilities in power 

quality applications and power time shift, with relatively high roundtrip efficiency (75–85%), a number of 

life cycles oscillating between 2500–4500, an expected lifetime of 5 to 10 years, and discharge time up to 

7 h [4] [6] [7].The power rating is scalable, promising more utility-scale demonstrations in the future. Right 

now the world installed or planned plants look like in Figure 26. 

 

Figure 26. Sodium sulfur plants installed around the world in 2012, courtesy of DOE energy storage database 

Regarding Figure 26, of the total of plants, 3 have already been decommissioned, 3 are under construction 

and 28 are fully operational. In California these batteries appear in three different plants which are the 

following. North of San Francisco there is the PG&E Vaca Battery Energy Storage Pilot Project. This project 

is located at a substation near the Vaca Dixon Solar Plant of Vacaville, CA. The 2-MW / 14 MWh installation 

is used for load shaping, renewables integration, and ancillary services [34]. Secondly there is PG&E Yerba 

Buena Battery Energy Storage Pilot Project. This 4 MW Sodium Sulfur battery system is located at the 

research facility for HGST, Inc. in San Jose, CA. The system supports power quality and reliability for 

customers on the distribution feeder, has the ability to island the HGST facility, and can be used for 

studying various battery functionalities such as load shaping and smoothing of intermittent resources. 

Finally, the closest to the region where this project is being written, is SCE Catalina Island Energy Storage, 

Figure 27. This isolated electrical system on Santa Catalina Island has daily load variations from 

approximately 2 MW in the very early morning to approximately 5 MW in the late afternoon [34]. 
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Figure 27. SCE Catalina Island Energy storage complex, using sodium sulfur battery technology. 

 

5.5. Flow-batteries 

This type of battery, Figure 28, consists of two electrolyte reservoirs from which the electrolytes are 

circulated (by pumps) through an electrochemical cell comprising a cathode, an anode and a membrane 

separator. The chemical energy is converted to electricity in the electrochemical cell, when the two 

electrolytes flow through. Both the electrolytes are stored separately in large storage tanks outside the 

electrochemical cell, which allows decoupling then energy and power. The size of the tanks and the 

amount of electrolytes determines the energy density of these batteries, making it adaptable and 

advantageous. However, the power density in flow-batteries depends on the rates of the electrode 

reactions occurring at the anode and cathode. Flow batteries are often called “redox” flow batteries, 

based on the redox (reduction–oxidation) reaction between the two electrolytes in the system [14]. 

Redox flow batteries allow the possibility to store larger quantities of energy electrochemically. Due to 

the high number of cycles, cost competitiveness could be achieved [3]. Also, the storage tanks have very 

good scalability, rendering flow batteries ideal for larger quantities [7]. Although not having the highest 

efficiency, theirs is around 0.6-0.85, as mentioned, they have a number of cycles compressed between 

10000 and 13000 [4] and a life of approximately 10 years. Again, the fact of having energy physically 

independent of power gives them applicability to both kinds of applications. They present a very wide 

discharge time range, that could go from seconds to 10 hours [14]. 

When talking about flow batteries in general, it must be said that the most common ones are Vanadium 

Redox Flow Batteries (VRFB). VRB stores energy by employing vanadium redox couples (V2+/V3+ in the 
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negative and V4+/V5+ in the positive half-cells) [14]. These are stored in sulfuric acid solutions (electrolytes). 

During the charge/discharge cycles, H+ ions are exchanged between the two electrolyte tanks through the 

hydrogen-ion permeable polymer membrane. The cell voltage is usually 1.4–1.6 V [7].  

VRFB adapt at all the characteristic features mentioned above. To these facts it needs to be added that 

these batteries operate in low temperatures, in the range of 10 to 35 ºC. However promising all these 

features are, the main disadvantage of VRFB resides in the capital costs, which come to be very high at 

the moment due to the fact that they are still an immature technology and so they have to be 

commercialized for grid-scale applications. More research and studies are being conducted about this 

technology and for sure will make it very useful for several applications in a near future. These possible 

future applications include enhanced power quality, UPS, peak shaving, increased security of supply and 

integration with renewable energy systems. As it can be seen they are in general power applications, 

requiring short discharge periods at fast rates. The majority of development work has therefore focused 

on stationary applications due to their relatively low energy density. 

 

Figure 28. Flow battery schematic, courtesy of [41]. 
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5.6. Flywheels 

 

In flywheel based energy storage systems (FESSs), a flywheel (floating wheel) stores mechanical energy 

that interchanges in form of electrical energy by means of an electrical machine with a bidirectional power 

converter. This bidirectional power converter transforms electrical energy at the machine frequency into 

DC electrical energy and vice versa. Another bi-directional converter is necessary to transform DC 

electrical energy to AC electrical energy at grid frequency 50/60 Hz and vice versa. Figure 29 shows the 

basic parts of a flywheel storage system. It is very easy to calculate the amount of energy stored (Ec) in 

the wheel, presented in Equation 1. Moreover it is also simple to tell the state of charge of the flywheel, 

as it is determined only by the rotating speed.  

 
𝐸𝑐 =

1

2
· 𝐼 · 𝑤2 (1) 

 

Figure 29. Basic elements of a flywheel storage system [42]. 

 

Figure 30. Flywheel for energy storage scheme and components [43]. 
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Flywheels are one of the most mature technologies that have been long used specially for different motor 

generator applications, e.g. as power buffer in electric vehicles [4]. Flywheels are fast-responding, in the 

scale of milliseconds, with short duration discharge (milliseconds to minutes), which make them suitable 

for power-related services, such as UPS, frequency regulation and integration of intermittent renewable 

energy sources [6]. Having good high energy efficiency that can normally be between 0.9 to 0.95, long life 

cycles, from 20,000 to 100,000 and a life of more than 15 years, regardless the easy-handling working 

temperature, high depth of discharge (DoD) [4], and lower environmental impacts, favors flywheels over 

the conventional batteries in similar power-based applications [42]. Technically the highest disadvantage 

(if considered so) is the self-discharge time, which can reach from 50% to 100% of discharge in one day, 

so the stored energy should be used in the shortest time possible. 

California’s flywheel plants are shown in Table 10. An important fact that may be noticed is that two out 

of the four plants have already been decommissioned. 

Table 10. Flywheel technology plants in California. Information for filling the table was taken from DOE energy storage database 
[34]. 

Project Name 
Rated Power 

in kW 

Duration at 
Rated Power 

HH:MM 
Status Service/Use Case 1 City 

Amber Kinetics 
Flywheel Energy 

Storage 
Demonstration 

10 1:0.00 Contracted 
Electric Supply 

Reserve Capacity - 
Spinning 

Fremont 

Beacon Smart Energy 
Matrix FESS, San 

Ramon 
100 0:15.00 Decommissioned 

Frequency 
Regulation 

San Ramon 

LA Metro Wayside 
Flywheel Energy 
Storage System 

2000 0:0.25 Operational 
Transportation 

Services 
Los Angeles 

SCE Tehachapi Beacon 
Gen 4 FESS 

100 0:15.00 Decommissioned 
Frequency 
Regulation 

Tehachapi 

 

In the case of the both decommissioned projects it needs to be said that they have both served as 

demonstration plants for Beacon Power, who was the owner of the plants and first built San Ramon plant 
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an after the Tehachapi one. Beacon Power plans to keep evolving and improving the flywheel technology 

for energy storage applications and eventually will built larger plants in a close future [42]. 

 

5.7. Capacitors 

Capacitors and the so-called supercapacitors are the most direct way to store electric energy [4]. 

Basically, a capacitor consists of two metal plates separated by a dielectric which can be understood as a 

non-conducting layer. When one plate is charged with electricity from a direct-current source, the other 

plate will have induced in it a charge of the opposite sign [3]. Figure 31 shows schematically what has 

been explained. 

 

Figure 31. Capacitor interior scheme. Courtesy of ESMA. 

Capacitors can be charged substantially faster than conventional batteries and can be cycled over 50,000 

times and have lives that range from 5 to 8 years, high 10000 W/kg [33] power density but they have low 

energy density, in the order of 0.05 to 5 Wh/kg so they are best used for fast cycling applications [7]. 

Furthermore, they offer fast-response and have a good efficiency (0.6 to 0.65). If a large capacity is 

required, the area of the dielectric must be very large. This fact makes the use of large capacitors 

uneconomical and often inconvenient [6].  

The above mentioned low energy density of conventional capacitors has led the research on 

supercapacitor energy storage (much higher efficiency, around 0.9), with electrochemical double 

layer capacitors (DLC) and pseudocapacitors as the main configurations [15]. Supercapacitors store 

energy by means of an electrolyte solution between two solid conductors rather than the more common 

arrangement of a solid dielectric between the electrodes [7]. The electrodes are often made from porous 
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carbon or another high surface area material as the conductor with an aqueous or non-aqueous 

electrolyte. Since the surface area of activated carbons is very high, i.e. up to 2000 m2 per gram, larger 

stored energy quantities are possible using supercapacitors, as also the distance between the plates is 

really small (less than 1 nm). The energy storage capabilities of supercapacitors are therefore substantially 

greater than that of conventional.  

Nevertheless, the main drawback of SCES relies on their short storage duration, still low energy density 

when compared to other energy storage means, and high self-discharge loss.  

They are mainly employed in power quality services, because of their smaller amounts of storable 

energy but fast ramp rates, including power factor correction, voltage support, and harmonic protection 

and bridging instead of energy storage for time-shifting [33]. Ongoing research on materials, e.g. 

nanostructured materials [4], can promote SCES in grid-scale applications. The capital cost of capacitors 

is reported to be in the range of 214-247 $/kW [6]. Supercapacitor are also good candidates to smooth 

the short-term high frequency fluctuations caused by swell effects in the marine current systems, 

especially for one generator plants [15]. 

Table shows the latest update (Summer 2014) according to the DOE in capacitors and supercapacitors 

matter for the State of California. It can be appreciated that currently neither of them are working, but 

plan to be doing so soon. 

Table 11. Capacitor/supercapacitor projects in California, filled with the DOE energy storage database information (Summer 
2014). 

Project Name 
Technology 

Type 
Status 

Service/Use 

Case 1 

Service/Use 

Case 2 
City Utility 

Palmdale Micro Grid 

Energy Storage 

Demonstration 

Electro-

chemical 

Capacitor 

Offline/Under 

Repair 

Frequency 

Regulation 

Electric 

Energy 

Time Shift 

Palmdale Southern 

California 

Edison 

UC San Diego CPV 

Firming - Maxwell 

Technologies 28kW 

Supercapacitor 

Electro-

chemical 

Capacitor 

Under 

Construction 

Renewables 

Capacity 

Firming 

Frequency 

Regulation 

La Jolla UC San 

Diego 

Microgrid 
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5.8. Summary of technical properties 

 

Table 12. Summarized table for technical features of different Energy Storage Technologies. (Followed specifically by the references used) 

EES technology Power range (approx.) 
(MW) 

Discharge time Overall 
efficiency 

Power density 

(W/kg) 

Energy density 

(Wh/kg) 

Storage durability 
(max.) 

Self- 
discharge 
(per day) 

Lifetime (yr) Life cycles 

(cycles) 

PHS a,b,c 100 to 3000 1 to 24 h 0.76 to 0.85 None 0.5 to 1.5 months Negligible 50 to 60 20000 to 

50000 

CAES (undergr.)
c,d,e

 100 to 400 8 to 26 h 0.68 to 0.80 None 20 to 40 months Small 20 to 40 10000 to - 

CAES (abovegr.)
c,d,e

 3 to 50 2 to 6 h 0.70 to 0.81 None 20 to 40 days Small 20 to 40 10000 to - 

Hydrogen 
d,p,q

 0.3 to 50 sec to hours (day) 0.33 to 0.42 500 100 to 10000 months Negligible 15 to 30 20,000 

Lead–acid
i,c,j

 Up to 50 sec to hours (8h) 0.70 to 0.85 50 to 150 25 to 50 days 0.1–0.3% 3 to 12 2000 to 4500 

NaS
i,c,j 0.05 to 50 sec to hours (8h) 0.75 to 0.85 25 to 100 60 to 120 hours 20% 5 to 10 2500 to 4500 

Li-ion
i,c,j

 Up to 0.01 sec to hours (4h) 0.85 to 0.95 200 to 350 75 to 160 days 0.1–0.3% 5 to 15 1500 to 4500 

VRFB (flow 

batteries)
k,l,m

 

0.03 to 3(the largest) sec to hours (10h) 0.60-0.85 150 10 to 75 
months 

Small 5 to 10 10000 to 
13000 

Capacitors 

(SCES)
n,o

 

Up to 0.05 microsec to 1h 0.60 to 0.65 100000 0.05 to 5 hours 0.4 5 to 8 50000 

Flywheel
f,c,g,h

 kW to 20 microsec to 15 min 0.90 to 0.95 1000 5 to 100 minutes 100% 15 to 20 20000 to 
100000 
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Table 13. References for the summary table. 

References for previous table 

a 
Punys P., Baublys R., Kasiulis E., Vaisvila A., Pelikan B., Steller J., “Assessment of renewable electricity generation by pumped 

storage plants in EU member states”, Renew Sustain Energy Rev 2013, 10, pages 190-200 

b 
S. Rehman, L. Al-Hadhrani, “Pumped hydro energy storage system: a rechnological review”, Renewable Sustainable Energy 

Reviews, vol. 44, April 2015, p. 586-598. 

c 
Abbas A. Akhil, Georgianne Huff, Aileen B. Currier, Benjamin C. Kaun, Dan M. Rastler, Stella Bingqing Chen, Andrew L. Cotter, 

Dale T. Bradshaw, and William D. Gauntlett, “DOE/EPRI Electricity Storage Handbook in Collaboration with NRECA”, Sandia 
Report, July 2013 

d 
J.P. Maton, L. Zhao, J. Brouwer, “Dynamic modeling of compressed gas energy storage to complement renewable wind power 

intermittency”, International Journal of Hydrogen Energy 38, 2013, pages 7867- 7880 

e 
S. Karellas, , N. Tzouganatos, “Comparison of the performance of compressed-air and hydrogen energy storage systems: 

Karpathos island case study”, Renewable and Sustainable Energy Reviews, Volume 29, January 2014, Pages 865–882 

f 
Sebastian R., Peña Alzola R., “Flywheel energy storage systems: review and simulation for an isolated wind power system”, 

Renew Sustain Energy Rev, 2012,16, pages 6803-13 

g 
Bolund B., Bernhoff H, Leijon M., “Flywheel energy and power storage systems”, Renew Sustain Energy Rev, 2007, 11, pages 

235-258 

h 
Beacon Power. “Smart energy matrix, 20 MW frequency regulation plant” [online] 

i 
Dunn B., Kamath H., Tarascon J., “Electrical Energy storage for the grid: a battery of choices”, Science, 2011, 334,pages 928-

935 

j 
Poullikkas A, “A comparative overview of large-scale battery systems for electricity storage”, Renew Sustain Energy Rev 2014, 

29, pages 778-788 

k 
H. Chen, T.N. Cong, W. Yang, Y. Li, Y. Ding, “Progress in electrical energy storage system: A critical review”, Progr Nat Sci, 2009, 

19, pages 291-312
 

l 
H.L. Ferreira, R. Grade, G. Fulli, W. Kling, J.P. Lopes, “Characterisation of electrical energy storage technologies”, Energy, 2013, 

53, pages 288-298
 

m 
J. Leadbetter, L.G. Swan, “Selection of battery technology to support grid-integrated renewable electricity”, J Power Sources, 

2012, 216, pages 376-386 

n 
H. Chen, T.N. Cong, W. Yang, Y. Li, Y. Ding, “Progress in electrical energy storage system: A critical review”, Progr Nat Sci, 2009, 

19, pages 291-312 

o 
PJ. Hall, M. Mirzaeian, SI. Fletcher, FB. Sillars, AJR. Rennie, et al. “Energy storage in electrochemical capacitors: designing 

functional materials to improve performance”, Energy Environment Sci, 2010, 3, pages 1238-1251 

p 
D. Steward, G. Saur, M. Penev, Ramsden, “Life-cycle cost analysis of hydrogen versus other technologies for electrical energy 

storage” 

q 
S. Schoenung, “Economic analysis of large-scale hydrogen storage for renewable energy applications”, Albuquerque, Sandia 

National Laboratory 

r 
Lohner T., D’Aveni A., Dehouche Z., Johnson P., “Integration of large-scale hydrogen storages in a low-carbon electricity 

generation system. Int J Hydrogen Energy 2013. 
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6. Ancillary services in southern California 

 

According to Federal Energy Regulatory Commission (FERC, 1995) ancillary services can be described as 

those services necessary to support the transmission of electric power from seller to purchaser given the 

obligations of control areas and transmitting utilities within those control areas to maintain reliable 

operations of the interconnected transmission system.  

Literature [5], [44], [4], [30] shows how the currently ancillary service collective is constituted by the 

following: 

 Load Following: Energy storage could serve as load following capacity that adjusts its output to 

balance the generation and the load within a specific region or area. 

 Regulation: regulation is the use of on-line generation or storage which can change output quickly 

(MW/min) to track minute-to-minute fluctuations in loads and to correct for the unintended 

fluctuations in generation. It helps to maintain the grid frequency (which can vary as generators 

access the system) and to comply with Control Performance Standards (CPSs) 1 and 2 of the North 

American Reliability Council (NERC). There are basically two kinds of regulation, up and down, 

depending on the grids needs to either receive or release energy. 

 Spinning Reserve: Reserve capacity is the generation capacity that can be called upon in the event 

of a contingency such as the sudden, unexpected loss of a generator. In the particular case of 

spinning reserve, it basically stands for unloaded capacity from units already connected and 

synchronized to the grid, able to deliver energy in 10 minutes. 

 Non-spinning reserve: similarly as spinning reserve, this would be the capacity that can be 

connected, synchronized and ramp to a certain load within 10 minutes. 

 Voltage Support: The purpose of voltage support is to maintain the grid voltage. Common method 

is to use resources like energy storage to inject or absorb reactive power (VAR) that offsets 

reactance in the grid. 

 Black Start: A black start is the process of powering up a generating (power) plant when the grid 

power is not available such as in blackouts. Black start uses the power from the generators inside 

the plant that are often started by small diesel generators. These small diesel generators can be 

replaced with energy storage devices. 
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The currently operated and offered ancillary services by CAISO in both Hour Ahead and Day Ahead 

markets are: Spinning Reserve, Non-spinning Reserve, Regulation up and Regulation down. 

From CAISO Open Access Same-time Information System (OASIS) site it can be obtained real-time data 

related to the ISO transmission system and its Market, such as system demand forecasts, transmission 

outage and capacity status, market prices and market result data. This tool was used to determine the 

ancillary services needs for southern California (SP26 region), as well as the price range that can be 

considered normal for this time of the year (spring). The following figures (Figure 32 to 34) show the use 

of the previously described ancillary services as well as their costs and prices. In them it can be noticed 

how CAISO distinguishes between the MW of capacity procured from the ancillary service market bids 

and the MW of capacity self-provided by market participants. 

 

Figure 32. Requirements for Non-spinning reserve service in April-May 2015 
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Figure 33. Requirements for Regulation Up service in April-May 2015 

 

Figure 34. Requirements for Regulation Down service in April-May 2015 
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observed for CAISO. This means that CAISO has recently increased its own facilities dedicated to this 

service, as the following figures (Figure 35) show. 
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Figure 35. Spinning reserve requirements for three different times in the last year. 

 

Referring now to the prices, the figures (Figure 36) below show their evolution along one month sample 

period, for the southern California (SP26) area and the Day Ahead Market. From these data analysis the 

average prices as well as an estimate range were obtained for Regulation Up/Down and Spinning reserve, 

as CAISO didn’t provide pricing data for Non-spinning reserve. The numbers obtained match those 

according to Dr. Josh Eichmann [18], in his report: Regulation Down prices range from 0 to 25 $/MW, 

averaging 4 $/MW, Regulation Up range from 0 to 130 $/MW, averaging 5.5 $/MW, Spinning reserve 

range from 0 to 130 $/MW, averaging 3 $/MW and Non-Spinning reserve range from 0 to 130 $/MW 

averaging 1$/MW (CAISO 2012). 
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Figure 36. (Three graphs) Prices for the three offered ancillary services according to CAISO OASIS for April-May 2015. 
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7. Feasibility Analysis 

 

Although literature commonly specifies the best applications and uses for each energy storage technology 

[7] [4] [8] [6], it seemed interesting to bear out these by using a different and personal tool. Therefore a 

feasibility analysis to determine the suitability for a collective of applications was done in which, as a 

result, a list would be obtained. This list would have, expressed as a percentage of suitability, a 

classification from the best option to the last. The tool used to perform this analysis was ES-Select™, from 

Sandia National Laboratories in collaboration with DNV-KEMA. 

7.1. Applications Studied 

 

By using the Sandia National Laboratories developed tool ES-Select™, a feasibility comparison between 

different energy storage options for different grid locations and determined applications has been made. 

The first thing to do was to decide which of the 23 available applications were going to be considered. As 

it has been explained in the previous section, ancillary services are fundamental for the grid and can, at 

the same time, represent a very good service offered by energy storage technologies. With this in mind, 

some other important services, a part from the ancillary services, were taken into consideration. Finally 

the chosen applications were: 

1) Energy time-shift (arbitrage): Electric energy time-shift means that storage can take advantage of 

the electricity price difference between on-peak and off-peak hour by purchasing and store energy 

at times when electricity price is low and selling it back to the grid when the price is higher. 

2) Supply capacity: Energy storage could be used to defer the cost of installation of new power plant 

or to “rent” generation capacity in the wholesale electricity marketplace. 

3) Load-Following (ancillary): Meeting hour-to-hour and daily load variations. 

4) Area Regulation (ancillary): Minute-by-minute generation/load balance within a control area to 

meet NERC standards. 

5) Supply Spinning Reserve (ancillary): Generation capacity that is online but unloaded and that can 

respond within 10 minutes to compensate for generation or transmission outages. ‘Frequency-

responsive’ spinning reserve responds within 10 seconds to maintain system frequency. 

6) Voltage support: The generation or absorption of reactive power from generators to maintain 

transmission system voltages within required ranges. 



 

59 
 

7) Renewable (wind & solar ) Capacity Firming: The objective of renewable capacity firming is to make 

the generation output somewhat constant. Storage could be used to store wind and solar power 

during hours of peak production regardless of demand, and discharge to supplement traditional 

generation when renewable output reduces during expected generation time. 

8) Black Start (ancillary): Ability to energize part of a grid without outside assistance after a blackout 

occurs. 

Evidently not all of these applications can be covered at any location site in the grid. Considering five 

different locations for an Energy Storage System (ESS) to be located in the grid, and keeping in mind the 

numeration listed above, these are the available applications to fulfill at certain grid locations (Figure 37): 

- Central/Bulk Storage (Generation-side): 1,2,3,4,5,7,8 

- Substation level (requiring assembly) (Transmission-side): All 

- Container/CES Fleet (Distribution-side): 1-7 

- Commercial/Industrial (Demand-side): 1,3,4,7 

- Residential/Small Commercial (Demand-side): 1,3,4,7  

 

An important consideration is that the same ESS can be used for several applications, stablishing a certain 

priority order amongst them. This turns out to be an effective way to increase the value of an energy 

storage asset. If the shared capacities for applications are not overlapping, such as dedicating certain 

percentages of the capacity to different functions (for example, 20% for back up and 80% for peak 

shaving), the total value is not necessarily increased and almost the same result can be obtained by buying 

two smaller storage units. Overlapping shared capacity, power, or time, is what can help receive different 

Figure 37. Grid Possible Considered Locations for Energy Storage Systems (from ES-Select™ Tool) 
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benefits, but proper controls are required to assure the priority of access. Further details about bundling 

applications will be presented in section 8.  

7.2. Feasibility calculation 

 

In order to select an energy storage option that would be appropriate for the intended grid application(s), 

ES-Select® attempts to score the feasibility of each storage option based on the following four criteria:  

• Maturity or readiness for commercial deployment  

• Appropriateness for the selected grid location (considers availability, mobility, size, 

weight, scalability, etc.)  

• Meeting application requirements (considers discharge duration, cycle life, efficiency, 

etc.)  

• Installed cost in either $/kW or $/kWh basis (user’s choice)  

 

These criteria are then weighted according to a five level weight scale (all of those set at the same neutral 

weight for this first analysis) and then summed so as a total feasibility score can be achieved. In order to 

establish proper maturity values for the first of the above mentioned criteria, the default values of the 

program were changed by those findable at [4], graphically shown in Figure 38. 

 

For the appropriateness for selected grid location, many of the default values were maintained, but the 

inclusion of hydrogen forced to take a thorough look at the literature in order to determine an accurate 

Figure 38. Technical Maturity specified for feasibility analysis. From Chen H, Cong TN, Yang W, et al. “Progress in electrical 
energy storage system: a critical review”.  
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percentage of appropriateness. This process is explained in the appendix “Hydrogen System Description”. 

The power range, current state of technology and current working plants data are important parameters 

to take into account when this scoring has to be made so to check or change the default values, the DOE 

global storage database has been checked as well as [6] [33] [45]. 

The score for “meeting application requirements,” by itself, could be divided into several sub-criteria for 

each application requirement, such as discharge duration, cycle life, and efficiency. In ES-Select™, this 

process has been simplified and all grid applications are divided into four main groups with similar 

requirements for efficiency, cycle life, discharge duration and response time. 

Finally, referring to the Installed Cost criteria, a percentage score is obtained from two selected target or 

reference costs in $/kW and $/kWh which are chosen to be 1500 $/kW and 500$/kWh, as an approximate 

mean of the values obtained in [3]: 

 
𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐶𝑜𝑠𝑡 𝑠𝑐𝑜𝑟𝑒 (

$

𝑘𝑊
) =

1500

1500 + 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑜𝑠𝑡 (
$

𝑘𝑊
)

 (2) 

 

  
𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐶𝑜𝑠𝑡 𝑠𝑐𝑜𝑟𝑒 (

$

𝑘𝑊ℎ
) =

500

500 + 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑜𝑠𝑡 (
$

𝑘𝑊ℎ
)
 (3) 

 

So from the geometric mean, which is more sensitive to low scores, the feasibility scores that will be 

shown are obtained: 

 

 Combined Feasibility Score = (S1a x S2b x S3c x…) [1/ (a+b+c+…)] 

 

(4) 

Where a,b and c would be the weights (assumed to be equal to a neutral value, such as 1, as has been 

said) and S1, S2,S3 and S4 the different scores explained above. 
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7.3. Results 

 

Taking into account the numeration code stated at the beginning of the document: 

1) Energy time-shift (arbitrage) 

2) Supply capacity 

3) Load-Following (ancillary) 

4) Area Regulation (ancillary) 

5) Supply Spinning Reserve (ancillary) 

6) Voltage support 

7) Renewable (wind & solar ) Capacity Firming 

8) Black Start (ancillary) 

The following are the feasibility analysis results obtained, here only shown and commented in detail for 

the Bulk/Central Storage location. For the rest of locations in the grid, the summarized table (Table 15) 

provides the most suitable technology per application. 

Table 14. Applications data for Central/Bulk storage. “NaN” means the application’s incompatibility with the grid location 

chosen. 

 
PV of 10 yr. Benefits 

($/kW) 
Market Potentials 10 yr. (billion $) 

Disch. Duration req. 

(h) 

App1 500 to 750 9 to 11 3 to 7 

App2 400 to 750 8 to 12 4 to 6 

App3 600 to 1100 22 to 28 2 to 4 

App4 800 to 2100 4 to 5 0.3 to 0.5 

App5 100 to 500 1 to 3 0.5 to 1 

App6 NaN NaN NaN 

App7 750 to 1000 25 to 27 2 to 3 

App8 0 to 100 0 to 1 1.75 to 2 
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7.3.1. Bundled or single App1, App2, App3 and App7 

 

 

Figure 39. Feasibility Scores for the chosen applications at Central/Bulk Storage 

Apparently, feasibility scores for each one of these applications per separate are the same obtained if 

counting them as bundled. When bundled, if Renewable Capacity Firming (App7) is set as the last in 

priority order, whichever priority status hold the Energy Time Shift (App1), Supply Capacity (App2) or Load 

Following (App3), as they are considered to share the peak of demand, the Total Bundle Value (TBV) turns 

out to be between 307 and 402 $/kW-yr. For example, one of these combinations, with specified 

utilization factors or weights would be: 

TBV=100*ValueApp1+95*ValueApp2+92*ValueApp3+74*ValueApp7 

The reason why the weight given to Renewable Capacity Firming is relatively smaller than the others is 

because the first three applications belong to the same application type (meaning that their discharged 

pattern is highly aligned with the same load peak time), which is rather different than Renewable Capacity 

Firming type, which has a frequent but random demand. This, combined with the fact that it has the latest 

priority position, gives it a lower weight. 

On the other hand, if the priority order is twisted and therefore Renewable Capacity Firming takes the 

first place, the TBV would be reduced to a range of 200 to 268 $/kW-yr, meaning that less benefits would 

arouse from this combination.  

A first conclusion can be made, then, implying that placing grid applications with a discharged pattern 

aligned with load peak time with priority over those applications with frequent but random demand can 
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improve the benefits. Now, an analysis over the effectiveness of the energy storage systems to satisfy 

effectively all these applications should take place. 

7.3.2. Area Regulation (App4)  

 

 

Figure 40. Feasibility Scores for Area Regulation in Central/Bulk Storage 

As shown in Figure 40, Flywheels, with their fast ramp rate and fast discharge response lead the feasibility 

table for regulation application, considered to be an ancillary service. Regarding the included Hydrogen 

technology, it holds the 11th position in feasibility, showing that there are several technologies which 

would be more adequate for satisfying regulation needs. This can be linked to the high installed costs of 

hydrogen storage plants and higher capacity and slower ramp rates required for regulation. When 

comparing these results with those of the literature [6] [33] [45], an accurate match can be seen and the 

sources put special emphasis in the future development and use of NaS batteries for regulation 

applications as they present higher power, scalability and cyclability for a reasonable cost, together with 

Lithium-ion batteries. If the criteria regarding the weight attributed a more penalizing vision on cost, 

flywheels would find themselves after NaS and Li-ion in the feasibility comparison.  
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7.3.3. Supply Spinning Reserve (App5) 

 

 

Figure 41. Feasibility Scores for Supply Spinning Reserve at Central/Bulk Energy Storage level. 

7.3.4. Bundled App4 and App5 

 

Figure 42. Feasibility scores for the bundled applications selected at Central/Bulk Energy Storage 

When analyzing the behavior of the ESS focused on Supply Spinning Reserve and Area Regulation 

functions, and priority established in this order, a Total Bundled Value of 134 to 313 $/kW-yr is predicted 

to be achieved. If the priority is set otherwise, not only the TBV would be reduced but also feasibility score 

for Hydrogen would be lower. Like this, we can determine that the most feasible ESS for satisfying both 

applications is NaS batteries, which, as has been said before, are experiencing a notable growth and are 

the focus of attention of many studies [40]. 
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7.3.5. Black Start (App8) 

 

 

Figure 43. Feasibility Scores for Black Start at Central/Bulk Storage level 

Together with the Substation location site, Central/Bulk Storage is the only grid site that would allow ESS 

to meet the application of Black Start, as this has to be carried out at the generation side. Again, the most 

feasible technology to achieve success in this application is said to be NaS batteries. According to [3] Black 

Start ideal technical needs would be: a storage system size range of 5 – 50 MW, a target discharge duration 

range of 15 minutes – 1 hour and a minimum number of cycles per year of 10 – 20, all of them covered by 

NaS batteries, according to [6] [33] [45]. 

 

7.3.6. Maturity Modification Discussion for Feasibility Analysis 

 

The intention of this project is to compare, in the most fair and accurate way, the utilization of the 

different energy storage options in a technical and economic way. This is why once a first feasibility 

analysis took place, it was decided not to consider maturity as an influence parameter in feasibility 

calculation. As explained previously in the Feasibility Analysis section, a certain weight was given to four 

different scored parameters which, combined, gave an overall Feasibility Score. Because a supreme 

objectivity wants to be applied and the main interest is to determine the best ES alternative for the future, 

(despite ideality would be defined as mature, long lifetime, low costs, high density and high efficiency and 

being environmentally benign) maturity drops from the list of weighted criteria. To make this clear, if the 
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intention of the project was to decide which ES alternative a company should use for a certain location to 

develop a certain function to maximize benefits in the present, then maturity would be transcendental, 

because the confidence and economical security would be higher when using a mature, already 

commercialized system rather than using one that actually finds itself in terms of research and 

development. Some variations where observed. 

 

 

 

 

 

 

These two figures represent the feasibility scores calculated for the Renewable Firming application in 

Bulk/Central Storage. As a representative fact of the analysis of the whole bunch of applications, it can be 

seen that if maturity is not taken into account, all but Hydrogen drop. Although the growth in the score 

related to hydrogen is not larger than a 2%, others drop as far as 9%. This, though small, is a plus for using 

hydrogen as an energy storage option.  

 

7.3.7. Rest of locations results 

 

The following Table 15 puts together all the results obtained for the other location in the grid for each 

application. In it there can be found the first ESS with the feasibility score obtained and at the same time 

the feasibility score obtained for Hydrogen. Sometimes the application cannot be taken into account due 

to the grid location, therefore a “-“ sign appears. Also, hydrogen wouldn’t be suitable for Residential 

location so that’s the reason why the last column doesn’t include any hydrogen results. 

  

Figure 44. Some variations are observed if maturity is not considered a main criteria for the analysis. 
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Table 15. Summary table for results of the feasibility analysis. 

  Substation Container Commercial Residential 

Bundled or single App1,  
App2, App3 and App7* 

NaS (69%) 
Hydrogen (41%) 

Li-ion (60%) 
Hydrogen (44%) 

Thermal (70%) 
Hydrogen (51%)** 

Thermal (76%) 

Area Regulation (App4) 
Flywheel (74%) 
Hydrogen (25%) 

Li-ion (73%) 
Hydrogen (26%) 

Thermal (77%) 
Hydrogen (30%) 

Thermal (83%) 

Supply Spinning Reserve 
(App5) 

Flywheel (74%) 
Hydrogen (25%) 

Li-ion (73%) 
Hydrogen (26%) - 

- 

Bundled App4 and App5 
Flywheel (74%) 
Hydrogen (25%) 

Li-ion (73%) 
Hydrogen (26%) - 

- 

Voltage support (App 6) 
NaS (69%) 
Hydrogen (37%) 

Lead Acid (60%) 
Hydrogen (40%) 

Li-ion (60%) 
Hydrogen (44%) 

- 

Renewable capacity  
firming (App7 alone) 

- - 
NaS (70%) 

Hydrogen (51%) 
Li-ion (60%) 

Black Start (App 8) 
NaS (68%) 
Hydrogen (40%) 

- - - 

*check list at section 7 for number to app equivalences.   

**Only App1 and App3     
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8. Electricity Energy Storage options: economical and costs analysis 

 

The main purpose of this section is to clearly justify the costs and benefits that energy storage options 

may have in general terms, without knowing some detailed information such as type of ownership, which 

has a huge influence in reality, and without taking taxes or specific location costs into account.  

 

8.1. Methodology, cost metrics and data collection 

 

According to the literature [22] [27] there are basically two basic approaches in studying the cost of EES 

technologies: total capital cost and life-cycle costs. Total Capital Cost basic analysis basically takes into 

account only the costs of installation and purchasing of the plant. Therefore there are three main costs 

involved in this kind of analysis: Power Conversion System costs, energy storage tanks, reservoirs (energy 

storage section, basically) cost and Balance of Plant costs, all of them explained in Table 16. Therefore, 

Total Capital Costs (or just Capital costs) can be understood as 

 

 
𝑇𝐶𝐶 (

$

𝑘𝑊
) =  𝐶𝑃𝐶𝑆 + 𝐶𝑠𝑡 ∗ 𝑑𝑡 + 𝐶𝐵𝑂𝑃  (5) 

 

This kind of analysis is short and extremely simple, as it only takes into account the first year of the storage 

costs and the “material” part of the plant. It is important to highlight the fact that while usually CPCS and 

CBOP are in a $/kW basis, Cst (costs for the storage section), as they refer to the tank or reservoir energy 

capacity, are in a $/kWh basis. In order to be able to add the values, it is necessary to multiply by dt 

(discharge time) factor, characteristic of the particular energy storage system. Moreover there is another 

important issue to take into account, and that is the round trip efficiency which would play a role in the 

following way 

 
𝐶𝑠𝑡 (

$

𝑘𝑊
) = 𝐶𝑠𝑡 (

$

𝑘𝑊ℎ
) ∗ 𝑑𝑡 ∗

1

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 (6) 
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On the other hand, Life-cycle costs (LCC) analysis is more interesting and complete from the ownership 

perspective. LCC englobes TCC costs and projects them, along with fixed operation and maintenance 

(O&M), variable operation and maintenance (O&M), recharging and replacement costs, for the entire life 

of the project (or at least a part of it). This means that for each one of the years along a certain period 

there are the costs of that year associated for each one of the stated costs. Therefore, the annualized LCC 

cost would be, for a year, 

 

 
𝐶𝐿𝐶𝐶(

$

𝑘𝑊 − 𝑦𝑟
) = 𝑇𝐶𝐶 + 𝐶𝑂&𝑀 + 𝐶𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 + 𝐶𝑟𝑒𝑝𝑙 (7) 

 

One thing to consider is that Operation and maintenance (O&M) costs are split into two concepts [46]. 

The fixed share of O&M ($/kW-yr) includes all costs, which are independent of how the plant is operated, 

for example: administration, operational staff, planned and unplanned maintenance, payments for O&M 

service agreements, network use of system charges, property tax, and insurance. Re-investments within 

the scheduled lifetime are also included, whereas re-investments to extend the life are excluded.  

The variable O&M costs ($/kWh) include consumption of auxiliary materials (water, lubricants, fuel 

additives), treatment and disposal of residuals, output related repair and maintenance, and spare parts 

(however not costs covered by guarantees and insurance).  However, often, the reference documents do 

not distinguish between fixed and variable O&M costs. Then the total O&M costs are given, typically in 

€/MWh.  

Another important thing to mention is that sometimes, as it is for the particular case of CAES, other costs 

are also involved. An example of those would be fuel costs, as the utilization of gas turbine requires it, 

which could be included or not in the variable O&M costs.  

Now, adding the time factor to an economic analysis has further implications. There are two basic agents 

when talking about money and time, which are discount rate and price escalation rate (meaning inflation).  

For investors, the discount rate is the rate at which dollars in the future are brought back to the present. 

This concept is therefore very closely tied to the time value of money  

The discount rate is essentially the interest rate it will take to turn today's money into tomorrow's value, 

except the math is run in the other direction. So, if you expected to earn 5% on your money, how much 

http://wiki.fool.com/Time_value_of_money
http://wiki.fool.com/Discount_rate
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should you invest today in order to have $100 two years from now? The answer is $100 / 1.05 / 1.05 = 

$90.70. That is, if you deposit $90.70 into a bank account that is paying 5% per year, you will have $100 

in two years ($90.70 * 1.05 * 1.05 = $100). Said in the other direction, using discount rate of 5% to bring 

$100 back to the present means that the $100 is worth $90.70 today.  

Different discount rates give different present values and it should be obvious that the larger the discount 

rate, the lower the value in today's dollars. Different investors calculate the discount rate differently. 

Usually, the weighted average cost of capital of a company is taken for many investors as the discount 

rate when regarding the costs and benefits [22]. As a matter of fact, when determining the discount rate 

to apply at their projects, some investors like to increase it for more risky securities, such as small cap 

stocks, where the future cash flows are more likely to be volatile.  

In order to take into account both discount rate and inflation, the present worth factor starts to play a 

role in order to achieve the present value for the costs along the years, that means, stablishing today how 

much would an energy storage system would cost considering all its life. Present worth (or present value) 

factor is therefore multiplied by the costs to obtain that number. Present worth factor depends exclusively 

on inflation and discount rate and is obtained by the following expression: 

 

 

𝑃𝑊𝐹 = ∑
(1 − 𝑖)𝑛−0.5

(1 − 𝑑)𝑛−0.5
 

𝑙𝑖𝑓𝑒

𝑛

 (8) 

 

Where i stands for inflation/escalation rate (%/yr), d stands for discount rate (%/yr) and n are the years. 

So this is the factor that gives the conversion between N future years cost into current dollars. This factor’s 

sensibility to its both principal parameters is shown in Figure 45. 

 

http://wiki.fool.com/Discount_rate
http://wiki.fool.com/Weighted_average_cost_of_capital
http://wiki.fool.com/Small_cap
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Figure 45. Present Value Factor Sensitivity when discount rate and escalation rate vary. 

 

 

 

Table 16. Costs for several Energy Storage options and explanation. 

Cost concept  

  

                

Flywheel  PHS CAES 

(undg) 

Hydrogen 

(FC) 

Lead-

acid 

NaS Li-ion VRFB 

PCS ($/kW) 265.74 475.00 780.56 3080 350.00 338.89 428.70 453.70 

Storage Section 

($/kWh) 

2606.48 62.96 37.04 3.43 572.22 275.93 736.11 432.41 

BOP ($/kW) * 13.89 - 23.15 80.56 74.07 74.07 23.15 

Fixed O&M ($/kW-

yr) 

4.81 4.26 3.61 23.15 3.15 3.33 6.39 7.87 

Variable O&M 

($/MWh) 

1.85 0.20 2.87 - 0.34 1.67 1.94 0.83 

Replacement costs 

($/kW) 

139.81 5% 10% - 159.26 166.67 341.67 120.37 

*Included in PCS  
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Costs Concepts and cost elements Examples 

Power Conversion System (PCS) Power interconnections, AC to 

DC converters, power 

adaptation, cabling and piping… 

Converter, rectifier, turbines, 

pumps for PHS 

Storage Section Containment vessels, 

constructions and excavations… 

Battery banks, tanks (CAES or 

hydrogen), caverns or 

reservoirs… 

Balance of Plant (BOP) Project engineering, grid 

connection and integration, 

security devices, other 

construction, land and access, 

monitoring and control, 

shipment and installation… 

Voltage and frequency control 

devices, switches, fuses, 

electronics in general, designing 

tools… 
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Figure 46. Five charts that show values for the different cost concepts shown and averaged for those found in the literature 

 

In order to develop the Life-cycle cost analysis that has been stated above, Matlab® has been used as the 

main tool because of its versatility and possibility to modify easily the different parameters. For every one 

of the studied energy storage systems, the several costs stated in section above have been introduced, as 

well as replacement times, efficiency, life cycles, living years, financial assumptions and present worth 

factors. From all this, the model gives a series of plots for every system in which it can be appreciated the 

breakdown of the costs per year, as well as the total cost and its evolution for the years studied in that 

particular storage system. 

It should be stated once again that estimating the cost of energy storage systems includes levels of 

uncertainty and complexity. Except for the most mature technologies (and sometimes not even in these 

cases), the use of large-scale energy storage systems is scarce and the economic performance of the 

existing sites is not widely reported in the literature. The cost data are generally scattered, from different 
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times and power markets, and calculated or estimated on different methods. Moreover, since most of the 

technologies are in the early stages of development, their cost data cannot be conveniently scaled for 

larger or smaller sizes. 

 

8.2. Financial assumptions  

For an LCC of the characteristics that have been described before, it was needed to stablish some basic 

economic and financial assumptions in order to proceed. To achieve that, an exhaustive literature review 

was done in order to familiarize with the numbers currently used by experts in the matter. The following 

table (Table 17) was put together from several of these sources. 

Table 17. Gathering of financial assumptions by source 

  [22] [27] [23] [28] [8] [17] 

Inflation rate 2.50% 2% 2% 2% 2.50% - 

Discount rate 8% 10% 10% 11.47% 8.50% 10% 

Charging electricity 
rate 

50 
$/MWh 

50 
$/MWh 

100 
$/MWh 

30.62 
$/MWh 

50 
$/MWh 

25-60 
$/kWh 

Power price 
escalation rate 0% - - 4% 0% - 

Natural gas costs 
20-25 

$/MWh 5 $/Mbtu 5 $/Mbtu - 5 $/Mbtu 7 $/Mbtu 

Carbon emission costs 
8-22 

$/ton C02 - - - - - 

Service Life - 20 10 - - 40 

 

Finally, considering the above numbers, the final financial assumptions taken were those shown in table 

(Table 18). 

Table 18. Financial assumptions. 

Discount Rate (%-yr) 10 

Price Escalation (%-yr) 2.5 

Fuel Cost ($/MBtu) 5 

Electricity Cost ($/MWh) 50 
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8.3. Energy Storage Systems Life-cycle cost analysis 

8.3.1. Hydrogen 

The parameters used in the study of hydrogen energy storage are those summed up in Table 19 and 

obtained from the sources specified at the beginning of the section. Following, the result plots for the 

analysis will be shown and commented. The analyzed HES would be a simple one in which an electrolyzer 

uses curtailed power to produce hydrogen, stored in an underground cavern, which would be reconverted 

to power thanks to a PEM fuel cell. The prize of the electrolyzer would include compression costs. 

Table 19. Hydrogen parameters for the study 

Concept Value 

Fuel Cell Costs 2250 $/kW 

Electrolyzer costs 830 $/kW 

Storage Section costs 0.3 $/kWh 

BoP costs 25 $/kW 

Fixed O&M costs 23.15 $/kW-yr 

Variable O&M costs Unknown 

Replacement costs 30% of capital costs 

Discharge time 15 hours 

Cycles in lifetime 20,000 

Lifetime 10 years 

Replacement time 8 years 

Efficiency 40% 
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Figure 47. (Two charts) The evolution of the breakdown of costs along 20 years. Upper figure shows capital initial costs. Lower 
figure shows the same as the upper figure but at a more close scale. 

 

Figure 48. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice years 8 and 16). Red line represents the cumulative present 

value of the cost. 

 

From Figure 48 it can be seen how if 20 years are considered for the project, the costs would come to a 

value of 5035.5 $/kW of installed capacity. This would imply a levelized cost of 503.5 $/kW-yr, which is a 

very high number. 

  

1 2 3 4 5 6 7 8 9 10 11
0

200

400

600

800

1000

1200

1400

Years

$
/k

W

Breakdown of Present Value Costs

 

 

Charging costs

Variable O&M Costs

Fixed O&M Costs

Replacement Costs

0 1 2 3 4 5 6 7 8 9 10
0

1000

2000

3000

4000

5000

6000

5035.5074

Years

$
/k

W

Present Worth the Costs along 10 years



 

79 
 

8.3.2. CAES (underground) case 

 

The parameters used in the study for CAES, considering an underground storage salt cavern, are those 

summed up in Table 20 and obtained from the sources specified at the end of this report. It has to be 

noticed that for the compressed air energy storage, gas turbine needs fuel and its cost must be taken into 

account, affecting the annual costs. 

Table 20. CAES parameters for the study 

Concept Value 

PCS costs 780.56 $/kW 

Storage Section costs 37.04 $/kWh 

BoP costs Unknown 

Fixed O&M costs 3.61 $/kW-yr 

Variable O&M costs 2.87 $/MWh-yr 

Replacement costs 10% of capital costs 

Discharge time 10 hours 

Cycles in lifetime 20,000 

Lifetime 30 years 

Replacement time 16 years 

Efficiency 70% 
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Figure 49. (Two charts) The evolution of the breakdown of costs along 20 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

 

Figure 50. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 16). Red line represents the cumulative present value of 

the cost. 

  

From figure 50 it can be seen how if 20 years are considered for the project, the costs would come to a 

value of 3577.06 $/kW of installed capacity. This would mean a levelized cost of 178.85 $/kW-yr. 
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8.3.3. Pumped hydro 

The parameters used in the study for pumped hydro are those summed up in Table 21 and obtained from 

the sources previously specified. Pumped hydro has as one of its main disadvantages the need of an 

appropriate location, with the environmental impact this implies. Therefore there exists a lot of 

uncertainty when estimating the costs for this technology, as the dependence on too many factors makes 

it really difficult to englobe all situations. The numbers used try to take into consideration many of the 

references consulted so they can lead to an accurate orientative cost estimation. 

Table 21. Pumped hydro parameters for the study 

Concept Value 

PCS costs* 475 $/kW 

Storage Section costs 62.65 $/kWh 

BoP costs 13.89 $/kW 

Fixed O&M costs 4.26 $/kW-yr 

Variable O&M costs 0.2 $/MWh-yr 

Replacement costs 5% of capital costs 

Discharge time 10 hours 

Cycles in lifetime 30,000 

Lifetime 50 years 

Replacement time 16 years 

Efficiency 80 % 

*Including turbines, pumps and power converters. 
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Figure 51. (Two charts) The evolution of the breakdown of costs for pumped hydro along 20 years. Upper figure shows capital 
initial costs a part from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

Figure 52. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 16). Red line represents the cumulative present value of 

the cost. 

  

From Figure 52 it can be seen how if 20 years are considered for the project, the costs would come to a 

value of 4852.65 $/kW of installed capacity. This would mean a levelized cost of 242.63 $/kW-yr. 
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8.3.4. Lead acid batteries 

 

The parameters used in the study for this kind of batteries are those summed up in Table 22 and obtained 

from the sources previously specified and findable at the end section of this thesis. In the case of batteries 

in general, it is quite complicated to find separated costs in the available literature, meaning that many 

sources specify only a $/kW or $/kWh cost, as energy and power are tight in these energy storage systems. 

Table 22. Pumped hydro parameters for the study 

Concept Value 

PCS costs 350 $/kW 

Storage Section costs  372.22 $/kWh 

BoP costs 80.56 $/kW 

Fixed O&M costs 3.15 $/kW-yr 

Variable O&M costs 0.34 $/MWh-yr 

Replacement costs 159.26 $/kW 

Discharge time 5 hours 

Cycles in lifetime 1250 

Lifetime 5 years 

Replacement time 5 years 

Efficiency 82 % 
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Figure 53. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

Figure 54. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 5). Red line represents the cumulative present value of 
the cost. 

  

From Figure 54 it can be seen how if 10 years are considered for the project, the costs would come to a 

value of 1549.8 $/kW of installed capacity. This would mean an incredibly high annualized levelized cost 

of 309.96 $/kW-yr. 

 

  

1 2 3 4 5 6
0

20

40

60

80

100

120

140

160

180

Years

$
/k

W

Breakdown of Present Value Costs

 

 

Charging costs

Variable O&M Costs

Fixed O&M Costs

Replacement Costs

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

200

400

600

800

1000

1200

1400

1600
1549.7963

Years

$
/k

W

Present Worth the Costs along 5 years



 

85 
 

8.3.5. NaS batteries 

 

The parameters used in the study for the NaS kind of batteries are those summed up in Table 23 as a result 

of the literature review.  

Table 23. NaS batteries parameters for the study 

Concept Value 

PCS costs 338.89 $/kW 

Storage Section costs  275.93 $/kWh 

BoP costs 74.07 $/kW 

Fixed O&M costs 3.33 $/kW-yr 

Variable O&M costs 1.67 $/MWh-yr 

Replacement costs 166.67 $/kW 

Discharge time 6 hours 

Cycles in lifetime 3333 

Lifetime 15 years 

Replacement time 8 years 

Efficiency 80 % 
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Figure 55. (Two charts) The evolution of the breakdown of costs along 15 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

 

Figure 56. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 8). Red line represents the cumulative present value of 

the cost. 

  

From Figure 56 it can be seen how if 15 years are considered for the project, the costs would come to a 

value of 3009.46 $/kW of installed capacity. This would mean an annualized levelized cost of 200.6 $/kW-

yr. 
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8.3.6. Li-Ion batteries 

 

The parameters used in the study for Lithium-ion batteries are those summed up in Table 24.  

Table 24. Li-Ion parameters for the study. 

Concept Value 

PCS costs 428.7 $/kW 

Storage Section costs  736.11 $/kWh 

BoP costs 74.07 $/kW 

Fixed O&M costs 6.39 $/kW-yr 

Variable O&M costs 1.94 $/MWh-yr 

Replacement costs 341.67 $/kW 

Discharge time 1 hours 

Cycles in lifetime 10,000 

Lifetime 10 years 

Replacement time 5 years 

Efficiency 90 % 
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Figure 57. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

 

Figure 58. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 5). Red line represents the cumulative present value of 

the cost. 

  

From Figure 58 it can be seen how if 10 years are considered for the project, the costs would come to a 

value of 1808.53 $/kW of installed capacity. This would mean an annualized levelized cost of 180.85 $/kW-

yr. 
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8.3.7. VRFB batteries 

 

The parameters used in the study for the VRFB kind of batteries are those summed up in Table 25 and 

obtained from the sources specified previously at the beginning of the section.  

Table 25. VRFB parameters for the study 

Concept Value 

PCS costs 453.7 $/kW 

Storage Section costs  432.41 $/kWh 

BoP costs 23.15 $/kW 

Fixed O&M costs 7.87 $/kW-yr 

Variable O&M costs 0.83 $/MWh-yr 

Replacement costs 341.67 $/kW 

Discharge time 3 hours 

Cycles in lifetime 13,000 

Lifetime 10 years 

Replacement time 8 years 

Efficiency 75 % 
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Figure 59. (Two charts) The evolution of the breakdown of costs along 10 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

 

Figure 60. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 8). Red line represents the cumulative present value of 

the cost. 

  

From Figure 60 it can be seen how if 10 years are considered for the project, the costs would come to a 

value of 3314.7 $/kW of installed capacity. This would mean an annualized levelized cost of 331.4 $/kW-

yr. 
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8.3.8. Flywheels 

 

The parameters used in the study for the flywheels are those summed up in Table 26 and obtained from 

the sources specified at the end of this report.  

Table 26. Flywheel parameters for the study. 

Concept Value 

PCS costs 265.74 $/kW 

Storage Section costs 2606.48 $/kWh 

BoP costs 0 $/kW 

Fixed O&M costs 4.81 $/kW-yr 

Variable O&M costs 1.85 $/MWh-yr 

Replacement costs 50% of capital costs 

Discharge time 0.25 hours 

Cycles in lifetime 100,000 

Lifetime 15 years 

Replacement time 10 years 

Efficiency 90% 
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Figure 61. (Two charts) The evolution of the breakdown of costs along 15 years. Upper figure shows capital initial costs a part 
from annual costs. Lower figure shows the same as the upper figure but at a more close scale. 

 

Figure 62. Blue dots represent the present value of the costs for every year that goes by, taking into account the fixed and 
variable O&M costs, charging costs and replacement costs (notice year 10). Red line represents the cumulative present value of 

the cost. 

  

From Figure 62 it can be seen how if 15 years are considered for the project, the costs would come to a 

value of 1771.26 $/kW of installed capacity. This would mean an annualized levelized cost of 118.08 $/kW-

yr. 
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8.4. LCC Results Summary and variations 

 

Once the previous LCC was done, reaching a levelized cost for each technology for the life years that have 

been specified, it was decided to do some variations. First it was decided to repeat the analysis but this 

time with a fix number of years for all the ESS technologies. The intention of this was to reach a better 

apples to apples comparison in which taking into account the same project horizon, the different 

technologies can be compared under a fairer environment. To achieve this, two more analysis were 

conducted, the first with a project life of 10 years and the second one with an assumed project life of only 

5 years. The results of these analyses are presented in Table 27. 

Table 27. Summary of cost results for different life-times LCC. 

 Flywheel  PHS CAES (undg.) Hydrogen (FC) Lead-acid NaS Li-ion VRFB 

Annualized 
costs 

results in 
lifetime 

($/kW-yr) 

118.08 242.63 178.85 503.5 309.96 200.61 180.85 331.4 

Annualized 
costs 

results 10 
year project 

($/kW-yr) 

195.4 279.1 286.5 503.5 309.96 293.9 180.85 331.4 

Annualized 
costs 

results 5 
year project 

($/kW-yr) 

368.96 448.49 460.4 803.7 309.96 543.97 353.8 574.8 

 

Another thing that was considered of interest was to observe how, variating the discharge time for 

different technologies, the final levelized cost would vary. Following figures show this sensibility analysis 

for HES, Li-ion and VRFB batteries. The discharge time is not in the same range for the three technologies, 

so in the case of hydrogen it was set to increase from 12 to 20 hours, for Li-ion batteries from 30 minutes 

to 4 hours and for VRFB from 1 to 5 hours. The slopes obtained for these three technologies where: for 
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hydrogen an increase of 17.6369 $/kW-yr-h, for Li-ion an increase of 124.2278 $/kW-yr-h and for VRFB 

the slope would be of 111.64 $/kW-yr-h. 

 

 

Figure 63. Sensitivity plots for different discharge times and different ESS: Upper: Hydrogen, Middle: Li-ion, Lower: VRFB. 
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8.5. Cash Flow Analysis and comparisons 

 

Now that an LCC has been performed, a detailed idea about the costs can be inferred. To these costs, for 

an owner’s point of view, it may be interesting to add some notions on the potential benefits that can be 

obtained from these technologies. In order to do that, in this section a cash flow analysis taking into 

account the benefits of delivering some of the previously described (in section 6) services is done. This 

cash flow analysis has been done by using the already mentioned tool ES-Select™, developed by Sandia 

National Laboratories and DNV-Kema. 

Nevertheless one key issue must be highlighted. The ES-Select™ tool has in its database predefined values 

for predefined concepts. These concepts, i.e. Cycle life at 80% DoD or Annual Operation losses over 

Equipment Rating (kWh/kW-yr), not always match those offered by literature that is not coming from 

Sandia National Laboratories, so frequently the default values had to be taken as assumptions. These 

values were contrasted with those of the literature [7] [4] [6] [45] [23]and combined to obtain the most 

precise analysis possible. Furthermore, in the inclusion of Hydrogen in the program as an energy storage 

technology, these values were obtained from the comparison between this technology and others similar 

in the aspect that wanted to be quantified, i.e. CAES when referred to storage costs, from [10]. All this 

obviously has an impact in the analysis. Basically the most important thing to notice is that due to the 

different input concepts and numbers, the results obtained by using ES-Select™ are slightly different to 

those obtained in the LCC of section 7.3 though the overall idea is coherent one to another. Moreover in 

this analysis cumulative costs are treated as well as cumulative benefits, so the nature of the results is 

also different than in the LCC case. 

 

8.5.1. Bundling Applications 

 

As it has been introduced in section 7.1 it is very useful to assign more than one application to the same 

storage system in order to increase the revenue obtained. To quantify and manage this, ES-Select™ 

explains its own method, defining a Total Bundled Value obtained from the weighted sum of the individual 

application values (annual benefits in $/kW-yr) where the weight of each application corresponds to the 

effective availability of the storage to serve that application (during a year, for example) 
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Total Bundle Value= Weight1*V1 + Weight2*V2 + Weight3*V3… 

 

(9) 

(where V’s represent the application values and 1-3 are priority order). Figure 64 shows an example of the 

software Total Bundled Value calculation. 

The calculation of the weights (utilization factors) is not random, it comes from the analysis of the 

applications priority, peak-time alignment, application type (of three different types defined, according to 

the solicitation level and type) and global asset availability. The provenance of these utilization factors is 

deeply explained in the ES-Select™ User Guide and can be modified if needed. In the cases studied, the 

already set utilization factors have been used, once understood their value and background.  

Regarding the applications values or benefits, in a $/kW-yr basis, Table 1 shows each application’s used 

value. These values where basically extracted from [3] and from the ES-Select™ database. 

Table 28. Applications values used for the feasibility analysis. These values were taken from [3], [6] and ES-Select™ default 

database. 

Applications Annual Benefit Range ($/kW-yr) 

Energy Time-Shift (Arbitrage) 57-100 

Supply Capacity 51-101 

Load Following 86-143 

Area Regulation 112-287 

Supply Spinning Reserve 12-61 

Voltage Support 55-60 

Renewable Capacity Firming 101-131 

Black Start 4.6-8.9 
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In relation to what has just been explained, it can be deduced that there are applications more suitable 

for being bundled than others as well as more suitable for having the first priority than others. To 

represent this, ES-Select™ classifies the applications in three groups according to their time demand and 

frequency demand. For instance, Energy Time Shift, Supply capacity and Load Following: belong to the 

first group of applications, which share the fact that they have high peak time alignments. On the other 

hand, area regulation, for example, is from another kind, with frequent random demand on storage. 

Finally, the third type is characterized by infrequent random demand on storage (e.g., Service Reliability 

backup, Power Quality). In this extent then it can be deduced that if area regulation is set as the first 

priority application for an ESS, the following applications, if any, will hardly improve the benefit as the ESS 

will dedicate almost all of its time to area regulation. Further details in this idea will be seen in the analysis 

section. 

8.5.2. Potential benefits of the applications 

 

From the previous benefits obtained by review of [3] a 10 year life for an average storage system was 

assumed and a typical discount rate (time value of money) of 10% was taken to obtain the Present Benefit 

Values in 10 years. The following charts (Figures 65 and 66) show this first values and their discrete 

Figure 64. Example of Total Bundled Value calculation for ES-Select™. Different colors imply different values for each 
application, independent of the weight applied. 
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evolution along the 10 years period. These clearly exalt the fact that most profitable applications are area 

regulation, load following (both of them considered Ancillary Services) and renewable capacity firming in 

third place. 

 

 

 

Figure 66 Present Value for Benefit in 10 years 
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8.5.3. Restrictions 

 

As it has been already introduced, the grid has several locations where Energy Storage systems could fit. 

Following the ES-Select default criteria, five will be considered. Therefore, to perform a proper analysis, 

in this section a distinction between these will be made. Furthermore, not all the chosen applications can 

be performed as well as not all energy storage options could be installed at all locations, Figure 67, show 

which applications can be addressed in which locations and which energy storage options could be 

implanted at a certain location in the grid, respectively. 

 

Figure 67. Upper table:  Grid Applications for different grid locations. Lower table: ESS suitability for different grid locations. 
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8.5.4. Results by location 

 

Central/Bulk Storage (50MW or more) 

 

For Energy Time Shift, Supply capacity and Load Following: these three applications share the fact that 

they belong to the same considered kind. This kind would be the one in which the discharge pattern is 

clearly aligned with the load peak time. Therefore it could be interesting to have them bundled or 

combined by the same energy storage system in order to increase their value. This was explained in 

previous documents and following there are shown some results. 

 

It is estimated that these three applications bundled together would represent the following cost and 

benefits cash flows for the some storage options, when the estimated applications benefits are those 

obtained from Sandia National Lab report “Energy Storage for the Electricity Grid: Benefits and Markets” 

results.  

Figure 68. Optimal priority combination of the three applications with specified value of the bundle. 

Figure 69. Cumulative Costs and Benefits for Pumped Hydro storage and CAES in cavern storage, when a discount rate of 10% is 
applied and three applications bundled. 
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Area Regulation is a different kind of application. As seen at the beginning of the document it turns out to 

be the most apparent profitable application of all. Area Regulation, with flywheels as the most suitable 

technology, requires a constant but quantitatively random use of the storage resource. With an estimated 

benefit that ranks between 112 and 287 $/kW-yr, this application would be hard to bundle with others 

because of its condition and properties when being set as the top priority one. Several bundling 

combinations could be simulated in which Area Regulation was done during off-peak times and that would 

definitely improve the benefits. 

Figure 70. Cash flow for CAES. CAES is one of the few technologies that actually shows a possibility of payback in 15 years. 

Figure 71. Cumulative Costs and Benefits for Flywheels and Li-ion battery storage, when a discount rate of 10% is applied for 
Area Regulation at Central/Bulk level. 
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Figure 72. Cash Flow for Double Layer Capacitors (Supercapacitors). 

As it can be seen from Figure 72, though Double Layer Capacitors wouldn’t be the best technical option 

for satisfying area regulation, the results show they are the only technology with a payback chance within 

20 years. 

Spinning Reserve, wouldn’t be considered as any of the past two kinds of applications explained, as the 

idea of spinning reserve consists on having some available energy for when a generation inconvenience is 

produced. This therefore implies a low frequency use of the storage technology, making it susceptible to 

be bundled with other applications, while it is set with top priority, as spinning reserve is needed for 

emergencies whenever these may happen. An example of bundling would be Spinning reserve with Area 

Regulation, combination which would be rather profitable (benefits ranging from 134 to 313 $/kW-yr). 

Figures 73 and 74 show some more costs and benefits evolution as well as cash flows. 

 

Figure 741. Bundling of Spinning Reserve and Area Regulation, with specified expected values. 

Figure 732. Sodium Sulfur, as the most suitable technology for Spinning Reserve at Central/Bulk level, cumulative costs and benefits 
in present value with discount rate of 10%. 
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Figure 75. CAES is the only technology studied that shows payback possibilities within 20 years. 

 

Voltage support is very similar to area regulation service, as it also requires a full-time dedication of the 

storage mean. This application at central/bulk storage level wouldn’t be very well covered, as the long 

distance between the large-scale generation and the end of the T&D chain would make it very difficult to 

have a quality service.  

Renewable Capacity Firming could be bundled with those applications explained first (the first group of 

applications), as a charge pattern could be related to peak production and storage in order to then satisfy 

demand when less energy is produced. In order to increase its value, for following figures, Renewable 

Capacity Firming has been bundled with Black Start and Area Regulation as second and third priorities, 

obtaining in the feasibility analysis that NaS batteries could well fulfill this task. Pumped hydro and CAES 

could also do the task. The reason to include Black Start in this bundle is to make more profitable the 

whole package. It wouldn’t have economic sense to have an Energy Storage installation at Central/Bulk 

level focused only in Black Start, as the benefits would be almost inexistent. 

 

 

Figure 76. Bundle Value for the above mentioned applications. 
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Figure 77. For NaS, the most suitable and feasible technology at this circumstances, cumulative costs and benefits in a current 
dollar basis for a discount rate of 10%. 

 

 

Figure 78. CAES, as the third most feasible option, almost presents payback possibilities. 

 

Substation level 

 

For applications Energy Time Shift, Supply capacity and Load Following bundled together at this location, 

the same as in Central/Bulk bundled value is obtained as it remains invariable to grid location choice. The 

best options for these services at the substation level would be NaS batteries and cold thermal storage, 

costs and benefits and also cash flows of those are shown in figures 79 and 80. Hydrogen, even though 

not being one of the best options, could be used with these purposes, showing the exposed costs and 

benefits, with no payback options in at least 15 years. 
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Figure 79. Three different ESS cumulative benefits and costs charts for Energy Time Shift, Load Following and Supply Capacity 
applications, NaS and Thermal storage are interesting for being, respectively, the most suitable and the most profitable. 

 

 

 

 



 

106 
 

 

 

 

Figure 80.  CAES and Thermal storage offer payback possibilities in 6 years for the three bundled applications mentioned above.. 

 

For area regulation some examples would be the ones that are shown below (without including hydrogen, 

as it may not be suitable for this application). Flywheels turn out to be the best option for fulfilling this 

task as their fast ramp rates and rapid discharge duration match perfectly with the service needs. 

Economically speaking, in terms of payback options, Li-ion batteries and CAES show possibilities of 

payback in 7 years and 13 years, respectively, and flywheels come very close to it. 
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For spinning reserve bundled with area regulation in the case of substation location, the best option turns 

out to be (as the feasibility analysis determines) NaS batteries followed by Li-ion batteries, which present 

the following costs and benefits as well apparently with no payback options (Figure 82). In this case 

hydrogen storage wouldn´t be practical for the applications regarded, therefore hydrogen case is not 

shown. 

 

Figure 81. Upper chart: Flywheel cumulative costs and benefits along 15 years. Lower chart: Flywheel doesn't present payback 
options for this applications at least in 15 years time. 
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Figure 82. Cumulative costs and benefits for Spinning Reserve applied to NaS and Li-ion batteries. 

 

If we check now voltage support, we come to the conclusion that the best technology for it would also be 

the flywheel. This is because of the same reason as in the area regulation case. As described in the section 

7.4.2 of the report, voltage support would need a full-time dedication of the storage means and that’s 

what makes it difficult to bundle with other applications if the top priority is wanted for this service. The 

main difference between this service and the area regulation one is the value, as voltage support gives 

smaller benefits when compared to area regulation. Here the same example of the cumulative costs and 

benefits for the flywheel are shown, as well as the payback options in the cash flow figure. It can be seen 

how the smaller benefits reduce the payback possibilities. Again no payback options in at least 15 years 

are shown in the results and hydrogen technology would not be adequate for this service. 
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Finally, referring to the renewable capacity firming bundled with black start and area regulation as second 

and third priorities, and obtaining again in this location in the feasibility analysis that NaS batteries could 

well fulfill this task, the following Figures 84 show the cumulative costs and benefits as well as the cash 

flow evolution for the only technology with a potential payback in year 6, which would be CAES.  

 

 

Figure 84.  Potential payback for Renewable capacity firming, black start and regulation coming from CAES. 

 

Figure 83. Flywheel cumulative benefits and costs with total cashflow. 
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Container/CES fleet/Distribution level 

 

Regarding the bundle that results from providing Load Following, Energy Time Shift, and Supply Capacity 

in this priority order some kind of batteries out of the considered options in this study such as Nickel 

Chloride (NaNiCl) batteries show promising feasibility scores that would mean good implementation 

results. A part form this and almost at the same level the best option is Li-ion batteries followed by VRLA 

and Lead acid, so we could say that batteries in general are the best option for this services at the specified 

location. Here there are some cumulative costs and benefits of the most technically suitable technologies. 

In either 15 or 20 years of project study no payback options are clearly observed for any of the options 

considered. Nevertheless some flow batteries show a proximity of around 200$/kW below the breakeven 

point.  

 

 

 

 

Figure 85. Cumulative costs and benefits for suitable technology, Li-ion and for Hydrogen. 

 



 

111 
 

 

Figure 86. HES cash flow chart, way below the breakeven point. 

In Area Regulation there has been a feasibility change in the list of suitable options, as in this location the 

results show that Li-ion batteries are now the best option. A part from this, another important fact should 

be outlined, and that is that capacitors (double-layered capacitors or supercapacitors) even though 

considered less suitable for the application due to the fact that the location requirements do not match 

perfectly with the technology, show themselves as a very profitable, economically speaking, option. They 

show 6-year payback high possibilities, as shown below. 

 

 

 

Figure 87. Lithium-ion technology cost and benefits charts with payback possibilities for area regulation application, as the best 
option for this. 
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Figure 88. Capacitors show a consistent chance of early payback for area regulation. 

When it comes to spinning reserve bundled with area regulation in this particular location Li-ion batteries 

again take the feasibility lead. Even though the total bundle value stands between 134 and 313 $/kW-yr, 

which can be considered as high, none of the technologies studied show the possibility of payback in at 

least 15 years for this location in the grid. Shown below there are the cumulative costs and benefits for 

Li-ion batteries at this location for these applications as well as the respective always-negative cash flow. 

 

 



 

113 
 

 

Figure 89. Lithium ion Batteries, although not presenting payback options in the 20 years horizon, present themselves as the 
best alternative for Spinning Reserve. 

 

Voltage Support at the distribution level in the grid could be best taken care of by Li-ion batteries. 

Nevertheless that would be from a basically technical point of view. Considering the costs, this service at 

this location is far from being fulfilled by energy storage and this is because of it relatively low value and 

also with the difficulty of bundling it because of its nature. Therefore almost every technology shows a 

decreasing cash flow curve, similar to the one shown in Figure 90, which actually shows the situation of a 

VRLA flow battery. More improvements in reducing costs for energy storage means should be made so 

some profit can be achieved by supplying this service through them. 

 

Figure 90. Li-ion again as the best suitable technology presents so little benefits if compared to the cumulative costs. 
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Figure 91. From an economic point of view, payback options are complicated, as the majority of charts present the tendency the 
one above with Valve Regulated Lead Acid shows. 

 

Renewable capacity firming with area regulation, in this priority order could be taken care of principally 

by batteries, and more specifically by sodium nickel chloride batteries and again Li-ion batteries. Even 

though not showing a payback chance in at least 20 years, some improvements in the next years could 

bring these batteries to a higher performance and cheaper development.  Hydrogen would be technically 

suitable for the first application at this location and its costs and benefits are also shown. 
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Figure 92. (Three charts). For the last set of applications bundling, upper figure shows Li-ion cumulative costs and benefits, as it 
is one of the most feasible technologies in this case. Lower figures show the HES case, showing that there's still no payback 
tendency for this kind of technology. 

 

Commercial or Industrial  

 

Notice that in this location neither spinning reserve nor voltage support wouldn’t be possible if taking 

into account the restrictions and therefore are not discussed. 

In this case for the first bundle the priority order studied has been first load following and then energy 

time shift. It can be noticed that supply capacity is not in this bundle anymore, and that is due to the 

location that is being studied, which, as explained at the beginning of the section, would not be possible 

from the commercial or industrial location. From the section in which the feasibility analysis is done, it 

can be noticed that now, the best energy storage option for these services are the NaS flow batteries 

together with thermal storage, which shows a more than interesting 3 years payback. Both figures, of 

cumulative present values for costs and benefits as well as cash flow for NaS batteries are shown in Figure 

93. These would be followed by some other batteries such as VRLA and NaNiCl. Not far from these, 
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hydrogen is listed as one of the feasible options, and therefore its costs and benefits will be shown below. 

Economically speaking there are no potential payback options for any of the relevant technologies at this 

scale. 

 

 

 

 

 

Figure 93. NaS, as the most feasible technology, cumulative costs and benefits for commercial location in the grid. Lower charts: 
Hydrogen case for this set of applications in the commercial location. 
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Area Regulation shows that at this scale one of the best options for it would be again the thermal storage, 

but leaving it aside, Li-ion batteries are one of the best matches taking the feasibility analysis into 

consideration. Following Li-ion batteries we would find NaS batteries, flywheels, lead acid, VRLA. Here 

below, as a part of the economic analysis and comparison, some of the best suitable technologies cost’s 

results are shown for this application. Here there are some important features to comment. Li-ion 

batteries are not only one of the most feasible alternatives, but also show a  payback time of 7 years, right 

before the replacement cost took place. The other alternatives above mentioned come close to the 

breakeven point but none of them reach it. Nevertheless, double-layer capacitors show a promising 

potential payback time of 6 years, making them economically attractive. 
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Figure 94. Four charts, the two upper for Li-ion batteries and the lower for Capacitors, both of them with payback options and 
considered technically feasible for the application. 

In the case of renewable capacity firming with area regulation as a second priority service, it can be seen 

in the feasibility analysis how batteries take the lead and how particularly NaS batteries turn out to be the 

most adequate. Just after a series of battery types comes hydrogen, the appliance of which in these 

applications could be technically feasible. Even though presenting a relatively high value of 170 to 290 

$/kW, there are not promising payback options in at least a 20 years’ time period. In the case of hydrogen, 

the cash flow decreasing tendency suggests that the needs of improvement in the technology in order to 

reduce both installment and replacement costs are of huge importance if hydrogen wants to be used for 

renewable capacity firming (remember that hydrogen would not be adequate for area regulation). Figures 

below show what has been stated above. 
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Figure 95. Cum ulative costs and benefits for NaS batteries, as the most suitable technology, though no payback options were 
presented. 

 

Residential located. 

Storage at this scale hydrogen storage would not be a technical efficient technology because of the 

small power restrictions. Also in a similar way to commercial or industrial location at this scale there are 

some services that could not be provided because it would be against their definition, such as black 

start, supply capacity, spinning reserve, or voltage support. 

If at this scale an ES unit was designed for load following plus energy time shift, batteries would be again 

the best bet. In particular VRLA flow batteries would fulfill the task efficiently. Nevertheless, economically 

speaking, their relatively short lives combined with their high replacement costs would make it impossible 

to achieve a payback time of at least 20 years given the determined discount rate of 10%. The same 

situation applies more or less to the rest of the batteries, showing basically decreasing cash flows. In the 

figures below these cases are shown. 
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Figure 96. Upper chart: Li-ion cumulative costs and benefits. Lower chart: Pessimistic tendencies to what payback options refer. 

At residential levels, the best alternative for area regulation is by far thermal storage, followed by 

batteries in another level. Moreover, thermal storage shows itself as a very beneficial option, with a very 

small payback time of 2 years, which gives a huge economic advantage to the user. Li-ion batteries also 

show payback potential in 7 to 8 years but the replacements would make it slower and would mean future 

losses. The figures below show these facts. 
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Figure 97. (Four charts). Two upper charts: Thermal storage is by far the best option in a technical and economical way to fulfill 
these services at Residential level. Two lower charts: Li-ion also presents some payback chances although replacements may slow 
them down. 

The best for renewable energy firming with area regulation at this grid location are batteries. More 

specifically, and in order, we would find Li-ion batteries, Lead Acid batteries and VRLA batteries. But again, 

the problem with batteries for this application comes when the money is taken into account. The bundle 

value is not enough to compensate the relatively high installation and replacements costs over lives of the 

batteries, increasing the cost at every life cycle and leading to decreasing cash flows.  
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9. Conclusions 

 

This report enables comparison of several competing technologies for energy storage, from both technical 

and economical perspectives. Following, the conclusions extracted from the study are listed and briefly 

explained. 

 Energy Storage Systems (ESS) will be required to meet the objectives stablished by the California 

Renewable Portfolio Standard, storing curtailed energy in order to use it in several applications. In a 

society with a higher renewable penetration (33% for 2020 in the case of this study), winter and 

spring will be the seasons with more storage potential, for having a big amount of energy curtailed. 

In a higher installed solar power scenario the energy for these months would be more than enough 

to satisfy the load following requirements if stored, although the hypothetic curtailment periods 

would be shorter than those in a higher installed wind power scenario. However, the higher solar 

capacity scenario would have more curtailment periods and potentially larger. Finally, if the baseload 

was reduced, consequently the energy curtailed would be less and load following from traditional 

sources would play a more important role. 

 

 An updated review of the state of technology of several energy storage technologies was presented. 

By reviewing the latest papers and articles on the topic their various characteristics and main treats 

were analyzed. The analyses included their storage properties, current state in the industry and 

feasibility for future installation.  

 

 A clearly defined premise regarding storage functionality is needed to determine the best energy 

storage technology. This means that there exist many locations in the grid in which ESS can be used 

for several possible applications. Because of this, depending on which location and for which 

application one energy storage technology will be better than another. To determine this, the 

feasibility analysis in section 7 was done. For example, Hydrogen Energy Storage (HES) presents itself 

as the fourth best option for Bulk Storage dedicated to Renewable Capacity Firming, Time-shifting 

and Load Following, after Pumped Hydro (PHS) and CAES. Nevertheless Hydrogen energy storage is 

away from the first positions for Area Regulations. In general terms, flywheels, capacitors and 

batteries are most suitable maintaining power quality and grid stability applications. On the other 
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hand, PHS, CAES, large-scale batteries, flow batteries and HES are better for energy management 

applications. 

 

 Through a Life-Cycle Cost analysis some results regarding the yearly costs in a $/kW-yr basis were 

obtained. Updated literature was reviewed thoroughly to use cost data related to every single energy 

storage technology and to find currently used financial assumptions. Results for these costs are 

shown in Table 27, showing that, by now, Hydrogen and Flow batteries are the most expensive 

technologies, although one reason for that would be their current immaturity. Further analysis reveal 

different costs for different time-scales. 

 

 It has been observed the sensibility of costs for some ESS regarding an increase in the discharge time. 

If capital costs for fuel cells and electrolyzers are reduced in a near future, HES would be an affordable 

and suitable technology for long term arbitrage, considering that its properties are favorable and 

that its cost doesn’t increase as much as the one of Lithium-ion batteries or Flow batteries as the 

discharge time is increased.  

 

 Only a few technologies for a few applications and grid locations show payback options in the 

performed cash flow analysis by using ES-Select™ tool (developed by Sandia National Laboratories 

and DNV-Kema). The soonest payback chances show at 6 years for some technologies. CAES, 

capacitors, thermal storage and Li-ion batteries would be the ESS that most commonly appear as 

economically viable. Hydrogen doesn’t show payback chances at least in 15 years’ time. 

 

 This study can be useful for further research that examines the integration of ESS systems in future 

scenarios. By introducing demonstration cases data, defining a concrete purpose and location, the 

offered economic analysis can be improved and give as a result more accurate and detailed costs and 

benefits.  
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Appendix A. Hydrogen and Lithium-ion data collection . 

Appendix A Table 1. Hydrogen cost data from different sources. Colors stand for the time proximity of the sources, being Green the most recent, Yellow not that recent and red 
the oldest. 

Sources: [22] [27] [7] [8] 

  In ranges:       

Power Conversion System ($/kW) 1,383–4,453 (average: 2,465) 840 10,000< 1800 

Fuel Cell Unseparated 500 Unseparated 1500 

Electrolyzer Unseparated 340 Unseparated 300 

Storage Section ($/kWh) 125–134 (aboveground) 
0.02–12.4 (underground) 

15 (aboveground)  
0.3(underground) 

- 15 

Balance Of Plant ($/kW) 25 - - 0 

O&M ($/kW-yr) 16–44 (average: 25) Mentioned but not specified - 3.8 

Replacement costs ($/kW) - Mentioned but not specified - 150 

Discharge time seconds to 24 hours 1-12 hours seconds to 24 hours - 

Cycles in lifetime 20,000 - 1000< - 

Lifetime 15-20 years 20 5-15 years - 

Replacement time - Mentioned but not specified - 6 years 

Efficiency (roundtrip) 33-42% ≈40% 20-50% ≈53% 

Fuel Cell Efficiency - 55.00% - 59% 

Electrolyzer efficiency - 74% - 90% 

Sources: [17] [46] DNV-KEMA Report [6] [12] 

  Three cases*   For PEM electrolysis For fuel cells   

Power Conversion System ($/kW) 774-1,263-3,830 3,000 - - 4,285 

Fuel Cell 434-813-3,000 Unseparated - 425-725 2,571 

Electrolyzer 340-450-830 Unseparated - - 1,714 

Storage Section ($/kWh) 0.02-0.3  
(geologic underground) 

11 - - 422.7 $/kgH2 

Balance Of Plant ($/kW) - - - - - 

O&M ($/kW-yr) 20-27-50 40 (25 FC+15 E) - - - 

Replacement costs ($/kW) 30% of capital costs - - - 1250 

Discharge time 6 hours (for used model) - - sec to 24 hours - 

Cycles in lifetime 20-24-40 thousand - - 1000< - 

Lifetime 13-15-26 years 5 years 50,000 hours 5-15 years 40,000 hours 

Replacement time 13-15-26 years - - - Mentioned but not specified 

Efficiency (roundtrip) 34.3-42.93-49.6% 49% - - 37% 

Fuel Cell Efficiency 47-53-57% 50% - 20-66% 44% 

Electrolyzer efficiency 73-81-87% 98% 74-87% - 84% 

  



 

130 
 

Appendix A Table 2. Lithium-ion cost data from different sources. Colors stand for the time proximity of the sources, being Green the most recent, Yellow not that recent and 
Orange the oldest. 

*Mainly for MW-scale systems with rated Depth of Discharge of 80%, 
used for bulk energy storage and T&D support ( discharge time 0.5–2 h). 

**Every 5yr (365–500 cycles per year). 

*** Service life 

****In nominal $/kWh in year of replacement across all years 

Sources: [22] [23] [7] [28] [8] DNV-KEMA report [6] 

  In ranges:           In ranges: 

Capital Costs ($/kW) 241–581 (average: 463) 400 1200-4000 528 175 - 600-2500 

Storage Section ($/kWh) 470–1249 (average: 795)* 600 600-2500 - 500 - - 

Balance Of Plant ($/kW) 80 - - - 0 - - 

O&M ($/kW-yr) 2.0–13.7 (average: 6.9) - - 15 25 - - 

Replacement costs ($/kW) 187–543 (average: 369)** - - 250**** 500 - - 

Discharge time minutes-5 hours - minutes to hours 2 hours 
minutes-4 

hours 
sec to hours (80% 

DoD) 0.017-2 hours 

Cycles in lifetime 1500–4500 4000 1,000-10,000 - - 10,000 1,000-10,000 

Lifetime 5–15 years 
10 

years*** 5-15 years 20 - 8-15 years 5-15 years 

Replacement time 5 years - -   10 years - - 

Efficiency (roundtrip) 0.85-0.95 0.85 
almost 100% 

(doesn't specify) 0.83 0.85 0.9-0.95 0.9-1 

Self discharge 0.1–0.3% - 0.20%   - 5%/month 0.1-0.3% 

Power up to 0.01 MW - up to 0.01 MW 500 kW up to 100 kW 1 to 1,000 kW 0-0.1 MW 
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Appendix B. ES Select Hydrogen System inclusion 

 

System definition: 

The compressed hydrogen energy storage system is defined by an electrolyzer, a compressor, a geologic 

underground salt cavern, small turbine and a PEM fuel cell. When an excess of power coming from the 

grid (renewable sources such as wind, solar…) is produced, the electrolyzer is used to produce hydrogen, 

then it is compressed and stored in the salt cavern. When power is needed, the turbine and the PEM fuel 

cell make sure that power can be released, produced from the previously compressed hydrogen. The 

following scheme (Figure 1) easily illustrates the above-described system. 

 

Figure B 1 Compressed hydrogen energy storage scheme 

 

ES-Select® data and provenance: 

Discharge duration 

(hours) 

0.08-12 From source [7]and [45](would need more but reached 

maximum) 

Specific Energy 

(kWh/ton) 

100-200 From source [29] 

Energy Density 

(kWh/m3) 

170 From source [17] 

Cycle life at 80% DoD 

(1000 cycles) 

6-20 Both to be accurately determined, from source [27], 

without taking into account the %DoD 
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Cycle life at 10% DoD 

(1000 cycles) 

6-20 

Round-trip AC Energy 

Efficiency at Rated 

Power  

0.33-0.42 From sources [17], [27] ,f 

Annual Operational 

Losses Over 

Equipment Rating 

(kWh/kW-yr) 

300-1000  Using Li-ion and CAES as a reference 

Maintenance or 

warranty cost (Fixed 

O&M) ($/kW-yr) 

16-44 Fixed O&M costs found in source [17] 

AC Storage Unit Price 

at Factory (Equipment 

Cost) ($/kW) 

2000-4300 From source [34]and [7] 

Installation Cost at 

Residential/ Small 

commercial, up to 100 

kW ($/kW) 

-  

Residential/Small 

Commercial, up to 

100kW (0-1) Feasibility 

Score for Installation 

Cost 

0 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these.  

Installation cost at 

Commercial/Industrial, 

up to 1MW ($/kW) 

1000-2000 High cost to maximum allowed 

Commercial/Industrial, 

up to 1MW (0-1) 

Feasibility Score for 

Inst. Cost 

0.7 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. 
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Installed cost at 

Containers/ CES Fleet 

up to 2MW ($/kW) 

Containers/ CES Fleet 

up to 2MW (0-1) 

Feasibility score for 

Installation Cost 

1000-2000 High cost to maximum allowed 

Containers/ CES fleet 

up to 2MW, (0-1) 

feasibility score for 

inst. Cost 

0.4 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. 

Installation Cost at 

Substation, up to 10 

MW ($/kW) 

1000-2000 High cost to maximum allowed 

Substation up to 10 

MW, (0-1) feasibility 

score for installation 

cost 

0.3 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. 

Installation Cost at 

Central/ Bulk, over 50 

MW 

1360-2000 From [45] 

Central/ Bulk over 50 

MW Feasibility Score 

(0-1) for installation 

cost 

1 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. 

Feasibility Score based 

on maturity for grid 

applications 

0.4 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. Also based on source [7](0-0.5 are developing, 

0.5-0.7 are developed, 0.7-1 are mature) 
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Feasibility score based 

on ability to meet 

application req. 01 

0.8 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. Application groups defined by the program. 

Feasibility score based 

on ability to meet 

application req. 02 

0.1 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. Application groups defined by the program. 

Feasibility score based 

on ability to meet 

application req. 03 

0.5 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. Application groups defined by the program. 

Feasibility score based 

on ability to meet 

application req. 04 

0 Based on the pre-set feasibility scores given by the 

program, comparing them between themselves and 

then establishing one for hydrogen storage relative to 

these. Application groups defined by the program. 

Replacement time in 

years 

15 From source [17] 

Replacement cost as % 

of capital cost 

30 From source [17] 

 

Applications groups numbering: 
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Appendix C. Matlab Cost Model example 

 

Following, the Matlab Cost Model for Hydrogen Energy Storage is shown. For the other technologies, the 

code used for the model is similar to this one but with the small differences explained along the thesis. 

%HYDROGEN 

clear all 

  

d=0.1; %discount rate  

e=0.025; %escalation rate  

i=20; %Years of study 

  

rlife=8; %years before a replacement is needed 

tlife=20; %years of life for the system 

cyc=20000; %number of life cycles for the system 

ef=0.4; %system efficiency 

dt=15; %hours of discharge time 

  

PWf=xlsread('PWfactors for matlab.xlsx'); %present worth factors from excel file  

  

Cfu=2250;%Cost fuel cell $/kW 

Ce=830; %Cost electrolyzer $/kW 

Cst=0.3; %Cost of storage $/kWh 

Cbop=25; %Cost balance of Plant $/kW 

CFOM=23.15; %Fixed costs of operation and maintenance $/kW-yr 

CVOM=0; %Variable costs O&M $/MWh. Multiplying by hours of discharge of the whole year 

you obtain them in proper basis (we assume maximum kWh are always produced). 

ep=0.05; %price of electricity for charging $/kWh.  

Replcost= 30; %Percentage of capital costs that a replacement costs 

  

MCostos=[cyc/20*dt*ep CVOM*dt*(cyc/20)*1/1000 CFOM  0 Cfu Ce Cst*dt/ef Cbop]; 

MCostosfix=[cyc/20*dt*ep CVOM*dt*(cyc/20)*1/1000 CFOM  0]; 

Ctotany0=Cfu+Ce+Cst*dt/ef+Cbop+CFOM+CVOM*dt*(cyc/20)*1/1000+cyc/20*dt*ep; %Costs of 

first year 

Cfixosanuals= CFOM+CVOM*dt*(cyc/20)*1/1000+cyc/20*dt*ep; %Every year repeated costs 

Costrepl=Replcost/100*Ctotany0; %replacement costs $/kW 

pwfcum10025= PWf(:,1); %cumulative present worth factors for 20 years  

pwfdisc10025= PWf(:,7); %year by year pwf  

 

pwvect=[]; cont=1; 

 

while cont<=tlife 

    pwvect(end+1)=Cfixosanuals*pwfdisc10025(cont); 

    if cont==rlife  

        pwvect(end)=pwvect(end)+Costrepl*pwfdisc10025(cont); %inflation and discount 

rate taken into account for replacement costs 

     elseif cont==2*rlife  

        pwvect(end)=pwvect(end)+Costrepl*pwfdisc10025(cont); %Same as above    end 

    MCostosfix=[MCostosfix; MCostosfix(1,:)*pwfdisc10025(cont)]; 

    cont=cont+1; 

     

end 

  

MCostosfix(rlife,4)=Costrepl; 

MCostosfix(2*rlife,4)=Costrepl*pwfdisc10025(rlife*2); 

cont2=1; 

pwvect2=[]; 

while cont2<=tlife 
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    pwvect2(end+1)=Cfixosanuals*pwfcum10025(cont2)+Ctotany0; 

    if cont2>=rlife 

        pwvect2(end)=pwvect2(end)+Costrepl*pwfdisc10025(cont2); %Inflation and 

discount rateincluded in replacement 

     

    elseif cont2>=2*rlife 

        pwvect2(end)=pwvect2(end)+Costrepl*pwfdisc10025(cont2); %Same    end 

    

    cont2=cont2+1; 

     

end 

  

  

figure(1) 

pwvect=[Ctotany0 pwvect]; 

pwvect2=[Ctotany0 pwvect2]; 

plot(0:tlife,pwvect,'b.') 

hold on 

plot(0:tlife,pwvect,'bo') 

plot(0:tlife,pwvect2,'r-') 

plot(tlife,pwvect2(end),'c*') 

text(tlife,pwvect2(end),num2str(pwvect2(end))) 

xlabel('Years') 

ylabel('$/kW') 

title('Present Worth the Costs along 10 years') 

grid on 

hold off 

  

  

figure (2) 

l=cell(1,4); 

l{1}='Charging costs';l{2}='Variable O&M Costs';l{3}='Fixed O&M 

Costs';l{4}='Replacement Costs'; 

h= bar(MCostosfix,'stacked'); 

legend(h,l) 

hold on 

xlabel('Years') 

ylabel('$/kW') 

title('Breakdown of Present Value Costs') 

  

b=zeros(11,4);%Adapting the vectors of fixed costs to the ones of the first year to 

plot them together 

MCostosfix=[MCostosfix b]; 

MCostosfix(1,:)= MCostos; 

  

figure(3) 

j=cell(1,8); 

j{1}='Charging costs';j{2}='Variable O&M Costs';j{3}='Fixed O&M 

Costs';j{4}='Replacement Costs';j{5}='Fuel Cell Costs'; j{6}='Electrolyzer costs'; 

j{7}='Storage section'; j{8}='BoP Costs'; 

h= bar(MCostosfix,'stacked'); 

legend(h,j) 

hold on 

xlabel('Years') 

ylabel('$/kW') 

title('Breakdown of Present Value Costs') 

 


