
 
 

 

 

FINAL REPORT 
 

Demonstrating the Benefits of Long-Duration, Low-Cost Flow 
Battery Storage in a Renewable Microgrid 

ESTCP Project EW19-5312 
 

 

DECEMBER 2019 
  

Benjamin Lavoie 
Ameresco, Inc. 
  
 
 

 
 

 
                  Distribution Statement A 

This document has been cleared for public release 



 

 

Page Intentionally Left Blank 

 



This report was prepared under contract to the Department of Defense Environmental 
Security Technology Certification Program (ESTCP).  The publication of this report 
does not indicate endorsement by the Department of Defense, nor should the contents 
be construed as reflecting the official policy or position of the Department of Defense.  
Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply 
its endorsement, recommendation, or favoring by the Department of Defense. 



 

 

 

 

 

 

 

 

 

 

 

Page Intentionally Left Blank 

 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this 
burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid 
OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY)
27-08-2019

2. REPORT TYPE
Final Report 

3. DATES COVERED (From - To)
MAR 2019 – SEP 2019

4. TITLE AND SUBTITLE
ESTCP ENERGY AND WATER PROJECTS EW19-5312 
 

5a. CONTRACT NUMBER 
W912HQ-19-P-0019 

DEMONSTRATING THE BENEFITS OF LONG-DURATION, LOW-COST FLOW 5b. GRANT NUMBER 
EW19-5312 

BATTERY STORAGE IN A RENEWABLE MICROGRID 5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)
COLONNESE, ANTHONY, B; LAVOIE, BENJAMIN, J; MOLTA. PAUL, C; NOWAK, KRYSTIAN,
J; TAKLE, HEATHER, M; WINKLER, ERIC, S; GONATAS, CONSTANTINE, P

5d. PROJECT NUMBER 
EW19-5312 

5e. TASK NUMBER 
0001 
5f. WORK UNIT NUMBER
 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AMERESCO, INC.111 SPEEN STREET, STE. 410, FRAMINGHAM, MA 01701
 

8. PERFORMING ORGANIZATION REPORT
NUMBER

2NDPATH ENERGY, LLC 
120 W. BERLIN ROAD 
BOLTON, MA 01740 

ESTCP 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
USACE HUMPHREYS ENGR CTR ESTCP

7701 TELEGRAPH RD. 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

ALEXANDRIA VA 22315-3860 EW19-5312
12. DISTRIBUTION / AVAILABILITY STATEMENT

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED 
13. SUPPLEMENTARY NOTES

14. ABSTRACT
This report summarizes Ameresco’s investigation of long duration stationary energy storage for 
deployment within military microgrids. Objectives of this work focused on assessing the state 
of the art of Vanadium Redox Flow battery technology and studying the extent to which it can 
reduce use of fossil fuel fired diesel generators for critical load support. The work herein 
characterizes statistical probability of critical load support during utility outages of up to 
168 hours and identifies the economic value energy storage could generate during grid-connected 
operation for five military installations throughout the continental United Sates. 

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF:
UU

17. LIMITATION
OF ABSTRACT

18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON
Benjamin J. Lavoie 

a. REPORT
UU 

b. ABSTRACT
UU 

c. THIS PAGE
UU 

UU 172 19b. TELEPHONE NUMBER (include area 
code)
1-508-661-2261
 Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. Z39.18 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page Intentionally Left Blank 
 



 

i 

FINAL REPORT 
Project: EW19-5312 

 
TABLE OF CONTENTS 

Page 

ABSTRACT .................................................................................................................................. VI 

EXECUTIVE SUMMARY ...................................................................................................... ES-1 

1.0 INTRODUCTION ................................................................................................................. 1 

1.1 BACKGROUND .......................................................................................................... 1 

1.2 OBJECTIVE OF THE DEMONSTRATION ............................................................... 4 

1.3 REGULATORY DRIVERS ......................................................................................... 5 

2.0 TECHNOLOGY DESCRIPTION ......................................................................................... 9 

2.1 TECHNOLOGY OVERVIEW ..................................................................................... 9 

2.2 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY .......................... 13 

2.3 RISKS ASSOCIATED WITH THE TECHNOLOGY ............................................... 14 

3.0 PERFORMANCE OBJECTIVES ....................................................................................... 17 

3.1 PRIMARY OBJECTIVE ............................................................................................ 18 

3.2 ALTERNATIVE TECHNICAL SCENARIOS .......................................................... 18 

3.3 FINANCIAL OBJECTIVE ......................................................................................... 18 

4.0 FACILITY/SITE DESCRIPTION ....................................................................................... 21 

4.1 FACILITY/SITE LOCATION AND OPERATIONS ................................................ 21 

4.2 FACILITY/SITE CONDITIONS ............................................................................... 25 

5.0 METHODOLOGY .............................................................................................................. 31 

5.1 SUMMARY OF TECHNICAL METHODOLOGY .................................................. 31 

5.2 DG CHARACTERIZATION METHODOLOGY ..................................................... 34 

5.3 MICROGRID RELIABILITY MODELING METHODOLOGY ............................. 36 

5.4 GRID TIED MODELING METHODOLOGY .......................................................... 38 
5.4.1 Retail Use Cases .......................................................................................................... 40 
5.4.2 Wholesale Use Cases ................................................................................................... 41 
5.4.3 System Size Selection .................................................................................................. 42 

6.0 PERFORMANCE ASSESSMENT ..................................................................................... 45 

6.1 RELIABILITY METHODOLOGY............................................................................ 45 

6.2 RELIABILITY ASSUMPTIONS ............................................................................... 46 

6.3 MICROGRID RELIABILITY PERFORMANCE ..................................................... 47 



 
TABLE OF CONTENTS (Continued) 

 
Page 

ii 

6.4 VRF AND LI-ION GRID TIED BESS PERFORMANCE ........................................ 51 

7.0 COST ASSESSMENT ......................................................................................................... 57 

7.1 COST CATEGORIES & ASSUMPTIONS................................................................ 57 

7.2 SITE COST AND SAVINGS DETAILS ................................................................... 61 

7.3 VERIFICATION OF BASELINE COST OF CRITICAL LOAD SUPPORT ........... 65 

7.4 CALCULATION OF BESS ENABLED MICROGRID COST OF CRITICAL LOAD 
SUPPORT ................................................................................................................... 67 

7.5 FURTHER POTENTIAL FOR COST DECLINE – PARALLELS TO SOLAR PV 
INDUSTRY ................................................................................................................ 68 

8.0 STUDY CONCLUSIONS AND OUTCOMES ................................................................... 69 

9.0 REFERENCES .................................................................................................................... 71 

A.1 INSTALLATION DATA APPENDIX.............................................................................. A-1 

A.2 METHODOLOGY APPENDIX ........................................................................................ A-7 

A.3 PERFORMANCE APPENDIX ....................................................................................... A-13 

A.4 COST APPENDIX........................................................................................................... A-29 
 

 



 

iii 

LIST OF FIGURES 

Page 

Figure 1. Example Critical Load Coverage Probability Curve ................................................... 4 
Figure 2. Expanded View of Li-Ion BESS i ............................................................................... 2 
Figure 3. Principle Operation of a Redox Flow Batteryxii ....................................................... 10 
Figure 4. Map of Site Locationsxvii ......................................................................................... 22 
Figure 5. Comparison of Existing Electric Load Profile - Fort Bliss, NAS CC, NAS Patuxent 

River .......................................................................................................................... 24 
Figure 6. Comparison of Existing Electric Load Profile - March ARB & Westover ARB ...... 24 
Figure 7. Simplified One-Line of a Li-Ion BESS ..................................................................... 27 
Figure 8. Simplified One-Line of VRF BESS .......................................................................... 29 
Figure 9. BESS Enabled Microgrid Modeling Phases using AESOP ...................................... 32 
Figure 10. Conceptual Representation of Monte Carlo Simulation Method .............................. 36 
Figure 11. Westover ARB CLCPC for 100% Critical Load Scenarios ...................................... 49 
Figure 12. Example Plot of AESOP Modeled BESS Operation ................................................. 52 
Figure 13. Project 5-year cost declines for Li-Ion and VRF BESS technologyxxiii .................... 61 
Figure 14. March ARB Baseline Microgrid Pro-Forma ............................................................. 66 
Figure 15. NREL Solar PV Cost Benchmark xxiv ....................................................................... 68 
 

 



 

iii 

LIST OF TABLES 

Page 

Table 1. Project Objectives ......................................................................................................... 2 
Table 2. Assumed Battery Specifications ................................................................................... 5 
Table 3. BESS Power and Energy Requirements for Passing Critical Load Coverage .............. 6 
Table 4.  Summary of Critical Load Coverage Modeling Results .............................................. 7 
Table 5. Grid Tied Use Case Stacks for Each Site...................................................................... 7 
Table 6. Cost of Critical Load Support Results Summary .......................................................... 8 
Table 7. Types of Flow Batteries .............................................................................................. 11 
Table 8. Assumed VRF Operating Parameters ......................................................................... 11 
Table 9. Performance Objectives .............................................................................................. 17 
Table 10. Westover ARB Performance Objectives & Results .................................................... 19 
Table 11. Installation Energy Data ............................................................................................. 21 
Table 12. Grid Tied Use Case Stacks for Each Site.................................................................... 26 
Table 13. Sample Preventative Maintenance Checklist for Li-Ion BESS .................................. 27 
Table 14. Sample Preventative Maintenance Checklist for VRF BESS ..................................... 29 
Table 15. DG Characterization Results for Westover ARB ....................................................... 35 
Table 16. Summary of DG Characterization Results for All Sites ............................................. 35 
Table 17. Supplemental Reliability Simulation Scenarios.......................................................... 37 
Table 18. Grid Tied Use Case Stacks for Each Site.................................................................... 40 
Table 19. Summary of All Modeled BESS Sizes ....................................................................... 43 
Table 20. VRFB MTBF Calculation Summary .......................................................................... 46 
Table 21. Microgrid DG+BESS Configurations ......................................................................... 48 
Table 22. Table of 100% CL Reliability Results ........................................................................ 48 
Table 23. Table of 130% CL Reliability Results ........................................................................ 50 
Table 24. Calculated Microgrid BESS Requirements for Each Site ........................................... 51 
Table 25. Down-selected BESS System Sizes for Each Installation .......................................... 53 
Table 26. Westover ARB Grid Tied Modeling Results Summary ............................................. 54 
Table 27. Cost of Critical Load Support Results Summary ........................................................ 57 
Table 28. VRF BESS Cost Categories ........................................................................................ 58 
Table 29. Li-Ion BESS Current Market Cost Categories............................................................ 59 
Table 30. Controls Cost Categories ............................................................................................ 59 
Table 31. Operations & Maintenance Cost Categories ............................................................... 60 
Table 32. Assumed DG capital and operating costs ................................................................... 60 
Table 33. March ARB BESS Cost & Savings Summary ............................................................ 62 
Table 34. Fort Bliss BESS Cost & Savings Summary ................................................................ 62 
Table 35. Westover ARB BESS Cost & Savings Summary ....................................................... 63 
Table 36. NAS Corpus Christi BESS Cost & Savings Summary ............................................... 64 
Table 37. NAS Patuxent River BESS Cost & Savings Summary .............................................. 65 
Table 38. March ARB Cost of Critical Load and NPV Summary .............................................. 66 
Table 39. Cost of Critical Load Summary for All Sites.............................................................. 67 
Table 40. Project Results Summary ............................................................................................ 70 
 



 

iii 

ACRONYMS AND ABBREVIATIONS 

$/kWc Cost of critical load coverage 
 
AC Alternating current 
AESOP Ameresco Energy Storage Optimization Platform 
ARB Air Reserve Base 
 
BESS Battery Energy Storage System 
BMS Battery Management System 
 
CAISO California Independent System Operator 
CapEx Capital Expense 
CLCP Critical Load Coverage Probability 
CLCPC Critical Load Coverage Probability Curve 
CSP Curtailment Service Provider 
 
DC Direct Current 
DCM Demand Charge Management 
DE Designated Entity 
DER Distributed Energy Resource 
DR Demand Response 
DG Diesel Generator 
DoD Department of Defense 
 
ERCOT Electric Reliability Council of Texas 
ESPC Energy Savings Performance Contract 
ESTCP Environmental Security Technology Certification Program 
 
FERC Federal Energy Regulatory Commission 
 
HIL Hardware In the Loop 
HVAC Heating, Ventilation and Air Conditioning 
 
ICF Issue for Construction 
IEP Installation Energy Plan 
ISO Independent System Operator 
ISO-NE Independent System Operator of New England 
 
kW Kilowatt 
kWh Kilowatt-hour 
 
LCOE Levelized Cost of Energy 
LCOS Levelized Cost of Storage 
Li-Ion Lithium - Ion 
 



 

iv 

MISO Midwest Independent System Operator 
MP Market Participant 
MTBF Mean Time Between Failure 
MTTR Mean Time To Repair 
MW Megawatt 
 
NAS Naval Air Station 
NASA National Aeronautics and Space Administration 
NDS National Defense Strategy 
NPV Net present value 
NREL National Renewable Energy Laboratory 
NYISO New York Independent System Operator 
 
O&M Operations and Maintenance 
OpEx Operating Expense 
 
Pfr Probability of Failure to Run 
Pfs Probability of Failure to Start 
PCS Power Conversion System 
PM Preventative Maintenance 
PS Peak Shaving 
PV Photovoltaic 
 
RTE Round Trip Efficiency 
RTO Regional Transmission Organization 
RTU Remote Terminal Unit 
 
SCE Southern California Edison 
SGIP Self-Generation Incentive Program 
SMECO Southern Maryland Electric Cooperative 
SOC State of Charge 
SOE State of Energy 
SPP Southwest Power Pool 
 
TMY Typical Meteorological Year 
TOU Time of Use 
TRL Technology Readiness Level 
 
UESC Utility Energy Services Contract 
UPS Uninterruptible Power Supply 
 
VRF Vanadium Redox Flow 
VRFB Vanadium Redox Flow Battery 
 
WAPA Western Area Power Administration 
Wh Watt-hour  



 

v 

ACKNOWLEDGEMENTS 

Ameresco would like to acknowledge a number of key stakeholders who contributed to the 
completion of this work. First, we thank the Department of Defense (DoD) and the Environmental 
Security Technology Certification Program (ESTCP) program for continuing to operate the 
ESTCP program, which provides an excellent mechanism to advance the start of the art of new 
technology and progress the impacts new technologies can have throughout the DoD and industry 
at large. Specifically, Ameresco thanks Timothy Tetreault and Sarah Medapalli for their support 
throughout this project and continued efforts with the ESTCP program. Ameresco also thanks the 
National Renewable Energy Laboratories (NREL), specifically Jeffrey Marqusee, for the role it 
played in this project and serving as the technical point of contact for questions and guidance along 
the way. 

This work could not have been completed without the involvement and important contributions of 
Ameresco’s partner in this project, 2ndPath Energy. Ameresco would like to thank Heather Takle 
and Dinos Gonatas for their significant efforts to support reliability modeling, analysis, and 
reporting aspects of this project. 

We would also like to thank Eric Winkler, a key Ameresco team member, who provided insightful 
guidance and information related to the research and understanding of wholesale market products, 
rules, regulations and opportunities for battery storage participation. This effort has significantly 
advanced our understanding of the opportunities and limitations for battery storage to realize value 
from multiple value streams, which is a key focus area in today’s energy storage industry. 

Finally, Ameresco thanks the following Ameresco Federal Solutions business unit team members 
who played a significant role in support, planning, and execution of this project: Nicole Bulgarino, 
Executive Vice President; Anthony Colonnese, Vice President; Paul Molta, Associate Project 
Development Engineer; Krystian Nowak, Associate Project Development Engineer, and Benjamin 
Lavoie, Project Development Engineer and Principal Investigator. 

  



 

vi 

ABSTRACT 

The purpose of this project was to investigate the techno-economic benefits that large scale, 
stationary energy storage technology could provide to military microgrid installations. 
Maintaining continuity of electric power supply to serve mission critical loads within military 
installations is a top priority throughout the Department of Defense. Recent increases in the 
frequency of utility power outages due to weather related events and the potential for cybersecurity 
threats have created new challenges to ensuring resilient installation operation. Microgrids, often 
containing diesel generators (DGs) and advanced battery systems, can allow installations to 
maintain continuity of service and continue to serve critical loads for long duration outages. To 
date, lead acid and more recently lithium ion batteries have been included as assets that 
complement DG operation as opposed to DG replacement assets, primarily because of the high 
cost and limited energy duration of those commercially available battery technologies. However, 
recently developed flow battery storage technology is a promising potential alternative to reduce 
dependence on DGs while still ensuring system reliability. Vanadium Redox Flow (VRF) batteries 
offer unique differentiators to lead acid and Li-Ion battery technologies such as increased safety, 
longer rated duration, and longer life. However, the nascency of VRF technology and limited 
understanding of reliability and operational performance, coupled with high equipment cost, 
typically limit the opportunities for field deployment. It is the objective of this work to study the 
VRF technology and characterize its reliability related performance to support a microgrid and the 
economic value the technology can generate for a site, while identifying limitations or challenges 
related to the technology that need improvement to foster growth of the technology sector.  

The core technical work of this project entailed statistical reliability analysis using Monte Carlo 
based simulation methods, operational modeling of “value stacking” of energy storage using 
Ameresco’s Python-based AESOP optimization tool, and assessment of 20-year economic 
feasibility of flow battery, lithium ion battery, and DG enabled microgrids. Time series and Monte 
Carlo modeling methods were used to simulate system operation. The results suggest that there is 
the potential to replace a redundant DG with a VRF battery while ensuring adequate reliability of 
the microgrid and lowering the cost of critical load support as compared to a DG microgrid. 
However, results show that certain economic and market conditions are needed to yield such 
benefits, and that significant capital and operational cost reductions of VRF battery equipment are 
needed to offer a better alternative to lithium ion battery technology. Finally, because of key initial 
assumptions within the scope of this work, it is recommended that further investigation be 
performed to assess the feasibility of the VRF battery solution while incorporating electric 
distribution system details and further studying the response time, operating characteristics, and 
system life considerations of the VRF technology. 

Technical analysis and results allowed for determination of appropriate system sizing, estimated 
implementation cost, expected annual operating and maintenance costs, and annual savings and 
value of the proposed VRF BESS systems at each site that satisfied the baseline reliability Critical 
Load Coverage Probability Curve (CLCPC). The metric for acceptable reliability performance was 
a CLCPC that met or exceeded the ESTCP provided fixed load baseline coverage curve as modeled 
against the 100% of critical load profile. A 20-year net present value (NPV) approach was used to 
assess project economics, to determine battery configurations that provided an equal or lower cost 
of critical load support as compared with the DG only baseline.  
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EXECUTIVE SUMMARY 

 

 

INTRODUCTION 

Ameresco Inc., with its partner 2ndPath Energy, completed this ESTCP funded project to 
investigate and advance the state of the art of flow battery energy storage – a promising new 
storage technology. The purpose of this project is to study the reliability and operational 
effectiveness of flow battery storage and quantify the extent to which this new storage technology 
could reduce reliance on diesel generators (DGs) in a military microgrid. 

Our team is completing this work as part of what we intend to be a three-phase effort. This first 
phase provides an in-depth study into the technology with a scope of work focused on technology 
research, analytical modeling, and analysis. We believe the conclusions of this first phase support 
future investigation to conduct Hardware in the Loop (HIL) testing of the technology to validate 
the findings of this Phase 1 work. Finally, if justified, we look forward to completing a third phase 
whereby we would complete a field installation and demonstration of the flow technology, 
demonstrate its capabilities and effectiveness in a microgrid, and validate the revenue generating 
opportunities this technology can offer during grid tied conditions as compared to how our team 
projected them in phase one through analytical modeling. 

Our team has specific interest in investigating Vanadium Redox Flow (VRF) Battery Energy 
Storage Systems (BESSs). We cross compare its techno-economic performance with DG 
technology, a proven and widely deployed backup generation technology, and with lithium ion 
(Li-Ion) BESS technology, the predominant advanced storage technology at this time. There is 
interest in investigating how battery storage could perform as a replacement for a DG within a 
microgrid and determining what technical and economic barriers exist that need to be mitigated to 
foster adoption. DG technology is a reliable, low cost tried and true generation technology that is 
deployed at scale throughout virtually every Department of Defense (DoD) installation. However, 
fundamentally, DGs are uni-directional in that they only discharge power and cannot store energy. 
Also, they are often limited in the value they can provide during normal, utility grid connected 
situations, as they typically cannot operate continuously because of emissions limitations. Finally, 
there is widespread interest throughout the energy industry to develop methods to reduce emissions 
and reliance on fossil fuel powered equipment. Long duration, reliable energy storage offers 
promise as one technology that can work towards this goal, especially when paired with low or no 
emission generation technology such as solar photovoltaics and combined heat and power. As 
such, investigating the opportunity to reduce reliance on DGs offers value to the DoD and energy 
industry at large. 

As discussed in detail in this technical report, VRF storage offers attractive differentiators that 
could provide an alternative to Li-ion storage technology – which is the most common technology 
being deployed today. These include the ability to store 10 to 12 hours of rated energy capacity, 
little to no degradation in retained energy capacity over time, and inherently safer chemistry 
characteristics as compared with Li-Ion storage that reduce the need for costly auxiliary systems. 
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Despite some commercial VRF product offerings in the market, the technology is still a nascent 
technology with very few large-scale deployments throughout the world. Thus, the technology is 
still at a high cost relative to what it could be at scaled production levels. Further, this investigation 
quantified the impacts of some of the less desirable technical characteristics of VRF storage, 
namely lower round trip efficiency and higher auxiliary system loads attributable to the mechanical 
pumping systems of the system architecture.  

OBJECTIVES 

The work herein studied five DoD installations across the continental United States. At each site, 
the technical objectives aimed to quantify how large-scale battery energy storage can add technical 
and economic value to a baseline microgrid. The baseline microgrid at each site contains a series 
of DGs sized to meet critical load with N+1 redundancy and uninterruptible power systems (UPSs) 
to provide ride through power supply to a subset of critical loads. There is no large-scale battery 
energy storage in the baseline microgrid. This report describes the methodology, simulations, 
results and conclusions of how a VRF BESS should be sized to replace a single DG asset and how 
that replacement impacts statistical reliability of operation, grid tied operation, and economic cost 
of serving critical load. Table 1 summarizes the discrete objectives of the project that were 
investigated for each site. 

Table 1. Project Objectives 

Objective Category of Interest Description of Objective 

Objective 1 Reliability Calculate hourly probability of serving 100% of the critical load 
requirement during a utility outage of up to 168 hours in duration that 
could start at any hour of the year 

Objective 2 Reliability Calculate hourly probability of serving 130% of the critical load 
requirement during a utility outage of up to 168 hours in duration that 
could start at any hour of the year 

Objective 3 Reliability With no diesel fuel supply, calculate hourly probability of serving 
30% of critical load during a utility outage of up to 24 hours that 
could start at any hour of the year 

Objective 4 Reliability With no diesel fuel supply, calculate hourly probability of serving 
10% of critical load during a utility outage of up to 24 hours that 
could start at any hour of the year 

Objective 5 Reliability Determine the minimum amount of power and energy the BESS 
needs to provide the microgrid such that the Objective 1 outcome 
meets or exceeds the fixed load baseline performance 

Objective 6 System Design Identify the full system rated power and energy capacity sizing of the 
optimally sized BESS 

Objective 7 Economic Feasibility Quantify annual value proposition of BESS through retail and 
wholesale use cases, based on current and future volatile market 
conditions 

Objective 8 Economic Feasibility Calculate the cost of securing critical load for the BESS enabled 
microgrid as a function of 20-year Net Present Value and how this 
compares to the baseline, DG only microgrid 

Objective 9 Reliability & Economic 
Feasibility 

Identify if VRF or Li-Ion is the preferred technology for the proposed 
BESS. 
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A detailed explanation of assumptions that were made are provided throughout this report. There are 
certain key assumptions notable for this summary that are important to recognize when assessing the 
context and conclusions of this study. First, each installation was analyzed assuming the site’s 
electric distribution system was a perfectly functioning, single-feeder electrical system. This means 
that all generation assets and critical and non-critical loads are modeled to be on a single circuit. This 
guidance was prescribed by the ESTCP program. It is recognized that this is an unrealistic condition, 
however, and would be an important area of differentiation for future investigation. 

Next, a key assumption was the allowance of a BESS to be charged from surplus DG generation 
capacity within the storage enabled microgrid. In reality, an installation may not want to do this if 
they preferred to run only the necessary DG capacity and conserve diesel fuel supplies. Also, this 
operation would use more fuel for the same amount of served electric energy because of the BESS 
round trip efficiency, which is notably lower for VRF technology than Li-Ion technology. However, 
allowing the BESS to charge from DG capacity only within an outage period helps prolong the 
usability of the BESS as a dispatchable asset to serve more critical load during high demand times.  

Third, determination of reliability probability statistics for the VRF Storage technology heavily 
influenced reliability results. Our team worked to collect as much relevant and useful information 
and feedback as we could gather about the technology to inform this decision. However, there is 
limited field experience and vendor testing that provides the ability to publish these parameters. 
This highlighted an area where vendor testing is lacking and further ESTCP investigation would 
significantly benefit the industry. Thus, it is possible that the probability of failure to start (Pfs) and 
mean time between failure (MTBF) metrics used in this Phase 1 work are not reflective of true 
long-term field performance. Validation of the metrics used for this study will be an important 
aspect of Phase 2 HIL and Phase 3 field demonstration scopes of work. For this study, our team 
concluded that Pfs and MTBF metrics of 1.0% and 1095 hours, respectively, were reasonable 
assumptions based on the data and information in hand and reasonable engineering judgement. 
This compares to the ESTCP provided DG metrics of 0.2% and 1700 hours, respectively. 

Since calculation of hourly probability curves are a critical technical objective of this work, it is 
important to briefly introduce that concept and clearly establish the baseline for performance. A 
large portion of the analysis of this project worked toward defining a Critical Load Coverage 
Probability Curve (CLCPC) under various scenarios and conditions. The CLCPC provides 
expected probability of serving 100% of the hourly critical load for each site as a function of outage 
duration, from 1 to 168 hours. Our team developed a Monte Carlo based simulation method to 
calculate CLCPC curves. This utilized 100 discrete iterations of simulation analysis across 8760 
outage blocks, each 168 hours in duration. Hourly calculations from each of the 100 iterations 
were averaged to compile a single hourly CLCPC curve. 

CLCPC data for the DG only baseline microgrid was provided by ESTCP. This was provided for 
the case where the amount of critical load was fixed and equal to the site’s annual peak critical 
load (referred to elsewhere in this report as the fixed load baseline). This was also provided for the 
scenario where the amount of critical load varied hourly and equaled a fixed percentage of the 
site’s hourly electric load, as determined by ESTCP and the installation (referred to elsewhere in 
this report as the variable load DG-only scenario). It is worth noting that the fixed hourly peak 
critical load scenario is the worst-case scenario to analyze, as much of the time the amount of 
critical load to serve is overstated and requires more generation capacity from the DG assets. 

AESOP 
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Ameresco validated its reliability model by re-creating the fixed load baseline and variable load 
DG-only scenarios to ensure results aligned with ESTCP provided figures. Figure 1 shows this 
comparison for one example site (Westover ARB). 

 

Figure 1. Example Critical Load Coverage Probability Curve 

Finally, it is important to clearly state that the basis for “successful” reliability performance of the 
BESS enabled microgrid is the fixed, peak critical load curve and not the variable load DG-only 
curve. This was directed by ESTCP. However, it is important to note that this yields an indirect 
comparison since the BESS enabled load coverage curves analyze the variable critical load data 
profile. 

TECHNOLOGY DESCRIPTION 

There are three generation and storage equipment types and two simulation programs that comprise 
the core technologies being analyzed and utilized within the scope of this project. The three 
equipment types being compared include DGs, VRF batteries, and Li-Ion batteries. The baseline 
technology for assessment is the DG. The new technology which is the primary focus for 
investigation through this work is the VRF battery. Since VRF storage technology is a nascent 
technology with very little field deployment experience, the project team felt it was prudent to 
compare analysis results of the VRF technology to that of Li-Ion storage technology. Li-Ion 
storage is the primary technology being deployed for MW scale energy storage systems, 
comprising greater than 90% of all distributed storage deployments over the last several yearsix.  
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A major technical objective was to determine if the equipment reliability of VRF technology is 
sufficient to serve as a replacement technology for a DG asset within a microgrid. However, even 
if that proves to be true, a critical secondary objective of the project team was to determine if there 
is a viable business case for VRF technology over Li-Ion technology, and what project screening 
metrics and equipment price points are required to enable VRF technology to be a better business 
choice for deployment. To investigate these objectives, Python based statistical simulation and 
time-series software programs were developed and used. 

A detailed description of the VRF battery technology is provided in the body of this technical 
report. Fundamentally, VRF batteries produce or absorb electrical current by pumping a vanadium-
based electrolyte solution through a power stack across a membrane. Flow batteries differentiate 
themselves from Li-Ion in that the power (kW) and energy (kWh) components can be adjusted 
independently of one another without impacting performance. By increasing the volume of 
electrolyte, flow batteries can provide a 12 hour or longer solution. Further, the claimed lack of 
energy capacity degradation over time ensures a consistent level of performance over the life of 
the project while reducing maintenance and replacement costs associated with today’s Li-Ion 
batteries. Flow battery manufacturers report negligible energy capacity degradation after 10,000 
full cycles, whereas Li-Ion energy capacity degradation can range from 2-4% or more annually, 
depending on use cases. Also, flow storage typically has a broader ambient operating temperature 
range, requiring less active thermal management and could more easily serve a wider array of 
geographic regions without additional heating, ventilation and air-conditioning (HVAC) cost. 
These benefits create opportunity to solve the problems noted above and could serve as a key   
building block to achieving a renewable based microgrid that can sustain load for days or weeks 
with reduced reliance on DGs. 

Table 2 to the right provides a summary of the key technology assumptions used for the VRF and 
Li-Ion battery equipment. 

 

Table 2. Assumed Battery Specifications 

The overarching objective of this project is to determine what configuration of battery system(s) 
provide adequate reliability performance at equal or lower cost of critical load support as 
compared to a DG only baseline microgrid. This configuration is defined by the quantity of 
unique BESS units (1 or more) and the amount of total power and energy required from a BESS 
within a microgrid to maintain the stated reliability performance over an outage of up to 168 
hours duration. 

Units VRF Li-Ion
Round Trip Charge/Discharge Efficiency % 76% 85%
Auxiliary Power Draw kW/MW Rated 11 - 72 0.75 - 5
Controls Auxiliary Load kWh/day 0.3 0.3
AC Equipment Cost $/kW 250$                250$                
DC Equipment Cost $/kWh 480$                350$                
Balance of Plant Installation Cost $/kWh 275$                275$                
Annual Energy Capacity Degradation %/Year 0 - 0.5% 2-4%
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To determine the target configuration, our team completed a sequenced series of modeling efforts 
for each site which included baseline DG characterization, Monte Carlo based statistical reliability 
modeling, modeling of expected BESS hourly operation in grid tied settings to quantify value 
creation opportunities, and economic analysis. All three of these modeling tools leveraged Python 
programming language and were integrated into Ameresco’s internally developed energy storage 
modeling tool, referred to as the Ameresco Energy Storage Optimization Platform (AESOP). This 
tool existed prior to the completion of this phase of ESTCP work, however, a significant 
achievement of this ESTCP work is the expansion of the tool to include all of the required 
modeling capabilities described above. This allowed for a centralized tool to be used to complete 
all required analysis. This ESTCP effort has also allowed advancement of the grid tied modeling 
capabilities of the tool, allowing for more value stacking use cases to be analyzed. This effort not 
only enhanced our analysis of the five installations under investigation but also support improved 
energy storage analysis for other Ameresco developed Federal Government energy projects that 
include battery measures 

PERFORMANCE ASSESSMENT 

Ameresco conducted statistical reliability and time series grid tied modeling across the five 
installations to assess microgrid and BESS performance. This included reliability modeling of 
multiple scenarios of critical load to serve, ranging from 10% to 130% of nominal critical load, 
scenarios with and without diesel fuel availability, and multiple market condition scenarios. Across 
all scenarios, Ameresco calculated probability curves for no photovoltaic (PV) production and 
expected PV production conditions. We felt this was justified since it is likely PV would not be 
operational in a severe weather induced outage for potentially multiple days. We recognize PV 
may be available to an intermediate extent, but our approach characterizes the full range of 
reliability performance into which any of these scenarios would fall. Prior to running the Monte 
Carlo based reliability models, Ameresco characterized ideal operation of the DG assets across all 
five sites to inform power and energy microgrid requirements of the storage system aimed at 
replacing the least running DG. This provided an initial input of the storage power and energy 
available for microgrid reliability modeling as shown in Table 3. For clarity, this is not the total 
BESS system size, but the amount of power and energy a BESS needs to provide to the microgrid 
for acceptable reliability performance. This analysis showed that the least running DG for 
Westover only had one hour of projected operation under ideal conditions, whereas the remaining 
sites had between 12 and 56 hours within a single outage block. 

Table 3. BESS Power and Energy Requirements for Passing Critical Load Coverage 

 

Once the microgrid requirements of the BESS were established, Monte Carlo based reliability 
simulations were completed to quantify the probability of critical load coverage when replacing a 
single DG with a BESS with the above stated power and energy capacity. As previously 
mentioned, the model was configured to allow the BESS to charge from surplus DG capacity. 

Units Westover Patuxent River NAS CC Fort Bliss March ARB
Microgrid Minimum Power Requirement kW 207 514 659 507 250
Microgrid Minimum Energy Requirement kWh 207 6958 7264 3574 3509
Number of BESS Units Required # 1 1 1 1 2
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Table 4 summarizes the results, providing the calculated probability of critical load coverage under 
all requested conditions. Details of all reliability performance charts are provided in the Technical 
Report and supplementary Appendices. 

Table 4.  Summary of Critical Load Coverage Modeling Results 

 

Once reliability modeling was complete, the next step was to quantify how much value a BESS 
could generate through utility billing savings and wholesale energy market opportunities. 
Ameresco studied each site’s utility rate conditions as well as the rules and regulations of available 
wholesale market products where relevant. This allowed us to determine a use case stack for each 
site. This stack is summarized in Table 5. The available value creation use cases that were 
identified included Retail Demand Charge Management (DCM), Retail Time of Use (TOU) 
Energy Savings, Wholesale Energy market participation co-optimized with Wholesale 
Synchronous Reserves, and Wholesale Regulation. We then worked to enhance the modeling 
capabilities of the AESOP tool to be capable of simulating those use cases. This primarily involved 
expanding our existing DCM and Regulation modeling functionality and adding the new use cases 
of Retail TOU, and Wholesale Energy coupled with Reserves. 

Table 5. Grid Tied Use Case Stacks for Each Site 

 

Next, we determined the appropriate battery system sizes to model under grid-tied conditions to 
quantify the value each system could generate for each site, considering both VRF and Li-Ion 
equipment solutions. We approach sizing of possible configurations by making sure the full BESS 
rated power and energy capacity met the microgrid requirements, had a power capacity appropriate 
to replace one DG for each site, and assessed rated durations from 1 to 10 hours. It should be noted 
that systems with durations of 1 to 4 hours are Li-Ion technology and those with 6 to 10 hours of 
duration are VRF technology. Though there are not rigid limits on durations for each technology, 
these bounds are aligned with the strengths of each technology and the commercially available 
products on the market today. 

Critical Load % Reliability Modeling Results Summary Westover ARB NAS Patuxent River NAS Corpus Christi Fort Bliss March ARB
100% Critical Load CLC Baseline Req. at 168 Hrs 0.95076 0.67376 0.85815 0.82253 0.95076
100% BESS Enabled Variable Load CLC at 168 Hours 0.97170 0.90028 0.92551 0.95656 0.98326
130% BESS Enabled CLC Probability at 168 Hours 0.81173 0.29558 0.45154 0.66019 0.81098
30% No DG BESS Only CLC Probability at 1 Hour 0.03167 0.00000 0.00000 0.00000 0.99481
30% No DG BESS Only CLC Probability at 24 Hour 0.00000 0.00000 0.00000 0.00000 0.00000
10% No DG BESS Only CLC Probability at 1 Hour 0.99003 0.00000 0.00000 0.06930 0.99990
10% No DG BESS Only CLC Probability at 24 Hour 0.00000 0.00000 0.00000 0.00000 0.00000
30% No DG PV+BESS CLC Probability at 1 Hour 0.41085 0.06815 0.09932 0.35519 0.99932
30% No DG PV+BESS CLC Probability at 24 Hour 0.00000 0.00000 0.00000 0.00000 0.00000
10% No DG PV+BESS CLC Probability at 1 Hour 0.99431 0.27192 0.30639 0.47862 0.99995
10% No DG PV+BESS CLC Probability at 24 Hour 0.00000 0.00000 0.00321 0.00000 0.90949

Site ISO Retail DCM Retail TOU Wholesale Energy Wholesale Reserves Wholesale Regulation

Westover ARB ISO-NE ● ● (1) ● ● ●

NAS Patuxent River PJM ● ● ● ●

NAS Corpus Christi ERCOT ●

Fort Bliss N/A ● ●

March ARB CAISO ● ● ● ●

1 Requires 80% RTE to be economically justified. Applicable to Li-Ion, not Flow.
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We then completed grid tied modeling simulations for a total of 30 unique BESS systems sizes 
across the five installations. This allowed for determination of expected annual value (savings and 
revenue) for each BESS option. For each system size, we estimated implementation cost and 
annual operation expenses based on Ameresco’s experience developing and operating these battery 
systems. This allowed for assessment of economic viability of each option to determine the BESS 
size that provided the best opportunity for economic viability at each installation. Our team 
selected the optimal system size for a VRF and Li-Ion BESS at each site to allow comparison of 
each storage technology. 

COST ASSESSMENT 

As further described in the Technical Report, multiple levels of economic assessment were 
completed to determine the optimal VRF and Li-Ion BESS sizing for each microgrid. Of the 6 BESS 
sizes considered for each site, a single VRF and Li-Ion BESS was selected for each site based on 
estimated simple payback. Then, a detailed 20-year economic pro-forma was created for each 
system, in both current and future market and cost scenarios. The 20-year net present value (NPV) 
of each microgrid was then calculated and normalized by the amount of each site’s critical load. This 
identified the cost of critical load coverage for each site’s DG only baseline and battery enabled 
microgrid systems. A summary of these results is provided in Table 6. These results show that there 
are scenarios where the BESS enabled microgrid can reduce the site’s cost of critical load support 
now or in the future. However, the VRF BESS technology in all cases provides a higher cost of 
critical load support – primarily due to higher capital costs, lower round trip efficiency, and 
significantly higher auxiliary loads which reduce the operating value of the VRF storage systems. 

Table 6. Cost of Critical Load Support Results Summary 

 

CONCLUSIONS 

This work offered significant insight into the viability of replacing a DG with a BESS in a 
microgrid. First, based on assessment of the reliability modeling results and critical load coverage 
curves produced, we can conclude that a VRF battery enabled microgrid can provide satisfactory 
reliability performance at all five sites by meeting the baseline performance requirement over a 
168-hour outage that could occur at any time. However, we can also conclude for all five sites that 
critical load coverage at 168 hours was below the variable load DG-only coverage by between 

BESS Total 
Power Capacity

BESS Total 
Energy Capacity

BESS 
Lower SOE

kW kWh kWh
4 250 0 N/A N/A N/A None $416
3 250 2 VRF 875 7,000 3509 DCM+WH E&R $317 (f) to $519 (c) 
3 250 2 Li-Ion 3,500 7,000 3509 DCM+WH E&R $229 (f) to $525 (c) 
7 750 0 N/A N/A N/A DR + PS $89
6 750 1 VRF 1,217 7,300 0 DCM $109 (f) to $132 (c) 
6 750 1 Li-Ion 3,650 7,300 0 DCM $90 (f) to $115 (c) 
8 2000 0 N/A N/A N/A None $83
7 2000 1 VRF 2,000 12,000 0 DCM $104 (f) to $117 (c) 
7 2000 1 Li-Ion 2,000 4,000 0 DCM $88 (f) to $93 (c) 
4 750 0 N/A N/A N/A DR $166
3 750 1 VRF 750 4,500 0 FR $196 (f) to $251 (c) 
3 750 1 Li-Ion 750 750 0 FR $129 (f) to $156 (c) 

12 750 0 N/A N/A N/A DR $98
11 750 1 VRF 1,167 7,300 0 DCM+WH E&R $111 (f) to $128 (c) 
11 750 1 Li-Ion 3,500 7,000 0 DCM+WH E&R $96 (f) to $121 (c) 

NAS Corpus 
Christi

Fort Bliss

Westover 
ARB

NAS 
Patuxent 

River

# of BESS 
Assets

DG Capacity 
Per Asset 

(kW)
Installation

# of DG 
Assets

Grid Tied Use 
Case Stack

Cost of Critical Load 
Support ($/kW-c)

March ARB



 

ES-9 

1.6% to 3.0%. This is to be expected since the newer VRF technology is assumed to have lower 
reliability factors that the DG technology. This result indicates that there is significant justification 
for the further investigation of the VRF technology as to be explored in follow on Phase 2 testing, 
with a focus on testing and validating the true reliability metrics of the technology. 

From an economic standpoint, results show that there is also opportunity for large scale storage to 
provide a lower $/kWc under certain conditions. However, due to today’s VRF BESS equipment 
pricing higher operating costs, there is not a clearly established case for a VRF BESS providing a 
preferable technology solution to Li-Ion BESS technology. It is important to recognize that VRF 
BESS technology is early on in its development and deployment lifecycle and has not yet 
appreciated the vast cost reductions due to economy of scale that Li-Ion has enjoyed. Should costs 
of the VRF technology decrease in the future, there may very likely be conditions where a VRF 
BESS would provide a more attractive solution than Li-Ion. This may be the case, for example, in 
markets where wholesale products, which are more lucrative for higher power systems, are not 
viable and where there are high retail demand rates with sites that have relatively flat load profiles 
and a need for longer duration energy storage. 

In conclusion, the work herein has made a significant contribution to the body of knowledge of 
VRF storage technology. We feel the conclusion that the reliability of VRF BESS technology is 
sufficient against the baseline for performance is a major observation of this project and one that 
warrants further investigation through a Phase 2 HIL simulation and potentially a follow-on Phase 
2 field demonstration. There is also the potential for VRF battery technology to provide important 
benefits to a project as compared with Li-Ion technology while improving safety and reducing 
long term replacement requirements. Continuing to investigate the technology through follow on 
phases will further the state of the art of this new storage technology and provide critical feedback 
to the industry of technical and economic aspects of the technology that need to be improved. 
Ameresco and its team looks forward to furthering our work to investigate advanced energy 
storage and its impacts to resiliency and reliability of military installations. 
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TECHNICAL REPORT 

The following sections of this report introduce the project, provide background information on the 
proposed Vanadium Redox Flow (VRF) battery technology, describe project performance 
objectives, summarize key information of the DoD sites that were analyzed, and describe in detail 
the analysis methodology, performance and cost assessments, and conclusions.  
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1.0 INTRODUCTION 

Ameresco Inc., with its partner 2ndPath Energy, completed this ESTCP funded project to 
investigate and advance the state of the art of flow battery energy storage – a promising new 
storage technology.  

The objective of this project was to assess, demonstrate, and validate the operational effectiveness 
of flow battery storage and quantify the extent to which this technology could replace or 
significantly reduce the need for diesel generators (DGs), while advancing the state of the art of 
flow battery storage technology. The project fulfilled this work through analytical modeling and 
an assessment of the opportunity for widespread deployment throughout the Department of 
Defense (DoD). Efforts for Phase 1 (design and modeling) are detailed in this report. 

Our team is completing this work as part of what we intend to be a three-phase effort. This current 
first phase provides an in-depth study into the technology with a scope of work focused on 
technology research, analytical modeling, and analysis. If the conclusions and results support 
future investigation, we intend to conduct a second phase focused on in depth hardware testing 
and verification of the reliability of the technology in a Hardware in the Loop (HIL) environment. 
Finally, if justified, we look forward to completing a third phase whereby we would complete a 
field installation and demonstration of the flow technology, demonstrate its capabilities and 
effectiveness in a microgrid, and validate the revenue generating opportunities this technology can 
offer during grid tied conditions as compared to how our team projected them in Phase 1 through 
analytical modeling. 

1.1 BACKGROUND 

For many decades, DGs have played an integral role in providing emergency backup power to 
DoD installations. These assets are vital to installations serving critical electrical load during times 
of utility outage, ensuring that the installation can sustain mission critical operations. DGs are 
proven, reliable, and cost-effective assets that are widely deployed and operable today. However, 
these benefits do not come without a few drawbacks or limitations. First, DGs typically take tens 
of seconds or sometimes multiple minutes to come online and be ready to serve load. 
Uninterruptible Power Supply (UPS) systems, which can respond extremely quickly to maintain 
critical load operation with a transfer time as fast as 2 – 10 ms, can provide ride-through 
capabilities that may overcome this shortfall of DGs. However, UPS systems are very limited in 
their duration and may not be able to compensate for a longer-term delay or outage for the DG 
unit.  Additionally, each site’s UPS sizing and setup may not be synchronous with the full energy 
and power capabilities of the DGs. Second, there are various initiatives through the DoD and 
private sector to reduce dependence on diesel fuel. These efforts are primarily motivated by a 
desire to reduce dependence on fuel sourced from foreign locations, reduce operations cost, and 
reduce emissions. Finally, while DG assets are very reliable assets, emissions limitations typically 
prevent them from operating on a continuous basis while the site is connected to the utility grid. 
This limits the value the asset creates during the majority of the hours of the year. Further, since 
these assets are remaining idle and unused for much of their life, the risk of failure or maintenance 
related issues could increase.  
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For the past several years, large scale, commercially available battery energy storage systems 
(BESSs) have grown in maturity and have begun being adopted on a large scale through utility, 
commercial, and federal government sectors. The core storage technology of the vast majority of 
these distributed storage systems is Lithium Ion (Li-Ion) battery cell technology. Li-Ion technology 
has matured significantly and reduced in cost dramatically, primarily due to increase in production 
to serve the personal electronics, computer, and electric vehicle markets. In parallel, a variety of 
system integrators and equipment providers now provide megawatt (MW) scale Li-Ion BESS 
systems. These systems are re-chargeable and can generate or absorb significant amounts of power 
while responding nearly instantaneously to dispatch commands. Figure 2 shows a representative 
diagram of a typical Li-Ion cell. 

 

Figure 2. Expanded View of Li-Ion BESS i 

However, these battery systems to date have been limited in the duration of energy storage they 
can provide. The relationship between power and energy capacity of a cell is limited by the design 
of the battery cell being used, and is also limited by the options of standard product offerings 
available from equipment vendors. In a lithium-ion cell, power capability is a function of the 
number of electrodes in the cell which correlate to current capability. The more electrodes there 
are in a cell, the more current a cell can provide or absorb. Conversely, the energy capacity of the 
cell is a function of the volume of active material in which lithium ions can be stored. Thicker 
layers of active material coated on electrodes allow for greater energy capacity in a given volume. 
Since more layers of electrode reduces the useable volume for storing energy, there is a trade-off 
between power and energy ratio that is made when designing a Li-Ion cell for a given application 
and the physical dimensions create an eventual limitation of how much energy can be stored in a 
given cell. These cells are then assembled in a system architecture that ultimately provides a rated 
power capacity (kW) and rated energy capacity (kWh). The duration of the system is the amount 
of time the system could charge or discharge at its full rated power capacity. 

Although it is not impossible to have slightly longer duration, the majority of commercially available 
Li-Ion stationary battery products on the market have durations between 0.5 hours to 4 hours.  
This means that if the system was fully charged and discharged at its maximum power rating, it  
could only provide power for about four hours before being fully depleted and in need of re-charge.  
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The systems could run for longer durations at lower power; however, designing a system in such 
a way degrades the economic justifications that have been essential to Li-Ion’s deployment to date.  
Though four hours could be sufficient for a number of grid-tied operational use cases, this is a 
limiting factor to considering these BESS systems as a potential replacement for a DG asset within 
a microgrid. Since military installations are preparing for outages that could last for multiple days 
or even as long as one week, four hours is not sufficient to serve load for that period of time without 
having to drastically upsize the size of the battery with respect to the amount of critical load to be 
served. Also, Li-Ion systems have other shortcomings that the industry would like to improve 
upon. One example is the fact that the retained energy capacity of the system degrades over time. 
The amount of degradation depends on use of the system but could be as high as 2-4% annually. 
This reduction in retained capacity is primarily due to degradation of materials inside each battery 
cell – limiting the amount of useable energy capacity over time. This negatively impacts the 
amount of value the system could provide later in life, or creates a need to augment or maintain 
capacity throughout life, which carries a cost. Further, since Li-Ion cells operate under an 
exothermic reaction that creates heat, these BESS systems require additional sub-systems of 
complex monitoring and controls, thermal management systems, and fire suppression systems to 
ensure continued safe operation. Though these systems have become fully developed and are 
standard in today’s Li-Ion BESS systems, this does increase cost and complexity of the product 
and adds technology risk to the solution. 

Finally, there is interest in exploring alternatives to Li-Ion due to their use of significant amounts 
of rare earth metals such as cobalt. The use of these materials that are limited in their abundance 
can create supply chain shortages which can lead to occasional price spikes in equipment cost. ii 
Further, in some cases the supply chain methods related to sourcing materials like cobalt have 
involved sourcing from controversial regions.iii Leading Li-Ion cell producers are said to have 
begun shifting their supply chain practices to avoid these concerns, however that may impact 
product availability or cost.iv Flow battery equipment providers claim that their avoidance of these 
rare earth minerals is a differentiator that could lead to more consistent and less controversial 
supply of materials in the long term. 

A variety of new storage technologies are in development that offer alternatives to Li-Ion. Our 
team has specific interest in investigating VRF BESSs. We cross compare its techno-economic 
performance with DG technology, a proven and widely deployed backup generation technology, 
and with Li-Ion BESS technology, the predominant advanced storage technology of our day. There 
is interest in investigating how battery storage could perform as a replacement for a DG within a 
microgrid and determining what technical and economic barriers exist that need to be mitigated to 
foster adoption. DG technology is a reliable, low cost tried and true generation technology that is 
deployed at scale throughout virtually every DoD installation. However, fundamentally, DGs are 
unidirectional in that they only discharge power and cannot absorb power. Also, they are limited 
in the value they can provide during normal, utility grid connected situations, as they typically 
cannot operate continuously because of emissions limitations. Finally, they cannot typically 
provide a seamless transition from grid connected to independent, islanded, operation of a 
microgrid because of the relatively long time required to startup and synchronize, often creating a 
temporary lapse in the continuity of power supply for an installation. The advancement of 
distributed battery technology creates interest in conducting this investigation. Battery systems 
are bi-directional, meaning they can charge and discharge to serve as a load or a generator. 
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They also offer millisecond level response time and thus can provide power nearly instantaneously 
upon dispatch, potentially allowing the site to island without experiencing a temporary loss of 
power supply. Finally, battery systems can operate continuously during utility grid connected 
states to provide savings and revenue streams from various retail and wholesale use cases. 

As discussed in detail in this technical report, VRF storage offers attractive differentiators that 
could provide an enhanced storage solution. These include the ability to store 10 to 12 hours of 
rated energy capacity, vendor stated little to no degradation in retained energy capacity over time, 
and inherently safer chemistry characteristics as compared with Li-Ion storage that reduce the need 
for costly auxiliary systems. Despite these strengths, the technology is still a nascent technology 
with very few large-scale deployments throughout the world and the technology is still at a high 
cost relative to what it could be at scaled production levels. With such little field experience, there 
is a need to better characterize the reliability and performance of the VRF technology. This 
investigation looks to study the impacts of some of the less desirable technical characteristics of 
VRF storage, namely lower round trip efficiency and higher auxiliary system loads attributable to 
the mechanical pumping systems of the system architecture.  

Since the VRF BESS technology is so new, there is limited data available from testing or field 
environments and a detailed understanding of the technology and its capabilities in various situations 
is needed. As the industry works hard to focus on product development, growth to large-scale 
commercial manufacturing, and installing and operating initial demonstration projects, this study 
offers a detailed, holistic, and objective investigation of the technology and which aspects need to 
improve to continue to advance the state of the art of flow battery storage. It is intended that the 
outcomes and conclusions of this work will inform developers, equipment providers, and DoD 
agencies on how VRF energy storage technology can be improved to support implementation. 

1.2 OBJECTIVE OF THE DEMONSTRATION 

The overall objective of this project is to investigate to what extent a BESS can replace a single 
DG asset within a microgrid and characterize the related impact on the ability to reliably serve 
critical load during an outage and the cost of such critical load support. Our approach focused on 
replacing the least running DG within a microgrid with a VRF BESS. We are not proposing to 
replace or reduce the use of UPSs as compared to the baseline microgrid. The primary reason for 
this is that we do not believe the response time of a VRF or Li-Ion BESS is fast enough to 
adequately replace the UPS. As previously mentioned, the UPS is an extremely fast responding 
asset with a transfer time of 2-10 ms. Advanced VRF and Li-Ion batteries are very fast, but 
typically offer a response time on the order of 100 ms or longer depending on the capabilities of 
controllers, switching equipment and the inverter.  

This emphasized replacing only one diesel generator at each site. As shown later in this report, 
analysis was completed to project diesel generator run time and energy consumption to support the 
baseline microgrid. In these scenarios, it is assumed the nth+1 generator at all sites is reserved for 
redundancy, and all other generators run at increasing levels of degree to support critical load. 
Results of our analysis show that run time requirements for the nth generator and nth-1 generator 
increase dramatically at all sites. The run time requirements of the nth-1 requirements significantly 
exceed the amount of energy a storage system could potentially be sized for. As such, it was deduced 
that it would not be feasible to replace more than one diesel generator with a battery at any site. 
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Specifically, the technical objectives of the project are to demonstrate: 

1. how replacement of a single DG with a VRF battery affects the probability of serving 
critical load over a seven-day period within an islanded military microgrid 

2. quantify the impact that solar PV generation can have to this probability of serving critical 
load as stated in objective 1 

3. the value that flow batteries can generate during grid-tied (non-islanded) hours via electric 
utility bill savings and participation in local utility programs and regional wholesale 
electric markets as compared with DGs and Li-Ion storage 

4. the technical advantages and disadvantages (e.g. round-trip efficiency, energy density, 
energy capacity degradation, auxiliary system load, ramp-rate, etc.) of flow batteries 
compared with Li-Ion storage. 

5. Quantify how replacement of a single DG with a BESS affects 20-year net present value 
project economics and the related cost of critical load support ($/kWc) 

1.3 REGULATORY DRIVERS 

Energy storage delivers economic and resiliency value to the bulk electricity grid and distribution 
system from the Federal to the State and local level. The National Defense Strategy (NDS), 
released in 2018 by the DoD helps to guide initiatives for energy resilience. Two of the primary 
focus areas of the NDS are Energy Resilience and Energy Performance. Energy Resilience is the 
ability to “prepare for and recover from energy disruptions that impact mission assurance on 
military installations. Further, energy resilience encourages the necessary planning and capabilities 
to ensure available, reliable, and quality power to continuously accomplish DoD missions.” v The 
Energy Performance Program includes Readiness Outcomes where knowledge of assets that 
improve energy resilience is required. Understanding what technology is available and how it 
performs in the field is critical. One of the unique features of the flow energy storage technology 
we are investigating in our project is the ability to decouple power and energy storage capacity of 
a system. This may provide DoD installations the flexibility to increase the duration of an energy 
storage system cost effectively should mission requirements change, when compared to existing 
energy storage technology solutions. The Lethality Outcomes goals outlined in the NDS include 
prioritizing critical loads, and energy storage is ideally suited to seamlessly support critical loads 
during a loss of utility. Long duration energy storage, and other new storage technology solutions, 
may provide more flexibility in determining and prioritizing critical loads. Installation Energy 
Plans (IEP) are another DoD policy designed to create dynamic plans to improve resilience and 
contribute to mission assurance. The IEPs require annual reviews of the energy resiliency and 
cybersecurity objectives. Deploying new, but validated scalable energy storage technology, as 
done through hardware-in-the-loop testing will give the DoD another asset to mitigate newly 
identified changes to energy risks of critical missions.  

Electricity markets managed by Independent System Operators (ISOs) or Regional Transmission 
Organizations (RTO) and operate under the jurisdiction of the Federal Energy Regulatory 
Commission (FERC) are currently implementing significant rule changes as a result of Order 841. 
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FERC issued Order 841 in 2018, and the ISO and RTOs submitted their compliance filings in 
December of 2018. New market rules that recognize the unique characteristics of battery storage 
and remove barriers to participation will be implemented as soon as December of 2019. Some ISOs, 
such as ISO-New England, have already implemented favorable participation models in advance of 
the FERC implementation date.  Order 841 requires market rules that recognize the unique physical 
and operational characteristics of energy storage systems through the creation of a new electric 
storage resource market participation model. The Order was designed to level the playing field with 
existing demand and supply-side resources (e.g. natural gas generators) by allowing energy storage 
to compete in all wholesale markets it is technically capable of providing. By allowing energy 
storage to access additional value streams, the financial justification for energy storage becomes 
more robust, while also expanding the reliability and resiliency benefits energy storage can provide 
to the bulk electric system. Improved economics through diversified market services may allow 
energy storage to be deployed in situations where it previously could not be justified. For example, 
the status quo pairing of energy storage with a solar PV system at a DoD installation may only be 
able to capture surplus PV and offset utility import. With Order 841, the energy storage can generate 
additional value by participating in wholesale markets, providing low-cost energy services to the 
bulk electric system. Leveraging customer-sited distributed energy resources allows both the DoD 
and civilian operations to benefit from the deployment of new energy storage technology solutions 
that are well suited to participate in wholesale electricity markets.  

Several states have implemented explicit mandates for energy storage. Some of the most 
substantial are in California (1,325 MW by 2020 per AB 2514)vi, Massachusetts (1,000 MWh by 
2025 per H.4857)vii, and New York (1,500 MW by 2025 per A6571)viii. These mandates may 
channel deployment through the utilities in the states. Many DoD installations are large utility 
customers, and therefore provide a valuable pilot location for new energy storage technology. 
Validation of new energy storage technologies that can then be deployed in civilian applications 
immediately improves the resiliency of specific DoD installations, while advancing the future 
reliability of the US bulk electricity grid. 

In states where utilities are vertically integrated (e.g. Indiana, Minnesota, Colorado), there has 
been an increase in legislation mandating energy storage to be included in long-term resource plans 
or as part of pilot projects. The mandates include traditional configurations where energy storage 
is paired with solar PV generation, but they also explore innovative third-party ownership options 
and micro-grid deployments. Legislation has also been introduced to allow regulated utilities to 
own energy storage. Both methods may lend themselves to the development of projects at DoD 
installations with new energy storage technology solutions through utility energy service contract 
contracting (UESC) mechanism. Ameresco has also engaged in energy savings performance 
contracts (ESPC) projects with DoD installations where energy storage can help alleviate high 
demand charges in utility costs as well as where energy resiliency is a foundational piece of the 
design. Energy storage often plays a critical role in the successful implementation, and new storage 
technology may serve to enhance future designs. 

For ISOs that are primarily located in a single state (e.g. CAISO, ERCOT and NYISO), there can be 
a direct link between the state’s energy and resiliency goals, and the structure of the electricity 
market. Aligning the goals of multiple states, (i.e. ISO-NE, PJM, MISO, SPP), is more complex, but 
nevertheless feasible. ISOs are mandated to operate markets that are technology neutral and  
must meet strict reliability criteria in the least-cost manner. However, market rules inevitably reflect 
the technology present when rules are created, and it is challenging to completely divorce the two. 
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Some ISOs have taken steps to accommodate differing initiatives from member states that are 
pushing for more renewable generation, while also internally recognizing the potential of energy 
storage technologies to harden the bulk electricity grid. In ISO-NE, which operates across six 
states, for example, fuel security in the winter where natural gas is widely used for electricity and 
heat can cause scarcity conditions that threaten the reliability of the entire ISO-NE territory. Long 
duration, multi-day conventional generating technology will continue to supply the vast majority 
of the system’s demand. However, fast responding re-chargeable resources, like energy storage, 
provides ISOs a new type of flexible resource that helps make better use of variable winter 
generators like solar and wind and aids the ISO in its mitigation of these seasonal challenges. 
Recognizing the value of storage, ISO-NE is creating a market framework where energy storage 
is properly compensated for the services it delivers.ix Storage also provides value for resource 
adequacy when paired with variable energy resources improving economics of projects that are 
competing with non-variable energy resources. The range of energy storage systems will vary 
greatly across the territory but given the uncertainty and potential duration of many weather-related 
reliability concerns, it is prudent to characterize the value of long-duration energy storage 
technologies at DoD installations. 
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2.0 TECHNOLOGY DESCRIPTION 

The specific energy storage technology being investigated through this project is the VRF battery 
(VRFB). Through this effort, we also compared how grid tied VRFB technology creates value 
through retail and wholesale markets with Li-Ion BESS technology, which is the predominant 
storage technology today. The following sections describe the unique characteristics of the 
technology and why it is worthy of investigation, its current state of technology readiness and 
deployment, and to what extent it is being utilized in microgrid projects. 

2.1 TECHNOLOGY OVERVIEW  

Energy storage is serving a more important role in resiliency efforts across public and private 
installations throughout the world. The adoption of distributed energy resources (DERs) paired with 
advanced storage and microgrid controls is enabling consumers to operate independently during 
times of utility outage while maintaining seamless continuity of power supply to larger percentages 
of their site electric load. Battery energy storage as a redundancy and resiliency asset can trace its 
roots to UPS systems, providing, at most, a few minutes of backup power to small loads. Battery 
energy storage systems have since scaled to the mega-watt level and can deliver a few hours of 
capacity. These systems have considerably enhanced resiliency efforts and transformed microgrid 
designs into robust systems that can support a much wider range of critical loads and integrate with 
available traditional fossil fuel fired spinning generation as well as renewable generation. The next 
leap in energy storage technology, as both a microgrid and bulk electric grid asset, is to leverage its 
fast response time and ability to recharge with renewable generation to completely replace spinning 
generation (e.g. backup DGs). Numerous utilities are already making efforts to replace end of life 
peaking plants that infrequently run with very large BESS systems that can provide power for 2 to 4 
hours.x This likely requires energy duration levels beyond what is commercially mature today. One 
technology that has the potential to deliver this service is the VRFB. The VRFB technology is 
investigated in this project to assess its ability to be deployed as part of an integrated microgrid 
solution, which may include energy efficiency measures, microgrid controls, economic dispatch 
controls, and existing and/or new on-site generation. 

Today’s Li-Ion storage technology, which comprised over 90% of new storage deployments in 
2017xi, generates or absorbs current through the movement of charged lithium particles from one 
solid electrode to another within a cell. The amount of power (kW) and energy capacity (kWh) is 
a function of the electrode quantity and surface area, respectively. Multiple cells are assembled in 
a series-parallel configuration to form a battery. As a Li-Ion battery is charged and discharged over 
its life, the retained energy storage capacity depletes due to material degradation and impedance 
growth. The limitation on discharge duration of a Li-Ion battery is a result of a finite amount of 
volume that can be realistically packed and assembled in a cell, and because of the need to balance 
rated power and energy capacities to maximize life under a proposed duty cycle. 

Flow battery storage is a fundamentally different electrochemical storage technology. Current 
is generated when a charge carrying liquid electrolyte solution is pumped from tanks through 
an electrode cell and into another tank. Charging and discharging occurs through the exchange 
of ions across and/or through a membrane within the stack of cells. As with Li-Ion, an inverter 
then converts the direct current (DC) to alternating current (AC) power. The DC power is a 
function of the surface area and number of membrane cells where the exchange of ions occurs, 
while the energy capacity is a function of the volume of electrolyte solution stored in the tanks. 
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This allows for more expansion of electrolyte and a longer duration capability than Li-Ion. Figure 
3 below depicts a simplified diagram of VRFB operation (components not to scale). 

 

Figure 3. Principle Operation of a Redox Flow Batteryxii 

In the last decade, flow battery systems have never been more than a few percentage points of the 
total new energy storage systems deployed, instead seeing flat to declining growth on an annual 
basis.xiii This is in stark contrast to the growth of Li-Ion energy storage, which saw 232% year-
over-year increase in the first quarter of 2019 and typically makes up over 99% of all recently 
installed systems.xiv The benefits of this ESTCP funded work will provide the DoD and the 
industry at large a more detailed understanding of flow technology, supporting potential future 
growth in deployments. The technology is typically evaluated at Technology Readiness Level 
(TRL) 7 – System Prototype Demonstration in an Operational Environment.xv Despite limited 
project deployment, the technology itself has undergone significant development and testing in 
private industry and at U.S. Federal government laboratories and agencies. Continuous 
development efforts have been on-going since the 1950s, with significant effort invested by NASA 
in the 1970s who produced the first iron-and-chromium redox flow battery. The first VRFB was 
initially developed in 1984.xvi There are a handful of flow battery manufacturers in the marketplace 
today working to commercialize flow battery products. These companies range from startups with 
novel cell stack and electrolyte designs, to established companies looking to extend their product 
offerings in a new market. As with the Li-Ion battery industry when it was in its early growth 
phase, the regular announcement of company partnerships, acquisitions and failures are one 
indication of a number of aspects of a dynamic and evolving commercial market. 

During this project, Ameresco conducted extensive research into flow battery technology, had 
discussions with numerous equipment providers, and gathered information for assessment of the 
technology and utilization of inputs and assumptions into our modeling. Similar to Li-Ion 
technology, there are multiple sub-categories of flow storage technology. As part of this effort, our 
team assessed three distinct types of flow battery chemistries: Vanadium; Zinc-Iron; and Zinc-
Bromine as shown in Table 7. 
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Table 7. Types of Flow Batteries 

 

Through our technology assessment, we evaluated a total of 19 different technology providers who 
are developing and commercializing flow battery products. We assessed these companies and 
products based on characteristics including the type of chemistry they offer, company maturity, 
product maturity, system form factor, manufacturing location, rated power and energy 
configurations of their standard offerings, efficiency, operating temperature range, physical 
dimensions, cost, and more. 

Based on assessment of numerous products, Table 8 provides a brief summary of basic characteristics 
of flow batteries. It should be noted that these are not representative of every product nor a single 
product but are intended to provide a “nominal” glance at flow battery technology in general. 

Table 8. Assumed VRF Operating Parameters 

Parameter Typical Flow Characteristic 
Rated Power (kW) Up to 500 kW in a 40' container 
Rated Energy (kWh) 400 kWh to 1,000 kWh for a 40' container 
Round Trip Efficiency (%) 70% +/- 6% 
Auxiliary Load Requirements (kW/MW) 10 - 80 kW/MW of power capacity 
Energy Capacity Degradation < 0.5% per year 
Response Time  1 sec-1 min depending on mode of operation 

The mechanical nature of the flow battery technology creates significantly different operating 
conditions as compared with “solid-state” storage technologies like Li-Ion which can significantly 
impact operational performance. Two specific differences are the auxiliary loads required to power 
pumping and cooling systems for the flow technology, and the round-trip efficiency of the system. 
As further described later in this report, our findings show that these operational differences create 
significantly less net value for behind the meter retail billing savings or wholesale market 
participation use cases, creating a greater challenge for VRF technology to provide lower cost of 
critical load support than Li-Ion storage. 

In order to accurately model the VRF technology, our team established the following equations 
for auxiliary load which were derived based on technology research and conversations with 
vendors. 

When discharging, 

      If State of Charge (SOC) > 10%, Paux = Ppump-active*(No. of 1MW Units) + Pec + Pedc 
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     If SoC < 10%, Paux = (Ppump-active + Ppump-ramp)*(No. of 1MW Units) + Pec + Pedc 

 

When charging, 
     At all SOC states, Paux = (Ppump-active + Pcooling)*(No. of 1MW Units) + Pec + Pedc 

 

When idle, 
     At all SOC states, Paux = Ppump-idle*(No. of 1MW Units) + Pec + Pedc 

 

Where: 
     Ppump-active = 16 kW (Active pumping load) 
     Pec = 1 kW (Electronics and controls load) 
     Pedc = 0.125 kW (Economic dispatch controller load) 
     Ppump-ramp = a linearly scaled value between 8 kW at 10% SOC to 0 kW at 0% SOC 
     Pcooling = 55 kW (Cooling system load during charging) 
 
For a 1MW VRF resource, the above calculations yield a continuous auxiliary load of 11.125 kW 
when idle, up to 25.125 kW when discharging, and 72.125 kW when charging.  

By comparison, based on our experience with multiple leading Li-Ion BESS equipment providers, 
the range of auxiliary loads for a similarly sized 1 MW system is between 1 kW to 5 kW. This 
shows that VRF aux loads are up to fifteen times higher than Li-Ion systems. These very high aux 
loads for VRF technology have been identified as a significant issue with the VRF technology 
inhibiting its potential for success, the impacts of which are quantified later in this report.  

Through our research, including conversations with several flow battery equipment providers, it is 
clear that significantly more testing is required to characterize performance and reliability of the 
technology. To date, an in-depth understanding of the behavior and response time of the VRFB 
technology does not seem to have been developed, as companies focus (rightfully so) on product 
development and manufacturing. Two specific examples of this are verifying the speed of response 
during conditions where the VRFB would be needed for seamless islanding support, and the ability 
to accurately follow a high throughput, bipolar dispatch profile such as that of a frequency 
regulation ancillary service use case. Further, the long-term effects on system durability under 
these types of situations that require constant activity from the VRFB are not well understood. 

Further testing and deployment experience is needed to more clearly define the reliability of the 
technology both in the lab and in the field. Most vendors appear to not yet have data on the Mean 
Time Between Failure (MTBF) of their product as part of a complete system (i.e. DC and AC 
components of a turnkey solution), either from laboratory testing or field deployments. Testing of 
individual components (e.g. cell stacks) is more robust, but data of the interaction of all the 
components are lacking. In part, this may be due to the rapid iterative development stage of VRFB 
technology, where new generations of the products are introduced frequently. This is especially 
true if changes are aimed at improving reliability (e.g. introducing magnetic bearing pumps for 
hermetic sealing and increased operational reliability). This makes it challenging to collect enough 
data on any given version to properly quantify MTBF and Probability of Failure to Start (Pfs) which 
are key metrics for this work. As a result, it proved difficult to accurately identify Pfs and MTBF 
metrics from vendors for the VRFB technology. Despite these challenges, we selected VRFB over 
other flow sub-chemistries because it has the longest development history and the largest number 
of active vendors, and more importantly, vendors that have existed for the longest period of time. 
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With that history comes more industry data and product descriptions. Moreover, since there are more 
vendors, it gives confidence that there will be commercial options when translating this research 
project to the field deployment phase. Similarly, vendors have not yet well characterized long term 
performance of the technology when subjected to specific use cases – especially high throughput 
and quickly responding applications such as frequency regulation or smoothing of PV generation. 

Advancing the state of the art of the technology by conducting robust, controlled, and focused 
reliability testing in a HIL environment and in the field clearly seems to be an important need for 
the industry and an area where the ESTCP program can significantly impact. No matter how cost 
effective a VRFB can become, industry wide adoption of the technology will not materialize 
without a detailed and quantitatively supported characterization of the reliability and operational 
effectiveness of the technology. Of the vendors we evaluated, very few have deployed a system 
designed as part of a microgrid. The limited exposure to the technical requirements of microgrids 
highlights the importance of including additional vendors in robust real-world scenarios, starting 
with HIL testing. Validating additional vendors of different flow sub-chemistries will enhance the 
equipment options available to the DoD as long-duration energy storage technology becomes a 
more important component for delivering energy security in a microgrid. 

2.2 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY 

Flow batteries differentiate themselves from Li-Ion in that the power (kW) and energy (kWh) 
components can be adjusted independently of one another without impacting performance. The 
decoupling of power and energy has several advantages. By increasing the volume of electrolyte, 
flow batteries can provide a 12 hour or longer duration of rated power capacity. This is a significant 
distinction from today’s stationary Li-Ion products, which typically have a duration of rated 
capacity between 0.5 to 4 hours. While there are some Li-Ion systems with duration longer than 4 
hours, this is often not economically viable and most commercially available Li-Ion storage 
product offerings are not sold with duration longer than 4 hours. Adding additional electrolyte 
volume later in a flow battery project’s lifetime to reflect changing needs can be done without 
overbuilding other parts of the system. End of life recycling is also easier with VRFB systems. 
The vanadium can be extracted from the electrolyte and sold back to the commodity market, and 
the rest of the solution can be disposed of safely. End of life recycling for Li-Ion systems has yet 
to be properly addressed by industry players and has become more and more a hot topic looking 
to be addressed by industry regulators. 

Safety is a paramount concern with any energy storage technology and has become highly 
publicized after the fire of a few Li-Ion systems. The electrolyte of VRFB, consists primarily of 
water. The vanadium is dissolved in water (along with other chemicals that make-up the 
proprietary electrolyte solution), and the electrochemical reaction is only mildly exothermic, 
effectively eliminating the concern of fire that is present with Li-Ion systems. Removing fire safety 
from the design considerations may facilitate a VRFB to be placed inside or underneath a building, 
or closer to other pieces of critical energy infrastructure. It is acknowledged that the electrolytes 
used in VRF systems are highly acidic, but the related health risks are manageable and equipment 
vendors have assumed standard practice to design secondary containment systems into their 
container design to manage worst case scenario electrolyte leaks. 
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Since the voltage and current generation is a function of ions exchanged between vanadium in two 
different oxidation states for the positive and negative side of the system, there is no energy capacity 
degradation of the electrolyte over time. Further, the lack of energy capacity degradation of the 
electrolyte solution over time ensures a consistent level of performance over the life of the project 
while reducing replacement costs associated with today’s Li-Ion batteries. Flow battery 
manufacturers report negligible energy capacity degradation after 10,000 full cycles, whereas Li-Ion 
energy capacity degradation can be significant after only 1,000 full cycles1. Also, flow storage 
typically has a broader ambient operating temperature range, requiring less active thermal 
management and could more easily serve a wider array of geographic regions without additional 
HVAC cost. These benefits indicate that flow batteries could serve as a key building block to achieving 
a renewable based microgrid that can sustain load for days or weeks without reliance on DGs. 

The focus to date on short-duration (up to 4 hours) storage coupled with significant price drops of 
Li-Ion cells driven by widespread adoption of Li-Ion in consumer electronics and electrified 
vehicles have accelerated the Li-Ion based stationary storage sector far ahead of flow batteries. 
The electrolyte solution and the cell stack are the two primary pieces of intellectual property and 
thus proprietary to each flow vendor, and the electrolyte solution is the single biggest cost in a 
system. The remainder of systems are typically built using commercially available off-the-shelf 
components and helps to keep the remaining initial system costs low. Moreover, this helps contain 
costs during the entirety of the project lifecycle. Prior to operation, standard parts will help to drive 
down initial equipment costs by leveraging existing economies of scale and existing supply chains, 
the latter will also help scale deployments should VRFB adoption become widespread. During the 
operating phase of a project, readily available parts will ensure system operation and maintenance 
is feasible and cost-effective. Vanadium is also extensively used in the steel industry, with robust 
existing supply chains and an active secondary market once a project is decommissioned. 

2.3 RISKS ASSOCIATED WITH THE TECHNOLOGY 

There are several inherent limitations of flow storage relative to Li-Ion energy storage systems that 
likely will not be eliminated through engineering and product development. One of the drawbacks 
of VRFB relative to Li-Ion is a lower Round Trip Efficiency (RTE). This metric is often described 
as the ratio of useable output energy to the input energy. Once the operation of pumps and efficiency 
of the cell stack is factored in, the RTE of VRFB is about 15% lower than commercially available 
Li-Ion systems. Despite a lower average HVAC parasitic load due to the large thermal mass of the 
electrolyte solution, VRFB have higher auxiliary system load (measured as kWh/day). This is mostly 
attributed to the pumps required to move the electrolyte solutions and is a required load for the 
system to operate. Near constant operation of the pumps, even if at a reduced duty cycle, will likely 
be required to keep a VRFB ready to support transition to island operation when included in a 
microgrid design. There are also physical limitations to the size of the cell stacks to maintain a 
constant pressure of the liquid through the stacks, and this will act as a fixed space constraint  
for present and future systems. The energy density of the electrolyte (kWh/ft3) can be improved, and 
is an area of active research, however, it is unlikely it will reach the same density as Li-Ion cells.  

 

1 This degradation is highly dependent on the discharge rate, depth of discharge, and environmental conditions in 
addition to the number of cycles, and can thus vary by product and use case 
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The tanks holding the electrolyte can be stacked vertically, but the required installation area will 
likely be larger than for a similarly sized Li-Ion system. 

Specific focus has been made during Phase 1 on quantifying the impact of these shortcomings. For 
example, RTE significantly impacts net revenue from providing frequency regulation as an 
ancillary service in wholesale electricity markets since the battery experiences high amounts of 
charge and discharge energy throughput while following the ISO’s dispatch signal. A lower RTE 
causes the battery’s state of energy (SOE) to more rapidly decline to 0%, given an otherwise energy 
neutral dispatch signal, forcing it out of the market for recharging. Although this would occur to 
some extent with any BESS, the lower RTE causes quicker SOE decay, reducing potential market 
revenue and increasing operating cost related to recharging. However, a flow battery with 
significantly longer duration will be able to perform in the market for longer periods of time before 
being depleted, which could be advantageous in wholesale energy or capacity markets. As 
summarized in Section 6, the grid tied modeling of this work provided quantitative information 
used to assess the impact that these efficiency and auxiliary load issues have on system operation 
and project economics. 

As noted earlier, flow energy storage systems have seen limited deployment with effectively no 
increase in annual growth rates over the last decade. Predicting the trend of new technology at the 
early stages of development can be particularly challenging (e.g. the innovation “S-curve”). 
However, with five more years of development, many vendors will likely achieve sufficient 
accelerated laboratory runtime testing to validate performance and reliability under several use 
cases required for microgrid operations.  

Material and environmental safety risks of VRFB are limited. The electrolyte solution is highly 
acidic (pH around 1), but tanks are enclosed with secondary containment tanks. Sensors monitor 
pH and liquid levels. In discussions with several vendors, leaks in the tanks do not manifest as 
catastrophic failures, but instead as slow faults that offer enough time to safely stop the system, 
isolate the leak, and repair or replace components. Since the tanks, pumps and other components 
are off-the-shelf, there would not be a need to wait for the manufacturing of custom parts.  

However, as this ESTCP solicitation recognizes, there is a need for storage solutions of 
significantly longer duration that provide a lower levelized cost of stored energy over a 20-year 
project term, and flow storage technologies offer significant promise for achieving those goals. 
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3.0 PERFORMANCE OBJECTIVES 

The primary objective of this work is to demonstrate how flow battery energy storage can add 
reliability and economic value to a DG baseline microgrid. This was investigated through a series 
of sub-objectives, summarized in Table 9, each of which were assessed through analytical 
modeling of defined microgrid configurations and scenarios. The baseline microgrid referred to 
throughout this report contains a series of DGs sized to meet critical load with N+1 redundancy 
and UPSs to provide ride through power supply to a subset of critical loads. There is no BESS in 
the baseline microgrid. The BESS enabled microgrid replaced the least running DG at each site 
with an appropriately sized VRF battery for comparison to the baseline. 

Table 9. Performance Objectives 

Objective Category of Interest Description of Objective 
Objective 1 Reliability Calculate hourly probability of serving 100% of critical load 

requirement during a utility outage of up to 168 hours in duration that 
could start at any hour of the year 

Objective 2 Reliability Calculate hourly probability of serving 130% of critical load 
requirement during a utility outage of up to 168 hours in duration that 
could start at any hour of the year 

Objective 3 Reliability With no diesel fuel supply, calculate hourly probability of serving 
30% of critical load during a utility outage of up to 24 hours that 
could start at any hour of the year 

Objective 4 Reliability With no diesel fuel supply, calculate hourly probability of serving 
10% of critical load during a utility outage of up to 24 hours that 
could start at any hour of the year 

Objective 5 Reliability Determine minimum amount of power and energy BESS 
requirements such that the Objective 1 outcome meets or exceeds the 
fixed load baseline performance 

Objective 6 System Design Identify the rated power and energy capacity sizing of the optimally 
sized BESS 

Objective 7 Economic Feasibility Quantify annual value proposition of BESS through retail and 
wholesale use cases, based on current and future volatile market 
conditions 

Objective 8 Economic Feasibility Calculate the cost of securing critical load for the BESS enabled 
microgrid as a function of 20-year Net Present Value and how this 
compares to the baseline, DG only microgrid 

Objective 9 Reliability & Economic 
Feasibility 

Identify if VRF or Li-Ion is the preferred technology for the proposed 
BESS. 

Objective 10 Economic Feasibility If required, identify the price point at which VRF BESS technology 
provides a preferred solution as compared with Li-Ion 

 

The investigation strived to create a BESS enabled microgrid that meets or exceeds the 
performance of the existing resiliency assets (i.e. the DGs), at five military installations. Details of 
these installations are provided in Section 4. Our specific performance objectives are based on the 
initial Broad Agency Announcement soliciting proposals, clarified in the Project guidance from 
November 2018, and reiterated through the guidance given by the ESTCP team. The primary and 
alternative objectives are described in more detail below. Following this description of objectives, 
an example table of performance objectives and results is provided for Westover ARB. Similar 
tables for all investigated sites are provided in Appendix A.3. 



 

18 

3.1 PRIMARY OBJECTIVE 

1. Objective: Reliability to Meet 100% of Installation Critical and Ride-through Load 
 Description: This objective is the primary scenario for which the microgrid is being 

designed. With this objective we can answer whether the energy security performance 
of the microgrid with the proposed BESS solution will meet or exceed the required 
reliability for 100% of the defined critical load for a 24-hour and a seven-day outage 
for each of the evaluated installations. 

 Metric: This metric is defined by an hourly probability curve of the likelihood of the 
microgrid to be able to successfully operate and fulfill 100% of the site’s critical electric 
load required from hours 1 to 168 after an  outage at the installation (“Critical Load 
Coverage Probability Curve” or “CLCPC”). The baseline for success assumes a 
constant hourly load profile equal to each site’s annual peak hourly critical load (kW). 

 Requirements for Success: If the CLCPC meets or exceeds the fixed load baseline 
microgrid’s CLCPC for each installation at 24 and 168 hours of the outage, the 
microgrid meets the required performance. Additionally, if the CLCPC curve exceeds 
the fixed load baseline CLCPC curve for all hours in the outage, the set of assets 
simulated (DGs plus battery storage) in the microgrid configuration are deemed 
favorable and included for further grid-tied modeling. 

3.2 ALTERNATIVE TECHNICAL SCENARIOS 

2. Objective: Reliability to Meet 130% of Installation Critical and Ride-through Load 
 Description: This objective allows us to understand the performance of the microgrid 

when critical loads are above historical projections due to load growth or rare 
circumstances. It also allows visibility into the capacity of the microgrid to serve load 
beyond the critical load. 

 Metric:  The metric for this objective is the same as for Objective #1. 
 Requirements for Success: No minimum performance was required 

3. Objective: Reliability to Meet 10% and 30% of Installation Critical and Ride-through 
Load when no Diesel Fuel is Available 
 Description: This objective allows us to understand the performance of the microgrid 

when there is a fuel shortage in an extended duration outage and extreme circumstances. 
Given that most microgrid configurations will always include some DGs, this scenario 
is critical for the military installations’ emergency preparedness planners to understand.  

 Metric:  The metric for this objective is the same as for Objective #1. 
 Requirements for Success: No minimum performance was required. 

3.3 FINANCIAL OBJECTIVE 

4. Objective: Net Life-cycle Costs of Deployment and Operation (corresponding to 
technical objective 1 above) & Associated Cost of Critical Load Coverage 
 Description: This objective aims to determine if a storage-enabled microgrid that meets 

or exceeds reliability performance of the baseline microgrid can reduce the cost of 
critical load coverage ($/kWc) as compared to the baseline microgrid. This was 
completed for current cost and market conditions and future cost and market conditions. 
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 Metric:  Costs are calculated using the 20-year net present value methodology applied 
to the baseline microgrid and distributed by the ESTCP team. 

 Requirements for Success: In order to succeed, the cost of critical load support of the 
battery enabled microgrid should be equal to or less than the cost of critical load 
support of the DG only baseline microgrid. 

Table 10 summarizes these performance objectives and results for Westover ARB. Similar tables 
for all sites are provided in Appendix A.3 

Table 10. Westover ARB Performance Objectives & Results 

WESTOVER ARB 
Performance 

Objective 
Metric Requirements Success Criteria Results 

1. Reliability to 
Meet 100% of 
Installation 
Critical and Ride-
through Load 

Critical and 
ride-

through 
load served 

during 
outage (that 
can begin at 

any time) 

Performance 
measured for 

outages of any 
duration 

between 1 hour 
and 168 hours 

Meets or exceeds reliability probability 
curve from fixed load baseline 

microgrid specifically for 24- and 168-
hour outages. Compares favorably with 
fixed load baseline microgrid at other 

outage durations under 168 hours. 

Baseline  
  24-h: 0.99831 
168-h: 0.95076 
Proposed BESS  
  24-h: 0.99923 
168-h: 0.97170  

2. Reliability to 
Meet 130% of 
Installation 
Critical and Ride-
through Load 

Proportion of critical and ride-through 
load served (probabilistically) for 24- 
and 168-hour outages. No minimum 

standard. 

No PV 
  24-h: 0.98210 
168-h: 0.81173 
Expected PV 

  24-h: 0.98671 
168-h: 0.84147 

3. Reliability to 
Meet 10% and 
30% of 
Installation 
Critical and Ride-
through Load 
when no Diesel 
Fuel is Available  

Performance 
measured for 

outages of any 
duration 

between 1 hour 
and 24 hours 

Proportion of critical and ride-through 
load served (probabilistically). No 

minimum standard. 

10% No PV 
    1-h: 0.99003 
    4-h: 0.00056 
  24-h: 0.00000 
10% Exp. PV 

    1-h: 0.99431 
  15-h: 0.00638 
  24-h: 0.00000 

30% No PV 
    1-h: 0.03197 
    4-h: 0.00011 
  24-h: 0.00000 
30% Exp. PV 

    1-h: 0.41085 
  13-h: 0.00316 
  24-h: 0.00000 

4. Net Life-cycle 
Costs of 
Deployment and 
Operation 
(corresponding to 
technical 
objective 1 above) 

Calculate per 
methodology 

distributed with 
baseline 

microgrid data 
and results  

Net cost (per kW of critical load) is at 
or below level of baseline microgrid in 

current and future volatile scenarios 

Baseline 
$166/kW 

VRF Current 
$251/kW 

Li-Ion Current 
$156/kW 

VRF Future 
$196/kW 

Li-Ion Future 
$129/kW 
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4.0 FACILITY/SITE DESCRIPTION 

There are five military installations chosen for investigation through this Phase 1 scope of work. 
They include two Navy installations – Naval Air Station (NAS) Patuxent River and NAS Corpus 
Christi, two Air Force installations – Westover Air Reserve Base (ARB) and March ARB, and one 
Army installation – Fort Bliss. These sites provide a diverse mix of site operations, load profiles, 
critical load levels, geographic location, utility rate parameters, and wholesale market 
opportunities. The peak annual electric load ranges from 3.4 MW to 33.9MW across the five 
installations. The critical load ratio specified across the sites ranges from 7.5% to 50%. 

Table 11 summarizes the major characteristics of each site based on ESTCP provided installation 
data (e.g., physical, energy assets, electricity rates, and markets). 

Table 11. Installation Energy Data 

 

4.1 FACILITY/SITE LOCATION AND OPERATIONS 

The five sites were selected to create a portfolio of geographic and market diversity, allowing for 
a wide range of options for potential Phase 2 demonstration environments. Consideration was also 
given to the available value-generating applications, which vary based on the regional market and 
regulatory environments. This selection of locations will help assess if any particular regions pose 
greater market opportunities or barriers than others. 

Figure 4 below shows a map of ISO regions in the United States overlaid by locations of each of 
the installations this investigation studied. A summary of each installation’s operations and activity 
follows the figure. 

Units Westover ARB
NAS 

Patuxent River
NAS 

Corpus Christi Fort Bliss March ARB
State -- Massachusetts Maryland Texas Texas California
ISO -- ISO-NE PJM ERCOT N/A CAISO
Annual Peak Demand 
(kW) kW 3,414 33,958 23,965 67,605 7,998
Annual Electric Energy 
Consumption (kWh) kWh 16,604,852 187,845,654 121,527,298 331,184,255 43,528,894
Critical Load % % 50.0% 23.6% 18.4% 18.5% 7.5%
PV Capacity (kW-AC) kW-AC 1,931 1,931 1,159 5,986 386
PV Annual Generation kWh 2,929,437 3,580,856 2,164,223 14,459,881 903,505
Annual Utility Import 
(kWh) kWh 13,675,415 184,264,798 119,363,075 316,724,374 42,625,389
# DGs # 4 12 7 8 4
DG Capacity Per Unit 
(kW) kW 750 750 750 2,000 250
Capital Cost of DG $/kW 750$                  750$                     750$                   600$               1,100$             
Heat Rate of DG Btu/kWh 12,040 12,040 12,040 10,618 14,404
Annual O&M and 
Testing Cost of DG $/DG 7,000$               7,000$                  7,000$                20,000$          6,500$             
Diesel Fuel Price $/gal 2.65$                 2.74$                    2.42$                  2.59$              2.97$               
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Figure 4. Map of Site Locationsxvii 

Westover Air Reserve Base 

Westover ARB is located in Chicopee and Ludlow, Massachusetts. The site receives delivery of 
electric service from the Chicopee Electric Light municipal utility and is located within the ISO-
New England regional electric system. The installation is the nation’s largest Air Force Reserve 
base and is home to more than 5,500 military and civilian workers.xviii The site has been in 
operation since 1940 and currently provides rapid air lift services in support of military and 
humanitarian operations. The baseline conditions of the site include an annual peak demand of 3.4 
MW, (4) DGs each rated at 750 kW, a 2.0 MW-AC Solar PV system, and a critical load percentage 
of 50%. 

Naval Air Station Patuxent River 

NAS Patuxent River is located in Solomons Island, Maryland approximately 90 miles north of 
Norfolk, Virginia and 65 miles south of Washington, D.C. The site receives electric service from 
the Southern Maryland Electric Cooperative (SMECO) and is located within the PJM regional 
electric system. The site serves as the Naval Air Systems Command Headquarters, hosts the U.S. 
Naval Test Pilot School, the Atlantic Test Range, and has evolved into the Center of Excellence 
for Naval Aviation.xix The site is the second largest of the five investigated with an annual peak 
demand of 33 MW. The site includes (12) DGs each rated at 750 kW, a 2.0 MW-AC Solar PV 
system, and a critical load percentage of 23.6%. 
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Naval Air Station (NAS) Corpus Christi 

NAS Corpus Christi is located in Corpus Christi, Texas on the shore of the Gulf of Mexico. The 
site receives electric service from AEP Texas Central and is located within the ERCOT electric 
system. The site has hosted Naval pilot training since 1941 and currently serves to conduct pilot 
training for the Navy, Marine Corps, and Coast Guard. The site is also home to the Corpus Christi 
Army Depot, the primary aviation maintenance depot for Department of Defense rotary wing 
aircraft.xx The baseline conditions of the site include an annual peak demand of 23.9 MW, (7) DGs 
each rated at 750 kW, a 1.1 MW-AC Solar PV system, and a critical load percentage of 18.4%. 

Fort Bliss 

Fort Bliss is a 1,700 square mile United States Army installation headquartered in El Paso, Texas. 
It is the largest installation in the US Army Forces Command and second largest Army installation. 
Fort Bliss executes deployment operations and provides facilities and services that assists units in 
sustaining their combat readiness.xxi The site receives electric service from El Paso Electric. It is 
the only site of the five investigated that is not located in an ISO territory and is therefore not 
regulated by ERCOT or FERC. From an electric consumption standpoint, Fort Bliss is the largest 
of the five sites an annual peak demand of 67.6 MW, (8) DGs each rated at 2000 kW, a 5.9 MW-
AC Solar PV system, and a critical load percentage of 18.5%. 

March Air Reserve Base 

March ARB is located in Riverside County, California approximately 60 miles from Los Angeles. 
March ARB is home to the Air Force Reserve Command’s Fourth Air Force Headquarters and the 
452nd Air Mobility Wing.xxii The site receives electric service from Southern California Edison 
(SCE), energy supply from the Western Area Power Administration (WAPA) and is located within 
CAISO territory. The baseline conditions for March ARB include a peak demand of 7.9 MW, (4) 
DGs each rated at 250 kW, a 386 kW-AC Solar PV system, and a critical load percentage of 7.5%. 

Analysis of hourly load data provided for each site shows that each installation has a unique load 
profile. An installation’s load profile shape will vary based on a number of factors include 
weather, occupancy trends, operations, equipment, on-site generation, etc. This load profile also 
has a relationship with the opportunity for DERs to provide value to the site. For example, since 
energy storage systems are limited energy resources, the amount of retail demand savings that 
could be realized is a function of the shape of the daily load profile. For a given amount of energy 
storage capacity (kWh), a site with a spikier load profile will realize more demand reduction 
(kW) than a site with a flatter load profile. Figure 5 and Figure 6 plot each site’s annual peak 
day hourly load profile, before any existing PV is accounted for. For Bliss, NAS Corpus Christi, 
and NAS Patuxent River each have annual peak demands greater than 20 MW and are 
collectively shown on Figure 5. March ARB and Westover ARB, each with annual peaks below 
10 MW, are shown on Figure 6. 
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Figure 5. Comparison of Existing Electric Load Profile - Fort Bliss, NAS CC, NAS 
Patuxent River 

 

Figure 6. Comparison of Existing Electric Load Profile - March ARB & Westover ARB 
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4.2 FACILITY/SITE CONDITIONS  

For each of the five installations, we modeled grid tied operating simulations of VRF and Li-Ion 
BESS systems of a range of system sizes. Once the minimum BESS power and energy 
requirements of the microgrid were established (as described in Section 5), a series of rated power 
and energy system sizes that met or exceeded those minimum requirements were identified. This 
spanned a range of BESS systems of 1 to 10 hours of duration, which was a reasonable limitation 
of range based on standard product offerings of Li-Ion and VRF BESS equipment providers. The 
use cases investigated through this work included: 

• Retail Demand Charge Management (DCM) 

• Retail Time of Use (TOU) Energy Savings 

• Wholesale Energy & Reserves (co-optimized) 

• Wholesale Regulation 

Our team recognizes that there could be significant value in providing wholesale capacity 
obligations with a standalone energy storage resource or one paired with on-site generation. We 
also recognize that the requirements for providing capacity vary from ISO to ISO. For example, a 
resource providing capacity in PJM is required to be available for at least 10 hours which will be 
significantly more difficult for a BESS than in ISO-NE, where the capacity requirement is 4 hours. 
Since it was not a government objective to assess the capacity market, we did not quantify the 
value this use case could provide and instead focused on the aforementioned retail and wholesale 
use cases. Further, it should be noted that Fort Bliss is located in Texas but is not located in ERCOT 
territory and therefore does not have access to any wholesale market participation. Finally, through 
our assessment of market participation opportunities for storage, the opportunities for storage 
located behind the meter are relatively absent in ERCOT and were therefore treated as not available 
for NAS Corpus Christi. 

If it is determined a BESS can reliably replace a DG asset at a site, the value of the capital 
expenditure and operating expense savings for each site is also listed. It is our position that there 
are no diesel fuel savings to be accounted for either in microgrid operation (since the BESS can 
recharge from the DGs, using the fuel) or grid tied operation. During microgrid operation, it was 
assumed that there was an infinite supply of diesel fuel per guidance from the ESTCP program. 
During grid-tied operation, a small number of DGs operate to provide demand response or peak 
shaving at some sites, or do not operate at all at other sites where those use cases are prohibited. 
At the sites where DGs do participate in demand response or peak shaving, the operation of the 
BESS would not reduce or eliminate that operation from other DGs in the fleet. A summary of the 
identified use cases for each site is shown in Table 12.  
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Table 12. Grid Tied Use Case Stacks for Each Site 

Site ISO 
Retail 
DCM 

Retail 
TOU 

Wholesale 
Energy 

Wholesale 
Reserves 

Wholesale 
Regulation 

One Time 
DG CapEx 

Savings 

Annual DG 
OpEx Savings  

(not incl. 
fuel) 

Westover ARB 
ISO-
NE ● ● (1) ● ● ● $562,500 $7,000 

NAS Patuxent 
River PJM ● 

 
● ● ● $562,500 $7,000 

NAS Corpus 
Christi ERCOT ● 

    $562,500 $7,000 
Fort Bliss N/A ●  ●    $1,200,000 $20,000 

March ARB CAISO ● ● ● ●  $275,000 $6,500 
                

1   
Requires 80% RTE to be economically justified. Applicable to 
Li-Ion, not Flow.     

 

Representative Battery Energy Storage System Description 

The following provides a high-level summary of the basic components and maintenance 
requirements of Li-Ion and VRF battery systems. Figures 8 and 9 depict a general configuration 
of a Li-Ion and VRF BESS, respectively. Generic scopes of annual maintenance for each 
technology are provided in Tables 13 and 14, showing that a similar scope of annual maintenance 
is expected for VRF systems than Li-Ion systems. The scope of work and schedules for each 
technology are based on documentation from various well-established Li-Ion vendors Ameresco 
has worked with in the past, or from discussions with VRF vendors looking to establish a presence 
in the energy storage market. This is intended only to give a basic understanding of the technology 
and not necessarily fully reflective of systems installed in the field. All energy storage systems 
analyzed for this work were assumed to be AC coupled. 

High level components of Lithium-ion battery energy storage system 

Lithium-ion battery energy storage systems transform chemical energy into electricity using 
electrochemical cells. Energy as electric charge is stored in the lithium ions that move from the 
negative electrode (anode) through a non-aqueous electrolyte to the positive electrode (cathode). 
The voltage developed by a battery cell depends on the lithium compound used for the cathode 
and electrolyte and the resultant electrochemical potential change in the reaction.  

The capacity of a battery cell is the amount of electric charge delivered at a voltage and is 
dependent on the chemical characteristics of the cells. As a result, cells have inherent electric 
charge and voltage potential. In order to increase terminal voltage of a battery beyond that of a 
single cell, cells are stacked in series; while stacking cells in parallel increases the capacity at the 
terminal voltage of a single cell. Stacking in a series-parallel combination increases both and is 
how larger battery systems are assembled. In commercially available cells, the electrolyte is a 
flammable material and needs to be kept within a specified temperature range during operation. The 
electric charge generated by a battery is direct current, meaning it is a constant, unidirectional flow. 
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A battery management system (BMS) controls the charge and discharge of cells, ensuring they are 
cycled evenly, and operates the thermal management system to ensure the cells stay within 
appropriate temperature ranges. A power conversion system (PCS) then transforms the direct 
current into alternating current that is more widely used by both equipment and the electric grid 
and then connected to any project specific power conversion equipment (e.g. medium voltage 
transformers). Figure 7 shows a simplified one-line diagram of a Li-Ion BESS. 

 

Figure 7. Simplified One-Line of a Li-Ion BESS 

Table 13. Sample Preventative Maintenance Checklist for Li-Ion BESS 

Lithium-Ion Preventative Maintenance (PM) Task Frequency 

Electrical 
Visual inspection of wires and breakers 6 months 

Test backup batteries and replace if necessary 6 months 
Cable harness inspection or replacement 1 year 

Mechanical 
Repair any deteriorated weather-stripping 6 months 

Check for external debris and leaks 6 months 
Torque and calibration checks 1 year 

Fire Suppression System Verify tank pressure gauges, resolve any faults 6 months 

HVAC 

Verify module temperature in allowed range 6 months 
Remove airborne contaminants from condenser finned coils 6 months 

Inspect and replace air filter if necessary 6 months 
Ventilation system inspection, cleaning 1 year 

Battery pack refrigerant refill and coolant pump replacement 5 years 
Battery pack coolant system refill, fan and valve replacement 10 years 

PCS (Inverter) 
Inspect and replace air filter if necessary 6 months 

Inspect and clean heat exchange coil and fans air paths 6 months 
Coolant refill, fan and pump replacement 10 years 
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High level components of Vanadium redox flow battery energy storage system 

Vanadium redox flow battery (VRFB) energy storage system transform chemical energy into 
electricity by leveraging the potential energy difference of different oxidation states of vanadium 
(element symbol V). Vanadium salts are dissolved into a solution of sulfuric acid and water, creating 
a vanadium-based electrolyte with a specific ratio of V3+ and V4+ vanadium ions, and these make up 
the anolyte and catholyte, respectively, and are stored in separate tanks. The tanks are then enclosed in 
a secondary container in case of leakage. The electrolyte is pumped from each tank across and through 
a membrane to operate the battery. The charging process oxidizes the catholyte and converts the V4+ 
to V5+ and the anolyte is reduced from V3+ to V2+, and external power is used during the charging phase 
to enable the reduction-oxidation reactions. The opposite occurs during the discharge phase, where the 
vanadium ions in the catholyte convert back to V4+ and the vanadium ions in the anolyte convert back 
to V3+ while generating a current. Pumping is required during all charge and discharge operation. Since 
there is no physical or chemical dependency between the electrolyte and the cell stack, VRFB can scale 
the power and energy components of a system independently. The same cell stack can be used with 10 
gallons of electrolyte, or 600 gallons or electrolyte. Conversely, one cell stack or several cell stacks 
could all be connected to the same volume of electrolyte solution. Due to the thermal mass of a liquid 
electrolyte, the thermal management of a VRFB is different from lithium-ion systems since the 
electrolyte is non-flammable and less affected by changes in ambient temperature. As a result, no fire 
suppression system is required with VRFB. Operation of cooling fans is typically only required during 
the charging cycle. Magnetically coupled pumps are used to increase reliability, decrease operating 
costs, and isolate mechanical systems from any potential leaks in the electrolyte tanks. Similar to a 
lithium-ion system, a battery management controller orchestrates the operation of the pumps and 
thermal management system based on the operation of the VRFB system. The cell stack is connected 
to a DC-DC converter to boost the DC voltage to reduce the parasitic losses that occur when the stacks 
operate at high voltages. The DC voltage is boosted to match the requirements of the PCS and is 
connected to any additional project specific power conversion equipment (e.g. medium voltage 
transformers). Figure 8 shows a simplified one-line diagram of a VRF BESS. 
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Figure 8. Simplified One-Line of VRF BESS 

Table 14. Sample Preventative Maintenance Checklist for VRF BESS 

VRFB Preventative Maintenance (PM) Task Frequency 

Electrical 

Visual inspection of wires and breakers 6 months 
Clean power connection 2 years 

Inspect sensor harness and wiring 2 years 
Replace DC/DC converter 12 years 

Power Stack Replace cell stack(s), including reference 11 years 

Mechanical/Electrolyte 

Perform pump motor vibration analysis 6 months 
Sensor calibration 6 months 

Inspect and clean electrolyte pumps and tanks 2 years 
Adjust electrolyte Vanadium balance 4 years 

Replace electrolyte pumps 8 years 
Repair/refurbish electrolyte hose and fittings 8 years 

HVAC 
Inspect and replace air filter if necessary 6 months 
Ventilation system inspection, cleaning 1 year 

Remove airborne contaminants from condenser finned coils 6 months 

PCS (Inverter) 
Inspect and replace air filter if necessary 6 months 

Inspect and clean heat exchange coil and fans air paths 6 months 
Coolant refill, fan and pump replacement 10 years 
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5.0 METHODOLOGY 

5.1 SUMMARY OF TECHNICAL METHODOLOGY 

The objective of this project is to determine what configuration of battery system(s) provides 
adequate reliability performance in a way that also provides equal or lower cost of critical load 
support. Conceptually, although BESS equipment has a higher cost than DG, the ability for a 
stationary BESS to yield higher annual value than a DG during normal grid tied operation could 
enable a more economically viable choice that also provides new flexibility to microgrid operation. 
Each site investigated in this project has multiple DG assets as part of its baseline microgrid. Our 
team’s objective was to identify the least running DG, determine how much power and energy was 
required by that DG during a seven-day islanding period, and size a BESS to replace that single 
asset. From a microgrid support standpoint, this BESS configuration is defined by the quantity of 
BESS units (1 or more) and the amount of total power and energy capacity needed by the microgrid 
to maintain or exceed the existing reliability performance over an outage of up to 168 hours. The 
potential need for more than one BESS unit depends on the failure mode of Monte Carlo reliability 
modeling. The required amount of critical load may fail to be served if a BESS does not have 
enough power, does not have enough energy, or fails to start or to continue to run. This failure to 
start or failure to run are modeled based on a statistical rate of occurrence utilizing assumed 
reliability metrics. In the case where equipment reliability is the failure mode, splitting the system 
into multiple independent systems reduces the likelihood of total failure and increases the 
probability of the BESS enabled microgrid to serve the desired critical load. 
Once this was identified, we then modeled grid tied operation of up to six BESS sizes that each 
satisfied the microgrid power and energy requirements. Once the estimated annual value, 
implementation cost, and annual operating expenses were identified for each BESS, we down 
selected to the most economically viable VRF and Li-Ion BESS for each site. Finally, we 
calculated the cost of critical load support of the BESS enabled microgrids and compared to that 
of the baseline DG only microgrid.  This series of modeling phases is depicted in Figure 9 below. 
Our investigation chose not to propose replacement of the existing UPS assets at the studied 
installations. UPSs are already established and well equipped to provide seamless ride-through 
capability to top priority critical loads. If a BESS had available energy capacity at the time of the 
outage, it could supplement the amount of critical load that could be seamlessly islanded during 
an outage. However, for the scope of this work it was preferred to focus on quantifying the extent 
to which a BESS can reduce DG reliance – a desirable objective working towards a longer-term 
vision of less dependence on fossil fuels. 
It is envisioned that the proposed BESS would be dispatched during normal grid tied operation to 
maximize value through retail utility billing savings and participation in wholesale market 
opportunities where available. Control of the asset would be managed by on-board BMS, an 
Economic Dispatch Controller, and/or controls and communication equipment required to 
participate in wholesale markets such as Frequency Regulation where relevant. During grid tied 
operation, the BESS would be allowed to charge and discharge across its full range of energy 
capacity since the UPS assets carry ride through responsibility. At the time of an outage, the BESS 
would be immediately fully charged from surplus DG capacity as further described below, 
enabling it to serve critical load during times when all other DG assets are at capacity, and re-
charge during times of low critical load and surplus PV and/or DG generation capacity. 
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Figure 9. BESS Enabled Microgrid Modeling Phases using AESOP 

This methodology involved a series of steps of modeling and analysis to ultimately identify a  

The following information describes in detail the analysis process that was completed for each 
site, accompanied by a flow diagram located in Appendix A.2.3. 

DG Characterization (further detailed in section 5.2) 

1. Characterize the run time of each DG to meet variable critical load for each site, across 
8760 unique 168hour outage scenarios (Note this is the variable load DG-only case, as 
opposed to the fixed load baseline used as the performance requirement). 
a. Assumes all DGs run as expected and when needed. Does not yet include Pfs or 

MTBF). 
b. DGs modeled to run in cascaded sequence, in which the previous DG reaches 

maximum power output before the next DG operates 

2. For the Nth DG (i.e. the last unit needed to cover the maximum critical load over the year), 
determine the maximum power and maximum energy output required out of the 8760 
outage scenarios 

3. VRF BESS with that amount of kW and kWh used for microgrid reliability modeling 

Microgrid Reliability Modeling (further detailed in section 5.3) 

4. Run Monte Carlo based reliability modeling for all 8760 unique 168-hour outage scenarios 
to create a CLCPC for the BESS enabled microgrid configuration 
a. Incorporates Pfs and MTBF for the DGs and BESS 
b. Includes 100 iterations in the Monte Carlo simulation to balance computational speed 

with sufficient iterations 
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c. BESS state of energy is tracked for each iteration of each scenario to capture the energy 
limited nature of battery systems 

d. BESS is allowed to recharge from excess solar PV or DG capacity, with priority given 
to charging from PV first when available 

e. Failure to cover the critical load in any hour renders all subsequent hours as also failing 

5. Compare the CLCPC of the BESS enabled microgrid to the fixed load baseline CLCPC 
provided by ESTCP to determine whether the reliability performance is maintained or 
exceeded for a 168-hour outage 

6. If the BESS enabled CLCPC does not meet or exceed the fixed load baseline CLCPC, 
increase the quantity of BESS units within the microgrid reliability model by one and 
repeat steps 4 and 5 (the total power and energy capacity remains unchanged, but is now 
split between multiple BESS units), otherwise proceed to step 7 

7. The current BESS enabled microgrid configuration is selected and taken as the minimum 
size and number of BESS units required for maintaining or exceeding the CLCPC during 
a 168-hour outage 

 

Grid Tied Modeling 

8. Determine a range of BESS sizes to model in grid tied operation, scaling up from the size 
determined in step 7 
a. Include BESS durations (ratio of energy capacity to power capacity) of 1 to 10 hours 
b. Durations of 1 to 4 hours are designated as lithium-Li-Ion BESS units, and durations 

more than 4 hours are designated as flow BESS units 

9. Identify the use cases available to the BESS as a behind the meter asset based on the 
wholesale market region and utility rate structure 

10. Model operation of the BESS in grid tied operation using 
a. Simulations performed in AESOP, Ameresco’s energy storage simulation tool 
b. Unique simulation performed for each BESS size and each stack (combination) of use 

cases 

11. Quantify the simple payback of each BESS size and use case stack simulated to identify 
the most promising combination 

12. Create a 20-year financial proforma with detailed budgetary estimates of implementation 
cost, operating expenses, and annual value for the selected BESS size and use case stack 

13. Compare the 20-year NPV of the BESS enabled microgrid to the baseline microgrid to 
conclude if the BESS enabled microgrid provides a reduction in the cost of critical load 
coverage 
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Hourly load and PV generation data was provided by the ESTCP program for each site.    For all 
microgrid (islanded) modeling, this hourly data was used and not adjusted. For grid tied modeling 
efforts, sites that did not include frequency regulation use cases were also only modeled on an 
hourly interval basis. However, for sites that included Frequency Regulation as a desired use case, 
a more granular data interval was needed.  This applied to NAS Patuxent River in PJM territory 
and Westover ARB in ISO-NE territory.  Our team adjusted the hourly load, generation, and 
market data to a 15-minute interval basis. This was necessary from our standpoint for two primary 
reasons. First, a more granular dataset is needed to accurately model the behavior of the battery 
during regulation participation. When providing frequency regulation, the BESS responds on a 2 
or 4 second basis and can actively switch between charge or discharge across its full power range 
at any of these intervals. If this use case were to be modeled on an hourly basis, it would not capture 
the changing power dispatch of the BESS nor the energy throughput that the battery experiences 
over the course of an hour – which has significant impact on sizing the battery and its expected 
degradation over life. Second, modeling on a fifteen-minute basis was appropriate as compared to 
an even finer granularity to align the dataset with typical utility metering intervals. Most utilities 
meter and bill their customers on a fifteen-minute basis. Since participation in the FR market 
follows a charge/discharge signal provided by the ISO and not the utility, it is important to quantify 
the demand and energy impact regulation participation has. If the system were to charge at a high 
power during certain time of use periods, there is the possibility it could impact the site’s monthly 
demand charges. Similarly, for sites with time of use energy rate structures, it is important to 
understand how much energy is being imported from the utility during each TOU window. For 
these reasons, adjusting the dataset from an hourly to fifteen-minute basis allows for better 
characterization of BESS operation and accurate re-calculation of site utility costs after BESS 
operation. 

5.2 DG CHARACTERIZATION METHODOLOGY 

Our approach was to target replacing a single DG asset with a VRFB and quantify the impact on 
reliability and economic feasibility. To do this, we needed to first characterize how the DGs in the 
baseline microgrid would be expected to operate during an outage to serve varying critical load. 

The AESOP tool was configured to model “ideal” operation of the DGs, assuming perfectly 
reliable response of the DG assets and not yet factoring in the reliability metrics of Pfs and MTBF. 
The model assessed the amount of hourly critical load to be served, assuming the 100% critical 
load case, and determined how many DGs were needed and how much power was required from 
each to serve the load. It was assumed that there was no PV generation in this calculation to be 
able to characterize the worst-case scenario and because it was specified that there was no PV 
present in the fixed load baseline microgrid performance. Assuming steady state power output over 
the course of each hour, the model then tracked cumulative energy generation of each DG for the 
duration of a 168-hour long outage scenario. This was repeated for 8760 unique outage scenarios, 
with each outage scenario starting on a different hour of the year and lasting for 168 hours (for 
outage scenarios starting within the last 168 hours of the year, hours from the start of the year were 
duplicated and added as needed to create a complete 168 hour scenario) . Upon analyzing the 
simulation results, it was noted that at each site the last generator was never needed, confirming 
that the sites indeed had N+1 redundancy in DGs. 
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Analysis of the “ideal” operation results allowed us to determine maximum power and total 
cumulative energy of each DG required to operate during the most demanding outage scenario. As 
an example, Table 15 summarizes the results for Westover ARB. Results tables of DG 
characterization for all sites are provided in Appendix A.3.1. 

Table 15. DG Characterization Results for Westover ARB 

 Maximum Power (kW) Cumulative Energy (kWh) Maximum Runtime (Hours) 
Generator 1 750  126,000  168 
Generator 2 750  79,934  168 
Generator 3 207  207  1 
Generator 4 -    -    0 

Table 16 below summarizes key statistics for each site. Though it was recognized that these were 
ideal characterizations of the DG assets, the Generator Max Power (kW) and Generator Energy 
(kWh) results for each site provided an important starting point for identifying the amount of power 
and energy needed in a BESS to support the microgrid by replacing a DG. The BESS sizes 
determined through this approach were used in the Monte Carlo based reliability modeling, further 
described in the next section, to determine if the BESS size provided satisfactory reliability or if 
additional units were needed. 

Table 16. Summary of DG Characterization Results for All Sites 

 Westover NAS Patuxent 
NAS Corpus 
Christi 

March 
ARB Fort Bliss 

Min Site Load (kW) 106 15,267 4,844 1,967 17,771 
Avg Site Load (kW) 1,896 21,444 13,873 4,969 37,806 
Max Site Load (kW) 3,414 33,958 23,965 7,998 67,605 
Min Critical Load (kW) 53 3,603 891 148 3,288 
Avg Critical Load (kW) 948 5,061 2,553 373 6,994 
Max Critical Load (kW) 1,707 8,014 4,409 600 12,507 
Min PV Generation (kW) - - - - - 
Avg PV Generation (kW) 334 409 247 103 1,651 
Max PV Generation (kW) 1,931 1,931 1,159 386 5,986 

DG ONLY-Maximum Values of Generator Parameters During 168 hour Outage 
Last Generator Needed-DG 
only (#) 3 11 6 3 7 
Generator Max Power (kW) 207 514 659 100 507 
Generator Energy (kWh) 207 6,958 7,264 3,509 3,574 
Generator Fuel (gallons) 17.93 602.71 629.17 363.65 273.01 
Generator Fuel Cost ($) $47 $1,651 $1,523 $1,080 $707 
Generator Run Time (hours) 1 23 27 56 12 
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5.3 MICROGRID RELIABILITY MODELING METHODOLOGY 

The reliability results for the technical Performance Objectives #1-#4, described in Section 3.0 
above, were modeled using a Monte Carlo simulation incorporated into AESOP to determine the 
CLCPC for an outage lasting 168 hours. For outage scenarios that could occur at any time, the 
statistical probability of serving a specified amount of critical load for a given duration was 
calculated. This was accomplished using three dimensional matrices with the following 
dimensions (shown graphically in Figure 10). 

Number of Monte Carlo Iterations x Number of Outage Scenarios x Outage Duration 

 

Figure 10. Conceptual Representation of Monte Carlo Simulation Method 

Each location in the three-dimensional matrix contains a value that indicates whether the critical 
load for the given iteration and hour of an outage scenario was successfully covered by the 
available solar PV, DGs, and BESS units. In order to balance computational speed with having a 
sufficient number of iterations, 100 iterations were performed for each simulation (resulting in 
matrix dimensions of 100 x 8760 x 168). The number of DGs and BESS units available is 
dependent on the respective Pfs and MTBF values that govern whether an asset failed during a 
given hour (using equations from the Calculating the Reliability of a Backup System with Parallel 
Generators report provided by ESTCP and located in Appendix A.2). We assumed the critical 
loads were covered first by the available solar PV and DG units, and subsequently covered by the 
BESS. During times in which there was excess solar PV or DG capacity, it was made available to 
charge the BESS. Failures of any component in the system rendered the energy from that 
component unavailable for the remainder of the outage. Furthermore, failure of the combined 
available assets to cover the critical load in a given hour rendered all subsequent hours of the 
outage as also having failed. 

The above analysis resulted in a populated matrix containing a value of 0 if the assets failed to 
cover the critical load, and a value of 1 if the assets successfully covered the critical load. The 
average was taken across all 100 iterations to obtain a CLCPC for each of the 8760 outage 
scenarios. These CLCPCs were then averaged together to obtain the overall CLCPC for the 
microgrid configuration simulated. 

The fixed load baseline reliability curves provided by ESTCP were used as the benchmark for 
this analysis. The variable load DG-only reliability curves provided by ESTCP were replicated 
to test the validity of the model. The Monte Carlo simulation model within AESOP was able 
to provide outputs within an average of 0.02% of the ESTCP variable load DG-only values. 



 

37 

Thus, we felt confident comparing the storage enabled microgrid modeling to ESTCP’s output for 
the fixed load baseline and variable load DG-only microgrid model. 

The output of each simulation of the microgrid configurations was a CLCPC which allowed us to 
compare performance against the fixed load baseline microgrid and determine success or failure 
of the system based on Performance Objective #1. If the initial BESS sizing did not pass 
Performance Objective #1, we increased the number of BESS units to improve reliability through 
redundancy (the original power and energy capacity was split between multiple units). The final 
passing configuration was then tested against Performance Objectives #2-#4 for documentation. 

Initial simulations replaced one DG with one BESS. During each simulation, the BESS was 
allowed to charge from the PV asset and surplus capacity from the group of DG assets if available. 
If capacity from the PV and DGs was available, priority was placed on charging from the PV asset 
first. If the microgrid successfully achieved Performance Objective #1, the system moved forward 
to be tested on the remaining Performance Objectives. In the case of March ARB, the resulting 
CLCPC did not meet fixed load baseline CLCPC, so the number of BESS units was increased to 
two, after which the CLCPC did exceed the fixed load baseline (the remaining sites exceeded the 
fixed load baseline CLCPC with just one BESS unit). Other variables tested to complete 
Performance Objectives #1-#4 are shown in Table 17 below. 

Table 17. Supplemental Reliability Simulation Scenarios 

Variable Changes to Baseline 
# of DG units available N, 0 (for no fuel cases) 
PV available 100%, 0% 
% of Critical Load 100%, 130%, 30%, 10% 
BESS available 1 unit, 2 units (March ARB only) 

(sizing configurations based on external analysis) 

 

The availability of on-site PV generation impacts the probability of serving critical load during 
any potential outage block. It is well characterized in the PV industry that solar PV production 
varies seasonally and annually based on weather. To account for this, the PV data utilized was 
generated using a standard method of averaging Typical Meteorological Year (TMY) based 
weather data to project an average PV generation profile over a 30-year basis. However, since 
the availability of PV at the start of an outage is highly dependent on the cause of that outage, it 
is more difficult to determine how to incorporate PV in the microgrid reliability modeling. If the 
outage is induced by severe weather, it is likely that the PV will produce no energy for potentially 
multiple days, before potentially returning to production once a storm has passed. This specific 
available profile, however, would be very dependent on-site location, strength of the storm, 
duration of the storm, any potential damage to PV equipment, and a number of other variables. 
On the other end of the spectrum, an outage that may be caused by a non-weather-related event 
such as a cybersecurity threat or utility side of the meter fault may have no impact to PV 
production at all. 
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Given the wide range of possible outcomes that could occur given these variables, our team 
decided it would be most useful to assess situations with the expected amount of PV and no PV at 
all. This then provides a range of probability of load coverage within which any scenario would 
fall. Although this approach doesn’t address specific variability of PV within a given possible 
scenario, it quantifies the PV related risk and its impact to probability of load coverage that 
installations should understand and plan for. 

Since the primary purpose for the BESS is to provide support in the event of a utility outage, and 
because an outage can theoretically occur at any time, the amount of energy reserved for microgrid 
support (thus, not made available for grid tied use) is an important determination. The assumption 
that the BESS is able to charge from excess solar PV and DG capacity in the reliability model, 
therefore, has implications on the amount of energy available for grid tied operation. A reliability 
model was run for each of the sites with the BESS units starting the outage with zero energy to 
quantify the impact on the CLCPC. For all of the sites except for March ARB, the BESS units were 
recharged during the outage from the excess capacity and there was minimal impact to the CLCPC. 
The impact at March ARB was more significant, however, and the CLCPC dropped below the fixed 
load baseline. Subsequent analysis referred back to the DG characterization and found that this was 
likely due to the fact that the Nth DG at this site was needed for nearly three times as many hours as 
any of the other sites, indicating that if a BESS were to replace the DG, it would not be able to 
recharge enough to provide adequate critical load coverage. This finding suggests that the minimum 
state of energy allowed for the grid tied model at March ARB should not be reduced, while the other 
sites were able to use their full energy capacity for grid tied operation. 

Constraints of our reliability modeling include the lack of data available for key failure statistics 
for flow batteries. We had conversations with vendors to better understand how the systems 
operate and what the failure characteristics are, however, reliability metrics are not yet readily 
available for these systems. This is partially because not enough systems have been commercially 
deployed and operated for the length of time required to collect the data to quantify such metrics. 
We therefore used the availability metric, which is provided by vendors, to derive the reliability 
metrics needed to simulate the microgrid reliability scenarios. 

5.4 GRID TIED MODELING METHODOLOGY 

The BESS size and number of units determined through the reliability modeling was taken as the 
minimum configuration to be modeled in grid tied operation. However, in order to take further 
advantage of the monetizable use cases available to behind the meter energy storage, several other 
sizes of BESS were considered. This included BESS durations from 1 to 10 hours. Durations of 1 
to 4 hours were designated as Li-Ion BESS units, and durations more than 4 hours were designated 
as VRF BESS units.  

The available use cases available to each site were also identified based on the utility rate structure 
and wholesale market region (note: while NAS Corpus Christi is geographically within the 
ERCOT wholesale market region, our research indicated that wholesale use cases in ERCOT are 
not currently available to energy storage assets located behind the meter). The use cases evaluated 
in this study include retail billing savings from demand charge management and time of use energy 
arbitrage, as well as wholesale market revenues from operation in the energy markets (day-ahead 
and real-time), spinning reserves, and frequency regulation. Section 6.4 contains a table showing 
the available use cases for each site modeled.  
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Of these two categories, retail billing savings are the more predictable source of value since the 
rates are typically stable and known well in advance. Thus, BESS operation through the course of 
the day can be more readily planned for to ensure there is enough energy capacity. Wholesale 
markets, on the other hand, are variable by nature and have significantly more uncertainty in their 
pricing and operational dispatch, causing the amount of revenue that can be achieved from BESS 
operation to also vary. Given this fundamental difference between retail and wholesale use cases, 
retail billing savings were prioritized for grid tied modeling. During times in which these use cases 
were not available, wholesale market use cases were added (as appropriate and available) to stack 
additional value. It is recognized that participation in certain wholesale market products requires 
must offer obligations for the times the asset bids into the market. To ensure we did not model 
retail operation that conflicted with wholesale market participation, our approach focused on only 
planning to bid into wholesale markets during hours when no retail billing savings operation was 
to be performed. 

To determine what, if any, minimum state of energy was required for grid tied operation, our team 
assessed the impact of entering an islanding period with a fully discharged BESS at 0% SOC. 
Since the BESS is not intended to be used for islanding support, which is the UPS’s responsibility, 
the main objective was to verify if letting the BESS SOC deplete to zero compromised the ability 
to meet the required reliability performance metric. For each site, the microgrid reliability models 
were run with the BESS assumed to have 0% SOC at the beginning of each outage block. The 
BESS would then immediately be allowed to charge from any available PV generation capacity or 
surplus DG generation capacity from DG units that were not required to immediately generate to 
serve the requisite amount of critical load. This work showed that for all sites except March ARB, 
it was acceptable to allow the BESS to discharge to 0% SOC during grid tied operation without 
compromising microgrid performance. For March ARB, a 50% minimum SOC limit during grid 
tied operation was needed to ensure no impact to reliability performance. 

During grid tied operation, the specific charging and discharging profile of the BESS is dependent 
on use case operation. These use cases are described below. Generally speaking, for all use cases 
except regulation, the BESS was programmed to charge during low price or low demand times 
and discharge during high price or high demand times. For regulation dispatch, charging and 
discharging of the BESS was modeled to follow a historical understanding of the ISO’s frequency 
regulation signal. During all grid tied modeling the provided hourly TMY PV generation data was 
assumed to be available. The grid tied operational model first reduced the site demand by the 
hourly PV availability, and then modeled BESS operation against the post-PV expected demand 
profile. 

Ameresco studied each site’s utility rate conditions as well as the rules and operating requirements 
of available wholesale market products where relevant. This allowed us to determine a use case 
stack for each site as shown in Table 18. This stack is summarized by the following table. The 
available value creation use cases that were identified included Retail DCM, Retail TOU Energy 
Savings, Wholesale Energy market participation co-optimized with Wholesale Synchronous 
Reserves, and Wholesale Regulation. We then worked to enhance the modeling capabilities of the 
AESOP tool to be capable of simulating those use cases. This primarily involved expanding our 
existing DCM and Regulation modeling functionality, and adding the new use cases of Retail 
TOU, Wholesale Energy, and Wholesale Reserves. 
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Table 18. Grid Tied Use Case Stacks for Each Site 

 

Next, we determined the appropriate battery system sizes to model under grid-tied conditions to 
quantify the value each system could generate for each site, considering both VRF and Li-Ion 
equipment solutions. We approach sizing of possible configurations by making sure the full BESS 
rated power and energy capacity met the microgrid requirements, had a power capacity appropriate 
to replace one DG for each site, and assessed rated durations from 1 to 10 hours. It should be noted 
that systems with durations of 1 to 4 hours are Li-Ion technology and those with 6 to 10 hours of 
duration are VRF technology. Finally, we confirmed that since we are allowed to charge the BESS 
from DG, we can allow the grid tied operation of the BESS to use the full range of rated energy 
capacity for all sites except March ARB without impacting reliability performance. For March 
ARB, it was determined we needed to always reserve 3,509 kWh for the microgrid, thus the 
system’s energy capacity was oversized by 50% for grid tied operation. This verification step was 
completed by running Monte Carlo reliability simulations with initial BESS state of Energy of 0 
kWh and comparing to the simulations with a 100% initial BESS SOE. 

5.4.1 Retail Use Cases 

The retail utility rate structure for each location modeled was programmed into AESOP to enable 
utility costs to be calculated for the baseline and post-BESS operation cases, the difference 
between which is the savings. Many utility rate structures have certain hours of the day specified 
as higher priced demand and energy hours and are the time periods targeted for demand charge 
management and energy arbitrage. This was true for some of the sites’ energy charges, however, 
it is notable that all of the sites modeled had a non-coincident demand charge, meaning that the 
maximum utility demand at any hour over a given month is billed at the demand rate.  For sites 
that have particularly peaky loads where the peak demand in a month is much greater than the 
average demand, BESS operation can be quite effective for managing those costs 

Demand charge management was modeled by dispatching the BESS during times of high demand 
to maintain a reduced level of maximum utility import at the given site. This was done on a 
monthly basis to generate meaningful savings over the year. Energy arbitrage was modeled by 
dispatching the BESS when there was a large enough difference in the higher and lower priced 
energy time periods to create savings (discharging during the higher priced time period and 
recharging during the lower priced time period) despite the energy losses due to the round trip 
efficiency. 

Site ISO Retail DCM Retail TOU Wholesale Energy Wholesale Reserves Wholesale Regulation

Westover ARB ISO-NE ● ● (1) ● ● ●

NAS Patuxent River PJM ● ● ● ●

NAS Corpus Christi ERCOT ●

Fort Bliss N/A ● ●

March ARB CAISO ● ● ● ●

1 Requires 80% RTE to be economically justified. Applicable to Li-Ion, not Flow.
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5.4.2 Wholesale Use Cases 

While wholesale market rules in different control areas are often nuanced and participation models 
for storage are still in the development process, we modeled these use cases from the standpoint 
of a behind the meter distributed energy resource, which has different nomenclature used from 
market to market. A threshold offer price was determined using the calculated cost to recharge the 
BESS, and it was assumed that the BESS “cleared” the market when the day-ahead price rose 
above the offer price. For hours in which the BESS did not clear in the day-ahead market, the same 
offer price was used to determine if the BESS cleared in the real-time market. If the BESS cleared 
in either of these markets, a comparison was made between the cost to perform in the market and 
the expected hourly wholesale value. A decision of whether or not to operate was then made based 
on this relative cost comparison. If the BESS did not clear either market, it was assumed to be 
placed in the Spinning Reserves market and collect revenue accordingly.  

For the frequency regulation use case, the offer price was set to zero to make the BESS a price 
taker and improve its chances of clearing the market. The reason for this is that the regulation 
signal in ISO-NE and PJM, the two markets in which frequency regulation was simulated, is 
conditionally neutral and allows the BESS to maintain at a higher state of energy for longer periods 
of time, thus allowing it to stay in the market. This is not the case in the energy market, in which 
the BESS depletes its energy within a handful of operational hours. 

Regulation pricing is cleared hourly by the market is in inherently variable based on energy market 
conditions. There are a number of factors that could influence the direction of regulation market 
pricing over short- and long-term outlooks. These include electricity and gas pricing, weather, 
market competition, and the saturation levels of variable generation resources on the grid. Future 
pricing could increase or decrease based on these conditions and how they may different from 
region to region. Therefore, it is not accurate to simply assume a marginal escalation rate in the 
annual value of this revenue stream, as may be assumed for inflation or other economic factors. 
As such, our team made the decision to not include any escalation or degradation in regulation 
value in our 20-year economic modeling. 

Simulations were performed in AESOP for the various BESS sizes and use cases. Where possible, 
multiple use cases were combined, or stacked, together to create multiple value streams from 
operation of the BESS. The characteristics of the BESS, such as round-trip efficiency and auxiliary 
load requirements, were also tailored to the technology being simulated (i.e. Li-Ion or VRF BESS). 
At all sites, the BESS was assumed to not be allowed to export electricity back to the utility grid, 
and thus all operation is at most able to reduce the utility import to zero across all use cases. 

It is noted that the economic value modeled through the grid tied modeling assumed perfect 
knowledge of the site load, solar PV generation, and wholesale market pricing provided by ESTCP 
(we supplemented this data for the frequency regulation use case with dispatch signal data 
available from the ISO-NE and PJM websites). In a real-world situation, these data would not be 
perfectly known in advance and BESS operation would need to rely on a combination of 
forecasting and real-time response from the BESS. This is particularly true when trying to stack 
value streams from multiple use cases and creates a need to account for the uncertainty in use case 
economic value. Nevertheless, the modeling results discussed here do provide a meaningful 
indication of the value potential that the BESS can have. See Appendix A.2 for a list of all input 
assumptions used in the modeling. 



 

42 

5.4.3 System Size Selection 

The microgrid power and energy requirements define how much power and energy a BESS needs 
to be capable of providing support to the microgrid but does not define the optimal full BESS 
system size. This full system size is defined by the nameplate Rated Power Capacity (kW) and 
Rated Energy Capacity (kWh). To determine this for each site, a set of six system sizes was 
established for each installation with rated durations ranging from 1 hour to 10 hours. 

Our team’s intention was to determine the smallest set of BESS systems that was sized to replace 
a single DG and also met the microgrid power and energy requirements. This required scaling 
the amount of power or energy capacity, depending on which parameter was the limiting factor 
in relation to the DG capacity.For example, at Westover ARB the DG capacity is 750 kW, the 
microgrid power requirement was calculated as 207 kW, and the microgrid energy requirement 
was calculated as 207 kWh. With the DG size being the limiting design parameter, we 
established the Rated Power Capacity of each BESS to be 750 kW, and then scaled energy 
capacities from 1-hour duration (750kWh) to 10 hour duration (7500 kWh). This is shown in 
Table 19 below. For NAS Patuxent River, however, the rated energy capacity was the limiting 
design metric. The DG size was again 750 kW, but the microgrid power and energy requirements 
needed to replace the least running DG were calculated as 514 kW and 6,958 kWh, respectively. 
We therefore set the rated energy capacity of each BESS to 7,000 kWh, and scaled power from 
7,000 kW (1 hour duration) down to 700 kW (10 hours). It should be noted that, had the 10-hour 
system with 700 kW been the preferred VRF size, we would have only taken capital expense 
credit for 700 kW of DG capacity. We felt this would be prudent since it would not be a fair 
replacement and unjustified to claim the value of the full DG capacity. However, this situation 
did not materialize as it was not the preferred system size. A unique exception to this process 
was at Fort Bliss, where it was observed that the one-hour solution did not have sufficient energy 
capacity to meet the microgrid minimum energy requirement. As such, that size was not selected 
for grid tied value characterization. 
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Table 19. Summary of All Modeled BESS Sizes 

 

 

Since the unit cost of VRF battery equipment is understood to be significantly higher than Li-Ion, 
and the round trip efficiency and auxiliary system loads of VRF are higher than Li-Ion, it would 
not be possible for a VRF battery with one to four hours of duration to provide better project 
economics than Li-Ion systems with one to four hours of duration. Such a VRF system would have 
a higher implementation cost and lower annual value in all cases. Therefore, there was no 
justification in modeling the VRF technology’s grid tied operation for those system sizes. 

Similarly, Li-Ion systems with rated durations beyond 4 hours are not available to the best of our 
knowledge. As such, only VRF systems were modeled for durations of greater than 4 hours. 

  

DG Capacity 
(kW)

uGrid Power Req. 
(kW)

uGrid Energy Req. 
(kWh) uGrid Start SOE Req.

Power Capacity 
(kW)

Energy Capacity 
(kWh) Duration (Hours)

750 750 1
750 1500 2
750 3000 4
750 4500 6
750 6000 8
750 7500 10

DG Capacity uGrid Power Req. uGrid Energy Req. uGrid Start SOE Req. Power Capacity Energy Capacity Duration (Hours)
7000 7000 1
3500 7000 2
1750 7000 4
1167 7000 6
875 7000 8
700 7000 10

DG Capacity uGrid Power Req. uGrid Energy Req. uGrid Start SOE Req. Power Capacity Energy Capacity Duration (Hours)
7300 7300 1
3650 7300 2
1825 7300 4
1217 7300 6
913 7300 8
730 7300 10

DG Capacity uGrid Power Req. uGrid Energy Req. uGrid Start SOE Req. Power Capacity Energy Capacity Duration (Hours)
2000 2000 1
2000 4000 2
2000 8000 4
2000 12000 6
2000 16000 8
2000 20000 10

DG Capacity uGrid Power Req. uGrid Energy Req. uGrid Start SOE Req. Power Capacity Energy Capacity Duration (Hours)
7000 7000 1
3500 7000 2
1750 7000 4
1167 7000 6
875 7000 8
700 7000 10

March ARB (2 
BESS Units) 250 250 3509 3509

Fort Bliss
2000 507 3574 0

NAS Corpus 
Christi 750 659 7294 0

NAS Patuxent 
River 750 514 6958 0

0207207750
Westover ARB
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6.0 PERFORMANCE ASSESSMENT 

This section documents the methodology of how we analyzed results and the microgrid and grid 
tied analysis results for the five installations under investigation. All aspects of microgrid 
reliability modeling and grid tied modeling discussed in Section 5.0 were completed. 

As previously mentioned, our analysis focused on replacing the least running DG at each site with 
a BESS. “Least running” refers to the DG with the lowest expected energy generation during 
outage scenarios, not including the N+1 DG which would be maintained for redundancy. We sized 
this BESS by first characterizing the expected run time of each DG in the variable load DG-only 
microgrid. This then gave an indication of the minimum power and energy requirements a BESS 
would need to be capable of offering to the storage enabled microgrid. These are considered 
“design requirements” but do not directly infer the final proposed BESS system size. Finally, 
various BESS sizes, defined by rated power capacity (kW) and rated energy capacity (kWh) 
configurations that are suitable for each technology were modeled for grid tied operation. These 
are summarized in Table 19 above. Results of this grid tied operation informed selection of the 
final BESS system size for each site, which are tabulated in Table 21. 

6.1 RELIABILITY METHODOLOGY 

In order to conduct the performance assessments and calculate the CLCPC for each storage-
enabled microgrid, we needed to simulate operation of the microgrid as an integrated system over 
a course of time, the 168-hour outage window, in which each time step affected the next. After 
studying modeling of microgrid performance in previous publicly available research, we 
determined that Monte Carlo simulation was the favored approach in this type of context.  

Additionally, the Monte Carlo simulation allowed us to manage the complexity of tracking across 
each hour the state of charge of the battery – its increases due to excess supply by the DG units or 
decreases due to the need of the Critical Load. This calculation was tracked for every hour in a 
168-hour outage that could start in any given hour in a year, resulting in 8760 scenarios. 

In order to ensure model accuracy, we ran 100 iterations of the simulation for each scenario. Given 
the density of these calculations, the Python programming allowed us to make the calculations 
extremely efficient. 

The Monte Carlo simulation was set up to be able to derive the CLCPC curve for: 

• the baseline microgrid, using both the fixed load baseline and variable load DG-only 
scenarios 

• the baseline microgrid with PV available, including in various reliability scenarios 

• the storage-enabled microgrid 
The storage-enabled microgrid simulation was run as described in Section 5.3.  

See Appendix A.2.1 for a detailed explanation of the reliability model. 
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6.2 RELIABILITY ASSUMPTIONS 

Assumptions used in the modeling are listed in Appendix A.2. Of note are the reliability 
assumptions for the BESS units – failure to start (Pfs) and failure to run (Pfr). These assumptions 
were derived after conducting due diligence with the VRF equipment vendors. Since Li-Ion 
technology was not part of the scope of microgrid modeling, reliability metrics for Li-Ion were not 
calculated. 

Operational information was obtained for a 500 kW/ 6,000 kWh VRF BESS that had 1.5 years of 
field operation and an availability of 93% over the 18-month period. Though very limited 
information was available, and details on the specific failures modes that led to the 7% downtime 
could not be provided, enough information was provided to estimate a MTBF for a grid scale VRF 
system similar to the technology under investigation. Table 20 summarizes the calculation steps 
used to determine the assumed MTBF used in reliability modeling of this project. 

Table 20. VRFB MTBF Calculation Summary 

Metric Value Unit 
Operational Field Time 1.5 Years 
Hours of Field Deployment 13,140 Hours 
System Operator Stated Availability 93% % 
Hours Available 12,220 Hours 
Hours Unavailable 919.8 Hours 
Hours of Planned Maintenance (based on vendor stated 80 
hours of annual PM) 

120 Hours 

Hours of Unplanned Downtime 799.8 Hours 
Assumed Average Time to Repair Per Failure 12 Hours 
Calculated Estimate of Quantity of Failures During 
Performance Period 

12 Failures in 1.5 Years 

Calculated Mean Time Between Failure 1095 Hours 

 

The data seemed reasonable, as compared to both the vendor’s marketed claim of 95% as well as 
understanding the likelihood of failure for battery technology. Using this availability data, we were 
able to derive a value for Pfs and MTBF, which dictates Pfr2, by incorporating an assumed mean 
time to repair (MTTR) and planned maintenance outages. We assumed 72 hours (3 days) to repair 
a failure, based on 1 day to diagnose the issue, 1 day to ship parts and people to the site, and 1 day 
to resolve the issue. We then assumed 80 hours of annual preventative maintenance, as suggested 
by the technology vendor. Utilizing these assumptions yields an MTBF of 1095 hours. This seems 
reasonable given it is less favorable than DG performance, which is to be expected of a less mature 
technology.  

 

2 Per ESTCP calculations for DG reliability, Pfr = 1-exp(-t/MTBF) 
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It is important to note that the root causes of a failure to start or operate for a battery system are 
significantly different than those of a diesel generator. Moreover, failure mechanisms of a VRF 
could be different from failure of a Li-Ion battery asset given their differences in design and 
operation. Battery systems are inverter-based assets coupled with DC storage units, with integrated 
controls and communication systems to manage safe operation aligned with the desired use case. 
For a VRF battery, failures could stem from an issue with the controller or BMS that may bring 
the system to an unavailable state until rectified. Failures could also arise from an equipment issue 
with one or more bi-directional inverters associated with the system, or from an issue related to 
the various DC sub-systems and components. For a VRF battery, this could be related to a pump 
fault or issue with a power stack within the DC storage system. However, failures related to these 
inverter or DC system issues may not result in a complete failure of the system given the 
modularity of most advanced battery system designs. A fault of one component related to the DC 
storage system may just reduce the available energy or power capacity of the system. If a system 
has multiple inverters, an inverter fault should only make that inverter power capacity and its 
related DC storage capacity unavailable, but the rest of the system should still be operable. Thus, 
complete failure of a battery system would likely only materialize because of a controls and 
communications issue or if all inverters associated with the system failed to operate. 

We can further extrapolate likely Pfs using the calculated MTBF, assumed MTTR and planned 
maintenance hours by simulating outages, planned and unplanned, into a 5-year simulated 
operation model. Doing so indicates a Pfs of somewhere between 1.0% and 1.1%. We proceeded 
with an assumption of 1.0% for Pfs, which would imply about five times as many start failures as 
the DG units, which seemed reasonable given the immaturity of the technology. 

The data from our calculation of Pfs is shown in Appendix A.2.2. This method assumed that over a 
time period of 43,800 hours (five years), the VRF BESS should be available 40,734 hours based on 
an expected 93% equipment availability. Our objective was to create an hourly time series model to 
back calculate this availability using reasonable operating assumptions of the system. We assumed 
72 hours for mean time to repair after a failure, and 400 hours of total planned maintenance time over 
five years. We also assumed that each time the asset starts, it runs for 12 hours continuously and then 
is on standby for 6 hours at a time. This was intended to mimic typical operation of a battery in peak 
shaving or frequency regulation – two common use cases. The hourly calculations use these 
assumptions to project for each hour if the system is running, is in standby, or has failed to start or 
failed to run based on a Pfs input and an assumed MTBF of 1,095 hours as calculated above. Using 
this Microsoft Excel based calculation tool, we iterated the Pfs metric until the calculated availability 
matched the expected 40,734 hours available with as much accuracy as the tool would allow. This 
yielded a calculated Pfs between 1.0% and 1.1% to match a VRF BESS system with 93% availability. 

6.3 MICROGRID RELIABILITY PERFORMANCE 

At all five installations, VRF BESS enabled microgrid configurations were established that met 
the minimum reliability requirement as summarized in Table 21. Scenarios that did not 
successfully pass were not included in the final cost assessment modeling (examples of scenarios 
that were not able to pass included microgrid configurations where redundancy of the BESS was 
not sufficient). This means that the BESS enabled microgrid’s probability of covering 100% of the 
hourly specified critical load with no PV available met or exceeded the baseline (DG only) 
microgrid’s coverage under the fixed peak load conditions (the fixed load baseline) at every hourly 
point along the CLCPC. The CLCPCs for all installations are included in Appendix A.3.2. 
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Table 21. Microgrid DG+BESS Configurations 

Westover ARB: (3) 750 kW DG + (1) BESS of at least 207 kW/207 kWh 
NAS Patuxent River: (11) 750 kW DG + (1) BESS of at least 514 kW/6958 kWh 
NAS Corpus Christi: (6) 750 kW DG + (1) BESS of at least 659 kW/7264 kWh 

Fort Bliss: (7) 2000 kW DG + (1) BESS of at least 507 kW/3574 kWh 
March ARB: (3) 250 kW DG + (2) BESS of at least a combined 250 kW/3509 kWh 

 

Table 22 below shows the performance results for the BESS enabled microgrids with and without 
PV included. It also shows, the percentage increases of the BESS enabled microgrid’s coverage at 
168 hours. The sites exceeded the reliability requirement by between 2 to 22%. However, it is 
important to note that comparing the BESS enabled microgrid performance under the hourly 
variable load profile against the DG only microgrid under the fixed peak load profile (the fixed 
load baseline used as the performance requirement) is not a fair or direct comparison. The fixed 
peak hourly load profile is an extreme scenario where the site’s annual peak load occurs every 
hour of the year – which would likely never happen – and thus requires maximum operation of the 
generating assets yielding higher probabilities of failure. Table 22 also shows that when the BESS 
enabled microgrid is directly compared to the DG only microgrid under the same variable load 
profile, its performance is worse in all cases by between 1.5% to 3.0% without PV. If PV is 
included, the performance exceeds the variable load DG-only case at NAS Patuxent, NAS Corpus 
Christi, and March ARB but still is worse at Westover and Fort Bliss. Figure 11 plots the critical 
load curves illustrating this comparison for Westover ARB. Full page CLCPCs for all sites are 
provided in Appendix A.3.2. 

Table 22. Table of 100% CL Reliability Results 

 

 

Site Requirement DG Only Baseline DG+BESS Delta to Req. Delta to DG Only
Westover 0.95076 0.99584 0.9717 2.09% -2.41%

NAS Patuxent 0.67368 0.92723 0.90028 22.66% -2.70%
NAS CC 0.85815 0.94125 0.92551 6.74% -1.57%

Fort Bliss 0.82253 0.98647 0.95656 13.40% -2.99%
March ARB 0.95076 0.97867 0.95125 0.05% -2.74%

Site Requirement DG Only Baseline DG+BESS Delta to Req. Delta to DG Only
Westover 0.95076 0.99584 0.97474 2.40% -2.11%

NAS Patuxent 0.67368 0.92723 0.96962 29.59% 4.24%
NAS CC 0.85815 0.94125 0.97726 11.91% 3.60%

Fort Bliss 0.82253 0.98647 0.96648 14.40% -2.00%
March ARB 0.95076 0.97867 0.98326 3.25% 0.46%

100% CL NO PV 168 Hr Probabilities

100% CL Expected PV 168 Hr Probabilities
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Table 22 reports results of scenarios that include differing amounts of critical load and generation 
assets. The “Requirement” scenarios refer to the minimum performance requirement for adequate 
system reliability. This was calculated under a scenario where the hourly critical load was always 
equal to the site’s annual peak critical load (the fixed load baseline), and all load was served by 
only DG assets. The “DG Only Baseline” scenario assumed a variable hourly critical load profile 
(the variable load DG-only scenario) and all such load was served only by DG assets. Finally, the 
“DG+BESS” scenarios also assumed a variable hourly critical load profile, but one DG asset was 
replaced by a VRF BESS. 

 

Figure 11. Westover ARB CLCPC for 100% Critical Load Scenarios 

To assess the impact to reliability of higher than expected load, the same process was used to 
model critical load coverage of each installation against a 130% critical load profile. This means 
the hourly critical load profile was 30% higher for each hour of the year than the 100% critical 
load profile previously discussed. 

Table 23 summarizes these 130% critical load coverage results. In all cases the coverage at 168 hours 
is significantly reduced as compared to the 100% critical load profile and does not meet the fixed 
load baseline requirements. This ranges from 14% worse at March ARB to over 60% worse at NAS 
Patuxent River, implying that each site has a different sensitivity to maintaining reliability under 
higher than expected load conditions. This is a result of the shape of the load profile and the 
percentage of critical load, which determines how many assets need to operate to serve all critical 
loads. Sites with more stringent critical load requirements will naturally have more assets running to 
serve that load. If load then grows to a level higher than expected, the probability of failure increases. 
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Table 23. Table of 130% CL Reliability Results 

 

An example CLCPC for Westover ARB is provided in Figure 11, with the remainder provided in 
Appendix A.3.2. 

The final set of reliability cases that were explored were under the condition of no diesel fuel 
supply and subsequently no DG availability. In all other cases, the diesel fuel supply was assumed 
to be infinite per guidance from the ESTCP program. The no diesel fuel supply scenarios assessed 
conditions with 10% and 30% of the expected critical load for each site. The probability of 
covering the requisite amount of critical load was calculated through 168 hours. Performance was 
assessed at 1 hour and 24 hours. 

As expected, absence of the diesel generators significantly hampers, or eliminates, the ability to serve 
critical load during microgrid operation. The magnitude of critical load that can be served is 
dependent upon the availability of PV generation and the state of charge of the BESS at the time the 
islanding event begins. Situations in which the outage is not weather induced and begins during the 
day increases the probability that critical load can be served for a longer duration, as PV can directly 
serve load or charge the BESS if surplus capacity is available. The ability to serve load when outages 
begin at night is more difficult and strictly dependent on the state of energy of the BESS. 

Reliability models for all previously described scenarios assumed the BESS had 0% SOE at the 
beginning of the outage and could then immediately be charged by surplus DG capacity. For the 
no diesel fuel and PV scenario with a BESS starting the outage at 0% SOE, it is an obvious 
conclusion that no critical load could ever be served during the outage. As such, this situation was 
not modeled. For situations where no DG nor PV is available, it was therefore determined to 
assume the BESS was fully charged at the start of the outage to characterize the longest amount of 
time critical load could be served. As expected, the microgrid at Westover ARB installation 
required a smaller BESS configuration due to the relatively infrequent operation of the last-running 
(or the Nth) DG unit. All other sites required BESS durations (kWh/kW ratios) in excess of 7 
hours, with over 14 hours needed in the case of March ARB. The calculated BESS power and 
energy requirements for each site are shown in Table 24. 

In the alternative technical scenario for 130% critical load, most microgrid systems performed 
fairly well, in excess of 70% probability of covering load in the 168th hour of an outage event.  

These probabilities are further improved with 100% production of the PV available during such 
expected scenarios. In the alternative technical scenario of no fuel for the DG, the BESS-only 
systems have a reasonable probability of performing in most cases up to 10 hours, especially for 
the 10% critical load scenarios. These probabilities are further improved with 100% production of 
the PV available during such expected scenarios. 

Site No PV Delta from 100% Expected PV Delta from 100%
Westover 0.81173 -16.0% 0.84147 -13.3%

NAS Patuxent 0.29558 -60.5% 0.47233 -49.7%
NAS CC 0.45154 -47.4% 0.74379 -23.3%

Fort Bliss 0.66019 -29.6% 0.72321 -24.3%
March ARB 0.81098 -14.0% 0.92999 -5.3%

130% CL 168 Hr Probabilities
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Table 24. Calculated Microgrid BESS Requirements for Each Site 

 

6.4 VRF AND LI-ION GRID TIED BESS PERFORMANCE 

Once reliability modeling was complete, the next step was to model grid tied operation of multiple 
battery system sizes for each site, following the methodology described in Section 5. The goals of 
this step were to determine what the optimal BESS system size is for each site to quantify how 
much value a BESS could generate through utility billing savings and wholesale energy market 
opportunities. 
The array of 30 unique system sizes described in Section 5 were modeled to simulate expected 
grid tied operation. This allowed for determination of expected annual value (savings and revenue) 
for each BESS option. For each system size, we estimated implementation cost and annual 
operation expenses based on Ameresco’s experience developing and operating these battery 
systems. This allowed for assessment of economic viability of each option to determine the BESS 
size that provided the best opportunity for economic viability at each installation. Our team 
selected the optimal system size for a VRF and Li-Ion BESS at each site to allow comparison of 
each storage technology. 

For example, at Westover ARB simulation data from our AESOP model runs were analyzed to 
assess simple payback based on assumed costs and calculated value for three Li-Ion system sizes 
and three VRF system sizes. The use case stacks included all feasible combinations of demand 
charge management, retail time of use arbitrage, wholesale energy coupled with reserves, and 
wholesale frequency regulation. For the VRF systems, retail time of use energy arbitrage was not 
modeled since the round-trip efficiency of the technology is too low compared to the on peak and 
off-peak delta in utility energy rates to make that use case value positive. Figure 12 below provides 
an example chart that is generated from the output data of our AESOP grid tied modeling tool. 

 

Units Westover Patuxent River NAS CC Fort Bliss March ARB
Microgrid Minimum Power Requirement kW 207 514 659 507 250
Microgrid Minimum Energy Requirement kWh 207 6958 7264 3574 3509
Number of BESS Units Required # 1 1 1 1 2
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Figure 12. Example Plot of AESOP Modeled BESS Operation 
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Analysis of grid tied modeling results informed down-selection to a single Li-Ion and single VRF 
BESS for each of the five installations, as well as the preferred use case stack for each system. 
Table 25 summarizes these down-selections and notes the lower SOE limit required during grid 
tied operation to maintain the microgrid reliability performance previously described. 

Table 25. Down-selected BESS System Sizes for Each Installation 

 

 

To make this down-selection, we estimated simple payback of each configuration using estimated 
system implementation cost, AESOP calculated annual value, and estimated annual operating 
expenses. Cost assumptions used for these calculations are described in Section 7. By way of 
example, Table 26 shows these results for the array of system sizes and use case stacks for 
Westover ARB. For Westover ARB, Li-Ion estimated implementation costs ranged from $0.76 to 
$2.1 M and were modeled to have the potential for between -$5,000 to $88,000 in annual value. 
Annual operating costs were estimated to range from $9,000 to $30,00 for Li-Ion systems. For the 
VRF systems at this site, estimated implementation costs ranged from $3.6M to $5.9M, but annual 
value ranged from -$11,000 to $44,000. Annual operating costs for the VRF technology were 
estimated to range from $22,000 to $44,000. From this array of system size options, we down-
selected to the 750 kW – 750 kWh Li-Ion system and the 750kW – 4,500 kWh VRF system, with 
Frequency Regulation as the preferred use case for each technology.  

The following tables summarize modeled annual value potential for a BESS participating in a 
variety of use cases. These include: demand charge management (DCM); retail energy time of use 
management (ENTOU); wholesale market frequency regulation (FR); and wholesale energy and 
reserves (Wholesale E&R). 

 

 

Rated Power Rated Energy Lower SOE
kW kWh kWh
875 7,000 3509 DCM+WH E&R

3,500 7,000 3509 DCM+WH E&R
1,217 7,300 0 DCM
3,650 7,300 0 DCM
2,000 12,000 0 DCM
2,000 4,000 0 DCM
750 4,500 0 FR
750 750 0 FR

1,167 7,300 0 DCM+WH E&R
3,500 7,000 0 DCM+WH E&R

NAS Corpus 
Christi

Fort Bliss

Westover ARB

NAS Patuxent 
River

Installation
Grid Tied Use 

Case Stack

March ARB
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Table 26. Westover ARB Grid Tied Modeling Results Summary 

Power 
Capacity 

(kW) 

Energy 
Capacity 

(kWh) 

Assumed 
Imp. Cost 

Use Case Stack Modeled 
Annual 
Value 

Est. Annual 
O&M 
Costs 

Simple 
Payback 

Li-Ion BESS Sizes 
750 750 $756,250 DCM + ENTOU + FR $24,514 $13,352 68 
750 1500 $1,225,000 DCM + ENTOU + FR $23,890 $14,838 136 
750 3000 $2,162,500 DCM + ENTOU + FR $26,758 $18,958 278 
750 750 $756,250 DCM + ENTOU $19,429 $9,750 79 
750 1500 $1,225,000 DCM + ENTOU $25,860 $12,000 89 
750 3000 $2,162,500 DCM + ENTOU $30,536 $16,500 155 
750 750 $756,250 DCM + FR $43,585 $18,533 31 
750 1500 $1,225,000 DCM + FR $40,395 $19,143 58 
750 3000 $2,162,500 DCM + FR $39,624 $22,295 125 
750 750 $756,250 DCM $17,508 $9,750 98 
750 1500 $1,225,000 DCM $30,943 $12,000 65 
750 3000 $2,162,500 DCM $36,447 $16,500 109 
750 750 $756,250 ENTOU $3,638 $9,750 NEG 
750 1500 $1,225,000 ENTOU $3,493 $12,000 NEG 
750 3000 $2,162,500 ENTOU (-$4,888) $16,500 NEG 
750 750 $756,250 FR $85,420 $23,736 13 
750 1500 $1,225,000 FR $87,227 $26,265 21 
750 3000 $2,162,500 FR $88,215 $30,887 38 
750 750 $756,250 DCM + ENTOU + 

Wholesale E&R 
$25,832 $11,330 53 

750 1500 $1,225,000 DCM + ENTOU + 
Wholesale E&R 

$31,048 $13,554 70 

750 3000 $2,162,500 DCM + ENTOU + 
Wholesale E&R 

$35,158 $18,077 127 

750 750 $756,250 DCM + Wholesale E&R $28,887 $12,312 46 
750 1500 $1,225,000 DCM + Wholesale E&R $33,295 $14,350 65 
750 3000 $2,162,500 DCM + Wholesale E&R $38,510 $18,748 110 
750 750 $756,250 Wholesale E&R (-$2,667) $15,008 NEG 
750 1500 $1,225,000 Wholesale E&R (-$5,419) $17,531 NEG 
750 3000 $2,162,500 Wholesale E&R (-$1,411) $22,268 NEG 

Vanadium Redox Flow BESS Sizes 
750 4500 $3,685,000 DCM + FR (-$7,410) $24,128 NEG 
750 6000 $4,817,500 DCM + FR (-$6,231) $28,223 NEG 
750 7500 $5,950,000 DCM + FR (-$8,808) $32,053 NEG 
750 4500 $3,685,000 DCM $5,266 $21,000 NEG 
750 6000 $4,817,500 DCM $4,884 $25,500 NEG 
750 7500 $5,950,000 DCM $3,350 $30,000 NEG 
750 4500 $3,685,000 FR $44,125 $35,141 411 
750 6000 $4,817,500 FR $44,575 $39,693 987 
750 7500 $5,950,000 FR $44,482 $44,137 17,255 
750 4500 $3,685,000 DCM + Wholesale E&R $11,016 $22,444 NEG 
750 6000 $4,817,500 DCM + Wholesale E&R $10,033 $26,777 NEG 
750 7500 $5,950,000 DCM + Wholesale E&R $6,049 $30,979 NEG 
750 4500 $3,685,000 Wholesale E&R (-$11,874) $26,503 NEG 
750 6000 $4,817,500 Wholesale E&R (-$11,260) $31,112 NEG 
750 7500 $5,950,000 Wholesale E&R (-$11,194) $35,671 NEG 
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The economics of the selected BESS enabled microgrids with these two systems were then further 
investigated as described in Section 7. The results shown in Table 26 shows that the simple 
paybacks of most configurations are very poor. Generally speaking, relatively low demand rates 
at this site created limited opportunity for retail billing savings. Simple paybacks listed as “NEG” 
means that the annual operating expenses exceeded the annual potential value. Typically, utility 
billing demand savings are a primary driver of battery project economics but require demand rates 
on the order of $20/kW to $30/kW to create viable economics for a standalone system. Energy 
time of use savings can provide incremental additional value that can help project economics but 
are rarely sufficient to pay for a system on their own in an acceptable amount of time. The 
configurations with wholesale use cases have notably improved paybacks, especially those 
operating in the ISO-NE frequency regulation market.  

Table 26 also highlights the stark differences in economic performance between the Li-Ion and 
VRF technologies. All of the VRF systems have more rated energy capacity than the Li-Ion 
systems, which may lead one to think more value could be generated. However, the lower round 
trip efficiency and significantly higher auxiliary system loads severely reduce the net value the 
systems generated once the operational and cost related impacts of those specifications were 
included in the modeling. Six of the fifteen configurations had a net annual loss – meaning that the 
recharge costs and auxiliary energy draw costs were greater than the electric bill savings or revenue 
the system earned. The VRF FR cases showed annual value in excess of $40,000, however this is 
almost half of the value the FR Li-Ion systems generated. This is again a result of increased 
recharge and auxiliary load costs, as well as the fact that FR revenue is a function of system power 
and less a function of energy capacity. Having significantly more rated energy capacity does not 
necessarily increase the amount of FR value a BESS can generate. 

Once the optimal BESS systems were determined for each site, the next objective was to determine 
how replacement of the least running DG in each baseline microgrid with these BESS systems 
affected the 20-year net present value of the microgrid. This calculation and results are described 
in Section 7. 
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7.0 COST ASSESSMENT 

Multiple levels of economic assessment were completed to determine the optimal VRF and Li-Ion 
BESS sizing for each microgrid and its impact on cost of critical load support. Of the 6 BESS sizes 
considered for each site, a single VRF and Li-Ion BESS was selected for each site based on 
estimated simple payback. Then, a detailed 20-year economic pro-forma was created for each 
system, in both current and future market and cost scenarios. This pro-forma accounted for initial 
capital cost, annual operating and preventive maintenance costs including assumed escalation 
rates, and annual value as calculated from the grid-tied modeling efforts. 

The 20-year net present value of each microgrid was then calculated and normalized by the amount 
of each site’s critical load. This identified the cost of critical load coverage for each site’s DG only 
baseline and battery enabled microgrid systems. A summary of these results is provided in Table 27. 
These results show that there are scenarios in which the BESS enabled microgrid can reduce the 
site’s cost of critical load support now or in the future. However, the VRF BESS technology in all 
cases provides a higher cost of critical load support – primarily due to higher capital costs and 
significantly higher auxiliary loads which reduce the operating value of the VRF storage systems. 

Table 27. Cost of Critical Load Support Results Summary 

 

7.1 COST CATEGORIES & ASSUMPTIONS 

To estimate implementation costs of the BESS systems within the microgrid, Ameresco leveraged 
its project development and implementation experience, including significant historical Li-Ion 
BESS pricing data, which includes quoted pricing for over 100 systems from more than 20 unique 
equipment providers, for system sizes ranging from 250 kW to 10,000 kW and 1 to 4 hours in 
duration. We also utilized order of magnitude cost information for VRF equipment obtained from 
multiple VRF equipment providers. From this data, estimated average equipment costs for each 
technology were determined. An implementation cost estimate was compiled for each VRF and 
Li-Ion BESS system that was analyzed. 

BESS Total 
Power Capacity

BESS Total 
Energy Capacity

BESS 
Lower SOE

kW kWh kWh
4 250 0 N/A N/A N/A None $416
3 250 2 VRF 875 7,000 3509 DCM+WH E&R $317 (f) to $519 (c) 
3 250 2 Li-Ion 3,500 7,000 3509 DCM+WH E&R $229 (f) to $525 (c) 
7 750 0 N/A N/A N/A DR + PS $89
6 750 1 VRF 1,217 7,300 0 DCM $109 (f) to $132 (c) 
6 750 1 Li-Ion 3,650 7,300 0 DCM $90 (f) to $115 (c) 
8 2000 0 N/A N/A N/A None $83
7 2000 1 VRF 2,000 12,000 0 DCM $104 (f) to $117 (c) 
7 2000 1 Li-Ion 2,000 4,000 0 DCM $88 (f) to $93 (c) 
4 750 0 N/A N/A N/A DR $166
3 750 1 VRF 750 4,500 0 FR $196 (f) to $251 (c) 
3 750 1 Li-Ion 750 750 0 FR $129 (f) to $156 (c) 

12 750 0 N/A N/A N/A DR $98
11 750 1 VRF 1,167 7,300 0 DCM+WH E&R $111 (f) to $128 (c) 
11 750 1 Li-Ion 3,500 7,000 0 DCM+WH E&R $96 (f) to $121 (c) 

NAS Corpus 
Christi

Fort Bliss

Westover 
ARB

NAS 
Patuxent 

River

# of BESS 
Assets

DG Capacity 
Per Asset 

(kW)
Installation

# of DG 
Assets

Grid Tied Use 
Case Stack

Cost of Critical Load 
Support ($/kW-c)

March ARB
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The cost categories and assumed costs for each technology that were utilized in project economic 
analysis are described in Tables 28 and 29. Throughout these cost assumptions, kW and kWh refer 
to the system’s rated power and energy capacities, respectively. 

Table 28. VRF BESS Cost Categories 

VANADIUM REDOX FLOW BESS COST CATEGORIES 

Initial BESS 
Equipment 
Purchase 

• DC Storage Block 
– Electrolyte Tanks 
– Power Stacks 
– Mechanical Pumping Systems 
– Thermal Management Systems 
– Enclosure/Container 

• Bi-Directional Power Conversion System 
• Battery Management System 
• Shipping 
• Installation & Commissioning Support 
• Customer Training 

$250/kW + $480/kWh 

Electrolyte Leasing 
Plan 

• Upfront purchase 
• Lease over 20 years at 5% per year 

Upfront purchase of electrolyte 
assumed to be 50% of $/kWh BESS 
equipment cost 

Engineering Design • Issue for Construction (IFC) Design Package 
• Permitting 
• Interconnection Application 

$100,000 

Installation • Site Preparation 
• Civil Foundations 
• Running of electrical and communications 

conduit and wiring 
• Mechanical rigging, landing, mounting 
• DC and AC Electrical Interconnection 

$275/kWh 

Balance of Project 
Costs 

• (3) Revenue grade meters 
• Zero Tax assumed 
• Development, Project Management and Over 

Head Costs 

Varies by use case and system size 

 

For the Li-Ion BESS systems, the current market cost categories considered included: 

  



 

59 

Table 29. Li-Ion BESS Current Market Cost Categories 

Li-Ion BESS COST CATEGORIES 

Initial BESS 
Equipment Purchase 

• DC Storage Block 
– Battery Racks 
– Enclosure/Container 
– Thermal Management System 
– Fire Suppression System 

• Bi-Directional Power Conversion System 
• Battery Management System 
• Shipping 
• Installation & Commissioning Support 
• Customer Training 

$250/kW + $350/kWh 

Capacity 
Maintenance Plan 

• Assumed upfront payment of 20-year 
Capacity Maintenance Agreement, ensuring 
rated energy capacity for 20-year term. 

• This was included to provide a fair 
comparison to the VRFB which does not 
experience energy capacity degradation 

$187/kWh 

Engineering Design • Issue for Construction (IFC) Design Package 
• Permitting 
• Interconnect Application 

$100,000 

Installation • Site Preparation 
• Civil Foundations 
• Running of electrical and communications 

conduit and wiring 
• Mechanical rigging, landing, mounting 
• DC and AC Electrical Interconnection 

$275/kWh 

Other • (3) Revenue grade meters 
• Zero Tax assumed 
• Development, Project Management and Over 

Head Costs 

Varies by use case and system size 

 

For both technologies, cost of controls was accounted for based on the planned use cases for the 
site as shown in Table 30. 

Table 30. Controls Cost Categories 

CONTROLS COST CATEGORIES 

Peak Shaving Controls  
(For projects participating in 
Demand Charge Management) 

• Peak Shaving Controls Equipment 
• Controls Initial Setup $15,000 

Market Participation Controls 
(For projects participating in 
Wholesale Market Use Cases) 

• Router/RTU Equipment 
• Market Participation Telemetry Setup 
• Market Participation State of Charge 

Management Setup 

$17,000 

 



 

60 

Annual Operations & Maintenance (O&M) cost categories for each technology are summarized in 
Table 31. Since auxiliary power costs and re-charge costs are associated with the net change in a site’s 
annual electric utility costs, the savings reported are net savings and inclusive of these operating costs. 

Table 31. Operations & Maintenance Cost Categories 

Annual O&M Cost 
Categories 

 

O&M Cost Category VRF Year 1 Cost Li-Ion Year 1 Cost 
Annual Equipment 
Preventive Maintenance 

$10,000 $10,000 

Vanadium Leasing Cost 
(VRF Only, and if leasing 
selected over initial 
purchase) 

6% of Electrolyte Value 
For 20 Years 

Not Applicable 

Controls Software 
Licensing & Support (for 
peak shaving only) 

$5,000 $5,000 

Cellular Data Plan (for 
peak shaving only) 

$1,800 $1,800 

Wholesale Market CSP 
Services 

20% of Annual 
Wholesale Revenue 

20% of Annual 
Wholesale Revenue 

 
All operating expenses were assumed to escalate at 2.2% annually in line with inflation. A 6.0% 
investment rate was used for financial NPV calculations. For revenue generated from wholesale 
market products (e.g. regulation or energy), it was assumed that a 20% service charge would be 
paid to a Curtailment Service Provider (CSPs). The CSP holds the responsibilities of Designated 
Entity (DE) and Market Participant (MP). By assuming these roles, the CSP has responsibility for 
registering, bidding, scheduling, and settling the asset into the market. The CSP is responsible for 
maintaining registration and operating requirements, including a network operation center 
operable twenty-four hours per day, seven days a week. In addition, the CSP takes on market risk 
relative to performance, subject to reasonable adherence to operating agreements. This 20% 
service charge is in line with our experience with CSPs, and was also recommended by ESTCP in 
the provided site information. 

Since our reliability modeling showed that we had determined BESS configurations that allowed 
for replacement of the least running DG while maintaining the reliability performance target, we 
also claimed capital and annual operating expense savings associated with the DG being replaced. 
These values were specified by the ESTCP program as shown in Table 32. 

Table 32. Assumed DG capital and operating costs 

 

Units Westover ARB
NAS 

Patuxent River
NAS 

Corpus Christi Fort Bliss March ARB
# DGs # 4 12 7 8 4
DG Capacity Per Unit 
(kW) kW 750 750 750 2,000 250
Capital Cost of DG $/kW 750$                  750$                     750$                   600$               1,100$             
Annual O&M and 
Testing Cost of DG $/DG 7,000$               7,000$                  7,000$                20,000$          6,500$             
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The BESS enabled microgrids were also assessed using future technology pricing to observe the 
viability of the BESS assuming projected costs five years from now. For VRF systems, we 
assumed five-year future costs 38% lower than today’s estimated costs. For Li-Ion systems, we 
assumed five-year future costs 28% lower than today’s assumed costs for both upfront equipment 
and capacity maintenance costs.  

These assumptions were based on Lazard’s Levelized Cost of Storage (LCOS) Analysis v4.0 
published in 2018, as shown below in Figure 13. Our team also found these projected cost declines 
to be reasonable based on our insight into battery equipment costs from our direct project 
development experience in the industry. Our team determine current market cost estimates 
primarily using our own project data and awareness of technology costs from direct experience in 
the industry. We then referenced the cost reduction projects over a five-year period from the Lazard 
report to project 2025 costs. Although the Lazard data is from 2018 to 2022, we assumed that the 
rate of cost reduction would remain the same, and therefore used the five-year average reductions 
to project our 2020 costs to estimated 2025 costs. 

 

Figure 13. Project 5-year cost declines for Li-Ion and VRF BESS technologyxxiii 

7.2 SITE COST AND SAVINGS DETAILS 

Using the aforementioned cost assumptions, full implementation cost estimates were calculated 
for each down-selected system configuration. These costs, as well as annual value and year 1 
operating expenses, are shown in the following tables for each installation. 

March ARB 

The previously described cost assumptions were used to calculated implementation cost estimates 
for the two BESS systems down selected at March ARB. Since March ARB is in California, it is 
eligible for the state’s Self-Generation Incentive Program (SGIP). This is a tiered incentive 
program that energy storage system owners are eligible to apply for. Ameresco has direct 
experience with obtaining funding from this program through the projects we have developed in 
California. The incentive is primarily based on the BESS’s rated energy capacity and is offered in 
decreasing $/Wh steps. We assumed the March ARB systems would both be eligible for SGIP 
incentives valued at $0.30/Wh. If fully awarded, 50% of this incentive funding is awarded upfront 
and the remaining 50% on a performance-based basis pro-rated over the first five years of 
operation. For the March ARB VRF system, the option to lease the electrolyte and pay an annual 
leasing fee was more cost effective than upfront total purchase. 
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These results, summarized in Table 33, show how the VRF system had significantly less retail savings 
than the Li-Ion systems because of the previously discussed auxiliary power and round-trip efficiency 
issues. For this site, the impact of these issues was modeled to be over $30,000 per year. Both system 
configurations have the same energy capacity, but the higher power capacity of the Li-Ion system 
enables over $150,000 more in wholesale market value – which are power focused markets. 

Table 33. March ARB BESS Cost & Savings Summary 

Installation March ARB 
Storage Technology VRF Li-Ion 

Rated Power kW 875 3,500 
Rated Energy kWh 7,000 7,000 

Lower SOE Limit kWh 3,509 3,509 
Current Market Implementation Cost $  $3,516,363   $6,661,900  

Current Market Retail Savings $/Year  $146,984   $   180,205 
Current Market Wholesale Value $/Year  $57,635  $   172,306 

Current Market Total Annual Value $/Year $204,619 $   352,511 
Future Market Implementation Cost $  $3,069,918   $4,549,902  

Future Market Retail Savings $/Year  $140,135  $   168,620  
Future Market Wholesale Value $/Year  $123,603  $   300,858 

Future Market Total Annual Value $/Year $263,738 $   469,478 
 

Fort Bliss (Table 34) 

At Fort Bliss, only retail billing savings use cases were determined to be accessible. There are also 
no incentive programs known to be available for energy storage in Texas. These results again show 
the impacts of auxiliary load and round-trip efficiency issues pertaining to VRF systems. The VRF 
system, which has three times the rated energy capacity of the Li-Ion system and conceptually 
should produce significantly more savings, was modeled to produce over $15,000 less in retail 
savings than the Li-Ion system. This shows how selection of a VRF system over a Li-Ion system 
for behind the meter retail use cases is very difficult until these operational issues can be improved. 
Since there are no wholesale use cases, the future market scenario values do not change compared 
to the current market scenario. 

Table 34. Fort Bliss BESS Cost & Savings Summary 

Installation Fort Bliss 
Storage Technology VRF Li-Ion 

Rated Power kW 2,000 2,000 
Rated Energy kWh 12,000 4,000 

Lower SOE Limit kWh 0 0 
Current Market Implementation Cost $ $7,831,500 $4,459,700 

Current Market Retail Savings $/Year $95,152 $   112,853 
Current Market Wholesale Value $/Year $0 $              0 

Current Market Total Annual Value $/Year $95,152 $   112,853 
Future Market Implementation Cost $ $6,965,780 $3,252,844 

Future Market Retail Savings $/Year $95,152 $   112,853 
Future Market Wholesale Value $/Year $0 $              0 

Future Market Total Annual Value $/Year $95,152 $   112,853 
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Westover ARB (Table 35) 

Westover ARB’s presence in New England enabled the most use cases to be considered of any 
installation investigated. The Massachusetts SMART incentive program was also considered for 
both technologies. It was determined to be not available for the Li-Ion system since a 2 hour or 
longer duration system is required. It was determined that the VRF would be eligible for the 
incentive if paired with PV, and receive an incentive value of $0.0565/kWh of PV production. 
With the specified PV system generating 2,929,437 kWh annually, a total incentive value of 
$165,513 was included in the VRF economics. It should be noted that the rules of this program are 
likely to change in the near future and the value of this incentive may likely change. 

With relatively low retail savings opportunity based on this site’s utility tariff, the optimal 
configuration was a frequency regulation only use case. As with other sites, the auxiliary load and 
round-trip efficiency issues of the VRF technology significantly impacted net revenue by increases 
the retail electricity costs as a result of market participation. The VRF requires more energy to 
operate, and the lower round trip efficiency has an even more notable impact on a high throughput 
use case like frequency regulation that requires frequent re-charging of the BESS. The impact of 
these issues in this case was over $40,000 annually. 

Analysis of revenue also shows that having significantly more duration of storage does not create 
opportunity for more market revenue. The frequency regulation signal is conditionally neutral, 
meaning that in general the amount of energy asked to be absorbed will be close to equal to the 
amount of energy asked to be generated over a 30-minute period. Thus, a BESS with 1 hour of 
storage is appropriately sized to follow the signal well and generate maximum revenue. For the 
case of the VRF battery, adding four more hours of duration and subsequently increasing 
implementation cost by almost $2M yielded only $1,000 in additional annual revenue. 

Table 35. Westover ARB BESS Cost & Savings Summary 

Installation Westover ARB 
Storage Technology VRF Li-Ion 

Rated Power kW 750 750 
Rated Energy kWh 4,500 750 

Lower SOE Limit kWh 0 0 
Current Market Implementation Cost $ $2,867,037 $1,067,775 

Current Market Retail Savings $/Year $(51,580) $(9,509) 
Current Market Wholesale Value $/Year $95,704 $94,930 

Current Market Total Annual Value $/Year $44,124 $85,421 
Future Market Implementation Cost $ $2,542,392 $811,302 

Future Market Retail Savings $/Year $(51,580) $(9,509) 
Future Market Wholesale Value $/Year $112,867 $111,996 

Future Market Total Annual Value $/Year $61,287 $102,487 
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NAS Corpus Christi (Table 36) 

The conditions at NAS Corpus Christi are very similar to Fort Bliss, with no wholesale market or 
energy storage incentive opportunities known to be available. However, with the BESS energy 
capacity being the primary factor of design and system selection, both VRF and Li-Ion systems 
have the same amount of energy capacity but differing rated power capacities. This enables the 
VRF system to be more competitive than at Fort Bliss. The opportunity to lease electrolyte creates 
a significantly lower upfront implementation expense for the VRF system. However, the AESOP 
modeled retail billing savings value is lower than the Li-Ion system by over $200,000 per year, 
once again because of lower round trip efficiency and significantly higher auxiliary system load 
requirements. 

Table 36. NAS Corpus Christi BESS Cost & Savings Summary 

Installation NAS Corpus Christi 
Storage Technology VRF Li-Ion 

Rated Power kW 1,217 3,650 
Rated Energy kWh 7,300 7,300 

Lower SOE Limit kWh 0 0 
Current Market Implementation Cost $ $4,822,813 $8,015,615 

Current Market Retail Savings $/Year $153,752 $   387,245 
Current Market Wholesale Value $/Year $0 $              0 

Current Market Total Annual Value $/Year $153,752 $   387,245 
Future Market Implementation Cost $ $4,296,130 $5,813,103 

Future Market Retail Savings $/Year $153,752 $   387,245 
Future Market Wholesale Value $/Year $0 $              0 

Future Market Total Annual Value $/Year $153,752 $   387,245 

 

NAS Patuxent River (Table 37) 

NAS Patuxent River was also eligible for retail billing savings coupled with wholesale market 
participation being located in PJM territory. A modest $75,000 incentive value was also included 
in implementation cost economics, which is the maximum per project funding available from the 
Maryland Energy Storage Tax Credit program. 

Once again the two systems had identical energy capacities and varying power capacities. As 
observed in ISO-NE, the additional power capacity of the Li-Ion BESS yielded more than twice 
the wholesale market value as compared to the VRF system. In congruence with other sites, the 
higher auxiliary loads and lower round trip efficiency negatively impacted retail billing savings. 
This use case stack included demand charge reduction coupled with PJM wholesale energy and 
reserves. With lower power capacity to reduce demand and higher operational energy costs, the 
retail billing savings of the VRF system were modeled to be less than half of the Li-Ion system. 
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Table 37. NAS Patuxent River BESS Cost & Savings Summary 

Installation NAS Patuxent River 
Storage Technology VRF Li-Ion 

Rated Power kW 1,167 3,500 
Rated Energy kWh 7,000 7,000 

Lower SOE Limit kWh 0 0 
Current Market Implementation Cost $ $4,575,313 $7,636,900 

Current Market Retail Savings $/Year $91,020 $   233,449 
Current Market Wholesale Value $/Year $35,821 $     93,308 

Current Market Total Annual Value $/Year $126,841 $   326,757 
Future Market Implementation Cost $ $4,070,273 $5,524,902 

Future Market Retail Savings $/Year $72,300 $   214,077 
Future Market Wholesale Value $/Year $113,759 $   275,596 

Future Market Total Annual Value $/Year $186,059 $   493,673 

7.3 VERIFICATION OF BASELINE COST OF CRITICAL LOAD SUPPORT 

Once project costs and savings were calculated, the next step was to assess how the BESS 
enabled microgrids impacted cost of critical load support ($/kWc) as compared to the DG only 
baseline microgrid. This was evaluated by identifying the 20-year Net Present Value (NPV) of 
each microgrid configuration and dividing that by the peak critical load to serve for the site 
within the microgrid. The $/kWc metric for each microgrid configuration was calculated as: 

• 20-Year NPV of installation electricity costs in microgrid 
– For the DG only baseline microgrid, this included emergency demand response 

revenues and effects of peak shaving 
– For the BESS enabled microgrid, this included BESS enabled retail savings and 

wholesale market revenues 
 Minus, 

• 20-Year NPV of installation electricity costs without microgrid 
Plus, 

• 20-Year NPV of capital and O&M costs for assets and microgrid infrastructure 
– For the DG only baseline microgrid, this included all DGs, including related fuel costs 
– For the BESS enabled microgrid, this included one less DG, DG related fuel costs for 

demand response and peak shaving, the proposed BESS including related capital and 
operating expenses 

To ensure we could calculate the BESS enabled microgrid NPV correctly, we first calculated the 
NPV and cost of critical load support of the DG only microgrids. Our calculations perfectly 
matched the ESTCP provided results – confirming that our method was correct. To do this, we 
built a 20-year pro-forma of implementation expense, annual operation and maintenance expenses, 
and annual value of the microgrid assets. All pro-formas are provided in Appendix A.4. Calculated 
values for the baseline microgrid are as follows, with an excerpt from the March ARB baseline 
pro-forma below (see Table 38 and Figure 14).
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Table 38. March ARB Cost of Critical Load and NPV Summary 

Baseline DG 
Only Microgrid 

20 YR NPV of Installation 
Electricity Costs in 

Baseline Microgrid (Post 
DR and PS) 

20 YR NPV of 
Installation Electricity 

Costs Without 
Microgrid 

20 YR NPV of Capital 
and O&M Costs of 
Baseline Microgrid 

Installation 
Annual Peak 
Critical Load 

(kW) 

20-Year Cost of 
Critical Load 

Support ($/kWc) 
March ARB $59,997,761  $59,997,761  $4,993,095  600 $416  
Fort Bliss $282,262,196  $282,262,196  $20,685,695  12,507 $83  

Westover ARB $19,521,417  $20,453,782  $6,615,177  1,707 $166  
NAS Corpus Christi $93,611,863  $96,814,750  $11,079,935  4,410 $89  
NAS Patuxent River $282,262,196  $282,262,196  $20,685,695  12,507 $83  

 

 

Figure 14. March ARB Baseline Microgrid Pro-Forma 
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7.4 CALCULATION OF BESS ENABLED MICROGRID COST OF CRITICAL LOAD 
SUPPORT 

The same process was used to calculate the cost of critical load support for the VRF and Li-Ion 
BESS enabled microgrids. This was done for both the current and future market scenarios, 
resulting in 20 total calculations across the five sites under investigation. All pro-formas for the 
BESS enabled microgrids are also provided in Appendix A.4. Table 39 below summarizes the 
results and compares to the previously discussed baseline microgrid results. For the BESS enabled 
microgrids, (f) refers to the future volatile case and (c) refers to the current market scenario case. 

There are multiple BESS enabled microgrid scenarios that provide a lower cost of critical load 
support than the DG only microgrid. At Westover ARB, the Li-Ion BESS enabled microgrid is 
modeled to provide a lower cost of critical load support in the current market scenario. This is the 
only installation where this occurred and shows it may be a top candidate for further investigation 
through Phase 2 and Phase 3 of this work. March ARB, Westover ARB, and NAS Patuxent River 
all had future market scenarios with a lower cost of critical load support. It should be noted that 
the capital and operating costs savings related to the replaced DG that were accounted for in 
economics played a significant role in this. Conceptually, we expect the opportunities for the BESS 
enabled microgrids to outperform the DG enabled microgrids to expand as the battery industry 
continues to mature. As equipment becomes more reliable, costs come down, and cost of electricity 
goes up, the value and economic viability of a battery system will only improve. For the VRF 
system, if the significant impacts of the high auxiliary power loads and low round trip efficiency 
can be mitigated over time, that technology will provide significantly greater potential to a 
microgrid project. 

Table 39. Cost of Critical Load Summary for All Sites 

 

BESS Total 
Power Capacity

BESS Total 
Energy Capacity

BESS 
Lower SOE

kW kWh kWh
4 250 0 N/A N/A N/A None $416
3 250 2 VRF 875 7,000 3509 DCM+WH E&R $317 (f) to $519 (c) 
3 250 2 Li-Ion 3,500 7,000 3509 DCM+WH E&R $229 (f) to $525 (c) 
7 750 0 N/A N/A N/A DR + PS $89
6 750 1 VRF 1,217 7,300 0 DCM $109 (f) to $132 (c) 
6 750 1 Li-Ion 3,650 7,300 0 DCM $90 (f) to $115 (c) 
8 2000 0 N/A N/A N/A None $83
7 2000 1 VRF 2,000 12,000 0 DCM $104 (f) to $117 (c) 
7 2000 1 Li-Ion 2,000 4,000 0 DCM $88 (f) to $93 (c) 
4 750 0 N/A N/A N/A DR $166
3 750 1 VRF 750 4,500 0 FR $196 (f) to $251 (c) 
3 750 1 Li-Ion 750 750 0 FR $129 (f) to $156 (c) 

12 750 0 N/A N/A N/A DR $98
11 750 1 VRF 1,167 7,300 0 DCM+WH E&R $111 (f) to $128 (c) 
11 750 1 Li-Ion 3,500 7,000 0 DCM+WH E&R $96 (f) to $121 (c) 

NAS Corpus 
Christi

Fort Bliss

Westover 
ARB

NAS 
Patuxent 

River

# of BESS 
Assets

DG Capacity 
Per Asset 

(kW)
Installation

# of DG 
Assets

Grid Tied Use 
Case Stack

Cost of Critical Load 
Support ($/kW-c)

March ARB
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7.5 FURTHER POTENTIAL FOR COST DECLINE – PARALLELS TO SOLAR PV 
INDUSTRY 

Over the last 10 years, the Solar PV industry has grown tremendously, in large part due to 
significant equipment and implementation cost reductions. It is commonly discussed that the 
energy storage industry may be at the beginning of a similar growth trajectory and period of cost 
decline. While these technologies are complementary in many ways, the fundamental components 
of technology are very different – so it may not be fair to claim battery systems will follow a 
parallel cost curve to what solar PV experienced between 2010 and today. On the other hand, 
battery systems are used for far more applications than solar PV. Li-Ion batteries are used in mobile 
devices, laptops, personal electronics – and more recently electric vehicles. The global exponential 
adoption of these products provides the Li-Ion battery industry massive momentum to continue to 
grow and could give credibility to the argument that costs will decline as quickly, or potentially 
more quickly, than solar PV. The industry has not yet seen as widespread adoption for VRF 
technology, so it remains to be seen how the maturity of that technology may evolve over the next 
five to ten years. 

By way of comparison, the National Renewable Energy Laboratory has completed extensive work 
to monitor cost declines of the PV industry. As shown in Figure 15, the Commercial PV industry 
has experienced a reduction in implementation cost from $5.43/W in 2010 to $1.83/W in 2018. 
This is a reduction of over 66% in eight years – or over 8% per year on average. If the battery 
industry met or slightly exceeded this, that could indicate cost reductions on the order of 50% over 
the next five years. That would be almost twice what our team assumed for our future market 
scenario analyses for Li-Ion technology and would undoubtedly enable significantly more viable 
project opportunities for deployment of this storage technology. 

 

Figure 15. NREL Solar PV Cost Benchmark xxiv 
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8.0 STUDY CONCLUSIONS AND OUTCOMES 

This work has provided significant insight into the potential for large scale battery energy storage 
to enhance resiliency of military microgrids. The work herein also offers a unique comparison 
between DGs, VRF storage, and Li-Ion storage and helps to characterize the opportunities and 
limitations of each technology. The robust data and information created from this Phase 1 study 
shows that there is the potential for energy storage to reduce reliance on DGs within a microgrid 
while simultaneously reducing an installation’s cost of critical load support over a twenty-year 
period. This is primarily attributable to the opportunity for a large scale energy storage system to 
operate continuously in a grid paralleled state to generate savings and revenue through retail and 
wholesale use cases. However, analysis of results shows that this occurs only under certain 
conditions and is more likely to occur in regions with high costs of electricity and clearly defined 
market opportunities for storage participation. Key observations about VRF equipment were made 
which will inform the industry on how the technology can continue to improve and further benefit 
DoD installations. This work significantly contributes to the body of knowledge of VRF battery 
technology – helping to advance the state of the art of this promising new technology. 

Through assessment of the reliability modeling results and critical load coverage curves produced, 
we can conclude that a VRFB enabled microgrid provides satisfactory reliability performance at all 
five sites by meeting the fixed load baseline performance requirement over a 168-hour outage that 
could occur at any time. However, we can also conclude for all five sites that critical load coverage 
at 168 hours was below the variable load DG-only coverage by between 1.6% to 3.0%. This is to be 
expected since the newer VRF technology is expected to have lower reliability factors that the DG 
technology. Reliability modeling also shows that the presence of on-site solar PV generating assets 
positively impact microgrid performance and in some cases create better reliability performance than 
the variable load DG-only case. As this objective of determining the reliability of a VRF BESS 
enabled microgrid is a major performance objective of this Phase 1 scope of work, this is a very 
important and informative conclusion. This result indicates that there is significant justification for 
the further investigation of the VRF technology in follow on Phase 2 testing, which will help validate 
Phase 1 conclusions and confirm or adjust the reliability assumptions made herein. 

From an economic standpoint, our results allow us to conclude that there is opportunity for a BESS 
enabled microgrid to reduce the cost of critical load support at Westover ARB under today’s 
market conditions. If projected market conditions of this work materialize, this opportunity could 
also expand to NAS Patuxent River and March ARB. However, this work shows that there appear 
to be significant challenges with VRF technology that need to be improved to provide an 
economically better alternative to Li-Ion battery technology. Based on today’s expected VRF 
BESS equipment pricing and significant impacts of system auxiliary loads and round-trip 
efficiency, there is not a clearly established case for a VRF BESS providing a preferable 
technology solution to Li-Ion BESS technology for behind the meter customer sited deployments. 
Our modeling results show that these efficiency and auxiliary load issues significantly reduce the 
net annual savings the systems can generate and hamper the viability of the VRF technology. Even 
if the equipment cost of the technology were to decrease significantly, these high operating costs 
due to continuous operation of pumping systems and lower inherent electrochemical efficiency 
severely decreases the total annual value of the project. As noted above, Ameresco is working to 
verify this observation. However, if it holds true, that would be a major technical flaw with the 
technology that would need to be resolved to support viability of widespread adoption. 
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It is important to note that a critical aspect of Phase 2 work is to verify the accuracy of the assumed 
efficiency and auxiliary load metrics. Considering that VRF BESS technology is early on in its 
development and deployment lifecycle  

and has not yet achieved the economies of scale that Li-Ion has enjoyed, this conclusion is logical 
based on current market conditions. However, should costs of the VRF technology decrease in the 
future, there may very likely be conditions where a VRF BESS would provide a more attractive 
solution than Li-Ion. 

In summary, Table 40 below provides succinct results for each of the objectives that were defined 
at the beginning of this project.  

Table 40. Project Results Summary 

Objective 1 
Calculate the hourly probability of serving 100% of the critical load requirement of each site during a 
utility outage of up to 168 hours in duration that could start at any hour of the year 
Result 1: Complete. VRF BESS configuration was established at each site that satisfied this objective 

Objective 2 

Calculate the hourly probability of serving 130% of the critical load requirement of each site during a 
utility outage of up to 168 hours in duration that could start at any hour of the year 
Result 2: Complete. Results vary widely across sites, but 168-hour probability of coverage ranges from 30 
– 86%. 

Objective 3 

For the case of no diesel fuel supply, calculate the hourly probability of serving critical 30% of the load for 
each site during a utility outage of up to 168 hours in duration that could start at any hour of the year 
Result 3: Complete. Generally poor performance, with coverage probably dropping toward 0% quickly and 
generally far less than a day of any probability of coverage at all. Presence of PV has notable positive impact to 
performance. March ARB has significantly better performance than the other 4 sites in this scenario. 

Objective 4 

For the case of no diesel fuel supply, calculate the hourly probability of serving critical 10% of the load for 
each site during a utility outage of up to 168 hours in duration that could start at any hour of the year 
Result 4: Complete. Generally poor performance, with coverage probably dropping toward 0% quickly and 
generally far less than a day of any probability of coverage at all. Presence of PV has notable positive impact 
to performance. March ARB has significantly better performance than the other 4 sites in this scenario. 

Objective 5 

Determine the minimum amount of power and energy a BESS needs to provide to the microgrid such that 
the Objective 1 outcome meets or exceeds the fixed load baseline performance 
Result 5: Complete. Results as described above in this report. Microgrid power requirements range from 
207 kW to 659 kW. Microgrid energy requirements range from 207 kWh to 7264 kWh. 

Objective 6 

Identify the rated power and energy capacity sizing of the optimally sized BESS for each site 
Result 6: Complete. Results as described above in this report. VRF BESS rated power and energy 
capacities range from 875 – 2,000 kW and 7,000 – 12,000 kWh, respectively. Li-Ion BESS rated power and 
energy capacities range from 2,000 – 7,000 kW and 4,000 – 7,300 kWh, respectively. 

Objective 7A 

Quantify the annual value each BESS can generate for the site through retail utility billing savings and 
participation in the relevant wholesale market products for that site, based on current market conditions 
Result 7A: Complete. Current market condition value opportunities have been calculated for all sites. 
These ranged from $85,000 to $387,000, annually. 

Objective 7B 

Quantify the annual value each BESS can generate for the site through retail utility billing savings and 
participation in the relevant wholesale market products for that site, based on future volatile market conditions 
Result 7B: Complete. Future market condition value opportunities have been calculated for all sites. 
These ranged from $102,000 to $493,000, annually. 

Objective 8 

Calculate the cost of securing critical load for the BESS enabled microgrid as a function of 20-year Net 
Present Value and how this compares to the baseline, DG only microgrid 
Result 8: Complete. 5 of 20 unique scenarios analyzed showed potential for lower cost of critical load 
support with BESS enabled microgrid, contained to March ARB, Westover ARB and NAS Patuxent River. 

Objective 9 Identify if VRF or Li-Ion is the preferred technology for the proposed BESS at each site. 
Result 8: In all cases, Li-Ion offered a lower cost of critical load support. 
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A.1 INSTALLATION DATA APPENDIX 

Information specific to each of the five sites was provided by the ESTCP program and is shown 
below. This was accompanied by hour 
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A.2 METHODOLOGY APPENDIX 

MODELING INPUT ASSUMPTIONS 

Input Variable Assumption Rationale 
RELIABILITY MODELING 
DG Capacity Varies by Installation Provided by ESTCP 
DG # of units Varies by Installation Provided by ESTCP 
DG Failure to Start 0.2% Provided by ESTCP 
DG Mean Time Between 
Failure 

1700 hours Provided by ESTCP 

DG Failure to Run 1-exp(-t/MTBFDG) Provided by ESTCP 
DG Performance after 
Failure to Run 

Remains out of operation through 
duration of outage 

Conservative assumption to account for 
unlikely scenario in which resources would 
not be available to put DG back into 
operation 

PV Reliability 100% Provided by ESTCP 
PV Output 0%, 50%, 100% Provides for microgrid that is able to 

operate independent of PV output 
BESS Power Varies by Installation, Sized to 

Replace least utilized DG 
Ensures base level of cost reduction 

BESS Energy Varies by Installation, Sized to 
Replace least utilized DG 

Ensures base level of cost reduction 

BESS # of units Varies by Installation in order to Meet 
Performance Objective #1 

Ensure Objectives achieved 

BESS Failure to Start 1.0% Derived from vendor research 
BESS Mean Time 
Between Failure 

1095 Derived from vendor research 

BESS Failure to Run 1-exp(-t/MTBFBESS) Derived from vendor research 
BESS AC Roundtrip 
Efficiency (without 
auxiliary load) 

76% Derived from vendor research 

GRID-TIED MODELING 
BESS Power Same as above Same as above, plus larger sizes 
BESS Energy Same as above Same as above, plus larger sizes 
BESS AC Roundtrip 
Efficiency (without 
auxiliary load) 

Same as above for flow BESS, 85% 
for Li-Ion BESS 

Derived from vendor research, product 
spec sheets, past experience 

Utility Rate Structure Varies by Installation Provided by ESTCP 
Use Cases and Associated 
Inputs 

Varies by Installation Determined from research of site-specific 
retail and wholesale use cases available 

BESS Cost Varies by Installation Derived from vendor research, product 
spec sheets, past experience 
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A.2.1 OVERVIEW OF THE RELIABILITY MODEL 

Our reliability model, similar to ESTCP’s calculated reliability in Calculating the Reliability of a 
Backup system, was designed such that we could measure the reliability across microgrid systems 
for each of the five installations modeled, while taking into account varying critical loads across 
different annual usage profiles. Additionally, the model is able to accommodate differing starting 
assumptions for baseline DG quantity and size, potential fuel outages, varying photovoltaic solar 
system PV production output scenarios, as well as a varying number of battery energy storage 
system (BESS) units and sizes. Our metrics for measuring success of the microgrid across all 
installations are: 

• Critical Load Coverage Probability (CLCP) – the percentage probability that the critical 
load of a facility will be covered by the energy output of the microgrid system at any hourly 
timestep of a simulated outage event 

• Critical Load Coverage Probability Curve (CLCPC) curve – the CLCPC outputs for a 
given outage event plotted for each hour along an axis of 168-hour event duration 

The reliability of a microgrid system is dependent on the both the performance of each of the 
subsystems in the microgrid and the amount of critical load. The model is designed to be dynamic 
and account for the randomness of these two inherently variable factors for any given hour of the 
year. During any hour throughout the course of an outage event, the two variables may be affected 
by the performance of the microgrid system in the hours prior to the event hour being modeled. 
Given this complex nature of the system and variables, a Monte Carlo simulation approach was 
used to model the performance and reliability of the complete microgrid system in order to apply 
a statistical probabilistic approach for estimating failure rates over time. Our simulation sets out to 
answer the question:  

Given a facility’s critical load profile and without relying on the output of a PV system, 
what is the reliability of a microgrid system, made up of long-duration BESS units and DG 
units, to perform in providing energy required for a facility’s critical load during an 
outage? 

Each microgrid simulated was made of varying configurations with the following components: 

• NDG – # of DG units at the site 

• NBESS – # of BESS units at the site 

• KDG – power capacity of each DG unit 

• KBESS – total power capacity of all BESS units 

• RBESS – total energy capacity of all BESS units 
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The critical load varies for each hour of the year for each installation. In order to model outages 
that may start on any given hour, we differentiate between different hours during the modeling 
period, such that: 

• t0 – 1st hour of the outage event, where t0 may equal 0 to 8759th hour of a year 

• t – subsequent hour of the outage event, where t may equal 0 to 167 

• C(t) – critical load during a given hour 

For each of the 8760 outage scenarios, the model performs the following calculations for hours t0 
to t =168 and 100 iterations: 

1. Apply random probability of failure to start, PfsDG, for the available generators from the 
previous hour, gDG(t-1) (for the first hour of an outage, gDG(t-1) = gDG(t0) = NDG) 

2. Sum the generators remaining available for the given hour, gDG(t), after accounting for 
failure to start  

3. Apply random probability of failure to run, PfrDG, for the available generators and update 
the number available for the given hour, gDG(t) 

4. Calculate unserved critical load for the given hour, USL(t), based on the available DGs 
 USL(t) = C(t) - (KDG*gDG(t)) 

5. Apply random probability of failure to start, PfsBESS, for the available BESS units from the 
previous hour, gBESS(t-1) (for the first hour of an outage, gBESS(t-1) = gBESS(t0) = NBESS) 

6. Sum the number of BESS units available for the given hour, gBESS(t), after accounting for 
failure to start 

7. Determine the available BESS power for the given hour, PBESSavail(t) 
 PBESSavail (t) = (KBESS*gBESS(t)/NBESS) 

8. If USL(t) > 0 and PBESSavail (t) >= USL(t), calculate BESS discharge power, PBESSdisch(t), energy 
loss due to round trip efficiency, rloss(t), and auxiliary loads, raux(t), and remaining BESS 
state of energy, UBESS(t), for the given hour 
 PBESSdisch (t) = USL(t) 
 rloss(t) = PBESSdisch (t) * uloss, (uloss is loss factor calculated in AESOP from round trip 

efficiency) 
 raux(t) is a value calculated separately for auxiliary energy needed from the BESS 
 UBESS(t) = UBESS(t-1) - PBESSdisch (t) - rloss(t) - raux(t) (for the first hour of an outage, UBESS(t-1) 

= UBESS(t0) = RBESS) 
a. If UBESS(t) < 0, the BESS units ran out of energy and the microgrid fails to cover the 

critical load 
b. Else, apply random probability of failure to start, PfrBESS, for the available BESS 

units to determine the number of BESS units available at the end of the given hour, 
gBESS(t) 

9. Else, if USL(t) > 0 and PBESSavail (t) < USL(t), the BESS does not have enough power capacity 
and the microgrid fails to cover the critical load 
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10. Else, if USL(t) < 0 and UBESS(t-1) < RBESS, calculate BESS charge power, PBESSch, energy loss 
due to round trip efficiency, rloss(t), and auxiliary loads, raux(t), and remaining BESS state of 
energy, UBESS(t), for the given hour 
 PBESSch (t) = min(-USL(t), PBESSavail (t)) 
 rloss(t) = PBESSch (t) * uloss, (uloss is loss factor calculated in AESOP from round trip 

efficiency) 
 raux(t) is a value calculated separately for auxiliary energy needed from the BESS 
 UBESS(t) = UBESS(t-1) + PBESSch (t) - rloss(t) - raux(t) (for the first hour of an outage, UBESS(t-1) = 

UBESS(t0) = RBESS) 
 Apply random probability of failure to start, PfrBESS, for the available BESS units to 

determine the number of BESS units available at the end of the given hour, gBESS(t) 

Based on the above logic, a three-dimensional matrix is populated representing the given hour of 
a given iteration of an outage scenario. A value of 1 indicates that the microgrid successfully 
covered the critical load, while a value of 0 indicates that the microgrid failed to meet the critical 
load (when failure occurs, the remaining hours in the given iteration are also marked as having 
failed). After all of the iterations and outage scenarios have been simulated, the CLCPC for each 
of the 8760 outage scenarios is calculated by finding the average across all 100 iterations. These 
CLCPCs were then averaged together to obtain the overall CLCPC for the microgrid configuration 
simulated. 

The following assumptions and constraints were included in the reliability modeling: 

• PfsDG and PfrDG are as provided by ESTCP 
• PfsBESS and PfrBESS are derived using information provided by technology vendors and 

further explained in Section 6.2 
• We assume that PV does not provide available energy to contribute to covering the critical 

load when determining whether a BESS size provides reliability to meet or exceed the 
CLCPC. We also simulate a scenario in which PV is available, however this was not used 
to determine whether the BESS size passed the reliability metric 

• We assume that Pfs and Pfr for all DG and BESS are uncorrelated and independent. 
• As the calculations described in A3.3 support, we assume that once an asset, either DG or 

BESS, fails to start or run, that the asset is unable to operate for the remaining duration of 
the outage. 

• As the calculations described in A3.3 support, we assume that once the microgrid fails to 
cover the load, the microgrid is unable to cover load for the remaining duration of the 
outage. 
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A.2.2 FLOW BATTERY Pfs AND MTBF DERIVATION 

Inputs (blue) and calculated values for the time series model of reliability parameters. Note that 
target availability of 93% occurs when Pfs is between 1.0% and 1.1%. 

 

 
 
 
 
 

 
 
 

 

 

Count run hours and start events 

Outage occurs when run time hits MTBF or start events hits # of starts before failure 
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A.2.3 MODELING PROCESS FLOW DIAGRAM 
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A.3 PERFORMANCE APPENDIX 

SUMMARY OF PERFORMANCE RESULTS 
 

NAS Patuxent River 
Performance 

Objective 
Metric Requirements Success Criteria Results 

1. Reliability to 
Meet 100% of 
Installation 
Critical and Ride-
through Load 

Critical and 
ride-through 
load served 

during outage 
(that can begin 

at any time) 

Performance 
measured for 

outages of any 
duration between 
1 hour and 168 

hours 

Meets or exceeds reliability 
probability curve from 

fixed load baseline 
microgrid specifically for 
24- and 168-hour outages. 
Compares favorably with 

fixed load baseline 
microgrid at other outage 

durations under 168 hours. 

Baseline  
  24-h: 0.98301 
168-h: 0.67368 

 
Proposed BESS 
  24-h: 0.99821 
168-h: 0.90028 

  

2. Reliability to 
Meet 130% of 
Installation 
Critical and Ride-
through Load 

Proportion of critical and 
ride-through load served 
(probabilistically) for 24- 
and 168-hour outages. No 

minimum standard. 

No PV 
  24-h: 0.74008 
168-h: 0.29558 

 
Expected PV 

  24-h: 0.88588 
168-h: 0.47233 

 

3. Reliability to 
Meet 10% and 
30% of 
Installation 
Critical and Ride-
through Load 
when no Diesel 
Fuel is Available  

Performance 
measured for 

outages of any 
duration between 

1 hour and 24 
hours 

Proportion of critical and 
ride-through load served 
(probabilistically). No 

minimum standard. 

10% No PV 
    1-h: 0.00000 
  24-h: 0.00000 

 
10% Exp. PV 

    1-h: 0.27192 
  17-h: 0.00044 
  24-h: 0.00000 

 
30% No PV 

    1-h: 0.00000 
  24-h: 0.00000 

 
30% Exp. PV 

    1-h: 0.06815 
    9-h: 0.00034 
  24-h: 0.00000 

 

4. Net Life-cycle 
Costs of 
Deployment and 
Operation 
(corresponding to 
technical objective 
1 above) 

Calculate per 
methodology 

distributed with 
baseline 

microgrid data 
and results  

Net cost (per kW of critical 
load) is at or below level of 

baseline microgrid in 
current and future volatile 

scenarios 

Baseline 
$98/kW 

VRF Current 
$128/kW 

Li-Ion Current 
$121/kW 

VRF Future 
$111/kW 

Li-Ion Future 
$96/kW 
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NAS Corpus Christi 
Performance 

Objective 
Metric Requirements Success Criteria Results 

1. Reliability to 
Meet 100% of 
Installation 
Critical and 
Ride-through 
Load 

Critical and ride-
through load 
served during 

outage (that can 
begin at any 

time) 

Performance 
measured for 

outages of any 
duration between 
1 hour and 168 

hours 

Meets or exceeds reliability 
probability curve from 

fixed load baseline 
microgrid specifically for 
24- and 168-hour outages. 
Compares favorably with 

fixed load baseline 
microgrid at other outage 

durations under 168 hours. 

Baseline  
  24-h: 0.99428 
168-h: 0.85815 

 
Proposed BESS 
  24-h: 0.99857 
168-h: 0.92551 

 

2. Reliability to 
Meet 130% of 
Installation 
Critical and 
Ride-through 
Load 

Proportion of critical and 
ride-through load served 
(probabilistically) for 24- 
and 168-hour outages. No 

minimum standard. 

No PV 
  24-h: 0.79367 
168-h: 0.45154 

 
Expected PV 

  24-h: 0.97407 
168-h: 0.74379 

 

3. Reliability to 
Meet 10% and 
30% of 
Installation 
Critical and 
Ride-through 
Load when no 
Diesel Fuel is 
Available  

Performance 
measured for 

outages of any 
duration between 

1 hour and 24 
hours 

Proportion of critical and 
ride-through load served 
(probabilistically). No 

minimum standard. 

10% No PV 
    1-h: 0.00000 
  24-h: 0.00000 

 
10% Exp. PV 

    1-h: 0.30639 
  24-h: 0.00321 
142-h: 0.00009 
168-h: 0.00000 

 
30% No PV 

    1-h: 0.00000 
  24-h: 0.00000 

 
30% Exp. PV 

    1-h: 0.09932 
  14-h: 0.00011 
  24-h: 0.00000 

 

4. Net Life-cycle 
Costs of 
Deployment 
and Operation 
(corresponding 
to technical 
objective 1 
above) 

Calculate per 
methodology 

distributed with 
baseline 

microgrid data 
and results  

Net cost (per kW of critical 
load) is at or below level of 

baseline microgrid in 
current and future volatile 

scenarios 

Baseline 
$89/kW 

VRF Current 
$132/kW 

Li-Ion Current 
$115/kW 

VRF Future 
$109/kW 

Li-Ion Future 
$90/kW 
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FORT BLISS 
Performance 

Objective 
Metric Requirements Success Criteria Results 

1. Reliability to Meet 
100% of 
Installation Critical 
and Ride-through 
Load 

Critical and 
ride-through 
load served 

during 
outage (that 
can begin at 

any time) 

Performance 
measured for 

outages of any 
duration between 
1 hour and 168 

hours 

Meets or exceeds reliability 
probability curve from 

fixed load baseline 
microgrid specifically for 
24- and 168-hour outages. 
Compares favorably with 

fixed load baseline 
microgrid at other outage 

durations under 168 hours. 

Baseline  
  24-h: 0.99246 
168-h: 0.82253 

 
Proposed BESS 
  24-h: 0.99921 
168-h: 0.95656 

 

2. Reliability to Meet 
130% of 
Installation Critical 
and Ride-through 
Load 

Proportion of critical and 
ride-through load served 
(probabilistically) for 24- 
and 168-hour outages. No 

minimum standard. 

No PV 
  24-h: 0.89289 
168-h: 0.66019 

 
Expected PV 

  24-h: 0.95193 
168-h: 0.72321 

 

3. Reliability to Meet 
10% and 30% of 
Installation Critical 
and Ride-through 
Load when no 
Diesel Fuel is 
Available  

Performance 
measured for 

outages of any 
duration between 

1 hour and 24 
hours 

Proportion of critical and 
ride-through load served 
(probabilistically). No 

minimum standard. 

10% No PV 
    1-h: 0.06930 
    2-h: 0.00394 
  24-h: 0.00000 

 
10% Exp. PV 

    1-h: 0.47862 
  14-h: 0.00011 
  24-h: 0.00000 

 
30% No PV 

    1-h: 0.00000 
  24-h: 0.00000 

 
30% Exp. PV 

    1-h: 0.35519 
  11-h: 0.00023 
  24-h: 0.00000 

 

4. Net Life-cycle 
Costs of 
Deployment and 
Operation 
(corresponding to 
technical objective 
1 above) 

Calculate per 
methodology 

distributed with 
baseline 

microgrid data 
and results  

Net cost (per kW of critical 
load) is at or below level of 

baseline microgrid in 
current and future volatile 

scenarios 

Baseline 
$83/kW 

VRF Current 
$117/kW 

Li-Ion Current 
$93/kW 

VRF Future 
$104/kW 

Li-Ion Future 
$88/kW 
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March ARB 
Performance 

Objective 
Metric Requirements Success Criteria Results 

1. Reliability to Meet 
100% of Installation 
Critical and Ride-
through Load 

Critical and 
ride-through 
load served 

during 
outage (that 
can begin at 

any time) 

Performance 
measured for 

outages of any 
duration between 
1 hour and 168 

hours 

Meets or exceeds reliability 
probability curve from 

fixed load baseline 
microgrid specifically for 
24- and 168-hour outages. 
Compares favorably with 

fixed load baseline 
microgrid at other outage 

durations under 168 hours. 

Baseline  
  24-h: 0.99831 
168-h: 0.95076 

 
Proposed BESS 
  24-h: 0.99907 
168-h: 0.95125 

 

2. Reliability to Meet 
130% of Installation 
Critical and Ride-
through Load 

Proportion of critical and 
ride-through load served 
(probabilistically) for 24- 
and 168-hour outages. No 

minimum standard. 

No PV 
  24-h: 0.98707 
168-h: 0.81098 

 
Expected PV 

  24-h: 0.99779 
168-h: 0.92999 

 

3. Reliability to Meet 
10% and 30% of 
Installation Critical 
and Ride-through 
Load when no 
Diesel Fuel is 
Available  

Performance 
measured for 

outages of any 
duration between 

1 hour and 24 
hours 

Proportion of critical and 
ride-through load served 
(probabilistically). No 

minimum standard. 

10% No PV 
    1-h: 0.99990 
  19-h: 0.00068 
  24-h: 0.00000 

 
10% Exp. PV 

    1-h: 0.99995 
  24-h: 0.90949 
168-h: 0.01935 

 
30% No PV 

    1-h: 0.99481 
    9-h: 0.00171 
  24-h: 0.00000 

 
30% Exp. PV 

    1-h: 0.99932 
  24-h: 0.00078 
  38-h: 0.00021 

 

4. Net Life-cycle Costs 
of Deployment and 
Operation 
(corresponding to 
technical objective 1 
above) 

Calculate per 
methodology 

distributed with 
baseline 

microgrid data 
and results  

Net cost (per kW of critical 
load) is at or below level of 

baseline microgrid in 
current and future volatile 

scenarios 

Baseline 
$416/kW 

VRF Current 
$519/kW 

Li-Ion Current 
$525/kW 

VRF Future 
$317/kW 

Li-Ion Future 
$229/kW 
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A.3.1 DG CHARACTERIZATION RESULTS 

Westover ARB 

 
Maximum 
Power (kW) 

Cumulative Energy 
(kWh) 

Maximum Runtime 
(Hours) 

Generator 1 750  126,000  168 
Generator 2 750  79,934  168 
Generator 3 207  207  1 
Generator 4 -    -    0 

NAS Patuxent River 

 
Maximum 
Power (kW) 

Cumulative Energy 
(kWh) 

Maximum Runtime 
(Hours) 

Generator 1 750  126,000  168 
Generator 2 750  126,000  168 
Generator 3 750  126,000  168 
Generator 4 750  126,000  168 
Generator 5 750  126,000  168 
Generator 6 750  126,000  168 
Generator 7 750 119,747 168 
Generator 8 750 84,728 142 
Generator 9 750 47,729 82 
Generator 10 750 24,504 47 
Generator 11 514 6,958 23 
Generator 12 -    -    0 

NAS Corpus Christi 

 
Maximum 
Power (kW) 

Cumulative Energy 
(kWh) 

Maximum Runtime 
(Hours) 

Generator 1 750  126,000  168 
Generator 2 750  126,000  168 
Generator 3 750  126,000  168 
Generator 4 750  111,292  168 
Generator 5 750  43,537  103 
Generator 6 659  7,264  27 
Generator 7 -    -    0 
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March ARB 

 
Maximum Power 
(kW) 

Cumulative Energy 
(kWh) 

Maximum Runtime 
(Hours) 

Generator 1 250  42,000  168 
Generator 2 250  33,871  168 
Generator 3 100  3,509  56 
Generator 4 -    -    0 

Fort Bliss 

 
Maximum Power 
(kW) 

Cumulative Energy 
(kWh) 

Maximum Runtime 
(Hours) 

Generator 1 2,000  336,000  168 
Generator 2 2,000  336,000  168 
Generator 3 2,000  336,000  168 
Generator 4 2,000  324,661  168 
Generator 5 2,000  219,129  145 
Generator 6 2,000  78,039  75 
Generator 7 507  3,574  12 
Generator 8 -    -    0 

 

 

A.3.2 RELIABILITY PERFORMANCE RESULTS 

The following graphs show the CLCPC curves for each of the five installations. 
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Westover ARB Critical Load Coverage Charts (1 VRF BESS, 207kW-207 kWh Microgrid Availability) 
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NAS Patuxent River Critical Load Coverage Charts (1 VRF BESS, 514kW-6958 kWh Microgrid Availability) 
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NAS Corpus Christi Critical Load Coverage Charts (1 VRF BESS, 659kW-7264 kWh Microgrid Availability) 
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Fort Bliss Critical Load Coverage Charts (1 VRF BESS, 507kW-3574 kWh Microgrid Availability) 

 



 

A-26 
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March ARB Critical Load Coverage Charts (2 VRF BESSs, 250kW-3509 kWh Microgrid Availability) 
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A.4 COST APPENDIX 

The following tables provide the detailed financial pro-forma established for each VRB and Li-
Ion BESS system at each of the five installations. For the sake of space, only the first 10 years of 
the 20-year pro-formas are shown. 
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MARCH ARB BASELINE MICROGRID 
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MARCH ARB Li-Ion 3500 kW – 7000 kWh, CURRENT 
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MARCH ARB Li-Ion 3500 kW – 7000 kWh, FUTURE 
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MARCH ARB VRF 875 kW – 7000 kWh, CURRENT 
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MARCH ARB VRF 875 kW – 7000 kWh, FUTURE 
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FORT BLISS BASELINE MICROGRID 
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FORT BLISS Li-Ion 2000 kW – 4000 kWh, CURRENT 
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FORT BLISS Li-Ion 2000 kW – 4000 kWh, FUTURE 
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FORT BLISS VRF 2000 kW – 12000 kWh, CURRENT 
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FORT BLISS VRF 2000 kW – 12000 kWh, FUTURE 
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WESTOVER BASELINE MICROGRID 
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WESTOVER Li-Ion 750 kW – 750 kWh, CURRENT 
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WESTOVER Li-Ion 750 kW – 750 kWh, FUTURE 
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WESTOVER VRF 750 kW – 4500 kWh, CURRENT 
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WESTOVER VRF 750 kW – 4500 kWh, FUTURE 
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NAS CORPUS CHRISTI BASELINE MICROGRID 

    

 

 

 

     



 

A-59 

NAS CORPUS CHRISTI Li-Ion 3650 kW – 7300 kWh, CURRENT 
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NAS CORPUS CHRISTI Li-Ion 3650 kW – 7300 kWh, FUTURE 
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NAS CORPUS CHRISTI VRF 1217 kW – 7300 kWh, CURRENT 
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NAS CORPUS CHRISTI VRF 1217 kW – 7300 kWh, FUTURE 
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NAS PATUXENT RIVER BASELINE MICROGRID 
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NAS PATUXENT RIVER Li-Ion 3500 kW – 7000 kWh, CURRENT 
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NAS PATUXENT RIVER Li-Ion 3500 kW – 7000 kWh, FUTURE 

 

 

 



 

A-72 

   



 

A-73 

NAS PATUXENT RIVER VRF 1167 kW – 7000 kWh, CURRENT 
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NAS PATUXENT RIVER VRF 1167 kW – 7000 kWh, FUTURE 
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