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PREFACE 

The California Energy Commission Energy Research and Development Division supports 

public interest energy research and development that will help im prove the quality of life in 

California by bringing environmentally safe, affordable, and reliable energy services and 

products to the marketplace. 

The Energy Research and Development Division conducts public interest research, 

development, and demonstrati on (RD&D) projects to benefit California.  

The Energy Research and Development Division strives to conduct the most promising public 

interest energy research by partnering with RD&D entities, including individuals, businesses, 

utilities, and public or priva te research institutions. 

Energy Research and Development Division funding efforts are focused on the following 

RD&D program areas: 

¶ Buildings End -Use Energy Efficiency 

¶ Energy Innovations Small Grants 

¶ Energy-Related Environmental Research 

¶ Energy Systems Integration 

¶ Environmentally Preferred Advanced Generation  

¶ Industrial/Agricultural/Water End -Use Energy Efficiency 

¶ Renewable Energy Technologies 

¶ Transportation  

 

The Market Impact of Standardized Design in Commercial PEV Battery Pack Purchase and Disposal is 

the final  report for the CEC-PIR-12-005 project conducted by Electricore, Inc., Ricardo, Inc., 

Center for Sustainable Energy (CSE) formally California Center for Sustainable Energy (CCSE), 

San Diego Gas & Electric, and BMW of North  America, LLC. The informat ion from this pro ject 

ÊÖÕÛÙÐÉÜÛÌÚɯÛÖɯ/($1ɀÚɯTransportation  Program. 

 

For more information about the PIER Program, please visit the Energy Commissionɀs website at 

www.energy.ca.gov/research/ or contact the Energy Commission at 916-654-4878. 
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ABSTRACT 

Plug-in electric vehicles (PEVs) face market barriers due to the high cost of battery packs. 

Standardized design methods are necessary in order to optimize the performance of commercial 

PEV battery systems and to reduce the cost of purchasing, repurposing, and disposing of them. 

The California Energy Commission has identified the need for a techno-economic assessment of 

PEV battery system standards. In the past, standardization of battery system design created 

potential for  battery life cycle cost savings, improved reliability , and greater quality  control 1.  

Focusing on Class 3 through 8 commercial vehicles, the quantitative and measurable goals of 

this project include:  

¶ Translate stakeholder requirements into battery system design requirements 

¶ Estimate the life-cycle cost impacts of the design and process changes required for 

standardized designs, including the impact on  commercial vehicle manufacturing and 

design, commercial vehicle competitiveness with other technologies, and battery 

removal and re-manufacturing costs.  

¶ Examine the holistic impact of design standardization on the cost of Commercial PEV 

batteries in dollars per kilowatt hour ($/kWh ). 

¶ Collect and describe lessons learned on battery system standardization efforts from 

Original Equipment Manufacturers (OEMs), utilities, Energy Services Companies 

(ESCOs), and battery pack manufacturers.  

¶ Determine the stakeholder requirements for a standardized commercial PEV battery 

system that will be repurposed i nto a stationary application after it has completed its 

useful life in the vehicle.  

¶ Make recommendations on methods to implement PEV system standards. 

The objectives of this project are to: 

¶ Evaluate how standard system designs compare to the current state non-standard 

systems in their ability to meet OEM, vehicle customer, remanufacturer, and second use 

requirements: performance; form factor; manufacturability and re -manufacturability; 

cost; and longevity. 

¶ Quantify the impact on battery system cost in $/kW h of standardization for each 

stakeholder in the battery pack value chain.  

¶ Identify the barriers to standardizing battery system design. 

¶ Quantify the size of the secondary market for battery packs sold to ESCOs. 

                                                      
1  ÊÊÖÙËÐÕÎɯÛÖɯɁ2ÛÜËàɯ(ÕÛÖɯÛÏÌɯ(Ô×ÈÊÛɯÖÍɯ2ÛÈÕËÈÙËÐáÈÛÐÖÕɂɯ- a report by the Impacts of Standards Users 

Group  



iv  

¶ Quantify the added value for a standard sys tem compared to a non-standard system 

when sold to secondary applications markets. 

¶ Identify and evaluate potential pathways for implementation of PEV battery pack 

standards. 

Keywords : battery, standardization, second use, standardized design, plug-in electric vehicle, 

PEV, battery pack, stationary application, battery recycling  

 

Please use the following citation for this report:  

James, Paul, Michelle Bogen, Jordan Liss, John Holmes, Julia Sohnen. 2016. The Market Impact of 

Standardized Design in PEV Commercial Battery Pack Purchase and Disposal. California 

Energy Commission. CEC-500-2016-028. 
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EXECUTIVE SUMMARY 

This study consisted of four main technical tasks. The technical tasks and goals are described 

below and will be discussed throughout this report.  

Chapter 1: Market Analysis: Supply vs. Demand 

The goal of this task is to conduct market analysis through primary research, market reports, 

and selected interviews. The analysis will facilitate the  identification of lessons learned from 

previous and current standardization efforts as they pertain to Class 3 ɬ 8 commercial vehicles. 

Chapter 2: Barriers Analysis: Industry Reluctance 

The goals of this task are to conduct analyses of OEMs and battery suppliers, identify technical 

and commercial barriers to standard modules and packs, and evaluate alternative technical 

approaches to integration of modules/packs as they pertain to Class 3 ɬ 8 commercial vehicles. 

Chapter 3: Design Concepts: Standards Design 

The goal of this task is conduct design and analysis for standard modules and to perform a cost/ 

benefit analysis of standardization for vehicle OEMs.  

Chapter 4: Value Analysis: Financial Benefit 

The goals of this task are to determine the financial benefit of standard modules and packs in 

second use, and to estimate life cycle cost impacts from standardizing battery pack parameters,  

Project Purpose 

Chapter 1 ï Market Analysis: Supply vs. Demand 

Supply Side Analysis Summary 

To determine the number and capacity of battery systems originating with electric -drive 

commercial vehicles and becoming available for second use stationary energy storage 

applications, the following approach was taken.  Adoption rates were calculated for selected 

vocations (chosen based on favorable total cost of ownership) both with and without 

government incentives and grants.  

1. Using a Total Cost of Ownership model, determine the payback period associated with 

the incremental cost of the electric or hybrid drive components compared to  baseline 

costs associated with conventional diesel or gasoline powertrains. 

2. The adoption rate for the ECV, PHECV, or HECV is determined based on the payback 

period.  

3. For example if the incremental cost of an advanced technology system is less than three 

years, it is a candidate for adoption by a majority of new vehicle purchasers. Other 

categories include early adopters (payback periods >8 years) and late adopters (payback 

periods between 3 and 8 years). 

4. Apply the adoption rate to projected new vehicle regi strations (based on historical new 

vehicle registration data) to determine the number of ECV, PHECV, and HECV 

purchases for each selected vocation through 2020. Predictions for new vehicle 
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registrations through 2022 were developed for each of the selected vehicle vocations 

based on historical registration data for the time period 2003-2012 and expected 

economic drivers. 

5. Based on duty cycle, battery capacity degradation, and expected vehicle life, determine 

the number of second use batteries to become available, the capacity of the batteries as 

they enter second use, and the year the batteries become available for second use for 

each selected vehicle vocation. 

6. Determine the total number of batteries and total second use energy capacity (kw-hrs) of 

the batteries expected to become available prior to 2025. 

Research was completed regarding currently-available and approved government grants and 

incentives for purchase of ECVs, PHECVs, and HECVs. For 2014, the cumulative value of these 

awards is approximately $50M.  Based on an average award of $33,000 per vehicle, the awards 

would support the purchase of approximately 1,500 vehicles.  For 2014, the cumulative value of 

these awards for California is approximately $14M. Based on an average award of $33,000 per 

vehicle, the awards would support the purchase of approximately 425 vehicles.  

Commercial vehicles were a key focus of study because owners of these vehicles are key early 

adopters of PEV and HEV technologies, the construction of commercial vehicles facilitates 

imp lementation of standardized battery systems, battery systems associated with commercial 

vehicles are expected to have capacities (kW-hr or kWh) larger than those for passenger cars, 

and the increased residual value of battery systems for ECVs, HECVs, and PECVs reduces 

payback periods and increases cost justification for adopting electric drive technologies. 

Significant numbers of battery systems from ECVs, PHECVs, and HECVs are expected to 

become available for second use applications within California and t he remaining states 

beginning in 2019. Current incentive programs provide limited funds and thus impact less than 

1 percent of projected California sales and ½ percent of projected United States sales of ECVs, 

PHECVs, and HECVs, for identified vocational v ehicles through 2025. 

The cumulative number of second use battery systems for the entire US, originating with the six 

selected vehicle vocations, is expected to be greater than 50,000 by 2025, with the average 

energy capacity per pack equal to 52 kWh. The cumulative number of second use battery 

systems available within California is expected to be approximately 6,000 by 2025, with the 

average energy capacity per system equal to 50 kWh. 

Cumulative Energy Capacity of available second use battery systems for the entire United 

States is expected to be between 2.5 and 4.3 GWh by 2025. Cumulative Energy Capacity of 

available second use battery systems becoming available in California is expected to be between 

295 and 311 MW-hrs by 2025. 

Demand Side Analysis Summary 

A market analysis of utility demand for Li -Ion energy storage in the United States included the 

following information sources: industry publications, technical journals, interviews with 

industry stakeholders, procurement target proposals, and company rep orts. Data found in texts 
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by the CPUC (California Public Utilities Commission), CESA (California Energy Storage 

Alliance), KEMA Inc., Lux Research Inc., Navigant Consulting Inc., Pike Research, and Sandia 

National Laboratory (SNL) were normalized to United  States geospatial boundaries using Peak 

Load Growth proportional relationships.  Once normalized, the data was converted to energy 

units (GWh) and narrowed to utility -scale applications and Li-Ion battery energy storage. The 

various identified approaches p rojected data to different future dates: 1) CPUC to 2020; 2) CESA 

to 2020; 3) KEMA, Inc. to 2017; 4) Lux Research, Inc. to 2017; 5) Navigant Consulting (Pike 

Research), Inc. to 2022; and 6) Sandia National Laboratory to 2020. For the current study the 

market analysis employed single order exponential regressions to project Li-Ion utility energy 

storage demand through 2025 from the given data. 

The predictions for stationary litihium ion energy storage capacity demands through 2025, 

originating with Sandia Na tional Laboratory (based on Maximum Market Potentials approach) 

were noted to be significantly larger than those originating with other researchers.  This is 

thought to be related to the larger number of energy storage applications considered by SNL1. 

SandiÈɀÚɯ-+ɯ,ÈßÐÔÜÔɯ,ÈÙÒÌÛɯ/ÖÛÌÕÛÐÈÓÚɯÞÌÙÌɯÌÔ×ÓÖàÌËɯÈÚɯÛÏÌɯÉÈÚÐÚɯÍÖÙɯÛÏÌɯËÌÔÈÕËɯ

projections developed during the current study. The CPUC and CESA market forecasts were 

also higher than the average estimates, based on the assumption of strong grant and incentive 

programs for the adoption of utility -scale energy storage. The projections for the current study 

were based on exponential growth patterns and are in line with identified government 

mandates for utilities to adopt energy storage. The CPUC energy storage forcast data should be 

updated with these new ly found  projections to better reflect current government storage orders.  

Comparisons of the supply side versus demand side forecasts are summarized in figure below.  

It is projected that second use lithium -ion battery systems have the potential to supply between 

3.5 percent and 21.1 percent of the stationary lithium -ion energy storage demand by the utility 

industry through 2025.  
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Figure A: Comparison of Projected Second use Lithium-Ion Battery Systems Originating with 
Commercial Vehicles to Stationary Energy Storage Systems Demand through 2025 

 

 

Chapter 2 - Barries Analysis: Industry Reluctance 

Barriers Analysis Summary and Conclusions 

Technical and commercial barriers to standardized battery modules and packs were identified 

for both supply ( first use automotive applications) and demand ( second use energy storage 

applications). Resources employed in the study included a literature review and interviews 

with industry stakeholders.  Stakeholders included representatives of vehicle OEMs, battery 

suppliers, researchers, as well as standards organizations and regulators. 

The results of the Barriers Analysis were employed during the Design and Analysis for 

Standard Modules (see Chapter 3), along with battery performance requirements, to design and 

analyze standard modules for both first and second use applications.  

Supply  Side: The project team identified key demand-side technical barriers divided into two 

categories: technical and commercial for both vehicle OEMs and battery suppliers.  Identified 

barriers include:  

1. Packaging location and space requirements. 

2. Electrical, electronic, thermal, and communications protocols for each application.  
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3. Durability.  

4. Charge acceptance. 

5. Safety. 

6. Integration with second use requirements. 

7. Remanufacturing requirements.  

Key commercial barriers include:  

1. Impacts of perceived safety issues. 

2. Predictable and sustainable supply of cells, modules, packs and associated ancillary 

systems. 

3. Uncertainty in costs. 

4. Remanufacturing issues (standard vs. non-standard, and comparisons to bespoke 

battery packs). 

5. Industry resistance to risk and change. 

6. Uncertainty in maintenance requirements  and responsibilities , variation in system 

longevity.  

7. Electrical & electrochemical compatibility.  

8. Intell ectual Property and competitive position issues. 

9. The total cost of the storage systems need to be cost competitive with alternative non -

storage options available to electic utilities (including subassembly, installation, and 

integration costs)2.  

Key approaches to overcoming these barriers include:  

1. Continuing with development of electric vehicle battery standards such as those now 

published by ISO/IEC, UL and GM.  

2. Improved education regarding industry requirements for both first and second use 

applications. 

3. Promotion of cost savings and performance improvements resulting from 

standardization.  

4. Development of cells and modules which are compatible with a wide range of battery 

chemistries and performance specifications (voltage, watt-hours, resistance). 

                                                      
2  ÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯɁ&ÙÐËɯ$ÕÌÙÎàɯ2ÛÖÙÈÎÌɂɯÙÌ×ÖÙÛɯÍÙÖÔɯ#ÌÊÌÔÉÌÙɯƖƔƕƗɯÞÙÐÛÛÌÕɯÉàɯÛÏÌɯ#Ì×ÈÙÛÔÌÕÛɯÖÍɯ

Energy. 
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5. EstabliÚÏÔÌÕÛɯ ÖÍɯ ÈÊÊÌ×ÛÈÉÓÌɯ ÔÖËÜÓÌɯ Ú×ÌÊÐÍÐÊÈÛÐÖÕÚɯ ÛÖɯ ÍÈÊÐÓÐÛÈÛÌɯ Èɯ ɁÉÜÐÓËÐÕÎɯ ÉÓÖÊÒɂɯ

approach to both vehicle and stationary energy storage applications. This could include 

ÛÏÌɯ ÜÚÌɯ ÖÍɯ ȿÔÐËËÓÌÔÌÕɀɯ ȹƗÙËɯ ×ÈÙÛàȮɯ ÛÏÌɯ ÖÙÐÎÐÕÈÓɯ ÉÈÛÛÌÙàɯ ÔÈÕÜÍÈÊÛÜÙÌÙȮɯ ÖÙɯ ÛÏÌɯ ÊÈÙɯ

manufactureÙɯÍÖÙɯÌßÈÔ×ÓÌȺɯÛÏÈÛɯÝÌÙÐÍàɯÛÏÌɯØÜÈÓÐÛàɯÖÍɯÛÏÌɯÌÓÌÊÛÙÐÊɯÝÌÏÐÊÓÌɯÖÞÕÌÙɀÚɯÉÈÛÛÌÙàɯ

before it is accepted for use as a stationary energy storage device. 

6. Development of thermal management systems that are compatible with multiple vehicle 

applications as well as stationary energy storage environments. 

7. Development of expanded communications and battery management systems 

containing options to facilitate a range of vehicle and energy storage applications. 

8. Development of modules that facilitate remanufacturing proces ses for stationary energy 

storage. 

Demand  Side: Based on industry interviews, advantages and disadvantages were identified for 

the various technical approaches to integrating current design, non-standardized battery 

systems into second use stationary energy storage applications. A key disadvantage was the 

additional cost associated with the non-standardized designs, which must be modified for each 

application and thus cannot take advantages of the cost reductions associated with large scale 

production volum es. There are also non-recurring labor and design costs for this approach.  

Other technical approaches to integrating PEV battery systems into second use, stationary 

energy storage applications include: 

1. Non-standard use of separate DC-DC converter for each system 

2. Options to preserve systems intact after removal from vehicle  

3. Combining like systems (e.g. from same model vehicle) into second use systems. 

4. Adaption/replacement of BMS for modules that are reconfigured into second use 

systems 

5. Develop partnerships between battery and vehicle OEMs to allow reconfigurable BMS 

to be employed during both first and second use applications 

6. Employing standardized end -of-first use testing and validation programs, to allow for 

the selection of systems for second use based on key performance paramenters. 

7. Developing systems that enable extension of vehicle-to-grid (V2G) interfaces into second 

use applications. 

8. Develop customized (one-off) systems based on characteristics of available battery 

systems for second use applications. 

This study also produced recommendations for facilitating integration of used electric vehicle 

battery systems into stationary storage applications and methods to reduce the cost of this 

repurposing. These included: 
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1. Establish standard module-level anode and cathode locations, physical attachment sites, 

thermal management system interfaces, communication port pin -assignments and 

communications protocols.  

2. Do not restrict implementation of electrical or themal management algorithms  or 

topologies. 

3. Establish a standard sequence for the allocation of control variable in CANbus 

communications  

4. Design safety systems to be internally integrated. Manufacturers to make available 

certain documentation to enable adaptation of of control parameters for second use 

applications by the repurposer. 

5. Establish industry -wide standardized acceptance testing protocols to validate battery 

state of health at end of first use with conditionals for distinct cell types and 

manufacturers. 

Chapter 3: Design Concepts: Standards Design Conclusions 

The Design Concepts portion of the study included development of standardized design 

concepts for lithium -ion battery systems, evaluation of currently available lithium -ion battery 

system specifications and communication protocols, determination o f the cost impact of 

standardization on the price of batteries delivered to vehicle OEMs, design and demonstration 

of a second use battery energy storage system, and the evaluation of pathways for 

implementing PEV battery pack standards.  

In keeping with th e application focus of the current study, two standard battery pack designs 

were developed for commercial vocational vehicles. The packs were based on the following 

design parameters: 

1. Module energy of 5kWhr: Supports 25 kWhr battery pack energy increments and allows 

reasonable series and parallel cell configuration in module 

2. Cell types: GM standard pouch cell (A123 and LG Chem cells) and VDA PHEV2 

prismatic cell  

3. Module dimension: Keep to minimum to maintain energy density  

The standardized battery pack communication systems and BMS interfaces were also defined. 

A market research study was completed for commercially available energy storage modules of 

varying size, voltages, energy capacities and etc. The market research was conducted to give an 

overview on t he specifications of many different existing energy storage modules (totaling over 

20 modules from 9 different companies).  The research included tabulation of specifications and 

identification of trends and patterns of available energy storage modules to f acilitate 

development of the standardized EV battery modules.  
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A cost/benefit analysis was completed based on a value chain assessment of the battery life 

cycle beginning with the battery manufacturing process, the first use vehicle application, and 

the transfer from vehicle to stationary energy storage application.  

The impact of standardization on EV OEM module and battery price (delivered price to vehicle 

OEM) was determined using a lithium -ion manufacturing cost model.  Individual component 

costs were defined as a function of the delivered battery price to the vehicle manufacturer.  In 

Chapter 4, the impact of standardization on battery price for second use applications was 

quantified, along with the value derived from the individual players in the supply ch ain. 

The battery manufacturing cost model included both unit (module/battery) costs as well as 

system (thermal and battery management systems, cables, connectors, and housing) costs to 

determine the sales price to the vehicle OEM. 

Each cost component was evaluated to determine the impact of standardization.  This included 

assessments of variable costs, fixed expenses, profit warranty, pack integration, and addition of 

thermal and battery management systems. 

Materials and purchased items were found to range f rom 45 percent to 76 percent of the 

delivered battery price, depending upon battery chemistry and topology.  It was determined 

that standardization could reduce these costs between 3 percent and 12 percent of the delivered 

battery price. 

Direct labor represents between 0.4 percent and 7 percent of the delivered battery price, again 

depending upon battery chemistry and topology.  Standardization can reduce direct labor costs 

between 0.4 percent and 1 percent of the delivered battery price.  

Other cost components, such as GSA, R&D, overhead, depreciation, and warranty are projected 

to be impacted by standardization within the range of 0.4  percent to 1.6 percent. 

Addition of thermal management systems and pack integration adds between 20  percent and 29 

percent to the delivered battery price.  Standardization can reduce these between 2.5 percent and 

5.75 percent of the delivered battery price.  

Standardization thus has the potential to reduce the delivered battery price to the vehicle OEM 

by 3 percent to 15 percent. 

BMW led the development of a grid -tied stationary energy storage system located at the 

University of California San Diego which integrates six used MINI E high -voltage Li -Ion battery 

packs. The system architecture was dictated by the goals of design for commercialization and 

reuse of vehicle components. The system safety concept relies on each battery to be self-

protecting, reducing the need for higher level safety measures and enabling a standard interface 

to any proprietary vehicle BMS design. The introduc ÛÐÖÕɯÖÍɯÛÏÌɯɁ2Ü×ÌÙɯ!,2ɂɯÚàÚÛÌÔɯÉÌÛÞÌÌÕɯ

ÛÏÌɯÝÌÏÐÊÓÌɯ!,2ɀÚɯÈÕËɯÛÏÌɯÚÐÛÌɯÊÖÕÛÙÖÓÓÌÙɯÈÕËɯÐÕÝÌÙÛÌÙɯÐÚɯÈÕÖÛÏÌÙɯÒÌàɯÛÖɯÌÕÈÉÓÐÕÎɯÊÖÔÔÜÕÐÊÈÛÐÖÕɯ

interface standardization.  

Based on a literature search and interviews with industry stakeholders, potential pathways to  

implementing PEV battery pack standards were identified and included : 
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1. Participation in standards committees for OEM and stationary battery industry 

organizations, such as SAE, ISO/IEC, IEEE, and IEC. 

2. Improved education regarding industry requirements for both first and second use 

applications.  

3. Preparing and presenting technical papers containing results of battery standardization 

analyses. 

4. Promotion of cost savings, savings, and performance improvements resulting from 

standardization.  

5. Development of cells and modules that are compatible with a wide range of battery 

chemistries and performance specifications (voltage, watt-hours, resistance). 

6. (ËÌÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯÈÊÊÌ×ÛÈÉÓÌɯÔÖËÜÓÌɯÚ×ÌÊÐÍÐÊÈÛÐÖÕÚɯÛÖɯÍÈÊÐÓÐÛÈÛÌɯɁÉÜÐÓËÐÕÎɯÉÓÖÊÒɂɯÈ××ÙÖÈÊÏɯ

to both vehicle and energàɯÚÛÖÙÈÎÌɯÈ××ÓÐÊÈÛÐÖÕÚɯÈÕËɯ×ÙÌ×ÈÙÈÛÐÖÕɯÖÍɯɁ#ÙÈÍÛɂɯÚ×ÌÊÐÍÐÊÈÛÐÖÕÚɯ

for delivery to standards organizations.  

7. Development of expanded communications and battery management systems 

containing option to facilitate a range of vehicle and energy storage applicatio ns. 

8. Development of modules that facilitate remanufacturing processes for stationary energy 

storage and remain compatible for EV use. 

Chapter 4: Value Analysis: Financial Benefit Conclusions  

1) Determination of the impact of standardization on each stage o f the value chain: this 

included research on the residual value of battery systems at the end of first use and an 

economic analysis of second use, stationary energy storage applications. 

Additional interviews were conducted with industry stakeholders (vehi cle OEMs, battery 

manufacturers, national laboratories, and battery recyclers) to obtain comments on the impact 

of standardization from both commercial and technical perspectives, as well as views regarding 

the impact of standardization on residual value o f first use battery systems and definition of 

incentives and disincentives to standardization.  

It is projected that significant cost reductions due to module and battery design standardization 

will not occur until production volumes exceed 100,000 units pe r year, at which time price 

reductions on the order of 10 percent to 15 percent are expected relative to current first use 

battery system prices. It is noted that continuing improvements in lithium -ion chemistries for 

the electric vehicle market are likely  to reduce prices to below $300/kWh by 2020, assuming 

large-volume production facilities are put in place.  Leading battery developers, such as Tesla, 

are estimated to achieve a 35 percent reduction to $172/kWh for lithium -ion battery packs by the 

year 20253.  

                                                      
3 AccÖÙËÐÕÎɯÛÖɯɁElectric Vehicles Market Set for Big Boost as Li-ion Battery Costs Hit $172/kWh in 2025ɂȮɯ

article from May 2015 written by Lux Research. 
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It is the opinion of the industry experts interviewed during this portion of the study that 

standardization will lead to improved battery safety, through the implementation of improved 

separators, coatings, thermal management systems, and housing designs. 

Industry stakeholders are recommending that a family of up to four design standards be 

implemented to account for differences in applications, chemistries, and performance 

specifications. Currently, economic and technical considerations dictate that assembled second 

use modules and packs will contain like cells.  As standard designs become available, this 

assumption can be relaxed. 

The residual value of lithium -ion batteries at the end of their first use was determined using a 

variety of methods, includi ng: 1) scrap materials prices, 2) battery recycle values, 3) results of 

research conducted that the national laboratories, 4) vehicle battery pack trade-in values, and 5) 

evaluation of second use value based on economics of second use grid energy storage 

applications.  The resulting values ranged from -$30/kWh (battery owner must pay to have 

battery recycled) to +$150/kWh (based on high value second use application).  

The suitability of the standardized module/battery system configurations for different grid 

applications was assessed and compared to the suitability of the current non-standardized PEV 

system architectures. An energy storage economics model was utilized to determine the 

dollarized benefit of selected grid/storage scenarios for both non-standardi zed and 

standardized battery designs. It was determined that, in general, all applications show potential 

for net benefit results if battery modules are standardized.  Key grid applications that will 

benefit from battery energy storage include electric service reliability, renewable time shift, and 

power quality.  The maximum, economically feasible installed battery costs (below this cost the 

system is has a favorable return on investment) range from $183/kWh to over $1,000/kWh. 

2) Evaluation of incentives an d disincentives to each stakeholder for adopting standard 

designs: the purpose of this sub-task was to inform recommendations for standardization.  

A list of incentives and disincentives for implementing standardized battery designs for electric -

drive commercial vehicles was assembled. Many of the stakeholders expressed concern 

regarding possible negative impacts on battery development if design standards are imposed 

too early in the maturation of the industry.   

3) Assignment of generalized recommendations for each suggested configuration of 

standardized modules: this sub-task included  promot ing recyclability and defin ing financial 

benefits. 

Organizations such as SAE, FMVSS (NHTSA), UNMTC (UNECE), FreedomCAR, and ISO, have 

already put in place many components  and testing standards for rechargeable energy storage 

systems, but have not yet addressed design standards. It is recommended that these 

organizations be approached regarding support for design standards aimed at commercial 

vehicle modules and packs. 

Standardized modules will facilitate recycling because 1) there will be fewer module types and 

chemistries, 2) construction will favor disassembly, 3) components may be labeled with bar 
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codes to enable identification and machine sorting, and 4) future packs are anticipated to be 

larger (energy capacity) and available in larger volumes, thus promoting recycling operations  

Commercial vehicles have been identified as primary candidates for standardized module/pack 

designs because of the favorable economics associated with electric drive systems, the 

packaging options available for implementing standardized packs, and the projected supply of 

second use batteries originating from these vehicles.  

As described in Chapter 3, example module and pack designs have been developed based on 

energy capacity increments of 25 kW-hrs that meet the identified duty cycles.  These are 

intended to establish a basis for developing a family of module and pack design standards 

applicable to the commercial vehicle industry.  It is projected that three to four sets of designs 

standards can eventually be developed for various electric drive vehicle categories (design 

standards for HEVs are expected to be different than those for BEVs, for example). 

The design standards are to include sections on accommodations of 1) repurposing and second 

use applications and 2) recycling. 

It is recommended that initial module and pack design standardization activity be focused on 

commercial vehicle applications. 

Module production volumes for application to co mmercial vehicles are projected to exceed 

100,000 units during 2018. Significant cost reductions associated with large volumes and 

standardized designs occur at this production level.  

Thus, design activity associated with standard modules and packs aimed at the commercial 

vehicle market should begin during 2015. 

4) Evaluation of pathways for implementing standardized modules based on research and 

industry interviews.  

Pathways to implementing standardized modules and battery systems, in addition to those 

defined in Chapter 3, were identified and include:  

Å Identify commercial and technical advantages of standard designs for all portions of the 

module/pack life cycle.  

Å Include monetary incentives for implementing standardized battery designs as part of 

government-funded battery -electric vehicle adoption rate programs (based on clear 

benefits to entire value chain). 

Å Improve supply chain reliability ɬ the supply chain has been erratic in recent years as a 

result of changes in ownership and strategy. To effectively i mplement design standards, 

an improvement in supply chain coordination and cooperation will be required.  
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CHAPTER 1:  
Market Analysis: Supply vs. Demand 

The goal of the Market Analysis: Supply vs. Demand task was to employ primary research, market 

reports, modeling, and selected industry interviews to determine the availability of second use 

commercial PEV lithium -ion battery systems through 2025 and to compare the results to the 

projected demand by the utility industry for battery energy storage for the sa me time period. 

The analysis facilitated the identification of lessons learned from previous and current 

standardization efforts.  

1.1 Executive Summary 

The market analysis and assessment of second use battery supply vs. demand included two 

primary subtasks : 1) employ an adoption rate model to predict sales through 2020 of 

commercial vehicles having electric drives and from this model, determine supply through 2025 

of second use battery systems applicable to energy storage applications, and 2) complete a 

demand side analysis with the objective of forecasting electric utility demand for lithium -ion 

battery energy storage capacity through 2025. 

1.1.1 Employ Adoption Rate Model to Forecast Second use Supply 

An adoption rate model was employed to predict sales of  commercial electric drive vehicles 

through 2020 and determine supply of second use lithium -ion battery systems through 2025. 

Commercial vehicle vocations were chosen for the adoption rate forecast based on several 

criteria. The US EPA defines the commercial vehicle sector into three distinct categories: 1) 

combination tractor/trailers, 2) heavy -duty pickups and vans, and 3) vocational vehicles, which 

includes all other vehicle types, including buses, refuse trucks, shuttle buses, construction 

vehicles, delivery trucks, etc. (reference 114). 

The commercial vehicle vocations were chosen based on several criteria including: 

1. Duty cycles that lend themselves to electrification and hybridization (and incorporate 

battery packs favorable for second use applications). 

2. Vocations for which vehicle manufacturers currently offer or are planning to offer PEV 

or HEV products.  

3. Vehicles eligible for government incentive programs.  

4. Vehicles for which the total cost of ownership is significantly reduced when PEV and 

HEV drive s ystems are employed. 

5. Vocations that have a large enough population to significantly impact the second -use 

energy storage market. 

6. Vehicles that are favored by early adopters of new technology. 
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The study included analysis of current vehicle population data f or both California and the 

entire United States Icons have been placed on the various plots and tables to indicate the range 

of the data. 

Figure 1: United States and California Icons 

 

 

To select candidates for the commercial vehicles to be evaluated during the study, a basic 

spreadsheet-based modeling procedure was utilized.  The procedure included evaluation of 

sales data for commercial vehicles (Classes 3 through 8) within California and the entire United 

States, duty cycles for selected vocations, capital and operational cost data, and a rudimentary 

adoption rate model.  The vocations were selected based on favorable economics associated with 

incorporation of electric drive systems, including battery electric commercial vehicles (E CVs), 

hybrid electric commercial vehicles (HECVs), and plug -in hybrid electric commercial vehicles 

(PHEVCs). The selected vehicle populations were then subjected to a more rigiorous analysis 

using proprietary modeling tools to determine payback periods for  the incremental cost of new 

technologies (Total Cost of Ownership ɬTCO) and predicting market penetration of selected 

powertrain technologies into defined market segments (Vehicle Adoption Rate).  Figure 2 shows 

the vehicle vocations that are included in t he current study.  

Figure 2: Vehicle Vocations included in current study 

 

 

Future populations for ECVs, HECVs, and PHECVs for the entire US, and separately for 

California, were determined using the TCO and Vehicle Adoption Rate mod els. 

Characteristics of the selected vocational vehicles were defined based on information available 

in the literature as well as interviews with industry representatives and include duty cycles, 

battery pack specifications, infrastructure costs, maintenance, incremental costs for the ECV, 

PHECV, or HECV drive systems, applicable incentive programs, fuel costs, and residual value 

of vehicle and battery pack at end of first use. 
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It was found that current incentive programs provide limited funds and thus impa ct less than 

0.5 percent of projected United States sales of ECVs, PHECVs, and HECVs, for identified 

vocational vehicles during 2015 and beyond. 

Adoption rates were calculated for each of the selected vocations both with and without 

government incentives and grants. The adoption rates were based on the following procedure: 

1. From the Total Cost of Ownership model, determine the payback period associated with 

the incremental cost of the electric or hybrid drive components compared to baseline 

costs associated with conventional diesel or gasoline powertrains.  

2. The adoption rate for the ECV, PHECV, or HECV is determined based on the payback 

period.  For example if the incremental cost of an advanced technology system is less 

than three years, it is a candidate for adoption by a majority of new vehicle purchasers.  

Other categories include early adopters and late adopters. 

3. Apply the adoption rate to projected new vehicle registrations (based on historical new 

vehicle registration data) to determine the number of ECV, PHECV, and HECV 

purchases for each selected vocation through 2020. 

4. Based on duty cycle, battery capacity degradation, and expected vehicle life, determine 

the number of second use batteries to become available, the capacity of the batteries as 

they enter second use, and the year the batteries become available for second use for 

each selected vehicle vocation. 

5. Determine the total number of batteries and total second use energy capacity (kWh) of 

the batteries expected to become available prior to 2025.  

The availability of automotive battery packs for second use applications was determined based 

on: 

¶ Sales forecasts of commercial electric, hybrid commercial electric and plug-in hybrid 

commercial electric vehicles 

¶ New-technology-vehicle adoption rates determined  by comparing the total cost of 

ownership to conventional diesel and gasoline ICE vehicles 

Second use battery packs from commercial vehicles are expected to become available starting in 

2019. For the entire US, the cumulative number of second use battery packs, originating with 

vocational vehicles, is expected to be greater than 50,000 by 2025. The number of available 

second use batteries is expected to be greater if incentive and grant funding programs are 

increased over current levels. 
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Figure 3: Projected Number of Second use Battery Packs by Year through 2025 Originating from 
Selected Vehicle Vocations (Entire US) 

 

 

Figure 4: Number of Battery Packs Available for Second use by Year through 2025 Originating 
from Selected Vehicle Vocations (Entire US)  

 

 

The availability of commercial vehicle battery systems for second use applications was 

determined based on a detailed evaluation of selected vocational vehicles. The vehicles were 

chosen based on economic evaluations of vehicle duty cycles and favorable ROIs associated 

with the incremental costs of incorporating electric, plug -in hybrid electric, and hybrid electric 

drive systems. The focus of the study was on commercial vehicles. 

For the entire US, the cumulative energy storage capacity of second use battery packs, 

originating with vocational vehicles, is expected to be greater than 2.5 GWh. The available 

energy storage capacity of second use batteries is expected to be greater if incentive and grant 

fund ing programs are increased over current levels. 
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Figure 5: Projected Energy Capacity of Second use Battery Packs by Year through 2025 
Originating from Selected Vehicle Vocations (Entire US)  

 

 

Figure 6: Energy Capacity of Battery Packs Available for Second use (GWh) by Year through 2025 
Originating from Selected Vehicle Vocations (Entire US)  

 

 

A second analysis was completed for vocational vehicles registered within California.  Selected 

vehicles included battery packs with energy storage capacities greater than 10 kWh. Electric 

Commercial Vehicles (ECVs), Plug-In Hybrid Electric Commercial Vehicles (PHECVs), and 

Hybrid Electric Commercial Vehicles (HECVs) were included in the evaluation.  

For California, th e cumulative number of second use battery packs, originating with vocational 

vehicles, is expected to be approximately 6,000 by 2025. The number of available second use 

batteries is expected to be greater if incentive and grant funding programs are increased over 

current levels. 
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Figure 7: Projected Number of Second use Battery Packs by Year through 2025 Originating from 
Selected Vehicle Vocations within California 

 

 

Figure 8: Number of Battery Packs Available for Second use by Year through 2025 Originating 
from Selected Vehicle Vocations within California 

 

 

For California, the cumulative energy storage capacity of second use battery packs, originating 

with vocational vehicles, is expected to be greater than 0.3 GWh, approximately 12 percent of 

that predicted for the entire US. The available energy storage capacity of second use batteries is 

expected to be greater if incentive and grant funding programs are increased over current 

levels. 
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Figure 9: Projected Energy Capacity of Second use Battery Packs by Year through 2025 
Originating from Selected Vehicle Vocations within California 

 

 

Figure 10: Energy Capacity of Battery Packs Available for Second use (MWh) by Year through 
2025 Originating from Selected Vehicle Vocations within California 

 

 

Significant numbers of battery packs from ECVs, PHECVs, and HECVs are expected to become 

available for second use applications within California and the remaining states  beginning in 

2019. Current incentive programs provide limited funds and thus impact less than 1  percent of 

projected California sales and ½ percent of projected United States sales of ECVs, PHECVs, and 

HECVs, for identified vocational vehicles through 202 5. 

The cumulative number of second use battery packs for the entire US, originating with the six 

selected vehicle vocations, is expected to be greater than 50,000 by 2025, with the average 

energy capacity per pack equal to 52 kWh. The cumulative number of second use battery packs 

available within California is expected to be approximately 6,000 by 2025, with the average 

energy capacity per pack equal to 50 kWh. 
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Cumulative Energy Capacity of available second use battery packs for the entire United States is 

expected to be between 2.5 and 4.3 GWh by 2025. Cumulative Energy Capacity of available 

second use battery packs becoming available in California is expected to be between 295 and 

311 MWh by 2025. 

1.1.2 Employ Market Research to Forecast Second use Demand 

A market analysis of utility demand for Li -Ion energy storage in the United States includedthe 

following information sources: industry publications, technical journals, interviews with 

industry stakeholders, procurement target proposals, and company report s. Data found in texts 

by the CPUC (California Public Utilities Commission), CESA (California Energy Storage 

Alliance), KEMA Inc., Lux Research Inc., Navigant Consulting Inc., Pike Research, and Sandia 

National Laboratory (SNL) were normalized to United States geospatial boundaries using Peak 

Load Growth proportional relationships.  Once normalized, the data was converted to energy 

units (GWh) and narrowed to utility -scale applications and Li-Ion battery energy storage. The 

various identified approaches proj ected data to different future dates: 1) CPUC to 2020; 2) CESA 

to 2020; 3) KEMA, Inc. to 2017; 4) Lux Research, Inc. to 2017; 5) Navigant Consulting (Pike 

Research), Inc. to 2022; and 6) Sandia National Laboratory to 2020. For the current study the 

market analysis employed single order exponential regressions to project Li-Ion utility energy 

storage demand through 2025 from the given data. 

The results of the demand analysis are summarized in Figure 11 below. 

Figure 11: Summary of Lithium-Ion Energy Storage Systems Demand through 2025 

 

 

Comparisons of the supply side versus demand side forecasts are summarized in Figure 12. It is 

projected that second use lithium -ion battery systems have the potential to supply between 3.5 
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percent and 21.1 percent of the stationary lithium -ion energy storage demand by the utility 

industry through 2025.  

Figure 12: Comparison of Projected Second use Lithium-Ion Battery Systems Originating with 
Commercial Vehicles to Stationary Energy Storage Systems Demand through 2025 

 

 

1.1.3 Forecast of Utility Grid Lithium-Ion Battery Energy Storage Demand 

A wide range of information sources, including interviews with industry stakeholders, were 

utilized to assess the utility grid market for lithium -ion batteries. The standardized projections 

followed  exponential growth patterns which are in line with the increase in government 

proposals for California investor -owned utilities to adopt energy storage.  

The standardized projections for 2025 for Lithium -ion battery energy storage show a utility 

demand of between about 21 GWh (minimum average) and 74 GWh (maximum average), with 

an overall average at about 51 GWh. The range and average values were computed using the 

market estimates resources only. 

1.1.4 Comparison: Supply vs. Demand 

The results of the Supply and Demand Side Analyses are summarized in Figure 13. It is 

projected that second use modules originating from commercial electric -drive vehicles will 

provide between 3.5 percent and 21.1 percent of the stationary lithium -ion battery demand by 

2025, based on the cumulative supply of batteries that become available between 2014 and 2025. 
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Figure 13: Projected Second use Battery Pack Supply vs. Projected Second use Demand for Entire 
US 

 

 

1.2 Overview: Market Analysis: Supply vs. Demand 

The goal of the market analysis is to determine the degree of alignment between the first use 

commercial PEV battery supply and the second use utility market modul e/battery demand. This 

analysis incorporated an assessment of the technical product requirements in both markets as 

well as the alignment in the size of both markets between 2014 and 2025.  

1.2.1 Supply of Second use Commercial, Electric-Drive Vehicle Batteries 

A landscape of the supply side of the PEV battery market was developed, including growth 

forecasts and product descriptions through 2020. Information gathered during industry 

interviews with vehicle OEMs and battery suppliers was merged with data obt ained from a 

literature search which included historical market trends, current market reports, internal 

ÛÌÊÏÕÐÊÈÓɯÈÕËɯÔÈÙÒÌÛɯÌß×ÌÙÛÐÚÌɯÈÕËɯ1ÐÊÈÙËÖɀÚɯÛÌÊÏÕÖÓÖÎàɯÈËÖ×ÛÐÖÕɯÙÈÛÌɯÔÖËÌÓɯÛÖɯÍÖÙÌÊÈÚÛɯÛÏÌɯ

supply of PEV batteries available for secondary application  within the utility industry.  This 

process is illustrated in Figure 14. 

Figure 14: Approach to Developing Supply Forecast 
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The focus of the battery supply study was on commercial vehicles. Commercial vehicle 

vocations were chosen based on several criteria including: 

1. Vocational vehicles have duty cycles that lend themselves to electrification and 

hybridization (and incorporate battery packs favorable for second use applications). 

2. Vehicle manufacturers currently offer or are planning  to offer a wide range of electric 

drive products.  

3. The increased residual value of battery packs for EVs, HECVs, and PECVs reduces 

payback periods and provides cost justification for incorporating electric drive 

technologies. 

4. Vocational vehicles are eligible for government incentive programs  

5. For many vocational vehicles, the total cost of ownership is significantly reduced when 

PEV and HEV drive systems are employed. 

6. Many vocations have a population large enough to significantly impact the second use 

battery market. 

7. Vocational vehicle fleet owners have been shown to be early adopters of new technology  

The process for determining the availability of modules and battery systems originating from 

the selected vocational vehicles is illustrated in Figure 15. 
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Figure 15: Task Interaction: Supply Side Second use Battery Forecast 

 

*Not included in current study 

 

Information sources ranged from industry interviews to technical journals and commercially 

available data bases. Commercial vehicles were categorized by both vocation and weight class. 

Weight class categories are defined in Figure 17. The term vocational refers to vehicles with a 

defined commercial purpose, such as buses, refuse trucks, concrete mixers, etc. (and not 

combination tra ctors or heavy-duty pick -up trucks or vans, reference 114). An example of the 

vocation vehicle population study results, in this case for vehicles registered within California, 

is shown in Figure 16 (references 16, 17, 18, 93). 

  
















































































































































































































































































































































































































































































































































































































































