Economic implications of lithium ion battery degradation for vehicle-to-grid (V2X) Services
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Overview

The transportation sector accounts for around 25% of global energy-related carbon emissions of which light-duty passenger vehicles account for over half and their impact is expected to grow in the coming years [1,2]. It is clear, that to achieve the necessary carbon emission reductions agreed upon in the Paris Climate Accords there must be a substantial contribution from the transport sector. Replacement of light-duty vehicles with Electric Vehicles (EV) TA \l "EV : Electric Vehicle" \s "Electric Vehicles (EV)" \c 1  and Plug-in Hybrid Electric Vehicles (PHEV TA \l "PHEV: Plug-in Hybrid Electric Vehicle" \s "PHEV" \c 1 ) offers a promising alternative to take advantage of synergies between the Energy and Transport sectors, yet their effectiveness as a solution depends on a decarbonized electric grid and the availability of cost competitive battery technology.  While PHEVs and other hybrid topologies are already well established in the market, key barriers to large scale EV market penetration include battery costs and vehicle range, both areas where recent technological developments provide encouraging signs. There are several ongoing approaches to address these barriers, one being through the development of Vehicle-to-Grid/Building/Home (V2X) service capabilities to lower total vehicle ownership costs (TOC). 

V2X services aim to derive additional value from the battery asset during times of non-use through dynamic or bi-directional charge control to provide benefits to the electric grid or to reduce/flatten/shift peak energy consumption of buildings. Vehicle-to-Grid (V2G) services relate to utilizing an electric vehicle battery as either a Distributed Energy Resource (DER) or as storage for the electric grid. V2G is envisioned to predominately provide Ancillary Services due to the inherent characteristics of an EV resource which include a near-instantaneous response time and limited energy capacity. As such, V2G is likely to be employed by an aggregator which intelligently coordinates several distributed resources to provide grid-significant capacity.  Four potential markets have been identified for V2G services: Spinning Reserves, Peak Power Shaving (Energy Arbitrage), Frequency Regulation, and Demand Response. Vehicle-to-Building (V2B) or Vehicle-to-Home (V2H) relate to employing an electric vehicle as a means to optimize energy consumption and to limit overall energy usage by reducing, flattening, or shifting peak energy consumption in either a building or a home. Many interesting value propositions have been developed through employing EV fleets with rooftop solar resources in micro-grids and have demonstrated that energy storage paired with buildings will result in reduced load variability along with several other derivative benefits such as capital cost deferment, reduction of carbon emissions, and reduction of operation costs for both grid operators and building managers. 

An important question however is to what extent additional use of the vehicle battery will affect battery capacity over its lifetime. Battery State of Health (SOH) is impacted through reduction of total capacity and/or increase in internal impedance due to various electrochemical degradation mechanisms which collectively result in Calendar Aging and Cycling Aging behaviors [3–6]. At moderate temperatures, Calendar Aging is the dominant factor and this understanding paired with the fact that most vehicles are immobile more than 90% of the time, implies that the battery management strategy while at rest will bound lifetime. While there is disagreement of the viability of V2X as a whole, there is a consensus that services which require a large energy throughput would likely be cost prohibitive as this would cause the greatest capacity degradation. However there has been no published study to date which investigates the economic costs due to battery degradation caused by real-world V2X service provision to a sufficiently sophisticated level which takes the interplay of Calendar and Cycling Aging effects and the degradation drivers of Time, Temperature, State of Charge (SOC) TA \l "SOC: State of Charge" \s "State of Charge (SOC)" \c 1 , Depth of Discharge (DoD) TA \l "DoD: Depth of Discharge" \s "Depth of Discharge (DoD)" \c 1 , Charge Rate (C-rate) TA \l "C-rate: Charge Rate" \s "Charge Rate (C-rate)" \c 1 , and Amp-hour (Ah) throughput into account.

This paper continues with section two on battery degradation mechanisms where key concepts are introduced and aging behavior of batteries is explained. The third section is a brief overview of semi-empirical electrochemical modeling approaches and their applications to better battery degradation cost estimation. The fourth section extracts the salient economic implications of battery degradation and develops a principles-based approach to battery management. Section five concludes with how semi-empirical battery models can be incorporated to provide cost estimation for optimized charging algorithms and how V2X services can be designed to potentially prolong rather than inhibit battery lifetime.   
Methods

Meta-analysis of battery degradation modeling approaches, qualitative abstraction of electrochemical degradation principles to inform economic costs.
Results

Evidence suggests that V2X could prolong battery life through integration with optimized management algorithms and that cost effective V2X services may be dependent on battery chemistry due to known chemistry-specific aging behavior [7–10]. 
Conclusions

Li-ion batteries are complicated electrochemical systems with non-linear interdependencies which exhibit two simultaneous aging behaviors known as Calendar Aging and Cycling Aging which are exacerbated through various degradation drivers. Furthermore, each battery chemistry will exhibit varying sensitivities to these degradation drivers therefore economic analyses of battery assets should contain sufficient electrochemical detail to account for chemistry specific degradation behavior. 

As Calendar Aging tends to be the dominant life reducing factor in vehicular applications this implies that battery degradation cost is inherently time and temperature dependent. V2X services could potentially prolong battery life insofar as they contribute to the Calendar Aging mitigation strategies outlined herein, however V2X cost effectiveness may be chemistry dependent. 
Current Ancillary Service market remuneration schemes currently are not well adapted to an aggregated EV resource despite its technical adequacy and pose large barriers to entry that are cost prohibitive. Therefore revenue only estimations of the economic viability of V2X will result in poor technological outlooks for small actors if current market regulation is unchanged. However as battery packs are the single greatest cost factor in Electric Vehicles, often greater than $6,000 USD not including labor replacement costs, significant value exists in battery asset life extension which is unaccounted for in economic studies to date. 
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