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Overview

Plug-in hybrid electric vehicles (PHEVs) allow their drivers to choose whether to use electricity or gasoline, but this
fuel flexibility benefit requires the purchase of additional battery capacity relative to most other vehicles. We value
this fuel flexibility by representing the purchase of the battery as the purchase of a strip of call options on the price
of transportation. We find that using a real options approach instead of a discounted cash flow analysis can
substantially raise the retail battery price at which the battery pays for itself. Unless battery prices fall or expected
long-term average U.S. gasoline prices rise to $5 per gallon or greater, the PHEV's battery may still not pay for
itself, and greenhouse gas abatement via PHEVs may cost over $100/t CO,-eq. However, the value of subsidizing
PHEVs as an abatement strategy is greater than represented by their direct reductions in emissions because the
vehicles reduce the cost of adopting more stringent climate policies in the future.

Methods

We represent the purchase of each mile of PHEV battery capacity as the purchase of a strip of European call options
in which the payoffs are the fuel savings in dollars per mile from powering the vehicle with grid-supplied electricity
instead of gasoline. Each option corresponds to the decision on some day d about whether to use grid electricity for
some mile m of PHEV travel. We value each call option under different assumptions about the form of the mean-
reverting stochastic process used to represent the evolution of gasoline prices, and we also consider a case in which
PHEV owners participate in real-time electricity pricing and so see electricity prices which follow a mean-reverting
stochastic process. We also correct and extend the formula for the valuation of a spread call option when both
underlying assets follow mean-reverting price processes, as in our real-time electricity pricing case.



Results

Adopting a real options approach instead of a disconted cash flow analysis can raise the price at which batteries pay
for themselves via fuel savings andfuel flexibility by $100-$200/kWh, but batteries are nonetheless unlikely to be
economical (as defined by this metric of fuel savings payback) at near-term battery and fuel prices. In addition,
subsidizing PHEVs to achieve greenhouse gas emission reductions may still be a costly abatement strategy unless
we also value the more indirect effects of PHEVs on abatement costs.

Conclusions

Our real options approach increases the battery price at which a PHEV's additional battery capacity may pay for
itself, but our valuation example shows that for the battery to actually pay for itself, long-term gasoline prices may
need to rise above $5/gallon (without a corresponding rise in electricity prices) or battery prices may need to fall by
more than some predict mass production alone will achieve. Further work could combine this real options approach
with better modeling of vehicle characteristics, costs, and usage patterns and with better estimation of price process
parameters. It would be interesting to see how the break-even battery cost varies with energy management strategy
as well as with charge-depleting or all-electric range. Future analyses could also assess the influence of climate
policies on the incentives to purchase PHEVs by representing these policies' effects in the fuel price processes.
Most importantly, they should also consider PHEVs' larger role in greenhouse gas abatement efforts by using a real
options framework to value the abatement flexibility that would be gained from widespread adoption of PHEVs.

References

Baker, M. P., E. S. Mayfield, and J. E. Parsons (1998). "Alternative models of uncertain commodity prices
for use with modern asset pricing methods." The Energy Journal 19(1): 115-148.

Barlow, M. T. (2002). "A diffusion model for electricity prices." Mathematical Finance 12(4): 287-298.
doi:10.1111/5.1467-9965.2002.tb00125 .x.

Barone-Adesi, G., H. Rasmussen, and C. Ravanelli (2005). "An option pricing formula for the GARCH
diffusion model." Computational Statistics & Data Analysis 49(2): 287-310. doi:10.1016/j.csda.2004.05.
014.

Bradley, T. H. and A. A. Frank (in press). "Design, demonstrations and sustainability impact assessments
for plug-in hybrid electric vehicles." Renewable and Sustainable Energy Reviews doi:10.1016/j.rser.2007.
05.003.

Burke, A. F. (2007). "Batteries and ultracapacitors for electric, hybrid, and fuel cell vehicles." Proceedings
of the IEEE 95(4): 806-820. doi:10.1109/JPROC.2007.892490.

Carmona, R. and V. Durrleman (2003). "Pricing and hedging spread options." SIAM Review 45(4): 627-685.
doi:10.1137/S0036144503424798.

Choi, Y. (2005). "An analytical approximation to the option formula for the GARCH model." International
Review of Financial Analysis 14(2): 149-164. doi:10.1016/j.irfa.2004.06.007.

Deng, S. (2000). "Stochastic models of energy commodity prices and their applications: Mean-reversion
with jumps and spikes." Program on Workable Energy Regulation (POWER) Working Paper PWP-073,

University of California Energy Institute.

Deng, S.-J., B. Johnson, and A. Sogomonian (2001). "Exotic electricity options and the valuation



3 Intelligent Well Technology: Status and Opportunities for Developing Marginal Reserves SPE

of electricity generation and transmission assets." Decision Support Systems 30(3): 383-392. doi:
10.1016/S0167-9236(00)00112-3.

Dixit, A. (1993). "Choosing among alternative discrete investment projects under uncertainty." Economics
Letters 41(3): 265-268. doi:10.1016/0165-1765(93)90151-2.

Dixit, A. K. and R. S. Pindyck (1994). Investment Under Uncertainty. Princeton, N.J.: Princeton University
Press.

Dotsis, G. and R. N. Markellos (2007). "The finite sample properties of the GARCH option pricing model."
Journal of Futures Markets 27(6): 599-615. doi:10.1002/fut.20241.

Duan, J.-C., G. Gauthier, and J.-G. Simonato (1999). "An analytical approximation for the GARCH option
pricing model." Journal of Computational Finance 2(4): 75-116.

EPRI (2001). Comparing the Benefits and Impacts of Hybrid Electric Vehicle Options. Technical Report
1000349, EPRI, Palo Alto, CA.

EPRI (2002). Comparing the Benefits and Impacts of Hybrid Electric Vehicle Options for Compact Sedan
and Sport Utility Vehicles. Technical Report 1006892, EPRI, Palo Alto, CA.

Espey, M. and S. Nair (2005). \" Automobile fuel economy: What is it worth?" Contemporary Economic
Policy 23(3): 317-323. doi:10.1093-cep-byi024.

Eydeland, A. and K.Wolyniec (2003). Energy and Power Risk Management: New Developments in Modeling,
Pricing, and Hedging. Hoboken, New Jersey: John Wiley & Sons, Inc.

Farrell, A. E. and D. Sperling (2007a). A Low-Carbon Fuel Standard for California. Part 1: Technical
Analysis. University of California.

Farrell, A. E. and D. Sperling (2007b). A Low-Carbon Fuel Standard for California. Part 2: Policy Analysis.
University of California.

Fleten, S.-E., K. Maribu, and I. Wangensteen (2007). "Optimal investment strategies in decentralized
renewable power generation under uncertainty." Energy 32(5): 803-815. doi:10.1016/j.energy.2006.04.015.

Gonder, J. and T. Markel (2007). "Energy management strategies for plug-in hybrid electric vehicles." 2007
Society of Automotive Engineers World Congress. Detroit, Michigan. NREL/CP-540-40376.

Gonder, J., T. Markel, M. Thornton, and A. Simpson (2007). "Using global positioning system travel data to
assess real-world energy use of plug-in hybrid electric vehicles." Transportation Research Record: Journal
of the Transportation Research Board 2017: 26-32. doi:10.3141/2017-04.

Gonder, J. and A. Simpson (2007). "Measuring and Reporting Fuel Economy of Plug-In Hybrid Electric
Vehicles." World Electric Vehicle Association Journal 1: 1-8. NREL/JA-540-41341, WEVA-2007-025.

Greene, D. L. and J. DeCicco (2000). "Engineering-economic analyses of automotive fuel economy potential
in the United States." Annual Review of Energy and the Environment 25: 477-535. doi:10.1146/annurev.
energy.25.1.477.

Heffner, R. R., K. S. Kurani, and T. S. Turrentine (2007). "Symbolism in California's early market for
hybrid electric vehicles." Transportation Research Part D: Transport and Environment 12(6): 396-413.
doi:10.1016/j.trd.2007.04.003.

Heston, S. L. (1993). "A closed-form solution for options with stochastic volatility with applications to bond



and currency options." The Review of Financial Studies 6(2): 327-343. doi:10.1093/rfs/6.2.327.

Heston, S. L. and S. Nandi (2000). "A closed-form GARCH option valuation model." The Review of
Financial Studies 13(3): 585-625. doi:10.1093/rfs/13.3.585.

Hsieh, K. C. and P. Ritchken (2005). "An empirical comparison of GARCH option pricing models." Review
of Derivatives Research 8(3): 129-150. doi:10.1007/s11147-006-9001-3.

Huisman, R., C. Huurman, and R. Mahieu (2007). "Hourly electricity prices in day-ahead markets." Energy
Economics 29(2): 240-248. doi:10.1016/j.eneco.2006.08.005.

Kalhammer, F. R., B. M. Kopf, D. H. Swan, V. P. Roan, and M. P. Walsh (2007). Status and Prospects for
Zero Emissions Vehicle Technology: Report of the ARB Independent Expert Panel 2007. Prepared for the
State of California Air Resources Board.

Karner, D. and J. Francfort (2007). "Hybrid and plug-in hybrid electric vehicle performance testing by the
US Department of Energy Advanced Vehicle Testing Activity." Journal of Power Sources 174(1): 69-75.
doi:10.1016/j.jpowsour.2007.06.069.

Kempton, W. and J. Tomi¢ (2005a). "Vehicle-to-grid power fundamentals: Calculating capacity and net
revenue." Journal of Power Sources 144(1): 268-279. doi:10.1016/j.jpowsour.2004.12.025.

Kempton, W. and J. Tomi¢ (2005b). "Vehicle-to-grid power implementation: From stabilizing the grid
to supporting large-scale renewable energy." Journal of Power Sources 144(1): 280-294. doi:10.1016/j.
jpowsour.2004.12.022.

Knittel, C. R. and M. R. Roberts (2005). "An empirical examination of restructured electricity prices."
Energy Economics 27(5): 791-817. doi:10.1016/j.enec0.2004.11.005.

Kolos, S. P. and E. I. Ronn (2008). "Estimating the commodity market price of risk for energy prices."
Energy Economics 30(2): 621-641. doi:10.1016/j.eneco.2007.09.005.

Korn, O. (2005). "Drift matters: An analysis of commodity derivatives." Journal of Futures Markets 25(3):
211-241. doi:10.1002/fut.20139.

Lee, T. and J. Zyren (2007). "Volatility relationship between crude oil and petroleum products." Atlantic
Economic Journal 35(1): 97-112. doi:10.1007/s11293-006-9051-9.

Lemoine, D. M., D. M. Kammen, and A. E. Farrell (2008). "An innovation and policy agenda for commercially
competitive plug-in hybrid electric vehicles." Environmental Research Letters 3(1): 1-10. doi:10.1088/
1748-9326/3/1/014003.

Lipman, T. E. and M. A. Delucchi (2006). "A retail and lifecycle cost analysis of hybrid electric vehicles."
Transportation Research Part D: Transport and Environment 11(2): 115-132. doi:10.1016/j.trd.2005.10.
002.

Markel, T. and A. Simpson (2006). "Cost-benefit analysis of plug-in hybrid electric vehicle technology."
World Electric Vehicle Association Journal 1: 1-8. NREL/JA-540-40969, WEV A-2006-053.

Mazaheri, A. (1999). "Convenience yield, mean reverting prices, and long memory in the petroleum market."
Applied Financial Economics 9(1): 31-50. doi:10.1080/096031099332519.

O'Keefe, M. P. and T. Markel (2006). "Dynamic programming applied to investigate energy management
strategies for a plug-in HEV." 22nd International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium and
Exhibition (EVS-22). Yokohama, Japan. NREL/CP-540-40376.



5 Intelligent Well Technology: Status and Opportunities for Developing Marginal Reserves SPE

Pindyck, R. S. (2001). "The dynamics of commodity spot and futures markets: A primer." The Energy
Journal 22(3): 1-29.

Prelec, D. and G. Loewenstein (1998). "The red and the black: Mental accounting of savings and debt."
Marketing Science 17(1): 4-28.

Sadorsky, P. (2006). "Modeling and forecasting petroleum futures volatility." Energy Economics 28(4):
467-488. doi:10.1016/j.eneco.2006.04.005.

Samaras, C. and K. Meisterling (2008). "Life cycle assessment of greenhouse gas emissions from plug-in
hybrid vehicles: Implications for policy." Environmental Science & Technology 42(9): 3170-3176. doi:
10.1021/es702178s.

Schwartz, E. and J. E. Smith (2000). "Short-term variations and long-term dynamics in commodity prices."
Management Science 46(7): 893-911.

Schwartz, E. S. (1997). "The stochastic behavior of commodity prices: Implications for valuation and
hedging." Journal of Finance 52(3): 922-973.

Scott, M. J., M. Kintner-Meyer, D. B. Elliott, and W. M. Warwick (2007). Impacts Assessment of Plug-
In Hybrid Vehicles on Electric Utilities and Regional U.S. Power Grids. Part 2: Economic Assessment.
Pacific Northwest National Laboratory.

Sezgen, O., C. A. Goldman, and P. Krishnarao (2007). "Option value of electricity demand response."
Energy 32(2): 108-119. doi:10.1016/j.energy.2006.03.024.

Tareen, I. Y., M. E. Wetzstein, and J. A. Duffield (2000). "Biodiesel as a substitute for petroleum diesel in
a stochastic environment." Journal of Agricultural & Applied Economics 32(2): 373-81.

Tsitakis, D., S. Xanthopoulos, and A. Yannacopoulos (2006). "A closed-form solution for the price of
cross-commodity electricity derivatives." Physica A: Statistical and Theoretical Physics 371(2): 543-551.
doi:10.1016/j.physa.2006.03.037.

Turrentine, T. S. and K. S. Kurani (2007). "Car buyers and fuel economy?" Energy Policy 35(2): 1213-1223.
doi:10.1016/j.enpol.2006.03.005.

Vedenov, D. V., J. A. Duffield, and M. E. Wetzstein (2006). "Entry of alternative fuels in a volatile US
gasoline market." Journal of Agricultural and Resource Economics 31(1): 1-13.



