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Abstract
The large-scale deployment of electric vehicles in the Bay Area will inevitably impact the
electric power supply, transmission, and distribution infrastructure. In this report we focus on
identifying how well wind and solar power supply correlate with battery electric vehicle loads
and we analyze an optimal choice of supply contracts for satisfying these loads in the context
of a deregulated electricity market. We find that wind generation is cost competitive with
fossil fuel energy sources for supplying electric vehicles, whereas solar power supply does not
appear to be an economically viable option. We also find that careful charging strategies can
lead to significant economic savings. Finally, we estimate that electric vehicle deployment can
have a moderate impact on the California peak load.
1. Introduction
Electric vehicles (EVs) are an emerging technology which has the potential to transform power
systems and deeply impact the energy economy. In 2007, the U.S. transportation sector
accounted for 29% of national annual energy consumption, and it was almost exclusively
fueled by oil [1]. In contrast to internal combustion engines, EV batteries can be powered by
renewable energy sources. Consequently, their large-scale deployment can bring about a
radical shift in the fuel mix of our energy supply, a fact which will have major technological,
economic and environmental implications.
Unlike many electric power consumers, EVs represent a very flexible category of loads. Most
EVs remain idle for the majority of the day, and can be charged at any time they are idle. This
has significant implications for renewable energy suppliers. Renewable energy sources like
wind and solar power suffer from our inability to control their highly variable and
unpredictable output. This prevents their large-scale integration in power systems, although
they represent a clean and abundant source of energy. Therefore, introducing a flexible
category of loads such as EVs into the grid, which can be charged as renewable resources
become available, will create an extraordinary potential for increasing the integration of these
energy sources in a cost effective fashion [2]. This will have a disruptive impact on the
renewable energy industry, and possibly on the overall electricity economy.
In this paper we perform a case study for large-scale deployment of battery electric vehicles
(BEVs) in the San Francisco Bay Area and we focus on the interaction of BEV demand with
renewable energy supply. We assess the physical limits of the potential contribution of
renewable energy to BEV loads, as determined by the variable and random pattern of
renewable energy supply in California. In addition, we assess the economic viability of
supplying BEVs with renewable energy, and compare it with the option of using nonrenewable
energy sources. We also assess the sensitivity of our results to various assumed model
parameters. Finally, we explore the potential economic savings from “smart charging,” i.e.
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sophisticated charging strategies which account for individual driving habits in order to both
shift charging off of peak hours as well as accommodate increased utilization of renewable
power.
Although BEVs present a unique opportunity for transitioning to cleaner energy supply, their
deployment will introduce challenges across the electric power supply chain, from the
generation level down to the transmission and distribution level. One potentially severe
impact of BEV deployment will be an increase in the annual peak load of the power grid.
Accommodating peak demand requires generation units which are solely dedicated to this
task, and otherwise remain idle year-round. Therefore, increasing peak load in a system
represents a significant capital investment. In a recent study, Lemoine, Kammen, and Farrell
conclude that plug-in hybrid electric vehicles (PHEVs) are unlikely to require new generation
capacity investments, unless PHEV adoption surpasses 1 million vehicles and vehicle charging
is not directed away from peak hours [3]. According to their results, if charging patterns are
actively managed to occur during off-peak hours, the existing electricity grid in California
could support up to 10 million PHEVs. However, since plug-in hybrids can also run on
conventional gasoline, the impact of a large-scale deployment of PHEVs will be less severe
than the impact of BEV adoption.
Electric vehicle integration raises additional important issues that we intend to explore in
future work. The existing distribution grid will need to be enhanced at locations where
vehicles are densely concentrated, and this may represent a significant capital cost.
Transmission constraints will limit the ability of system operators to transfer power from the
isolated locations of renewable energy sources to urban centers where the majority of BEVs are
expected to operate initially. Finally, it is possible to utilize the charging capacity of electric
vehicles to provide a variety of reliability services to the grid. Such ancillary services include
regulation, load following, and spinning and non-spinning reserve [4]. The opportunity to
trade these services with the power system operator will present a significant revenue
opportunity for vehicle owners and utilities (or any other entity which is responsible for
providing electric power supply to vehicles), but will also require sophisticated battery
charging strategies.
In Section 2 we describe the central assumptions and methodology of our analysis. In Section
3 we present our key results, and in Section 4 we summarize our conclusions. We discuss
future research directions in Section 5. We provide details about our model assumptions in the
appendix.
2. Methodology
In our analysis we consider the task of a service provider who has the objective of cost
effectively and reliably supplying electricity to BEVs. This provider could be either the local
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utility or an independent profit-maximizing entity. We assume that the BEV service provider
operates under the constraint of offsetting the emissions of BEV energy supply , either by
directly supplying solar or wind power, or by purchasing the appropriate quantity of
renewable energy credits (RECs) to neutralize nonrenewable energy supply to BEVs. We
assume that the BEV service provider can select from a mix of wind, solar, and fossil fuel
contracts with the objective of minimizing its operational costs.1 Wind and solar power supply
offer the advantage of contributing to the commitment of the BEV service provider for
satisfying its demand with renewable energy sources. On the other hand, these resources are
unreliable, and if faced with a shortage, the BEV service provider must buy energy from the
electricity spot market. Fossil fuel generators, in contrast, are more reliable and cheaper;
however, their emissions must be offset by the purchase of RECs.
We assume the standard profile of an early BEV adopter to be a commuter with a typical work
schedule and a 25-mile commute each way. This long commute is due to the fact that a BEV
service provider may prefer to target long-range drivers first, since they have the greatest
financial incentive to switch to EVs. For additional details regarding the model we refer you to
the appendix.
3. Results
Renewable energy supply relative to EV energy demand
The graphs in Figure 1 are based on annual data, as described in the appendix. The average
annual wind and solar supply data are superimposed on annual average BEV energy
consumption. Note that BEV energy consumption refers to the energy consumed by the
vehicles, not the energy which is supplied to the vehicles by the grid. We have normalized the
graphs with respect to their maximal value in order to highlight their correlation, rather than
their relative scale. Note that although BEVs consume energy according to the blue curve, the
time at which they are charged can be adjusted in order to better correlate with solar and wind
power supply. Therefore, although renewable supply peaks when BEV consumption is low,
morning charges can be postponed to coincide with solar power supply and evening charges
can be similarly postponed to coincide with wind power supply. It should be noted that the
actual day-to-day and intra-hour variation of the supply sources differs strongly from the
average behavior shown in Figures 1-3.

1

For the vehicle adoption level which we consider in our simulation scenarios (100,000 cars), our results are
consistent with the existing renewable supply capacity of the grid [5].
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Figure 1: Annual average of daily solar power supply, wind power supply and
EV energy consumption.

Figure 2: Average daily solar power intensity by season.

Figure 3: Average daily wind speed by season.
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The graphs in Figures 2 and 3 are based on the same data as Figure 1, but have been broken
down by season in order to highlight the impacts of seasonality on renewable energy
availability. We observe that both wind speed and solar intensity follow the same average
pattern throughout the day for all seasons, however the variability varies significantly between
seasons. Wind power is most variable during the summer, whereas it is most regular during
the winter. Likewise, solar intensity varies most during the summer, and its summer peak is
three times greater than its winter peak. Figure 3 also confirms that wind blows most strongly
during the night in California. This further validates the value of BEVs for renewable energy
integration, since it is during the night that wind is least needed by the system operator and is
often discarded. Charging BEVs at night would allow for an increased utilization of wind
power in California.
In order to assess the extent to which renewable generation can satisfy BEV demand, we ran
simulations on supplying 100,000 vehicles with varying amounts of power from renewable
resources (note that according to our user model, 100,000 vehicles translate to a daily peak
demand of 150 MW and an average demand of 50 MW). The results are presented in Table 1,
where we see the fraction of BEV energy demand which can be covered by renewable energy.
In contrast to the results in Figures 1-3, the results in Table 1 are dependent on our model of
the service provider charging strategy. According to this model, all vehicles are fully charged
at 6 a.m. and 4 p.m. every day (see appendix). Comparing the first row and column, we
observe that wind power correlates better than solar power with BEV loads. The two energy
sources complement each other, and if the capacity of both sources is close to average load (60
MW, third row and third column) the coverage is 68.4%. If the capacity of each resource is
instead close to maximum load (150 MW, sixth row and sixth column), the coverage is 86.7%,
implying that beyond 60 MW there are few incremental benefits to further increasing
renewable energy supply beyond 60 MW.
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Table 1: Percentage of EV energy demand satisfied by renewable energy sources (100,000 cars).
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Table 2 further validates the argument that BEV adoption can enhance the utilization of wind
power. For each given capacity of wind power, the second column represents the proportion of
BEV energy which can be satisfied by the available capacity, and the third row represents the
capacity factor2 of wind power generation. Demand coverage naturally increases as increased
wind capacity is dedicated to BEV supply, and the capacity factor of wind decreases.
Nevertheless, even at the point of 120 MW of installed wind capacity the capacity factor of
wind power is approximately 90%, while wind power is supplying more than half of the
energy demand of 100,000 electric vehicles. This implies a remarkable improvement in the
capacity factor of wind power compared to traditional capacity factors of 45 – 60%.
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Table 2: BEV demand coverage and wind power
capacity factor for various levels of wind power
capacity (100,00 cars).

Baseline scenario
In this section we focus on identifying the optimal supply mix for providing electricity to
100,000 BEVs at minimum cost. We compare this baseline scenario to alternative scenarios in
the following sections. As we describe in the appendix, we assume the following prices for
the baseline scenario: $45/MWh for fossil fuel generation, $60/MWh for wind power
generation, $170/MWh for solar power generation, and $20/MWh for RECs. As mentioned
previously, we assume that the BEV power supplier can enter fixed supply contracts at the
aforementioned prices, under the requirement that BEV demand is satisfied by renewable
energy, either directly through contracted solar and wind power supply or indirectly through
the purchase of RECs. It is also worth noting that whenever excess renewable power is
available to the BEV service provider, we assume that it is discarded. This assumption is
justified by the fact that system operators cannot easily accommodate renewable supply
The capacity factor of a generation facility is the ratio of the energy supplied by the facility compared to its
potential energy output if the facility had been constantly utilized at its full capacity.
2
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which becomes available at the last minute, therefore the owner of the renewable supply
contracts will be unable to supply the excess renewable power to the spot market if its
designated customers, BEVs, cannot absorb it. This assumption can be relaxed under our
model, but the results presented here assume that all excess renewable energy is discarded.
By running our simulation model with various amounts of renewable and nonrenewable
resources in the supply mix, we determined that the best option for the baseline case is a
contract of 60 MW for wind power generation. No solar or dispatchable fossil fuel
generation is included in the optimal supply mix. The annual costs for the BEV operator
amount to $30.5 million. The breakdown of these costs is the following: $8.6 million are paid
for the wind energy supply contract, $15.6 million are expended in the spot market, and $6.3
million are expended in RECs. It is worth noting that the optimal solution suggests a
conservative approach whereby the BEV service provider covers only 32% of its needs with
contracted wind power and prefers to purchase its remaining obligation in the form of REC
credits. In fact, 99.8% of the wind supply is actually utilized by BEVs, since there is so little
wind power supply under contract that there are always BEVs available to consume it.
In Figure 4 we highlight the impact of seasonal variability in the baseline scenario. The
vertical axis refers to the fraction of the BEV load which is satisfied by contracted wind
power. We observe that energy supply is highest during the spring and lowest during the
fall. The difference between the two seasons is 8%, which represents a significant fraction of
the overall supply in spring (36%) and therefore implies significant seasonal impacts on
renewable supply.

“Smart” charging
As we have mentioned, in the baseline scenario we have assumed that all vehicles are fully
charged at 6 a.m. and 4 p.m. However, most drivers do not require fully charged cars for
their daily routes. If the BEV service provider is able to adapt charging schedules to the
individual driving habits of its drivers, it should be possible to adapt the aforementioned
policy to a less stringent one by allocating each driver a reliable amount of power less than
the full capacity of the battery. This would result in increased flexibility for the BEV service
provider. Consequently, the BEV service provider would be able to accommodate greater
amounts of renewable power supply and would incur a smaller cost in the spot market. The
beneficial impact is confirmed in Figure 5, where we present spot market costs and REC
charges for three different charging strategies. The first is a naïve approach whereby
customers are served immediately as they plug their cars into the grid. The second is the
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baseline 6 a.m. – 4 p.m. charging strategy, and the third is an improved charging strategy
whereby cars are charged at 75% of their full capacity at 6 a.m. and 4 p.m. As opposed to the
first and second case, which can accommodate a level of 60 MW of wind power, the third
strategy accomodates an additional 20 MW of wind power. We observe that refined charging
strategies lead to cost savings of $5 million for the second case and $8 million for the third
case, as compared to cost of the naïve strategy. It should also be noted that the third strategy
does not result in supplying less energy to BEVs, but instead results in supplying this energy
at hours which are more favorable for the service provider.

Figure 4: Percent of load satisfied by renewable energy sources by season
for baseline scenario.
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Figure 5: Annual cost savings from increasingly refined charging.
strategies.

Cost Sensitivity
Figure 6 shows the sensitivity of operational costs on various price parameters, since these
represent the major source of uncertainty in our model. All problem parameters except for the
one being varied are held fixed at their baseline values and the optimal supply mix is
recalculated for each value of the varied parameter.

Figure 6: Sensitivity analysis on annual cost breakdown.
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The upper left figure shows that overall supply costs are quite sensitive to wind power prices.
For low prices wind power is the optimal choice, while as price increases it is optimal to
include fossil fuels in the mix. Including fossil fuels suppresses spot market costs but boosts
REC costs. The highlighted interval of prices refers to a reasonable range of prices for the price
of wind power in the future. Therefore, we can conclude that for a reasonable range of wind
power prices, wind power is cost competitive with fossil fuel power supply in the supply mix
of a carbon neutral BEV service provider.
From the upper right figure we observe that using solar power is only optimal up to a price of
$72/MWh for solar power generation. This is considerably less than the current cost of most
solar power generation technologies. For higher prices of solar power, it is optimal to shift
from solar to wind power contracts.
In the lower left figure we observe that beyond a fossil fuel price of $44/MWh it is optimal to
transition from fossil fuels to wind power. Again, as indicated by the highlighted zone of
prices, we conclude that wind power is cost competitive with fossil fuels for a reasonable
range of fossil fuel prices.
The lower right figure highlights the tradeoff between fossil fuels and wind power from the
point of view of a BEV service provider. For low REC prices it is profitable to purchase fossil
fuel contracts and pay the deficit in RECs, but beyond $18/MWh the total expenditure in RECs
warrants a complete crossover to wind power, and results in a boost of spot market costs.
Again, wind power appears to be cost competitive with fossil fuel generation for a reasonable
range of REC prices.

Peak Generation
In this section we identify the hours of peak load in the California system, during which time
the service provider should avoid charging BEVs. We also assess the impact of BEV
deployment in the California peak load under the assumed baseline strategy.
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Figure 7: California load duration curves by hour of day for the peak hours of the year (2006 data).

The California system peaks in the summer, mainly due to an increase in air conditioning
loads. The hours that are most commonly associated with abnormally high loads are
identified in Figure 7. The graph shows the breakdown of California load duration curves by
hour of day. The vertical axis refers to the number of times during the year that California
load exceeded the levels of power demand which are indicated on the horizontal axis. For
example, system load at 6 p.m. exceeded 47,000 MWh twice in 2006 (orange curve). The larger
the area under the curve, the less desirable it is to add additional load by charging electric
vehicles. We observe that the most loaded hours start from 3 p.m. and extend up to 6 p.m.,
since until 3 p.m. buildings are warming up. Also, during the time window from 3 to 6 p.m.
people return to their homes and turn on home appliances that stress the system.

Figure 8: Peak load increase as a function of vehicle adoption.
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Figure 8 shows the impact of electric vehicle demand on California peak load for various levels
of vehicle adoption. The peak for the year occurred at 3 p.m. on a weekday afternoon in June.
From this figure we conclude that every additional 1,000 electric vehicles contribute an
additional 1 MW to peak load. Since this requires investment in additional peaking
generators, typically gas fired, for which the capital costs are about $500 per kW, this translates
to a peaking cost of $500 per car. Therefore, accommodating 100,000 vehicles contributes 100
MW to peak load, which is the typical rating of a peaker plant.
It is worth noting that in certain cases the capital expense of investing in peak generators for
accommodating BEV demand would naturally be undertaken by the local utility, since various
utilities, including PG&E, have an investment-based revenue structure. The BEV service
provider may expect to avoid such investment costs in these cases. In any case, due to the great
flexibility of BEV charging it should be possible to strongly mitigate the impact of BEVs on
peak load by employing less stringent charging policies during days of peak load.
4. Conclusions
Solar and wind power are complementary energy sources in California and can satisfy a
significant proportion of electric vehicle energy demand. For example, an investment in 60
MW of wind power and 60 MW of solar power can satisfy the energy needs of 580,000
vehicles. Wind power is better correlated with vehicle load, although both renewable energy
sources are influenced significantly by seasonality. Renewable supply is greatest during the
spring and lowest during the fall. BEVs can result in a remarkable improvement of the
capacity factor of wind power. For example, using 120 MW to charge 100,000 cars can result in
supplying 59% of the BEV energy demand with a capacity factor of 90%, which is significantly
better than the traditional capacity factor of 45-60% for wind power. According to our baseline
assumptions, the best choice for supplying electricity to 100,000 BEVs is contracting for 60 MW
of wind power. This is a conservative choice, whereby wind almost never exceeds BEV
demand, but only covers 31.2% of vehicle energy demand, with the resulting deficits
purchased in the spot market. Solar power becomes an economical option only below
$72/MWh, which is significantly below the cost of most existing solar technologies. In
contrast, wind power is economically competitive with fossil fuel generators at a reasonable
range of wind power, fossil fuel power and REC prices. Careful charging strategies can
increase the amount of wind energy that is economically absorbed by BEVs, and can result in
$8 million of annual cost savings. Every 1,000 vehicles that are deployed increase peak load by
1 MW, and charging during peak days should be avoided between 3 p.m. and 6 p.m.
5. Additional considerations for future work
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Distribution grid
Parking lots at airports, malls, large companies, and other locations where electric vehicles are
densely located will require upgrades in the distribution grid. At the very least, parking lots
will need to be equipped with distribution substations (or existing substations will need to be
retrofitted), to enable delivery of bulk quantities of electric power from higher voltage lines to
the parking locations. A typical distribution substation can serve up to 150 kW, and each
substation costs $35,000–$80,000. This translates to a cost of $500–1500 per vehicle. Careful
charge schedules could lead to significant investment savings. For example, in a company
parking lot a typical car remains idle for eight hours. Therefore, charging four different groups
of vehicles for two hours per group would provide a satisfactory amount of charge for most
drivers and would cut down distribution upgrade costs by one quarter.
Transmission constraints
Transmission constraints limit the flow of renewable power from the remote places where it is
generated to the load centers. Therefore, the results shown here are a best case scenario in
terms of renewable energy utilization, and accounting for these constraints will require
running our simulations on an accurate model of the California transmission and distribution
network.
Ancillary services
As mentioned in the introduction, EVs can benefit the grid in many ways, since they act as
storage devices. By managing the inflow and outflow of power in an aggregation of EV
batteries, an EV service provider could profit substantially by bidding in the ancillary services
markets. Such markets include regulation, load following, and spinning and non-spinning
reserve and trade billions of dollars annually in the US. Participating in the ancillary services
markets would require vehicle-to-grid capabilities and therefore appropriate power electronic
converters, as well as a sophisticated bidding and charging strategy on behalf of the EV service
provider.
Appendix
The wind data used for the simulations are based on a wind speed model developed by the
National Renewable Energy Laboratory [6]. We used hourly data for six locations in California
for the full duration of 2004. As prescribed in [6], we used the power curve characteristics of
Vestas V90 3 MW generators with a cut-in speed of 4 m/s, a cut-off speed of 25 m/s, and a
speed of 15 m/s for maximal output. Generators located in the same site were assumed to
have identical outputs. In order to model solar generation, we used hourly insolation data for
the full duration of 2005 from the solar database of the National Solar Radiation Database
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(http://www.nrel.gov/rredc/). We assumed the solar panels would have an efficiency of
20%.
In order to model the hour ahead market of California, we used the average hourly ex post
energy prices for the full duration of 2006, retrieved from the California Independent System
Operator database (http://oasis.caiso.com). Unfortunately, we could not find price and
renewable generation data that overlapped. We believe this to be of no significance to our
study, since the impact of renewable power generation on California market prices was not
significant at the time because the integration level in California at the time was still fairly low.
In addition, for the baseline scenario we assumed a price of $45/MWh for fossil fueled
generation, representing a typical coal-fired plant [7], a price of $60/MWh for wind power
generation [7], a price of $170/MWh for solar power generation [8], and a price of $20/MWh
for RECs.
We assumed that vehicle batteries have a charging capacity of 20 kWh, a power rating of 3 kW
and a mileage of 0.25 kWh per mile, which implies that cars can travel a distance of 80 miles
without recharging. Finally, instead of assuming that EV batteries are charged immediately as
vehicles are plugged into the grid, we modelled a charging policy whereby vehicles are fully
charged at 6 a.m. and 4 p.m. each day. This would be a reasonable charging strategy for a BEV
service provider aimed at ensuring that its customers have adequate energy for their daily
commute to work and back home.
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U.S. Robotics Corporation, 3Com Corporation, and Cambia Networks. He was awarded
3Com's “Inventor of the Year” award in 1999, and has been granted over 50 US Patents in
fundamental and broadly used areas of networking technology, IP telephony, and PDA
functionality.
Burghardt Tenderich is an Industry Fellow at the Technology & Leadership Studies program
in UC Berkeley’s College of Engineering. He is Founding Partner of TnT Initiatives LLC, a
Web 2.0 marketing consultancy and web publisher with a focus on healthcare-related
technologies. He was General Manager North America for Bite Communications, a
communications consultancy for technology companies. Dr. Tenderich holds an M.A. and
Ph.D. from Bonn University, Germany.
About UC Berkeley Global Venture Lab
Under the auspices of UC Berkeley’s new Technology and Leadership Studies program, the
Global Venture Lab (GVL) seeks to foster entrepreneurship within the University and to bring
Berkeley research to industry collaborations. To these ends, the GVL provides mentoring and
support to new Berkeley ventures and hosts multi-disciplinary research projects in
collaboration with industry stakeholders. GVL is supported by the Center for
Entrepreneurship and Technology and the Management of Technology program within the
University as well as an extensive network of entrepreneurs and professionals from industry.
Globally, the Lab works with partners in China, Finland, and India.
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