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ARTICLE INFO ABSTRACT

Keywords: We assess existing and potential charging infrastructure for plug-in vehicles in US house-
Plug-in vehicles holds using data from the American Housing Survey and the Residential Energy Consump-
Charging infrastructure tion Survey. We estimate that less than half of US vehicles have reliable access to a
Parking

dedicated off-street parking space at an owned residence where charging infrastructure
could be installed. Specifically, while approximately 79% households have off-street park-
ing for at least some of their vehicles, only an estimated 56% of vehicles have a dedicated
off-street parking space — and only 47% at an owned residence. Approximately 22% vehicles
currently have access to a dedicated home parking space within reach of an outlet suffi-
cient to recharge a small plug-in vehicle battery pack overnight. Access to faster charging,
required for vehicles with longer electric range, will usually require infrastructure invest-
ment ranging from several hundred to several thousand dollars, depending on panel and
construction requirements. We discuss sensitivity of results to uncertain factors and impli-
cations for the potential of mainstream penetration of plug-in vehicles.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the current new light duty vehicle market, conventional vehicles (CV) make up the vast majority of market share, hy-
brid electric vehicles (HEVs) represent less than 4% share, and sales of plug-in electric vehicles (PEVs), including plug-in hy-
brid electric vehicles (PHEVs) and battery electric vehicles (BEVs), represent less than 0.6% (Electric Drive Transportation
Association, 2012; HybridCars.com, 2012). One potentially significant limiting factor for any significant growth in PEV mar-
ket penetration is the ability of US households to charge vehicles at home. Residential charging is likely to be important for
adoption of both PHEVs and BEVs, not only because consumers without home charging may be less likely to purchase them,
but also because off-peak electric load times take place overnight. Limited residential charging opportunities could be a sig-
nificant barrier to PEV market penetration.

Level 1 charging is at 120V and either 12 A or 16 A, while Level 2 charging, preferred for vehicles with larger battery
capacity, uses a 240 V outlet at 16-80 A (National Petroleum Council, 2012; Society of Automotive Engineers, 2010). The
Chevy Volt charges in about 10 h using Level 1 charging or 4 h using Level 2 (Chevrolet, 2010). The Nissan Leaf requires
4 h to charge completely using Level 2 (Nissan, 2013). Level 3 charging is the fastest charging method, but it requires high
voltage and will not be an option for residential charging, so we address only Level 1 and Level 2 residential charging.

Prior analysis has identified residential parking availability per household as a factor influencing PEV market penetration.
Fleet penetration of electric vehicles, however, is usually expressed as a percentage of vehicles, not households. Because a
large percentage of US households have multiple vehicles (Fig. 1), we address residential parking and vehicle charging
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Fig. 1. Vehicles per household, garage spaces per household, and outlet availability from AHS 2009 and RECS 2009 data sets. Note: “Missing Data” indicates
uncertainty from non-responses. Zero parking spaces indicate no garage.

availability both per household and per vehicle. By analyzing data from the American Housing Survey (AHS) and combining
it with data from the Residential Energy Consumption Survey (RECS), we estimate the portion of US households and the por-
tion of personal vehicles that currently have Level 1 charging access as well as the portion that have dedicated off-street
parking where charging could be installed in the future. We examine the sensitivity of these results to assumptions, and
we examine geographic and demographic variations. Finally we examine the implications of these results for future market
penetration of electric vehicles.

2. Method

RECS (US Energy Information Administration, 2011a) is a US nationwide household energy consumption survey con-
ducted every 4 years by the US Energy Information Administration. AHS (US Census Bureau, 2009) is a US nationwide hous-
ing stock survey conducted every 2 years by the US Census Bureau. The 2009 RECS survey was the most recent available at
the time of the study, and the 2009 AHS data are used for consistency. Each data set has weighting factors to account for
sampling bias and non-response bias.

Fig. 1 summarizes available data from AHS 2009 and RECS 2009 on the number of cars and light trucks per US household,
the number of parking spaces available in garages at households, and the portion of households that have an outlet within
20 feet of vehicle parking. Since the maximum number of reported spaces per garage is three and each household has at most
one garage reported, the maximum number of garage spaces per household is also three. The figure shows that more US
households have vehicles than have garages, and most of those have multiple vehicles.

Where data were not available, we made educated assumptions and tested sensitivity of results to variation in these
assumptions. Our assumptions for the base case, optimistic case, and pessimistic case are shown in Table 1. The major
assumptions influencing charging opportunities are the size and presence of driveways (or other non-garage off-street park-
ing), usability of outlets (e.g. whether the circuit would be overloaded by plugging in a vehicle), and the portion of parking
spaces that are available for parking (i.e. not used for storage, boats, or other non-parking use). Some of these assumptions
are based on the structure of the data available in RECS and AHS. For example, we lack data on whether any household has
more than one garage or whether any household with a garage also has additional driveway space. Other assumptions are
based on data that are entirely missing. The portion of outlets that will support vehicle charging is not asked, probably be-
cause respondents are unlikely to know the answer. Outlets need to be on a dedicated circuit to charge a vehicle. The portion
of parking with access to outlets to charge multiple vehicles (meaning outlets on multiple dedicated circuits) is not known
for the same reason. The portion of parking spaces that are available for parking is also not asked in these surveys.!

We initially combine RECS and AHS with our assumptions to create one data set that has no missing data and contains all
the variables needed. These include those that will be used directly in the calculations and variables, such as demographic
information, that will be used to match up the two data sets or to interpret the results. We use RECS as the base for this new
data set, and we use multiple imputation with hot-deck imputation (Little and Rubin, 2008) both to fill in variables that are
only available in AHS and to fill in individual values that are missing from the other variables. This method involves dividing
the households into segments or bins and then using each bin as the “deck” from which to draw replacements for any miss-
ing variable values for households in that bin. By doing multiple imputations with different sets of random draws from the
weighted distribution of households in the bins, we account for uncertainty in the values of the missing data using by a
weighted probability distribution of the existing values. We use ten imputations.

Since we need to take draws from households in AHS to fill in the variables that are missing from RECS, the bin definitions
need to be consistent in both data sets. Therefore we base the bins on 8 variables that both data sets have in common:

! According to Arnold and Lang (2006), the portion of garages that are used for storage and unavailable for parking cars may be as high as 75% in some
regions. We use less pessimistic assumptions.



EJ. Traut et al./Transportation Research Part D 25 (2013) 139-145 141

Table 1
Assumptions defining the base case and bounding optimistic and pessimistic cases.
Base case Optimistic case Pessimistic case
Parking
e Carport spaces: 1 e Carport spaces: 1-3, drawn from DGSSH e Carport spaces: 1
e Off-street spaces: 1-3, drawn from e Off-street spaces: 1-3, drawn from DGSSH e Off-street spaces: 1-2, drawn from
distribution of garage sizes for similar distribution of 1-2 car garages for similar
households (DGSSH) households
e 10% of spaces unavailable for parking e All spaces available for parking e 50% of spaces unavailable for parking
(other use)
e Each household has only 1 of: {garage, e Homes with garages also have other OSPA, in the e Each household has only 1 of: {garage,
carport, other off-street parking area ~ same proportion as garage-less homes carport, OSPA, or no parking}

(OSPA), or no parking}
e Each household has only 1 of: {garage, garage w/
OSPA, carport, carport w/OSPA, OSPA, or no parking}

Charging

e Only 1 vehicle can access each outlet e 50% of outlets could be shared by two vehicles e Only 50% of outlets near parking can
(capacity is limited since it has only (perhaps charging at different times) resulting in up to  charge a vehicle (some circuits already in use
one circuit) 1.5 vehicles per outlet on average and would be overloaded)

housing unit type, occupancy status, population density, year the home was built, household gross annual income, number of
household members age 20 or older, presence of a garage or carport, and number of rooms in the home. Where possible we
use all eight variables to segment, but where these bins result in no available data from which to take draws, we use a coar-
ser set of bins. The coarser bins use a subset of the binning variables chosen based on their correlation with number of vehi-
cles, since that is the variable most affected by bin definitions. Where there are still no data to draw from in these coarser
bins (less than 6% of data) we drew missing values from all households with valid data for the variable with the missing
value.

Two of our assumptions are defined as percentages or probabilities of availability: portion of parking spaces that are
available for parking, and portion of outlets that are available to be used or shared. We implement these assumptions by
creating two new variables: available parking spaces and available outlets. The number of available parking spaces for each
household in the base case is determined by making each individual parking space available with a 90% probability, or
unavailable with a 10% probability, and in the pessimistic case by making each space available with a 50% probability.
The portion of outlets available is calculated similarly: each outlet is made available with a 50% probability in the pessimistic
case and made available for up to two vehicles with a 50% probability in the optimistic case. These draws are taken sepa-
rately for each imputation so that the multiple imputations capture uncertainty in which specific spaces and outlets are
available or unavailable.

Once the data are prepared with missing values filled in, all variables combined into one data set, and probabilistic
assumptions accounted for, we calculate several quantities of interest. To compute how many US households have dedicated
parking for at least one vehicle, we assume that any household with a designated parking space for a vehicle has the poten-
tial to charge a BEV or PHEV in the future with some additional installation of charging infrastructure at that parking space.
We assume that households without dedicated parking are not able to install charging infrastructure to which a PEV would
have reliable access. The equation for portion of households with parking, Pyp, is

_ Zi min(SAl-, 1)W,
2iWi

where i is the index for each household, Sa; the number of parking spaces (garage, carport, and off-street parking area spaces)
available at household i, and W; is the weighting factor for household i.

To compute how many US households have Level 1 charging for at least one vehicle, we assume in the base case that a
household that can park their vehicle daily at home within 20 feet of a 120 V outlet has the opportunity to plug in their vehi-
cle immediately without additional installation required. The portion of households with charging access, Pyc, is

_ Zi min(OA,-, SAi, 1)W1
2iWi

where Op; is the number of external outlets available at household i and is calculated as described in the Data Preparation

section.

The third quantity of interest is how many personal vehicles at US households have dedicated parking spaces. The portion
of vehicles with parking, Pyp, is

_ Zi lTliI](SA,‘7 V,')W,‘
VWi

Pup Vi (1)

Puc Vi (2)

Pw Vi (3)

where V; is the number of vehicles at household i (cars and light trucks).
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Table 2

Results for each calculation in the base case and bounding optimistic and pessimistic cases, averaged across 10 imputations.
National, all households Base case Optimistic case Pessimistic case
Households with dedicated parking 79% (0.3%) 92% (0.2%) 56% (0.3%)
Vehicles with dedicated parking 56% (0.4%) 84% (0.4%) 33% (0.5%)
Households with charging 38% (0.3%) 41% (0.2%) 14% (0.2%)
Vehicles with charging 22% (0.2%) 30% (0.4%) 8% (0.2%)

Note: Standard deviation shown in parentheses.

To compute how many personal vehicles have Level 1 charging access at home, the portion of vehicles with
charging, Pyc, is

> min(Oai, Sai, VWi .
Pyc = & Vi 4
v S VW, (4)

3. Results

Table 2 shows results from the four calculations for the base case, the optimistic case, and the pessimistic case. The results
are averaged across 10 imputations, and as indicated by the standard deviations reported in parentheses, uncertainty from
missing data and from randomness in matching up the data from AHS and RECS turned out to be very small, especially com-
pared to the range of sensitivity analysis case results. As shown, in the base case 79% of households have some dedicated
parking but only 56% of vehicles have dedicated parking at home. Although 38% of households have charging, it reaches only
22% of vehicles. In the optimistic case, in which we assume that households with garages also have driveways (where charg-
ing infrastructure can be installed in both locations and vehicles can routinely be shuffled into their dedicated spaces) and
that all parking is available (none is unavailable due to being used for storage), at most 92% of households and 84% of vehicles
have dedicated parking. In the pessimistic case where 50% of parking may be unavailable, as few as 56% of households and
33% of vehicles may have dedicated parking.

Fig. 2 displays the same base case results and further disaggregates them for urban and rural areas and by occupancy sta-
tus, with error bars indicating the optimistic and pessimistic case results. As shown, all four measures of charging opportu-
nities are lower in urban areas and higher in rural areas than the national average. If renters are ignored (due to the increased
barriers to vehicle charging infrastructure installation and logistics in that situation), the lower portions of each bar in the
figure can be read to show the results including only homeowners. In this case, only 61% of households and only 47% of vehi-
cles have dedicated parking at an owned residence. Thus, if PEV owners require home charging, increasing PEV penetration
beyond 47% of the fleet will require charging infrastructure at rental units, where the split incentive creates barriers to
investment. Also, when renters are excluded the differences between urban and rural areas are exacerbated. In urban areas,
only 44% of vehicles have home parking at an owned residence.
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Fig. 2. Comparison of residential parking and charging availability nationally and in urban and rural areas, disaggregated by occupancy status of the home.
Note: Error bars indicate range of estimates for optimistic and pessimistic scenarios.
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Fig. 3. Cumulative distributions of households gross annual income for all RECS 2009 households, households with parking, and households with charging.
Note: Error bars indicate the range of income in the optimistic and pessimistic cases.

The percentage of parking spaces assumed unavailable contributes substantially to variation observed in the optimistic
and pessimistic cases. Relative to the base case, if all spaces are assumed available, the portion of vehicles with dedicated
home parking rises to 61%, and if 50% of spaces are assumed unavailable, the portion of vehicles with dedicated home park-
ing drops to 34%.

The income distribution of households with parking, households with charging, and all RECS 2009 households are shown
for comparison in Fig. 3. Households with parking have a higher income profile than the sample in general, and households
with charging have higher incomes still. The median income of all households is about $42,500, of households with parking is
about $50,000, and of households with charging is about $60,000.

Few data points exist for comparison to our results, and all of them quantify residential charging opportunities for house-
holds, not per vehicle. A study by the Electrification Coalition (2009) estimates availability of residential charging based on
the AHS data for how many US households have a garage, finding that the portion of US households with a garage is 54% in
central cities, 69% in suburbs, and 60% in rural areas. A US Energy Information Administration study, based on RECS 2009
data, estimates that 49% of households that own a vehicle can park within 20 feet of an outlet and that access is higher in
rural areas and lower in urban areas (US Energy Information Administration, 2012). Since RECS does not contain vehicle
ownership information and since about 7-21% of US households do not own a vehicle (based on AHS 2009 data and including
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Fig. 4. US PEV sales forecasts with barriers to fleet penetration from limited residential charging infrastructure. Source: adapted from Heckmann et al.
(2013).
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uncertainty due to non-responses), the EIA estimates are reasonably consistent with our results that 38% of households,
including those without vehicles, have parking within 20 feet of an outlet, although the EIA estimates are in the optimistic
end of the uncertainty range. A survey by Axsen and Kurani (2012) indicated that 36% of US households have a Level 1 outlet
within 10 feet of parking, 52% within 25 feet, and 61% within 50 feet. This is comparable to RECS, which reports that 44% of
households have an outlet within 20 feet of parking. When accounting for our base case, where 10% of parking spaces are
unavailable for vehicle parking, we estimate only 38% of households have an outlet within 20 feet of an available parking
space. Also, the Axsen and Kurani data include not only households with dedicated off-street parking but also a few house-
holds with street parking, so it is not clear whether the presence of an outlet indicates that the outlet (or the parking) would
be consistently available for a PEV belonging to that household.

4. Conclusions

Our results suggest that the potential for future residential charging infrastructure is limited by the availability of ded-
icated parking locations where chargers could be installed, suggesting significant barriers to mainstream EV penetration.
Several recent PEV adoption forecasts suggest adoption rates that would require these parking limitations to be resolved.
For example, the Pacific Northwest National Laboratory estimates that PHEVs could achieve as high as 70% market share
by 2045 (Balducci, 2008), the Electric Power Research Institute (EPRI) suggests that PHEVs could achieve a market share
as high as 80% by 2050 (Duvall and Knipping, 2007), and the Center for Entrepreneurship & Technology (CET) forecasts
BEV market share of 80% by 2030 (Becker et al., 2009). These and other PEV penetration forecasts are summarized in
Fig. 4 (Heckmann et al., 2013; US Energy Information Administration, 2011b). Our estimates suggest that fleet penetration
of PEVs beyond 22% will require residential infrastructure investment to increase access to outlets near home parking, and
fleet penetration beyond 39% may require significant residential infrastructure investment because many households will
need to upgrade their electrical infrastructure to charge multiple vehicles. Fleet penetration beyond 47% will require residen-
tial charging to be available for renters, and fleet penetration beyond 56% may require not only new chargers but also addi-
tional residential parking, with associated logistics, space implications, and environmental impacts (Chester et al., 2010). All
of these challenges to PEV penetration will be more severe in urban areas, where there are fewer charging and parking
opportunities. Shared street parking and charging may be an option for PHEVs in residential areas, since it is not necessary
to charge every night, but dedicated parking with guaranteed access to charging is necessary for BEVs and likely expected by
customers who purchase PHEVs. Public charging infrastructure for street parking is likely only realistic for dense urban areas,
although competing parking needs and charging needs will create logistical challenges. There are significant economic, logis-
tical, and consumer convenience barriers to market penetration beyond households capable of charging at home.

The bounding sensitivity case results show that the uncertainty from assumptions could be significant. For example, the
portion of vehicles with parking is 56% in our base case but could range from 33% to 84% under pessimistic and optimistic
assumptions, respectively. The parameter with the greatest influence on the optimistic case is the prevalence of driveways at
households that also have garages. If many households have driveway space that could be used for dedicated charging with-
out blocking garage access, the potential for residential charging may be higher than our base case estimate. The parameter
with the greatest influence on the pessimistic case is the portion of parking spaces that are unavailable for parking vehicles.
Unavailability may be substantial in some regions, although some of this parking could potentially be reclaimed, and in some
cases these unavailable parking spaces, especially in garages, may be offset by other available parking spaces, such as a drive-
way space in front of the unavailable garage space.

We recommend that PEV penetration forecasts and other studies that pose PEV penetration scenarios consider the effect
of limited residential parking availability on the potential for PEV market penetration.
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