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Abstract

Using a multiple linear regression model (MLRM), this work estimates the key factors that influence the
market sales of Plug-in Electric Vehicles (PEVS). The model attempts to describe the correlation between
a response variable and number of explanatory variables by fitting a linear equation to the observed data.
Limited information is one of the major challenges that the proposed estimation task faces. For many
early adopters, power outlets at home are likely the primary charging facilities in the near term, but many
emerging technologies and business models that are under rapid development may also reshape PEV
market sales and people’s recharging behavior in the longer term. The proposed model determines the key
factors among the various factors that jointly influence the dynamics of PEV sales, such as gas prices,
electricity rates, available charging infrastructure, vehicle prices, and government incentives. Using
historical sales data, the model identifies the correlations between the considered factors and PEV market
sales in order to evaluate the key factors that influence PEV sales. A case study of different Canadian
provinces is conducted for the period 2016 — 2025 in order to estimate the key factors influencing PEV
market sales. Our results, which included the consideration of charging infrastructure availability, are less
optimistic compared to the sales forecasts from the literature; hence, more incentive programs should be
considered to support investment in charging facilities.
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1. Introduction

High oil prices and energy demand are major challenges facing transportation sectors, as reliance on fossil fuels as
the main source of energy has negative influences that can affect those sectors. Environmentally, the transportation
sector overall produces a large amount of carbon dioxide, adding greatly to greenhouse gas (GHG) emissions.
Almost one-third of carbon dioxide emissions in the US come from the transportation sector, according to the U.S.
Greenhouse Gas Inventory Report 2011 [1]. In Canada, 35% of energy demand is from the transportation sector, and
it is the second-highest source of GHG emissions [2]. Hence, finding alternative energy sources has gained much
attention towards filling projected transportation energy demands.
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Feeding the energy demand of the transportation sector electrically raises many concerns. The reliability and
dependability of plug-in electric vehicles (PEVs) are considered public worries, and the development of PEV
technology and infrastructure will play a main role in accepting them. For instance, PEV users want to get rid of
their concerns about the limited travel range of PEVs by either having a large PEV battery at a reasonable price, or
they want to see dispersed charging stations (CSs) in many public places with quick charging rates in order to
enhance convenience and dependability. Almost half of the cost of EVs is due to PEV battery cost [3], so having
large PEV batteries will dramatically increase the price of PEVs. On the other hand, electrical CSs will eventually
replace gas stations, and investing in PEV charging infrastructure will open new business opportunities for large and
small investors. Meanwhile, developing the PEV charging infrastructure will ease some of the EV drivers’ anxiety.

The availability of charging infrastructure is a key factor in increasing the acceptance of PEVs at this early stage of
adoption. It is normally expected that PEVs will be recharged nightly at home [3], but the limited Electric Range
(ER) of PEVs makes public charging a requirement for long-distance trips. Therefore, providing a public charging
service as a complement to home charging will be an essential need. Electrical CSs will eventually be dispersed in
the network, but inefficient planning for charging infrastructure implementation will hold back PEV adoption.
Hence, the implementation of charging stations should be executed with a view to meeting users’ and suppliers’
needs. PEV users require access to charging stations when they need them, accompanied with a high quality of
service. Therefore, a lack of charging facilities due to inappropriate implementation will have a negative impact on
drivers’ convenience, leading to holding back PEV acceptance, especially in the early stage of adoption.

Investing in premature technology is considered high-risk. Investors desire a profitable business with secure
investments that promise maximum profits, so providing a public charging service has to be evaluated with
consideration of all uncertainties and parameters affecting that business. One of the key parameters is how big the
PEV market will be in the future. Forecasting the future demand for PEVs will enhance investment security, and
gives decision-makers and investors the ability to evaluate their investments over the long run.

In the face of the many challenges, forecast information for PEV sales and recharging demand is urgently needed to
assess the long-term impacts of PEVs on the distribution system, which could be dramatically more significant than
the current impact, which has been unnoticeable. Several existing studies have addressed these issues. One of those
studies, conducted by the Pacific Northwest National Laboratory (PNNL) [4], scrutinized PEV market penetration
scenarios based on information obtained from the literature and interviews with industry representatives as well as
technical experts. Three scenarios, (hybrid technology-based assessment, R&D goals achieved, and the supply-
constrained scenario) were presented for the period 2013 — 2045, and the annual market penetration rates for PEVs
were forecasted for that period. The results showed that PEV market penetration was forecasted to reach 9.7%,
9.9%, and 26.9% by 2023, and 11.9%, 29.8%, and 72.7% by 2045 for the three scenarios, respectively. An Electric
Power Research Institute (EPRI) report [5] estimated new vehicle market shares of conventional, hybrid, and plug-in
electric vehicles using choice-based market modeling of customer preferences, and the results showed that PEVs
will have market shares of 20%, 62%, and 80% by 2050 in the low-, medium-, and high-penetration scenarios
respectively. An Oak Ridge National Laboratory (ORNL) study [6] forecast that the market for PEVs in the US will
be approximately 1 million by 2015, which agrees with President Obama’s expectation of 1 million PEVs on the
road by 2015 [6]. ORNL’s Market Acceptance of Advanced Automotive Technologies Model and UMTRI’s Virtual
Automotive Marketplace Model were utilized in [6] to assess a list of policy options in terms of their potential for
improving PEV sales in the next two decades. In a Morgan Stanley report [7], proprietary information was used to
forecast sales of hybrid electric vehicles and PEVs, and its prediction was that market demand will reach 250 000 by
2015 and 1 million by 2020. In [8], Gallagher et al. used a multiple linear regression model (MLRM) to estimate
how hybrid electric vehicle sales respond to various types of incentives. Their results showed that “a one thousand
dollar tax waiver is associated with a 45% increase in hybrid vehicle sales, whereas a one thousand dollar income
tax credit is associated with a 3% increase in hybrid vehicle sales.” A related recent study in [9] used a sales
forecasting model that was based on information about consumer preferences between hybrid electric vehicles and
internal combustion engine vehicles, which was extracted from hybrid electric vehicle historical data. A multiple
linear regression model was utilized in the study, and it considered some explanatory variables extracted from
hybrid vehicle historical sales data with the assumption that PEV market sales would follow the pattern of HEV
market sales. Since they used hybrid electric vehicle data, the correlation between charging infrastructure
availability and PEV market sales has not been addressed. According to [10], battery range is customers’ biggest
concern, followed by cost, so our work here is believed to fill the gap in considering charging infrastructure
availability. The presented work estimates the correlation between PEV market sales and several explanatory
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variables, including CS availability, based on the multiple linear regression model. Recent market sales data (2008 —
mid-2015) for Plug-in Hybrid Electric Vehicles (PHEVs) and Battery Electric Vehicles (BEVs) and data for the
existing charging infrastructure are used in order to estimate the correlation. The data for public charging stations
(Level 2 and DC charging stations) have been obtained from the Mogile Tech™ ChargeHub database [11].

The remainder of this paper is organized as follows: Sections 2 and 3 present the Multiple Regression Linear Model
(MRLM) and the explanatory variables that have been considered in this study. In Section 4, Canada-wide and three
Canadian provincial market sales forecasts have been investigated. Section 5 shows the sensitivity analysis and
discussion, and the conclusion of this paper is presented in Section 6.

TABLE |
SUMMARY OF KEY STUDIES IN FORECASTING PEV MARKET SALES [4 - 9]
Study Proposed Model PEV Demand Forecast
Forecast period (2010 — 2050)
1 EPRI (2007) grhe?c:acr;tia;sed Market Modeling of Customer Low  20%
PEV Rates (2050) {Mid 62%
High 80%
Forecast period (2013 — 2045)
Information from the literature and interviews S1  9.7%
with industry representatives and technical PEV Rates (2023) {52 9.9%
2 PNNL (2008) | experts using three scenarios: S3  26.9%
S1: Hybrid technology-based assessment
S2: R&D Goals S1 11.9%
S3: Supply-constrained PEV Rates (2045) {52 29.8%
S3 72.7%
Forecast period (2010 — 2020)
Morgan .
3 | Stanley ggrfga?; T]Ifcvaﬁgdosvi/r:r?:es d‘;féng PEVs Rate (2015) 250,000 PEVs
(2008) grap P PEVs Rate (2020) 1 Million PEVs
Forecast period (2012 — 2020)
PEV Rates (2015)
Low 0.25 M PEVs
. . . Mid 0.38 M PEVs
Forecast PEV sales using Multiple Linear .
4 g%ir;;t al. Regression Model on HEV sales data (1999 — High 0.50 M PEVs
2009) PEV Rates (2020)
Low 0.50 M PEVs
Mid 1.00 M PEVs
High 1.80 M PEVs

Electric Power Research Institute (EPRI)

Pacific Northwest National Laboratory (PNNL)

2. Multiple Linear Regression Model for PEV Sales Forecasting

In this section, our proposed PEV sales forecast model is described, including the key factors that influence PEV
market sales and PEV penetration level (o). The multiple linear regression model is utilized to describe the
relationship between PEV market sales as a response variable and several explanatory variables by fitting a linear
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equation to the observed data. Compared to several existing studies addressing the same issue [4 — 9], our proposed
model introduces public charging station availability as a new explanatory variable in the multiple linear regression
model, and we consider both BEV and PHEV historical sales data as observed data in our model. Table 1 shows a
summary of key previous studies and their methodologies, and Figure 1 shows the comparison of previous studies’
output adopted from [9].
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Figure 1. PEV Cumulative Sales Forecast for the U.S. (Adopted from [9])

The following multiple linear regression model is utilized:

logyf® = BEEY + BYEV logxii” + PEEV logxfsY + -+ 4 BEEV log x5V + €fFV, V k=12,..,K (1)
where
yiEY  is the response variable, representing PEV market sales in year (k)

Xpo  are explanatory variables identified to be responsible for PEV sales

BPEV  are the regression coefficients for the explanatory variables, where BEEY is the intercept

ePEV s the error term

An equivalent multiple linear regression model has been used in [12], in which yearly data are utilized to describe
electricity demand with regard to several economic indicators. The logarithmic function is used in the proposed
model to satisfy the homogeneity of the variance condition of the multiple linear regression model, as stated in [12].

3. Explanatory Variables of PEV Market Sales

Several factors that may potentially influence PEV sales, and accordingly the PEV penetration level (o), including
fuel efficiency, gasoline price, vehicle price, average mileage traveled, electricity price, tax incentives, recharging
infrastructure availability, manufacturing capacity, etc. In our regression model (1), fuel cost savings, vehicle price,
and tax incentives are considered as the three key factors recognized in the literature as the most significant factors
on the response variable, HEV market sales [4 — 9]. Since we are studying PEV market sales, we introduce a new
factor, public charging infrastructure availability, to the multiple linear regression model as a fourth explanatory
variable in order to estimate the relationship between PEV sales and public charging availability. The four
explanatory variables that yield the best regression results are explained as follows.

3. 1 Fuel Cost Savings
x,f,’i‘/ is the average fuel cost savings in year (k) over a comparable internal combustion-engine vehicle (ICEV). This

variable is computed using the following equation:
1

1
xlf,liv = ZmEMk W;fﬁcv GasyTDy (E#W - EF’(W) ) 2
where
M, is the set of ICEV models that are considered comparable with the PEV models available in the market in
year k
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wrEV s the relative weight of the PEV model m (in percentage) to the comparable ICEV in year k

Gasy is the average annual gas price in $/L in year k

TD, is the average annual vehicle travel distance in km in year k

EF[CEV s the fuel efficiency of the ICEV that is comparable to the PEV model m in km/L
EFFEY s the fuel efficiency of the PEV model m in km/L

The annual average fuel cost savings between the considered PEV models and comparable ICEV models were
obtained from Eq. (2). The annual average fuel cost saving is influenced by the annual gas price, the average annual
vehicle travel distance, and the weight and fuel efficiency of PEV models compared to the considered ICEV models.
The historical and forecast data of these influence parameters can be obtained from Canadian Energy Board [13],
and the top three selling PEV models in Canada (Chevy Volt™, Tesla Model S™, and Nissan Leaf™) [14] are
compared in this work to the ICEV models Toyota Camry™, Lexus ES 350™, and Toyota Corolla™ [15]
respectively.

3. 2 Average Price Difference

The average price difference (x{i_’i") between PEVs and their comparable ICEVs (in $) at year k is investigated. The
maturity of ICEV technology compared to PEV technology makes the ICEV price data (historical and forecast) easy
to access; however, different parameters can affect the price of PEVs, such as battery technologies, media coverage
of PEVs, manufacturing capacity, etc. The price difference between ICEVs and PEVs is assumed in the proposed

model to be similar to that in [16].

3. 3 Average Government Incentives

x]fg" is the average incentives for PEVs provided by governments in $ in year k. This variable also represents the
effect of various other government policies, which cannot all be reflected in a simple regression model. In our
proposed model, provincial incentive programs for both PEV purchases and Charging Station (CS) installation are
considered. The former is directly applied for PEV sales; however, the latter is indirectly affected PEV purchase

decisions. The incentive program data is available in [17 — 19] for different Canadian provinces.

3. 4 Public Charging Infrastructure Availability
x,flﬁ" is the public charging station availability (in percentage) relative to gas stations in year k. The explanatory
variable newly introduced to the multiple linear regression model for forecasting PEV market sales takes into
account the anxiety over limited driving range in the decision to purchase a PEV. The availability of public charging
facilities is a key factor in enhancing PEV driving range. Since we estimate PEV sales rather than HEV sales, as has
some previous work in the same area, this variable has to be considered in the regression model in order to describe
its influence on the response variable, PEV sales.

To forecast PEV sales, we need to obtain not only estimates of these four explanatory variables, but also estimates
of the regression coefficients that reflect the influences of the explanatory variables on PEV sales. Due to the limited
observable data for PEV sales (2008 — mid-2015), we can only support our estimation of the regression coefficients
using HEV sales as a similar technology for the first three explanatory variables. However, for the fourth
explanatory variable, public charging station availability, the available data for PEV sales (2008 — mid-2015) is the
best that we can obtain currently, but when more PEV sales data are available, that will enhance the accuracy of our
fourth coefficient estimates.

4. PEV Sales Forecast Sample Results (2016 — 2025)

In this section, four case studies are presented for the period 2016 — 2025. The first case study was conducted
Canada-wide, and we considered the incentive programs provided by different Canadian provinces. The other three
case studies covered the three top Canadian provinces in PEV sales, British Columbia (BC), Ontario (ON), and
Quebec (QC) [14]. Jointly they are associated with 97% of all PEV sales in Canada for the period 2008 — mid-2015
[14]. The results of the case studies are presented in high, medium, and low projections in order to be consistent with
Canadian Energy Board projections [13].

4.1 PEV Sales Forecast Canada-wide (2016 — 2025)
This case study shows the forecast data for PEV sales in Canada for the period 2016 — 2025 using the proposed
MLRM. For the fuel cost savings estimation, we considered the average annual travel distance Canada-wide. Since
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each Canadian province has its own incentive programs, we considered the average value of three different
provinces (BC, ON, and QC) incentive programs. Figure 2 shows the PEV sales forecast for Canada for 2016 —
2025, and the results are demonstrated in both the annual cumulative number of PEV sales and the penetration levels
(acan). For validation, we compare our penetration level results (acan) to the ones presented in [9]; however, we
cannot compare the cumulative PEV sales since we consider different geographical areas with different population
projections. The results for the reference scenario (acan) show that the PEV penetration level is expected to reach
5% by 2024, and total cumulative PEV sales will exceed 1,400,000 by 2025. The penetration level of PEVS in
Canada (acan) is less optimistic than the one proposed in [9] for the early stages of adoption; however, acan Will
take over during the last couple of years of forecasting based on the reference scenario, and the last four years based
on the high case. One important observation is that the number of PEV sales in 2019 is almost doubled in 2020,
consistent with the fact that most charging stations permitted or planned are going to be in service by 2020 [11].

PEV Market Sales Forecast Canada-wide (2016 - 2025)

1,600,000 0.1
1,400,000 5 0.09
/ 0.08 —
@ 1,200,000 P g
S n 007 3
4
'S 1,000,000 - 0.06 &
> ’/ ’I e}
% 800,000 - P 005 2
— 4 3]
S 600,000 —== e 004 £
£ - “ 003 <
] & & - . >
Z 400,000 e _- 2
- - 002 &
P L d - -
200,000 —_____*‘ ,_-' . I 0.01
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Year
. PHEV BEV Alpha CAN e e» e CAN high e e e qCAN low o [9]

Figure 2. PEV Cumulative Sales Forecast for Canada (2016 — 2025)

4. 2 PEV Sales Forecast for British Columbia (2016 — 2025)

British Columbia (BC) is the westernmost province of Canada. British Columbia is also a component of the Pacific
Northwest and the Cascadia bioregion, along with the US states of Oregon and Washington. The largest city is
Vancouver, the third-largest metropolitan area in Canada, the largest in Western Canada, and the second-largest in
the Pacific Northwest. In October 2013, British Columbia had an estimated population of 4,606,371 [13]. The
proposed MLRM has been applied for the observed data for B.C., and the results are shown in Figure 3.

The observed data for PEV sales in B.C. (2008 — mid-2015) show that PEV sales are usually high in the first three
months of each year, and then they decline. That is correlated with the fact that the incentive programs are usually
stopped after three months yearly due to limits of the B.C. government budget for incentive programs. Therefore,
customers will often delay their purchases until the next year in order to be eligible for the incentives. PEV sales in
BC started very strong between 2008 and 2011; however, when the number of hopeful buyers exceeds the budget
limits of the BC incentive program, and the procedure for getting the incentive is based on a first-come, first-serve
basis, which negatively influences sales. The BC government then reduced the incentive to 5,000 dollars in order to
approve more applications; however, that decision also negatively affected PEV sales in BC. As shown in Figure 3,
the PEV sales forecast for BC is the least optimistic one compared to the other provinces. The forecasted sales are
expected to exceed 5% of all vehicles by 2025, which cannot be achieved without the fact that BC has one of the
strongest charging station infrastructures in Canada, with a ratio of 1 CS to 3 gas stations in 2013 [11].
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PEV Market Sales Forecast in Britsh Columbia (2016 - 2025)
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Figure 3. PEV Cumulative Sales Forecast for British Columbia (2016 — 2025)

4. 3 PEV Sales Forecast for Ontario (2016 — 2025)

Ontario is one of Canada’s ten provinces, and is located in the east-central part of the country. It is Canada's most
populous province by a large margin, accounting for nearly 40 percent of all Canadians, and is the second-largest
province in total area. Ontario is fourth-largest in total area when the territories of the Northwest Territories and
Nunavut are included. It is home to the nation's capital city, Ottawa, and the nation's most populous city, Toronto
[13]. The large population of Ontario makes it a target for Canadian clean energy projects [13], and the Ontario
government has a vision of having 1 in 20 vehicles electrically powered by 2020 [13]. The government of Ontario
will be required to take adequate steps for the preparation and development of a province-wide strategy for energy
and infrastructure (Ontario Ministry of Transportation, 2010a) [20]. In 2010, the Ontario government announced an
incentive program for PEVs of up to 8,500 dollars to buy a new PEV and up to 1,000 dollars to install a home
charging facility, but still, public charging station infrastructure is one of the biggest obstacles facing public PEV
acceptance. Figure 4 shows the results of applying the MLRM on the observed data for Ontario, and the forecast
data show that Ontario’s vision of having 5% of all vehicles electrified is achievable by 2023 in the high scenario
and by 2024 in the reference scenario. However, the vision will not be achieved by 2025 based on the low scenario.
In order to guarantee that the vision is achieved on time, the Ontario government should take further steps in
supporting public charging station infrastructure.
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PEV Market Sales Forecast in Ontario (2016 - 2025)
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Figure 4. PEV Cumulative Sales Forecast for Ontario (2016 — 2025)

4. 4 PEV Sales Forecast for Quebec (2016 — 2025)

Quebec (QC) is a province in east-central Canada, and it is the only Canadian province that has a primarily French-
speaking population. Quebec is Canada's largest province by area, and it is Canada's second most populous province
after Ontario. Approximately half of Quebec residents live in the Greater Montreal Area, including the Island of
Montreal [13]. The proposed MLRM has been applied to the observed data for Quebec, and the results show that the
QC PEV sales forecast is the most optimistic one. The government of QC has taken several steps in supporting
charging station infrastructure, and it also supports switching to PEVs through different incentive programs that
reach 8,250 dollars per purchase, based on the battery capacity of the PEV. The ratio of charging stations to gas
stations is expected to jump to 1:6 by 2025 [11]. One important comment resulting from the observed data is that the
government should focus on standardized the charging station ports to make them more convenient for different
cars’ owners to access the charging network. The challenge in the current charging station network is that Tesla
owners should use Tesla chargers, Nissan Leaf owners should use their own charging facilities, and so on. When the
charging station network is standardized, it will be easier for any PEV driver to recharge their vehicle across the
province. However, this is still a problem with most charging station networks worldwide.
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PEV Market Sales Forecast for Quebec (2016 - 2025)
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Figure 5. PEV Cumulative Sales Forecast for Quebec (2016 — 2025)

5. Discussion
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In this section, some sensitivity analysis is presented to consider different steps that governments can take in order to
update their plans for achieving their green transportation goals. First of all, a summary of the MLRM parameters
for each provinces as well as Canada-wide is shown in Table 2.

As shown in Table 2, there is an inverse correlation between the average price difference between PEVs and their
comparable ICEVs. Therefore, when there is a significant price difference between new PEV models and
comparable new ICEV models that will influence potential PEV drivers’ purchase decisions negatively. Another
observation that can be obtained from the results is that the Ontario government should focus more on charging
station infrastructure, so shifting 1,000 dollars from the PEV purchase incentive program to the public charging
station infrastructure program will enhance the penetration level of Ontario, as shown in Figure 6.

TABLE 2
SUMMARY MULTIPLE LINEAR REGRESSION MODEL FOR FORECASTING PEV MARKET SALES
Average Price Charging
Fuel Cost Savings Difference Average Station
Case Study Government S
(B1) between PEVs . Availability
Incentives
and ICEVs (B) (Ba)
(B2)
1 Canada-wide 0.41165 -0.1826 0.1986 0.5182
2 | British Columbia 0.4077 -0.1551 0.7718 0.32447
3 Ontario 0.4773 -1.062 0.0176 0.7853
4 Quebec 0.3904 -0.5763 0.0254 0.4253
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PEV Market Sales Forecast in Ontario (2016 - 2025)
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Figure 6. PEV Penetration Level Forecast in the Ontario Shifted Incentives Scenario (2016 — 2025)

In 2013, the ratios of PEVs to charging stations for Canada, BC, ON, and QC are 4:1, 1:1, 7:1, and 5:1 respectively
[11]. However, these ratios are expected to be 3:1, 1.5:1, 5:1, and 3:1 by 2025 respectively. These ratios are very
useful indicators to evaluate charging station availability on the one hand, and to evaluate the economic benefit of
investing in charging infrastructure on the other hand. Hence, Ontario is the best market for investing in charging
infrastructure in the next decade, while BC is considered the least secure market to invest in in the next decade due
to the high ratio of charging stations there.

6. Conclusion

In this paper, a modified multiple linear regression model has been presented. A new explanatory variable, charging
station availability, is introduced to the model in order to investigate the correlation between that variable and PEV
market sales forecasts. The proposed model has been compared to a model [9] previously presented in the literature
for the sake of validation. Due to the different demographical information in the observed data, the comparison was
made for penetration level rather than for cumulative number of PEV sales in order to have a fair comparison. Our
forecast results show less optimistic patterns in most cases, especially at the beginning of the forecast period. Some
sensitivity analysis and observations have been highlighted to support governments in achieving their green
transportation goals. For example, for Ontario, shifting 1,000 dollars from the PEV purchase incentive program to
the charging infrastructure incentive program enhances the penetration level by 0.3% by 2025, while preserving the
Ontario government’s budgetary allowances. The limited observed data for PEV sales (2008 — mid-2015) affects the
accuracy of the estimation; however, more accurate estimations can be achieved when more sales data are available.
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