
RESEARCH ARTICLE

The impact of electric vehicles on the power market
Lorenzo Albanese1, Rosaria Ciriminna2, Francesco Meneguzzo1 & Mario Pagliaro2

1Institute of Biometeorology, CNR, via Caproni 8, 50145 Firenze, Italy
2Institute for the Study of Nanostructured Materials, CNR, via U. La Malfa 153, 90146, Palermo, Italy

Keywords

Electric mobility, electric vehicles, hybrid

vehicles, power market, solar photovoltaic

energy

Correspondence

Francesco Meneguzzo, Istituto di

Biometeorologia, CNR, via Caproni 8, 50145

Firenze, Italy. Tel: +39-392-9850002;

Fax: +39-055-308910;

E-mail: f.meneguzzo@ibimet.cnr.it

Mario Pagliaro, Istituto per lo Studio dei

Materiali Nanostrutturati, CNR via U. La

Malfa 153, 90146 Palermo, Italy.

Tel: +39 091 6809370;

Fax: +39 091 6809399;

E-mail: mario.pagliaro@cnr.it

Funding Information

No funding information provided.

Received: 15 August 2014; Revised: 6 March

2015; Accepted: 23 March 2015

Energy Science and Engineering 2015;

3(4): 300–309

doi: 10.1002/ese3.72

Abstract

We investigate the impact of massive electric vehicle (EV) adoption onto the

power market, both in the presence and in the absence of significant photovol-

taic (PV) generation. Although results are derived taking into consideration

Italy’s power market, results are of relevance also to other industrialized coun-

tries. One of the most important outcomes of the analysis, that is, the synergis-

tic and beneficial effect on the overall energy bill of the concomitant expansion

of EVs utilization and the growth of the renewable energy generation, particu-

larly solar photovoltaics. The Conclusions provide arguments for policymakers

for further support to sustainable mobility in their regions.

Introduction

Electric vehicles (EVs), especially the plug-in hybrid

(PHEV) and the all-battery vehicles (BEV), are now a

commercial reality facing rapid expansion. In Norway

BEVs are currently outselling conventional cars, with sales

currently around 1200 a month (over 10% of all car sales)

[1]. Figure 1 shows that in the US, where in early 2011

the Government enforced subsidies including a $7500 tax

credit for BEVs buyers, the average annual EV sales in

2013–2014 amounted to about 580,000 units (3.6% of the

overall vehicle sales), up by 107% over 2010–2011 (2.3%

of the overall vehicle sales) [2].

After years of wrong projections and failure of many

start-up electric car makers (Aptera, Better Place, Coda

and Fisker, to name a few), the EVs market is starting to

flourish. In China, the world’s largest car market, heavily

supported by the Government with the aim to alleviate

the air pollution burden, save hydrocarbon fuels and

boost another manufacturing leading industry, a brand

new EV industry was established in the last decade [3].

After deployment of this new industry, in mid 2014 the

Government agreed that 30% of all vehicles bought by

central and local Government bodies between 2014 and

2016 will have to be electric. Furthermore, buyers of elec-

tric cars and other types of new energy vehicles will be

exempted from sales tax (equal to 10% tax of the vehicle’s

net value) until the end of 2017 [4].

In Japan, where Government introduced the first EV

incentive program in 1996, sales of the hybrid- and EV
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markets in 2013 grew to an estimated 1.6 million units

[5]. Large growth, exceeding 25% year over year, was

lately reported also for Germany, where the EV market is

at its debut [6].

In brief, a transportation technology first introduced to

the marketplace in the late 1890s in Europe (and in the

United States; for a nice historic account up to 2009, see

[7]), to be replaced since 1910 by Ford’s alternative low-

cost technology, that is, the internal combustion engine

(ICE) vehicle produced en masse using Taylor’s serial pro-

duction, is finally flourishing. Virtually all the large car

manufacturing companies are currently expanding their

offerings of EVs; while new companies and conventional

utilities are literally building out the electric car charging

infrastructure. For example, the overall number of public

charging stations in the US rose to 19,000 by the end of

2013 compared to 3300 in 2011 [8].

Battery manufacturers too, most of which are located

in South East Asia, are expanding their offerings in terms

of both size and technology, switching from supplies of

older generation nickel-metal hydride (NiMH) batteries

to Li-ion and lithium-titanate-oxide batteries, so much

that revenues from Li-ion batteries in consumer vehicles

are expected to grow from $3.2 billion in 2013 to

$24.1 billion in 2023 [9].

This evolution is occurring almost simultaneously to

large-scale adoption of renewable energy sources that, in

a world of ever more uncertain fossil fuels market due to

both geopolitical instability and steadily reducing gap

between economically viable crude oil supply and demand

[10], for example, the global installed solar PV capacity

has reached 182 GW in 2014 [11]. It was less than 1 GW

in 2003.

In the course of 2015 (in the conservative case) at least

another 60 GW will be installed worldwide [12]. In the

following, thus, we analyze the impact of EVs’ adoption

onto the power market, both in the presence and in the

absence of significant solar photovoltaic (PV) generation.

Results are derived taking into consideration Italy’s power

market wherein, between 2008 and 2013, a huge bulk of

18 GW photovoltaic power was installed. The methodol-

ogy can be extended to other power markets in countries,

both in the European Union and beyond, where prices

are formed by similar market processes, so that the con-

clusions can be relevant to a wider international audience

of policymakers.

Factors Affecting the Transition to
Electric Mobility

The reason why EVs for more than a century have

remained a niche technology is twofold [13]. First, as

shown in Figure 2, liquid fossil fuels have an energy den-

sity considerably higher than other energy vectors [14]..

For comparison, 1 kg of gasoline contains about 12 kWh

of intrinsic thermal energy. Storing a similar amount of

energy as electricity currently requires about 33 kg of the

state-of-the art industrial Li-ion batteries employed, for

example, in the bestselling Nissan’s “Leaf” model.

The second reason explaining the global success of ICE

vehicles was the prolonged availability of low-cost liquid

fossil fuels.

When in the early 1990s the Energy Return on Energy

Investment (EROI) of crude oil began to fall toward

today’s barely sustainable values below 10 [10], this situa-

tion started to change.

Figure 1. Annual sales of BEV, PHEV and extended range electric vehicles (EREV) in the US from 2008 to 2014, along with annual EV market

share.
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Another factor that has driven and is still driving change

is that ICE vehicles are significant sources of air pollution,

posing serious threats to health especially in urban areas, as

combustion in petrol and diesel cars produces particulates,

volatile organic compounds, hydrocarbons, carbon mon-

oxide, ozone, lead, and various nitrogen oxides (Fig. 3).

The first obvious benefit of electric cars in terms of sus-

tainability is that they do not produce harmful emissions.

Hence, in the 1990s incentives were initiated by local and

national Governments, most notably in California and in

Europe, to replace ICE light duty vehicles with EVs.

The environmental benefits of EVs are now well estab-

lished. Electric cars are about four times as efficient as fos-

sil-fueled combustion engines: while ICE engine efficiency

is around 20%, electric engines achieve as much as 80–90%.

A recent thorough life cycle assessment (LCA) analysis

in which four life cycle phases were considered (materials

production, vehicle production, use, and end of life)

found that running EVs on the current electricity mix in

Europe (which includes much more renewable energy

than in the US) offers a 30% reduction in Global Warm-

ing Potential (GWP) relative to traditional cars over a

lifetime of 200,000 km [15], as well as less than 50% of

the emissions than ICE vehicles [16].

The overall environmental impact of EVs clearly depends

on the mix of energy sources generating the electricity used

to recharge their batteries, as well as on the location of ther-

mal sources. China, for example, already has 100 million

EVs, most of which are electric scooters. With the current

electric generation mix in China largely based on coal com-

bustion, a recent study concluded that, for the city of

Shanghai, nine people are expected to die in excess from

PM2.5 (particulate matter 2.5 lm in size) emissions due to

the use of gasoline cars per 10 billion km traveled each

year, whereas 26 excess deaths should be expected from the

same number of kilometers traveled in electric cars [17].

Such figures self-explain the major role of power generation

when overall health effects of electric mobility are assessed.

In brief, the beneficial impacts of electric mobility

strongly depend on the way we generate power, clearly

suggesting that from the environmental, health, and cli-

matic viewpoints the diffusion of EVs and renewable

energy sources should take place concomitantly as,

indeed, is happening.

From the technical and economic viewpoints, evidence

of significant market shifting toward EVs is occurring in

many countries. For example, in the US, drivers can now

purchase an electric car for under $20,000, with an aver-

age monthly electricity cost for EV charging (normalized

over a 30-day period) slightly exceeding $23 [18].

In general, the EV technology is improving, the already

significant electric car charging infrastructure is spreading

and mileage is rapidly growing. For example, the first

Chinese sport utility vehicle with a 200 km mileage

autonomy is for sale in the US since more than a year.

The battery cost makes almost a third of the cost of an

EV, such cost having declined from $1300 per kWh in

2007 to $500 per kWh in 2012 [19].

Figure 2. Energy density of different energy vectors, including

batteries and liquid hydrocarbons. [Image reproduced from ref. [14],

with kind permission].

Figure 3. PM emissions in Paris. Most emissions are due to ICE

vehicles. [Image reproduced from ref. [13], with kind permission].
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Following the trend of solar PV modules, further dras-

tic reduction in battery costs will likely take place follow-

ing the scale-up of industrial production [19].

Impact of the Electric Mobility on the
Power Market

A subtle and yet very significant impact of the electrifica-

tion of private mobility is deemed to occur on the power

market. The power grid is not susceptible to be affected

by relevant technical problems or stability issues, but

rather to benefit from the two-way power flux capabilities

of modern EVs. Some clues, although not a conclusive

proof, about the resilience of the power grid to highly

variable inputs can be found in the absence of problems

during the steep growth of the solar PV power installed

in Italy from few tenths of MW to about 17 GW during

the 2009–2012 time framework.

On the other hand, the market power price is likely to

be affected by the growing demand due the increasing

adoption of EVs. This is the subject of the following

analysis, specifically applied to the Italian wholesale elec-

tricity market (IPEX).

Figure 4 shows the hourly average observed power

demand in the IPEX during the peak hours (8 AM

through 8 PM; in working days) for every month from

January 2006 to December 2013. The corresponding aver-

age wholesale national power price in the IPEX (PUN) is

displayed in the same chart. Data official sources are the

same used in the recent analysis describing the IPEX mar-

ket and the impact of PV power generation [20].

Assuming that only the lighter weight and lower power

gasoline cars can be easily replaced by current EV tech-

nology, the assessment of the additional power demand

should start from the current consumption of motor gas-

oline, which is shown in Figure 5 as a monthly time ser-

ies from January 2006 to December 2013 [21]. The steep

fall in gasoline consumption, totaling an overall decrease

greater than 30% in 7 years, is evident from the chart.

The motor gasoline monthly consumption observed dur-

ing 2007 is representative of the precrisis demand and rep-

resents the fuel energy to be replaced by electricity. The

intrinsic energy content of motor gasoline was assumed to

be 12 kWh/kg, whereas ICE’s energy efficiency was set

equal to 20%, and that of EV equal to 80%.

Due to their overwhelming impact on the power price

paid by customers, only peak hours of the wholesale elec-

tric market will be considered. Although nowadays BEVs

are mainly charged at night, our assumption is that along

with the increasing diffusion of BEVs their charging dur-

ing daylight (8 AM to 8 PM) will be promoted in order to

boost both the impact of the increased power demand

upon its market price and the coupling of BEVs spreading

with the expansion of the solar photovoltaic installed

power. Both mileage and charging during daylight are

assumed to cover 80% of the respective daily Figures.

Moreover, according to the same above arguments,

only the week’s working days are considered (Monday to

Friday), when power demand is much higher than in the

week-end, while the gasoline consumption and charging

needs are estimated at the same level as in the week-end,

that is, 5/7 or about 71.4% out of the total.

Consequently, charging during peak hours will account

for about (80 � 71.4/100)% = 57.1% of the total addi-

tional power demand.

The other hypotheses concern the time of complete

replacement of ICE vehicles with EVs, set to span 6 or

12 years, starting from 2008,. The choice of 6 years was

Figure 4. Hourly average electricity demand in peak hours and monthly average peak PUN in the IPEX.
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due to the considerations that 2007 was the last precrisis

year. After that, the power demand started to fall. Year

2013 was the last year for which power data were avail-

able. The same period for the complete replacement of

ICE vehicles with EVs was then doubled to 12 years in

order to investigate the relative impact of the replacement

time upon the power market.

Figure 6 shows the additional electricity demand due

to the hypothetical replacement of ICEVs with EVs dur-

ing 2008–2013- Figure 7, as a combination of Figures 4,

6, shows the overall electricity demand that would have

occurred due to the market adoption of EVs during 6

and 12 years, along with the PV electricity generation

due to the installed PV park. Again, the latter data

(sources and values) are those of our recent analysis

[20], except for the addition of the last 3 months of

2013.

It is worth noting that, along with the faster adoption of

EVs, during 2008–2013 the annual average hourly electric-

ity demand would have dropped by only about 1000 MW.

A three times larger decline (3000 MW) in demand

would have occurred assuming the slower adoption of

EVs. Actually, due to the earnest economic crisis what

really happened in Italy (Fig. 4) was a collapse of the

Figure 5. Monthly consumption of motor gasoline in Italy. Values for year 2007 are highlighted in bold.

Figure 6. Hourly average additional electricity demand in peak hours in the IPEX due to the hypothetical complete replacement of gasoline

powered ICEVs with EVs during 6 and 12 years, starting in 2008.
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annual average hourly electricity demand by about

5500 MW, or around 12%.

Applying the equation for the multivariate regression

model correlating the monthly average peak PUN time

series, that is, equation 2 in our previous study [20], with

the electricity demand forcing term given by the exponen-

tial equation (equation 1 in the aforementioned study)

and using the electricity demand data from Figure 4

(observed demand) and Figure 7 (electricity demand

resulting from the hypothetical adoption of EVs, as well

as PV electricity generation), the monthly series of aver-

age PUN in peak hours was modeled assuming no adop-

tion of EVs and complete replacement of ICEVs by EVs

in 12 years and 6 years.

The graphical results of modeling are shown in Fig-

ure 8A and B, respectively. The green graph displays the

situation at each time under the further hypothesis of null

PV electricity generation.

The merit-order effect (MOE), widely discussed in our

previous work [20], appears to produce a strong impact

on the monthly average PUN series, with the largest abso-

lute effects arising under the hypothesis of faster EVs

market penetration (Fig. 8B).

The applicability of this autoregressive model is allowed

by the fact that, although the diffusion of EVs obviously

increases the electricity demand, its overall impact does

not exceed the figures used for calibration in the period

2006–2013, as made apparent from Figures 4, 7.

In an effort to produce a quantitative comparison of

the overall community costs for the “business as usual”

and for the hypothetical scenario of replacement of ICEVs

with EVs, it should be first noticed that the motor gaso-

line industrial price is completely independent of the cur-

rent demand, being rather closely tied to the Brent oil

price (Fig. 9) [22].

Aside from a few months of the year showing a 1-

month lag between oil and gasoline prices, the linear

regression between the simultaneous prices of Brent oil

and gasoline explains as much as 96% of the variance.

Therefore, the motor gasoline price observed during

2008–2013 can be used in the following comparative

assessment, using in particular the industrial gasoline

price before taxes as the obvious counterpart of the PUN

in the IPEX.

The following four scenarios, concerning the peak

hours as in our previous study [20], were developed and

evaluated.

Business as usual with PV generation

Figure 10A shows the overall industrial cost for gasoline

with no market penetration of EVs and monthly gasoline

consumption as in the year 2007; the modeled electricity

cost with PV generation, and the incremental sum of the

previous two components.

Business as usual with no PV generation

Figure 10B displays the overall industrial cost for gaso-

line with no market penetration of EVs and monthly

gasoline consumption as in the year 2007; the modeled

electricity cost in the absence of solar photovoltaic

installations, and the incremental sum of the previous

two components.

Figure 7. Hourly average overall electricity demand in peak hours in the IPEX due to the hypothetical complete replacement of gasoline powered

ICEVs with EVs during 6 and 12 years, starting in 2008, along with observed PV electricity generation.
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EVs replacing the ICEVs in 6 years with PV
generation

Figure 10C describes the overall industrial cost for gaso-

line with monthly gasoline consumption linearly dropping

to zero during the 2008–2013 time range (no more motor

gasoline demand); the modeled electricity cost, and the

incremental sum of the previous two components.

EVs replacing the ICEVs in 6 years and no PV
generation

Figure 10D finally describes the overall industrial cost for

gasoline with monthly gasoline consumption linearly

dropping to zero during the 2008–2013 time framework;

the modeled electricity cost in the absence of solar photo-

voltaic installations, and the incremental sum of the pre-

vious two components.

The analysis of the four scenarios above sheds light

on the evolution of energy (electricity + gasoline) cost

in the presence of concomitant penetration of the PV

and EV technologies, in a significantly industrialized

country.

First, with no replacement of ICE by EV vehicles

(Fig. 10A and B), the PV generation during the 2008–
2013 period reduced the overall electricity bill by more

than 5 billion €. In other words, while the cost of motor

gasoline is of course the same, the electricity cost depends

(A)

(B)

Figure 8. Hourly average overall electricity demand in peak hours in the IPEX due to the hypothetical complete replacement of gasoline powered

ICEVs with EVs during (A) 6 years and (B) 12 years, starting in 2008, along with observed PV electricity generation.
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on the PV generation, so much that the difference of

overall incremental costs during 2007–2013 is greater than

5 billion €.

Assuming complete replacement of ICEVs by EVs in

6 years, during 2008–2013 (Fig. 10C and D), the cost of

motor gasoline decreases with time despite the overall

Figure 9. Monthly average series of Brent Oil price and motor gasoline industrial price in Italy, starting as of January, 2007.

(A) (C)

(B) (D)

Figure 10. Comparative energy cost scenarios: (A) business as usual; (B) business as usual and no photovoltaic; (C) EVs replacing the ICEVs in

6 years; (D) EVs replacing the ICEVs in 6 years and no photovoltaic. See text for more details.
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increase in its unit industrial price and eventually van-

ishes at the end of the period. However, the electricity

cost increases due to the increasing electricity demand, to

such an extent that at the end of the period it approaches

the cost observed during year 2007.

The overall incremental costs during the 2007–2013
range with the complete replacement of ICEVs by the

EVs and no PV generation would amount to about

1.4 billion €, which is lower than in the business as usual

situation with PV generation (Fig. 10A vs. D).1

In the presence of PV generation, the difference

between the overall incremental costs during 2007–2013
with regard to the “business as usual” situation with PV

generation (Fig. 10A and C) amounts to about 9.5 billion

€, reflecting the greater and beneficial impact of the PV

generation with increasing electricity demand, as already

found out in our previous study [20].

The robustness of the results relies upon the robustness

of equation 2 in our previous study [20], which explained

78% of the variance of the observed peak PUN series with

significance much greater than 99.99%.

The significance of the differences shown in Fig-

ure 10(A–D) is understood by taking into consideration

that the computed standard error on the estimated peak

PUN is about 9 €/MWh.

Figure 6 shows that the average of the hourly addi-

tional electricity demand in peak hours during the 6 years

replacement period is around 3000 MW. During 6 years

there are about 19,000 peak hours, therefore the uncer-

tainty of the results is on the order of

3000 � 9 � 19,000 € = 0.5 billion €, that is about one

order of magnitude lesser than the above discussed differ-

ences among the values for the overall incremental energy

cost shown in Figure 10(A–D).
The advantageous synergy of the PV generation and

the electrification of private mobility is therefore clearly

demonstrated by the comparison of the overall incremen-

tal energy costs estimated with replacement of ICEVs by

EVs during 2008–2013, with PV generation (Fig. 10C)

and without PV generation (Fig. 10D). In the former case,

the overall incremental costs are about 8 billion € lower

than without PV generation.

Summarizing, while the complete replacement of ICEVs

by the EVs is always a good choice from the energy cost

viewpoint, increasing the PV generation during such

replacement boosts the economic savings due to the ampli-

fication of the impact of the PV generation on the wholesale

power market along with the increasing electricity demand.

Outlook and Perspectives

In this study we attempt to quantify the economic conve-

nience of the replacement of internal combustion engine

vehicles with EVs by assessing the impact of the EVs mar-

ket penetration on the prices formed in the IPEX both in

the presence and in the absence of significant photovol-

taic generation. The results, pointing to the very advanta-

geous synergistic adoption of EVs and renewable energy

sources, are significant and relevant for policymakers,

infrastructure developers, and power generators.

The environmental, health, and climatic benefits were

deliberately omitted in the discussion, but their relevance

is obvious, as well as no mention is made about more

uncertain issues such as “gray” energy flow implied by

the vehicles replacement or energy need for vehicle dis-

posal.

As the solar revolution continues with electrification of

transportation now slowly, but inexorably, taking place

[23], Governments in both developed and developing

nations should wisely continue to encourage the adoption

of electric mobility through a number of well-known

incentives (tax breaks, free parking, free access to reserved

areas etc.). The outcomes for their countries will be bene-

ficial not only in terms of reduced pollution and better

quality of life in urban areas, but eminently advantageous

from an economic viewpoint.

Incentives will be rapidly repaid by the fall of hydrocar-

bon imports, as well as by the fast reduction in electricity

costs as the impact of PV generation on the power mar-

ket is synergistically magnified by a growing electricity

demand.

In a medium-sized, well-developed market such as

Italy, where the solar PV installations have grown from

nearly zero to some 18 GW of nominal power in a few

years, quantitative figures could be assessed. Such figures

suggest that the benefits of the PV generation upon the

power price – having been severely limited by the

decrease in the power demand – will be significantly

amplified by a program of replacement of ICE vehicles

with BEVs. Such program would support the power

demand and, in turn, produce increasing financial savings

on the power side, while abating the gasoline bill and

producing a self-sustainable virtuous cycle.
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