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Mo:va:on:	  the	  deployment	  of	  Plug-‐in	  
Electric	  Vehicles	  (PEV)	  

•  PEVs	  predic:on:	  significant	  growing	  in	  next	  years	  

•  Benefits:	  
–  Energy	  efficiency	  
–  Reduce	  transporta:on	  costs	  
–  Reduce	  CO	  emissions	  
–  Lower	  dependence	  on	  fossil	  fuels	  
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What	  to	  do	  when	  baWeries	  are	  
exhaus:ng?	  

•  Plug-‐in	  at	  home,	  garage,	  office…	  
–  Grid	  not	  prepared	  to	  support	  that:	  a	  number	  of	  PEVs	  
plugged	  into,	  e.g.,	  a	  garage	  could	  cause	  
•  an	  overload	  on	  the	  grid,	  oben	  working	  close	  to	  its	  opera:onal	  limit	  
•  unbalanced	  condi:ons	  may	  result	  in	  degrada:on	  of	  power	  quality	  
and	  damage	  u:lity	  equipments	  and	  customer	  appliances1	  

–  Not	  possible	  fast	  charging	  (Level	  3	  method)	  
•  We	  can	  replace	  the	  exhausted	  baWery	  by	  a	  full	  charged	  
baWery	  
–  Instantaneous	  	  
–  BaWery	  manufacturers	  to	  agree	  on	  a	  standard	  	  
–  Storage	  	  
–  Ini:al	  costs	  	  	  
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What	  to	  do	  when	  baWeries	  are	  
exhaus:ng?	  (cont’d)	  

•  Or	  we	  can	  charge	  the	  baWeries	  in	  a	  charging	  
sta:on	  (CS)	  	  “only”	  a	  dedicated	  
infraestucture	  is	  required	  
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And	  which	  is	  the	  best	  charging	  sta:on?	  

•  From	  the	  PEV	  viewpoint:	  is	  the	  best	  CS	  the	  
cheapest	  one?	  
–  It	  depends	  on	  the	  distance	  

•  So,	  a	  tradeoff	  among	  price	  and	  distance	  is	  
required	  

•  Distance	  PEV-‐CS:	  given	  by	  posi:oning	  
applica:on	  (GPS,	  Galileo	  or	  3G	  services,	  for	  
instance)	  
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The	  CS’s	  opinion	  

•  CSs	  belong	  to	  electric	  u:li:es	  
•  Electric	  u:li:es	  want	  to	  op:mize	  their	  
benefits:	  the	  higher	  the	  price,	  the	  higher	  the	  
revenue	  

•  Also	  CSs	  compite	  among	  them	  for	  users	  
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Game	  theory	  framework	  



System	  model:	  The	  PEV’s	  energy	  
model	  

Parameter	   Descrip:on	  

en	   Total	  energy	  demanded	  by	  PEV	  n	  

etot	   Total	  baWeries	  energy	  	  

er	   Remaining	  energy	  when	  request	  is	  made	  

ech	   Ini:al	  demand	  of	  energy	  

ēs	   Es:mated	  consump:on	  (kW/km)	  
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System	  model:	  Costs	  and	  benefits	  

•  CS	  benefit:	  
•  PEV	  cost:	  
•  So	  the	  problem	  is:	  

•  How	  can	  we	  maximize	  the	  benefit	  and	  
minimize	  the	  cost?	  
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Figure 1. Energy.

Figure 2. .

thus, the total estimated energy required by k to CS n is

enk = esk + echk = ēskdkn + echk . (1)

The battery of the kth PEV is characterized by its total energy
capacity etotk . We consider that the required energy echk is the
energy necessary to fill up the batteries, so we have that etotk =
erk+echk , where erk is the available energy in the batteries at the
moment user k realizes the request (Fig.1). However, without
loss of generality, we account for that all the batteries have
the same total capacity, so etotk = E, ∀ k = 1, . . . ,K. (——–
mirar a ver si esto es realista o no)
The ultimate objective of both PEVs and CSs is to optimize
their benefit, i.e., in the case of PEVs is to pay as less as
possible for the electricity, and in the case of CS’s, to charge
to the users a price as high as possible.

III. THE OLIGOPOLY FRAMEWORK

The first of our scenarios is aimed to the case where
PEVs pertaining to particular users desire to charge the PEV
batteries. The N charging stations, i.e. the utilities, receive the

requests from the users during an adequate period of time and
try to maximize their benefit, but, at the same time, the users
want to pay the lowest price as possible for the electricity. This
can be achieved by a two-step scheme; first, the CSs establish
their electricity prices to maximize their benefits; second, the
PEVs choose the adequate CS to minimize the cost.
Given that utilities compete each other for the users, a natural
framework for this situation is game theory. In this case, the
number of competing players (the utilities) is low enough to
consider that each utility can influence the electricity price that
will be said to the PEVs, and that the PEVs (the consumers)
are not so strong to influence the electricity price. This can
be modeled as a Cournot oligopoly game [], in which the
users’ demand is the sum of the demanded energy. Also, the
demanded energy is fixed when the utilities determine their
energy prices, since it is assumed that the PEVs maintain their
demand irrespectively the prices they are offered. This game
gives the price equilibrium (p∗1, p

∗
2, . . . , p

∗
N ). Afterwards, each

CS communicates its own price to the PEV, who decides which
CS minimizes her charging cost.

A. Utilities oligopoly game

The prices at which the CSs sell their energy to the
PEVs are determined by means of the N -players game�
N , {pn}, {un}

�
, where the set N = {1, . . . , N} represents

the N CSs, pn is the price that the nth utility charges (in
€/kWh), and Rn is the total revenue obtained by the nth utility
and can be calculated as

Rn =
Kn�

k=1

pne
n
k − Cn, (2)

being Kn the number of users that will charge their batteries at
price pn in CS n, and Cn the associated costs. In the utilities
game, each CS wants to maximize its own revenue, what can
be formally expressed as

max
pn

Rn =
Kn�

k=1

pne
n
k − Cn, for all n ∈ N . (3)

The fact that CSs know the PEVs’ location can induce to think
that the can take advantage of this information and establish
high prices to those PEVs that are in need of charging, that is
to say, they are very close to a CS and the remaining battery
is quite low. However, the game is an imperfect information
game, given that the costs and policy prices of each utility are
not known by the other utilities, so they cannot freely raise
the prices at the risk of that PEVs go to some other CS.
———-Faltan modelo de precios y de costes

B. Optimizing the PEVs cost

The K PEVs seek for minimize the total price paid to the
utilities. Then, once the utilities’ prices have been announced,
the users have to independently solve their optimization prob-
lem, which consists in selecting the CS n to minimize her
cost, and is formulated as

min
n

ck = enkpn = (ēskdkn + echk )pn, for all n ∈ N . (4)
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Market-‐based	  model:	  the	  oligopoly	  
game	  

•  We	  realize	  that	  PEV	  =	  customers	  and	  CS	  =	  
providers	  

•  We	  have,	  for	  a	  given	  area:	  	  
– Many	  (N)	  PEVs	  with	  small	  demand	  
– A	  few	  (K)	  CSs	  provide	  the	  energy	  

•  Then,	  we	  can	  model	  our	  problem	  as	  an	  
oligopoly	  game	  
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Proposed	  algorithm	  

1.  The	  PEVs	  communicate	  their	  willingness	  to	  
charge	  by	  communica:ng	  their	  posi:oning	  
informa:on	  
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Charging	  sta:on	  1	  

Charging	  sta:on	  2	  

Charging	  sta:on	  3	  

posn	  

posn	  

posn	  

PEV	  n	  



Proposed	  algorithm	  (cont’d)	  

2.  The	  CSs	  plays	  the	  oligopoly	  game	  
– Prices	  equilibrium	  

– Communicate	  their	  prices	  to	  PEVs	  
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Charging	  sta:on	  1	  

Charging	  sta:on	  2	  

Charging	  sta:on	  3	  

(p1,	  p2,	  p3)	  

PEV	  n	  



Proposed	  algorithm	  (cont’d)	  

3.  The	  PEVs	  selects	  the	  best	  CS	  n*	  in	  order	  to	  
minimize	  the	  cost,	  considering	  the	  distance	  
to	  cover	  	  solve	  the	  problem	  
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In (4), the first term between brackets reflects the energy cost,
for user k, to get to CS n, and the second term expresses how
much PEV k will pay if charges the batteries at CS n.
However, PEVs must account for that they have energy enough
to reach the selected CS, that is, the remaining battery ekr must
be larger than the consumed battery to get to the nth CS,
which implies that the condition dkn < dth = erk

ēsk
must hold,

where dth expresses de maximum distance the PEV can cover
before running out of batteries. Thus they must incorporate
this restriction to the optimization problem and the resulting
charging station selection problem, for each user, is formulated
as

min
n

ck, for all n = 1, . . . , N, for all k = 1, . . . ,K (5)

s.t. dkn < dth =
erk
ēsk

.

IV. USERS DISCUSS THE PRICE

In our previous scenario, we assume that users (PEVs) are
not so powerful to influence the price at which the electricity
is sold. Let assume for a while that users can influence the
electricity price, since the amount of energy they buy is high
enough to do that. That is, a few customers’ demand represents
a high percentage of the total CS utilities sells in that area.
This can be the case of public transportation fleets (e.g. a taxi
company or public bus) or private transport companies (e.g.
delivery companies, courier firms and goods transportation in
general), where one of these transport companies is considered
as an user demanding the sum of the energy needed by the
company’s PEVs in a given period of time (for instance, the
demand per hour). Two approaches can be considered in this
case. First, the negotiation of the electricity price among CS
utilities and customers is modeled in the framework of two-
players games, following the approach given in [4]. Second,
the oligopsony perspective (isomorphism of oligopoly from
the demand’s viewpoint) is taken to represent the fact that the
market is dominated by a few customers.

A. CS utility selection game

In this case, we adapt the admission control game for
wireless data networks of [4] to model the interaction between
the K transportation companies (from now on, the customers)
and the N CS utilities. The game-theoretic framework is made
up of N × K two-players games, where the players of the
knth game are the k customer and the nth utility provider.
For each of these games, the customer wants to minimize its
cost function, and the CS utility wants to maximize its benefit,
being both functions of the energy price P . The customer
then evaluates the outcomes of the N games and takes his/her
decision.

1) Customers utility function:
2) CS utilities utility function:
3) Game formulation:

B. The oligopsony game
V. USING THE PEV AS STORAGE: AUCTIONING THE

ENERGY

VI. RESULTS

VII. CONCLUSIONS
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Future	  steps	  

•  Determine	  adequate	  pricing	  func:on	  p	  and	  
cost	  func:on	  C	  

•  Oligopoly	  game	  algorithm:	  equilibrium	  and	  
convergence	  issues	  
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Thank	  you	  for	  your	  kind	  aWen:on!	  

Any	  ques:on?	  
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