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Abstract.  
 
In this paper we analyze the impact of including an 
extensive number of Plug-in Electric Vehicles (PEVs) in 
the Iberian Peninsula Electricity Market. This electricity 
market is modelled using a market-clearing procedure 
formulated as a two-stage stochastic programming 
problem where the uncertain demand associated with the 
charging process of electric vehicles is modelled as a 
stochastic process. We consider two different approaches. 
In the first case we assume that the charging process of 
PEVs is not coordinated, whereas in the second case we 
consider that the market operator can decide the periods 
in which the charging process of a number of PEVs is 
carried out. The problem is formulated using an 
equivalent mixed-integer stochastic programming 
problem that is solved using a commercial solver. A 
realistic case study based on the Iberian Peninsula 
Electricity Market is analyzed. The main outcomes of the 
model are the generation mix, the energy prices, the 
usage of the transmission network and the carbon 
emissions. 
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1. Introduction 
 
During the last years, the usage of PEVs has been 
promoted all around the world. The reduction of both 
CO2 emissions and the dependence on fossil fuels are the 
main reasons of this fact. The reduction of the energetic 
dependence on fossil fuels is of special relevance in those 
countries without fossil fuel reserves, as it is the case of 
Spain and Portugal. In this sense, the Ministry of Industry 
in Spain has promulgated the Plan of the Electric Vehicle 

[1]. This plan foresees the incorporation 250.000 electric 
vehicles in 2014. 
 
It is possible to find a number of references regarding the 
study of the impact of PEVs and PHEVs in power 
systems. The impact of charging electric vehicles in the 
distribution grid is studied in [2] and in [3]. A 
probabilistic constrained load flow considering both wind 
power generation and electric vehicles is proposed in [4]. 
In [5] it is estimated the power consumption of electric 
vehicles. Finally, two different algorithms to control the 
charge of electric vehicles in deregulated electricity 
markets are proposed in [6].  In [7] a robust optimization 
model is used to analyze the effect of including vehicle-
to-grid (V2G) facilities in small electric energy systems. 
 
If the charging process of PEVs is not coordinated, the 
additional demand of charging PEVs may affect the 
operation of the power system from both the technical 
and the economical points of view. In this paper, we 
analyze the impact of the coordination among PEV users 
and the operator for the charging process of PEVs in the 
operation of the electricity market. In this sense, we 
propose to use a grid-to-vehicle (G2V) approach where 
the market operator is able to accommodate the charging 
process of a number of selected PEVs in the time frame. 
 
 
2. Mathematical Model 
 
The tool used in this paper to analyze the impact of the 
charging process of PEV in the electricity market is 
based on a mix-integer linear programming (MILP) 
problem. The objective function of this optimization 
problem is formulated in subsection 2.1, whereas the 
constraints of the problem are detailed is subsections 2.2-
2.6. 
 
 
 



2.1. Objective function 
 
The proposed optimization problem has the objective of 
maximizing the social welfare, i.e., maximizing the profit 
of generating companies along with maximizing the 
utility of demands. For that, the offers submitted by the 
different agents (demands and generation units) to the 
market operator for the day-head market are used to 
define the objective function. The standard formulation 
of the social welfare for a single period of the 
programming horizon is as follows: 
 

� (𝜆𝑑 · 𝑝𝑑) − ��𝜆𝑔 · 𝑝𝑔�
𝑘∈𝑆G𝑑∈𝑆D

 

 
where 𝜆𝑑 and 𝑝𝑑 are the price and the power offered by 
demands, and 𝜆𝑔 and 𝑝𝑔 are the price and the power 
offered by generation units. 
 
For the purpose of the study carried out in this paper, the 
set of demands, 𝑆D, is split into two subsets: the set of 
“conventional” demands, 𝑆D

C, and the set of demands 
associated to PEVs, 𝑆D

EV. Similarly, the set of generation 
units, 𝑆G, is split into two subsets: the set of 
“conventional” generation units (thermal, nuclear, and 
hydro), 𝑆D

EV, and the set of renewable generation units, 
𝑆G

R. 
 
For a given programming horizon, two sources of 
uncertainty are mainly present in the operation of a 
power system: the electrical demand, either conventional 
or associated to PEVs, and the power production of 
renewable generation units. In this work, the focus is on 
the impact of PEVs demand on the market and, therefore, 
the uncertainty related to this kind of demand is taken 
into account. This uncertainty is modelled by using a set 
of scenarios, as described in Section 3. For simplicity, but 
without loss of generality, the uncertainty related to 
conventional demands and renewable generation is not 
considered. 
 
Offers related to up and down reserves for the real-time 
power balance are also included in the objective function. 
This allows following the fluctuations of the PEV 
demands for the different scenarios and, therefore, 
maintaining the power system balanced. With respect to 
this, we consider that only conventional generation units 
provide reserve. The resulting objective function is as 
follows: 
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where 𝜆𝑑,𝑡 and 𝑝𝑑,𝑡 are the price and the power offered by 
conventional demand 𝑑 in period 𝑡,  𝜆𝑘,𝑡 and 𝑝𝑘,𝑡,𝜔 are 
the price and the power offered by PEV demand 𝑘 in 
period 𝑡 and scenario 𝜔, 𝜆𝑔,𝑡 and 𝑝𝑔,𝑡

S  are the price and 
the power offered by conventional generation unit 𝑔 in 
period 𝑡, 𝜆𝑟,𝑡 and 𝑝𝑟,𝑡 are the price and the power offered 
by renewable generation unit 𝑟 in period 𝑡, 𝜆𝑔,𝑡

up  and 𝑟𝑔,𝑡,𝜔
up  

are the price and the power reserve offered by 
conventional generation unit 𝑔 in period 𝑡 and scenario 𝜔 
to increase its production for the real-time power balance, 
𝜆𝑔,𝑡

dw and 𝑟𝑔,𝑡,𝜔
dw  are the price and the power reserve offered 

by conventional generation unit 𝑔 in period 𝑡 and 
scenario 𝜔 to decrease its production for the real-time 
power balance, 𝑆T is the set of programming periods, 𝑆Ω 
is the set of scenarios, and 𝜋𝜔 is the probability 
associated to the scenario 𝜔. 
 
 
2.2. Production of conventional generating units 
 
The final power production of a conventional generation 
unit in each period 𝑡 and scenario 𝜔 will depend on its 
scheduled power 𝑝𝑔,𝑡

S  and the reserve deployed in the 
real-time power balance. This is established by means the 
following constraints: 
 
𝑝𝑔,𝑡,𝜔 = 𝑝𝑔,𝑡

S + 𝑟𝑔,𝑡,𝜔
up − 𝑟𝑔,𝑡,𝜔

dw ,  
∀𝑔 ∈ 𝑆G,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (2) 

 
with 𝑟𝑔,𝑡,𝜔

up ≥ 0 and 𝑟𝑔,𝑡,𝜔
dw ≥ 0. 

 
 
2.3. Power balance at all system buses 
 
The solution of the optimization problem has to satisfy 
the power balance at all system buses. This constraint is 
formulated as follows: 
 
𝑝G𝑛,𝑡,𝜔 − 𝑝D𝑛,𝑡,𝜔 = 𝑝L𝑛,𝑡,𝜔,  

∀𝑛 ∈ 𝑆N,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (3) 
 
with 
 
𝑝G𝑛,𝑡,𝜔 = � 𝑝𝑔,𝑡,𝜔

𝑔∈𝑆G𝑛
C

+ � 𝑝𝑟,𝑡

𝑟∈𝑆G𝑛
R

 (4) 

𝑝D𝑛,𝑡,𝜔 = � 𝑝𝑑,𝑡

𝑑∈𝑆D𝑛
C

+ � 𝑝𝑘,𝑡,𝜔
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EV
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𝑝L𝑛,𝑡,𝜔 = � 𝑝𝑙,𝑡,𝜔
𝑙∈𝑆L𝑛

 (6) 

 
where 𝑆N is the set of all system buses, 𝑆G𝑛

C , 𝑆G𝑛
R , 𝑆D𝑛

C , 
𝑆D𝑛

EV, 𝑆L𝑛 are, respectively, the sets of conventional 
generation units, renewable generation units, 
conventional demands, PEV demands, and transmission 
lines, connected to bus 𝑛, 𝑝G𝑛,𝑡,𝜔 and 𝑝D𝑛,𝑡,𝜔 are, 
respectively, the total power generated and consumed at 
bus 𝑛 in period 𝑡 and scenario 𝜔, 𝑝𝑙,𝑡,𝜔 is the power flow 
through a transmission line 𝑙 in period 𝑡 and scenario 𝜔, 



and 𝑝L𝑛,𝑡,𝜔 is the total power flow through the 
transmission lines connected to bus 𝑛 in period 𝑡 and 
scenario 𝜔. 
 
 
2.4. Technical limits of power plants 
 
The power production of a power plant is limited by its 
minimum power output and by its maximum capacity. 
These constraints are formulated as follows: 
 
𝑢𝑔,𝑡·𝑝𝑔min ≤ 𝑝𝑔,𝑡,𝜔 ≤ 𝑢𝑔,𝑡·𝑝𝑔max,  

∀𝑔 ∈ 𝑆G,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (7) 
 
where 𝑝𝑔min and 𝑝𝑔max are the minimum power output and 
the capacity of generation unit 𝑔, and 𝑢𝑔,𝑡  is a binary 
variable that represents the commitment of generation 
unit 𝑔 in period 𝑡. 
 
The power production of a hydro power plant during a set 
of periods is also limited by the amount of water stored in 
its hydro reservoir. For the considered time horizon, this 
additional constraint in the operation of hydro units is 
formulated as follows: 
 
�𝑝𝑔,𝑡,𝜔
𝑡∈𝑆T

≤ 𝛾𝑔 · �𝑝𝑔max

𝑡∈𝑆T

,  

∀𝑔 ∈ 𝑆G
H,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (8) 

 
where 𝑆G

H is the subset of hydro units, and parameter 𝛾𝑔 
indicates the percentage of the capacity of the hydro unit 
that can be used according to the amount of water stored 
in the reservoir. Furthermore, hydro power plants usually 
have a relatively small minimum power output. 
Therefore, for these units, the value of 𝑝𝑔min in (7) can be 
set to zero. 
 
In addition to the previous constraints, the variation in 
time of the production of all generating units is limited by 
power ramps. These constraints are formulated as 
follows: 
 
𝑝𝑔,𝑡,𝜔 − 𝑝𝑔,𝑡−1,𝜔 ≤ 𝑝𝑔

up,  
∀𝑔 ∈ 𝑆G,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (9) 

𝑝𝑔,𝑡−1,𝜔 − 𝑝𝑔,𝑡,𝜔 ≤ 𝑝𝑔dw,  
∀𝑔 ∈ 𝑆G,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (10) 

 
where 𝑝𝑔

up and 𝑝𝑔dw are, respectively the up and down 
power ramp limits of the generation unit 𝑔. 
 
 
2.5. Transmission line limits 
 
The power flow through transmission lines is limited by 
thermal and/or stability considerations. In this work, 
transmission lines are modelled by using the DC 
approximation, as follows: 
 

𝑝𝑙,𝑡,𝜔 =
1
𝑋𝑙
�𝜃𝑛,𝑡,𝜔 − 𝜃𝑚,𝑡,𝜔�,  

∀𝑙 ∈ 𝑆L,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (11) 

 
where 𝜃𝑛,𝑡,𝜔 and 𝜃𝑚,𝑡,𝜔 are, respectively, the voltage 
angle value in period 𝑡 and scenario 𝜔 at buses connected 
by the transmission line 𝑙, and 𝑋𝑙 is the reactance of the 
transmission line 𝑙. Transmission line limits are 
formulated as follows: 
 
−𝑝𝑙max ≤ 𝑝𝑙,𝑡,𝜔 ≤ 𝑝𝑙max,  

∀𝑙 ∈ 𝑆L,∀𝑡 ∈ 𝑆T,∀𝜔 ∈ 𝑆Ω (12) 
 
Where 𝑝𝑙max is the power flow limit of the line 𝑙. 
 
 
2.6. Charging process of PEV batteries 
 
To allow the market operator to decide the most 
appropriate periods in which PEVs batteries are charged, 
the charging process of PEV batteries has to be modelled.  
 
The set of hours in which a PEV is available to be 
charged is denoted by 𝑆T𝑘. The beginning and the ending 
periods of 𝑆T𝑘 are represented by 𝑡𝑘O and 𝑡𝑘F, respectively. 
Therefore, at the end of 𝑡𝑘F the battery of the PEV 𝑘 must 
be charged. 
 
For each PEV demand coordinated with the market 
operator, the set of constraints modelling the charging 
process of a PEV battery is as follows: 
 
𝑝𝑘,𝑡,𝜔

BS = 𝑃𝑘,𝜔
init ,   ∀𝑘 ∈ 𝑆K, 𝑡 = 𝑡𝑘O − 1,∀𝜔 ∈ 𝑆Ω (13) 

𝑝𝑘,𝑡,𝜔
BS = 𝑝𝑘,𝑡−1,𝜔

BS + 𝑝𝑘,𝑡,𝜔,  
∀𝑘 ∈ 𝑆K,∀𝑡 ∈ 𝑆T𝑘 ,∀𝜔 ∈ 𝑆Ω (14) 

0 ≤ 𝑝𝑘,𝑡,𝜔 ≤ 𝑝𝑘rate ∀𝑘 ∈ 𝑆K,∀𝑡 ∈ 𝑆T𝑘 ,∀𝜔 ∈ 𝑆Ω (15) 
𝑝𝑘,𝑡,𝜔

BS = 𝑃𝑘full  ∀𝑘 ∈ 𝑆K, 𝑡 = 𝑡𝑘F,∀𝜔 ∈ 𝑆Ω (16) 
 
where 𝑝𝑘,𝑡,𝜔

BS  is the battery charge level of the PEV 𝑘 in 
period 𝑡 and scenario 𝜔, 𝑃𝑘,𝜔

init  is the initial battery charge 
level of the PEV 𝑘 in scenario 𝜔, 𝑃𝑘full is the maximum 
battery charge level of the PEV 𝑘, and 𝑝𝑘rate is the 
maximum power that can be transferred to a battery in a 
single period. In this paper, 𝑝𝑘rate is assumed to be equal 
to the peak power transfer rate. 
 
Equation (13) establishes the charge level of the PEV 
battery just before starting the charge process. Equation 
(14) computes the charge level of the PEV battery in each 
period as a function of its charge level in the previous 
period and the input power in the current period of the 
charge process. Equation (15) represents the technical 
limit related to the maximum amount of power that can 
be obtained from the power system to charge the PEV 
battery in a single period. Finally, equation (16) forces 
the full charge of the battery at the end of the last period 
of the charge process. 
 
 
3. Case study 
 
The impact of PEVs in the Iberian Peninsula Electricity 
Market is studied for two different cases: (i) there is no 
coordination among PEV users and the market operator 



for the charging process; and (ii) there is a level of 
coordination among some PEV users and the market 
operator so that the market operator can select in which 
periods these PEVs are charged. 
 
Case (i) is analysed by solving an optimization problem 
that consists of maximizing (1) subject to constraints (2)-
(12), whereas the optimization problem used to analyze 
case (ii) consists of maximizing (1) subject to constraints 
(2)-(16). Additional considerations are as follows: 
 
1) In both optimization problems, conventional demands 
are not decision variables. Instead, conventional demands 
are fixed values for each period of the programming 
horizon. Conventional demand values are chosen based 
on common demand patterns extracted from historical 
data. 
 
2) In both optimization problems, the prices associated to 
both the conventional and the PEV demand offers are set 
to the maximum offer price allowed in the market (cap 
price). 
 
3) In both optimization problems, the prices associated to 
the offers of renewable generation units are set to zero. 
 
4) In the optimization problem used in case (i), the 
demanded power associated to PEVs is a fixed value for 
each considered programming period and scenario. These 
values are obtained from a scenario generation procedure. 
Therefore, PEV demands are not decision variables in the 
optimization problem. 
 
5) In the optimization problem used in case (ii), the 
demanded powers associated to PEVs are decision 
variables. Scenarios are used to define the initial charge 
level of PEV batteries. The periods in which the charge 
of PEVs is carried out, are an output of the optimization 
problem.  
 
Observe that, in case (i), the periods chosen by PEV users 
to charge their vehicles and the power demanded during 
the charging process are not decision variables of the 
optimization problem. Instead, these data are estimated 
based on a set of plausible scenarios where the stochastic 
behaviour of PEV users is modelled. As a result, from the 
view point of the optimization problem, these data are 
given. In case (ii), the market operator can accommodate 
the demand associated with the charging process of the 
controlled PEVs in the programming horizon such  that 
the social welfare is maximized. 
 
The proposed formulation is tested in a realistic case 
study based on the Iberian Peninsula Electricity Market 
(MIBEL).  The power system under study comprises 216 
nodes, 46 conventional thermal units, and 54 hydro units. 
Renewable generation (solar PV and wind power) is also 
taken into account. The transmission system is modelled 
using 367 transmission lines. Observe that, this system is 
a simplified equivalent of the real Iberian Peninsula 
power system, where the grid only considers 400-220 kV 
transmission lines. This power system is based on the 

European system equivalent developed in [8] and is 
represented in Figure 1. 
 
Table 1 provides the generation technologies considered 
in this paper. We assume that the generation offers to the 
day-ahead market are equal to the operation costs 
contained in Table 1, whereas the generation offers for 
dispatching up and down reserves are equal to 1.1 and 0.9 
times the generation offer in the day-ahead market, 
respectively. In this example, we assume that the ramp 
rates for nuclear, coal, OCGT and CCGT technologies 
are expressed in percentage over the capacity of each 
unit, and they are equal to 0%, 40%, 40% and 20%, 
respectively. In this case we have assumed that the 
minimum power output is equal to 0 in all thermal units. 
The capacity factor of hydro units is 0.2 (see constraint 
(8)). 
 
On the demand side, we consider that both conventional 
and PEV demand bids are equal to the cap price in the 
Iberian Peninsula market, that is 180 €/MWh. 
 

  
Figure 1. Iberian Peninsula Power System 

 
 

Table 1. Generation technologies 

Technology 
Total 

capacity 
(MW) 

Average 
operation 

cost 
(€/MWh) 

CO2 
(Ton/MWh) 

Nuclear 7.777 9.46 0.0000 
Coal 11.378 39.90 0.6568 

OCGT 2.860 55.10 0.4693 
CCGT 25.237 38.85 0.3229 
Hydro 26.538 0.00 0.0000 
Wind 23.763 0.00 0.0000 
PV 3.579 0.00 0.0000 

 
 
In this study, we consider a planning horizon of 48 hours. 
The demand of the system, and the wind and solar power 
availabilities are depicted in Figure 2. 
 
We consider that there are 23.728.142 vehicles in the 
Iberian Peninsula and the 30% of them are assumed to be 
PEVs. Each PEV is equipped with a 22 kWh battery, 
with a consumption of 0.14 kW per km. The peak power 
transfer rate is 3 kW. The uncertainty associated with 



charging PEVs is modelled using 15 equiprobable 
scenarios.  

 
 

 
Figure 2. Demand, and wind and solar availabilities 

 

 
 

Figure 3. PEVs demand scenarios 
 
For each scenario the daily distance driven by the PEVs 
is assumed to follow a normal distribution with mean and 
standard deviation equal to 25 and 2, respectively. Based 
on the distance covered, the initial charge of the PEV 
batteries at the beginning of the charging process is 
defined. The beginning of the charging process from the 
time in which PEVs are ready to be charged is modelled 
using a uniform distribution between 0 and 3 delay hours.  
Figure 2 shows the considered set of scenarios of PEVs 
charging demand. 
 

Table 2. Driver types 

Driver type Beginning 
charging 

Ending 
charging 

1 (45%) 16.00 7.00* 
2 (35%) 21.00 7.00* 
3 (10%) 2.00 21.00 
4 (10%) 10.00 21.00 

(*) Next day 
 
Considering the system presented above, two different 
cases are analyzed. In the first case we assume that there 
is no coordination in the charging process of PEVs. In the 

second case, we consider that the market operator can 
decide the periods in which the charging process of a 
number of PEVs is performed. All case studies have been 
solved using Cplex under GAMS on a Linux-based 
server with 8 2.9 GHz processors and 250 GB of RAM. 
 
The resulting expected social welfare in each case is 
provided in Table 3. It is observed that the expected 
social welfare increases if the coordination G2V is used. 
 

Table 3. Expected social welfare  

Case Driver type 

Expected 
social 

welfare 
(€) 

(i) No coordination 232.794 
(ii) G2V 233.013 

 
As an example, Figure 4 shows the expected energy 
procurement in case (i). Figures 5 and 6 show the system  
demands in cases (i) and (ii), respectively. Observe that if 
PEVs charges are not coordinated (case (i)), part of the 
PEV demand is located in some unfavourable periods 
(peak periods). On the other hand, if G2V coordination is 
enforced, most of the PEVs charges are realized in valley 
hours. 
 

 
Figure 4. Case (i): Energy procurement  

 

 
Figure 5. Case (i): System demand 
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Figure 6. Case (ii): System demand 

 
The expected electricity prices (marginal of constraint 
(5)) in cases (i) and (ii) are represented in Figure 7. 
Observe that electricity prices in case (2) are smaller in 
peak hours than in case (ii). This result is caused by the 
reallocation of PEVs demand from peak hours to valley 
hours. For this reason, electricity prices in valley hours 
are larger in case (ii). 
 

 
Figure 7. Electricity prices 

 
Finally, Table 4 shows the CO2 emissions and the wind 
spillage for cases (i) and (ii). This table shows that, if 
coordination is taken into account, it is possible to make 
a better use of renewable resources that causes a 
reduction in CO2 emissions. 
 

Table 4. Expected CO2 emissions and wind spillage  

Case CO2 emissions 
(Ton) 

Wind 
spillage 
(MWh) 

(i) 159636.7 13026.9 
(ii) 156265.9 5264.5 

 
 
4.  Conclusions 
 
In this paper we have proposed a mathematical model to 
analyze the economic impact and some technical aspects 
related to the integration of a large number of PEVs in 
the Iberian Peninsula electricity market. The numerical 

results show that if the charging process of PEVs is 
coordinated by the market operator the total expected 
social welfare increases, whereas peak electricity prices 
and CO2 emissions are reduced. These results indicate 
that to implement grid-to-vehicle (G2V) procedures in 
the Iberian Peninsula electricity market may be of 
interest. 
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