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A B S T R A C T

Massification of Electric vehicles (EVs) is becoming a worldwide reality as a means to combat climate
change and local pollution. Considering that most of the time vehicles are in parking places, there is an
opportunity for using EVs to provide some valuable services to the power network. In particular, EVs can
provide ancillary services in electricity markets through an aggregating agent. To this end, EVs aggregators
need to develop decision support tools to optimally allocate energy and regulation resources considering power
network constraints. Unlike optimization models for EVs aggregators currently available in the literature,
in this paper we propose an optimization approach for EVs aggregators that jointly considers the most
important aspects influencing EVs profitability, such as uncertainty, drivers’ patterns, capacity constraints,
state of charge constraints, regulation demand constraints, regulation offer constraints, regulation bounds
constraints, and power-system security constraints. The optimization problem is formulated as a mixed-
integer linear programming problem, thus ensuring global optimality. Results are presented in the form of
the hourly allocation for charging/discharging power profiles, distinguishing between day-ahead energy and
capacity/energy for regulation, and the profit that can be reached, while accounting for network constraints.

The proposed model is illustrated through a case study, which allows us to show that EVs aggregators
allow for leading to a more reliable power system operation, avoiding transmission lines congestion, while
providing important profits for EV owners who are able to provide regulation services.
1. Introduction

The transportation sector is responsible for more than one fourth
of the total greenhouse gas (GHG) emissions worldwide [1]. This fact
has motivated the massification of Electric Vehicles (EVs) to combat
climate change and local pollution, which entails significant power
system investments to support the needed charging infrastructure [1].
However, for most cases, the majority of the time these vehicles are
located in parking places. Accordingly, there is an opportunity for
using EVs to provide some valuable services to the power network.
In particular, with the large penetration of variable renewable energy
(mainly wind and solar) present in current power systems, there is a
growing need for power flexibility in grids, which can be provided by
batteries in EVs. However, to have the significant amount of power
flexibility that the power system needs, it is necessary to aggregate
many EV batteries. Thus, EVs can provide these flexibility or ancillary
services in electricity markets through an aggregating agent.

Roughly speaking, aggregators schedule EV charging at the lowest
possible cost while guaranteeing the minimum energy requirement
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profiles; that is, they have to guarantee that EVs users have enough
energy in their batteries to perform their daily journeys. They also have
to comply with technical constraints imposed by the system operator,
avoiding, whenever possible, line congestion or undesirable voltage
level variations. In addition, they can use EVs as energy backup devices,
supplying energy to the grid, taking advantage of Vehicle-to-Grid (V2G)
technology. In this sense, EVs can obtain additional revenue and can
help the electric power system by supporting the integration of renew-
able energy sources or by providing peak power, frequency regulation
and/or spinning reserve [2–13]. All of these ancillary services and
other additional services are covered in this work under the general
terms ‘‘regulation’’ or ‘‘secondary regulation’’; distinguishing between
the availability to provide a certain service (capacity) and the actual
realization of the service (effective energy).

Unidirectional regulation, that is, the provision of regulation ser-
vices making use of only EV charging capability is studied in [14]. The
authors develop a deterministic optimization model aiming at maximiz-
ing aggregator profit including the concept of preferred operation point
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Acronyms

Electric Vehicle (EV), State of Charge (SOC), Vehicle-to-Grid
(V2G).

Notation

Sets
𝛺𝑒𝑔 Set of all scenarios considered to ac-

count for EVs charging/discharging time
uncertainty (EV group scenarios).

𝛺𝑒𝑝 Set of all scenarios designed to account
for the uncertainty in the prices of en-
ergy, regulation capacity, and effective
regulation.

𝛺𝑛 Set of nodes in the network.
𝛺𝑡 Set of all periods in the time horizon under

study.
𝛺𝑣 Set of all EV groups considered.

Indices

𝑒𝑔 EV group scenarios.
𝑒𝑝 Energy price and regulation capacity sce-

narios.
𝑛, 𝑚 Grid nodes.
𝑡 Time periods.
𝑣 EV groups.

Parameters

𝐴𝐵𝑒𝑔
𝑣 Aggregated value of the EV battery ca-

pacities for group 𝑣 and scenario 𝑒𝑔
[MWh].

𝐵𝑛,𝑚 Susceptance of line 𝑛 − 𝑚 [S].
𝐶𝐶𝑒𝑔

𝑣,𝑡 SOC requirement for EV group 𝑣, scenario
𝑒𝑔 and time period 𝑡 [MWh].

𝐸𝐶𝑒𝑔
𝑣,𝑡 Aggregated consumption for EV group 𝑣,

scenario 𝑒𝑔 and time period 𝑡 in journeys
[MWh].

𝐻𝑒𝑔
𝑣,𝑡,𝑛 Binary values parameter that equals 1

when EV group 𝑣 is connected for scenario
𝑒𝑔, time period 𝑡 and node 𝑛 and zero in
other case.

𝑀𝑒,𝑀𝑟,𝑀𝑏,𝑀𝑑 ,𝑀𝑢 Large enough scalars used in several ‘‘Big
M’’ equations through the formulation; in
general, these values will be different.

𝑃 𝑛,𝑚
𝑚𝑎𝑥 Power flow limit for the line that connects

nodes 𝑛 and 𝑚 [MW].
𝑃𝐺
𝑡,𝑛, 𝑃

𝐷
𝑡,𝑛 Hourly generated power/load in system

nodes [MW].
𝑃
𝑒𝑔
𝑣 , 𝑃 𝑒𝑔

𝑣 Upper limit for charging/discharging de-
fined for EV group 𝑣 and scenario 𝑒𝑔
[MW].

𝑆𝑀𝑒𝑔
𝑣 Minimum SOC for group 𝑣 and group

scenario 𝑒𝑔 [MWh].
𝜆𝐸𝑁−𝐷
𝑡,𝑒𝑝 , 𝜆𝐸𝑁−𝐶

𝑡,𝑒𝑝 Energy price for charging/discharging for
scenario 𝑒𝑝 and time period 𝑡 [e/MWh].

𝜆𝑅𝐶−𝐷
𝑡,𝑒𝑝 , 𝜆𝑅𝐶−𝑈

𝑡,𝑒𝑝 Price at which the availability for down-
ward/upward regulation is paid for sce-
nario 𝑒𝑝 and time period 𝑡 [e/MWh].

and also determining it through optimization and heuristics models
and comparing the different approaches. The same authors extend their
model [15] considering spinning reserve and unplanned EV departures.
2

𝜆𝐸𝑅−𝐷
𝑡,𝑒𝑝 , 𝜆𝐸𝑅−𝑈

𝑡,𝑒𝑝 Price at which the effective
downward/upward regulation is paid
for scenario 𝑒𝑝 and time period 𝑡 [e/MWh].

𝜂𝐶 , 𝜂𝐷 EV charging/discharging efficiency.
𝜔𝑒𝑔 Probability associated to scenario 𝑒𝑔 in 𝛺𝑒𝑔 .
𝜔𝑒𝑝 Probability associated to scenario 𝑒𝑝 in 𝛺𝑒𝑝.

Variables

𝐵𝐷𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 , 𝐵𝑈

𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 , 𝐵𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 Auxiliary variables for down-
ward/upward/effective regulation
availability/charging and discharging.

𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 , 𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 Energy withdrawn/supplied by the EVs
from/to the grid for EV group 𝑣, time period
𝑡, in node 𝑛, and scenarios 𝑒𝑔 and 𝑒𝑝 [MWh].

𝐷𝑁𝑅𝐸𝐺𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 , 𝑈𝑃𝑅𝐸𝐺𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 Downward/upward maximum regu-
lation availability for EV group 𝑣, time
period 𝑡 and scenarios 𝑒𝑔 and 𝑒𝑝 [MW].

𝐷𝑅𝑡, 𝑈𝑅𝑡 Downward/upward regulation EV aggre-
gator capacity offered at time period 𝑡
[MW].

𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 , 𝑈𝑅𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 Energy from effective downward/upward
regulation for group 𝑣, time period 𝑡, node
𝑛 and scenarios 𝑒𝑔 and 𝑒𝑝 [MWh].

𝑃𝐸𝑁 Profit obtained in the Energy market [ e]
𝑃𝐸𝑅 Profit obtained in the Effective Regulation

market [e].
𝑃𝑅𝐶 Profit obtained in the Regulation capacity

market [e].
𝑃𝐸𝑉
𝑡,𝑛 EV power contribution at node 𝑛 and time

period 𝑡 [MW].
𝑃 𝑛,𝑚
𝑡 Hourly power flow in line 𝑛 − 𝑚 [MW].

𝑃 𝑆
𝑡 Hourly power injected in the slack bus

[MW].
𝑆𝑂𝐶𝑒𝑔,𝑒𝑝

𝑣,𝑡 EVs aggregated SOC for EV group 𝑣, time
period 𝑡 and scenarios 𝑒𝑔 and 𝑒𝑝 [MWh].

𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 , 𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝

𝑣,𝑡 EVs aggregated SOC limit for EV
group 𝑣, time period 𝑡 and scenarios 𝑒𝑔
and 𝑒𝑝 for downward/upward regulation
[MWh].

𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡 EVs aggregated SOC for EV group 𝑣, time

period 𝑡 and scenarios 𝑒𝑔 and 𝑒𝑝 for effective
regulation [MWh].

𝜃𝑛𝑡 Phase of the node voltage 𝑛 at time period 𝑡
[rad].

Binary Variables

𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,1, 𝜚
𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛,2 Binary variables for effective regulation

charging and discharging and daily market.
𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,3, 𝜚

𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛,4, 𝜚

𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛,5 Binary variables for timely evolution equa-

tions of the SOC.

Positive variables

The following variables may only take values equal to or
greater than zero.

𝐵𝐷𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 , 𝐵𝐷𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 Auxiliary positive variables for downward
regulation availability.

In [16], an optimal strategy for EV aggregators is developed, but only
controlling the EV charging scheme to provide regulation. In [17], a
linear programming model is proposed in order to maximize the EV
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𝐵𝐸𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 , 𝐵𝐸𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 Auxiliary positive variables for effective
regulation charging and discharging.

𝐵𝑈 𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 , 𝐵𝑈 𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 Auxiliary positive variables for upward
regulation availability.

aggregator revenues obtained from the provision of regulation services,
subject to the constraint of achieving a target EV State of Charge (SOC),
controlling only the charging sequence. None of these works, however,
consider the impacts of network constraints.

A co-optimization approach is presented in [18], which considers,
on the one hand, an optimal power flow that avoids line congestion
and schedules EV charging giving enough flexibility for regulation and,
on the other hand, a decentralized real-time dispatch of the automatic
generation control signal. It is proved that an optimal EV SOC can be
established to comply with a contracted capacity regulation and that it
is possible to achieve high response accuracy to the regulation signal.
In [19], the authors determine optimum aggregation areas for a given
network configuration that can be used for EV aggregators and system
operators to take decisions regarding regulation and line congestion
issues. The model features a low computation effort and it is proved in
base and future case scenarios illustrating some effectiveness in terms
of voltage and load loss control. Although these approaches model
network constraints, they do not consider uncertainties.

In [20], a model based on stochastic optimization of EV charg-
ing and frequency regulation is proposed considering the uncertainty
associated to the hourly energy and regulation prices as well as the
regulation signal. Results are compared against deterministic model
predictive problems giving a reduction in EV charging costs. Several
works have also been presented taking into account the participation
of the EV aggregators in electricity markets. In [21], generation, EV
charging, reserve and regulation are considered. A market clearing pro-
cedure without security constraints is proposed along with a real-time
operation to deploy reserves with renewable generation forecasting. A
day-ahead optimization model is proposed to determine energy and
secondary reserves bids minimizing total costs in [22] considering pay-
ments for both capacity and energy from regulation. Other strategies
considering bidding EV regulation through optimization have been
proposed in [10,11,23,24]. In [12], a two-level optimization algorithm
for EVs is proposed to determine optimal operation strategies of EV
aggregators and the charging power of each individual EV considering
the participation in ancillary service markets. The authors in [13]
propose a control strategy to operate at fast time-steps which allows
EV aggregators maximize capacity payments from ancillary service
markets. In [25], the authors highlight that the size of the EV fleet
is also a key factor to assess the profitability of V2G schemes. This is
because large fleets of EVs are generally needed to significantly impact
the electricity demand curve. Drivers’ consumption patterns are not
considered in any of those works.

As a summary of the literature review, it is worth mentioning
that (i) only the authors in [18] consider the characteristics of the
grid and the possibility of line congestion, (ii) only in [22] the effec-
tive charging from regulation, including their economic terms in the
objective function, is taken into account in contrast to other works
like [14,15,21,23,24], (iii) bidirectional regulation (that is, the energy
injection from EVs to the grid) is not included in [16,20,22,26], and (iv)
none of the cited works jointly consider uncertainty in prices, power
system operation impacts, and driving patterns.

In this paper, we propose a detailed model for the problem faced
by EV aggregators to assess their participation in electricity markets
for regulation services, while jointly considering the most important
aspects influencing EVs profitability, such as uncertainty, drivers’ pat-
terns, capacity constraints, state of charge constraints, regulation de-
mand constraints, regulation offer constraints, regulation bounds con-
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straints, and power system security constraints. To the best of our
knowledge, such a comprehensive model has not been addressed in any
similar way in the literature.

Our model presents the following features:

• The aggregator manages a fleet of EVs.
• The aggregator participates in energy markets in order to buy the

energy that the EVs need to satisfy their mobility constraints.
• The aggregator may also participate in energy markets in order

to sell excess energy, using V2G capabilities.
• The aggregator participates in a secondary regulation market,

wherein it receives payments for both capacity offered and effec-
tive charging and discharging performed.

• The electric power system is modelled in detail, implementing
the power flow equations (a DC-power flow model is used, im-
plementing Kirchhoff’s Laws), among other technical constraints.

• The uncertainty associated with day-ahead energy prices is con-
sidered via scenarios.

The proposed model is a mixed-integer linear program aiming at
maximizing EV aggregator benefit. It allows an EV aggregator to know
which are the most suitable time periods to perform regulation and pur-
chase/sell energy from the daily market. In addition, the EV aggregator
can foresee which nodes can be problematic from the point of view of
system reliability, helping the system operator.

Accordingly, the EV aggregator problem is solved jointly consider-
ing the energy market for EV charging/discharging and the regulation
market for energy and capacity, in contrast to other approaches that
consider either only one of them or both separately. In this sense, it
is possible to reach an optimal result that avoids forcing batteries to
reach their energy limits. However, this approach requires to predict at
the first step all the parameters that include uncertainty, losing some
accuracy due to the further time gap for the estimation.

On the other hand, none of the works mentioned in the literature re-
view consider battery ageing effects. This is one of the major challenges
to be overcome with respect to the regulation provision, specially when
V2G effective discharging is used. Despite the economical barriers re-
lated to this issue, it has not been solved yet. The scientific community
and practitioners agree that the discharging process significantly affects
battery life and performance [27–31]. Although a comprehensive anal-
ysis related to battery use is out of the scope of this work, some results
are provided to estimate this effect, once the solution is obtained. Our
study shows that, as pointed out by some authors [32], it is imperative
to overcome the issues related to the battery degradation when full
charge/discharge cycles take place.

The main contributions of this paper can be summarized as follows:

• Development of a comprehensive tool, based on stochastic opti-
mization, that may be used by an EV aggregator to jointly sched-
ule energy and capacity/energy for regulation markets taking into
account the most relevant power system constraints.

• Development of a tool that also allows EV aggregators to assess
their participation in electricity markets through the determina-
tion of the most suitable time periods to bid and the prediction
of the nodes that can lead to line congestion.

• Development of a simple scenario-based methodology that si-
multaneously includes the uncertainty associated to energy and
regulation prices and driving patterns.

The rest of the paper is organized as follows. Section 2 describes the
scenario-based approach employed to model the uncertainty associated
to both energy and regulation prices and EV driving patterns and
the full optimization model. An illustrative case study is presented in
Section 3, whose results are discussed in Section 4. Finally, Section 5

concludes the paper.
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2. Optimization problem formulation

In this section, an optimization problem is formulated in order
to properly model the rational behaviour of an EV aggregator com-
pany facing different markets and operating within an stochastic en-
vironment. This optimization problem comprises a detailed objective
function and a set of constraints.

2.1. Uncertainty modelling

To model the uncertainty associated to EV driving patterns and mar-
ket prices, a simple scenario-based approach is considered on this work.

A set of different scenarios, 𝛺𝑒𝑝, is selected to account for the
stochasticity in the price vector. The prices considered are: buy/sell
energy, up/down regulation capacity and up/down effective regulation.
More specifically, for the purpose of this work, hourly price curves
for EV charging and discharging have been used. Prices for capacity
regulation have been similarly assumed, although capacity prices for
upward and downward regulation have been chosen to be equal, (this
condition could easily be relaxed); effective energy regulation prices
for up and down regulation are different and also depend on the time
of the day.

In this work, vehicles that have similar behaviour are grouped
together, hence avoiding the burden of modelling individual EVs; for
each case we consider, we have several groups of vehicles that we can
track. Naturally, another set of scenarios, 𝛺𝑒𝑔 , is taken into account
for the different possible configurations of the EV groups. The EVs
considered in this work are all identical, with a battery capacity of
20 kWh and a maximum power for charging/discharging of 3.7 kW.
The scenarios used for EV groups take into account the facts that the
number of cars in a group may change and also that the paths taken
by the vehicles during the day may change, as a consequence, the
total energy needs of a group of vehicles are different from scenario
to scenario. More details on the selections of scenarios are presented in
the case study section of the paper. Note that, for realistic case studies,
this information may be obtained from mobility surveys that some
authorities carry out, and that include a range of different questions to
the users of roads and transportation facilities in general; the questions
asked may include origin and destination of their trips, routes selected,
time allotted, etc.

The scenarios in 𝛺𝑒𝑝 are chosen to be equiprobable. Analogously,
the scenarios in 𝛺𝑒𝑔 are considered equiprobable.

2.2. Objective function

The objective function maximizes the profit earned by the EV
aggregator as a result of its participation in all three above men-
tioned market mechanisms (energy exchange, regulation capacity and
effective regulation). The total profit maximization can be formulated
as:

maximize {𝑃𝐸𝑁 + 𝑃𝑅𝐶 + 𝑃𝐸𝑅} (1)

𝑃𝐸𝑁 =
∑

(𝑣,𝑡,𝑛)

∑

(𝑒𝑔,𝑒𝑝)
𝜔𝑒𝑔 ⋅ 𝜔𝑒𝑝 ⋅ (𝜆𝐸𝑁−𝐷

𝑡,𝑒𝑝 ⋅𝐷𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 − 𝜆𝐸𝑁−𝐶

𝑡,𝑒𝑝 ⋅ 𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ) (2)

𝑃𝑅𝐶 =
∑

𝑡

∑

𝑒𝑝
𝜔𝑒𝑝 ⋅ (𝜆𝑅𝐶−𝐷

𝑡,𝑒𝑝 ⋅𝐷𝑅𝑡 + 𝜆𝑅𝐶−𝑈
𝑡,𝑒𝑝 ⋅ 𝑈𝑅𝑡) (3)

𝑃𝐸𝑅 =
∑

(𝑣,𝑡,𝑛)

∑

(𝑒𝑔,𝑒𝑝)
𝜔𝑒𝑔 ⋅ 𝜔𝑒𝑝 ⋅ (𝜆𝐸𝑅−𝐷

𝑡,𝑒𝑝 ⋅𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 + 𝜆𝐸𝑅−𝑈

𝑡,𝑒𝑝 ⋅ 𝑈𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ) (4)

The objective function presented in (1), comprises three terms,
described below:

• In (2), 𝑃𝐸𝑁 represents the profit obtained from energy exchanges,
computed as the difference between the income from EV discharg-
ing (V2G) and the costs of EV charging. Note that this is computed
taking into account the different prices for the energy exchange;
in general, these prices are different for each hour and scenario.
Also note that this term may be a positive or a negative amount.
4

𝐷𝐸 and 𝐶𝐸 refer to the traded energy in the hourly spot market.
• In (3), 𝑃𝑅𝐶 computes the income obtained from EV regulation
capacity. The prices offered for both UP and DOWN regulation
capacity are included. It is important to highlight that the offers
in this market are made for a total amount of energy for each
time period, but no specific node or specific vehicle group is
declared when presenting the offer. Moreover, the offers are made
before having information on which price and EV scenarios will
end up taking place, so the offers must be valid for any price or
vehicle scenarios (note that variables 𝐷𝑅𝑡 and 𝑈𝑅𝑡 only have one
subindex). This term can only be a positive amount.

• In (4), 𝑃𝐸𝑅 is the income related to effective energy charging/
discharging, resulting from the participation in the regulation
system. Note that, though the offers to the regulation capacity
market discussed in the previous point are aggregated, the effec-
tive energy generated or consumed for regulation purposes has
to be computed for each node, EV group and scenario. This term
can only be a positive amount. 𝐷𝑅𝐸 and 𝑈𝑅𝐸 refer to the traded
energy in the secondary regulation market.

In the equations above, each term is obtained by multiplying the
specific price by the corresponding energy or power variable related to
charging, discharging or capacity and multiplied also by the weight of
the considered scenarios. Also, note that the 6 main variables in the
formulation are the ones included in (2)–(4). It is important to notice
that the variables in Eqs. (2) and (4) may take a different value for
each scenario, whereas the variables in (3) take a single value for each
hour; the explanation is that the variables in (3) are offers made to a
regulation capacity market and have to be the same regardless of the
scenario finally taking place. On the other hand, the rest of the main
variables represent that the decisions can adapt to the specific scenario
that takes place.

The EV aggregator regulation optimization problem formulation is
completed with the constraints introduced in the following subsections.

2.3. State of charge constraints

Firstly, it is important to remark that, in the present formulation,
EVs are never considered individually; all the EVs that form an EV
group are aggregated together, and all its energy and power exchanges
are considered in an aggregated manner. For each aggregated battery
in each scenario, its 𝑆𝑂𝐶 must be computed for each hour: 𝑆𝑂𝐶𝑒𝑔,𝑒𝑝

𝑣,𝑡 .
The following upper and lower limits must be imposed on the value of
𝑆𝑂𝐶 variables.

𝑆𝑂𝐶𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≤ 𝐴𝐵𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (5)

𝑆𝑂𝐶𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝑆𝑀𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (6)

𝑆𝑂𝐶𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝐶𝐶𝑒𝑔

𝑣,𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (7)

Eqs. (5)–(7) guarantee that SOC lies between its lower and its upper
bounds. These bounds are imposed by the battery capacity (𝐴𝐵), (5);
the technical operational minimum SOC for the batteries (𝑆𝑀), (6) and
the energy requirements of the users (𝐶𝐶), (6). Note that the third of
these terms may be different for each hour, reflecting the needs of the
users.

The hourly tracking of the 𝑆𝑂𝐶 takes into account the charging and
discharging actions, including their efficiencies and the battery energy
consumption in journeys. It is expressed as follows:

𝑆𝑂𝐶𝑒𝑔,𝑒𝑝
𝑣,𝑡 = 𝑆𝑂𝐶𝑒𝑔,𝑒𝑝

𝑣,𝑡−1 + 𝜂𝐶 ⋅
∑

𝑛
𝐶𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 − (1∕𝜂𝐷) ⋅
∑

𝑛
𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 − 𝐸𝐶𝑒𝑔
𝑣,𝑡 (8)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡
Note that a full set of constraints is imposed for each scenario.
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2.4. Effective regulation constraints

Note that in Eq. (8) only the variables related to the energy market
are used (charging and discharging). However, in practice, effective
regulation must also be considered; hence an additional set of con-
straints and variables need to be imposed. Note that the first set of
constraints is kept for consistency, as the regulation markets are still
uncertain in a real market at the moment of deciding the charging and
discharging profile for the day.

Additional variables and constraints needed to implement this
model are presented next. Firstly, the actual total energy exchange
made by each battery at each node at each time period and for each
scenario, 𝐵𝐸𝑣,𝑡,𝑛, is defined as:

𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐶𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 +𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 −𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 −𝑈𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (9)

Variable 𝐵𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 computes the net energy exchange seen from the

battery, considering both the charging (𝐶𝐸) and discharging (𝐷𝐸)
operations and the effective regulation exchange, either up (𝑈𝑅𝐸) or
down (𝐷𝑅𝐸). Note that this value may be either positive or negative.
In our formulation, in order to be able to correctly consider the effi-
ciency of the charging and discharging process, this variable must be
decomposed into two positive terms as follows1:

𝐵𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐵𝐸𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛 − 𝐵𝐸𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (10)

As previously mentioned, a new set of constraints must be now
imposed regarding the energy exchange variables once effective reg-
ulation is included, to that end, a new variable, 𝑆𝑂𝐶𝐸𝐸, is defined.
This variable plays the same role as 𝑆𝑂𝐶 but including the effective
regulation results.

𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡 = 𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡−1 + 𝜂𝐶 ⋅
∑

𝑛
𝐵𝐸𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛

− (1∕𝜂𝐷) ⋅
∑

𝑛
𝐵𝐸𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 − 𝐸𝐶𝑒𝑔
𝑣,𝑡 (11)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡

Note that new limit constraints have to be imposed:

𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≤ 𝐴𝐵𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (12)

𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝑆𝑀𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (13)

𝑆𝑂𝐶𝐸𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝐶𝐶𝑒𝑔

𝑣,𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (14)

2.5. Regulation offers constraints

In a similar fashion, we need to be sure that all the offers presented
to the regulation market are feasible and coherent with the schedule
proposed for the charging and discharging of the vehicles. However,
at the moment of submitting the bids to the regulation markets it
is uncertain which ones will be accepted and which ones will not
be accepted. Ideally, one would like to have a means of checking
all the possible combinations of accepted/not accepted offers to con-
firm that all combinations result in feasible battery behaviour; this
is impossible in our model, as our regulation offers are aggregated
through the network and are the same for all the scenarios; but, even
if it were possible, the computational burden would be huge, given
the combinatorial nature of the problem. So, as an approximation, in
our model, we impose constraints related to two opposing worst-case

1 Note that this separation of variables was not needed in Eq. (8), as both
E and DE can never be different from zero at the same time; however, given
hat we have four terms in (9) it may be possible to have simultaneous values
ifferent from zero; for example in CE and URE, and hence, if one were
o introduce this terms separately in the 𝑆𝑂𝐶𝐸𝐸 equation, the amount of

‘‘efficiency losses’’ incurred would be greater than the real values, due to not
5

considering the cancellation effect derived from the real net energy exchange.
scenario situations, the first one is that we want to make sure that the
𝑆𝑂𝐶 of the battery is feasible even if only the downward effective
regulation variables take effect; the second situation considers that
only the upward effective regulation takes place. Note that we use the
values of the effective regulation results as a means of checking whether
the offers to the regulation market are consistent with the rest of the
problem.

Hence, in order to impose limits on the offers to the regulation
markets, we must define two new variables:

𝐵𝐷𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐶𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 +𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 −𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (15)

𝐵𝑈 𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐶𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 −𝐷𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 − 𝑈𝑅𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (16)

Note that this new variables represent, respectively, the energy
exchange seen from the battery if all down/up regulation operations
are effectively performed, and no up/down regulation takes place.

In our formulation, these variables must also be decomposed into
two positive terms as follows:

𝐵𝐷𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐵𝐷𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛 − 𝐵𝐷𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (17)

𝐵𝑈 𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐵𝑈 𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛 − 𝐵𝑈 𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (18)

Using these new variables, new constraints similar to (11) need to
be imposed on the auxiliary variables 𝑆𝑂𝐶𝑈𝑅 and 𝑆𝑂𝐶𝐷𝑅.

𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 = 𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝

𝑣,𝑡−1 + 𝜂𝐶 ⋅
∑

𝑛
𝐵𝐷𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛

− (1∕𝜂𝐷) ⋅
∑

𝑛
𝐵𝐷𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 − 𝐸𝐶𝑒𝑔
𝑣,𝑡 (19)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡

𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 = 𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝

𝑣,𝑡−1 + 𝜂𝐶 ⋅
∑

𝑛
𝐵𝑈 𝑒𝑔,𝑒𝑝,+

𝑣,𝑡,𝑛

− (1∕𝜂𝐷) ⋅
∑

𝑛
𝐵𝑈 𝑒𝑔,𝑒𝑝,−

𝑣,𝑡,𝑛 − 𝐸𝐶𝑒𝑔
𝑣,𝑡 (20)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡

In this manner, we can assure that the battery state of charge is
always within acceptable limits, even without knowing in advance
which regulation offers will be accepted. Also, note that, again, new
limit constraints have to be imposed:

𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≤ 𝐴𝐵𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (21)

𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝑆𝑀𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (22)

𝑆𝑂𝐶𝑈𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝐶𝐶𝑒𝑔

𝑣,𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (23)

𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≤ 𝐴𝐵𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (24)

𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝑆𝑀𝑒𝑔

𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (25)

𝑆𝑂𝐶𝐷𝑅𝑒𝑔,𝑒𝑝
𝑣,𝑡 ≥ 𝐶𝐶𝑒𝑔

𝑣,𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡 (26)

2.6. Integrality constraints

Several constraints relating to integer variables must be imposed
in the model. Simultaneous charging and discharging during the same
time period, for every EV group, node or scenario, both for energy and
regulation is not allowed. These constraints are considered through the
corresponding binary variables in Eqs. (27)–(28):

0 ≤ 𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,1 ⋅𝑀𝑒 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (27)

0 ≤ 𝐷𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ (1 − 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,1) ⋅𝑀𝑒 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (28)

Analogous equations must also be stated for the effective regulation
energy exchange variables 𝐷𝑅𝐸 and 𝑈𝑅𝐸, which must not be different
from zero at the same time:

0 ≤ 𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,2 ⋅𝑀𝑟 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (29)

0 ≤ 𝑈𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ (1 − 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,2) ⋅𝑀𝑟 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (30)
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Additionally, note that more equations analogous to (27)–(28) must
be imposed on 𝐵𝐸±:

0 ≤ 𝐵𝐸𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 ≤ 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,3 ⋅𝑀𝑏 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (31)

0 ≤ 𝐵𝐸𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ≤ (1 − 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,3) ⋅𝑀𝑏 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (32)

Lastly, two more sets of similar equations must be imposed for
auxiliary variables 𝐵𝐷+ and 𝐵𝐷−, 𝐵𝑈+ and 𝐵𝑈−, introduced above.

0 ≤ 𝐵𝐷𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 ≤ 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,4 ⋅𝑀𝑑 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (33)

0 ≤ 𝐵𝐷𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ≤ (1 − 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,4) ⋅𝑀𝑑 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (34)

0 ≤ 𝐵𝑈 𝑒𝑔,𝑒𝑝,+
𝑣,𝑡,𝑛 ≤ 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,5 ⋅𝑀𝑢 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (35)

0 ≤ 𝐵𝑈 𝑒𝑔,𝑒𝑝,−
𝑣,𝑡,𝑛 ≤ (1 − 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,5) ⋅𝑀𝑢 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (36)

Note that each of these pairs have their corresponding binary vari-
ables 𝜚𝑒𝑔,𝑒𝑝𝑣,𝑡,𝑛,∗ as shown in the notation section.

2.7. Regulation bounds

The capacity that is available for regulation is determined with
Eqs. (37)–(40), below.

𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝐻𝑒𝑔

𝑣,𝑡,𝑛 ⋅ 𝑃
𝑒𝑔
𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (37)

𝐷𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝐻𝑒𝑔

𝑣,𝑡,𝑛 ⋅ 𝑃
𝑒𝑔
𝑣 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (38)

𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 −𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 +𝐷𝑁𝑅𝐸𝐺𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐻𝑒𝑔

𝑣,𝑡,𝑛 ⋅ 𝑃
𝑒𝑔
𝑣 (39)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛

𝐷𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 − 𝐶𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 + 𝑈𝑃𝑅𝐸𝐺𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 = 𝐻𝑒𝑔

𝑣,𝑡,𝑛 ⋅ 𝑃
𝑒𝑔
𝑣 (40)

∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛

Using these equations the values of the maximum available margin
for up/down regulation, 𝑈𝑃𝑅𝐸𝐺 and 𝐷𝑁𝑅𝐸𝐺, are fixed.

Eqs. (37) and (38) state the limits for charging (𝐶𝐸) and discharging
(𝐷𝐸) depend on the EV availability 𝐻 , and the maximum power of
the connection point to the grid, 𝑃 and 𝑃 . Similarly, Eqs. (39) and
(40) compute the upward and downward regulation capacities, as the
difference between the real exchange and the respective limits of the
exchange.

2.8. Regulation capacity offered

Note that the 𝑈𝑃𝑅𝐸𝐺 and 𝐷𝑁𝑅𝐸𝐺 variables are computed for
each vehicle group, for each hour, for each node, for each scenario.
However, in our model, offers presented to the regulation capacity
market must be aggregated in the form of hourly bids; these bids cover
all the network and must be applicable for any scenario that may
take place. The values of 𝑈𝑃𝑅𝐸𝐺 and 𝐷𝑁𝑅𝐸𝐺 obtained through the
previous equations are used next in order to obtain the bids that can be
offered in the regulation capacity market. Considering all the above, a
new group of equations must be written:
∑

(𝑣,𝑛)
𝐷𝑅𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ≤ 𝐷𝑅𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑡 (41)

∑

(𝑣,𝑛)
𝑈𝑅𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ≤ 𝑈𝑅𝑡 ∀𝑒𝑔,∀𝑒𝑝,∀𝑡 (42)

𝐷𝑅𝑡 ≤
∑

(𝑣,𝑛)
𝐷𝑁𝑅𝐸𝐺𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑡,∀𝑛 (43)

𝑈𝑅𝑡 ≤
∑

(𝑣,𝑛)
𝑈𝑃𝑅𝐸𝐺𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑡,∀𝑛 (44)

Eqs. (41)–(42), state that the effective energy charging and discharg-
ing from regulation must be less than the amount offered in the market.
Finally, (43)–(44) state that the total energy offered in the regulation
market must be less than or equal to the total available regulation
capacity.
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Fig. 1. Garver six-bus system.

Finally, note that a constraint is needed imposing that the amounts
of energy accepted in the effective regulation market must always be
within the limits previously computed.

𝐷𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝐷𝑁𝑅𝐸𝐺𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (45)

𝑈𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 ≤ 𝑈𝑃𝑅𝐸𝐺𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ∀𝑒𝑔,∀𝑒𝑝,∀𝑣,∀𝑡,∀𝑛 (46)

2.9. Power-system security equations

The power flow equations, power-system balance and line technical
limits are considered in (47)–(50):

𝑃𝐸𝑉
𝑡,𝑛 =

∑

𝑣

∑

(𝑒𝑔,𝑒𝑝)
𝜔𝑒𝑔 ⋅ 𝜔𝑒𝑝 ⋅ (𝐷𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 − 𝐶𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 (47)

+ 𝑈𝑅𝐸𝑒𝑔,𝑒𝑝
𝑣,𝑡,𝑛 −𝐷𝑅𝐸𝑒𝑔,𝑒𝑝

𝑣,𝑡,𝑛 ) ∀𝑡,∀𝑛

𝑃 𝑆
𝑡 +

∑

𝐺
𝑃𝐺
𝑡,𝑛 −

∑

𝐷
𝑃𝐷
𝑡,𝑛 + 𝑃𝐸𝑉

𝑡,𝑛 +
∑

𝑛∝𝑚
𝑃𝑚,𝑛
𝑡 = 0 ∀𝑡,∀𝑛 (48)

𝑃 𝑛,𝑚
𝑡 = 𝐵𝑛,𝑚 ⋅ (𝜃𝑛𝑡 − 𝜃𝑚𝑡 ) ∀𝑡, 𝑛 ∝ 𝑚 (49)

− 𝑃 𝑛,𝑚
𝑚𝑎𝑥 ≤ 𝑃 𝑛,𝑚

𝑡 ≤ 𝑃 𝑛,𝑚
𝑚𝑎𝑥 ∀𝑡, 𝑛 ∝ 𝑚 (50)

Eq. (47) gives the weighted EV power nodal contribution. Eq. (48)
assures the system power balance between load and generation. The
DC power flow equations are defined in (49). Finally, the line technical
limits are expressed in (50).

2.10. Optimization problem formulation

Finally, considering the objective function and all the constraints
presented, the full optimization problem is cast as a mixed-integer
stochastic programming problem that maximizes EV aggregator profit.
This problem comprises Eqs. (1)–(50).

3. Illustrative case study: Problem parameters and input data

In this section, the main input data of the case study are presented.
First, the electric power system characteristics are described and, then,
the parameters regarding the optimization problem are given.

The system considered in this study is based on the data given
in [33]. It is composed of six buses with a configuration of loads and
generators given in Fig. 1. The slack bus is assumed to be bus 6. Line
parameters and power flow limits are shown in Table 1, considering a
100 MVA base. All lines have 100 MW of active power limit. We assume
there are EVs in every bus; these EVs travel from a starting bus to which
they come back after travelling thorough some other nodes.
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Table 1
Line characteristics.

Line 𝑅[𝑝𝑢] (Ω) 𝑋[𝑝𝑢] (Ω)

1–2 0.10 0.40
1–4 0.15 0.60
1–5 0.05 0.20
2–3 0.05 0.20
2–4 0.10 0.40
2–6 0.08 0.30
3–5 0.05 0.20
4–6 0.08 0.30

Fig. 2. Aggregated system load and generation.

Fig. 3. Scenarios considered in this work.

The network represented in Fig. 1 is a power transmission (high-
voltage line) network. The rationale for using a power transmission
network is that, although most EV operations occur at the power distri-
bution network level, ancillary services are provided in the wholesale
electricity market by aggregators. Thus, since the focus of this work is
on studying the potential contribution of EVs to the provision of ancil-
lary services in the wholesale electricity market, a power transmission
network is needed to illustrate the potential contribution of EVs to the
power flexibility needed by the entire power system. Accordingly, the
power transmission network in Fig. 1 aggregates a large amount of EVs
in each bus (or node) of the network.

The hourly aggregated loads and power supplied by generators are
shown in Fig. 2. The remaining power generation is supplied either by
the slack bus or by V2G operations from the EVs.

As mentioned before, an approach based on scenarios is taken into
consideration to model the uncertainty associated to EV driving pat-
terns and market prices. Specifically, three scenarios for energy prices
(EP1–EP2–EP3), four for energy/capacity regulation prices (RP1–RP2–
RP3–RP4) and six for EV groups are considered (EG1...EG6). These
scenarios are combined to give a total number of 3 ⋅4 ⋅6 = 72 scenarios
(see Fig. 3). For simplicity, we assume the scenarios are equiprobable.

Hourly price curves for EV charging and discharging have been as-
sumed for the purpose of this work; we assume a real-data hourly price
for our base scenario and the remaining scenarios are obtained through
a process of scaling up and down ±20%; thus, scenarios (EP1–EP2–
EP3) are obtained. Prices for regulation have been similarly assumed,
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Fig. 4. Hourly prices.

Table 2
EV group scenarios.

EVs 1 EVs 2 EVs 3 Pattern 1 Pattern 2

𝑣1 200 300 500 𝑛1 → 𝑛2 → 𝑛1 𝑛1 → 𝑛2 → 𝑛3 → 𝑛1
(𝑡7 , 𝑡19) (𝑡7 , 𝑡14 , 𝑡20)

𝑣2 300 400 600 𝑛2 → 𝑛3 → 𝑛2 𝑛2 → 𝑛3 → 𝑛4 → 𝑛2
(𝑡8 , 𝑡20) (𝑡8 , 𝑡15 , 𝑡18)

𝑣3 400 500 700 𝑛3 → 𝑛4 → 𝑛3 𝑛3 → 𝑛4 → 𝑛3
(𝑡6 , 𝑡13) (𝑡10 , 𝑡19)

𝑣4 500 600 800 𝑛4 → 𝑛5 → 𝑛4 𝑛4 → 𝑛5 → 𝑛6 → 𝑛4
(𝑡9 , 𝑡21) (𝑡7 , 𝑡13 , 𝑡19)

𝑣5 600 700 900 𝑛5 → 𝑛6 → 𝑛5 𝑛5 → 𝑛6 → 𝑛1 → 𝑛5
(𝑡8 , 𝑡19) (𝑡9 , 𝑡12 , 𝑡20)

with capacity prices for upward and downward regulation being equal,
but effective energy prices for regulation up and down different. We
generate four different scenarios for regulation prices; for each of these
scenarios we set the hourly prices for regulation capacity, effective
regulation up and effective regulation down, this process generates
scenarios (RP1–RP2–RP3–RP4). Fig. 4 shows all the hourly prices for
one specific scenario.

The EVs considered in this work are all identical, with a battery
capacity equal to 20 kWh, and for every EV the minimum SOC is fixed
at 20% of the battery capacity; also, note that the maximum charging
and discharging power considered is 3.7 kW. To model different EV
behaviours, five EV groups are considered. For the reference scenario,
each group has 200, 300, 400, 500 and 600 EVs, respectively. To
generate two additional scenarios, these numbers are increased by an
amount of 100 and 300 EVs in each group, respectively; see columns
EVs 1, EVs 2 and EVs 3 in Table 2. For each EV group, two different
driving patterns are considered, as seen also in Table 2; the nodes and
time periods given in the table describe the journey performed; e.g.:
the first EV group performs 2 trips under the 𝑃𝑎𝑡𝑡𝑒𝑟𝑛 1 condition: the
first trip at 7 a.m. brings the EVs from 𝑛𝑜𝑑𝑒1 to 𝑛𝑜𝑑𝑒2; the return trip
a 7 p.m. brings the EVs back from 𝑛𝑜𝑑𝑒2 to 𝑛𝑜𝑑𝑒1. In all, 6 different
scenarios are considered to model each group, as each group can have
3 possible values for the number of vehicles and 2 possible itineraries
during the day. Note also that, in the proposed data, all vehicles end
their day in the same node as they began, reflecting the fact that many
EVs belong to private owners or companies that park the vehicles for
the night in a specific location; furthermore, note that nodes 4 and 5
are home to many more EVs than nodes 1 and 6, indicating that the
former are residential areas and the latter are probably industrial or
commercial areas.

Regarding the 𝑆𝑂𝐶 requirements, it is assumed that the 𝑆𝑂𝐶 has
to reach a minimum of 25% of the battery capacity before the first
journey of the day and also that the 𝑆𝑂𝐶 has to be equal to or greater
than the initial 𝑆𝑂𝐶 at the end of the day. The parameter 𝐻𝑒𝑔

𝑣,𝑡,𝑛 can
be determined according to the data presented so far and taking into
account the transition nodes shown in Table 2. To calculate the battery
consumption, a 30 km average trip and 0.20 kWh/km are assumed.
Charging and discharging efficiencies are 0.90 and 0.95, respectively.
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Table 3
Characteristics of the study cases.

Experiment EV charging EV discharging Regulation Other

1 ✓ ✗ ✗ ✗

2 ✓ ✓ ✗ ✗

3 ✓ ✓ Only ↓ ✗

4 ✓ ✓ ↓ and ↑ ✗

5 ✓ ✓ ↓ and ↑ Congestion
6 ✓ ✓ ↓ and ↑ Number of EVs x3

4. Case study: Results and discussion

In this section, the results obtained from solving the optimization
problem described in previous sections are presented. The main vari-
ables included in this analysis are the following: the hourly values of the
𝑆𝑂𝐶𝑠 and capacity limits, the amount of power dedicated to regulation
up and down, power flow in system lines and the profit obtained by the
EV aggregator.

The study is centred on six experiments, see Table 3. The first
and second experiments do not include the regulation service, 𝐸𝑥𝑝1
considers only EV charging and 𝐸𝑥𝑝2 considers both EV charging
and discharging (V2G). These first two cases are specially interest-
ing as basic benchmarks for the remaining experiments studied. The
next two experiments include charging, discharging and regulation.
In 𝐸𝑥𝑝3, only downwards regulation is featured, while full regulation
capabilities are included in 𝐸𝑥𝑝4. No line congestion appears in any
of these two experiments. 𝐸𝑥𝑝5 is similar to 𝐸𝑥𝑝4, but considering
line congestion, which is forced in line 3–5 by means of a reduction
in its technical thermal limit. Finally, 𝐸𝑥𝑝6 describes a particular
additional scenario in which a three-fold increase in the number of EVs
is assumed. Table 3 summarizes the characteristics of the experiments
described above. Henceforth, results regarding 𝐸𝑥𝑝4, are considered as
a reference, and the results from all other experiments are presented as
compared against it.

In order to model battery degradation and loss of capacity, we have
used data provided by manufacturers that takes into account both the
DoD and the number of cycles. In this context, the degradation costs
in the battery are significant, compared to the revenue obtained by the
aggregator.

Figs. 5 and 6 show the hourly SOC values for EV group 2 and
the power assigned for charging, discharging and regulation; for the
remaining groups the configuration is quite similar considering that
driving patterns are not very different among the scenarios and only
the number of EVs is modified. 𝑆𝑂𝐶𝑈𝑅 and 𝑆𝑂𝐶𝐷𝑅 represent those
SOCs that bound upward and downward regulation capacity, while
𝑆𝑂𝐶𝐸𝐸 is the SOC that includes energy from regulation and 𝑆𝑂𝐶
only considers EV charging and discharging. It can be noticed that,
due to regulation prices, both the capacity and effective energy for
upward regulation are placed in the intermediate time periods between
15 h and 18 h. In the same way, downward regulation is scheduled
at the beginning and at the end of the day also because of the
constraints related to both the 𝑆𝑂𝐶 before the first journey and the
final energy requirements. In Fig. 7, which gives the hourly allocation
for regulation, the aspects mentioned above can also be clearly noticed.
It is important to bear in mind that the 𝑆𝑂𝐶 curve gives the hourly
values of the energy contained in EV batteries when the aggregator
is only offering capacity and 𝑆𝑂𝐶𝐸𝐸 is the optimal track of the SOC
when energy payments coming from regulation up and down are also
considered. In this sense, the vertical amount for each time period
from the 𝑆𝑂𝐶 curve to 𝑆𝑂𝐶𝑈𝑅 and 𝑆𝑂𝐶𝐷𝑅 curves gives the power
available for regulation and any SOC between these values is feasible,
with the computed optimal defined by 𝑆𝑂𝐶𝐸𝐸.

In Fig. 8, the highest hourly system line power flows are given. It
can be appreciated that, for the initial test parameters, there is no line
congestion, but lines 2–3 and 3–5 are heavily loaded.
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Fig. 5. Experiment 4 — SOC for EV group 2.

Fig. 6. Experiment 4 — Regulation Power for EV group 2.

Fig. 7. Experiment 4 — Hourly regulation capacity.

The benefit obtained by the aggregator can be calculated dividing
the value of the objective function by the average number of EVs. If
the capacity of power transmission lines is decreased, the benefit of
the aggregator is decreased because it must adapt its strategy to avoid
line congestion. However, the room for manoeuvre is narrow due to
the 𝑆𝑂𝐶 constraints, the available capacity based on the number of
EVs and the fixed system loads that lead to overloaded lines with small
line technical limit reductions.

As previously mentioned, the results presented here correspond to
Experiment 4, our reference case, with both types of regulation and
with no line congestion. In Experiment 5, congestion in line 3–5 is
forced through the reduction in its technical limit. The technical limit
was chosen subtracting small quantities from the hourly maximum
power flow values in the reference experiment until further reductions
lead to infeasible results. Finally, for experiment 6, the number of EVs
were made three times larger than the initial number.

Table 4 shows the total daily aggregator income and costs in e
and the average income/costs values, based on the number of the EVs
for the different simulated experiments. In this Table, CH is the cost
associated with buying energy to charge; DH is the income associated
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Table 4
Daily aggregator income and costs, for all experiments performed.

Income/Cost 1 2 3 4 5 6

CH (e) 739.24 1822.99 1775.95 3061.68 3269.22 9185.05
DH (e) 0.00 1425.05 1363.95 1253.79 1436.07 3761.42
RUP (e) 0.00 0.00 0.00 438.58 438.58 1315.75
RDN (e) 0.00 0.00 551.75 132.19 132.19 396.57
ERUP (e) 0.00 0.00 0.00 2613.68 2613.68 7841.05
ERDN (e) 0.00 0.00 1337.03 261.53 261.53 784.59
Total profit (e) −739.24 −397.94 1476.78 1638.09 1612.83 4914.33
EV profit (e/EV) −0.2772 −0.1492 0.5538 0.6143 0.6048 0.6143
Fig. 8. Line power flows.

with selling energy to the network (V2G operations); RUP and RDN are
the incomes associated with up and down regulation capacity; finally,
ERUP and ERDN are incomes associated with effective up and down
regulation, respectively.

It can be noticed from Table 4 that, when only charging and
discharging are allowed, the difference between income and costs is
negative; that is, the aggregator has to pay for the energy stored in
EV batteries to fulfil the driving requirements. The battery discharging
leads to a decrease in costs, but it is not enough to obtain a positive
profit. However, when regulation is considered, this difference becomes
positive; that is, the income exceeds the operation costs, and some
profit can be obtained. Note that the highest profit is obtained in 𝐸𝑥𝑝4,
when both types of regulation are allowed and no line congestion takes
place. Also note that when congestion appears, profits are reduced. For
𝐸𝑥𝑝6, the number of EVs is increased, and the total aggregator benefit
is also increased; however, the profit per EV is not modified due to the
linear nature of the problem.

The results presented in Table 4 show that, in this case, the aggrega-
tor has to carefully watch those EVs that charge/discharge in nodes 2,
3 and 5 because they can have an important effect on the closest lines
that are heavily loaded. This effect depends on the assumed parameters
of the problem and the system characteristics and particularly on the
distribution factors.

Battery degradation estimation

In addition, an ex-post estimation of the global degradation battery
costs is presented. Taking the information from [27,34,35], and based
on the final SOCs curve, the battery degradation costs in e per day
is given in Table 5 for Experiments 3, 4 and 5 previously presented;
e.g. in the case of Experiment 3, the battery may perform its daily
duties with an average of 1.5 cycles per day and a maximum depth of
discharge of 30%; this will add a cost of approximately 0.9 e per day
to the cost previously obtained. These figures are based on a battery
investment of 200 e/kWh and assuming that the battery has to be
replaced when the capacity loss reaches 70% for the corresponding DoD
and cycle regime. From Table 5, it is clear that aspects regarding battery
costs and performance must be improved; that is, battery investment
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Table 5
Estimated battery degradation costs.

Experiment DoD (%) cycles/day Costs (e/EV day)

3 30 1.5 0.9112
4 80 1 1.6162
5 50 2 2.0253

has to be reduced and battery technology advancement must decrease
battery degradation to make the regulation service profitable. Recent
developments in battery technology point clearly in that direction,
hence we conclude that these applications will be profitable very soon.

Finally, additional simulation experiments have been performed
considering, first, a reduction in regulation prices and, second, splitting
the main problem into two sequential stages. Results show that energy
payments from regulation for the first case can be decreased more
than 60% with respect to the reference experiment maintaining a
positive aggregator profit, but without considering battery degradation.
Therefore, it is proved that capacity payments are very important for
the aggregator operation. In the second case, if the complete problem
is divided into two problems, the first stage that considers only energy
charging/discharging from daily market prevents the aggregator to ob-
tain additional regulation income due to the lack of flexibility derived
from the SOC that is fixed and taken as data for the second stage. Due to
this, it is verified that joint optimization of both energy and regulation
leads to optimal aggregator benefit compared to the approach based
on the consideration of two independent stages. In addition, it is worth
mentioning that the aggregator in our model acts as the link between
the main grid and EV private owners, collaborating with the system
operator, but not governed by it. In this sense, different results may be
achieved considering EV fleet management or changing the interaction
among the different stakeholders.

5. Conclusions

An optimization approach for daily energy and regulation manage-
ment for EV aggregators has been proposed. The optimization problem
is formulated as a mixed-integer linear programming problem aimed
at maximizing EV aggregator profit, while jointly considering the most
important aspects influencing EVs profitability, such as uncertainty
in prices and drivers’ patterns, capacity constraints, state of charge
constraints, regulation demand constraints, regulation offer constraints,
regulation bounds constraints, and power-system security constraints.

The results have demonstrated that EVs have potential to provide
significant economic benefits to EV aggregators. In particular, in the
case studies presented here, EV aggregator’s profit becomes positive
when up and down regulation is considered. Additionally, we showed
that line congestion may significantly impact on aggregators’ benefit
and their EV operations. Accordingly, an interesting extension of this
work in the future is the analysis of the relationship between the long-
term investment decisions in the transmission system (i.e., transmission
expansion planning) and the EV aggregators’ operation decisions, ex-
ploring potential co-benefits for EV aggregators of relieving congestion
in the power network.
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It has been also shown that capacity payments play an impor-
tant role for the EV aggregator operation to be economically feasible,
even potentially more important than those payments from frequency
regulation.

From the modelling viewpoint, the energy and regulation co-
optimization problem turns out to be the optimal approach compared
to the classical two stage approach that breaks down the aggregator
problem into daily energy and regulation problems.

Finally, it is worth mentioning that, if battery degradation is taken
into account, regulation may not be profitable under the assumptions
made in this work and some kind of compensation might be needed
through, for instance, EV subsidies or higher prices for both energy
and capacity for regulation in order to ensure EV aggregators’ positive
profit.
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