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The massive use of distributed generation and electric vehicles will lead to a more complex management
of the power system, requiring new approaches to be used in the optimal resource scheduling field.
Electric vehicles with vehicle-to-grid capability can be useful for the aggregator players in the mitigation
of renewable sources intermittency and in the ancillary services procurement. In this paper, an energy
and ancillary services joint management model is proposed. A simulated annealing approach is used to
solve the joint management for the following day, considering the minimization of the aggregator total
operation costs. The case study considers a distribution network with 33-bus, 66 distributed generation
and 2000 electric vehicles. The proposed simulated annealing is matched with a deterministic approach
allowing an effective and efficient comparison. The simulated annealing presents a solution closer to the
one obtained in the deterministic approach (1.03% error), yet representing 0.06% of the deterministic

Keywords:

Ancillary services

Electric vehicle

Optimal resource scheduling
Simulated annealing

Virtual power player

approach CPU time performance.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Motivation and background

Power systems have been changing to cope with the new chal-
lenges and ambitious goals on climate and energy policies in the
scope of the transition towards a low-carbon economy [1]. For
instance, European Union commission committed the member
countries for 2020 [2] “reduction in greenhouse gas emissions to 20%
below 1990 levels, 20% share of renewable in the final energy consump-
tion and reduction in primary energy use of 20% below the baseline
projection for 2020”. Moreover, in [3] is pointed that power sys-
tem and transport sectors are the major responsible for the CO,
emissions. Therefore, electric vehicles (EVs) and distributed gener-
ation (DG) based on renewable sources can help on reducing carbon
emissions in power system, and also in transport sectors [4]. In fact,
renewable sources, namely wind and solar power, have been widely
adopted in power system in the last years [5]. More recently, EVs
have been proposed to gradually replace the internal combustion
engine vehicles in the road transport [6].
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In future power systems, the massive use of EVs and DG
will represent a significant impact and benefit in the power sys-
tem, namely at the distribution level, however, its planning and
operation will become more complex due to this large DERs
penetration. Therefore, smart grid concept can deal with power
system planning and operation under this new paradigm, ensur-
ing more efficient, sustainable and safe electricity supply to the
consumers as well as integrating large DERs penetration [7].
Gouveia et al. [8] present an overview about the major imple-
mentations of smart grid projects in Portugal. About 27% of these
smart grid projects are related with the installation of smart
meters. In [9], the major investments with smart grid in devel-
oping countries are presented. Even considering the investments
made in developing countries, the smart grid projects are still
behind in comparison to the developed ones. More recently, EVs
have been seen as important DERs for the power system under
this new paradigm, because they can allow bidirectional power
and communication [6]. One of the main expected EV’s bene-
fits is the vehicle-to-grid (V2G) capability that will be able to
support the intermittent renewable sources [10]. V2G is defined
as the ability of discharging energy through the battery of the
EV into the electric network. On the other hand, a large inte-
gration of DERs may turn the power system operation more
complex, which will require new methodologies to deal with this
challenge.
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Nomenclature NSD non—supplied f:lemand
RLXD relaxation variable for down
Parameters RLXU relaxation variable for up
At elementary period t duration (e.g. 15min (0.25), Stored RD stored energy in the battery of the vehicle for the
30min (0.50)) energy and RD services
e grid-to-vehicle efficiency Stored RU stored energy in the battery of the vehicle for the
Nd vehicle-to-grid efficiency energy, RU, SP and NS services
B imaginary part in admittance matrix [pu] SuU external supplier
ca fixed component of cost function [m.u./h] SUAS  external supplier for the ancillary services
cB linear component of cost function [m.u./kWh] SUES  external supplier for the energy service
cc quadratic component of cost function [m.u./kWh?] TFR_.HV_MV transformer that connects from high voltage to
c resource cost in period t [m.u./KWh] medium voltage
E stored energy in the battery of vehicle at the end of TFR_MV_LV transformer that connects from medium voltage

period t [kWh]
Enitiq energy stored in the battery of vehicle at the begin-
ning of period 1 [kWh]

Errip energy consumption in the battery during a trip that
occurs in period t [kWh]

Ex percentage of power requirement for the AS [0-1]

G real part in admittance matrix [pu]

N total number of resources

Pr percentage of power for the AS in the vehicle [0-1]

Ras active power requirement for the AS [pu]

S maximum apparent power [pu]

T total number of periods

TL set of lines connected to a certain bus

1% complex amplitude of voltage [pu]

w penalization cost [m.u./kWh]

y series admittance of line that connect two buses [pu]

Ysh shunt admittance of line that connect two buses [pu]

Variables

0 voltage angle

P active power [pu]

Q reactive power [pu]

RLXD relaxation variable for down [pu]
RLXU relaxation variable for up [pu]

vV voltage magnitude [pu]

X binary variable

Indices

AS power scheduled that will happen if the upward

services (RU, SP and NS) are scheduled
BatMax battery energy capacity
BatMin minimum stored energy to be guaranteed at the end
of period t
Bus bus
Ch_AS  charge process for the ancillary services
Ch_ES  charge process for the energy service
D power demand
Dch_AS discharge process for the ancillary services
Dch_ES discharge process for the energy service
Deg battery degradation
DG distributed generation unit
DG.AS distributed generation for the ancillary services
DG_ES distributed generation for the energy service
EV electric vehicle

G power generation

GCP generation curtailment power

i,j bus i and bus j

L load

Max upper bound limit

Min lower bound limit

net_res transition reserved capacity to be used in ancillary
services

to low voltage

TL thermal limit

TotalMax total maximum limit for the resources considering
the energy, RU, SP and NS services

TotalMin total minimum limit for the resources considering
the energy and RD services

For this future scenario, a proper ancillary services (AS) manage-
ment with adequate levels of stability, safety, quality, reliability
and competitiveness is essential to ensure the good operation of
all power system networks, including the distribution network
[11]. Typically, ancillary services can be divided in services for
frequency control, voltage control and system restoration. The reg-
ulation down (RD), regulation up (RU), spinning reserve (SP) and
non-spinning reserve (NS) are the four most common AS ser-
vices in the frequency regulation [11]. Regulation up/down are
described as the regulation reserve provided by a resource that
can decrease/increase its actual operating level through automatic
generation control from the system operator [11]. Spinning reserve
is the portion of unloaded synchronized (or online) generating
capacity that is immediately responsive to system frequency [11].
Non-spinning reserve is the portion of the generating capacity that
is capable of being synchronized (or offline) and ramping to a spec-
ified load [11]. Currently, the services regarding frequency control
are dealt at the transmission level by the transmission system
operator (TSO), and the voltage control is locally managed at the
distribution level. However, in this future scenario more frequency
control participation at the distribution level is expected [12,13].

In this context, V2G has great potential in AS management,
instead of using rapid ramping generators to match variable power
demand [14]. Generators with rapid ramping may be expensive
resources, and very pollutants. The V2G option will require an extra
small cost that is related to the controllers and converters, some of
which will be installed anyway in order to enable the smart charg-
ing control [15]. The V2G ability, along with quick battery reaction
times, can turn EVs into a viable resource for helping the AS man-
agement [16]. EV owners can also gain an extra revenue from the
participation in the AS markets, namely in the frequency regulation,
while their vehicles are parked. Thus, system operator has more
available resources to improve the system flexibility. Regulation
up/down and spinning reserve are the two most promising fre-
quency regulation services in which EVs can have a relevant partic-
ipation [17]. A higher EVs participation in the regulation up/down
than in the spinning reserve is expected, due to the highest price
offered for this service. Non-spinning reserve is economically
unsustainable for the EVs participation, because this service has a
higher duration and a lower price than the other two services [17].

In the scope of smart grids, the aggregation of small-scale DERs
is essential to integrate them into the power system management
[7]. Thus, virtual power plant appears as an aggregator agent of
small-scale DERs for representing them in the wholesale energy
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and reserves markets [18,19]. This aggregator agent will increase
the profit of each small-scale DER in comparison with the sce-
nario of individual DER participation in the wholesale markets.
Over the past years, this aggregator agent concept has been evolved
to incorporate other responsibilities, such as management, opera-
tion and control tasks of the small-scale DERs, as well as of the
distribution network [20]. Therefore, virtual power player (VPP)
concept has been proposed in [21] for aggregating small-scale DERs
in the wholesale energy and reserves markets (similar to the vir-
tual power plant concept) and for assuming the management and
operation of the network in a competitive smart grid environment.
VPPs can act in wholesale markets both like a producer and like
a consumer depending on the type of aggregated resources and
the day period. For instance, if the VPP aggregates many PV units,
it can sell energy in the market during the day and buy energy
during the night. Additionally, the VPP should manage the risk
introduced by the uncertainties in the production, in the consump-
tion and in the electric vehicles usage. Due to their characteristics,
Virtual Power Players can provide different services in the mar-
kets, such as energy, ancillary services among others. Thus, the
VPP should have a simultaneous strategy to determine the opti-
mal scheduling of the DERs taking into account joint energy and AS
managements, instead of individual managements of both services.
The side-effect of creating this joint energy and AS management
model is that the optimal scheduling problem turns into a complex
optimization problem [22] for a scenario with large DERs penetra-
tion, namely EVs. On one hand, this optimization problem is hard
to be addressed by deterministic techniques, because these tech-
niques can take a large execution time for obtaining the optimal
solution, as it is proven in [23]. On the other hand, the VPP has its
own optimal scheduling related time constraints, namely, having
a scheduling solution before the operation day is mandatory. For
these reasons, metaheuristic techniques are very useful to support
the VPP in the computation of a good solution with a low exe-
cution time. The author in [24] points the relevance of applying
artificial intelligence techniques, namely metaheuristics, in differ-
ent power system problems. A review of the metaheuristics used
to solve optimization problem, like tabu search, simulated anneal-
ing (SA), genetic algorithm, particle swarm optimization and ant
colony optimization can be seen in [25,26]. Moreover, far as the
EVs scheduling problem is concerned, a summary regarding the
more suitable metaheuristics has been elaborated in [27]. Never-
theless, metaheuristics should be adapted by adjusting different
parameters and by incorporating heuristics in order to improve its
performance. The final goal is solving the optimization problem
under the VPP requirements, such as high solution quality and low
execution time.

1.2. Literature review

For optimal integration of EVs in energy and AS management,
new management methods should be thought of. In [28] a proba-
bilistic dynamic method is proposed to determine the most suitable
size of the reserves for different hours considering a scenario with
high renewable penetration. In [29] the impact of EVs participa-
tion through V2G in frequency regulation of the West Denmark is
investigated. The results showed that participation of conventional
generators is significantly minimized by the EVs participation in
the regulation up/down services. The performance of the automatic
generation control in distribution network with high penetration
of DERs is analyzed in [30]. Additionally, the authors in [31] present
a short-term criterion for managing the automatic generation con-
trol under a scenario with intensive DERs penetration. Sortomme
and El-Sharkawi [32,33] propose linear optimization algorithms
to handle with the joint optimal bidding of an aggregator for
several electricity markets, namely energy, regulation up/down

and spinning reserve, without considering the impact of the sched-
uling solution in the electric network. On the other hand, Rotering
and Ilic [34] propose a dynamic programming formulation for the
EVs charging management in frequency regulation, which takes
into account V2G as a mean of generating additional profits to the
aggregator player. A coordinated control strategy for large EVs pen-
etration involved in the regulation up/down is proposed in [35]. An
overview of the joint energy and reserve market implementations
is presented in [11]. Bessa and Matos [36] propose a day-ahead
optimization model for bidding optimization of an EV aggregator
that participates in the energy and secondary reserve AS market (or
spinning reserve).

1.3. Main contributions

Although many works in the literature study the joint energy
and AS scheduling, the application of this optimization problem
for a VPP acting in a distribution network with a large DERs
penetration, namely EVs, has not yet been addressed. Noticeable
economic savings can be brought to the VPP by considering the joint
scheduling instead of solving both scheduling problems separately.
Additionally, the incorporation of an alternating current (AC) power
flow model to validate the scheduling for the joint energy and AS
management has been seldom considered till now. In the present
paper, the energy resource scheduling simulated annealing (ERS2A)
algorithm [37] has been adapted to solve the optimal resource
scheduling for the joint energy and AS management. Normally,
this algorithm solved the day-ahead optimal resource scheduling
for the energy service only. In this paper, the proposed methodol-
ogy considers the regulation up/down, spinning and non-spinning
reserve jointly with the energy service. Moreover, it is considered
that the VPP manages DG units, EVs charge/discharge processes,
and acquires energy from external suppliers located outside the
VPP’s network (upstream networks). The proposed ERS2A algo-
rithm is an evolution of the one proposed in [23,37]. In fact, the
core process is similar however, due to the significant increase
of the problem complexity (around 800,000 more variables and
900,000 more constraints), the mechanisms for the initial solution
and for the generation of a neighbour solution were changed to
solve the joint energy and AS scheduling problem in comparison to
the energy-only scheduling problem in the previous works.

1.4. Paper organization

In addition to this introduction section, this paper includes Sec-
tion 2, which presents the mathematical formulation of the optimal
resource scheduling problem. Section 3 details the implementation
of the proposed SA approach to solve the envisaged problem. A case
study of a 33-bus distribution network with an intensive use of EVs
and DG units is presented in Section 4. Finally, Section 5 exposes
the most relevant conclusions of this paper.

2. Optimal resource scheduling formulation

The proposed joint energy and ancillary services optimal sched-
uling has the objective of minimizing the VPP’s operation cost. This
optimization problem is modelled as a mixed-integer non-linear
programming problem. The objective function F can be formulated
as

T

minF = ZFES(t) + FAS(t) (1)
t=1
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The cost Fgg) represents all the costs related to the energy
service and is determined as

Npc
Fes(ry = Z CADG,t) X XDG_ES(DG,t) + CB(DG,t) X PpG_ES(DG, 1)
DG=1
Nsy
+ ccpG.t) X Phe EsmG,n) T ZCSUES(SU,I) % Psy_gs(su, t)(su,¢)
sU=1
Npy
+ Z (CDcan(Ev,t) + CDeg(EV)) % Ppen_Es(ev,t)
Ev=1
Npg
— Cch_es(ev,r) X Pch_Es(ev,) + ZCGCP(DG,t) x Pgep(pa,t)
DG=1
Ny
+ZCNSD(L,t) x Pysper,ey VE € {1,...,T} (2)
=1

where external suppliers cost (Csy gssu,r)) is considered, DG units
cost (photovoltaic (PV), wind, hydro, combined heat and power
(CHP), biomass, waste-to-energy (WTE) and fuel cell) being also
included in Fgg). EVs are also considered with a cost for the dis-
charge process (cpengsevy)). @ benefit from the charge process
(cches(ev,)). and the battery degradation cost associated with addi-
tional cycling (Cpegrv)) [38]. Besides those costs, the costs cysp(L, )
and cgeppeyr) that are related to non-supplied demand (NSD) and
generation curtailment power (GCP), respectively, are also incor-
porated. These two costs have been included in the energy cost
(2) with the purpose of having a more robust mathematical for-
mulation handling with critical situations, namely high consumer
demands or high power generation from DG units based on renew-
able sources.

The VPP cost for the AS markets is represented by Fyg) in (1)
and is given by

Fas(ey
4 Nsy
= Z ZCSUJ\S(SU,k,t) % Psy_as(su,k.t)
k=1 \su=1
Npg
+ Z CDG_AS(DG,k,t) X PDG_AS(DG k.t)
DG=1

+ Wrixu x RLXU 1) + Wrixp x RLXDy ¢

Ney

+ Z [(Cpeh_as(Ev,k,t) + CDeg(EV)) X Ppch_AS(EV k,t)
Ev=1

+ CehasEv.kot) X Penasievien] | Ve e {1,..., Ty (3)

where the index k represents the four ancillary services going from
1to 4 forrepresenting the RD, RU, SP and NS, respectively. The costs
with external suppliers, DG units and EVs discharge and charge
processes are considered. Additionally, the relaxation variables, for
up and down, RLXUy sy and RLXD(y ), respectively, are activated if
the resources cannot satisfy the requirement of each AS service.
These variables allow the AS dispatch to be feasible in cases where
the resources fail to meet the AS requirements.

The minimization of the objective function (1) leads to the mini-
mization of the VPP operation cost for the joint energy and AS
scheduling. The obtained solution must be subjected to an accurate
model of the network with the purpose of verifying if it represents
a feasible scheduling in the distribution network. The proposed

optimal resource scheduling formulation considers an AC power
flow model [39] to obtain the power flow and voltage magnitude
in the distribution network buses, therefore allowing for conges-
tion verification. The application of the Kirchhoff’s current law in
each bus leads for the active power to

Pei ey + Pret _resti,t) — Ppii,t)

= G” X Vl([) + V,(t) X Z i(t) >< G CcOoS Ql](t) +BU sin 9,]([))

jeTli
Nbg
PG(i,t) = Z(PIIJGIS(DG,[) - P(ISCP(DG,t))
DG=1
(4)
Z su_Es(su,t) T Z Dch_ES(EV, t)
SU=1 EV=1
Ni
Ppiy = Z(Pu NSDLt)+ZPChJ:"SEVt)
EV=1

Vte{1,...,T}; Vie{l,..., Npy);

where the power injected in bus i is defined as the sum of the power
flow through the lines that connect this bus to the others. This
injected power is equal to Pg; ) PIUS Ppet res(i ) Minus Pp;r in each
bus. Pg ;) corresponds to the power generation that is expected to
be scheduled in the energy service. Ppe res(iy) is the reserved tran-
sition capacity to be used in ancillary services. This variable will
establish the maximum reserved transition capacity for the net-
work to support the possible use of reserve power in the ancillary
services, in particular the upward services related to RU, SP and NS.
Therefore Pyg(; ) will be lower or equal to Ppet res(i r)

Bijcey = Oicoy — Ojco)

Pasiir) < Pnet,res(i,:)

4
Pas(i.) Z Z DG AS(DG,kt) T Z SU_AS(SU.k. 1)
k=2 \DG-1 su=1 (5)
Ny
+ Z [Phen_as(ev.i.0) + Pen_asiev.k.n] = Rasti.k.o
EV=1

where Pygi ) is the reserve power to be scheduled in the upward
services (RU, SP and NS), if needed. The upward services are ser-
vices used toincrease (or upward) the generation for supporting the
same increase in the demand. Variable Ry i 1) contains the amount
of active power requirement for each ancillary service k. Pp; ;) cor-
responds to the power demand that is expected to be consumed
in the energy service. Py res(i ) Can be different for each bus and
period, because the network can have areas with different magni-
tudes of congestion problems (related to voltage and line thermal
limits). In more problematic areas, Py re(ir) €an be lower, there-
fore avoiding that the mobilization of Pag(; ) (When it is necessary)
is responsible for congestion problems.

It is noteworthy that AS are power reserved in day-ahead for
imbalance cases in real-time. So, this power is only transformed in
energy in the balancing stage. However, AS should be used in (4)
to determine if their hypothetical use will cause any congestion in
the power flow. The worst scenario is the one where all the upward
services are activated in the balancing stage. This scenario should
be used in power flow to prevent network violations that could
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occur when all the upward reserve is used, improving the robust-
ness of the system. The RD service is not included in the power flow
equation, because this service is characterized as an AS service for
downward generation in result of an equal decrease in the demand.
If RD was considered in the power flow equation, the power flow
would decrease, thereby reducing the congestion and allowing
generation increasing in congested areas of the network. Another
important aspect in (4) is variable PEhAS(EVVth) which assumes a
positive value, being seen as generation resource, because it is a
reduction in the upward services (RU, SP and NS) of the charge
power in the energy service Péh ES(EV.0)"
For the reactive power, the current law is formulated as

Npg Ngy N
Z Qepe.r) + ZQ§U(su,t) - Z(QLI(L,t) = Qusp(Lry)
DG=1 SU=1 L=1
= Vi) X Z Vj(t) X (Glj sin 9ij(t) + BU cos 91]@) — Bﬁ X Vl%t)

j e T

vVt e(l,...,T}; Vie{l,...,Npush; Ojjiey =0y — Oy  (6)

For a feasible solution in terms of AC power flow, it is necessary
to keep the voltage magnitude and angle under its maximum and
minimum limits.

Vi

in < Vi < Vie Yt e {1,...,T} (7)

Such as for the voltage angle bounds.

i
9Min

Sgi(f)seli\/lax; vVt e {1,,T} (8)

Aslack bus is previously selected in the network, and the refer-
ence voltage magnitude and angle are specified for it, typically is 1
and 0 for the reference voltage magnitude and angle. In the distri-
bution network, the upper and lower bounds for voltage magnitude
are typically 0.95 and 1.05.

Another important aspect to incorporate in the mathematical
formulation is the constraint regarding the power flow in the line
(connecting bus i to bus j) that must be lower than a maximum

limit (line thermal limit)

Vieoy x [75 x (Vicey = Vioy) + sy x Vi) | = SH™
Vte{l,...,T}; Vi,je{l,...,Npy}; i#j; VIL € {1,...,Np}
(9)

where the term V represents the voltage phasor.

The distribution network is connected to upstream networks
through transformers that adapt the voltage level from high volt-
age (HV) to medium voltage (MV). Therefore, the external suppliers
exchange energy with the VPP through these transformers, which
results in a constraint regarding to the upper limit imposed by
transformers’ maximum capacity:

Ni 2 Ni 2
U 4 sU
i i i
E Psy gsisu,p + § Psy asisukey |+ § Qsuisu,0)
SU=1 k=2 SU=1

= (STMF(}IeXJJVJVIV(i)) ’

Vt e {l,...,T} ;Vie{1,..., Npus} (10)
The same applies to the buses in the distribution network. There

is a transformer from MV to low voltage (LV) that connects small
resources, such as PV units and EVs, to the MV side

2
(Prer_mv v ) + (Queromv v ) < (5%%\/,”\/(,-))

Vt e {1,...,T}; Vie{l,...,Npy} (11)

where Preg mv v,y and Qreg_mv.pvi) Tefers to the active and reac-
tive power that flows in the MV/LV transformer, respectively:

Prer_mv v )

Npe 4
= E Phc_eswe,e) — Poceve.oy + E Ph_asioe i
DG=1 k=2
Npy 4
+ E Ppeh eseviey — Ponesevey + E (Phen_aseev.y + Pen_asevey)
Ev=1 k=2
Ni 4
- § (Pioad(L,r)*Pllvs:J(L,r))+ E RAS(i,k.t) (12)
=1 k=2
Npg Ny
_ i i i
Qrer_mv Lv(i,t) = E Qpee,r) ~ § (Qioad(L,t)_QNSD(L,t)) (13)
DG=1 I=1

The Ras(i k) depends on a percentage of the consumers’ demand
plus the difference of charge and discharge of the EVs in the energy
service, as described in

N Ney Niy

Rasti,k,ty = Ex(iy ZPII_(L,I) + ZPlChJ:‘S(EV.t) - ZP'DchJS(EV,t) ;
=1 EV=1 EV=1

Vte(l,...,T}); Vk={1,2,3,4) (14)

where Ex( corresponds to the percentage of power require-
ment for each ancillary service k. One of the main criteria to
establish Exy) is through the expected power demand [40].

Then, this requirement is supported by external suppliers, DG
units and EVs for the ancillary services:

Npys

ZRAS(i,k,t)
i=1

Npg Nsy

= Z PpG_as(pG,k,t) + ZPSUJ%S(SU,I{,[)
DG=1 SU=1

Ngy

+ Z (Ppeh_as(ev, k,t) + Pch_as(ev,k,r)) — RLXU + RLXD;
EV_1

vVt e (1,...,T}; Vie{l,...,Npy}; Vk=1{1,2,3,4 (15)
The minimum and maximum active power generation provided
by the DG units for energy and AS services are formulated as

Puinpc, ) X Xpc_EspG,t) < Ppc_s(pG,t) < Pmax(pe,e) X XpG_Es(pG, 1)
Vte(l,...,T}); VDG e (1,...,Npc) (16)

Pumin(pG,k,t) < PpG_as(DG, k,t) < PMax(DG, k1)
Vte{1,...,T}; VDG e (1,...,Npc) (17)
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Additionally, the sum of the active power generation for the
energy, RU, SP and NS services must be lower or equal to the power
capacity of the DG unit in order to guarantee that the total gen-
eration for these services will not violate the maximum power
generated by the DG unit

4
Ppg_es(pG,t) + ZPDGJKS(DG,k,t) < ProtaiMax(DG,t) X XDG_ES(DG,¢)
k=2
Vte{l,....,T}); ¥DG e {1,...,Npc) (18)

On the other hand, it is necessary to include a constraint that
establishes the difference between the active power generation for
the energy and RD services. The RD service is a reduction in the
power generation to the scheduled generation in the energy service
of the DG unit. The scheduled power must be higher or equal to the
minimum generation power limit

Ppg_es(pG,t) — PpG_as(pG.k,t) = ProtaiMin(DG,¢) X XDG_ES(DG,t)
Vt e {1,...,T;;¥DG e {1,...,Npc): Vk=1 (19)

The minimum and maximum reactive power generation limits
that each DG unit can provide are given by

Qumin(pe,t) < Qpape,t) < Qmax(DG, 1)
Vte{l,...,T}; VDG e {1,..., Npc) (20)

In the distribution network, most of the DG units use
asynchronous generators that only generate active power with
capacitor banks to produce reactive power. For the case of PV units,
an inverter is used to convert the power generation from DC to AC.
Therefore, active and reactive power generation can be separated
in several equations with their own upper and lower bounds, as can
be found in [41].

The maximum active power generation provided by the external
supplier for all services is defined as

PSUIS(SU,I) < PMax(SU,t); Vt e {1, ey T}; VSU € {], ey Nsu}

(21)

Psy_as(su,k,t) < PMax(su,k,t)
Vte{1,...,T}; VSU € {1,...,Ngy}; k € {1,2,3,4} (22)

Moreover, the external suppliers need to consider the same type
of conditions as the ones formulated by constraints (18) and (19)
for the DG units:

4
Psy gs(su,t) + ZPSUJ\S(SU,k.t) < Protaivax(su,¢);
k=2
Vte(l,...,T); VSU e {1,..., Ne} (23)

Psy_gssu,t) — Psu_as(su,k,e) = 0;
YVt e {1,...,T}; VSU € {1,...,Ngy}; Vk=1 (24)

Finally, for each external supplier SU, it is necessary to main-
tain the reactive power generation below its maximum limit, as
described in

Qsuesu,t) < Quaxsu,eys Yt € {1,...,T}; VSU e {1,...,Nsy} (25)

In regulation down, EVs need to increase their power charge or
to decrease their power discharge in comparison to their operation
level scheduled in the energy service (Pcp_gsev,) and Ppep_gyviev,e) ),

because it is an AS for downward generation. On the other hand,
EVs need to decrease their power charge or to increase their power
discharge for the regulation up, spinning reserve and non-spinning
reserve, because these services represent the AS for upward gen-
eration. Therefore, the upward and downward generation cannot
occur at the same time, but it is possible to have different scenarios
for the AS requirements in the next day. For instance, a scenario
that considers the upward and downward generation in alternate
periods is possible to occur, as well as another scenario that requires
the downward generation in the off-peak periods and the upward
generation in the peak periods is also possible. Thus, it is possible
to establish the next scenarios as the two most critical scenarios in
the next day: (1) when it is required AS for downward generation
(i.e. RD) during all periods; (2) when it is necessary to use AS for
upward generation (i.e. RU, SP and NS) during all periods. These
two scenarios will have a large impact in the EV battery than other
less stressful scenarios for AS requirements. For this reason, consid-
ering the management of the energy stored in the EV batteries in
these two critical scenarios is mandatory.

Starting by the RU, SP and NS services (upward generation ser-
vices), the energy stored in the battery in each period t is calculated
as

Estored_rU(EV, t)

= Estored_rRU(EV,t-1) — Etrip(ev,r) + At X Ne(ev)

4
x| Pen_Es(ev,e) — ZPChAS(EV.k,t)
k=2
4
— At x x| Ppen_gs(ev,e) + ZPDchJ\S(EV,k,t)
Nd(EV) s

t =1 — Estored_RU(EV,t-1) = Emitial(Ev):
vVt e {1,...,T}; VEV € {1,..., Ngy} (26)

where Epyyv,r) Stands for the typical daily driving pattern of each
user. This variable will cause a decrease in the energy stored of the
battery when the vehicle is travelling. Thus, the VPP must guar-
antee that the EV has the required amount of energy stored in the
battery for supporting the driving pattern in the time horizon of the
optimal resource scheduling problem. The driving pattern can be
sent by the EV owner [42] or a forecast tool [43], or an optimization
approach [44] can be used, to predict the EVs owners behaviour.
From this information, it is possible to know how much expected
energy is necessary to charge the EV, taking into account the EV
owner driving pattern.

This energy stored in the AS for upward generation must be
under a maximum and minimum energy limit for all periods

Eparmin(ev,t) < Estored_RU(EV,t) < EBatMax(EV, 1)
Vte{l,...,T); VEV € (1,..., Ngv) 27)

where Epgaxev,) corresponds to the battery capacity and
Egatmin(ev,ry corresponds to the minimum amount of energy stored
that the EV user wants in a particular period.

The power charge for the RU, SP and NS must be lower or equal
to the power charge in the energy service, because it is seen as a
reduction of the power charge in the energy service:

4
Pch_Es(ev,t) = ZPChAS(Ev,k,r)i
k=2
Vtel,...,T); VEV e (1,... Nav} (28)
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In addition, the power discharge from the energy, RU, SP and NS
services must be lower or equal to the maximum discharge power
limit, because the discharge in the RU, SP and NS is an extra power
generation:

4

Ppcn_Es(ev,e) + ZPDChJ\S(EV,k,t) < Puax(ev,t)
k=2

Yt e{l,...,T}; VEV e {1,...,Ngv} (29)

Regarding the RD service (downward generation service), the
energy stored is also necessary to determine

Estored_RD(EV, 1)
= Estored_RD(EV,t—1) — Etvrip(Ev,¢) + At X Ne(Ev)

x (Pcn_gs(ev,¢) + Pen_asev,k,6))

— At x ) x (Ppeh_es(ev,t) — Ppch_AS(EV,k,t))

Nd(Ev
t =1 — Estored_RD(EV,t~1) = Emitial(Ev)>
Vte(l,...,T}); VEVe{l,...,Ne} k=1 (30)

For this service, ensuring that the energy stored is under its
maximum and minimum limits is also needed

EBatMin(EV,t) = EStoredJED(EV,t) = EBatMax(EV,t);
Vte(l,...,T); VEV e(1,..., Ngy) (31)

The power charge for the energy plus the RD service (k=1) must
be lower or equal to the maximum power charge limit, as described
by
Pch_Es(ev,t) + Pen_as(ev,k,t) < Pumax(ev, o)

vVt e {1,...,T}); VEV e {1,...,Ngy}; k=1 (32)

Then, the power discharge from the RD service (k=1) must be
lower or equal to the power discharge from the energy service that
is given by

Ppch_Es(Ev,t) = Ppch_as(Ev, ko)
vVt e (1,...,T}; VEV € {1,...,Ngy}; k=1 (33)

The power charge and discharge for the energy service must be
lower or equal to their own maximum limit:

Pch_Es(ev,t) < Pumax(Ev,t) X Xch_ES(EV, t)5
Vte(l,....,Ty; VEV e {1,...,Ngy} (34)

Ppen_es(Ev,t) < Pmax(Ev,t) X XDch_ES(EV, 1)
Vtel,...,T}; VEV e (1,... Ngy) (35)

The maximum charge and discharge limits, respectively, for the
AS need also to be considered:
Pcn_as(ev,k,t) < Pras(ev,ky % Pmax(ev,r) X Xch_AS(Ev, k1) (36)

Ppen_as(ev,k,t) < Prasev,k) X Pmax(Ev,t) X Xpeh_AS(EV,k,t)
Vte{l,...T); VEV e {1,... N} k={1,2,3,4) (37)

where Pryggvi is the percentage of maximum limit that can be
used in the charge and discharge processes.

It is also important to guarantee that charge and discharge do
not occur in the same period for the energy and AS services, respec-
tively, this being defined as

Xch_esev,t) + Xpen_esEv,t) < 1 (38)
Xchasev,k,t) + XpehasEv,k,e) < 1;
vVt e {1,...,T}; VEV € {1,...,Ngy}

Xenesev,ry and  Xpew gsev,e) € {0, 1)

Xenasev,k,ey and  Xpep_asev,k,e) € {0, 1}

3. Simulated annealing approach

The present section describes the proposed ERS2A methodol-
ogy implemented to determine the day-ahead optimal resource
scheduling for the energy and AS joint management considering
the mathematical formulation presented in the previous section.

3.1. Simulated annealing principles

The simulated annealing algorithm was proposed in 1983 by
Kirkpatrick et al. [45] and Laarhoven and Aarts [46]. Since then,
the SA algorithm has been used with success to solve hard and
complex problems in many applications [47,48]. The main advan-
tages of the SA algorithm over population based metaheuristics
(e.g. genetic algorithm, particle swarm optimization and ant colony
optimization) are its simplicity and its need for less computational
resources (memory and time). Nevertheless, a good computational
performance of the SA algorithm will be achieved through the
development of heuristics for obtaining a good initial solution
[23,37] and the parameterization of its parameters.

The SA algorithm is based on the cooling process seen in met-
allurgy, in which the algorithm simulates the heat process of a
metal, followed by the cooling process that reduces the temper-
ature until the metal achieves a crystallized state [49]. The generic
SA algorithm starts with a random initial solution, and then a neigh-
bourhood scheme is used to obtain neighbour solutions. In the
generic SA algorithm, a random neighbour solution is selected, but
there are specific applications in which the SA only generates a
single neighbour [23]. If the neighbour solution is better than the
current solution, then the neighbour will be used for the next iter-
ation. Otherwise, the neighbour can be also accepted based on the
Boltzmann probability [45]:

p= e—((IFw—Fc)/Tk) (40)

where Ty is the temperature value at iteration K, Fy and F¢ are
the fitness function value of the neighbour and current solution,
respectively.

If this probability is higher than a random value, then the neigh-
bour will be used in the next iteration. This second step will enable
the SA algorithm to accept a worse solution to avoid local optima.
For this reason, the temperature parameter starts at high level in
the beginning of the SA algorithm. The temperature will control the
behaviour of the Boltzmann probability, and typically at the begin-
ning, the SA algorithm will accept easily worse neighbour solutions
than at the end of the iterative process, due to the reduction of the
temperature value. This temperature reduction is achieved from
a cooling scheduling that decreases the temperature value during
the iterative process. The SA algorithm will stop if the maximum
number of iterations is achieved or if the temperature overtakes a
minimum value or if other criterion is reached.
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Fig. 1. Flowchart of the ERS2A algorithm for the optimal resource scheduling consid-
ering energy and AS.

3.2. Proposed simulated annealing

The ERS2A algorithm proposed in [37] has been adapted in
this paper for taking into account the joint energy and AS sched-
uling problem. As mentioned in the introduction section, ERS2A
was primarily developed to solve the day-ahead optimal resource
scheduling for the energy service considering an intensive use of
electric vehicles. Fig. 1 illustrates the flowchart of the ERS%A algo-
rithm adapted in this paper.

First, the initial temperate value (T;), the cooling rate value (o),
the maximum number of iterations at same temperature (Lyjax)
and the maximum number of iterations (Kyqy ) are initialized in the
ERSZ?A algorithm. Next, the initial solution of ERS2A (X() is obtained
through the use of two heuristics, designated as naive EVs charge
and discharge allocation (NECA) and generation tournament based
cost (GETCO). A more detailed description of these two heuristics

can be found in [37]. Nevertheless, a brief explanation is hereby
given. NECA heuristic is used to allocate EVs charge in periods with
low demand (off-peak periods) and EVs discharge in periods with
high demand (peak periods). NECA heuristic guarantees an initial
solution for the charge and discharge of EVs in the energy service
without constraint violations (26)-(39). The violations in these con-
straints are avoided, because the new charges and discharges for
each EV are randomly generated between two bounds: (i) lower
one is zero; and (ii) upper one is the minimum value between the
maximum charge/discharge limit and the energy difference (AE).
AE is the difference between the energy stored in the battery at
the last period and the minimum energy limit. When AE is higher
than zero, this means that NECA can generate a discharge value in
a peak period, because the vehicle has more energy in the battery
than required by the user for a trip. Then, NECA moves to a new
vehicle to generate a solution. If AE is lower than zero, this means
that NECA needs to generate a charge value in an off-peak period,
because there is not enough energy in the battery to support the
vehicle’s trips. This process will continue until AE is higher or equal
to zero in order to guarantee enough energy to support the vehicle’s
trips.

Afterwards, a heuristic is incorporated in the ERS?A algorithm
to stimulate the EVs scheduling in peak periods for the RD, RU and
SP services, instead of using expensive resources in AS during these
periods. Charge or discharge will be selected based on the lowest
price for the VPP. As mentioned before, EVs will not participate in
the non-spinning reserve service, because it is economically unsus-
tainable for EVs. Then, GETCO mechanism is applied to schedule
generation resources (DG units and external suppliers) after know-
ing the scheduling of EVs. Basically, this heuristic uses a tournament
to dispatch the generation resources considering the average cost of
each resource, resulting in the scheduling of the resources with the
lowest cost. GETCO mechanism jointly dispatches the generation
resources for both the energy and AS services.

The inclusion of these heuristics in the initial solution is impor-
tant to give a good initial point in the ERS2A algorithm, instead of
using a random movement [37]. This fact will help reducing the
computational effort (CPU time and memory) required by this kind
of optimization. The heuristics used in the ERS2A algorithm guar-
antee an initial solution without violating the constraints related
to DERs (10)-(39).

In the next step, the initial solution is evaluated through a fitness
function expression (F¢) composed by the operation cost (1) plus
penalizations for voltage magnitude (7), voltage angle (8) and line
thermal limit (9) violations [50]. A robust AC power flow model
for distribution networks from [51] is applied to ensure that the
initial solution does not violate the Kirchhoff’s current law in each
bus (4)-(6). This power flow is executed before the fitness function
evaluation of the solution and the power losses are compensated by
the external suppliers or DG units that did not reach their maximum
active power generation.

Afterwards, the iterative process of the ERS2A algorithm pro-
ceeds with the generation of a new neighbour solution (Xy,) using
the proposed heuristic in [23]. This heuristic, called intelligent
EVs allocation, re-schedules EVs charge and discharge in the best
periods to decrease the fitness function. The intelligent EVs alloca-
tion heuristic has been adapted in this paper to jointly re-schedule
the EVs in the energy and AS services. Additionally, the mean oper-
ation cost value for each period has been included to improve this
heuristic finding a better neighbour solution. This heuristic has
been changed in this paper in order to obtain the re-schedules
of EVs charge and discharge without violating EV constraints
(26)-(39). This heuristics incorporates a similar approach as the
one implemented in NECA, where the new charges and discharges
for a selected period are randomly generated between two bounds:
(i) lower one is the previous charge/discharge value; and (ii) upper
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one is the minimum value between the maximum charge/discharge
limit or the extra energy that can be stored in the battery. For new
charge values, this extra energy is the difference between the max-
imum energy limit and the energy stored in the selected period to
charge. For new discharge values, this extra energy is the differ-
ence between the energy stored in the selected period to discharge
and the minimum energy limit. For each vehicle, if any change in
the intelligent EVs allocation heuristic leads to violations in the con-
straints (26)-(39) of that vehicle, the solution is not accepted and in
the next iteration of ERS?A the heuristic runs again to obtain a feasi-
ble one. This strategy avoids that the ERS2A algorithm gets stuck in
the same iteration. Then, GETCO heuristic is used to schedule the
generation resources for the new neighbour solution. Moreover,
constraints (10)-(39) are implicitly handled in the neighbourhood
scheme in order to generate a new solution without any violations.
The new neighbour solution is evaluated using the same fitness
function expression (Fy/) used in the initial solution. The next steps
are used to accept the neighbour solution for the next iteration, if
this solution is better than the initial one or if its Boltzmann prob-
ability (40) is higher than a random value. Otherwise, the initial
solution will continue for the next iteration.

Then, the methodology will return to the step of generating a
new neighbour solution, if L is lower or equal to the parameter Lyq.
Otherwise, the temperature will be reduced for the next iteration
(Tk+1) through the geometric scheme [49], as given by

Tks1 =axTy
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The ERS2A algorithm stops when the maximum number of iter-
ations is reached, or if the fitness function does not present any
improvement during a certain number of iterations (for this paper,
20 iterations have been defined). Afterwards, the best solution
obtained during the iterations is selected as the final solution of
the ERS?A algorithm.

4. Case study

An empirical investigation for the joint management of energy
and AS considering large penetration of EVs is performed in this
section. A 33-bus distribution network [52] managed by a VPP has
been used to test and validate the proposed ERS2A methodology.
In this network a high penetration of DG units to the year 2040
is considered [52]. Fig. 2 shows the 33-bus distribution network
and the DG units considered in this case study (DG is identified by
technology in Fig. 2).

VPP will manage this 33-bus distribution network with 66 DG
units: 32 PV, 15 CHP, 8 fuel cell, 5 wind, 3 biomass, 2 small hydro and
1 WTE unit. The VPP also has the opportunity of negotiating with
10 external suppliers that can represent bilateral contracts and/or
participation in electricity markets. This distribution network is
connected to high voltage level (upstream network) through bus
0, and the negotiated energy from these external suppliers flows
through this bus 0. A total number of 218 consumers distributed
throughout 32 buses will be satisfied by the VPP, and the peak
power demand is around 4.2 MW in hour 20.
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Fig. 2. 33-bus distribution network [52].
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Table 1
Driving pattern of 2000 EVs.

Table 3
Quadratic cost function for CHP, biomass and WTE units.

Driving pattern Driving stats Resource ca (m.u./h) cg (m.u./kWh) cc (m.u./kKWh?)
Trip distance (km) CHP 0.005 0.1003 0.005
Maximum 194 Biomass 0.010 0.1975 0.006
Mean 57 WTE 0.005 0.0549 0.003
Minimum 25
Total trip distance (km) 116,642
Total energy consumption (kWh) 12,479
Mean battery capacity (kwh) 16 and fast charge of EVs. The degradation cost of EVs (2)-(3) can be
obtained using the model proposed in [53], thereby this case study
considers a degradation cost of 0.03 m.u./kWh.
600 Number of EVs| [ 290 The driving stats resulting from the use of simulator tool to gen-
<00 4 ~~Energytrip | [ 1800 E erate the scenario with 2000 EVs are shown in Table 1. The mean
= [ 1600 % distance travelled by EVs was around 57 km while the maximum
g ooy - 1400 g and minimum distances were around 194 km and 2.5 km, respec-
E L1200 & tively. The driving pattern generated to this case study achieved a
£ 100 1000 Eﬁ total trip distance of approximately 116,642 km that corresponds
£ | g0 2 to a total energy consumption by the EVs batteries of 12,479 kWh.
=200 | . e In order to simulate the movements and distance, the simulator
= § tool used the profiles reported by the U. S. Department of Trans-
100 [0 g portationin[54].Fig. 3 shows the outcome of simulated movements
200 2 during the 24 periods of the case study. The bars express the total
0 ¢ 5 6.4 5 6 5 6o 6l 5 B LGRS B D555 0 number of EVs in movement for each period and the line corre-
sponds to the total trip distance made in each period. EV trips are
Period (h) more concentrated between periods 7-9 and periods 18-20. Addi-
Fig. 3. Driving pattern and number of EVs in movement. tionally, the histogram of the ngmber of EVs .tha.t travel around the
same distance over 24 periods is illustrated in Fig. 4.
s00 The power supply and price of each resource for all services are
presented in Tables 2-4, respectively. The total installed capacity
450 1 of each resource is also available in Table 2. The VPP established
400 - “take-or-pay” contracts with the 32 photovoltaic units, resulting
2 350 1 in the obligation of the VPP to dispatch all the energy supplied
= 300 4 by photovoltaic units in the energy service. The wind resources
S 250 | only participate in the energy and regulation up/down. EVs are
2 55 only used in the energy, regulation up/down and spinning reserve.
£ Table 3 presents the fixed (ca), linear (cg) and quadratic (c¢) cost
Z 1507 coefficient for the CHP, biomass and WTE units that consider the
100 1 quadratic cost equation. The other DG units only consider the linear
50 - I I cost coefficient illustrated in Table 4.
o+ 8 __H B K K 8 ¥ = = For comparison purposes, the mathematical formulation pre-

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Total kilometers over 24 periods

Fig. 4. Histogram of EVs total distance.

The VPP can also control the charge and discharge processes
of the EVs connected to the 33-bus distribution network. In this
case study, a scenario with 2000 EVs is considered, and the simu-
lator tool proposed in [43] was used to generate the daily driving
patterns for the 2000 EVs. The simulator tool considers seven com-
mercial EV models, and the respective data can be obtained in [23].
These models are equally spread over the 2000 EVs in the case
study, considering the same areas as presented in [23] for the slow

Table 2
Distributed energy resources’ power capacity.

sented in Section 2 has been implemented in mixed-integer
non-linear programming (MINLP) approach (deterministic tech-
nique) using the software general algebraic modelling system
(GAMS). The proposed ERS?A algorithm has been developed in
MATLAB software. Both approaches have been tested on a computer
with two processors Intel® Xeon® E5-2620 v2 2.10 GHz, each one
with two cores, 16 GB of random-access-memory and Windows 8.1
Professional 64 bits operating system.

The results of this case study will be divided into three sub-
sections. Section 4.1 shows the results of the MINLP approach
implemented in GAMS for the optimal scheduling problem consid-
ering joint energy and AS, and separated energy and AS scheduling.
This subsection will prove the economic effectiveness of the

Resource Power capacity (kW)
Total Energy Regulation down Regulation up Spinning reserve Non-spinning

PV 1320 1320 - - - -

Wind 505 505 50.5 50.5 - -

Small hydro 80 80 8 8 8 8

CHP 725 725 36.25 72.5 72.5 72.5
Biomass 350 350 17.5 35 35 35

WTE 10 10 0.5 1 1 1

Fuel cell 440 440 22 44 44 44

External suppliers 2900 2900 145 145 145 290
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Table 4
Distributed energy resources’ bids prices.

Resource Price (m.u./kWh)
Energy Regulation up/down Spinning reserve Non-spinning
PV 0.1840 - - -
Wind 0.0720 0.0792 - -
Small hydro 0.0655 0.0720 0.0786 0.0819
CHP - 0.1104 0.1204 0.1254
Biomass - 0.2172 0.2370 0.2469
WTE - 0.0604 0.0659 0.0686
Fuel cell 0.1242 0.1367 0.1491 0.1553
External suppliers 0.1050 0.1155 0.1260 0.1313
EVs
Charge 0 0.05 0.06 -
Discharge 0.03
Table 5
Comparison of the results for the joint and separate management.
Optimal resource scheduling model Energy cost (m.u.) AS cost (m.u.) Operation cost (m.u.)
Joint management 7634.85 982.25 8617.10
Separate management 7208.46 1822.30 9030.76
proposed joint energy and AS management. Section 4.2 depicts Table 6 )
the comparison between the ERS2A and the MINLP approaches Parameters used in the proposed SA methodology.
results in the day-ahead optimal resource scheduling problem Parameters ERS?A
for the energy and AS joint managemgnt. In Section 4.3, the main Initial temperature - T; 0.075
case-study results are presented and discussed. Cooling rate - o 0.8
Max. number of iterations — Kpax 50
. Max. number of iterations at same temperature — Ly 5
4.1. Comparison of the Max. number of iterations without improvements 20

joint energy and AS with separated markets approaches

The MINLP determined the optimal resource scheduling prob-
lem for the energy and AS management, considering a joint
management and a separate management. Table 5 presents the
results for both managements.

The MINLP obtained an operation cost of 8617.10 m.u. for the
day-ahead joint management of energy and AS. On the other hand,
the separate management of the energy and AS presented a higher
operation cost of 9030.76 m.u. In terms of energy cost, the joint
management achieved a higher cost of 7634.85 m.u., and the sep-
arate management only obtained a cost of 7208.46 m.u. On the
contrary, the AS cost of the joint management is 982.25 m.u. that is
much lower than the cost of 1822.30 m.u. for separate management.
The conclusion is that joint management of energy and AS helps
the VPP to reduce the total operation costs, improving the system
social welfare. The use of the joint management of energy and AS
leads to an economic saving for the VPP 0f413.66 m.u., representing
around 4.6% of the separate management’s operation cost. Consid-
ering that the VPP would obtain this economic saving over a year,
the VPP would achieve a year’s expected saving of 150,985.90 m.u.
(413.66 x 365).

4.2. Comparison of the proposed SA with the deterministic
approach

A sensitivity analysis of the ERS2A parameters has been made
with the purpose of tuning the algorithm for this case study. This
algorithm performed several runs with different parameter values
until the ERS2A algorithm obtained a constant low value for the
fitness function. For each parameter value, the ERS2A has been run
100 times in order to establish if the parameter value was suitable
to the case study. Table 6 shows the ERS2A parameters values used
for this case study.

After tuning the SA parameters, the ERS2A algorithm has been
used to determine the day-ahead optimal resource scheduling for

the energy and AS joint management. The ERS2A result has been
compared with the MINLP approach. Table 7 presents the ERS2A
result for a total of 1000 runs for this case study. The minimum,
maximum and mean operation cost as well as standard deviation
are shown in this table.

The ERS2A algorithm presented a maximum operation cost of
8720.52 m.u., a minimum operation cost of 8706.06 m.u., a mean
operation costof 8712.34 m.u., and a standard deviation of 2.44 m.u.
It is concluded that the proposed algorithm showed a good perfor-
mance with a low standard deviation, and a maximum cost closer to
the minimum cost. Moreover, the ERS2A algorithm exposes a robust
behaviour in the 1000 trials. For this case study, the MINLP and
the ERS2A approaches obtained an operation cost of 8617.10 m.u.
and 8706.06 m.u., respectively. The ERS2A solution is closer to the
MINLP results, presenting a small difference of 1.03%. Therefore,
this ERS2A performance encourages the application of this method-
ology to the day-ahead optimal resource scheduling problem for
the energy and AS joint management.

In terms of execution time, the MINLP and the ERS2A approaches
achieved a time of 119,404 s (corresponding to 33.17 h)and 70.70s,
respectively. The ratio between the times of MINLP and ERSZA
approaches is about 1689. Thus, the proposed algorithm is approx-
imately 1689 faster than the MINLP approach. Another important
aspect is related to the need of VPP having a scheduling solution for
the next day in less than 24 h. Therefore, ERS2A algorithm presents
a solution closer to the optimal one with a low execution time, on
the other hand, MINLP approach is not able to present a solution in
short-time (<24 h). This ERS2A performance encourages the VPP to
test and validate several scenarios for the next day considering dif-
ferent behaviours for the renewable sources (e.g. wind and solar)
or EV driving patterns without losing quality in the solutions found
and with a low execution time.

Fig. 5 depicts the histogram of the fitness function for 1000 runs
of the ERS?A algorithm. Most of the runs found a fitness function
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Table 7
Comparison of the results for the proposed SA and MINLP approaches.

Method Operation cost (m.u.) Mean execution time (s) Trials violation (#)
Minimum Maximum Mean Standard deviation
MINLP 8617.10 - - - 119,404 -
ERS2A 8706.06 8720.52 8712.34 2.44 70.70 0/1000
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Fig. 5. Histogram of the fitness function for 1000 runs.
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Fig. 6. Fitness function performance of the ERS?A algorithm.

between 8709 m.u. and 8714 m.u. proving the good consistency
of the proposed SA approach to solve this optimization problem.
With this histogram we can say that a new run test will fall in this
range of values with high chance. In particular, a new run will have
75.6% chance of obtaining a fitness function between 8709 m.u. and
8714 m.u.

The fitness function evolution for the trial with the minimum
operation cost of ERS2A algorithm is presented in Fig. 6. The fitness
function evolution is presented for each iteration (K) and for each
iteration at same temperature (L). This algorithm presented a fast
convergence (in few iterations) towards a good solution.

4.3. Case-study results

Figs. 7 and 8 depict a comparison of the results of MINLP and
ERS2A algorithms for the total scheduled energy for all services
(energy, RD, RU, SP and NS). Fig. 7 shows the scheduled energy for
the external suppliers, PV, wind, CHP and biomass units. On the
other hand, Fig. 8 shows the scheduling result for the WTE, small
hydro, fuel cell and EVs charge and discharge. The MINLP and ERS2A
algorithms achieved similar scheduling results for the PV, wind,
CHP, biomass, WTE, small hydro and EVs discharge. In the case of
biomass units, both algorithms scheduled them at zero due to their
high cost. The biggest differences between the MINLP and the ERS2A

Fig. 7. Scheduled energy by external suppliers and DG in the 24 periods.
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Fig. 8. Scheduled energy by DG and EV in the 24 periods.

were achieved in the external suppliers, fuel cell and EVs charge.
In fact, the ERS2A charge more EVs than the MINLP, resulting in
EVs with more energy stored in their batteries at the end of the 24
periods. For this reason, the ERS2A had to schedule more external
suppliers to charge more EVs.

Fig. 9 shows the energy resource scheduling of the best solu-
tion obtained by the ERS2A algorithm. The blue line with squares
represents the consumer demand, on the other hand, the system
demand (consumer demand plus EVs charge power and active
power losses) is represented by the yellow line with lozenges. The
results designated as other resources correspond to the scheduling
results of CHP, fuel cell, small hydro and WTE. As expected, the pro-
posed algorithm schedules the EVs charge in the off-peak periods,
because there are more available low cost generation resources
(DG and external suppliers) in these periods. The EVs discharge has
been scheduled in peak periods, instead of using other generation
resources more expensive than electric vehicles.

Figs. 10 and 11 depict the energy resource scheduling for the
regulation down and up services, respectively. In Figs. 10 and 11,
other resources stand for the results obtained in WTE, small hydro
and fuel cell resources. Biomass has been dispatched at zero in both
RD and RU services, because of being a very expensive resource. In
the RD service, the ERS?A algorithm scheduled the EVs charge to
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Fig. 11. Energy resource scheduling for the regulation up service.

be used in all periods, instead of using more expensive resources.
EVs discharge is also used in the regulation down (by reducing the
discharge level), in particular in peak periods, but with a smaller
impact when compared with EVs charge in this service. Thus, it
is expected that most of the EVs charge will be in the regulation
down service, where both VPP and EV users can have technical and
economic benefits. On the other hand, the EVs discharge is used in
the RU service as it is shown in Fig. 11. In this service, the EVs are
namely used in peak periods. In the spinning reserve service, EVs
have a smaller impact, but they are also used in the peak periods.
In the non-spinning reserve service, the EVs are not used and the
ERS2A algorithm dispatched other resources (DG and external sup-
pliers) in this service. Thus, EVs discharge will be more common

1200 20000
F o 'z A
2 1000 18000
5 800 16000
5 =
5

4

E 600 14000 3
=% 12000 =5,
o 400 =
2 10000 &0
< 200 )
- 8000 &
= 0= =
= CDischarge in RD 6000
5 200 - | ezzCharge in RD A0
< Charge in Energy
ﬁ -400 &Discharge in Energy \ 2000
2 600 +Ene£gy state in RD 0

12345678 91011121314151617 18192021 2223 24
Period (h)

Fig.12. Electric vehicles charge and discharge for the RD service. (For interpretation
of the references to colour in this figure citation, the reader is referred to the web
version of this article.)
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Fig. 13. Electric vehicle charge and discharge for the RU, SP and NS services.

in the regulation up services than in the others, namely for solving
the power imbalance during peak periods.

Fig. 12 presents the EVs charge and discharge scheduling for
the RD service of the best ERS2A solution. In this figure, the blue
line represents the energy stored by the EVs batteries at the end
of each period. In the regulation down, EVs charge is used in all
periods, but they have a small impact when compared with the
charge and discharge in the energy service. The EVs charge and
discharge power for the RU, SP and NS services are shown in Fig. 13.
In this case, the EVs’ discharge is more used in the peak periods,
and it is possible to see the use of EVs in regulation up and spinning
reserve services for periods 20 and 21.

5. Conclusions

The energy resource scheduling simulated annealing algorithm
is proposed to determine the optimal resource scheduling for the
energy and ancillary services joint management, considering an
intensive use of electric vehicles. The objective function of the
optimal resource scheduling minimizes the operation cost of the
available resources for the next day. The optimization problem
considers the dispatch of energy, regulation down, regulation up,
spinning reserve and non-spinning reserve. The main contribution
of this paper lies on the modifications to adapt the ERS?A algo-
rithm to solve a day-ahead optimal resource scheduling for the
energy and AS joint management with intensive EVs penetration.
The main changes are in the initial solution and in the generation of
a neighbour solution in order to deal with the four frequency con-
trol services. Another contribution is related to the application of
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the joint energy and AS scheduling to a VPP acting in a distribution
network with a large DERs penetration, namely EVs.

The case study proves the effectiveness of using the ERS2A algo-
rithm to solve the joint management of energy and AS services. The
proposed SA algorithm obtained an operation cost of 8706.06 m.u.
that is very close to the optimal one obtained by the MINLP
approach, presenting a small difference of 1.03%. In terms of simu-
lation time, the proposed ERS2A algorithm required a much lower
execution time than the one achieved by the MINLP approach.
The ERS?A run in 70.70 s, while the MINLP took around 33.17 h to
present the optimal solution. The ERS2A algorithm presents encour-
aging results to be used by a VPP in a competitive environment, as
it is characterized the smart grid environment.

Besides the main contribution of this paper, this work has
allowed to reach a number of practical conclusions. The most
important are that: (i) most of the EVs charge used in AS is applied
to the regulation down in all periods; (ii) EVs discharge used in
AS are more applied to the upward regulation (namely regulation
up) in the peak periods; and (iii) ERS2A methodology presented
a good performance for simulation of large-scale management of
distributed energy resources. This latter conclusion is relevant for
a VPP that requires testing several scenarios with differences in
the EVs data, such as trip distance and geographical location. The
proposed ERS2A algorithm can be used by the VPP to test different
scenarios without spending too much time and without compro-
mising the solution quality.
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