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HIGHLIGHTS

« Interactive incorporation of plug-in electric vehicle parking lots is investigated.

« Flexible energy and reserve services are provided by electric vehicle parking lots.

« Uncertain characterization of electric vehicle owners’ behavior is taken into account.
« Coordinated operation of parking lots can facilitate wind power integration.
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The increasing share of uncertain wind generation has changed traditional operation scheduling of power
systems. The challenges of this additional variability raise the need for an operational flexibility in
providing both energy and reserve. One key solution is an effective incorporation of plug-in electric
vehicles (PEVs) into the power system operation process. To this end, this paper proposes a two-stage
stochastic programming market-clearing model considering the network constraints to achieve the
optimal scheduling of conventional units as well as PEV parking lots (PLs) in providing both energy

Key Wo.r‘.k: and reserve services. Different from existing works, the paper pays more attention to the uncertain
Electricity market .. . . . C .
Parking lot characterization of PLs takes into account the arrival/departure time of PEVs to/from the PL, the initial

state of charge (SOC) of PEVs, and their battery capacity through a set of scenarios in addition to wind
generation scenarios. The results reveal that although the cost saving as a consequence of incorporating
PL to the grid is below 1% of total system cost, however, flexible interactions of PL in the energy and
reserve markets can promote the integration of wind power more than 13.5%.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Motivation

The worldwide share of variable renewable energy sources
especially wind power has achieved rapid promotion, so that based
on the international energy agency (IEA) prediction, the annual
wind-generated electricity of the world will reach 1282 TW h by
2020 which shows more than 370% rise in comparison with 2009
[1]. The emergence of such large-scale variable wind generation
in near future presents new challenges for power system operators
in two ways which result in a need for a greater flexibility. Firstly,
wind generation increases the variability and uncertainty of the
supply-side due to its stochastic nature and hence raises the need

* Corresponding author.
E-mail address: hgolshan@cc.iut.ac.ir (M.E.H. Golshan).

http://dx.doi.org/10.1016/j.apenergy.2016.06.145
0306-2619/© 2016 Elsevier Ltd. All rights reserved.

for flexibility. Secondly, wind generation displaces part of the con-
ventional generation capacity due to its merit order in dispatch and
consequently decreases the available flexibility of the system [2].

Traditionally, much of the required system flexibility has been
obtained from conventional generation units. However, the
flexibility characteristics of conventional units are restricted with
their technical constraints including ramp rates, minimum stable
outputs, minimum start, stop, up, and down times [3]. On this
basis, the required flexibility will need to come either from con-
ventional supply-side resources or from other flexible alternatives.

The plug-in electric vehicles (PEVs) have received remarkable
attentions from policy makers’ viewpoint and considered as a
key element in future sustainable energy systems due to avoiding
environmental pollutions and low oil dependency [4,5]. Moreover,
PEVs are free from transportation for 96% time on average which
makes it to a viable flexible option from power system operators’
perspective [6]. Nowadays, there are many large-scale parking lots
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Nomenclature

Indices

B index of system buses b=1,...,NB

1 index of generation unitsi=1,...,NG

J index of loadsj=1,...,NJ

L index of transmission lines [=1,...,L

m index of segments of linearized fuel cost of generation
units m=1,...,NM

n index of PEVs

pl index of parking lots pl =1,...,NPL

t index of time periods t =1,...,NT

garv/dep index of arrival/departure time period of PEV n

wf index of wind farms wf =1,... NWF

w index of scenarios w=1,...,NW

Parameters

Crne slope of segments in linearized fuel cost curve
($/MW h)

cePe offered capacity cost of down-reserve of units ($/MW)

CoDE offered cost of down-deployed reserve of units
($/MW h)

ceve offered capacity cost of up-reserve of units ($/MW)

CngE offered cost of up-deployed reserve of units ($/MW h)

T offered capacity cost of down-reserve of parking lots
($/MW)

i offered cost of down-deployed reserve of parking lot
($/MW h)

G offered energy cost of parking lots ($/MW h)

(el offered capacity cost of up-reserve of parking lot
($/MW)

Cie” offered cost of up-deployed reserve of parking lots

_ ($MWh)
wa“p‘" cost of wind power spillage ($/MW h)
cap;’ E[‘{W 4 Capacity of PEV n that arrived at pl at t"” and de-
" parted from pl at t%P (KW h)

Capji, aggregated battery capacity of parking lot (MW h)

Fnex maximum capacity of transmission line [ (MW)

Lﬁ[ consumed power by loads (MW)

MPC; minimum production cost ($)

MUT;/MDT; minimum up/down time of generation units (h)

N 4 aggregated number of PEVs that arrived to pl at t*7
and departed from pl at td?

NPEm3 - maximum car space capacity of the PL

Nt aggregated number of PEVs in the parking lots

Pt /PP minimum/maximum output of units (MW)

me,r actual wind generation of wind farms (MW h)

nylf Mm% forecasted wind generation of wind farms (MW)

RU;/RD;  ramp up/down of generation units (MW/h)

SC; start-up cost ($)

SO ;}“‘/SO i minimum/maximum SOC level of parking lots

socPEV initial SOC of PEV n at arrival time

soc™, . SOC of PEV n that arrived to pl at t* and departed
" from pl at tdep

socPEV:min/max  vincation region for the initial SOC of PEV n

SOE i, aggregated state of energy of parking lot (MW h)

SUR;/SDR;  start-up/shutdown ramp limit of generation units

) (MW/h)
tar oM /e ™ truncation region for the arrival time of PEVs

gdep.min /pdepmax ¢1yncation region for the departure time of PEVs

VOLL; value of lost load ($/MW h)
reactance of line [
charge charging rate of PEVs (kW/h)
pdischarge  djscharging rate of PEVs (kW/h)
Nen/Mpecn  Charge/discharge efficiency of parking lots

Marvydepjsoc Mean value of the random variables including arrival/
departure time and SOC of PEVs

Pw probability of scenario w

aﬁm/dep/m variance of the random variables including arrival/
departure time and SOC of PEVs

T spinning reserve market lead time (h)

/A contract of a PEV owner for desired SOC

Variables

F?MF,LW power flow through line [ (MW)

LS; ¢ load shedding of load j (MW h)

P;; total scheduled power of units (MW)

P generation of segment m in linearized fuel cost curve
(Mw)

Pie*™ injected power of grid to pl (MW)

Pﬁ?‘t’) 126 injected power of pl to the grid (MW)

RPPC scheduled down-reserve capacity for p! (MW)

R scheduled up-reserve capacity for p! (MW)

Pule scheduled wind power of wind farms (MW)

Pyfekil wind power spillage of wind farms (MW h)

rfgf‘fv" real-time deployed down-reserve of units (MW)

rftj;f’ real-time deployed up-reserve of units (MW)

rl‘jf;j’g real-time deployed down-reserve of pl (MW)

rgf_;vlff real-time deployed up-reserve of pl (MW)

RC-PC scheduled down-reserve capacity of units (MW)

RGUC scheduled up-reserve capacity of units (MW)

SOEji,. state of energy of pl (MW h)

SUG;, start-up cost of generation units ($)
binary status indicator of generation units
binary status indicator of PL2G/G2PL operation mode
of pl
52,t/5b,t.w voltage angle at bus b (rad)

U%IEZG G2PL
Upl,t /Upl.t

(PLs) worldwide up to 10,000 spaces. If some part of these PLs
designated for PEVs, they would be large enough to participate
directly in the electricity markets, without any need to load service
entities or aggregators. For instance, it is planned that about 62% of
the entire U.S. vehicle fleet would be PEVs by 2050 [7]. If this

happens, it would impose a great load on the power system that
may jeopardize the power system operation [8].

In such situation, coordinated scheduling of PLs in both opera-
tion modes consist of PL-to-grid (PL2G), i.e. injecting the power
from the PL back to the grid, and grid-to-PL (G2PL), i.e. drawing
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