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Locating PHEV Exchange Stations in V2G

Feng Pan, Russell Bent, Alan Berscheid, David Izraelevitz
Decision Applications Division
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Abstract—Plug-in hybrid electric vehicles (PHEVS) are an Yis number of batteries served at statiorfrom

environmentally friendly technology that is expected to raidly route j

penetrate the transportation system. Renewable energy soues ¥ power flow in line (u, v)

such as wind and solar have received considerable attentioas Hjj” h | b ’

clean power options for future generation expansion. Howest, u phase angie at bus

these sources are intermittent and increase the uncertaigtin (s slack variable for unmet demand at bus
the ability to generate power. The deployment of PHEVs in ot power generated at bus

a vehicle-to-grid (V2G) system provide a potential mechaisim
for reducing the variability of renewable energy sources. Br

exa_mple, PHEV s_upporting infrast_ructures like battery exchange Global warmina and dependence on fossil fuels pose qreat
stations that provide battery service to PHEV customers cold g P P 9

be used as storage devices to stabilize the grid when renewab challenges to the nation’s energy infrastructures andréutu

energy production is fluctuating. In this paper, we study howto energy consumption. Smart grid technologies and renewable

best site these stations in terms of how they can support both generation are often touted as central pieces to address the

thebtlransporéatiorll SyStt‘\aNm atnd thf pr?w?_r grid. To tmodetl_r;ik;s challenges [2]. Indeed, there have been numerous recent

problem we develop a two-stage stochastic program to opti . . . .

locate the stations prior to the realization of battery demands, studies analyzing _the_ cost-benefits Qf large penetration of
renewable generation into the power grid [6], [10], [19] &imel

loads, and generation capacity of renewable power sourcegVe ' - ! _
develop two test cases to study the benefits and the performee implementation of vehicle-to-grid (V2G) [13], [11] systerfor

I. INTRODUCTION

of these systems.

PHEV to reduce fossil fuel consumption [4], [1], [12]. Reten

NOMENCLATURE studies [14], [3], [5] on feasibility, cost-and-benefitdampact
Index/Set of PHEVs indicate that it is necessary to build supporting
G(N,E) power grid with bus sefV and link setE PHEV infrastructures (charging stations (see Fig. 1 and))[14
J set of traffic routes and exchange stations (see Fig. 2 and [15])) if the adoption o
1 set of exchange stations hybrid electric vehicles continues to increase at curratgs.
u=m(i) the busu, of stationi There are challenges in implementing both systems: véitiabi
Q set of scenariogwy,ws, ...} in renewable generation and increased demand for power. In

Deterministic

fi

T

Data

fixed cost to open an exchange station at
storage cost per battery at statibn

this paper, we focus on how renewable technologies and V2G
exchange stations may be coupled to address these challenge

The crucial connection between the two systems arises
from the observation that exchange stations are essgntiall

U; maximum number of batteries at station _ !

L; minimum number of batteries at station large battery banks where PHEV drivers can automatically
cij cost to use station from traffic route; switch their batteries with fully charged batteries. The ex
h; cost of unmet demand from traffic rouje change station may choose to charge batteries during low
a power per battery (MW) power usage times (off-peak) or when renewable power plants
o line capacity of line(u, v) are producing large amounts of power, thereby reducing the
Gu load shedding cost at bus demands a V2G system places on the grid. In addition, the
Buo reactance of lingu, v) station may discharge batteries on to the grid during period

Stochastic Data (per scenariav)

of low renewable generation thereby reducing the varigbili
of renewable generation. Thus, there is considerable paten

dy demand for batteries from traffic roufe that a coupling of the two systems will reduce the challenges
Iy load at _bus” , that arise when the systems are implemented independently.
G generation capacity at The full potential of balancing the energy between systems
ol generation cost per MW at requires multi-dimensional analysis. This paper seeksuys
Variables how to site the stations so that they benefit both the grid and
x; 0-1 variable siting an exchange stationiat the V2G system. This problem shares many similarities to
w; number of batteries stored at statibn the facility location problem [7], [16], [9], [20], [8]. Inte
¥ number of batteries for PHEV demand facility location problem, facilities are opened to serveeh of

w
Sj

4

number of batteries discharged to the grid
number of unserved batteries on royte

customer demands, and the objective is to minimize the setup
cost of opening facilities and transportation cost for oostrs



decisions is dependent on the first-stage decisions and the
random scenario. The overall objective function combihes t
first-stage cost and the expected cost of recourse actia@rs ov
all scenarios.

We now formalize the model of the first stage variables. In
the first stage, the location and size of exchange statiams ar
decided. The long term decisions are made without knowing
the exact PHEV demands, loads, and generation capacities.
The obijective function is to minimize the overall cost

min Y (fizi +riw;) + Eo[h(z,w,€)] €Y
T, w
el
In (1), the summation includegx; andr;w; which represents
the fixed cost to open exchange statioand the cost to store
batteries ati. A first-stage constraint is represented by the
following equation:

Fig. 2. Commercial exchange stations This constraint states that each exchange station can tumy s

to use the facility. The crucial difference between thisippen ~ Patteries when it is open and must satisfy a lower and upper
and traditional facility location is that our problem comg bound on the storage capacity. The expectation term in the
two networks, a transportation network and a power grid. objective represents the second-stage recourseiost, )

The contributions of this paper are two-fold. First, wéf satisfying PHEV demands and meeting demands for power
develop the first mathematical model to site exchange stati®Vver a set? of scenarios.
that accounts for impacts to transportation systems antriele A scenario specifies a realization of the random variables.
power systems. Second, we investigate variations of thigeinoFOr €ach scenaria,, the second stage objectivgz, w,§) is
to determine the necessity of accounting for both systenes, flefined as
conditions in which proper siting can be beneficial to bothyin Z ciys + Zh}quy + Z 0B + Z 9ud. (3)
systems, and potential trade-offs to both systems. The rest .7 ¢, = weN weN
of the paper is outlined as follows. A two-stage stochastig,q terme;;ys, represents the cost of PHEV drivers on rogite
program is developed for designing the location of exchangeqa, patteries at statignThe penalty cost on unmet PHEV
stations in a V2G in Sectpn I. In Section I!I, we investigat battery demand from routgis stated Withh“-’q;f’. The cost;;
the effe(_:t of exchange stations on power grids with renesvaly ., route; to stations is typically a function of the distance
generation and we conclude with Section IV. a driver must divert from routg to reach statiort, and h¢’

Il. A TWO-STAGE STOCHASTIC PROGRAM FORSITING implicitly controls the number of unserved battery demands

EXCHANGE STATIONS For the power grid, the costs include¢ s~ for generation

In a V2G system, exchange stations can serve PHEVs amtl ¢,,6% for shedding loads, which are used to measure the
provide storage services to reduce the variability intoedliby performance of the power grid and include the availability o
renewable generation sources. Thus, it is strategicalpoim batteries to meet demand for power.
tant to site exchange stations in locations that are coeméni At each station, available batteries can be used to satisfy
for PHEV drivers and that can be connected to the grid withoBHEV demand #’) or supply power to the gridsf’). The
requiring additional capacity expansion. In this sectiome, following constraint links the two systems together andsisdi
introduce a two-stage stochastic program that integrategoaensure that no station uses more batteries than are stored
battery demand model and a power grid model to optimally S 4t <y, dc L. @)

site exchange stations in a V2G system. ) .

In our stochastic programming model, a time line is defined For the transportation system in the PHEV battery model,
over the decision variables and scenarios as follows. TW& model traffic as routes. The traffic density at each route
(first-stage) decisions on where to site exchanges staginds S derived from .a(_:t|V|t|es which are based on demographic
how many batteries to store at each station are made pifveys and activity surveys collected from real household
to knowing the future demand for the batteries (scenariod).the study areas. This approach has been used to simulate
The scenarios are drawn from discrete random variables tRgtropolitan area traffic and a detailed description of taffic
characterize PHEV battery demands on each traffic route, fR@del is found in [18]. For each roufg there is a demand
load at buses, and production capacity of renewable generatd; for PHEV batteries. In (5), the demand can be satisfied by
After a scenario is realized, recourse (second-stageyidesi @ battery at a station or be unsatisfied with some penalty,
are made to distribute batteries to satisfy PHEV demand and Zyz tgv=dy, jed. (5)
discharge power back to the grid. The cost of the recourse el




Constraint (6) limits the number batteries used to satisfi¥?
demand to the number of batteries allocatedttoat each Vi 2 =7
station. . 1z
doyg <ty iel (6)
jed
We use the so called linearized DC power flow equations
for modeling flow in the power grid. Constraints (7) and (9)
are the standard constraints for capacitated network @mabl
(7) is the network flow balance constraint at each node and
(9) is the capacity constraint for each line. In (7), the &xtr
term Zi:m(i):u asy accounts for the power supplied by théattery demand is derived from total population, vehide-t
batteries at statiohwhich is connected to bus In this model, population ratio (0.78), phev-to-vehicle ratio (0.1), ah@b
constraint (8) captures the relationship between power dlow of PHEVS requiring battery exchanges in any given scenario.
a line and the phase angle difference at either end of the lifdhe demand is allocated to each traffic route weighted by the
At each generator, the generation capacity is enforced by tioute’s average utilization which is set to be same among all
constraint (10). For renewable generators, the capaciiggs routes in the studies. One hundred scenarios are generated
vary between scenarios according to a distribution gowmgrnifor the second stage. The random variables include battery
the potential output of the generators. For non-renewaldemand from PHEVs, demand for power, and generation
generators, the capacity is fixed throughout the scenarios. capacities of renewables. All random variables are assumed
to be independent (though in the future we plan to explore
dependencies in renewable generation capacities). Farea gi
renewable generator, its generation capacity can be 000.5,
1 of its maximum generation capacity. Load at a bus is a
ay, = (0 —65)/buw, Y(u,v) € E (8) uniform random variable between 0.5 and 1.0 of its peak load.
w PHEVs demand on a traffic route is a uniform random variable
~Cuw < 0y < Cun, V(w,0) € B ©) between 0.5 and 1.5 of the average battery demand.
By <G, Yue N (10)  For both case studies, we implementé@G-2STAGES

. . . in C++. The resulting mixed integer program is solved b
The equations (1)—(10) define a two-stage stochastic pt9- 9 ger prog y
a (1)-(10) g P e branch-and-bound algorithm in CPLEX 11.0 with an

gram for locating PHEV exchange stations in the V2G system,~. =% .
and we denote this model 32G-2STAGES optimality gap of 0.01. The longest computing time was under
1. COMPUTATIONAL EXPERIMENTS a minute on a standard desktop personal PC.

To evaluate the impact of exchange stations in a V2G syst .
and the power grid, we tes2G-2STAGES on a variation of A Case Study: IEEE RTS-79
the IEEE RTS-79 [17] benchmark and a problem derived from Our first case study considers a synthetic city based on the
power grid and transportation data sets for Miami, FloriddEEE RTS-79 benchmark designed to mimic the structure of
Before describing the details of the two case studies, we fitsos Alamos, New Mexico. In this data set, there are 25 buses
discuss the general settings and intended findings for bathd 38 power lines. Loads are distributed at 24 buses and
studies. Load shedding and unmet battery demands are tivere are 11 buses which have generation capacity, with up
measures of the performance of the V2G system. Although ttee6 generators located at a single bus. The maximum load
V2G-2STAGES model optimally allocates exchange stationand generation capacity are provided for every bus in the
to meet battery demands and stabilize a grid with renewaldlata set. The total generation capacity is 2999 MW, and the
energy resources, it is important to realize that the piymatotal demand is 2880 MW. We used an 8 by 11 lattice as the
purpose of exchange stations is to serve PHEVs. In odwansportation network and created the synthetic city.(B)g
case studies, we will investigate the trade-off betweeisehedy connecting the lattice and power grid. The connection
two objectives. Through these studies, we aim to answeetween the transportation network and the power grid was
the following questionsl) What is the impact of exchangedone by assigning the nearest bus to each of the 88 nodes in the
stations in a V2G system that is connected to a power gtichnsportation network. The population for the synthetig ¢
with variable renewable generation, 2) What are the trades set to 344,850 which was derived from the population-load
offs between the two objectives, and 3) Is it important t@tio of Los Alamos, New Mexico. Twenty-eight nodes were
consider both networks for strategic planning of exchangandomly selected from the lattice as possible locatioms fo
station siting? exchange stations. Ten traffic routes were created by ralydom

To model renewable generators, we vary renewable peselecting ten origin-destination pairs and finding a stsbrte
etration from O to 1 in increments of 0.1. For examplpath for each pair. This synthetic city is a model of a city
at renewable penetration level 0.3, each generator may kéth some power consuming industries and a relatively low
come a renewable source with probability 0.3. The PHEpopulation.

Fig. 3. Transportation grid and power grid

Soal, =484+ Y asy, Yue N (7)

v:(u,v)eE im(i)=u
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Fig. 4. RTS-79 load shedding and unmet battery demands fig. 5. RTS-79: load shedding and unmet battery demandg2iG-
generation expansion model with renewables from O to 100emer 2STAGES with renewables from 0 to 100 percent

| der t derstand how V2G batteri imal umber of opened stations to be 6, 8, 10, and 12 stations
_'horder to understand how atieries may maxima ¥aspectively. The actual number of opened stations frosethe
improve the performance of a power grid with variable "Simulations are shown in Fig. 6. The improvement of load
newable generation, we rem_oved PHE\_/ demands and redug dding is limited as the optimal solutions of GE-3 to GE&-5 i
V2G-2STAGESto a generation expansion model. In the basigg

case (GE-1 in Fig. 4), no additional generation resources (%vi}require as many as 25 stations. In V2G-2 to V2G-4 the

change stations) were added and the grid was evaluated vYIL't ease in unmet battery demands is large when compared
different renewable penetration levels. With renewablele to V2G-1. The reason for this is that in V2G-1. the locations

lower th_an 30%’ thgre Is no_loading shedding due to r_enewa% stations were fixed to the optimal solution of the PHEV

generation variability. For higher renewable penetratevel, ly system. These locations severely limited the disaharg
H H 0, - It I . . .

I50ad Sheqdént?] c?n rdeaﬁh(?; high as I?3t/0. 't'? cals?st(;E 210 § ability of the exchange stations due to the associated li
, We varied the joad snedading penaty to stimulate the omen'ca%acities. This result demonstrates that in order for tA& V

of exchangg statior_1$ as generation capacity reserve. we {8'henefit both PHEV and the power grid, both models must
all cases with 11 different renewable penetration levedsnfr be, considered when determining locations to site exchange

0 to 100 percent. When load shedding penalties are increaséft tions. In V2G-5, a sufficient number of stations are ogene

there is some reduction _in load shedding. Loa_d Sheddings'ﬁch that both load shedding and unmet battery demands are
reduced to below 10% with renewable penetration levels 1683 - icr than in V2G-1

o L .
than 80%. The reduction is mostly caused by opening 25 ouf, conclusion, at low renewable penetration levels, the

of 28 stations. Th? opening of add|.t|o_nal sta‘uons does r‘\%G system can reduce load shedding caused by renewable

reduce I(_)ad shedding due to other limits, e.g., line Cam""c'&;eneration variability and meet the demand for PHEV battery

of the grid. exchanges. For higher levels of renewables, the benefit of
Fig. 5 shows the simulations 0f2G-2STAGES for the v2G is not as obvious. In general, the trade-offs betweed loa

entire V2G system (including both PHEV battery demandhedding and unmet battery demands are quite high. These

and power grid). First, we used?G-2STAGESto determine djscrepancies may be caused by the relatively low popuiatio

that the optimal solution to satisfy all battery demands is § |oad ratio, i.e. there is not enough PHEV demand and only

stations. In simulation V2G-1, we fixed the station |0ca$.0rh small number of exchange stations are required_

to this optimal solution and added the power grid. There was o )

some reduction in load shedding, but there is a trade-off B Case Study: Miami, Florida

unsatisfied PHEV demand. In simulation V2G-2 to V2G-5, In our second case, we use Los Alamos National Labora-

we relaxed the location of the stations and allowed the totalry’s data sets on power grid and transportation netwarks i
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Miami, Florida. The transmission power system in the greate
Miami area consists of more than 200 buses and over 275
power lines. For this case study, we used peak load data and
maximum generation capacity. The overall load is over 6400
MW, and the overall generation and import capacity is greate
than 8200 MW. In each of 100 scenarios, loads and generation
capacities are independently generated in the same faakion .
the first scenario. T

In the transportation network, there are over 2500 location
and over 3800 roads. A data set consisting of the gas statig§ 7. Miami: load shedding and allocation of exchange stations in
locations in the Miami area is used to identify 316 potentigeneration expansion model with renewables from 0 to 100eper
locations for exchange stations in the transportation agtw
One hundred traffic routes were created by the same mettgrall loads. As the grid includes more renewables as power
in the last case study. In 2008, the population of Miangiources, the load shedding increases and in the worst case,
was estimated to be 5,414,712, which yields an estimatt load shed reaches 33%. Increasing the number of exchange
422,348 requests for PHEV batteries based upon the setststion did reduce the load shed. In GE3-GES5, load shedsling i
ratios described earlier. For each of the 100 scenariogrigat reduced to under 5% for all renewable levels, but the redncti
demand of a route is generated randomly and independensiythe result of opening many stations. One interesting case
with respect to a uniform distribution between 0.5 and 115 GE-2 where only 2 to 4 stations are opened and the load
of the average demand. Miami represents a city with a highedding is reduced to below 5% with renewable penetration
population-to-load ratio when compared to the synthetig ciat 50% or lower. For high renewable penetration levels, gelar
created in the first case study. number of stations are required to reduce load shed caused by

Once again, by setting the penalty cdstof unmet PHEV the generation variability.
demands to zero, we redud®G-2STAGES to a stochastic  Using similar steps to the synthetic city case, we removed
generation expansion model. This allows us to understamd the power grid fromV2G-2STAGES to determine the optimal
maximal benefit V2G could provide to this grid. We testedllocation of the stations (106) to serve all the battery aleds.
this generation expansion model on five different cases GHlext, we evaluated the performance of the full V2G system
5 in Fig. 7. GE-1 is the base case where no batteries avith respect to this optimal allocation. First, we appliée t
provided by the exchange stations. In GE-2 to GE-4 we appliegtimal allocation to the power grid and the result is V2G-
different penalty costs on shedding load to investigate theshown in Fig. 8. Importantly, the load shed is less than
effect of additional exchange stations. With the 11 differethe base case GE-1; however, the unmet battery demands
renewable penetration levels, the load shedding is notyalwancreased even at low renewable levels. In V2G-2, the total
non-decreasing with respect to the renewable level beaagfusenumber of opened stations is still set to 106, MRG-
constraints in the power system and the stochastic choice #8TAGES model can freely choose the locations of stations.
renewable generation locations. In the results, the looaif The load shed is slightly better in V2G-2 than V2G-1 and
generators is a key factor in the ability deliver power. BSsceat the same time the unmet battery demands drop to almost
generation capacity at certain locations may not be able zero for low renewable penetration levels. This indicated t
supply loads in the other part of the grid due to capacityis important to combine both traffic and grid models when
constraints. To elaborate this point, we observed that irlGEdetermining the sites to open stations. For V2G-3 to V2G-5,
even without the renewable generation, there was a 2% load allowed the number of stations to increase by 10%, 20%,
shed even though the overall generation capacity excebgéedand 50% respectively from 106. With 10% increase, V2G-3

Number of Openned Stations
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shows thaV2G-2STAGES:is able to select locations such tha[ll]
both load shed and unmet battery demands are very low for
the renewable penetration level less than and equal to 50‘1/31
indicating that a small amount of additional V2G infrasture
construction can significantly help the power grid.

In conclusion, with low to medium renewable penetratio
levels K 50%), the V2G system of the greater Miami area caLl
reduce the variability of renewable sources while mairitgin
the service to PHEVs. The location of stations is important f
the performance of a V2G system, and integrating both grigh,
and traffic models is important to the planning process. The
performance of the V2G system is much better in the Miar[11i5
case study than in the synthetic city. The difference apptear ]
be a result of Miami having high population to load ratio, and
this high ratio leads to more battery demand, more options f[?e]
siting exchange stations and greater opportunity to bettefit
power grid. [17]

V. CONCLUSION [18]

In this paper, we investigated the effect of a V2G system
on reducing load shed caused by generation variability of
renewables. After introducing a two-stage stochastic fanog [19]
ming model to site exchange stations, we applied the model
to analyze the V2G system through two case studies.
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