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Abstract—In this paper, the benefits of distributed energy
resources (DERs) are considered in an energy management
scheme for a smart community consisting of a large number
of residential units (RUs) and a shared facility controller (SFC).

A non-cooperative Stackelberg game between RUs and the SFC
is proposed in order to explore how both entities can benefitin
terms of achieved utility and minimizing total cost respecively,
from their energy trading with each other and the grid. From
the properties of the game, it is shown that the maximum bendfi
to the SFC in terms of reduction in total cost is obtained at
the unique and strategy proof Stackelberg equilibrium (SE) It
is further shown that the SE is guaranteed to be reached by
the SFC and RUs by executing the proposed algorithm in a
distributed fashion, where participating RUs comply with their
best strategies in response to the action chosen by the SFQ |
addition, a charging-discharging scheme is introduced forthe
SFC'’s storage device (SD) that can further lower the SFC’s tal
cost if the proposed game is implemented. Numerical experiemts
confirm the effectiveness of the proposed scheme.

Index Terms—Smart grid, shared facility, Stackelberg game,
energy management, distributed energy resources.

|. INTRODUCTION

There has been an increasing interest in deploying d
tributed energy resources (DERS) because of their abiity

Most literature on energy management, as we will see in
the next section, has considered scenarios where users with
DERs are also equipped with a storage device (SD) [4]-
[6]. However, in some cases it is also likely that the users
are not interested in storing energy for future use, due to
the start-up and required size of a storage device. Rather,
they are more concerned with consuming/trading energy as
soon as it is generated, e.g., grid-integrated solar witlaou
battery back up systeml[7]. Nevertheless, little has beem do
to study this kind of system. In fact, one key challenge to
exploit the real benefit of using DERSs in such settings is to
develop appropriate system models and protocols, which are
not only feasible in real world environments but, at the same
time, also beneficial for the associated energy users instefm
their derived cost-benefit tradeoff. Such developmenttirt
enables understanding the in-depth properties of the rayste
and facilitates the design of suitable real time platformis f
next generation power system control functians [8].

To this end, we propose an energy management scheme
in this paper for a smart community consisting of multiple
residential units (RUs) with DERs and a shared facility con-
tgolleﬂ (SFC) using non-cooperative game theary [9]. To the
pest of our knowledge, ours is the first work to introduce

reduce greenhouse gas emissions and alleviate global walft- concept of a shared facility and consider a three-party
ing [I]. Moreover, DERs can assist consumers in reducif§€rgy management problem in smart grid applications. With
their dependence on the main electricity grid as their prymathe development of modern residential communities, shared

source of energy [2], and consequently can lower their cbst

facilities provide essential public services to the RUg.e.

electricity purchase. The smart grid with enhanced commumpaintenance of lifts in community apartments. Hence, it is

cation and sensing capabilitiés [3] offers a suitable ptatffor
exploiting the use of DERs to assist different energy eiti

necessary to study the energy demand management of a shared
facility for the benefit of the community as a whole. This is

on the main grid.
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has DERs that can trade energy with both the grid and the SFC,
and constitutes an important energy management problem, as
we will see later, for both the SFC and RUs. Here, on the one
hand, to obtain revenue, each RU would be interested imgelli

its energy either to the SFC or to the grid based on the prices
offered by them, i.e., sell to the party with the higher prioa

the other hand, the SFC wants to minimize its cost of energy
purchase from the grid by making an offer to RUs such that
the RUs would be more encouraged to sell their energy to the
SFC instead of the grid. Thus, the SFC would need to buy less
energy at a higher price from the grid. Because of the differe
properties and objectives of each party, the problem is more
likely to handle heterogeneous customers than homogeneous

1A dedicated authority responsible for managing sharedpeqgmts in a
community.
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ones. and DC microgrid systems with DERs and energy storage
Due to the heterogeneity of the distributed nodes in theystems. In[[5] advanced control techniques are studied, in
system, and considering the independent decision makiclgding decentralized and hierarchical controls for migids
capabilities of the SFC and RUs, we are motivated to usenéth distributed generation. A three-level hierarchicahtrol
Stackelberg gameé [10] to design their behavior. Distiredyiy process and electrical dispatching standards are preséente
we develop a distributed protocol for the SFC, which is th2] with a view to integrating DERs with distributed stoeag
leader of the game, to determine the buying price from tlsystems in smart grid. A control scheme, using a droop cbntro
RUSs, such that its total cost of buying energy from the griflinction for managing battery levels of domestic photaaick
and RUs is minimized. Meanwhile, we also show how theninterruptable power supplies (PV-UPS), is proposed8j.[1
followers, i.e., RUs without storage facilities, react @sponse Other control schemes for efficient use of DERs in smart grid
to the buying price set by the SFC to optimize their payoffsan be found in[]1],[[24],[115],[116],[[17] and [18].
We extend the study by considering the case when the SFCThe second category of work in this area comprises various
possesses an Bpand further propose a charging-dischargingnergy management/scheduling schemes that have exploited
scheme for the SFC that can be implemented in-line with thige use of DERs in smart grid. For instance, the authors
proposed Stackelberg game. in [19] study an efficient energy consumption and operation
To this end, the main contributions of the paper are @sanagement scheme for a smart building to reduce energy ex-
follows: 1) A system model is proposed to facilitate energyenses and gas emissions by utilizing DERs. To provide flex-
management for the SFC and RUs in the community. Novibllity to distribution system operators, a deterministicergy
cost and utility models are proposed to achieve a good balamsanagement scheme is designed/[in| [20] for PV generators
between reflecting practical requirements and providinthmawith embedded storage. An interesting smart grid managemen
ematical tractability; 2) A non-cooperative Stackelbeegng system is explored in[21] that uses DERs to minimize the cost
is proposed to capture the interaction between the SFC afchower delivery including the cost of distributed generat
the RUs. The proposed game requires limited communicatithre cost of power provided by the primary substation, and the
between the SFC and each RU to solve the energy managencest associated with grid power losses while delivering grow
problem in a decentralized fashion; 3) The properties of the the consumers. In order to minimize the operational cost
game are analyzed, and the existence of a unique and strat@fyrenewable integration to distributed generation system
proof solution is proven; 4) An algorithm is proposed that iforecast based optimization scheme is developedin [22leiSa
guaranteed to reach the Stackelberg equilibrium, which ceanhal. propose a scheduling and controlling scheme for electric
be adopted by the SFC and the RUs in a distributed fashiamhicles batteries in_[23] so that batteries can be used and
and 5) A charging-discharging strategy is proposed for thetegrated with DERs for reducing emissions from eledtyici
SFC’s storage device based on the price offered by the maimduction. Further studies of optimization and schedulin
grid. The introduced strategy can be implemented, along wiechniques that exploit the use of DERs are availablé_in [24]
the proposed Stackelberg game in each time slot, to furttzrd [25].
improve the SFC'’s benefit in terms of its total cost of energy As can be seen from the above discussion, the scope of
purchase during a day. research on the use of DERs in smart grid is not limited to
The remainder of the paper is organized as follows. We disewer and energy research communities such aslin[[1], [2],
cuss the state-of-the art of energy management reseamd ufd] and [19], but also extends to other research communities
DERs in Sectiof]l followed by a description of the considereincluding those in smart grid [14]_[26], ariddustrial elec-
system model in Sectidn]Il. The energy management probleéranics (IE) [B], [I1]-[Z13], [17], [20]-[25], [27]. However, the
is formulated as a Stackelberg game in Sedfioh IV, where weajority of these research papers have considered the ase i
also analyze the properties of the game and design a digtdbuvhich all the entities with DERs also possess SDs. But this
algorithm. In SectioV/, the proposed scheme is extendedrtoght not always be the case as we have argued in Séttion I. In
the case where the SFC possesses an SD. Numerical examplesregard, unlike the discussed literature, this papessti-
are discussed in Sectign]VI, and some concluding remarks geges the case in which entities having DERs do not have SDs,

contained in Sectiop VIl by introducing the SFC. We use a noncooperative Stackelberg
game to model the energy management scheme considering
Il. STATE-OF-THE ART the distributed and rational nature of the nodes in the smart

Recently, there has been considerable research effort9ffl System, and thus complement the discussed previous wor
understand the potential of DERs in smart gfid][11]. Thi& the topic area. The work here has the potential to open new
is mainly due to their capability in reducing greenhouse gégsearch opportunities for the _IE and smart grid commugnitie
emissions, as well as lowering the cost of electricity [1isT 1 {€rms of control of energy dispatch, size of storage des/ic
literature can be divided into two general categories, whe®Nd determination of suitable location and size of DERs that
work such as[[4], [[5], [[12] and[[13] that has studied th@ight support both the SFC and RUs to further attain differen

feasibility and controls of integrating DERs in smart gidi  OPerational objectives in smart grid networks.
the first category. In[J4], a comprehensive literature nevie We stress that recent work has shown Stackelberg games to

is provided discussing the connection and controls of ABE Vvery effective and suitable for designing energy manage-
ment schemes. For example, in][28], Mahamgaml. propose a

2Please note that no RU possesses any SD. Stackelberg game between multiple utility companies amd co
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Fig. 1: System model for energy management in a smart contynunp! C 0 €ach RU on the change of maximum utility that each RU
consisting of residential units, main power grid and a shdaeility €Ccéives from its energy consumption.
controller.

unit or a group of units, connected via an aggregator, which

sumers to maximize both the revenue of each utility compaeﬁn act as a single entity. We assume that each RU can decide
and the pay-off to each user. A Stackelberg game approagl, ihe amount of electricity that it wants to consume, and

using a genetic algorithm to obtain the Stackelberg Smutiohence the excess energy, if there is any, that it wants sell to
to maximize the profit of a electricity retailer and to minzai he SEC or to the main grid for making révenue All RUs and

the payment bi!ls of its customers, is proposed [inl [29]. the SFC are assumed to be connected to one another and to
consumer-centric energy management scheme for smart ng?' main grid by means of power and communication lines.

is proposed in[[30] that prioritizes consumers’ benefits bX schematic diagram of this system is given in A, 1

reforming their energy trading with a central power station ) _
whereby the consumers receive their socially optimal benefi 10 this end, let us assume that there aeRUs in the

at the Stackelberg equilibrium. A four-stage Stackelbengeg pomml_Jnlty an(_d they belong to the s&f. Each RL‘!” S N.
is studied in [31], and analytical results are obtained via'§ €duiPped with DERs, e.g., solar panels or wind turbines
backward induction process for electricity retailers gsieal- (O Poth), that can generate energy™" at certain times
time pricing. The same authors also study the dynamics of fiifing the day. We assume that each RU wants to manage
smart grid in designing green wireless cellular networKSH#] !ts consumptioner, S“‘;Qnthat it can sell the remamqier of
using a similar game formulation. A bi-level programmin s generated energyy, __gfn") to mf SFC or H]"? .gr|d to
technique is used if_[33] to design a Stackelberg game ke revenue. Clearly, it < E7, where En is the
energy management of multiple micro-grids. However, wessential load for R, the RU cannot take part in the energy
remark that the players and their respective strategieariieg 'anagement program as it cannot afford to sell any energy.
significantly differ from one game to another according t9therW|se_, as for the consindir?red case, the RU adjusts iigene
the system models, design objectives and algorithms tleat EP”S“mPF'O%%gfn > E;, for its own use, andlthus_sells
used. To this end, we propose a suitable system model”ﬂ’? remainde( £y — ex) to the SFC or to the main grid.
the next section, which can facilitate the considered gnerg In general, the buying pricg’ set by the grid is consid-
management between the SFC, RUs and the grid througl§rably lower than its selling pricg; [34]. In this regard, we
Stackelberg game. assume that the price per unit of energy that the SFC pays
to each RU is set between the buying and selling price of
. SYSTEM MODEL the grid. Therefore, each RU can sell at a higher price, and

Consid i it - fal bthe SFC can buy at a lower price and they trade energy with
onsider a smart community consisting ot a 1arge€ NUMbEL -, gther instead of trading with the main grid. Under such a

of RUS and an SFC.‘ The SFC cqntrols the electricity fosretting, it is reasonable to assume that all RUs would be more
equipment and machines such as lifts, water pumps, park\ﬂﬁerested in selling Z%°"— ¢,,) Vn to the SFC instead of the

lot gates and lights, which are shared and used on a dailg b id. Now, let us assume that the SFC sets a psie@er unit

by the residents of the commur_ut_y. Here, on the one he_md, energy to pay to each RU for buying its required energy
SFC does not have any electricity generation capability, an ®d Tq this end, we propose that the total utility achieved by

hence, needs to buy all its energy either from the main grlggj n from its energy consumption, and from its trading of
or from the RUs in the network. On the other hand, each R ergy(ES"— ¢,.) with the SFC is given by

is assumed to have a DER without any SD that is capable o
generating its own energy. An RU can be a single residential U,, = k,, In(1 + e,,) + p% (E%"—e,,) , kn > 0. Q)



In @), k,In(1 + ¢,) is the utility that the RUn achieves V. ENERGY MANAGEMENT BETWEEN RUS AND THE SFC
from consuming energy,,, wherek,, is a preference param- VIA GAME THEORY

eter [35], [36]. It is clear from[{1) that an RU with higher

ky, would be more interested in consuming mergeto attain A Objective of the RU

its maximum utility level compared to an RU with lower

preferenceps; (E2°" — e,,) is the revenue that the RU receives First we note that{1) and(2) are coupled througif", p;

from selling the rest of its energy to the SFC. We note that thde,,. Since the RUs do not have any storage capacity, each
natural logarithmn(-) has been extensively used for designinRU would desire to sell all its excess energy,

the utility [37], and has also recently been shown to be bléta s gen

for designing the utility for power consumels [28]. We caa se Enst = En” — en. ®)

that (1) is a concave function and its relationship withis at a suitable priceps; to the SFC after adjusting for their

shown in Fig.[2. As shown in Fid]2, gs; increases, the consumptiore,. To that end, the objective of each Rican
maximum utility of the RU shifts towards the left. That is theye defined as

RU tends to sell more energy to the SFC, e.g., by scheduling

the use of its flexible device$ [19] to a later time, and thus max U,

becomes more interested in making further revenue. st.,e, > Erryin. (4)

By contrast, the SFC, having no generation capability, seed , . , .
to buy all of its required energy from RUs and the maifow from (1) and[(#), the first-order-differential conditior

grid. In typical cases, the main grid sells energy at a highg}aximum utility is

price compared to the price from owners of renewable energy kn, s

sources as for, e.g., feed-in tariff schemes [34]. Hences it 1+e, —rs =0, ©)
reasonable to assume that the SFC would mainly be interested hance

in buying energy from the RUs ak; to meet its requirement, I

and procuring the rest, if there is any, from the main grid. en = —: -1, (6)
Nonetheless, ifpg; is too low, a RU would sell less, or no, Ds

energy to the SFC and consume more for its own purposgkich clearly relates the decision making process of each RU
instead. For example, the resident may want to start washiegthe price set by the SFC. Herk, should be sufficiently
clothes rather than schedule it at a later time, and thushese t large such that{{6) always possesses a positive value for all
energy instead of selling it at a very low price. Consequgntresulting values oé,, andpg;, ande,, is at least as large as its
the SFC will have to buy a larger fraction of its requiremerdssential load. Froni](6), the amount of eneegychosen to

at a higher price from the main grid. Converselypif is too be consumed by each RU is inversely proportional to the price
high, e.g., close to the grid’s selling prigg, it would cost the per unit of energy paid by the SFC to the RU. As a result, for
SFC significantly. Hence, the choice @ should be within a a higherpg;, the RUn would be more inclined to sell to the
reasonableange to encourage the RUs to sell their energy ®FC by reducing its consumption and vice-versa.

the SFC, but at the same time keeping the cost to the SFC at

a minimum. However, if the energy from RUs is not enough

to meet its requirement, the SFC needs to buy the remainder =~

from the main grid with the price3. In this regard, we define B. Objective of the SFC

a cost function to capture the total cost to the SFC for buying

energy from RUs and the grid as follows: In contrast, the objective of the SFC is to minimize its total

cost of buying energy. Since the SFC does not have any control

over the pricing of the grid, it can only set its own buyingogri
_ s s req s s . . .
Csi = Z €n,stPst <Esf - Z enysf) DPgs (2) pi to minimize [2). Hence, the objective of the SFC is
wheree?  is the amount of energy that the SFC buys from the min Csf. @)

sf

RU n. In (), the first term captures the total cost of buyin _ o " ,
energy from the RUs. Meanwhile, the second term not oW from the_ first order optimality condition of the SFC’s
describes the cost of buying energy from the grid, but algiective function[(p),

satisfies the constraint on the demand of total requiredggner 0Cst )
by the SFC, i.e., a SFC does not buy more than it requires. ops

Now, to decide on energy trading pa_rametegsand Ps By replacinge?  in @) with (E3°"—e,,), and considering the
on the one hand, the SFC interacts with each Rl N relationship between,, andps; from (@), we obtain
to minimize [2) by choosing a suitable price to pay to each
RU. On the other hand, each RU decides on the amount of § poen
energy it wants to sell to the SFC by controlling its energy op Z( n
consumptiore,, so as to maximizd{1). To this end, we design
the interaction and energy trading behavior of each energy — Z (Egen kn 4 1)) ~0.(9)
entity in the next section. g - " Dt

kn + p%) + EgG P

n



And from (@), we derive the cost in [(R) respectively by their chosen strategies. For

- this purpose, one suitable solution for the proposed game is
Pl = Py 2n kn - (10) the Stackelberg equilibrium (SE) at which the leader olstain
s N+> ., Eyp its optimal price given the followers’ best responses. As th

which emphasizes that the optimal price set by the SFC _qguilibrium, neither the Iead_e_r nor any _follower can benefit
influenced by the total number of RUs that wish to sell thelpl ©'ms of total cost and utility respectively, yilaterally
energy and the generation of their DERs during the cons‘tﬂer%hang'ng their strategy.
time. It is also established frond (10) thaf is affected by Definition 1. Consider the gamé& defined in(@2), wherelU,,
the grid’s price, which consequently influences the SFC thd Cy are determined by)) and (@) respectively. A set of

change its per unit price for the RUs. However, as discussgghtegies(e*, ps; ) constitutes an SE of this game, if and only
in Sectior{1ll, to encourage the RUs to always sell their 8BCEt it satisfies the ollowing set of inequalities:

energy to the SFC we propose that the choice of price by the

SFC is Un(e*,p3f) > Unlen, €, %), Vn €N, Ve, € E,, (13)
Py 2n kn ; b and
pi= s Trs> (11)
Pl + o, otherwise Csi(e™, psr) < Csile”, pgy), (14)
where e*, = [ef,e},....eq_j.€h 1,...,ey] and e* =

Here,a > 0 is a small value to keepg; higher thanpg. .
It is obvious from[(T]l) that the SFC can optimize its price irLe"’ e*”]‘

a centralized fashion to minimize its total cost of purchgsi  Therefore, when all the players i{o\" U {SFC}) are at an

energy from the RUs and the grid, if it has full access t8E, the SFC cannot reduce its cost by reducing its price from

the private information of each RW, such asEy " andk, . the SE pricg;, and similarly, no RUn can improve its utility

However, in reality, it might not be possible for the SFC thy choosing a different energy g, for consumption.

access this information in order to protect the users’ psiva

and hence a distributed mechanism is necessary to deterniecyistence and Uniqueness of SE

the parameterpg ande,, Vn. To that end, we propose a _ G .

scheme based on a non-cooperative Stackelberg game in.thlg non-cooperative games, an equilibrium in pure strategie

following section. is not.always guaranteed to em@[_lO]. Therefqre, we need to
investigate as to whether there exists an SE in the proposed

C. Non-cooperative Stackelberg game Stackelberg game.

A Stackelberg game formally studies the multi-level decilheorem 1. A unique SE always exists in the proposed
sion making processes of a numberiofiependentlecision Stackelberg gamg between the SFC and RUs in the 8ét
makers (i.e., followers) in response to the decision takgn b
the leading player (leader) of the gamé& [10]. In this section
we formulate a non-cooperative Stackelberg game, where hence for any pricg; > 0, each RUn will ha\’/eézi%'unique
SFQ is the. leader, and RUs are the followers, to captuers' chosen from a bounded ranf™, £%°7, that maximizes
the mteractl_on betw_een the S_FC and the RUs. The gameds_ We also note that the ganfe reaches the SE when all
formally defined by its strategic form as the players in the game, including each participating RU and

I = {(NU{SFC), {Ey}nen {Un}nenr 03 Cst}, (12) the SFC, have their optimized payoff and cost respectively,

) ) ) considering the strategies chosen by all players in the game
which consists of the following components: Thereby, it is evident that the proposed gaimeeaches an

i) The RUs in set\ act as followers and choose theilSE as soon as the SFC is able to find an optimized prite

strategies in response to the price set by the SFC, ighile the RUs choose their unique energy veetor

the leader of the game. Now from (9), given the choices of energy by each RU
i) E, is the set of strategies of each RUc A from which jn the network, the second derivative 6f; is
it selects its strategy, i.e., the amount of enetgy= E,, s2C 23 k
sf n n

Proof: First, we note that the utility functiod,, in ()

is strictly concave with respect 9, Vn € N, i.e. SUn ),

to be consumed during the game. — = : > 0, (15)
i) U, is the utility function of each RUn as explained in 0Pt (Pgr)?
(D that captures the RU’s benefit from consuming energind therefore( is strictly convex with respect tpg;. Hence,
e, and selling energyE7"" — e,,) to the SFC. the SFC would be able to find an optimal unique per-unit
iv) pg is the price set by the SFC to buy energy from thgrice p for buying its energy from the RUs based on their
RUs. strategies. Therefore, there exists a unique SE in the peapo
v) The cost functionCs; of the SFC captures the total cosyame, and thus Theordm 1 is proved. [ |
incurred by the SFC for trading energy with RUs and the In the next section, we propose an algorithm that all the
main grid. RUs and the SFC can implement in a distributed fashion to

As discussed previously, the objectives of each RU ameach the unique SE. We note that it is also possible to solve
the SFC are to maximize the utility ifJ(1) and to minimizéhe energy management problem in a centralized fashion if we



have global information such @:°" andk,, available at the T' once they reach the SE. In this regard, we would like see
SFC. However, in order to protect the privacy of each RU andhether it is possible for an RU to change the amount of
also to reduce the demand on communications bandwidthergergy that it offers to the SFC, i.e: = (B — e,,) by
distributed algorithm is desired where the optimization ba changing the energy consumptien while using Algorithnil.

performed by each RU and the SFC without the need for a . .
private information to be available at the SFC. W\eorem 2. It is not possible for any Rlk € N to be

untruthful about its strategy, i.e., sell more or less thamatv
o _ it promises to give the SFC, when all other players including
E. Distributed Algorithm the SFC and the RUs in//{n} are adopting Algorithnf]1.

Proof: To prove Theoreni]2, first we consider thaf}

Algorithm 1 Algorithm to reach the SE

ande* = [ef,...,el,...,ey] are the SE solutions of the
1: Initialization: pg* = 0 Cgt = 122 * By proposed game obtained via Algoritiith 1. Let us assume that
;1 fOff Buélnghpgalngpiffrgm py to pg do RU n is untruthful, and chooses, instead ofe’ to consume
: or eac n e (0] :
4: RU n adjusts its energy consumptiaef according to after reaching the SE. Therefore, frol (6),
/ k
en =arg max _ [k, In(1+en) + pi(EYX"— e,)]. e, = — —1, (19)
0<en <EY" (16) P
5. end for which is impossible. This is due to the fact that, as the seéhem
6: The SFC computes the cost according to is formulated pg; results from Algorithnfi L only if all the RUs

in A/ consume the SE amount of energyVn. In this regard,
) (I9) is only true ife,, = e, which successively proves the

Cst =p& Y (BS"— en)+p; (E;?“ =) (BE - en)

neN neN A7) strategy proofproperty of the proposed algorithm. [ ]
7: if Cst < Cg then
8: The SFC records the optimal price and minimum cost V. ENERGY MANAGEMENT WITH STORAGE
pst = psi, Csi = Cit (18) We note that the proposed scheme in Section Il determines
9:  endif the best price for the SFC to minimize its total cost of energy
10: end for purchase at any given time. The scheme also benefits the RUs

The SE (e”,pg') is achieved. in terms of their energy consumption and trading with the SFC

However, DERs do not provide a stable supply. Sometimes

In order to attain the SE, the SFC needs to communicdteere could be an abundant supply of energy whereas at other
with each RU. We propose an algorithm that all the RUs attignes there could be a scarcity. In other words, sometimes th
the SFC can implement in a distributed fashion to iteragive SFC might need to buy less energy from the grid whereas at
reach the unique SE of the proposed game. In each iteratiother times it might need to buy a larger amount. Following
firstly the RUn chooses its best energy consumption amoufiom these characteristics, we propose a storage schertiefor
e, in response to the price set by the SFC, calculatif®fC in this section that can further reduce its total coshef
e = (Ey"—e,), and sending this information to the SFCscheme is implemented in conjunction with the Stackelberg
Secondly, having the information about the choices of gnergame.
e = [ef spehep - - - € gl DY all RUs, the SFC decides on its  We assume that the SFC is equipped with an SD, and the
best price that minimizes its total cost according[fb (2)e Thcharging and discharging of the SD at different times of the
interaction continues until the conditions [N {13) ahd] (2#¢ day is carried out based on the time of use (ToU) pricé [38]
satisfied, and therefore the Stackelberg game reaches the &tounced by the grid. The intuition behind consideringld To
Details are given in Algorithri]1. price as the baseline for the SD’s charging-dischargingoean

In the proposed algorithm, the conflict between the RUsxplained as follows: 1) Since the SFC does not know the
choices of strategies stem from their impact on the choice pfivate information of RUs, such as their energy generation
pg by the SFC. Due to the strict convexity 6k, the choice and preferences, it cannot determine how much energy it can
of pgf > 0 lowers the cost of the SFC to the minimum. Nowbuy from them (and the associated cost) ahead of time. Hence,
as the algorithm is designed, in response toztje each RU by allowing a ToU price to decide its charging and dischaygin
n chooses its strategy, from the bounded rangg=™", E3°"|  the SD can leverage the flexibility of the SFC in trading egerg
to maximize its concave utility functiofi,,. Hence, due to the with the grid in the event of energy scarcity at the RU at
bounded strategy set and the continuity of the utility fiortt any time of the day. And 2) It is reasonable and practical to
U,, with respect tee,,, each RUn also reaches a fixed point atassume that the grid’s ToU price is announced ahead of time
which its utility is maximized for the given pricgs [28]. As  [38]. Hence, it would be more practical for the SFC to decide
a consequence, the proposed algorithm is always guaranteedhe charging and discharging pattern of its SD based on a
to converge to the unique SE of the game. known price that gives a mathematically tractable solution

1) Strategy-Proof PropertySince, each RU plays its best To this end, we consider that the total time of energy
response in Algorithal1, it is important to investigate wieet management during a day is divided irifotime slots where
RUs can choose a different strategy or cheat other playerseich time slott has a duration of one houf _[39]. At




be modified as

eng(t) — min (p;nln - p; (t)) (Qgrf Qini) O—,eg?ax 7 (22)
ZtGTchg (prgmn - p;(t))

where el is the maximum charging/discharging rate of the

1 SFC’s SD.

- Discharging of the SD:The SFC discharges its SD at each

time slott € Tyis following a similar process to that described

b "‘L in the previous paragraph. Therefore, at eack Tys 1)
\ the SFC deriveqp;(t) — pg®) and determines the overall

0.07— T T

0.065-

0.061

0.055-

0.051

0.045-

Whole-sale electricity price ($ per kwh)

0.0 A S rer, (P5(t) — py®) for the whole duration ofZys; and
0.035 S0 >0 | then 2) based on the proportion of price difference between
discharging time slots, achieved sagh duringZ¢hg, and the
0.0 e e T 16 18 20 22 2 target SOQRYS at the end of discharging perid;s, the SFC
Hours of a day discharges its SD using
Fig. 3: Choice of charging and discharging duration of th€SFSD . (ps(t) — I (Qh — QIS
based on the price announced by the grid. egt (t) = —mi . e )
p y g sf s (¢ max
Zteris(pg( ) _pg )

. re e Bgh(t) | (23)
the total requirement of energ§..(t) by the SFC has two

sf
components: for all t € Tgs. As shown in [2B), during discharge, the

E™(t) = ES(¢) + eSP(1), (20) SFC cannot drf'iin its SD by more than V\_/hat is rgquired k_)y
equipment as it would result in a negative requirement in

where EG(t) is the amount of energy exclusively requireqzQ). The negative sign if{23) emphasizes that the SD is
to run equipment of the shared facility, ar@"(t) is the discharging duringls.

energy charged-to/discharged-from the SFC’s storage kit By adopting [22) and[{23) the SFC is enabled to charge

is assumed t_hat t_he announce_d price per time slot is availapl gp during lower price periods and discharge it during
from the main grid ahead of ti'PEBSr]r;a)yve suppose that thgqher price periods, which consequently reduces the dost o
SFC selects two price levelg™ and pg™ as the minimum gnergy trading of the SFC. We note that a similar idea has

and maximum price thresholds from the announced price liglen used previously to reduce the energy consumption cost

The SFC charges its battery at timef pg(t) < pg™, and o gifferent energy entities by using batteriés|[26]. Hoaev

discharges the battery if; () > py™*. The duration of ime at i, this work the inclusion of a Stackelberg game with this
which these two conditions are satisfied are CharaCter'zedc%arging-discharging scheme in each time slot makes the
the charging duratiofehg and the discharging duratioftis Rys with DER part of the system, and thus significantly
respectively. The choice dfcng andTuis based o (t) V¢ € frther reduces the costs to the SFC, as will be shown via

T, pg" andpg™* are shown graphically in Figl 3. To that end,;merical experiments in the next section. The choice of two

the charging and discha.rging process of the SFC’s SD can{Rfssholds provides the SFC with the flexibility to choose

|mpleme.nted as follows: different ranges of charging, discharging and idle duretio
Charging of the SD: For example, ifp]® = p™" the threshold of the proposed
1) The SFC, with an initial state of charge (SOC) at the SBcheme would merge with the choice of threshold proposed

(i, determinesTeng according to the price announce cnha[lrsg_zja;]r;g|_|aor¥<\;e\(gl(iasré:r;[gregir(?SC:zlisr:WC)(?ur:Tt1 &;If[megacrrr:et?gin:sm p(r);p?:ed
by the grid and selecteg™.

2) For eacht € Tung the SFC derivegog“” — p3(t), and in this paper is completely different from that in_[38].

checks the totd}", .., (0" —p; (1)) for the full charging
duration.
3) The SFC sets a target SOC at the end of the charging VI. CASE STuDY
duration, i.e.,Q$, and charges its SD at ea¢hbased
on the proportion of price difference between time slots, For numerical case studies, we consider a number of RUs in
QS and Qi through the smart community that are interested in selling theirgyne
(pg““ _p;(t)) ( ch_ Qini) ” to the SFC. Typical energy generation of each RUrom

eSP(t) = _ |Vt € Teng, (21) its DERs is assumed to be 10 kWh40], and is considered
D tem, (I — 5 (1)) to be the same for all RUs in the network. The required
whereo is the efficiency of SFC's SD energy by the SFC is assumed to be 50 kWh during the

considered time. As shown if](6), the minimum requirement
We stress that the SFC cannot charge its SD at a rate mofeeach RUn depends on its preference paramétgr which
than its maximum allowed charging rate [39]. Hen€e] (21) cas chosen separately for different RUs, and is considerdstto



TABLE I: Effect of the number of RUs on the total cost (in dojla

req __

3000 —tomorbe 5 incurred by the SFCH " = 150 kWh, p; = 70 cents/kwh).

2500 ‘ | Number of RU| 5 10 15 20 25
Cost (Baseline)] 105 | 105 | 105 105 | 105

2000 . Cost (Proposed) 84.23 | 64.38| 44.20| 23.79| 2.78

% Reduction | 19.78| 38.68| 57.89| 77.34| 97.34

i i i i i i i i i
10 20 30 40 50 60 70 80 90 100
Number of iterations

-
13
o

Convergence of the Cost to the SE

o

TABLE II: Effect of change of SFC's required energy on itsalot

w cost in dollars {V = 10, p; = 70 cents/kwWh).
=
i ’ ‘ ] E;feq 60 70 80 90 100
L , 1 Cost (Baseline)| 42.0 | 49.0 | 56.0 | 63.0 | 70.0
| , | Cost (Proposed) 1.384| 8.384 | 15.38 | 22.38| 29.38

% Reduction | 96.70| 82.89| 72.53| 64.47| 58.02

N
a

N
=]

N
o

Convergence of price to the SE
=
[$))

T T
i i i i i i i i i

10 20 30 40 50 60 70 80 90 100

Number of iterations

o

o
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g. 4: Convergence of the proposed scheme to the SE. i.e., the SFC depends on the grld for all its energy. First, in
Table[l, the cost to the SFC is shown to gradually decrease
for the proposed case as the total number of RUs increases

sufficiently IargE such that[(6) does not possess any negatiire the network. This is due to the fact that as the number of

values and,, is at least equal t&™". The grid’s per-unit sale RUs increases in the system, the SFC can buy more energy
price is assumed to be 60 cenfts][39], whereby the SFC satsa cheaper rate from more RUs, and consequently becomes
its initial price to be8.45 cents per kWifi to pay to each RU. less dependent on the grid’s more expensive energy. Hence,

It is very important to highlight that all parameter valuee a the cost reduces eventually. However, due to the absence of

particular to this study and may vary according to the need afly DERs, the cost to the SFC does not change with number

the SFC, power generation of the grid, weather conditions of RUs in the network in the baseline approach, and the cost is
the day, time of the day/year, and the country. shown to be significantly higher than for the proposed scheme

In Fig.[4, the convergence of the SFC'’s total cost to therom Table[dl, on average the cost reductiodd2% for the
SE by following Algorithm[1 is shown for a network of five proposed case compared to the baseline approach, with the
RUs. Here we see that although the SFC wants to minimizensidered parameter values, as the number of RUs varies in
its total cost, it cannot manage to do so with its initial c®oi the system.
of price for payment to the RUs. In fact, through interaction Whereas the cost to the SFC decreases with an increase in
with each RU of the network, the SFC eventually increas@Js in the system, we observe the opposite effect on cost
its price in each iteration to encourage the RUs to sell morghile the SFC's energy requirement increases. As shown in
and consequently the cost continuously reduces. As can Table[Tl, the cost to the SFC increases for both the proposed
seen from Fig[¥4, the SFC’s choice of equilibrium price, angnd baseline approaches as the energy required by the SFC
consequently the minimum total cost, reaches its SE after tincreases. In fact, it is trivial to observe that needing enor
34" jteration. energy leads the SFC to spend more on buying energy, which

As the SFC's total cost of energy purchase reaches its $onsequently increases the cost. Nonetheless, the piebpose
the RUs in the network also reach their best utilities by jplgy
their best strategies in response to the price offered bg &

We show the utility achieved by each RU at the SE in Elg. !

As discussed in Definitionl1, it is shown in Figl 5 that an [ Erorgy below SE

deviation from the choice of energy consumption at the S I Erergy at SE

) . . [ 1Energy above SE|

assigns a lower utility to the RU. In Fig] 5 we compare bot 200

of the cases: 1) choice of energy more than the SE amount :

2) choice of energy lower than the SE amount, with the S

energy choice by each RU. It shows that only the SE assic

the maximum utility to each RU, and thus establishes a stal
solution of the game.

In Tabled] andl, we investigate how the proposed scher
captures the change in total cost to the SFC as differe
parameters, such as the number of RUs and the SFC’s ene 50
requirement, change in the system. We compare the resi
with a baseline approach that does not have any DER facili

=
o
=]

Utility of each RU

=
o
=]

3
3 . . . . . Different RU index
For this case study, eaéh, is generated as a uniformly distributed randomr

variable from the rang€90, 150]. . - .
4Which is the buy back price of the grifl [30]. Fig. 5: Utility achieved by each RU at the SE.
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Fig. 6: Comparison of social cost obtained by the proposstiidiited Fig. 7: Comparison of the cost incurred by the SFC at diffetiemes
scheme with respect to the centralized scheme as the nurhBéiso of the day with and without an SD.
varies in the network.

the system, we show the cost of the SFC at different times of
scheme needs to spend less to buy the same amount of enfﬁgyday for three different cases in Fig. 7. These cases are 1)

due to the presence of DERs of the RUs, and thus noticeablian the SEC does not have any SD and does not take part

benefits from its energy trading, in terms of total cost, whep he game, 2) when the SFC has an SD but does not take

compared to the baseline scheme. From Table Il, the SF(yg iy the game, and finally, 3) when the SFC has an SD and

average cost i84.9% lower than that of the baseline approacfyq plays the game with the RUs following Algorittith 1.

for the consider_ed changes in SF.C,S energy r_equiremer_ns. As can be seen from Fifi] 7, during the period when the grid
As we have discussed above, it is also possnc_)le to 0pt|m. Yice is low, the cost to the SFC is higher for cases 2 and 3

manage energy between RUs and the SFC via a centrali %ﬁ]pared to case 1. In fact, due to the lower price, the SFC is

control system to m'”'”ggﬁe the social dst private infor- more interested in charging its SD during this time so as & us
it jn peak hours. Hence, its required energy is more than the

mation such a%,, and £, Vn is available to the controller.
In this regard, we observe the performance in terms of So%aJse without the SD. As a result, the cost is higher. However,
the cost without the proposed game is considerably higtaer th

cost for both the centralized and proposed distributedreelse
for two different price schemes in Figl. 6. As can be seen frome cost when the SFC and RUs interact with each other via
orithm[l. The reason is that without playing the game, the

the figure, the social cost attained by adopting the distitbu Al
C needs to buy all its energy from the grid including the

scheme is close to the optimal centralized scheme at the S
the game in both the cases. However, the centralized SCh%ﬂ%rgy for its SD. By contrast, the proposed game allows the
C to pay the RUs a lower price than the grid’s price to buy

has access to the private information of each RU. Hence,
controller can optimally manage the energy, and as a res e of its required energy. Consequently, the SFC benefits
terms of its reduced total cost of energy purchase.

there is better performance in terms of reducing the SF
During peak hours, the cost to the SFC is significantly

cost compared to the proposed scheme. According to[Tig.
H H =
as the number of RUS increases in the network ffoto 25, higher for case 1. In this case, the SFC needs to buy all its

the average social cost for the proposed distributed sclhieme

: . required energy from the grid at a significantly higher price
only 3'07% and6.75% higher than for th? centrah_zeq schem owever, for the case when the SFC possesses an SD, the cost
for p; = 85 and 60 cents/kWh respectively. This is a very.

promising result considering that the system is distribute 's lower as the stored energy allows the SFC to buy less from

R . tpe grid compared to the previous case. Nevertheless, tise mo
Having insight into the properties of the proposed Stackel- . .

impressive performance is observed for case 3 when the SFC
berg game, we now show the performance of the PTOPOSTRH an SD plays the Stackelberg game with the RUs followin
scheme when the SFC is equipped with an SD. For th play 99 9

_Rigorithm [I. On the one hand, the stored energy allows the
purpose, we assume that Fhe SFC ha_s a 190 kWh. SD W'th$ﬁc to buy a lower amount of energy during the peak hour
efficiency 0f0.9 and.a maximurm ch.arglng-dlscharg_lng rate 9ike in case 2. On the other hand, unlike the other two cases
24 kwh [41]. The price ‘?‘ different tlm_eg of the dgy IS obtainesy taking part in the Stackelberg,game the SFC manages t(;
Zroemccﬂ)g;]j;]iazpeddt:]oebg“a}’)‘( Iimi[)nair:jd ;r;lxnl_m:5mcgrr1ltcse t:rrif/r\}gkguy a certain fraction of its requirement from the RUs at a

. 9 Pg =20 P cheaper rate, compared to the grid’s price, which minimizes
respectively. The demand of the SFC at different times of ti% total cost of energy purchase noticeably. As Elg. 7 shows
day is chosen randomly frof800, 700] kWh. For5 RUS in : ) '

on average, the cost reduction of the proposed cas8.#$%
SWhich is the difference between the total cost incurred ey $#FC and compared to the case in which the SFC does not take part n
total utility achieved by all RUs in the system. the game. As can be seen from Kify. 7, the performance is even
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their interaction is another possible future investigatiased
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