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Abstract—This paper studies the solution of joint energy residential demand response by altering the electricityatel
storage (ES) ownership sharing between multiple shared fdty  due to the changes in the balance between supply and demand.
controllers (SFCs) and those dwelling in a residential commmity. Particularly, in a residential community setting, wheretea

The main objective is to enable the residential units (RUs)a : . . .
decide on the fraction of their ES capacity that they want to household is equipped with an ES, the use of ES devices can

share with the SFCs of the community in order to assist them Significantly leverage the efficient flows of energy withire th
storing electricity, e.g., for fulfilling the demand of various shared community in terms of reducing cost, decarbonization of the
facilities. To this end, a modified auction-based mechanism is electricity grid, and enabling effective demand respoimR)(
designed that captures the interaction between the SFCs and However, energy storage requires space. In particular for

the RUs so as to determine the auction price and the allocatio ; i
of ES shared by the RUs that governs the proposed joint ES large consumers like shared facility controllers (SFCdpaje

ownership. The fraction of the capacity of the storage that ach ~apartment buildings [11], the energy requirements are very
RU decides to put into the market to share with the SFCs and high, which consequently necessitates the actual ingalim

the auction price are determined by a noncooperative Stackeerg  of very large energy storage capacity. The investment dost o
game formulated between the RUs and the auctioneer. It is sk such storage can be substantial whereas due to the random

that the proposed auction possesses thiacentive compatibility .
and the individual rationality properties, which are leveraged via usage of the facilities (depending on the usage pattern of

the unique Stackelberg equilibrium (SE) solution of the gane. different residents) some of the storage may remain unused.
Numerical experiments are provided to confirm the effectiveess Furthermore, the use of ESs for RUs is very limited for two
of the proposed scheme. reasons[[10]: firstly, the installation cost of ES devicesesy
Index Terms—Smart grid, shared energy storage, auction highand the costs are entirely borne by the users. Secdhély,
theory, Stackelberg equilibrium, strategy-proof, incenive com- ESs are mainly used to save electricity costs for the RUrath
patibility. than offer any support to the local energy authorities, Whic
further makes their use economically unattractive. Hetaae
|. INTRODUCTION is a need for solutions that will capture both the problems

NERGY storage (ES) devices are expected to play rslated to space and cost constraints of storage for SFCs and

significant role in the future smart grid due to theiFh?l_behr!eﬁt tg RUs for supporting tzi_rd [?]artiefs. d
capabilities of giving more flexibility and balance to thedgr o this end, numerous recent studies have focused on energy

by providing a back-up to the renewable enerigy [Z]-[9]. g@anagement systems with ES devices as we will see in the

can improve the electricity management in a distributiots nd'eXt s_ectlon. However, most of these Stl.Jc.j'eS overlook the
work, reduce the electricity cost through opportunistimded potential benefits that local energy authorities such assSFC

response, and improve the efficient use of enefgy [10]. TRAN attain by jointly sharing the ES devices belonging to the

distinct features of ES make it a perfect candidate to a'm;istRUS' Pgrticularly_due o recen_t cos_t reducti(_)n of smallesca
ES devices, sharing of ES devices installed in the RUs by the
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whether or not to take part in the joint ownership scheme with [l. STATE-OF-THE ART

, . , X!, WE propose a joint Eé.\pabilities in reducing the intermittency of renewablergy
ownersh|p scheme in which by participating in storage sig;an eneration 18] as well as lowering the cost of electridg]|
with the SF.CS’ bOt.h the RUs and SFCs benefit eConormca%he related studies can be divided into two general categori
Due to the |_nteract|ve nature of the problem, we are motd/at%he first category of studies consisting 6f [20].1[21], which
to use auction theory to study this problem|[12]. assume that the ESs are installed within each RU premises
Exploiting the two-way communications aspects, auctiognd are used solely by the owners in order to perform difteren
mechanisms can exchange information between users and dﬁ@rgy management tasks such as 0ptima| p|acement, Sizing
tricity providers, meet users’ demands at a lower cost, Bus t and control of charging and discharging of storage devices.
contribute to the economic and environmental benefits ofsma The second type of studies deal with ES devices that are
grid} [I3]. In particular, 1) we modify thevickrey auction not installed within the RUs but located in a different Igoat
technique([14] by integrating a Stackelberg game between ®ych as in electric vehicles (EVs). Here, the ESs of EVs are
auctioneer and the RUs and show that the modified scheggd to provide ancillary services for RUS [22]=[24] andaloc
leads to a desirable joint ES ownership solution for the RUsergy providers[[25]=[27]. Furthermore, another impatrta
and the SFCs. To do this, we modify the auction price deriv@gpact of ES devices on residential distribution grids isigd
from the Vickrey auction, to benefit the owner of the ESp [28] and [29]. In particular, these studies focus on how
through the adaptation of the adopted game as well as kegg use of ES devices can bring benefits for the stakeholders
the cost savings to the SFCs at the maximum; 2) We stugly external energy markets. If_[28], the authors propose a
the attributes of the technique, and show that the propos@diti-objective optimization method for siting and sizing
auction scheme possesses bothittoentive compatibilitand  ESs of a distribution grid to capture the trade-offs between
the individual rationality properties leveraged by the uniquene storage stakeholders and the distribution system tzpsra
equilibrium solution of the game; 3) We propose an algorithpyrthermore, in[[29], optimal storage profiles for diffeten
for the Stackelberg game that can be executed distributedigkeholders such as distribution grid operators and gnerg
by the RUs and the auctioneer, and the algorithm is shownttgders are derived based on case studies with real datieStu
be guaranteed to reach the desired solution. We also discgssther aspects of smart grid can be found[inl [30F-[36].
how the proposed scheme can be extended to the time varyings can be seen from the above discussion, the use of
case; and 4) Finally, we provide numerical examples to sh@®s devices in smart grid is not only limited to address the
the effectiveness of the proposed scheme. intermittency of renewable generation [18] and assistiseysi
The importance and necessity of the proposed study with take part in energy management to reduce their cost of
respect to actual operation of smart grid lies in assistirectricity [19], [21] but also extends to assisting thedgri
the SFCs of large apartment buildings in smart communitiésr, other similar energy entities such as an SEC) [37] and
to reduce space requirements and investment costs of laggeerating revenues for stakeholdérd [28]] [29]. Howeweg,
energy storage units. Furthermore, by participating imagfe similarity between most of the above mentioned literatsre i
sharing with the SFCs, the RUs can benefit economicaltipat only one entity owns the ES and uses it according to its
which can consequently influence them to efficiently schedulequirements. Nonetheless, this might not always be theeitas
their appliances and thus reduce the excess use of elgctrichere are large number of Riim a community. In this regard,
We stress that multi-agent energy management schemes camsidering the potential benefits of ES sharing, as disclss
not new in the smart grid paradigm and have been discussed10], this paper investigates the case in which the SFCs
in [11], [15] and [16]. However, the scheme discussed in the a smart community are allowed to share some fraction of
paper differs from these existing approaches in terms of tllee ESs owned by the RUs through a third party such as an
considered system model, chosen methodology and analyais;tioneer or a community representative.
and the use of the set of rules to reach the desired solution. The proposed modified auction scheme differs from the

The remainder of the paper is organized as follows. Wexisting techniques for multi-agent energy managemertt suc
provide a comprehensive literature review of the relatedkwo@s those in[11]/[15]/[16] in a number of ways. Particulairly
in Section[D followed by the considered system model ifontrast to these studies, the proposed auction schemeespt
SectiorTll. Our proposed modified auction-based mechanidh¢ interaction between the SFCs and the RUs, whereby the
is demonstrated in SectiénllV where we also discuss how tfigcision on the auction price is determined via a Stackglber
scheme can be adopted in a time varying environment. T#8Me. By exploiting auction rules including the deterniorat
numerical case studies are discussed in SeEflon V, andyfindile, payment rule, and allocation rule the interactiomieen

we draw some concluding remarks in Seciion VI. the SFCs and RUs is greatly simplified. For instance, the
determination rule can easily identify the number of RUg tha

are participating in the auction process, which furtheetage

1please note that such a technique can be applied in the stebuiion
network such as in electric vehicle charging stations bygishe two-way 2Each RU may participate as a single entity or as a group whele R
information and power flow infrastructure of smart grifs. [3] connected via an aggregator [38].
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either due to the fact that some SFCs do not have their own
ESs [11] or that the ESs of the SFCs are not large enough

d', T,m,RUd,, to store all the excess energy at that time. It is important to
- b+ The maximum BS space the RU i might sl 0 the SFCS. note that the ES requirement of the SFCs can stem from any
; | | type of intermittent generation profile that the SFCs or RUs
d, b=5"~d,

can adopt. For example, one can consider that the proposed
scheme is based on a hybrid generation profile comprisirtg bot
solar and wind generation. However, the proposed technique
is equally suitable for other types of intermittent genierat

as well. We assume that there a¥e= |N| RUs, whereN is

the set of all RUs in the system, that are willing to share some
parts of their ES with the SFCs of the network. The battery
capacity of each RU € N is 55", and each RU wants to

put z; fraction of its ES in the market to share with the SFCs,

Sharing price p, ZT; S bi = (S(»:ap— dz) . (1)

3

Sharing price p,

_ _ _ o ~ Here,b; is the maximum amount of battery space that the RU
Fig. 1: The fraction of the ES capacity that an RUs willing to share with can share with the SECs if the cost-benefit tradeoff for the
the SFCs of the community. . . . o

sharing is attractive for itd; is the amount of ES that the RU
does not want to share, rather uses for its own needs, e.g., to
run the essential loads in the future if there is any eleityric

the determination of the auction price via the Stackelb
P b ksruption within the RU or if the price of electricity is wer

in the payment rule. Furthermore, on the one hand the qu
here complements the existing works focusing on the paten 'gh.
of ES for energy management in smart grid. On the otherTo this end, to offer an ES spaag, on the one hand, each
hand, the proposed work has the potential to open new réseaRt) i decides on an reservation pricg per unit of energy.
opportunities in terms of control of energy dispatch from E$Hereinafter, we will use ES space and energy interchangeabl
the size of ES, and exploring other interactive techniques s to refer to the ES space that each RU might share with the
as cooperative games and bi-level optimization for ES shari SFCs. However, if the pricg;, which each RU received for
sharing its ES, is lower than;, the RU: removes its ES
I1l. SYSTEM MODEL spacex; from the market as the expected benefit from the
Let us consider a smart community that consists of a Iar%m sharing of ES is not economically attractive for it. On
number of RUs. Each RU can be an individual home, € othe-r hand, each SF@ € M that need; to share ES.
pajpace with the RUs to store their energy, decides a resenvati

single unit of a large apartment complex, or a large num hich ts th . it orice the SEC
of units connected via an aggregator that acts as a sin |€ @m, WhICh TEpresents the maximum unit price the .
willing to pay for sharing per unit of ES with the RUs in

entity [3€]-[40]. Bach RU is equipped with an ES device th e smart community, to enter into the sharing market. And,

the RU can use to store electricity from the main grid or i . . L
Y J m > pt, the SFC removes its commitment of joint ES

X [
renewable energy sources, if there are any, or can perfo nf’ o
DR management according to the real-time price offered gwnership with RUs from the market due to the same reason

the grid. The ES device can be a storage device install mentioned for the RU. A graphical representation of the

. . ncept of ES sharing and their decision making process of
within each RU premises or can be the ES used for the R&Earing the ES space of each Rwith the SFCs are shown

electric vehicles. The entire community is considered to B

divided into a number of blocks, where each block consisfs Fig. [1. E’Iease note that-t.o keep the formglatlon simple,
of a number of RUs and an SFC. Each SECe M, where we do not include any specific storage model in the scheme.

M is the set of all SFCs andl — | M|, is responsible for However, by suitably modeling some related parameters such
= , - can - _
controlling the electrical equipment and machines suciftas | as the storage capacity™, and parameters liké; andb;, the

parking lot lights and gates, water pumps, and lights in tlpéoposed scheme can be adopted for specific ES devices.

corridor area of a particular block of the community, which The interaction that arises from the choice of ES sharing
are shared and used by the residents of that block on regylece between the SFCs and RUs as well as the need of the
basis. Each SFC is assumed to have its own renewable en&§{Ls to share the ES space to store their energy and the profits
generation and is also connected to the main electricity githat the RUs can reap from allowing their ESs to be shared
with appropriate communication protocols. give rise to a market of ES sharing between the RUs and the
Considering the fact that the nature of energy generati®rCs in the smart grid. In this market, the involvAdRUs

and consumption is highly sporadic [41], let us assume thand A/ SFCs will interact with each other to decide as to
the SFCs in the community need some extra ESs to stévew many of them will take part in sharing the ESs between
their electricity after meeting the demand of their respdctthemselves, and also to agree on the ES sharing parameters
shared facilities at a particular time of the day. This can Isich as the trading price; and the amount of ES space to
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— v . IV. AUCTION BASED ES ONNERSHIP
& VY B AR
) Vickrey auction is a type of sealed-bid auction scheme,

] where the bidders submit their written bids to the auction-
eer without knowing the bids of others participating in the
auction [14]. The highest bidder wins the auction but pays

Payment to RL'\ Sharing of ES from RU \
through auctioneer. \ \, through auctioneer.
- len:

~

ES device at each

s

= uctioneer unit of an RU. the second highesbid price. Nevertheless, in this paper, we
Sharing with SFCs ‘f;yme;hu'mpsm R modify the classical Vickrey auction [14] to model the joint
through auctioneer. | | through auctioneer. e | . . .
’ \ ES ownership scheme for a smart community consisting of

Some RU may equipped : y —
with renewables. - g

multiple customers (i.e., the SFCs) and multiple owners®f E

i devices (i.e., the RUs). The modification is motivated by the
f :E% following factors: 1) unlike the classical Vickrey auctiathe
W modified scheme would enable the multiple owners and cus-

tomers to decide simultaneously and independently whéther
Fig. 2: Energy management in a smart community through augtrocess take part in the joint ES sharing through the determinatie r
consisting of multiple RUs with ES devices, an auctioneet amumber of of the proposed auction process, as we will see shortly;e) th
SFCs. modification of the auction provides each participating RU
with flexibility of choosing the amount of ES space that they
may want to share with the SFCs in cases when the auction

be shared. In the considered model, the RUs not only decf?i"éCGE pe is lower than their expected reservation price

on the reservation prices;, but also on the amount of ESand 3) finally, the proposed auction scheme provides salsitio
space; that they are will,ing to share with the SECs. Th hat satisfy both thencentive compatibilityand individual

amount ofz; is determined by the trade-off between betweerrfi‘tionality prop_erties, as we will see_later, which are desirable
the economic benefits that the RUexpects to obtain from in any mechanlsm that adopts auct_|on theory [41]. )
giving the SFCs the joint ownership of its ES device and, 1©_this end, the proposed auction process, as shown in
the associated reluctanae of the RU for such sharing. The F19-[2. consists of three elements:

reluctance to share ESs may arise from the RUs due to marll) Owner: The RUs in setV, that own the ES devices,
factors. For instance, sharing would enable frequent éhgrg and expect to earn some economic benefits, e.g., through
and discharging of ESs that reduce the |ifeanh an ES maximizing a utility function, by letting the SFCs to share
device [42]. Hence, an RU may set itsa; higher so as some fraction of their ES spaces.

to increase its reluctance to participate in the ES sharing?) Customer: The SFCs in sgt(, that are in need of ESs in
However, if the RU is more interested in earning revenuearath order to store some excess electricity at a particular time
than increasing ES life time, it can reducedtsand thus get of the day. The SFCs offer the RUs a price with a view
more net benefits from sharing its storage. Therefore, for a to jointly own some fraction of their ES devices.

given set of bidsa,,,Vm and storage requiremeint,, Vm 3) Auctioneer: A third party (e.g., estate or building man-

by the SFCs, the maximum amount of &S that each RU ager), that controls the auction process between the
i will decide to put for sharing is strongly affected by the  owners and the customers according to some predefined
trading pricep; and the reluctance param&ejzi of each rules.

RU i € N during the sharing process. In this context, we¢he proposed auction policies consist of A) determination

develop an auction based joint ES ownership scheme in ifige, B) payment rule and C) storage allocation rule. Here,
next section. We understand that the proposed scheme @s/0lyetermination ruleallows the auctioneer to determine the

different types of users such as auctioneers, SFCs, and Riaximum limit for the auction price/™* and the number

Therefore, the communication protocol used by them coul SECs and RUs that will actively take part in the ES sharing
be asynchronous. However, in our study we assume that §i#,eme once the auction process is initiated. Jdement rule
communication between different entities of the system agpaples the auctioneer to decide on the price that the cestom
synchronous. This is mainly due to the fact that we assurfgeds to pay to the owners for sharing their ES devices, which
our algorithm is executed once in a considered time slot, aglows the RUs to decide how much storage space they will
the duration of this time slot can be one hdurl[43]. Thereforge putting into the market to share with the SFCs. Finally,
synchronization is not a significant issue for the considergne auctioneer allocates the ES spaces for sharing for each
case and the communication complexity is affordable. FQFC following theallocation rule of the proposed auction.
example, the auctioneer can wait for five minutes until jt js important to note that although both the customers and
receives all the data from SFCs and the RUs and then ifners do not have any access to others private information
algorithm, which is proposed in Sectibn IV-C, can be exetutesych as the amount of ES to be shared by an RU or the required
energy space by any SFC, the rules of auction are known to
all the participants of the joint ownership process.
SpPlease note that the life time degradation due to chargidgdtharging

may not true for all electromechanical systems such as rlidaxsystem. SHereinafter,p; will be used to refer to auction price instead of sharing or
4Reluctance parameter refers to the opposite of prefereaameter[[38]. trading price.

4
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‘ ‘ of the SFCs and RUs in the network:
Qosum_ers participating -
naucton | am <133 Ym e MJ{1,2,... K}, Vie N/{1,2,...,J}. (4)

Hence, the joint ownership of ES would be a detrimen-
tal choice for the RUs and the SFCs within the set
N/{1,2,...,J} and M/{1,2,...,K} respectively, which
consequently remove them from the proposed auction process
Now, one desirable property of any auction mechanism is that
no participating agents in the auction mechanism will cheat
once the payment and allocation rules are being established
Owners participating il To this end, we propose that, ondeand K are determined,
o K —1 SFCs andJ — 1 RUs will be engaged in the joint ES

50 Sormge amoon 100 150 sharing process, which is a necessary condition for magchin

total demand and supply while maintaining a truthful auttio

Fig. 3: Determination of the Vickrey price, the maximum aomtprice, and Scheme{[44]. Nevertheless, if truthful auction is not a ssitg,
the number of participating RUs and SFCs in the auction mmce SFC K and RUJ can also be allowed to participate in the
joint ES ownership auction.

801

70

Maximum auction price p["‘a"

Vickrey price p("""

40r

30
0

The proposed scheme initially determines the set of SFCs
C M and RUsC A that will effectively take part in the B- Payment Rule
auction mechanism once the upper bound of the auction pricape note that the intersection of the demand and supply
pi"®*is determined. Eventually, the payment and the allocati@irves demonstrates the highest reservation ptlééfor the

rules are executed in the course of the auction plan. participating J — 1 RUs. According to theVickrey auction
mechanism[[14], the auction price for sharing the ES devices
A. Determination Rule would be the second highest reservation price, i.e., thkr&ic

Rjee, which will be indicated as"" hereinafter. However, we
e ) : . . .
by the following steps (inspired from [44]): note that this second highest price might not be considgrabl
: . beneficial for all the participating RUs in the auction scleem
i) TheT RUs of §et/\/, ie, th(_e owners of Fhe ESs, deglarqn contrast, ifp, is set top, = pI the price could be
their reservatllon pr|gei,Vi In an increasing order, which detrimental for some of the SFCs. Therefore, to make the
we can consider, without loss of generality, as: auction scheme attractive and beneficial to all the pagtaig
< Ty < ... < TN (2) RUs a_nd, at the same time, to be cost effective for all the SFCs
_ ) _ _ we strike a balance between thE** and pi™. To do so, we
The RUs submit the reservation price along with t_hgropose a scheme for deciding on both the auction price
amountz; of ES that they are interested to share Withnq the amount of ESs that RUs will put into the market for

The determination rule of the proposed scheme is execu

_ the SFCs to the auctioneer. ~sharing according t,. In particular, we propose a Stackelberg
i) The SFCs’ bidding prices, i.e4,,,Vm, are arranged in game petween the auctioneer that decides on the auctia pric
a decreasing order, i.e., p: to maximize the average cost savings to the SFCs as well as
a1 >ay > ... > ay. (3) satisfying their desirable needs of ESs, and the RUs, that de
cide on the vector of the amount of BES= [z1, z2,...,27_1]
The SFCs submit to the auctioneer along with the quantifiyat they would like to put into the market for sharing suctth
gm VYm of ES that they require. their benefits are maximized. Please note that the solufion o

iii) Once the auctioneer receives the ordered informatiomf the proposed problem formulation can also be solved fotigwi
the RUs and the SFCs, it generates the aggregated supher distributed algorithms, e.g., algorithms designiedtive
(reservation price of the RUs versus the amount of ES thelevel optimization techniqué [45].

RUs interested to share) and demand curves (reservatiostackelberg gameStackelberg game is a multi-level deci-
bids a,, verses the quantity of E§, needed) usind{2) sion making process, in which the leader of the game takes
and [3) respectively. the first step to choose its strategy. The followers, on therot

iv) The auctioneer determines the number of of particigatimand, choose their strategy in response to the decision hyade
SFCs K and RUs J that satisfiesax > r; from the leader. In the proposed game, we assume the auctioneer
the intersection of the two curves using any standagd the leader and the RUs as the followers. Hence, it can
numerical method [44]. be seen as a single-leader-multiple-follower Stackellgarge

As soon as the SF& < M and RUJ < N are determined (SLMFSG). We propose that the auctioneer, as a leader of
from the intersection point, as shown in Hig. 3, an importatite SLMFSGT, will take the first step to choose a suitable
aspect of the auction mechanism is to determine the numbeiction pricep; from the rangdp™", p""). Meanwhile, each

of SFCs and RUs, which will take part in the joint ownershiRU i € {1,2,...,J — 1}, as a follower of the game, will

of ESs. We note that once the number of SHCsand RUs play its best strategy by choosing a suitablec [0,0;] in

J are determined, the following relationship holds for thstreresponse to the pricg, offered by the auctioneer. The best
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response strategy of each Ruiill stem from a utility function In the proposed approach, each Rlteratively responses to
U;, which captures the benefit that an Rltan gain from the strategy, chosen by the auctioneer independent of other
deciding on the amount of ES; to be shared for the offeredRUs in set{1,2,...,J—1}/{i}. The response ofis affected
price. Whereas the auctioneer chooses the ppicevith a by the offered pricep,, its reluctance parameter; and the
view to maximize the average cost savingsof the SFCs initial reservation price-;.
in the network. Now to capture the interaction between the However, we note that the auctioneer does not have any
auctioneer and the RUs, we formally define the SLMFBG control over the decision making process of the RUs. It only
as sets the auction pricg; with a view to maximize the cost

_ : _ savingsZ, with respect to the cost with the initial bidding
I'={{{1,2,...,J — 1}, {Auctionee} }, {Ui}icq1,2,....7-1} rice, for the SFCs. To this end, the target of auctioneer is

{Xitieqr2..a-13, Z,pi}, (5§ssumed to maximize the average cost savings

which consists of: i) the set of RUSL, 2, ..., .J — 1} partici- K1 (g, — ) J—1
pating in the auction scheme and the auctioneer; ii) théyutil Z = <M> Z x; (8)
U; that each RU:; reaps from choosing a suitable strategy K=1 i=1

e X . _ . . K—-1 — .
i) the strategy setX; of each RUi € {1,2,...,J — 1}; the rangepin, pinax. Here,w is the average sav-

v) the averagecost savingsZ that incurred to each SI:Cing in auction price that the SFCs pay to the RUs for sharing

m e {1,2,.... K = 1} from the strate% ngfen by theye s and_, z; is the total amount of ES that all the SFCs
auctioneer, and v) the strategy, € [P, P of the  gpore from the RUS. Fror#, we note that the cost savings
auctioneer. will be more if p; is lower for allm € {1,2,..., K — 1}.
Now, the utility functiont;, which defines the benefits thatHowever, this is conflicted by that fact that a lowgr may
an RU; can attain from sharing; amount of its ES with the lead to the choice of lower; Vi € {1,2,...,J — 1} by the

SFCs, is proposed to be RUs, which in turn will affect the cost to the SFCs. Hence,
5 to reach a desirable solution set*, p;), the auctioneer and
Ui(z:) = (pr — ri)zi — auzy, T < by, (6) the RUs continue to interact with each other until the game

where, a; is the reluctant parameter of R andr; is the reaches a Stackelberg equilibrium (SE).

reservation price set by RU U; mainly consists of two parts. pefinition 1. Let us consider the game as described in5),

The first part(p; —r;)z; is the utility in terms of its revenue \nere the utility of each Rwand the average utility per SFC
that an RU: obtains from sharing its; portion of ES device. 4.a described vidJ; and Z respectively. Nowl” will reach a

The second part;z7, on other hand, is the negative impackg (x*,pr), if and only if the solution of the game satisfies
in terms of liability on the RUi stemming from sharing its 4 following set of conditions:

ES with the SFC. This is mainly due to the fact that once an

RU decides to share its; amount of storage space with arl(z},x";,p;) > Ui(x;, x*;,p;), Vi€ {1,2,...,J — 1},

SFC, the RU can only us€®’ — x; amount of storage for its Vr; € Xy, pf € [pM p"@, (9)
own use. The termy;z? captures this restriction of the RU

on the usage of its own ES. 10](6), the reluctance parame

«; is introduced as aesign parameteto measure the degree ny{l;i(am — ) Zx* . ZK—I

m:l(am _pt) ZI* (10)

[

of unwillingness of an RU to take part in energy sharing. In K _1 K _1
particular, a higher value af; refers to the case when an RU
i is more reluctant to take part in the ES sharing, and thus,wlBerex_; = [z1,Z2, ..., Zi—1, Tit1,-- ., TJ—1].

can be seen froni{6), even with the same ES sharing attains .
a lower net benefit. Thud/; can be seen as a net benefit Hence, according t¢19) arid (10), both the RUs and the SFCs

to RU 4 for sharing its ES. The utility function is based orf"ChieVe their best po;sible ochomes at th_e SE. _Henceeneith
the assumption of a non-decreasing marginal utility, whic e_RUs nor the auctioneer will have any incentive to change
is suitable for modeling the benefits of power consumers, Ir st_rategles as soon as the g;]hre_aches the SE. I-_|ow§ver,
explained in [46]. In addition, the proposed utility furamii achieving an equlllprlum solution in pure strategies is not
also possesses the following properties: i) the utility oy a always guarz_:mteec_i in non-cooperative garies [38]. Thesefor
RU increases as the amount of prigepaid to it for sharing we need to investigate whether the propo$fedossesses an

per unit of ES increases; ii) as the reluctance parameter SE or not.

increases, the RWbecomes more reluctant to share its ES, anthegrem 1. There always exists a unique SE solution for

consequently the utility decreases; and iii) for a paréicpkice the proposed SLMFSG between the auctioneer and the
pt, the more an RU shares with the SFCs, the less interes"eﬁe{hicipaﬂng RUs in se{1,2,...,J —1}.
0

becomes to share more for the joint ownership. To that emd,

a particular pricep, and reluctance parameter, the objective Proof: Firstly, we note that the strategy set of the auction-
of RU i is eer is non-empty and continuous within the rarﬁ '”,p;"ax].

) Hence, there will always be a non-empty strategy for the

max [(pe = )i — i) @i < by () auctioneer that will enable the RUS to offer some part ofrthei
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ES, within their limits, to the SFCs. Secondly, for any priceAlgorithm 1: Algorithm for SLMFSG to reach the SE
pe, the utility functionU; in () is strictly concave with respect™ 1 |italization: p; = pi™™, 2" = 0.

of x;, Vi € {1,2,...,J — 1}, i.e,, J;ngl < 0. Hence, for any 2: for Auction pricept{from pg‘i”(to pg‘a;‘} do
pricep; € [pI"", pMa] each RU will have a unique;, which 3 for Each RUi € {1,2,...,(J — 1)} do .
will be cho[scten frct)m]a bounded ranifsb;] and maximizel;. 4; RU i adjusts its amount of ES; to share according to
Therefore, it is evident that as soon as the scheme will find wj =arg max [(pe —ri)zi - iz, (13)
a uniquep; such that the average utility per SFC attains a e
maximum value, the SLMFS@ will consequently reach its 5  endfor .
. 6:  The auctioneer computes the average cost savings to SFCs
unique SE.
To this end, first we note that the amount of ES at which SE Nam —p) ) &= .
the RU 7 achieves its maximum utility in response to a price Z= T K-1 21’1 14

can be obtained froni(6),
b niI6) 7. if Z> Z* then

o — bt — Ti. (11) 8: The auctioneer record the desirable price and maximum
‘ 200 average cost savings
Now, replacing the value of; in (8) and doing some simple pr=p, 2" = Z. (15)
arithmetics, the auction prigg, which maximizes the average .
cost savings to the SFCs can be found as 9 endif
g 10: end for
J-1 K—1 J—1 ri(K—1 The SE (x*, p;) is achieved.
. (Zizl Qi) (ZmZI am) +2 i (2ai : b p)
o S -
where a,, for anym € {1,2,...,K — 1} and o; for any guaranteed to reach SE of the proposed SLMASG
i€{l,2,...,J — 1} is exclusive. Thereforey; is unique for Proof: In the proposed algorithm, we note that the choice
I', and thus Theoreil 1 is proved. B of strategies by the RUs emanate from the choicef the
auctioneer, which as shown ih{12) will always attain a non-

C. Algorithm for payment empty single valug; at the SE due to its bounded strategy set

min , ma; i i i
To attain the SE, the auctioneer, which has the informatitg?f P OF ﬂ,:r? (?kther hrf‘”go"?‘s t_ne ﬁ\lgorlt@ 1tls tdesgned,
of ay,m ={1,2,3,..., K — 1}, needs to communicate with !l 'ESPONSE 10 gy, eac ¢ Wil choose 11S strategy;

each RU. It is considered that the auctioneer does not haUa" .the bounded rangie, bi] in order to maximize its utility
any knowledge of the private information of the RUs suc ncFlor? Ui. To ‘h"?“ end, due to th? _boundgd strategy set and
as «;, Vi. In this regard, in order to decide on a suitabl ?Jnt!nw_tﬁ/ Olf U; with rers],pecft_ togi’ s i:ofnflrn;ed t_hat e?ch
auction pricep; that will be beneficial for both the RUs and ¢ Wil always reach a Tixe pomir_i or the givenp;.

the SFCs, the auctioneer and the RUs interact with one arnotrweremre’ th_e proposed Algorithiih 1 is always guaranteed to
To capture this interaction, we design an iterative altaomit réach the unique SE of the SLMFSG. "
which can be implemented by the auctioneer and the RUs in a

distributed fashion to reach the unique SE of the proposBd Allocation Rule

SLMFSG. The algorithm initiates with the auctioneer who Now, once the the amount of ESf that each RUi €
sets the auction price; to p"™™ and the optimal average{1,2,...,.J — 1} decides to put into the market for sharing in
cost saving per SF&Z* to 0. Now, in each iteration, after response to the auction prigg is determined, the auctioneer
having the information on the offered auction price by thallocates the quantity); to be jointly shared by each RU
auctioneer, each RUW plays its best response; < b; and and the SFCs according to following rule [44]:

submits its choice to the auctioneer. The auctioneer, oaroth . T 1 K1

hand, receives the information o = [z1,22,...,25 1] Qi(x) =17 !f 23:_11 Tp < Z,I?ﬂqm, (16)
from all the participating RUs and determines the average (v —ma)™ 0 200 @) > 3000 dm,

E?dsé [szw;gs peraiF?] f;(;ln; I;Ziigo&vé)ed'?'ﬁg: t&iiﬁi?ﬁfgwhere (N = 1max(o, f1)< almd n; is the allotment of the
e : ! excess ES ;- xf — >~ ¢m that an RU: must endure.

compares theZ with Z*. If Z > Z*, the auctioneer updates . = . . . .
the optimal auction price to the one recently offered an sentially, the rule il(16) emphasizes thatif the requémts

of the SFCs exceed the available ES space from the RUs, each

sends a new choice of price to the RUs in the next iteratioq, , .~ ™ .
However, if Z < Z*, the auctioneer keeps the same pricgu 7 will allow the SFCs to share all of the Ef that it put

. . . . 1hto the market. However, if the available ES exceeds thad tot
and offers another new price to the RUs in the next iteration. :
) . . . o émand by the SFCs, then each RWill have to share a
The iteration process continues until the conditiong Ina®) : -1 . K—1
fraction of the oversupply ", 2¥ —>", —; ¢ Nonethless,

(I0) are satisfied, and hence the SLMFSG reaches the SE. \Wg . . =1 .
show the step-by-step process of the proposed algorithmtir'1S burden, if there IS any, can be d|s_tr|buted in_different
Algorithm . ways among the participating RUs. For instance, the burden

can be distributed either proportionally to the amount of ES
Theorem 2. The algorithm proposed in Algorithill 1 is alwayse; that each RU; shared with the SFCs or proportionally to
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the reservation pri&ri of each RU. Alternatively, the total it is clear that all the participants in the proposed auction
burden can also be shared equally by the RUs in the aucterheme are individually rational, which leads to the foilogv
schemel[[44]. Corollary[d.

1) Proportional allocation:In proportional allocation[47],
a fraction of the total burdem; is allocated to each RU
in proportion to the reservation pricg (or, z}) such that
S =S ey — K71 g,,, which can be implemented

Corollary 1. The proposed auction technique possesses the
individual rationality property, in which the/ — 1 rational
owners andK — 1 rational customers actively participate in
the mechanism to gain the higher utility.

as follows:
(ZJ_I . _ZK_l ) ‘ Theorem 3. The proposed auction mechanism is incentive
L i=1 i m=19m | T'i i=1,2 J—1]. A7) compatible, i.e., truthful auction is the best strategy éoy
= S A ‘ RUi € {1,2,...,J —1} and SFCm € {1,2,..., K — 1}.

By replacingr; with «; in (I7), the burden allocation can be  Proof: To validate Theorenfl3, first we note that the
determined in proportion to the shared ES by each RU.  choice of strategies by the RUs always guaranteed to coaverg
2) Equal allocation: According to equal allocatiori [44], to a unique SE, i.ex* = [z},5,...,2%_,] as proven in
each RU bears an equal burden Theorem[JlL and Theorefd 2, which confirms the stability of
J—1 K—1 their selections. Now, according {0 [44], once the ownerarof
n; = b Z zi— Z gm |, i=1[1,2,...,J—1] (18) auction process, i.e., the RUs ir_1 this proposed case, decide
J=1\~= . a stable amount of commodity, i.ex; Vi € {1,2,...,J—1},
of the oversupply. to supply to or to share with the customers, _the auction pCce
Here it is important to note that, although proportiona":fIWayS converges to strategy-proofguchon if the allocatloq
of commodity is conducted according to the rules described

allocation allows the distribution of oversupply accoglito . :
some properties of the RUs, equal allocation is more sw@itab] (I8) and [(IB). Therefore, neither any RU nor any SFC

: | have any intention to falsify their allocation once the
to make the auction scheme strategy prdofl [44]. Strate ) _
proofness is important for designing auction mechanisms opt [1P) and[(18) [44] for sharing the storage space of the

it encourages the participating players not to lie abouir th S fr_om their Si am(()jur;]t. Therz]refore, thg auctlor& process 1s
private information such as reservation price][41], whicliicentive compati leand thus Theorefl 3 is proved.

is essential for the acceptability and sustainability o€lsu

mechanisms in energy markets. Therefore, we will use eqlralAdaptation to Time-Varying Case

allocation of [18) for the rest of the paper. To extend the proposed scheme to a time-varying case, we
assume that the ES sharing scheme works in a time-slotted
fashion where each time slot has a suitable time duratioacbas

) . on the type of application, e.gl, hour [43]. It is considered

, We note that once the auction process is executed, _thﬁ{ﬁt in each time slot all the RUs and SFCs take part in the
is always a possibility that the owners of the ES mighf,,,,sed ES sharing scheme to decide on the parameters such
cheat on the amount of storage that they wanted put i@ the ayction price and the amount of ESs that needs to be
the market during auction [13]. In this context, we need 9,514 However, in a time-varying case, the amount of ES
investigate whether the proposed scheme is beneficial ®0yg .+ 2n RU shares at time siotnay be affected by the burden

i.e., individually rational for the RUs such that they are noty -+ the RU needed to bear in the previous time sletl. To
motivated to cheat, i.eincentive compatibleonce the auction this end, first we note that once the number of participating

is executed. o _ RUs and SFCs is decided for a particular time slot via the
Now for theindividual rationality property, first we note that determination rule, the rest of the procedures, i.e., tyengat
all the players, i.e., the RUs and the auctioneer on behafeof o, 5j0cation rules are executed following the descripstii
SFCs, take part in the SLMFSG to maximize their ber_leflts Bection[TV-B and TV-D respectively for the respective time
terms of_thelr respected. utility from '[.hell’ choice of strass. slot. Now, if the total number of RUs and SFCs is fixed, the
The choice of the RUs is to determine vector of £Ssuch g5 and SFCs that participate in the modified auction scheme
that each of the RU can be benefitted at its maximum. On theany time slot is determined by their respective reseovati
other hand, the strategy of the auctioneer is to choose pric ong pbidding prices for that time slot. Further, the proposed
to maximize the savings of the SFCs. Accordingly, once boty,qtion process may evolve across different time slotschase
the RUs and the auctioneer reach such a point of the gagjeihe change of the amount of ES that each participating RU
when neither the owners nor the customers can be beneﬁt}emay want to share and the change in the total amount of
more from choosing another strategy, the SLMFSG reaches equired for the SFCs in different time slots. Now, before
the SE. To this end, it is already proven in Theofém 1 that the.,ssing how the proposed modified auction scheme can be

proposed” in this auction process must possesses a Uniqiended to a time-varying environménfirst we define the
SE. Therefore, as a subsequent outcome of the Thelbrem 1,

“Certain loads such as lifts and water pumps in large apattimgitdings

Splease note that the reservation prigeindicates how much each RU are not easy to schedule as they are shared by different afsérs buildings.

1 wants to be paid for sharing its ES with the SFCs, and thustaffthe Hence, we focus on the time variation of the storage sharinggss by the
determination of totah 2 and the total burden. RUs of the considered system.

E. Properties of the Auction Process
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following parameters: which households are equipped with a dedicated battenylto se
t: index of time slot. the stored electricity to the grif [48]. Nonetheless; is also

T: total number of time slot. affected by the amount of burdegn,_; that an RU needed to
r;.+: the reservation price of RWe A at time slott. bear due to an oversupply of ES spaces, if there was any, in
r; = [ri1,7i2,...,rir) 1S the reservation price vector forthe previous time slot. To this end, the amount of ES space
RUieWN. that an RUi can offer to the SFCs dtcan be defined as

x;+. the fraction of ES space that the RUwvants to shares . if i ¢ J

with the SFCs at time slat Tig = { vt ey

X; = [zi1,%i2,...,x;7]: the vector of ES space shared by max(bi s — (zi1-1 —7i.¢-1),0) otherwise

RU i with the SFC during the total considered times. The SFCm, on the other hand, decides on the amount of ES
bi,t: maximum available ES of RUY for Sharing at time slot Gt that it needs to share from the RUs tabased on the

t. random requirement of the shared facilities athe available

Qi t - the blddlng price of each SF@ € M at time slott. shared ES spacg, +—1 from time slott — 1, and the random

am = [am,1,am,2,...,am,7| is the reservation price vectorgeneration of renewable energy sources, where appropriate
for SFCm S N Hence,

gm.+: the required ES space by each SkCat time slott. - _

pe.i: the auction price at time slat qm,t = f(gm,.—1,renewables, facility requirement (22)

Ui,_t: the benefit that each RUachieves at time slot Now, if we assume that the fraction of shared ES available
Zy: the average cost saving per SFC at time slot from previous time slot is negligible, i.eg,, ;1 ~ 0, the

n;¢: the burden that is shared by each participating RU at tm?@quirementqm . can be assumed to be random for each
slot . L ) » _ time slott conéidering the random nature of both renewable
K;: number of participating SFCs in the modified auctiogeneration and energy requirement of shared facilitiese No
scheme at time slat _ - _ that this assumption is particularly valid if the SFC uséstsil
Ji: number of participating RUs in the modified auctiony,,req ESs from the previous time slot for meeting the demand
scheme at time slat _ , of the shared facilities and cannot use them in considena ti
To this end, the utility functionl/;, of each RU: and the giot Nonetheless, please note that this assumption ddes no
average cost savingg; per SFC at time slot can be defined i n\y that the inter-temporal relationship between thetianc
as process across different time slots is non-existent. Tiodi@u
process in one time slot still depends on other time slots due
to the inter-temporal dependency of, via (21).
and To this end, for the modelesd ; Vi € N andg,, ; Vm € M,

p <2Kt1(am7t —pt,t)> J-1 the proposed modified auction scheme studied in SeEfidon IV

t = Z Lt
=1

Uit(in) = (Pt — Tit) @iy — iy, (19)

mle —1 (20) can be adopted in each time slot= 1,2,...,7 with a
! view to maximize [(IB) and (20¥t. It is important to note
respectivelff. that the reservation price vectef of each RUi € A/ and

Now, at time slot/, the determination rule of the proposedh® Pidding price vecton,, of each SFCm < M can be
scheme determines the number of participating RUs and SPB@deled through any existing time-varying pricing schemes
based on their reservation and bidding prices for that tilote s SUCh @s time-of-use pricgl[3]. Now; = [p},,p 2, -, pi 7]

The number of participation is also motivated by the avadab®nd X~ = [xi,x3,...,x}] constitute the solutions of the
ES space of each RU and the requirement of each SFRFOPosed modified auction scheme in atime-varying contitio
However, unlike the static case, in a time-varying envirenmn f the x* comprises the solution vector of all ES spaces shared
the offered ES space by an RU at time glé$ influenced by DY the participating RUs in each time slot= 1,2,....T

its contribution to the auction process in the previous tinf@" the auction price vectop;. Further, all the auction rules
slot. For instance, if an RW receives a burden;,_, in time adopted in each time slot of the proposed time-varying case
slot ¢ — 1, its willingness to share ES spagg, at time slot will be similar to the rules discussed in Sectjo IV. Hente, t

¢ may reducea; , is also affected by the maximum amoungolution of the proposed modified auction scheme for a time-

of ES b, ; available to RUi at ¢. For simplicity, we assume varying environment also possesses the incentive conilgtib

that b;, and a;, do not change over different time slots @nd individual rationality properties for each time slot.

Therefore, an RU; can offer to share the same amount of

ES spacer;; to the SFCs at time slot if it did not share V. CASE STUDY

any amount in time slot — 1. An analogous example of such 5, merical case studies, we consider a number of RUs

arrangement can be found in FIT scheme with ES device i gifferent blocks in a smart community that are interegted

allowing the SFCs of the community to jointly share their ES

8please note that in each time stot{I3) and [2D) are related with eachdevices. We stress that when there are a large number of RU

other in a similar manner &sl(7) ad (8) are related for thestase. However, and SFCs in the system, the reservation and bidding prices

unlike the static case, the execution of the auction protesach time slot il ianifi v f h Th f it whie

is affected by the value of parameters suchcag andp; for that particular W_' _Vary 5'9_1”' 'Can_ty rom 9”9 ar?Ot er. ere_ore, it W_

time slot. difficult to find an intersection point to determine the highe
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TABLE I: Change of average utility achieved by each SFC antheRU in
the network (according to Algorithil] 1) due to the change ef teluctance
of each RU for sharing one kWh ES with the SFC.

W

=]

=]
T
Py
Cc
a
i

2
24
5 RU3 RUZ RU4 \s.
“E 200- [sz_‘_%w, Reluctance Parameter Average utility per RU Average utility for SFC
% a (Net benefit) (Average cost savings)
& [ 0.001 3450.6 7500
5 100 i 0.01 2883.6 (-16.43%) 4578.3 (-38.9%)
u ’ 0.1 1117.3 (-67.6%) 1671.7 (-77.7%)
0, ¢eeoe > b g 1 14237 (:953%) 259.03 (-96%)

RU to put into the market for sharing. As can be seen from
the figure, on the one hand, R RU 2, and RU3 reach the
SE much quicker than RW and RU5. On the other hand, no
‘ ‘ ‘ ‘ interest for sharing any ES is observed for Ry and6.
° ° " Number of teration % % This is due to the fact that as the interaction between the
auctioneer and the RUs continues, the auction pyicas
gilg-c4: Corr:vergence of Algorith ﬁ toEtgehSE- At EER Ljhe averatility pﬁr updated in each iteration. In this regard, once the auctime p
markerffagr zﬁalrt: rrg:é;]n;grg :tr;zac}yestate tIe\éllttaleteri1(e:1t maxi\gglléiiégeﬁltj;. . for any RU becomes larger tha_n its rgserve_mon price, it flut a
its reserve ES to the market with an intention to be shared by
the SFCs. Due to this reason, RURU 2, and RU3 put their
ESs in the market much sooner, i.e., after #i iteration,
reservation price;"® according to the determination rule. Sothan RU4 and RU5 with higher reservation prices, whose
in this paper, we limit ourself to arourt- 10 RUs. However, interest for sharing ES reaches the SE once the auction price
having 6-10 RUs can in fact cover a large community, e.ds encouraging enough for them to share their ESs after the
through aggregation such as discussedin [38]] [39]. Herh and20™ iterations. Unfortunately, the utilities of R, 7,
each RU is assumed to be a group [6f 25] households, andg are not convenient enough to take part in the auction
where each household is equipped with a battery of capagifiocess, and therefore their shared ES fractiong)are
25 kilo-Watt hour (kWh) [49]. The reluctance parameter of e note that the demonstration of the convergence of the
all RUs are assumed to be similar, which is taken from rangg MFSG to a unique SE subsequently demonstrates the proofs
of [0,0.1]. It is important to note thaty; is considered as a of TheorenilL, Theoref 2, Theoréih 3 and Corol@ry 1, which
design parameter in the proposed scheme, which we used{g strongly related to the SE as explained in the previous
map the reluctance of each RU to share its ES with the SF@gction. Now, we would like to investigate how the reluceanc
Such reluctance of sharing can be affected by parameters lyarameters of the RUs may affect their average utility from
ES capacity, the condition of the environment (if appliegbl Algorithm [, and thus affecting their decisions to share ES.
and the RU’s own requirement. Now, considering the differeffo this end, we first determine the average utility that is
system parameters in our proposed scheme, we capture thggferienced by each RU and SFC for a reluctance parameter of
two extremes with O (not reluctant) and 0.1 (highly relu€tan ., — 0.001 Vi. Then considering the outcome as a benchmark,
The required electricity storage for each SFC is assumee to\ge show the effect of different reluctance parameters on the
within the range 0f100, 500] kWh. Nevertheless, the requiredachieved average benefits of each SFC and RU in Table I. The
ES for sharing could be different if the usage pattern by thRsmonstration of this property is necessary in order toebett
users changes. Since, the type of ESs (and their associajfflerstand the working principle of the designed technique
cost) used by different RUs can vary significantily][50], theyr ES sharing.
choices of reservation price to share their ESs with the SFC%Ccording to Tab'ﬂL as the reluctance of each RU increasesy
can vary considerably as well. In this context, we considg@rhecomes more uncomfortable, i.e., lower utility, to pist i
that the reservation price set by each RU and SFC is takeB in the market to be jointly owned by the SFCs. As a con-
from a range of [20, 70]. It is important to note that all chosesequence, it also affects the average utility achieved lop ea
parameter values are particular to this study only, and raay v SEC. As shown in Tab[@ I, the reduction in average utilities p
according the availability and number of RUs, requiremefts Ry are 16.73%, 67.6% and 95.3% respectively compared to
SFCs, trading policy, time of the day/year and the country.the average utility achieved by an RUat = 0.001 for every
Now, we first show the convergence of Algoritfith 1 to théen times reduction in the reluctance parameter. For simila
SE of the SLMFG in Fig[4. For this case study, we assunsettings, the reduction of average utility for the SFCs are
that there are five SFCs in the smart grid community that a38.9%, 77.7% and96% at «; = 0.01,0.1 and 1 respectively.
taking part in an auction process with eight RUs. From [Eig. Zherefore, the proposed scheme will enable the RUs to put
first we note that the proposed SLMFG reaches the SE Zftermore storage in the auction market if the related reluctéoce
interations when the average cost savings per SFC reasheshiis sharing is small. Note that although the current invesit
maximum. Hence, the convergence speed, which is just feast of batteries is very high compared to their relativersho
seconds, is reasonable. Nonetheless, an interesting rpropkfe times, it is expected that battery costs will go down in
can be observed when we examine the choice of ES by edleh near future[[10] and become very popular for addressing

Average utility for SFC
S
T

10
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1100 T T T T T
—6— .= 0.001 (more willing to share)é

1000+ | = B = .= 0.01 (less willing to share) -
g--"F--8---B8-
, ;

for the SFCs, it would put a higher burden on the RUs to
carry. As a consequence, the relative utility from auctien i
&4+ --8---0 lower. Nevertheless, if the requirement of the SFCs is tighe
iy the sharing brings significant benefits to the RUs as can be
seen from Fig[15. On the other hand, for higher reluctance,
RUs tend to share a lower ES amount, which then enables
1 them to endure a lower burden in case of lower demands from
the SFCs. This consequently enhances their achievedy.utilit
Nonetheless, if the requirement is higher from the SFCst, the

| utility reduces subsequently compared to the RUs with lower
: reluctance parameters. Thus, from observing the effects of
Ton>® Moo > Moo =0 different a;'s on the average utility per RU in Fidl 5, we
Me>0 ey =0 Mo =0 understand that, if the total required ES is smaller, RU$ wit
higher reluctance benefit more and vice versa. This illtestra
the fact that even RUs with high unwillingness to share their

900 -

800 -

Average utility achieved by the RUs

Supply > Demand Supply < Demand
I 1

200 1 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500 550 600

Required battery space by the SFCs (kWh) ESS can be beneﬁcial fOI‘ SFCS Of the SyStem |f theil‘ required
Fig. 5: Effect of change of required ES amount by the SFCs eratthieved ESS are small. Howevgr, fora h'Q.her requirement, SFCs would
average utility per RU. benefit more from having RUs with lower reluctances as they
will be interested in sharing more to achieve higher average

utilities.

intermittency of renewables$ [51]. We have foreseen such aNow, we discuss the computational complexity of the pro-
near future when our proposed scheme will be applicable fosed scheme, which is greatly reduced by the determination
gain the benefit of storage sharing and thus motivate the Rt¢e of the modified auction scheme as this rule determines
to keep theira; Vi small. According to the observation fromthe actual number of participating RUs and SFCs in the
Tablefl, it can further be said that if the reluctance paramset auction. We also note that after determining the number of
of RUs change over either different days or different tintéssl participating SFCs and RUs, the auctioneer iterativelgrantts
the performance of the system in terms of average utility patth each of the RUs and sets the auction price with a
RU and average cost savings per SFC will change accordinglgw to increase the average savings for the SFC. Therefore,
for the given system parameters. the main computational complexity of the modified auction
Once all the participating RUs put their ES amount intecheme stems from the interactions between the auctioneer
the auction market, they are distributed according to tlamd the participating RUs to decide on the auction price. In
allocation rule described in{IL6) an@_{18). In this regardhis context, the computational complexity of the problexdhsf
we investigate how the average utility of each RU is alwithin a category of that of a single leader multiple follawe
tered as the total storage amount required by the SFSwckelberg game, whose computational complexity, which
changes from in the network. For this particular case, tlean be approximated to increase linearly with the number of
considered total ES requirement of the SFCs is assumedfabiowers [38], and is shown to be reasonable in numerous
be 100, 150, 200, 250, 300, 350, 400, 450, 500, 550 and600. In  studies such as if_[11] and _[38]. Hence, the computational
general, as shown in Fi§] 5, the average utility of each Rtbmplexity is feasible for adopting the proposed scheme.
initially increases with the increase required by the SF@$ a Having an insight into the properties of the proposed anctio
eventually becomes saturated to a stable value. This isaluestheme, we now demonstrate how the technique can benefit
the fact that as the required amount of ES increases, the Blé¢ RUs of the smart network compared to existing ES
can share more of its reserved ES that it put into the marlkalocation schemes such as equal distribution (ED) [38] and
with the SFCs with the determined auction price from thEIT schemes[[48]. ED is essentially an allocation scheme
SLMFSG. Hence, its utility increases. However, each RU h#sat allows the SFCs to meet their total storage requiresnent
a particular fixed ES amount that it puts into the market toy sharing the total requirement equally from each of the
share. Consequently, once the shared ES amount reachegpadtticipating RUs. We assume that if the shared ES amount
maximum, even with the increase of requirement by the SFE€sceeds the total amount of reservation storage that an RU pu
the RU cannot share more, i.e;,, = 0. Therefore, its utility into the market, the RU will share its full reservation ambun
becomes stable without any further increment. Intereltingln FIT, which is a popular scheme for energy trading between
the proposed scheme, as can be seen in[HFig. 5, favors ¢basumers and the grid, we assume that each RU prefers to
RUs with higher reluctance more when the ES requiremestll the same storage amount of energy to the grid at an FIT
by the SFCs is relatively lower and favors the RUs witbprice rate, e.g.22 cents/kWh[[52] instead of sharing the same
lower reluctance during higher demands. This is due to tffraction of storage with the SFC. To this end, the resulting
way we have designed the proposed allocation scheme, whisterage utilities that each RU can achieve from sharingdts E
is dictated by the burden in_([L8) and the allocation of E§pace with the SFCs by adopting the proposed, ED, and FIT
through [(16). We note that, according fa](11)if is lower, schemes are shown in Talplé Il.
the RU i will put a higher amount of ES in the market to From Tablel, first we note that as the amount of required
share. However, if the total required amount of ES is lowé&S by the SFCs increases the average utility achieved per
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TABLE |l: Comparison of the change of average utility per Rutlie smart grid system as the required total amount of ergmgge required by the SFCs
varies.

Required ES space by the SFCs 200 250 300 350 400 450
Average utility (net benefit) of RU for equal distributionft scheme| 536.52| 581.85| 624.52| 669.85| 715.19| 757.85
Average utility (net benefit) of RU for FIT scheme 537.83| 583.16| 626.83| 673.16| 717.50| 759.16

Average utility (net benefit) of RU for proposed scheme 629.82| 789.82| 944.26| 960.09| 960.09| 960.09
Percentage improvement (%) compared to ED scheme 17.4 | 35.74 | 51.19 | 43.32 | 34.24 | 26.68
Percentage improvement (%) compared to FIT scheme 17.1 | 3543 | 50.63 | 42.61 | 33.81 | 26.46

RU also increases for all the cases. The reason for this

)
S
S

increment is explained in Fid.5. Also, in all the studied % U
cases, the proposed scheme shows a considerable perferman: ‘zz 200- %gﬂg 1
improvement compared to the ED and FIT schemes. An = I RU4
interesting trend of performance improvement can be oleserv g LJrus ]y
if we compare the performance of the proposed scheme with & , - 2 U -
the ED and FIT performances for each of the ES requirements. Number of tme siot
In particular, the performance of the proposed scheme tsehig £ 300 :
as the requirement of the ES increases frofd to 350. § Eiﬂi
However, the improvement is relatively less significanttes t 87 ]|
ES requirement switches from00 to 450. This change in 2 o L_Jrus
performance can be explained as follows: ; J i

w o0 L

In the proposed scheme, as we have seen in[Hig. 5, the 1 2 3 2
Number of time slot

amount of ES shared by each participating RU is influenced

by their reluctance parameters. Hence, even the demand=gfe: pemonstration of how the proposed modified auctidrese can be

the SFCs could be larger, the RUs may choose not to shaxended to time varying system. The reservation ES amaaniesy by the

more of their ES spaces once their reluctance is limited. TYs varies between different time slots based on their spamount in the
. . . revious time slot. The total required storage by the SFChasen randomly

this regard, the RUs in the current case study increase th&jg 1o the reasons explained in SecionV-F.

share of ES as the requirement by the SFCs increases, which

in turn produces higher revenue for the RUs. Furthermore,

once the RUs choice of ESs reach the saturation, the incregp@ reservation prices are considered to change from oree tim
in demand, i.e., fron200 to 350 in this case, does not affectip the next based on a predefined time of use price scheme.
their share. As a consequence, their performance impravemgow, as can be seen from FIg. 6, in time slpRU1 and RU2
is not as noticeable as the previous four cases. Nonethtdessshare all their available ESs with the SFC, whereby other RUs
all the considered cases, the auction process performsisupejo not share their ESs due to the reasons explained i Fig. 4.
to the ED scheme with an average performance improvemejiice, the total requirement )0, therefore neither of RU1
of 34.76%, which clearly shows the value of the proposegnd RU2 needs to carry any burden. In time Sipbnly RU3
methodology to adopt joint ES sharing in smart grid. Thehares its ESs a00 to meet the requirement. As the SFC’s
performance improvement with respect to the FIT schem@quirement is lower than the supply, RU3 needs to carry a
which is 34.34% on average, is due to the difference betweesyrden of50 kWh. Similarly, in time slot3 and4, all of RU3,
the determined auction price and the price per unit of energyj4 and RU5 take part in the energy auction scheme as they
for the FIT scheme. have enough ES to share with the SFC. However, the ES to
Finally, we show how the decision making process of eagare in time slot stems from the burden of oversupply from
RU in the system is affected by its decision in the previoufine slot3. The scheme is not shown for more than time slot
time slot and the total storage requirement by the SFCs. Thes the available ES from all RUs is already shared by the
total number of time slots that are considered to show th&FCs by the end of time slat Thus, the proposed modified

performance analysis is four. In this context, we assume thayction scheme can successfully capture the time variition
there are five RUs in the system with ES100, 200, 300,200 the scheme is modified as given in Secfion IV-F.

and 200 kWh respectively to share with the SFCs. The total
ES requirements of the SFCs for considered four time slot
are500, 250, 500, and 100. Please note that these numbers are
considered for this case study only and may have differentln this paper, we have modeled a modified auction based
values for different scenarios. Now, in Figl 6, we show theint energy storage ownership scheme between a number of
available ES to each of the RUs at the begining of each timesidential units (RUs) and shared facility controller&CS)

slot and how much they are going to share if the modifiad smart grid. We have designed a system and discussed the
auction scheme is adopted in each time slot. For a simmletermination, payment and allocation rule of the auction,
analysis, we assume that once an RU shares its total awilabhere the payment rule of this scheme is facilitated by a
ES, it cannot share its ES for the remaining of the time slotSingle-leader-multiple-follower Stackelberg game (SL3G)

VI. CONCLUSION
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between the auctioneer and the RUs. The properties of {hig W. Tushar, B. Chai, C. Yuen, D. B. Smith, K. L. Wood, Z. arand
auction scheme and the SLMFSG have been studied, and it has H- V- Poor, “Three-party energy management with distriduenergy
been shown that the proposed auction possesseésdivedual
rationality and theincentive compatibilityproperties leveraged [12]

by the unique Stackeberg equilibrium of the SLMFSG. W,

have proposed an algorithm for the SLMFSG, which has be
shown to be guaranteed to reach the SE and that also faslitat

the auctioneer and the RUs to decide on the auction pricel¥4

13
&l

well as the amount of ES to be put into the market for joints
ownership.

A compelling extension of the proposed scheme would be
to study of the feasibility of scheduling of loads such a

16]

lifts and water machines in shared space. Another inteigesti

research direction would be to determine how a very la
number of SFCs or RUs with different reservation and biddi

rge

prices can take part in such a modified auction scheme. One
potential way to look at this problem can be from a coopeeatiVi8l
game-theoretic point-of-view in which the SFCs and RUs may

cooperate to decide on the amount of reservation ES and
bidding price they would like to put into the market so a9l
to participate in the auction and benefit from sharing. Aroth
very important, yet interesting, extension of this work \bu [20]
be to investigate how to quantify the reluctance of each RU to

participate in the ES sharing. Such quantification of relnce

(or,

many energy management schemes already described in the
y gy 9 y [22] B.-G. Kim, S. Ren, M. van der Schaar, and J.-W. Lee, “Bidiional

convenience) will also enable the practical deploynmén
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