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SODA: Strategy-Proof Online Double Auction
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Abstract—In this paper, we present theory and a design of the
online double auction for the trading of energy within a smart
grid with microgrids (MGs). The online double auction has the
potential to enable the allocation of surplus electricity to the
MGs that need electricity with the highest gain in the real-time
market. Nonetheless, two critical issues remain challenging when
designing an effective online double auction scheme in such a
system. First, as the agents are allowed to arrive and depart
at any time, the auctioneer needs to make decisions without the
information of further bids and asks. Second, the economic prop-
erties of strategy-proof, individual rational, and (weak) budget
balance should be satisfied. To address these issues and enable
multiunit electricity trading among local MGs, in this paper, we
propose a strategy-proof online double auction (SODA) scheme,
in which the surplus and insufficient MGs in the system are
treated as sellers and buyers, respectively, and the MG center
controller is capable of maximizing the social welfare of MGs
by appropriately matching buyers and sellers. Via theoretical
analysis, we prove that SODA can achieve the properties of indi-
vidual rationality, (weak) budget balance, strategy-proofness, and
computational efficiency. Experiments also show that SODA is
capable of reducing the energy purchasing cost of the MGs and
shifting the peak-load, while achieving great performance with
respect to social welfare, seller/buyer satisfaction ratio, social
efficiency, and computation overhead.

Index Terms—Cyber-physical systems, decision making, micro-
grids (MGs), multiunits, online double auction, strategy-proof.

I. INTRODUCTION

THE SMART grid, as typical cyber-physical systems,
enables reliable, economical, and sustainable process of

electricity generation, transmission, and distribution via the
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Fig. 1. Example of system with multi-MGs.

integration of advanced metering infrastructure and control
techniques [1]. Microgrids (MGs), as one of the critical com-
ponents in the distribution side of the smart grid, have been
attracting significant attention [2] due to the benefits of envi-
ronmental friendliness, social impacts, self-sustainability, etc.

In an MG, distributed energy resources are generated by
local units (micro turbines, wind turbines, etc.), which can
be used to satisfy load demands while improving the energy
delivering efficiency by reducing line losses in distribution pro-
cess. By connecting to a high voltage utility grid, also denoted
as the grid-connected mode, MGs are able to transfer surplus
electricity to the utility grid and purchase from it when there is
locally insufficient electricity, due to the local storage capac-
ity limitation. The MG center control (MGCC), acting as the
“central nervous system” of MGs, is responsible for achiev-
ing minimized operation cost while fulfilling market efficiency
and the responsibility to individual parties. Thus, how to effi-
ciently manage the energy resources in the system with MGs
remains unresolved. Fig. 1 illustrates one typical example of
grid-connected three MGs.

Nonetheless, a majority of the current research efforts on
energy management schemes in systems with MGs focuses
primarily on energy interactions between MGs and the utility
grid [3]. Due to the integration of a large number of renewable
energy resources, the amount of locally generated energy could
exceed the local demand and battery storage in MGs. Existing
schemes typically rely on selling surplus energy from MGs to
the utility grid with a low electricity price through the coor-
dination by the MGCC [4]. Likewise, energy delivered from
utility grid to insufficient MGs will result in a high price.
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Obviously, the utilities of local MGs will be limited by this.
Also, transmitting power from low voltage MGs to the high
voltage utility grid will result in a higher transmission cost and
line losses [5]. Thus, enabling the trade of local surplus energy
to insufficient MGs directly, as well as the utility grid, will be
more efficient. This calls for designing efficient schemes to
enable the trading between MGs and the utility grid, as well
as the trading among local MGs directly.

To address these issues, in this paper, we consider the smart
grid system composed of grid-connected MGs, in which local
MGs are operated as an energy “presumer,” this means that
the MGs act as supplier when locally generated energy is in
excess, or act as energy consumers when the locally gen-
erated energy is insufficient. In addition, we introduce the
secondary market to enable the energy trading among local
MGs. To provide for optimal energy trading in the real-time
secondary market and matching the insufficient and surplus
MGs, a suitable mechanism that we consider for this setting
is the online double auction scheme. Notice that the online
double auction has been used as one of the critical trading
mechanisms in various markets, including spectrum allocation,
mobile crowdsourcing, etc. [6].

Unfortunately, designing effective online double auction
mechanisms for the smart grid system is arrantly difficult
because existing schemes are applicable only in some spe-
cific and simple scenarios (e.g., McAfee auction [7] is only
applicable for the buyers or sellers with single unit demand,
and VCG auction [8] is budget imbalanced with high compu-
tational complexity [9]). In this paper, we present a design of
the online double auction for the smart grid system with MGs
and address the following practical issues.

1) First, the agents of the smart grid system with MGs
participate in the auction according to their willingness
of purchasing or selling electricity online, meaning that
the agents of MGs are allowed to arrive at and depart
from the auction platform at any time. For the MGCC,
also denoted as the auctioneer, the challenge is the deci-
sion making based on the current information without
knowing the future bids and asks. Thus, the existing
traditional and state-of-arts static multiunits double auc-
tion schemes [10] cannot be applied directly to address
the issue tackled in this paper.

2) Second, a practical double auction mechanism should
satisfy desirable economic properties. The greatest chal-
lenge of decision making for MGCC is that, some
strategic agent may misinform the essential informa-
tion, such as the arrival, departure time, and demands,
to obtain a higher utility. Thus, an incentive compatible
mechanism should be designed to induce the surplus
and insufficient MGs to truthfully inform their types so
that the MGCC can maximize market social welfare.
The scheme should also meet the economic property of
(weak) budget balance, meaning that the auctioneer is
not willing to pay for running an auction. The computa-
tional efficiency of online auction is essential to ensure
the optimal allocation of the system. Several online
double auction schemes have been proposed [11], [12].
Nonetheless, those schemes can only be applicable for

the players with single-unit demands, and fail to guaran-
tee the system that we focus on here, because the players
investigated in this paper are willing to trade multiunits
of electricity.

The main contributions of this paper can be summarized as
follows.

1) First, we propose and develop the concept of the sec-
ondary electricity market in the system with multiple
MGs, in which MGs are treated in the same manner
as other market entities. The market will be used when
surplus and insufficient MGs exist in the system simulta-
neously, and energy trading among geographically close
MGs is allowed. The operation of the secondary elec-
tricity market is enabled by the coordination of local
agents in MGs and the auctioneer MGCC. As a supple-
ment for the primary electricity market, the secondary
market offers an efficient means to manage the energy
resources across nearby MGs in a cost-effective manner.

2) Second, we present the novel strategy-proof online dou-
ble auction (SODA) to enable the multiunits energy
trading among local MGs. In this scheme, we take all
MGs’ social welfare into consideration, in which surplus
and insufficient MGs are considered to be buyers and
sellers, respectively, while the agents are allowed to par-
ticipate or not participate in the auction at any time. We
formalize the online double auction problem as social
welfare maximization problem and develop the online
double scheme based on valid price, which employs the
payment rule and allocation rule to enable the energy
trading. In summary, SODA is an auction scheme to
address the energy trading issues among local MGs,
which enables the multiunits electricity trading in the
smart grid systems with MGs. We carry out theoreti-
cal analysis to prove that SODA achieves the economic
properties of being strategy-proof, individually rational,
(weak) budget balanced, and computationally efficient.

3) Third, we validate the effectiveness of the SODA
scheme. Our experimental results show that SODA
cannot only reduce energy purchasing cost and shift
peak-load of the system with MGs, but also achieve
good performance with respect to operational cost, social
welfare, sellers/buyers satisfaction ratio, and social effi-
ciency, while incurring little overhead. We also carry out
sensitivity analysis to validate the impact of the number
of buyers/sellers and the waiting patience of MGs agents
on the defined performance metrics.

The remainder of this paper is organized as follows. We con-
duct literature reviews in Section II. In Section III, we present
MGs and electricity market models. In Section IV, we present
the auction model and the desired properties of our scheme.
In Section V, we introduce our proposed scheme in detail.
In Section VI, we show performance evaluation and results.
Finally, we conclude this paper in Section VII.

II. RELATED WORK

The design of an efficient energy management process in
the smart grid that consists of MGs has attracted growing
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attention. A number of research efforts for smart grid and MGs
have been conducted [13]–[18]. For example, Su et al. [13]
investigated a predictive control method based on stochastic
models for MG operations and considered the uncertainty of
PEV charging. With respect to the interactions among MGs,
Nikmehr and Ravadanegh [14] studied techniques to minimize
the operation cost of grid-connected MGs. In their developed
scheme, the energy dispatching between MGs was considered,
but the principle of energy trading among local MGs was not
considered.

To clear the markets with multiple sellers and buyers, dou-
ble auction schemes have been considered as viable techniques
to enable optimal allocation. Particularly, VCG and McAfee
schemes [7], [8] are the typical double auction schemes in
this category. Nonetheless, those schemes cannot be directly
applied in our case because VCG exhibits a high compu-
tational complexity and cannot achieve the budget balance,
while McAfee is designed for single-unit demands or offers
only. For multiunit double auctions, the work conducted by
Huang et al. [19] assumed that the arrival and departure time
of the agents is the same, which is not suitable for the online
auction scenario in this paper.

With the advance of the auction in different applications,
a number of double auction schemes have been performed
to enable the allocation of resources with respect to spec-
trum, cloud, and mobile markets [9], [20]–[22]. For instance,
Bredin and Parkes [12] proposed the truthful online double
auctions for single-unit buying and selling. Iosifidis et al. [9]
developed an iteration-based double auction for mobile data
offloading, which is capable of achieving an optimal social
welfare. Nonetheless, this paper assumes that agents are just
price-takers, while the arrival and departure time of agents are
not considered. In addition to the double auction schemes, the
reverse and procurement auction schemes [23] were studied in
the smart grid. In these schemes, either the number of buyers
or sellers is one.

In contrast, in this paper, we have addressed the opera-
tional challenges of the smart grid system with MGs, and
proposed a novel strategy-proof online double auction scheme
called SODA. Our proposed scheme enables multiunit elec-
tricity trading in the system, while allowing agents to arrive
and depart at any time. In addition, the SODA scheme satisfies
several economic properties with respect to strategy-proofness,
individual rationality, and (weak) budget balance, as well as
low computational overhead.

III. MGS AND ELECTRICITY MARKET MODELS

In this section, we first describe the model of the smart grid
system with MGs, and then the electricity markets model.

A. MGs Model

We consider a smart grid system with multiple grid-
connected MGs. In this system, the capacity of buying and
selling surplus electricity in an electricity market is allowed.
The system model is illustrated in Fig. 2. The system is
comprised of a number of MGs, the agents associated with

Fig. 2. System model.

individual MGs, and the aggregator MGCC. Each MG con-
sists of renewable generation units (solar panels, wind turbines,
etc.), conventional energy generation units (fuel cells, diesel
generators, etc.), residential consumers, as well as battery stor-
age facilities. The MG agent is capable of collecting the energy
usage information, forecasting load, and interacting with the
MGCC. We assume that the electricity can be transmitted
among local MGs, especially MGs that are geographically
close to each other. It is worthy noting that the transmission
techniques among local MGs are beyond the scope of this
paper.

Generally speaking, the MGCC is responsible for collecting
information, such as energy generation and demand of local
MGs, as well as energy delivery among local MGs, between
MGs, and the utility grid, including the day-ahead bid sub-
missions, the real-time electricity purchasing and selling, and
others. The insufficient and surplus amount of energy required
to balance load demands can be compensated by interacting
with the utility grid [24], or with other MGs. The MGCC can
make decisions on purchasing the electricity from the mar-
ket or selling the electricity to the market based on status of
local units and other factors (the electricity price, the states of
conventional units, the operation cost, etc.).

B. Market Model

The electricity market studied in this paper is a deregu-
lation market, which can be divided into two parts: 1) the
primary market and 2) the secondary market. Particularly, the
primary market refers to a price-taker energy market, in which
the energy is only traded between MGs and the utility grid via
the coordination of the MGCC. In contrast, in the primary mar-
ket, the electricity prices are day-ahead or real-time electricity
prices. MG agents predict the amount of power demanded and
the amount of renewable energy resources generated in each
day. Then, hourly bids will be submitted to the day-ahead
market before the real-time electricity delivery. Meanwhile, to
replenish the energy gap or clear the surplus electricity, the
MGs are allowed to participate in the real-time market. The
market clearing price will be computed by the system opera-
tor at the MGCC after the demand and supply information is
collected.
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Notice that MG agents offer selling bids with a relatively
low price, which is usually far below the generation cost of
local units [25], while providing the buying bids at higher
prices to ensure that the bids are always admissible. Also, due
to low voltage property of MGs, a continual power transmis-
sion to the high voltage grid will result in line losses. To this
end, we consider the secondary market to enable the efficient
energy interactions among local MGs, which is served as a
supplement of the primary market.

In a given time duration, the MGs wanting to purchase the
power from the grid are referred to as insufficient MGs, while
the MGs wanting to sell power to the grid are referred to
as surplus MGs. When there are both insufficient MGs and
surplus MGs in the system, the secondary market will be trig-
gered. The trading process is regulated by the MGCC based on
the online auction scheme described in Section V. It is worth
noting that buyers and sellers participate in the secondary mar-
ket voluntarily and rationally, and the online double auction
mechanism in the secondary market ensures that excessively
high offers from sellers (higher than real-time electricity price)
or extremely low bids from buyers (lower than the compensate
from utility grid) will not facilitate transactions successfully.
Thus, the local MGs will benefit from participating in the
auction in reducing energy purchasing cost.

IV. DESIGNED AUCTION MODEL

AND DESIRED PROPERTIES

In this section, we present our proposed auction model and
show the desired economic properties in detail.

A. Overview

To fulfill the gaps in mechanism design for energy among
local MGs and provide an efficient trading market for the
smart grid system with MGs, in this paper, we propose a novel
SODA scheme. The objective of SODA makes both surplus
and insufficient MGs fully participate in the market, in which
surplus and sufficient MGs are treated as sellers and buyers,
respectively. In our scheme, with the assistance of the agent in
each MG, potential buyers submit their bids with the amount
and the price of electricity, and sellers submit their requests
with the amount and the price of electricity to the MGCC. In
addition, the agents of players are allowed to arrive and depart
the market at any time. Then, the payment and allocation rules
will be determined by the MGCC to clear the market. By doing
so, the secondary market is bilateral and competitive, in which
utilities (i.e., social welfare) [26] of all MGs are maximized.

Generally speaking, the double auction [27] is referred to
as the scheme, which matches buyers and sellers on a par-
ticular product, and determines the price at which trades can
be executed. At a given time duration, traders can place limit
orders in the form of bids (i.e., buy orders) and asks (i.e., sell
orders). Outstanding orders will be maintained in an order
set. Similarly, in a time duration, traders can place a market
order to buy or sell immediately at the market price, which is
determined by the set of orders.

In the following Sections IV-B and IV-C, we describe the
designed auction model and desired properties.

TABLE I
NOTATIONS

B. Auction Model

Recall that online double auction, consistent with the offline
auctions, includes multiple buyers and sellers simultaneously
in the market. The MGs energy trading problem in this paper
is a typical online auction problem. Notice that, in an online
double auction, the buyers and sellers are allowed to arrive in
and depart the secondary market at any time. Without knowing
about bids and decision sequences afterwards, the auctioneer
should make decisions based on the current bids and asks.

In this paper, the online double auction model that we con-
sider consists of: 1) surplus MGs: sellers; 2) insufficient MGs:
buyers; and 3) MGCC: auctioneer. Each MG agent submits an
ask or a bid according to its electricity capacity to the MGCC.
Then, the MGCC makes the decisions of trading allocations
and payments. We now introduce the notations and assump-
tions in the auction model. The list of key notations in the
auction model can be found in Table I.

Notations: The notations associated with the players in the
secondary market are defined here. Denote all the participation
MGs as set M, in which the buyers and sellers from sets B
and S participate in the auction at time slot t ∈ T . The type
of each MG i can be expressed as a triple tuple

θi = (ei, di, vi) (1)

where ei and di represent the arrival and departure time of MG
i, respectively. The active duration for each MG varies from ei

to di. In addition, �i is denoted as the set of all the possibility
types of i and vi ∈ (vi,min, vi,max) is referred to as the valuation
of MG i (per kWh electricity), where a positive or a negative
value of which will be used to identify an insufficient or a
surplus MG. As the information of each agent (valuations,
arrival and departure time, etc.) is confidential to other agents,
some strategic agents could misreport their types to improve
their utility.

Also, we denote all the agents’ possible bids and asks before
and at time slot t as θ t, and denote (θ−i, t) as the report types
of all possible agents except agent i’s. Then, we have

� =
∏

i∈M

�j,�−i =
∏

j �=i,j∈M

�j (2)
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where � is set of all agents’ possible types and �−i indicates
possible types of all agents except agent i in set M.

Assumptions: To make the auction model realistic, we make
the following assumptions.

1) θi is the private information of MG i and is unknown to
others.

2) The patience of all MG agents waiting time slots in the
auction are bounded by δ, meaning that di − ei ≤ δ.

3) Agents cannot enter the auction platform until the
MGCC broadcasts the statuses at ei.

4) Entering and departure times are the ones at which the
agents first report the auction and finally are willing to
trade via our scheme.

5) We assume that there exists no false-name bids and no
conspiracy of agents in our scheme.

Utilities: An online double auction scheme M =
{P, Q} [12], is composed of the payment rule P = {Pi(θ

t, t)|t ∈
T, i ∈ M}, and the allocation rule Q = {Qi(θ

t, t)|t ∈ T, i ∈ M},
where P is the payment and Q is the allocation rule. The pos-
itive value or negative value of Pi(θ

t, t) ∈ R is the per unit
payment by insufficient MGs or the revenue of surplus MGs.
Similarly, Qi(θ

t, t) ∈ N indicates the trading amount of MG i.
Without the loss of generality, we use Pi(θ) and Qi(θ) to rep-
resent the total amount of trading and the payment of MG i.
Thus, the utility of each MG can be expressed as

Uθ
i = viQi(θi, θ−i)− Pi(θi, θ−i) (3)

where Pi and Qi are i’s payment and quantities of transactions,
respectively.

Obviously, the objectives of buyers and sellers are conflict-
ing with each other due to the natural selfishness of agents. If
the amount of electricity to purchase or to sell is determined
by the agents themselves, it is difficult to reach an agreement
in the secondary market. Thus, it is in an urgent need of the
MGCC to interpose and ensure that the market operates effi-
ciently. To this end, as bids and offers are processed in the
double auction process, the MGCC can find the optimal pay-
ment and allocation rules, which are defined as the payment
and quantities of transactions P and Q, aiming to maximize
the social welfare defined as follows.

Definition 1 (Social Welfare Maximization): The social wel-
fare maximization in the online double auction process for
the electricity is to maximize the difference between the sum
of winning insufficient MGs valuations and winning surplus
MGs costs [10]. The objective and constraints are expressed
as follows:

max :
∑

t

⎧
⎨

⎩
∑

i∈B,t∈[ei,di]

viQi
(
θ t, t

)−
∑

i∈S,t∈[ei,di]

viQi
(
θ t, t

)
⎫
⎬

⎭

s.t.
∑

i∈S,t∈[ei,di]

Qi
(
θ t, t

)+
∑

i∈B,t∈[ei,di]

Qi
(
θ t, t

) = 0

∑

i∈M,t∈[ei,di]

Qi
(
θ t, t

) ≤ qi

Qi
(
θ t, t

) ≥ 0. (4)

Here, the objective function is to maximum the social wel-
fare of the action market. The left and the right of the function

are winning insufficient MGs valuations and winning surplus
MGs costs, respectively. The first constraint guarantees that the
winning bids from surplus MGs adequately satisfy the insuf-
ficient winning MGs. We assume that the amount of excess
electricity of all surplus MGs is less than the sum of all the
electricity needed by insufficient MGs, and can be sold out
in the auction process. This means that the selling amount of
electricity is equal to the buying amount of electricity in the
double auction process. The remaining electricity deficit will
be fulfilled by the utility grid via the primary market. The
second constraint indicates that the trading amount of sellers
and buyers cannot exceed the limitation of their demands and
capacities.

C. Desired Properties

It is hard for the MGCC to obtain the optimal solution
for the social welfare maximization due to fact that strategic
agents can possibly misreport their critical information (i.e.,
arrival and departure time) or their demands to promote the
utilities. Thus, the objective for the MGCC is to design a fea-
sible mechanism that induces the agents to report their truthful
type, and ensures the fairness and effectiveness of the market.
The designed online double auction should satisfy the follow-
ing economic properties: individual rationality, (weak) budget
balance, strategy-proofness, and computationally efficiency.
The detailed definitions are given as follows.

Definition 2 (Individual Rationality): An online double auc-
tion is individually rational, meaning that all participants
should obtain non-negative utility, so that the agents have
incentive to take part in the auction.

The individuality of each agent i ∈ M can be derived as

viQi(θ)− Pi(θ) ≥ 0,∀i ∈ M, θ ∈ � (5)

which means that surplus MGs act as sellers, their actual
transaction price in the auction model would be larger than
their ideal price (valuation). Similarly, the insufficient MGs
act as buyers, their actual transaction price in the model would
be smaller than their ideal price (valuation). This properties
ensures that the agents would benefit in the auction market.

Definition 3 [(Weakly) Budget Balanced]: To ensure that
the auctioneer can obtain non-negative profit, the online dou-
ble auction scheme should satisfy the (weak) budget balance
property, that is

∑
Pi

(
θ t, t

)
Qi

(
θ t, t

) ≥ 0, ∀t ∈ T,∀θ ∈ �. (6)

Notice that this property ensures that the payments from the
buyers to the MGCC should be equal to or larger than that of
MGCC to the sellers.

Definition 4 (Strategy-Proofness): An online double auction
scheme is considered to be strategy-proof if, for any given MG
i ∈ M, there exists

viQi(θi, θ−i)− Pi(θi, θ−i) ≥ viQi
(
θ̄i, θ−i

)− Pi
(
θ̄i, θ−i

)
. (7)

This property ensures that the agents of MGs achieve their
maximum utilities if and only if they report their truthful
types while misreporting types cannot improve their utilities.
Strategy-proofness is also called truthful or dominant strategy
incentive compatible [28].
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Definition 5 (Computational Efficiency): Our online double
scheme is computationally efficient [29], and indicates that the
optimal allocation can be computed in polynomial time with
low time complexity.

The time complexity of the proposed algorithm shows the
time consumption of the algorithm to run as a function of
the input length of the problem. The input parameters are the
number of buyers/sellers and the number of time slots.

Recall that from [9], we know that there exists no double
auction scheme that is capable of possessing all the economic
properties while achieving optimal social welfare defined by
the first constraint of (4). To this end, we shall focus on
designing a new online double auction scheme to satisfy all
aforementioned four properties while maximizing the social
welfare.

V. OUR APPROACH: SODA

We now introduce the detail of our approach: the SODA
scheme. Particularly, we first present the workflow of our
scheme, and the computing method for valid price schedul-
ing. We then introduce an illustrative example to show the
procedure of our scheme. Finally, we prove that our scheme
satisfies all the desired properties.

A. Workflow

We first introduce the procedure of the online double
scheme, in which the valid price at time t is denoted as fi(θ t, t),
and determines the allocation rule Q and payment rule P.
Recall that at the beginning of each time slot t ∈ T , the agents
on behalf of both surplus and insufficient MGs are ready for
submitting asks and bids to the MGCC during [ei, di]. The
MGCC considers asks and bids that are still active. We first
define the valid price schedule and active state of each agent.

Definition 6 (Active Status): The agent i at time slot t is
active if and only if

∑

t′∈[ei,t−1]

Qi

(
θ t′ , t′

)
< di, vi > max

{
fi
(
θ r, r

)}
(8)

where
∑

t′∈[ei,t−1] Qi(θ
t′ , t′) indicates the quantity of transac-

tion before t, and fi(θr, r) represents the valid price at time r.
The valid price schedule is given below.

Definition 7 (Valid Price Schedule): The price schedule f is
valid if and only if it meets the following three properties at
time t before a bid is priced-out or matched.

1) fi(θ t, t) does not depend on the arrival time and departure
time or the reported type of agent i.

2) fi(θ t, t) does not depend on the reported type after
time t.

3) If i wins the bid, fi(θ t, t) is independent with the reported
value of all active agents at time slot t.

Otherwise, the valid price is independent of the agents types
that lose the bid.

The workflow of our proposed online double auction is
listed as follows.

Step 1: At the beginning of the time slot t, the MGCC
computes the optimal electricity capacity for each MG at the

current time slot, and initializes the sellers set S and buyers
set B, as well as each agent’s type θi.

Step 2: Initialize the payment rule Pi(θ
t, t), and allocation

rule Pi(θ
t, t), and the active agents set to be Act = {i|i ∈

M, t ∈ [ei, di]}.
Step 3: For ∀i ∈ Act, computing the new price fi(θ t, t),

any agent that satisfies vi > fi(θ t, t), wins the bid. Then, the
MGCC announces the payment rule

Pi
(
θ t, t

) = max
r∈{max{di−δ,0},...,t}

{
fi
(
θ r, r

)}
(9)

where Pi is the price of per kWh electricity that agent i should
be paid.

Step 4: Based on the winner in step 3, the MGCC first
updates the winning sellers set

St =
{
i|0 > vi > fi

(
θ t, t

)
, i ∈ Act

}
(10)

and the winning buyers set

Bt =
{
i|vi > fi

(
θ t, t

)
, i ∈ Act, vi > 0

}
. (11)

Then, the trading amount of winning agents can be derived by

Qi
(
θ t, t

) =

⎧
⎪⎨

⎪⎩

i ∈ St : qi, i ∈ Bt : �qi
‖Bt‖1 ,

∑
qi

i∈St

≤∑
qi

i∈Bt

i ∈ St : qi, i ∈ Bt : �qi
‖St‖1 ,

∑
qi

i∈St

≥∑
qi

i∈Bt

.
(12)

Here, ‖Bt‖1 and ‖St‖1 represent the number of current seller
and buyer sets, respectively.

Step 5: The MGCC updates the demands or surplus via

qi = qi − Qi
(
θ t, t

)
(13)

returns P, Q, and repeats until there exist no active agents.
The detailed procedure of the online double auction scheme

is shown in Algorithm 1. This Algorithm aims to solve the
online double auction problem. The input is all the agents type
and the outputs are the results of the auction process, includ-
ing the winner agents and their payment and allocation. Recall
that in our designed online double auction scheme, once an
agent wins the bids at time t, the buyer transfers his/her pay-
ments to the auctioneer immediately while the seller delivers
the electricity to the MGCC. The buyers and sellers acquire
their electricity and payments during the time slot T at their
reported time.

B. Computing Valid Price

Based on the description made in above section, we know
that the SODA scheme highly relies on the valid price sched-
ule. We now design the method for computing the valid price
fi(θ t, t) for ∀i ∈ M at time t, the detailed procedures are given
as follows.

First, for the active buyers j ∈ B∩Act, denote the valuations
and demands as vb,j and db,j; for the active sellers k ∈ S∩Act,
denote the valuations and supplies as vs,k and ds,k. The MGCC
sorts the valuations in ascending order

∣∣vs,1
∣∣ <

∣∣vs,2
∣∣ < · · · < ∣∣vs,n

∣∣ (14)

and the valuations from j in descending order

vb,1 > vb,2 > · · · > vb,m. (15)
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Algorithm 1: Online Double Auction Scheme
Input: Buyers set B, sellers S, and each agent i’s type denoted as θi.
Output: The payment rule Pi(θ

t, t), the allocation rule Qi(θ
t, t)

.
Initialization: Q← 0, P← 0, t← 0, Bt ← ∅, St ← ∅ and
Act = {i|i ∈ M, t ∈ [ei, di]};
for t = 1 to T do

for i = 1 to M do
Update the agents’ types θi at t, compute the valid price
fi(θ t, t) for B and S;
if vi > fi(θ t, t) then

St ← St
⋃

i, Bt ← Bt
⋃

i;
Payment rule: Pi(θ

t, t)← max
r∈{max{di−τ,0},··· ,t}

{
fi
(
θ r, r

)}
,

the active agents set: as Act ← {i|i ∈ M, t ∈ [ei, di]};
if

∑
qi

i∈St

≤∑
qi

i∈Bt

then

for i ∈ St , Qi(θ
t, t)← qi;

for i ∈ Bt , Qi(θ
t, t)← qi − Δqi‖Bt‖1 ;

else
for i ∈ St , Qi(θ

t, t)← qi − Δqi‖Bt‖1 ;

for i ∈ Bt , Qi(θ
t, t)← qi;

Update qi = qi − Qi(θ
t, t);

else
The agent is not able to win the bid;

return Payment rule Pi(θ
t, t), allocation rule Qi(θ

t, t), and winning
buyers Bt sellers set St .

We assume the above orders are strict. This is because if two
agents submit the same purchasing price, the MGCC is able
to add their volumes together to establish an equivalent bid,
or if agents want to purchase per unit electricity in different
prices, the MGCC can consider them as different buyers. The
above analysis is also equally applicable to the sellers.

Second, MGCC sorts all sellers supplies according to prices
in ascending order, and buyers demands according to prices in
descendent order. To determine the valid price, we discuss the
following two cases: 1) there is no intersection and 2) there
is an intersection between demands and supply orders.

Case A: At first, we assume that seller K and buyer L lie on
the matching point, and if the reported prices and quantities
satisfy either

vb,l ≥
∣∣vs,k

∣∣ ≥ vb,l+1,

K−1∑

1

ds,k ≤
L∑

1

db,j ≤
K∑

1

ds,k (16)

or

−vs,k+1 ≥
∣∣vb,r

∣∣ ≥ −vs,k,

L−1∑

1

db,j ≤
K∑

1

ds,k ≤
L∑

1

db,j.

(17)

Then, the valid price fi(θ t, t) can be defined as

fi
(
θ t, t

) =
{

vb,l i ∈ B ⊆ M
vs,k i ∈ S ⊆ M.

(18)

Case B: On the other hand, when there exists no intersection
between two orders, we can make a vertical line between the
two closest parallel lines, from the end of the shorter, and the
two players in this line are K and L. Thus, the prices and
quantities satisfy

vb,l ≥
∣∣vs,k

∣∣,
L−1∑

1

ds,j ≤
K∑

1

db,k ≤
L∑

1

ds,j (19)

Algorithm 2: Valid Price Algorithm
Input: Active buyers and sellers sets
Output: The valid price at time slot t: fi(θ t, t).
Sort the active sellers as: −vs,1 < −vs,2 < . . . < −vs, n;
Sort the active buyers as: vb,1 > vb,2 > . . . > vb,m;
if −vs,n ≤ vb,m then

fi(θ t, t)←
{

vb,j, i ∈ B
vs,k, i ∈ S

else

if vb,l ≥ −vs,k ≥ vb,l+1 and
K−1∑

1
ds,k ≤

L∑

1
db,j ≤

K∑

1
ds,k then

fi(θ t, t)←
{

vbl, i ∈ B
vsk, i ∈ S

else

if −vs,k+1 ≥ vb,r ≥ −vs,k and
L−1∑

1
db,j ≤

K∑

1
ds,k ≤

L∑

1
db,j

then

fi(θ t, t)←
{

vbr, i ∈ B
vsk, i ∈ S

else

return Valid price fi(θ t, t).

TABLE II
BIDS AND ASKS FROM BUYERS AND SELLERS

where vb,l and vs,k are value of buyer L and seller K. We can
obtain the similar valid price schedule as in case A. Obviously,
the valid price fi(θ t, t) that we derive in both cases is indepen-
dent of the arrival and departure time, and the types of agents
after period t, and are also independent from the reported val-
ues from winning agents. The detailed procedure of computing
valid price is provided in Algorithm 2. This Algorithm aims
to compute the valid price at the current time slot. The input
is the active agents type and the output is the valid price.

C. Illustrative Example

To illustrate the online double auction scheme, we now show
an example based on a system with five MGs at 4 time slots.
We denote the waiting patience of the agents δ = 2. Assume
that there exists two insufficient MGs, which want to purchase
electricity from the other three surplus MGs. The bids and asks
are shown in Table II. For instance, seller 1 prefers to arrive
at the auction at time 1 and depart at time 3, while the agent
bids (per kWh electricity) as $0.15 and offers 50 kWh to sell.

We now illustrate the detailed procedure of the SODA
scheme with agents and their types in Table II. First, at
time slot 0, the only active agent is seller 2. Thus, there
exists no transaction in the system. Second, at time slot 1,
the active agents types are (1, 3,−0.15, 50), (1, 2,−0.2, 10),
(1, 2, 0.3, 50), and (1, 3, 0.2, 20), respectively. Based on the
computation rule of valid price fi(θ1, 1), the MGCC is able
to derive the valid price for buyers and sellers, when i ∈ B,
fi(θ1, 1) = 0.2, and when i ∈ S, we have fi(θ1, 1) = −0.2.



1184 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 48, NO. 7, JULY 2018

Comparing the valuations of active agents with the valid price,
we can observe that seller 1, seller 2, and buyer 1 win in the
auction. Based on the payment rule, winning buyer 1 pays
0.2 $/kWh to winning sellers 1 and 2. According to the allo-
cation rule, sellers 1 and 2 each transact 25 kWh electricity
to buyer 1. Obviously, the demand of buyer 1 is satisfied at
this time slot. Finally, at time slot 2 and 3, the valid price
becomes fi(θ2, 2) = fi(θ3, 3) = 0.2. Notice that there exists
no active buyer due to the fact that buyer 1’s demand has been
fulfilled at time slot 1, making no sellers and buyers win at
time slots 2 and 3. In summary, the social welfare in above
process is 50 × 0.3 − 25 × 0.15 − 25 × 0.18 = 6.75. Also,
by solving the social welfare maximization problem 4 offline,
we can obtain the ideal optimal social welfare to be 7.9. As
a result, the social efficiency of the SODA scheme in this
example scenario is 6.75/7.9 = 85.4 %.

In addition, we evaluate desired properties of the SODA
scheme in the above example. First, for the property of
strategy-proof, we take seller 2 as an example. If the agent
of seller 2 misreports the truthful type (0, 1,−0.18) as
(0, 1,−0.14), the valid price at this time is −0.2, and the
utility of which remains unchanged. If the agent misreports
the type as (0, 1,−0.22), the valid price is −0.18, then he/she
will lose the opportunity to win the bids and obtain utility of
0. Otherwise, if the agent misinforms the arrival and depar-
ture time in the type, its utility remains unchanged or even
declined. Thus, whatever the agent misreports its type, the util-
ity will not be promoted. Second, for each player in Table II,
the utility of seller 1, seller 2, and buyer 1 is 0.5, 1.25, and
2.5, respectively, while the utility of the others remains 0.
Thus, our scheme achieves individual rationality. Finally, the
MGCC’s profit in the above example is 0 at time 1. Thus, we
can see that our scheme satisfies weakly budget balance as
well.

D. Analysis of Properties

We now conduct the theoretical analysis, and prove that the
SODA scheme satisfies the properties of individual rationality,
(weak) budget balance, strategy-proofness, and computational
efficiency. In the following, we show several theorems.

Theorem 1: The proposed online double auction scheme
achieves individual rationality.

Proof: Recall that from step 3 in Section V-A, we can
observe that, for all i ∈ M, if there exists

vi > max
{

fi
(
θ t, t

)}
(20)

agent i wins the bids. At this time, the quantity of trading is
positive, and Q is equal to the largest valid price according to
the payment rule. The utility can be derived by

(
vi − Pi

(
θ t, t

))
Qi

(
θ t, t

)
> 0. (21)

Otherwise, if

vi < max
{

fi
(
θ t, t

)}
(22)

at time slot t, meaning that the agent is not able to win the
bid, and the payment and trading amount will be P = Q = 0,
leading to the utility at this time slot equaling 0.

Overall, the aggregated utilities of agent i in all time slots
T can be expressed as

∑(
vi − Pi

(
θ t, t

))
Qi

(
θ t, t

) ≥ 0. (23)

Thus, the SODA scheme achieves individual rationality.
Theorem 2: The proposed online double auction scheme

satisfies (weakly) budget balance.
Proof: Recall that from the allocation rule in step 4 of

Section V-A, we can observe that the quantities of transactions
at time slot t in winners sets Bt and St are equal. Otherwise,
the transaction quantities of agent i is 0 if he or she loses the
bid. Thus, the proposed online double auction scheme achieves
the balanced constraint.

For agents that win bids at time slot t, we have
∑

Pi
(
θ t, t

)
Qi

(
θ t, t

) =
∑

i∈Bt

Pi
(
θ t, t

)
Qi

(
θ t, t

)

+
∑

i∈St

Pi
(
θ t, t

)
Qi

(
θ t, t

)
(24)

where the first and the second term on the right indicate the
payment and revenue of buyers and sellers, respectively.

Notice that according to the computation rules of valid
price schedule (18), vs,k and vb,j are valid prices in Bt and
St, meanwhile we have vs,k + vb,j ≥ 0.

Also, the winning agents per unit payment is defined as the
largest one in the set of valid prices, and we have

∑

i∈Bt

Pi
(
θ t, t

)+
∑

i∈St

Pi
(
θ t, t

) ≥ 0 (25)

which shows the sum of per unit payment price from the buyer
and per unit selling price, they are not negative.

As a result, (24) is non-negative. Otherwise, for the agents
that are not capable of winning at time slot t, the payments
are 0. Thus, the SODA scheme is (weakly) budget balanced
because of

∑

t∈[ei,di]

Pi
(
θ t, t

)
Qi

(
θ t, t

) ≥ 0. (26)

This means MGCC does not have to inject money into the
market.

Finally, our proposed scheme is capable of inducing the
voluntarily involvement of the MGs agents, and they are will-
ing to report their truthful types to achieve maximum utilities.
Before introducing the proof of strategy-proofness, we first
introduce the following two lemmas. These two lemmas show
that the agent would not obtain a larger utility by misreport-
ing their types in two cases, where the first is that the agent
misreports their arriving and departure time and the second is
that the agent misreports their valuations.

Lemma 1: For an agent i ∈ M with the true type of θi =
(ei, di, vi), if he or she misreports his or her type as θ̄i =
(ēi, d̄i, vi), we have

Uθ
i ≥ Ūθ

i (27)

where Uθ
i and Ūθ

i are utilities of truthful reporting and
misreporting of agent i, respectively.
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Proof: We prove this lemma in the following two cases:
1) case A: vi ≥ max{ fi(θi, θ−i, r)} and 2) case B: vi <

max{ fi(θi, θ−i, r)}, for all r ∈ {max{di − τ, 0}, . . . , t}.
Case A: When the player reports its true value θi, if there

exists a time slot t ∈ [ei, ēi), in which vi ≥ max{ fi(θi, θ−i, r)}
for all r ∈ {max{di − τ, 0}, . . . , t}, and satisfies the nonzero
quantities transactions. Then, the agent will lose the opportu-
nity for trading when misreporting the type θ̄i, and it results
in

∑
[ei,ēi)

Qi(θ̄i, θ−i, t) = 0.
If there exists t ∈ [ēi, d̄i] and the nonzero transaction

quantities, we have that the following equation holds:
∑

[
ēi,d̄i

]
Qi

(
θ̄i, θ−i, t

) �= 0. (28)

Then, we have that fi(θi, θ−i, t) = fi(θ̄i, θ−i, t) is independent
from vi. Because the valid price is nondecreasing with t, for
any t′ ∈ [ei, ēi) and t ∈ [ēi, d̄i], we have

Pi
(
θi, θ−i, t′

) = max
r∈{di−δ,...,t′}

{ fi(θi, θ−i, r)}
≤ max

r∈{max{di−δ,0},...,t}
{

fi
(
θ̄i, θ−i, r

)} = Pi
(
θ̄i, θ−i, t

)
.

(29)

In addition, the allocation rule ensures the trading quantities
in [ei, d̄i] are larger than those in [ēi, d̄i]. Thus, we have

∑
[
ei,d̄i

]
Qi(θi, θ−i, t) ≥,

∑
[
ēi,d̄i

]
Qi

(
θ̄i, θ−i, t

)
. (30)

For the sake of simplicity, we denote Q(θi, θ−i, t) as Q(θi,t),
and the rest can be done in the same manner. Thus, we have

vi

∑

t∈[ei,d̄i
]
Q

(
θi,t

)−
∑

t∈[ei,d̄i
]
P
(
θi,t

)
Q

(
θi,t

) ≥

vi

∑

t∈[ēi,d̄i
]
Q

(
θ̄i,t

)−
∑

t∈[ēi,d̄i
]
P
(
θ̄i,t

)
Q

(
θ̄i,t

)
. (31)

In addition, when the agent truthfully reports its type θi,
if

∑
[d̄i,di] Qi(θi, θ−i, t) �= 0, when the type is misreported to

be θ̄i, the agent will lose the opportunity to win the bids in
(d̄i, di]. Thus, we can conclude that Uθ

i ≥ Ūθ
i in case A.

Case B: When the player i reports the true type θi, if vi <

max{ fi(θi, θ−i, r)} for all r ∈ {max{di − τ, 0}, . . . , t} at t ∈
[ei, ēi), according the valid price scheme, we have

∑

[ei,ēi)

Qi(θi, θ−i, t) = 0. (32)

Thus, when the agent misreports its value to be θ̄i, we have

vi ≤ max{ fi(θi, θ−i, r)} ≤ max
{

fi
(
θ̄i, θ−i, r

)}
. (33)

This means that the player has no chance to win the bid based
on the auction rules. Thus, we have Uθ

i = Ūθ
i = 0.

In conclusion, we prove that Uθ
i ≥ Ūθ

i when the agent
misreports the type to be (ēi, d̄i, vi) and [ēi, d̄i] ⊆ [ei, di],
indicating that misreporting arrival and departure time cannot
improve the utility of the agent.

Considering that the agents may misreport their valuations
vi to achieve higher utilities, we have the following lemma to
ensure strategy-proofness of the SODA scheme.

Lemma 2: For an agent i ∈ M with the true type of θi =
(ei, di, vi), if he or she misreports his or her type as θ̄i =
(ei, di, v̄i), we have

Uθ
i ≥ Ūθ

i . (34)

Proof: To prove this lemma, we consider the following three
different cases.

Case A: First, if at time slot t, when the agent submits
the truthful type θi, there exists vi ≤ fi(θi, θ−i, t), so that∑

t∈[ei,di] Qi(θi, θ−i, t) = 0, and the aggregated payments∑
t∈[ei,di] Qi(θi, θ−i, t)Pi(θi, θ−i, t) = 0. Thus, the utility of

agent i remains 0 during the time interval [ei, di].
On the other hand, when the agent misreports the types to

be θ̄i, v̄i ≥ vi and v̄i ≥ fi(θ̄i, θ−i, t), the transactions of the
agent can be nonzero as

∑
t∈[ei,di] Qi(θi, θ−i, t) �= 0.

The computation rules of the valid price fi(θ̄i, θ−i, t) show
that v̄i ≥ fi(θ̄i, θ−i, t) ≥ vi. Then, due to the payment rule, we
have Pi(θ̄i, θ−i, t) ≥ vi.

Then, the utility of agent i is nonpositive and Uθ
i ≥ Ūθ

i .
Otherwise, when the agent i misreports types to be θi, v̄i ≤

vi, the aggregated quantities Q and payments P are zero. Thus,
the utilities of truthful reporting and misreporting are equal
(i.e., Uθ

i = Ūθ
i ).

Case B: Second, when agent i reports the truthful type θi,
which makes vi ≥ max{fi(θi, θ−i, t)}. Then, the trading quan-
tities Qi(θi, θ−i, t) > 0. If Qi(θi, θ−i, t) < qi at time slot t′, we
have max{ fi(θi, θ−i, t)} ≥ vi.

This indicates that t′ is the last time slot that agent i wins
the bid. Thus, we have

∑

(t′,di]
Qi(θi, θ−i, t) = 0. (35)

Further, when the agent i reports θ̄i, and v̄i > vi, we have
∑

[ei,t′]
Qi

(
θi, θ−i, t′

) =
∑

[ei,t′]
Qi

(
θ̄i, θ−i, t′

)
(36)

and
∑

[ei,t′]
Pi

(
θi, θ−i, t′

) =
∑

[ei,t′]
Pi

(
θ̄i, θ−i, t′

)
. (37)

Or if v̄i > max fi(θ̄i, θ−i, t), the quantities of trading at time
slot t′ are nonzero, and based on the payment rule, we have
Pi(θ̄i, θ−i, t′ + 1) ≥ vi. This indicates that the utility of agent
i at time slot t′ + 1 is nonpositive. Then, Uθ

i ≥ Ūθ
i .

In addition, when reporting the untruthful type θ̄i, and in
which v̄i < vi, the agent will lose opportunity to win the bid.
Then, we have Uθ

i ≥ Ūθ
i .

Case C: When the player truthfully reports their type as
θi, if there exists a time slot that t′ ≤ di, in which the total
demand or capacity is fulfilled. Then, when agent i misre-
ports the type as θ̄i and v̄i > vi, the agent’s utility remains
unchanged. Otherwise, when reporting θ̄i and v̄i < vi, the agent
will lose opportunity to win the bids and Uθ

i ≥ Ūθ
i .

In summary, we prove that the utility of misreporting
type as θ̄i = (ei, di, v̄i) is not larger than that of truthful
reporting.
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Fig. 3. IEEE-33 bus-based test system.

By leveraging Lemmas 1 and 2, we now prove the strategy-
proofness of the SODA scheme.

Theorem 3: Our online double auction scheme satisfies the
property of being strategy-proof.

Proof: According to Lemmas 1 and 2, we can con-
clude that for each agent i ∈ M, misreporting the type as
either θ̄i = (ēi, d̄i, vi) or θ̄i = (ei, di, v̄i) will not result in
higher utilities than the truthful reporting. Thus, our pro-
posed online double auction scheme satisfies the property of
strategy-proof.

Theorem 4: Our online double auction scheme is computa-
tionally efficient.

Proof: We can observe from Algorithm 1 that, in each
time slot, the main step is to compute the valid price fi(θ t, t),
and then find the maximum as the payment rule. Clearly, the
time complexity in each time slot is O(M). Thus, in T time
slots, the overall time complexity of the SODA scheme is
O(MT). The overhead is acceptable and the SODA scheme is
computationally efficient.

VI. PERFORMANCE EVALUATION

In this section, we present the performance evaluation to
demonstrate the effectiveness of our proposed scheme. In the
following, we first present evaluation methodology and then
show evaluation results.

A. Methodology

The experiments have been implemented on a modified
IEEE 33-bus power grid distribution system, which is com-
posed of five grid-connected residential MGs. As shown in
Fig. 3, the MGs are geographically close to each other. In
each MG, the residential houses of different sizes, renewable
energy generators, local conventional units, and storage bat-
teries are deployed. The load demands of individual MGs are
all based on residential house loads. Loads are based on the
real-world data set, consisting of meter readings from thou-
sands of houses over 200 days [30]. In this real-world data
set, the weather information related to photovoltaic (PV) and
wind generation are daily based and derived from the weather
underground.

To derive the optimal energy capacity of MGs in the system,
a two-stage stochastic model has been used [31] to minimize
the operation cost while considering the uncertainty parame-
ters associated with electricity prices in the primary market,

Fig. 4. Load curve of system with MGs.

load demands from residential houses, as well as the capacities
of wind and PVs. Based on this model, the optimal real-time
capacity of demands from insufficient MGs and supply from
surplus MGs are obtained. Then, the parameters that satisfy
the double auction in the secondary market are initialized.

To evaluate the effectiveness of SODA in the secondary
market, we consider to assess it on the following two cases:
1) modified IEEE 33-bus-based power distribution system,
which is consisted of five MGs and 2) a generic case with
a larger number of buyers and sellers instead of five MGs.

B. Modified IEEE 33-Bus System Case

We now show the results of the SODA scheme on the
modified IEEE 33-bus systems with respect to: 1) peak load
shifting; 2) energy purchasing cost; and 3) social welfare.
In this scenario, we have implemented the SODA scheme
with 24 h a day and set the time slot T = 30 in each
hour. At the beginning of each hour, the MGCC computes the
energy capacity of every MG and then the SODA scheme is
employed to ensure the optimal energy trading, and the agents
are allowed to enter and departure at any time slot T .

1) Peak-Load Shifting: Fig. 4 represents the results of the
peak-load shifting in the system with MGs when the SODA
scheme is in place. We can observe from the figure that the sys-
tem peak-load is significantly reduced in this scenario because
the SODA scheme enables energy trading and balance the
demand and response on the utility grid. Particularly, the peak-
load at 19:00 is reduced from 18 500 to 16 335 after the SODA
scheme is in place. Thus, the SODA scheme is helpful in
maintaining the stable operation of power grid.

2) Energy Purchasing Cost: From the view of MGs, one
critical issue is whether cost can be reduced when the double
auction mechanism is in place. Here, the energy purchasing
cost of the SODA scheme is the payment rule P defined
in Section IV-B and the cost without auction is defined as∑

t∈T,i∈B Qi(θ
t, t)Rt, where Rt is the real-time electricity price

in the primary market [31]. Fig. 5 shows the energy purchas-
ing cost of the system with MGs, where the auction is not
used, and SODA is in place, respectively. From the figure,
we can see that after utilizing the proposed auction scheme
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Fig. 5. Energy purchasing cost.

TABLE III
ALLOCATION (kWh) AND PAYMENT ($) OF FIVE MGS

for the energy trading among local MGs, the cost declines
dramatically in five MGs. Table III illustrates the detailed
transactions and cost of five MGs in a day when SODA is
used.

3) Social Welfare: We also evaluate the social welfare of
SODA. Recall that we introduce the social welfare of the
insufficient and surplus MGs in (4) in Section IV-B. Fig. 6
shows the social welfare under different waiting patience δ in
a 24 h day. From the figure, we can observe that the social
welfare of the system is increased as the waiting patience of
players grows. This is because a higher waiting patience will
result in a higher opportunity of winning for the agents’ asks
and bids in the auction, consequently leading to the increase
of social welfare as well.

C. General Case

To evaluate the effectiveness of the SODA scheme, we
extend the experiments in a general test system, in which a
large number of buyers and sellers exist, instead of five MGs.
In this scenario, we consider that multiple buyers and sell-
ers are participating in the auction during the total available
time slots of T = 100. The buyers’ bids and sellers’ asks
are uniformly distributed over [0, 1], the amounts of demand
and supply associated with buyers or sellers are uniformly dis-
tributed over [0, 20]. The arrivals of agents follow the Poisson
distribution, by P(X = k) = (λk/k!)e−λ, where λ is the arrival
rate of the agents. In our simulation, we set λ to 20.

In our evaluation, we consider the following four metrics.
1) Social Welfare: As we denoted in Section IV-B, the

social welfare of the system with MGs is referred to

Fig. 6. Social welfare.

Fig. 7. Number of sellers versus (a) social welfare, (b) sellers satisfaction
ratio, (c) buyers satisfaction ratio, and (d) social efficiency.

as the difference between winning insufficient MGs
valuations and winning surplus MGs costs.

2) Buyers Satisfaction Ratio: Buyers satisfaction ratio is
referred to as the proportion of the successful trans-
acted amount demanded by insufficient MGs to the total
amount of demands, which are satisfied in the auction.

3) Sellers Satisfaction Ratio: Sellers satisfaction ratio is
referred to as the utilization ratio of total surplus energy.

4) Social Efficiency: Social efficiency is referred to as the
ratio of social welfare between the SODA scheme and
the optimal solution by directly solving the offline social
welfare maximization problem 4.

In addition, we investigate the pivotal factors that could affect
the effectiveness of SODA: 1) number of sellers/buyers and
2) waiting patience δ. To further evaluate the computational
efficiency, we show the computation overhead of the SODA
scheme with respect to the different sizes of systems.

1) Performance of the SODA Scheme Versus the Number
of Buyers/Sellers: Fig. 7(a)–(d) shows the variation of social
welfare, sellers/buyers satisfaction ratio versus the number of
buyers/sellers. Particularly, Fig. 7(a) shows the results of social
welfare with respect to different densities of buyers and sellers.
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Fig. 8. Waiting patience versus (a) social welfare, (b) sellers satisfaction
ratio, (c) buyers satisfaction ratio, and (d) social efficiency.

We can observe from the figure that the results of social wel-
fare follow the same trend as the increase in buyer and seller
density. This is because more players in the auction will lead
to a higher opportunity of matching bids and asks. For exam-
ple, when the number of buyers is 200, the social welfare
increases from 1700 to over 2000 as the number of sellers
varies from 200 to 250. To the contrary, the social welfare
gradually achieves the saturation state when the number of
sellers is larger than 100 in the other two cases.

In Fig. 7(b), when the number of sellers increases, the sat-
isfaction ratio of those sellers keeps declining as more sellers
in the auction lead to an intense price competition. As we can
see from Fig. 7(c), as the higher supply results in more choices
for the buyers, the demands can be satisfied more, leading to
higher satisfaction ratio. It is demonstrated that the growth
rate of satisfaction ratio slows down and stabilizes as shown
in Fig. 7(c). The reason is that when the number of sellers
reaches a certain degree, most of the buyers have completed
the transactions and additional sellers will contribute little to
the satisfaction ratio.

From Fig. 7(d), we can observe that social efficiency grows
as the number of sellers increases. The reason is that when
solving the social welfare maximization problem offline, all
bids and asks are known to auctioneer so that most of demands
from buyers can be satisfied to achieve the maximization of
social welfare. Thus, additional sellers contribute little to the
social welfare. Nonetheless, in our online auction scheme,
more sellers in the auction are able to satisfy more demands
from buyers, leading to greater social welfare.

2) Performance of the SODA Scheme Versus Waiting
Patience: Fig. 8(a)–(d) illustrates the results of four defined
metrics to measure the performance of the SODA scheme with
respect to different levels of waiting patience δ. As we can see
from Fig. 8(a), the social welfare increases with the increase
of waiting patience δ, when the total number of buyers and
sellers in the auction are 100, 200, and 400, respectively. Also,
the same trend is shown in Fig. 8(b) and (c). This is because
the higher waiting patience accounts for more transactions in
the auction.

Fig. 9. Computation overhead.

Fig. 8(d) illustrates the simulation results of social efficiency
versus number of players. In this scenario, we set the number
of buyers and sellers to be equal. We can observe the similar
trend as shown in Fig. 7(d). That is, the waiting patience of
agents always positively impacts the social efficiency of the
SODA scheme as the higher waiting patience in the auction
results in a higher opportunity of winning the bids. We also
observe that the social efficiency decreases when the number
of players increases. The reason is that the increased number
of agents in the auction will increase the competition in the
market. Thus, the increased amount of successful trading in
the SODA scheme is less than the increased amount in the
offline problem defined in (4). This leads to the decreasing
trend of social efficiency when the number of players grows.

3) Computation Overhead: To validate the computational
efficiency, we illustrate the computation time of SODA with
50, 100, 200, 400, and 800 players in the system. Obviously,
as shown in Fig. 9, the SODA scheme is able to achieve opti-
mal energy trading within 0.3 s, while the time consumption
increases with the number of players. This is because the most
time taken for SODA is computing the valid price and finding
the maximum as the payment rule.

VII. CONCLUSION

In this paper, we have addressed the energy management
issues in the smart grid system with MGs. Particularly, to
enable the energy trading among local MGs, we have proposed
the idea of secondary electricity market in the smart grid sys-
tem. To derive the optimal energy trading in the secondary
market, we have proposed a novel online double auction
scheme, called the SODA scheme. Our theoretical analysis
shows that the SODA scheme satisfies the targeted economic
properties and computational efficiency. Our experimental
results show that the SODA scheme enables peak-load shifting
and energy purchasing cost saving, while achieving good per-
formance with respect to social welfare, seller and buyer sat-
isfaction ratio, social efficiency, and computational overhead.
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