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Abstract—This paper proposes a real-time pricing scheme that
reduces the peak-to-average load ratio through demand response
management in smart grid systems. The proposed scheme solves a
two-stage optimization problem. On one hand, each user reacts
to prices announced by the retailer and maximizes its payoff,
which is the difference between its quality-of-usage and the
payment to the retailer. On the other hand, the retailer designs
the real-time prices in response to the forecasted user reactions to
maximize its profit. In particular, each user computes its optimal
energy consumption either in closed forms or through an efficient
iterative algorithm as a function of the prices. At the retailer
side, we develop a Simulated-Annealing-based Price Control
(SAPC) algorithm to solve the non-convex price optimization
problem. In terms of practical implementation, the users and
the retailer interact with each other via a limited number of
message exchanges to find the optimal prices. By doing so, the
retailer can overcome the uncertainty of users’ responses, and
users can determine their energy usage based on the actual prices
to be used. Our simulation results show that the proposed real-
time pricing scheme can effectively shave the energy usage peaks,
reduce the retailer’s cost, and improve the payoffs of the users.

Index Terms—Real-time pricing, Demand response manage-
ment, Payoff maximization, Profit maximization, Non-convex
optimization.

I. INTRODUCTION

N TODAY'S electric power grid, we often observe substan-
tial hourly variation in the wholesale electricity price, and
the spikes usually happen during peak hours due to the high
generation cost. However, almost all end users nowadays are
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charged some flat-rate retail electricity price [1], [2], which
does not reflect the actual wholesale price. With the flat-rate
pricing, users often consume much more electricity during
peak hours, such as the time between late afternoon and bed
time for residential users. This leads to a large fluctuation
of electricity consumption between off-peak hours and peak
hours. The high peak-hour demand not only induces high cost
to the retailers due to the high wholesale prices in those hours,
but also has a negative impact on the reliability of the power
grid. Ideally, the retailer would like to have the electricity
consumption evenly spread across different hours of the day
through a proper demand response management.

For the demand response management, researchers have
introduced real-time pricing schemes that reduce the peak-
to-average load ratio through encouraging users to shift their
usage to off-peak hours [1]-[7]. A real-time price charges each
users based on not only “how much” electricity is consumed
but also “when” it is consumed. A properly designed real-time
pricing scheme may result in a “triple-win” solution: flattened
load demand curves enhances the robustness and lowers the
generation cost for the power grid; a lower generation cost
leads to a lower wholesale price, which in turn increases the
retailers’ profit; users may reduce their electricity expenditures
by responding to the time-varying price.

The existing research in the real-time pricing can be divided
into three main threads. The first thread is concerned with
how users respond to the real-time price, hopefully in an
automated manner, to achieve their desired level of comfort
with lower electricity bill payment (e.g., [2], [8], [9]). These
work, however, does not mention how the real-time prices
should be set. The second thread of work is concerned with
setting the real-time price at the retailer side (e.g., [10]),
without taking into account users’ potential responses to the
forecasted price. For example, the retailer may adjust the real-
time retail electricity price through linking it closely to the
wholesale electricity price in [10]. The last thread of work
is concerned with setting the real-time retail electricity price
based on the maximization of the aggregate surplus of users
and retailers subject to the supply-demand matching (e.g.,
[11]-[15]). However, the price obtained in this way may not do
good to the retailer’s profit. In principle, the retailer should be
able to design real-time prices that maximizes its own profit by
taking into account the users’ potential responses to the prices
(e.g., responses that maximize users’ own payoff). Ideally, the
real-time pricing scheme should be able to achieve a “triple-
win” solution that benefits the grid, the retailer, and the end
users.

0733-8716/13/$31.00 (© 2013 IEEE
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Fig. 1. A simplified illustration of the retail electricity market.

In this paper, we endeavor to design such a real-time
pricing scheme to reduce the peak-to-average load ratio, and
to maximize each user’s payoff and the retailer’s profit in
the meantime. The key hurdle that prevented previous work
from doing so lies in the asymmetry of information. For
example, when the prices are announced before the energy
scheduling horizon (i.e., ex-ante price), the retailer has to face
the uncertainty of user response and reimburse the wholesale
cost based on the actual electricity consumption by the users.
On the other hand, if the prices are fixed after the energy is
being consumed (i.e., ex-post price), the users have to bear
the uncertainty, as they only adjust their demand according to
a prediction of the actual price.

As mentioned in [16], smart grid is an electricity delivery
system enhanced with communication facilities and informa-
tion technologies. Roughly speaking, smart grid is a system
integrating the traditional power grids and the communication
networks (e.g., Local Area Network (LAN)). Suppose that
each user is equipped with a smart meter that is capable of
having two way communications with the retailer through a
communication network. Based on it, we introduce a novel
ex-ante real-time pricing scheme for the future smart grid,
where prices are determined at the beginning of each energy
scheduling horizon. The contributions of this paper can be
summarized as follows:

o We formulate the real-time pricing scheme as a two-
stage optimization problem. On one hand, each user
reacts to the price and maximizes its payoff, which is the
difference between the quality-of-usage and the payment.
On the other hand, the retailer designs the real-time price
in response to the forecasted user reactions to maximize
its profit.

e The proposed algorithm allows each user to optimally
schedule its energy consumption in closed forms or
through an efficient iterative algorithm. Furthermore, the
users and the retailer interact with each other through
a limited number of message exchanges to find the
optimal price!, which facilitates the elimination of cost
uncertainty at the retailer side.

o We propose a real-time pricing algorithm based on the
idea of simulated annealing to reduce the peak-to-average
load ratio in smart grid systems. For the practical im-

'In this paper, we assume that the users and the retailer declare their
information truthfully. We will consider the incentive issue in a future work.
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Fig. 2. The operation of smart meter and the price setting of retailer in our
design, where pj, represents the price for the hth time slot in every scheduling
horizon.

plementation of the algorithm, we further study how to
set the length of interaction period so that the retailer is
guaranteed to obtain the optimal price through commu-
nications with users.

The rest of this paper is organized as follows. Section II
introduces the system model and the problem formulations.
In Section III, we provide the closed-form expression of the
electricity consumption scheduling with elaborate mathemat-
ical analysis, and propose an efficient iterative algorithm for
electricity consumption scheduling. The simulated annealing
based algorithm used to adjust the real-time retail electricity
prices at the retailer side is proposed in Section IV. In Section
V, we evaluate the performance of the proposed algorithm
through several simulations. The paper is concluded in Section
VL

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a microgrid (as shown in Fig. 1 [9]) with two
types of participants: end users (i.e., customers), and a retailer
from which end users purchase electricity. In this paper, we
consider time-varying prices, with the hope to reduce peak-to-
average load demand ratio, increase the retailer’s profit, and
maximize the users’ utilities with minimum payment. In the
following, we present the problems considered by users and
retailer, respectively.

A. Residential End Users

We assume that each user is equipped with a smart meter as
shown in Fig. 2. The retailer sets the real-time retail electricity
prices and informs to users via LAN. At the user side, the
energy scheduler in the smart meter optimally computes and
distributes energy consumption according to the prices for the
upcoming scheduling horizon H = {1, ..., H}.

Let U = {1,2,--- ,U} denote the set of residential users.
Assume that each user u has three types of appliances, denoted
by Ay, B, and C,,. The first category A, includes background
appliances, which consumes a fixed amount of energy per
unit time during a fixed period of time. The background
appliances are inelastic, in the sense that there is no flexibility
to adjust the energy consumption across time. Examples
of such appliances include lighting, refrigerator and electric
kettle. The second category B, includes elastic appliances,
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which have higher quality-of-usage (satisfaction) for more
energy consumed per unit time (with a maximum consumption
upper bound). The evaluation of quality-of-usage can be time-
dependent for elastic appliances, as users may obtain a higher
satisfaction to consume certain amount of energy during a
certain time than in other time durations. Examples of such
appliances include air conditioner, electric fan and iron. The
last category C, includes semi-inelastic appliances, which
consume a fixed total energy within a preferred time period.
This category is semi-inelastic in the sense that there is
flexibility to choose when to consume the energy within the
preferred time period, but no flexibility to adjust the total
energy consumption. Examples include washer/dryer, dish-
washer, plug-in hybrid electric vehicle (PHEV) and electric
geyser.

For each appliance a,, we express its energy consumption
over the scheduling horizon H by a scheduling vector e, as
follows:

€q, = (eamla"' 7eau7H)' (1)

Let pj, denote the price for the hth time slot in the scheduling
horizon. A time slot can be, for example, one hour, and the
scheduling horizon can be one day, i.e., H = 24 hours.
At the beginning of every upcoming scheduling horizon, the
retailer announces all prices py,’s for the upcoming scheduling
horizon, and each user u computes its optimal e, accordingly.
In what follows, we will introduce the energy consumption
constraints of the three categories of appliances.

As a background appliance, each a, € A, works in a
working period H,, € H, during which it consumes g,
energy per time slot. This is mathematically described as

e Ta.,hs
ay,h —
0,

We note that the time slots in H,, are allowed to be inter-
mittent. There is no flexibility to redistribute the load due to
this type of appliances in response to the price. However, such
appliances are ubiquitous in power systems and contribute a
large percentage of the peak during high-demand hours. It
is thus important to properly schedule categories 5, and C,
appliances to avoid further overloading the peaks.

For each appliance a,, € B,, user u obtains different levels
of satisfaction for the same amount of energy consumed in
different time slots. Suppose that the satisfaction is measured
by a time-dependent quality-of-usage function U, n(€q,, h)s
which depends on who, when, and how much energy is
consumed. For example, U,, n(€q,,n) may be equal to zero
during undesirable operation hours. It is reasonable to assume
that Uy, n(eq,.n) is a non-decreasing concave function of
€a,,n at any time slot h € H. Besides, for each appliance
ay € By, the energy consumption per time slot is subject to

heHa,,
otherwise.

)

0<eaq.nrg ", VheH, 3)
where 7% is the maximum energy that can be consumed in
the time slot when appliance a,, is working.

As a semi-inelastic appliance, each a, € C, works in a
working period H; C H, during which it consumes F,,
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energy in total. This is written as

> eayn = Ea, )

heM,,,

for each appliance a, € C,. Noticeably, the period H,
is consecutive with the beginning «,, € H and the end
Ba, € H. Thus, H;, can be rewritten as H;, = {0, +
1,-++, Ba, } In practice, the choice of «,, and f3,, depends
on the habit (or preference) of user u. Besides, the energy
consumption per time slot is subject to the following constraint
due to this type of appliance, i.e.,

0<eq,.n <1y VheH, . (5)

Furthermore, we have e,, , = 0 for any h ¢ H as no
operation (and hence energy consumption) is needed outside
the working period H;, . For this type of appliance, there is
flexibility to distribute the total load during the working period
in response to the price.

For three categories of appliances, there is usually a limit
on the total allowable energy consumption for each user w at
each time slot. This limit, denoted by C***, can be set by the
retailer to impose the following set of constraints on energy
scheduling:

D

ay €AY, By,Cu

€a, n < O Vh e H. (©6)

In practice, such constraints are used to protect the total
energy consumption from exceeding the grid capacity. To
summarize, all valid energy consumption scheduling vectors
can be determined by constraints (2)-(6).

Noticeably, each user u has two contradicting goals, given
that all its demands (i.e., constraints (2)-(6)) are met. The first
is to maximize its overall satisfaction, given by

> > Uawn(eann). (7)

heH Qo GBu

The second goal is to minimize its electricity bill payment,
obtained as

>

heH

>

ay€AY,BY,Cy

eau,h>- ®)

To balance the two objectives, each user formulates the energy
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scheduling problem as maximizing its payoff, i.e.,

Z Z Uamh(eau,h)

P1: maximize

heEH a, B,
- o (Eu,h + > eau,h> ©.1)
heH ay €EB,Cu
subject to 0 < eq, n <7575, Va, € By, Vh € H,
9.2)
0<eq,n<ry > Va, €CyVh € ’H;u,
9.3)
€a,.h = 0,Ya, € Cy,Yh ¢ H, , (9.4
Y Cann=Ea, Vau €Coy (95
heH,,
> eapn SO — By p,VheH,
a, €8B4,Ca
9.6)
variables e, ,Va, € By,Cy,

where F, ; is the total energy consumed by background
appliances at time slot h, satisfying

Eu7h = E Tay,h-

ay:h€Ha,

(10)

Note that through solving Problem 1, each user can indepen-
dently determine its optimal energy usage based on the prices
forecasted by the retailer.

B. Retailer

When we solve Problem P1, the optimal total energy
consumption from all users in each time slot depends on the
price vector p = [p1,--- ,pm]. For notational convenience,
let S,.»(p) denote the corresponding optimal total energy
consumption of user u at time slot h. As shown in the
next section, given the price, each user can easily calculate
Su,n(p)’s from Problem P1.

Note that the retailer has one goal to maximize its profit,
which is the difference between revenue and cost with which
it buys energy from the generators. In particular, the revenue

is given by
> (Z Su,h(p)> Ph

h ucl
and the cost is denoted as an increasing convex function of
the load demand at each time slot, i.e.,

2 3
Za<25u,h(p>> +b<ZSu,h(p>> .12

heH ucl uel
where a and b are positive factors [22]. Mathematically, the
goal of the retailer is therefore written as

P2: maximize L(p) = Z Z Su,h(p)> Dh

(1)

heH \uelU
2 3
—w Z a (Z Su,h(p)> +b <Z Su.,h(p)>
heH uel uel

subject to  p! < p, < p%, Vh e H,

variables p,
(13)
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where p' and p* denote the lower-bound price and the upper-
bound price due to regulation, respectively, and the coefficient
w reflects the weight of cost in the net profit.

Noticeably, the optimal solution of Problem P2 depends
on the form of the total electricity consumption (i.e.,

>~ Sun(p)). The detailed solution to Problem P2 will be
ueU
discussed in Section IV.

III. IMPLEMENTATION OF ELECTRICITY CONSUMPTION
SCHEDULING

In this section, we first derive S, »(p)’s at the user side.
Each user can then inform the retailer of S, ,(p)’s via the
communication channels. With this information, the retailer
can then efficiently calculate the demand response from each
user for any price vector p, thus removing the uncertainty of
user response.

Due to the concavity of U,, n(eq, n), Problem P1 is a
convex optimization problem, and the optimal solution can
be obtained by the primal-dual arguments [17]. That is, we
can solve Problem P1 through maximizing its Lagrangian
and minimizing the corresponding dual function. Let 1, =
(Mu1s -+ ,num) denote the Lagrange multiplier vector cor-
responding to the constraint (9.6). We define the Lagrangian
L({ea, }a,sm,) associated with Problem P1, i.e.,

L({ea, }au: M)

— Z Z Ua, n(€ay.n) — th (a ;c eauﬁ)

heH a,€B, heH
# (B Y )
heH ay €84,Cu

(14)
Mathematically, the optimizations of the Lagrangian and the
dual problem are expressed as

g(n,) =maximize L({eq, }a,,N.,)
subject to 0 < eq, n < 13, Vh € H,Va, € By,
Z €an.h = Lay,Vay, € Cy,
heH!,,
0 <eq,n <1y, Va, € Cy,Yh e M, ,
€au,h = 0,Ya, € Cy,Vh ¢ H, |

variables e, ,Va, € By,Cy.
15)
and
Dual Problem: minimize g¢(n,,)
subject to 7,5, > 0,Vh € H, (16)
variables n,,,
respectively.

Let U, ,(eq,,n) denote 6[]‘15"‘7(6:“"1) and U, () denote

ea’u. ’

the inverse function of U, ,(-). Let H, be the set of time
slots in which there might be semi-elastic appliances for user

u. It is clear that H,, = |J H| . Likewise, let the optimal
ay €Cy

solution to (15) be éAau,h(Phaﬁmh) for all a, € B, and

€ay.n(D, (Mu,n, Vh € H,)) for all a, € C,, in each h € H,

respectively. According to the theory of convex optimization
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and linear optimization [17], we have the following result as
shown in Lemma 12.

Lemma 1. The optimal solution to (15) satisfies®

€a . h(Phs Mu,h)

[U’ L (on + 1, h):|

max

" A7)
,Va, € B,,Yh € H,
0

and for all a,, € C,, and h; € H

hi (pa (nu,h7Vh € ,}:[u))

rmaxif e {1,2, ,Lﬁfng} and h; € H/,

E,, —ra* x L w |, elseif i = eraxJ +1
and h; € M,

eau;

Ay Tmmx

0, otherwise,
(18)
where h; follows that pp, + Nun; < Phisy + Duhigs -

The proof of Lemma 1 is deferred to Appendix A.

After obtaining the optimal solution to problem (15), we
want to minimize the dual problem (16). In particular, problem
(16) can be decomposed into (19) and (20).

From problem (19), we have Lemma 2 as shown in the
following.

Lemma 2. If

>

ay€EBy

max
Ay

|:U¢Izu,lh(ph):| <O B h ¢ He o Q21
0

2For simplicity, we assume that the smart grid can tolerate that ev-
ery category C, appliance consumes 7;%* at the same time slot, ie.,

> e <O — Eyp, Vhe
ay €Cy

3Notation [z]% means max{min{z,b},a}, and notation |z| returns the
largest integer not greater than x.
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the optimal solution to (19) is zero, and the optimal energy
consumption of each appliance a,, at time slot & ¢ H,, satisfies

max
T‘au

€a.n(Pn) = [U;:)lh(ph)} , Vay, € Bu,h ¢ Hy.  (22)

0

Otherwise, the unique optimal solution to (19) is a function of
Ph. denoted by 7y, 5, (pr), and the optimal energy consumption

of each appliance a,, at time slot h ¢ H,, satisfies

max

, Ya,, € By,h ¢ o

(23)
Moreover, the total optimal energy consumption at time slot
h ¢ H,, is equal to C**, That is,

ST ennlon) = O —

ay €8y

et n(pn) = [U;u}h<ph+n:,h<ph>>k

Eun h & Hy. (24)

The proof of Lemma 2 is deferred to Appendix B.
Denote by S, »(p) the total energy consumed by user v in
each time slot 4. By Lemma 2, we have (25).

Sun(p) = Z o n(Pn) + Eun
ayEBy
:mm{cma" Eunt Y [U; 1h(ph)] },thz}lu.

ay, €8,

(25)
Remark 1. The total energy consumption follows (25) as long
as there is no energy consumption of semi-elastic appliances
in time slot h.

Next, we focus on calculating the total energy consumption
in time slot A~ when there may exist semi-elastic appliances,
e., Problem (20). A close look at Problem (20) reveals
that to solve Problem (20), we first need to sort the time
slots in H, as the order {hy,---,hi,---,hy} such that

minimize E E U h(€ay

W= Y (o +77u,h)<

Z eau,h> + Z T, h <0Lnax - Eu,h)

h¢H, duEBuy h¢H., ayEBy h¢ .,
subject to e, p = {Ul’lu_lh(ph + Nun) ’ Vh ¢ Hoy,Vay € By, (19)
: 0
T > 0,Yh & Ty,
variables 7.5, Vh ¢ H,.
minimize 30 S Unoleon) = 30 0n e ) (2w )+ X o (€2 = B
hi€H, au€Buy hiet, @, €B..Cu hi€H
subject to €q, 1 {U; 1h (Dh, + T, )] Vh; € Hy,Vay, € By,
0
max if i e {1,2, ---,Lﬁ?;;]}andh'e’l-[’u (20)
Va, € Cuyayn, = § Ea, — 2% x | Lo | elseif i = L i)+ 1and hy € My,
0, otherwise,

T, h; 2 Othz S 7:[11,7
variables 1,5, Vh; € .
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77T(Jk})l _ { (k—1) w(k) <C;nax — Bup—

ay€EBy

Z éau,h(ph + nukh_
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JF
D)= 37 anlp, (Y h € ﬁu»ﬂ Vh € Hy. (26)

a, €Cy

Algorithm 1 Implementation of Electricity Consumption
Scheduling for given p in H,,

1: Imitialization; Randomly choose n(o) > 0,Vh € H,. Let

k=1.
2: repeat
3. Calculate €a,.n(Dn + nikh 1)) s and
(k-1

€a, h (D, (77u h ) ,Vh € 7:lu))’s b}(/k)Lemma 1.

4. Update the multiplier variables 7, ’s according to (26).
5: k=k-+1.

o until 3 ( S Counon + 2570) = Caunlon +
X heﬂ ay €EBy, .
_9 —1 ?
WO+ D Cannle 5 R € H) -

Ay €Cy

Eann(p, (0P Vh e 1, )))2) <e

Phi + Nuhy < Phipy + Nuhyy, for all h; € 7:[u, where
L= |7:lu| Then, the energy consumption of each semi-elastic
appliance is given according to the order of time slots. Since
the order of time slots depends on the summation of 7, », and
pp, for all h € H,, the energy consumption has no closed-
form expression for the semi-elastic appliances. Therefore,
it is difficult to obtain the optimal solution n} ,(p)’s from
(20). Alternatively, for a given p, we can adopf an iterative
numerical algorithm to obtain 7;, ; (p)’s. In particular, at each
iteration k, the energy consumption is first updated by Lemma
2. Then, the multiplier variables are updated as 7718]?,)1’5 by
the subgradient method (i.c., (26)) [18]. Here, ")
stepsizes at the kth iteration. Besides, é,, »(pn + ngf,jl))’s
and é,,, 1(p, (1775 h Y vh e, ))’s are the optimal solution to
(15) at the (k — 1)th iteration.

Now, we present the implementation of electricity con-
sumption in time slot A when there may exist semi-elastic
appliances in Algorithm 1.

’s are the

Remark 2. At each iteration of Algorithm 1, the energy
consumption and the multiplier variables are updated in
closed forms. Therefore, the complexity of Algorithm 1 is
O(|Bu|H + |Cy|H + H) at each iteration.

Note that the optimal solution to Problem P1 is a function
of p, and thus we denote it as e} (p)’ s The following

theorem shows that when the stepsizes 1/1 )’s in (26) are

small, the optimal solution of (15), i.e., é4, 1 n(pn + T]i(f,)l)’s

and é,,, 1 (p, (1775 ) Vh € H,))’s, will converge within a small

neighborhood of the optimal solution e, (p)’s.

Theorem 1. (a) Constant Step51ze Assume that
¢1(Lk = swu 5> Where 1/) ’s are arbitrary positive
constants. For any € > 0, there exists some sg > 0
and a time 7Tp, such that for any s < sq, any initial

multiplier variables 7]15 )>s and all k > Tp, we have
@7).

(b)  Adaptive Stepsize. If the stepsizes are iteration-
varying and they are chosen such that 1&1(;6,)1 =

s(k)wioz with klim sF) = 0and Y s®) = 4o,
’ —00 —
then (28) is satisfied.

The detailed proof of Theorem 1 is relegated to Appendix
C.

With Algorithm 1, the smart meter can quickly calculate the
energy consumption of each appliance (and hence S, 5 (p)) in
each time h € H, in response to the price p forecasted by
the retailer. This implies that the total energy consumption can
be obtained by the smart meter through Algorithm 1 or the
closed-form expression (25) according to the forecasted price.
The following example will illustrate both situations.

Example 1 (User’s response to the forecasted price p): As-
sume that user u has six appliances, including two background
appliances a; and aq, two elastic appliances as and a4, and
two semi-elastic appliances as and ag. Let the scheduling
horizon H be {1,2,---,8}. Specifically, the working period
of appliance as is {3,4,5,6}, and the working period of
appliance ag is {4,5,6,7}. The total energy consumption of
background appliances is [4.0,3.0,3.0,3.5,2.5,3.5,3.5,3.0]
kWh in the scheduling horizon. The maximum allowable
energy consumption C7'** of user v is 40 kWh at each
time slot. The maximum allowable energy consumptions of
appliances as, a4, as and ag are 20 kWh, 20 kWh, 4 kWh
and 6 kWh at each time slot, respectively. The total energy
consumptions of semi-elastic appliances as and ag are 10
kWh and 10 kWh in the working period, respectively. Assume
appliance as and appliance a4 have a quality-of-usage of
Uay.n(€as,n) = 1.5wy plog(my n + €q,,n) and a quality-of-
service of Uy, p(€q,.n) = 1.5wa plog(mapn + €q,,n) at time
slot h, respectively. The parameters in these two functions are
given as follows,

w1, h (6 8 6 8 6 10 8 6
W2h) ey ~\6 8 10 8 10 6 10 8
and

mi,p (1.0 30 15 35 3.0 35 05 3.0
<m23h>heﬂ_ (3.0 1.0 1.5 3.0 15 35 2.0 1.0)'
Consider a given price vector p = $[1.1,1.0,1.2,1.2,1.9,
1.4,1.9,1.0]. In this case, the amount of consumed energy is
calculated with the closed-form expression (25) in time slots
{1, 2,8}, since there is no semi-elastic appliance in these time
slots. For other time slots, the smart meter needs to calculate
the energy consumption according to Algorithm 1.

Fig. 3 shows the scheduled energy consumption of each
appliance in response to the forecasted price vector p. In
this example, Algorithm 1 takes 4 iterations to converge to
the desirable energy consumptions in time slots {3,4, 5,6, 7}.
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S (X Conlon ) - @+ Y Connlp 6k e R~ ) s @D
heH, au€By ay€Cy
tin 3 (3 Counlon 1) - e, 0+ T a8 € ) =i, )F) =0, 29
het, au€Bu a,€Cy
problem P2. The proposed price control algorithm here is
‘0 ‘ ‘ ‘ based on the use of Simulated Annealing (SA) [19], and is
[ IBackground appliances referred to as SAPC.
a5l [JAppliance a, ] Suppose that two-way communications between the retailer
[ Appliance &, and users is possible through certain types of communica-
=30} I Appliance a, | tion networks in future smart grids. The SAPC algorithm
2 512 B Appliance 2, Ives Problem P2 in an iterative manner. In each iteration
2 solves Pro ,
§ 25 p,=51.0 Ps=812 {1 the retailer broadcasts to all users a tentative price vector
g =814 p,=51.0 p. Each user then responds with S, ;(p) for all h. If no
3% semi-elastic appliance is present, S, 5 (p) can be analytically
B p,=$1.9 calculated through the closed-form expression (25). Otherwise,
g8 the users compute Sy, ,(p) using Algorithm 1. Based on these
g responses, the retailer updates the price vector based on the
T 10 concept of SA, which will be discussed shortly. The updated
price is then broadcasted to probe the users’ responses. When
5 the price vector is finalized, the retailer sends it to all users,
who will schedule energy consumption for the next scheduling

0 1 2 3 4 5 6 7 8 9
Schduling Horizon

Fig. 3. The scheduled energy consumption of each appliance in response
the forecasted price vector p.

to

Recall Remark 2 that the complexity of Algorithm 1 is
O(|Bu|H + |Cu|H + H) at each iteration. Therefore, it is
of practical meaning for the smart meter because of its low
computing capability. It can be further seen from Fig. 3 that
the larger price the less energy consumption for semi-elastic
appliances. This is because that the minimum payment is
the target of semi-elastic appliances. However, it might not
be satisfied for the elastic appliances, because the quality-of-
service also needs to be considered except the payment.

IV. SIMULATED ANNEALING BASED ALGORITHM FOR
PRICE CONTROL

In the section above, we have obtained the solution of
electricity consumption in response to electricity prices. In
this section, we consider how the retailer adjusts the electricity
prices according to users’ responses.

A. Simulated Annealing based Price Control (SAPC) Algo-
rithm

The retailer determines the optimal price vector for a certain
time period (namely a scheduling horizon) right before the
start of the time period. For example, the price used for a
day can be calculated during the last few minutes of the
previous day. Due to the non-convexity of Sy, 5(p)’s, convex
optimization methods cannot be used to solve the retailer side

horizon accordingly.

Update of p: In each iteration of the SAPC algorithm, one
entry of p is updated while the others keep fixed. Different
entries pi, pa, - - -, pg are updated in a round robin manner in
consecutive iterations. When py, is to be updated, for example,
the retailer randomly picks p}, in [p,p"] for time slot h, and
then broadcasts the updated power vector (p_,,,p},) to users.
Here, p_; denotes the vector (p1,...,Ph—1,Pht1s--sDH)-
Having received the responses Sy, 4 (p_p,, p},)’s from all users,
the retailer calculates the value L(p_},, p},), where L(-) is de-
fined in (13). Then, the retailer compares this value with L(p)
calculated in the previous iteration. If A = L(p_j,, p),) —L(p)
is larger than O, then pj is accepted as the new p; with
probability 1. Otherwise, it is accepted as the new p; with
a probability exp(%), and the old pj, keeps with a probability
1-— exp(%), where T is a control parameter (also referred to
as temperature). For convergence, 1" decreases with each itera-
tion. Intuitively, the acceptance of uphill-moving becomes less
and less likely with the decrease of 7', implying convergence
when T is sufficiently small. When py, is updated as pj,, the
retailer updates the memory of L(p) as L(p_,,p)). After
the SAPC algorithm is terminated, the retailer broadcasts the
updated price vector encapsulated in a packet to the smart
meters at the beginning of the following scheduling horizon.
Such updated price vector is used for the electricity prices in
the following scheduling horizon.

The following propositions discusses the convergence of the
SA-based algorithms.

Proposition 1 ( [20], [21]). The SAPC algorithm converges
to the global optimal solution to Problem P2, as the control

parameter 7' approaches to zero with 7' = logg’k).
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Algorithm 2 The SAPC Algorithm
Procedure at the retailer side:

1. Initialization: Set 7' = T, k = 1, and p is initialized as

the price vector used in the current scheduling horizon.

2: repeat

3:  for all 2’s in the order of {1,2,--- ,H} do

4; The retailer randomly pick pj, € [p', p*], and broad-
casts p, and pj_; encapsulated in a packet to the
smart meters via LAN.

5: After receiving the packet from the users including
the energy information S, »(p_j,,p},)’s, the retailer
calculates L(p_j,pj,) in Problem P2 according to
the received Sy, 5 (+)’s.

6: The retailer computes A = L(p_,,p},) — L(p), and
let pp, = pﬁl with probability 1 if Ay > 0. Otherwise,
let p, = pj, with probability exp(%), or pn, = ph
with probability (1 — exp(%)).

7: When py, is updated as p), the retailer updates the
memory of L(p) as L(p_;,,p},).
8:  end for
9: k=k+ 1.
T
10 T = 1og?k)~

11: until 7 < e.

12: The retailer broadcasts the updated price vector p encap-
sulated in a packet to the smart meters at the beginning
of the following scheduling horizon.

Procedure at the user side:

1: After receiving the packet from the retailer, the smart
meter updates the tentative price vector as (p_,,p},) in
its memory.

2: The smart meter calculates the response to (p_j,,p},) by
either (25) or Algorithm 1.

3: The smart meter informs the retailer of the total energy
consumption in each time slot encapsulated in a packet.

For practical implementation, a solution very close to the
global optimal solution* is obtained when T' < €, where € is
a very small number. The details of the SAPC algorithm is
given in Algorithm 2.

B. Computational Complexity of SAPC

Recall the SAPC algorithm, and the number of rounds
needed for the SAPC algorithm is exp(£2). Since H iterations
are needed in one round, the total number of iterations needed
for the SAPC algorithm is equal to exp(L2)H, where H is
the number of time slots in the scheduling horizon. Therefore,
we have the following Lemma 3.

Lemma 3. Given the initial temperature 7 and the stopping
criterion €, the SAPC algorithm needs exp(Z2)H iterations®.

Two-way communications between the retailer and users
are needed when the price in any time slot is updated, as the

“Due to the non-convexity of Problem P2, there may exist several distinct
global optimal solutions. The SAPC algorithm is proposed for finding one
such solution.

SIn each iteration of the SAPC algorithm, all users need to independently
run Algorithm 1 once and calculate (25) (H-|H|) times, where |H.,| is the
number of time slots in which there exist semi-elastic appliances for user w.

1275

retailer needs to broadcast the updated prices to users in a
control packet, and each user needs to inform the retailer of
its possible energy consumption in a data packet. Therefore,
the time needed for one iteration consists of the transmit
time of packets, the computational time in response to the
updated price at each smart meter, and the computational
time of updating the price at the retailer side. The transmit
time depends on the underlying communication technology.
In practice, the transmit time of packets with 32 bytes is at
the order of 1 ~ 10 ms per iteration over a broadband with
a speed of 100 Mbps. One the other hand, the computational
time totally depends on the processors of the retailer and smart
meters, the number of users, and the number of appliances of
each user. Let the transmit time and the computational time be
T} time units and 7 time units, respectively. Then, by Lemma
3, the SAPC algorithm takes (7, + 7.)H exp(Z2) time units.
This implies that the retailer needs to update the prices for the
following scheduling horizon (7} + T.) H exp( %) time units
before the end of the current scheduling horizon.

V. SIMULATION RESULTS

In this section, we conduct simulations to illustrate the
effectiveness of the proposed real-time pricing scheme.

Example 2: We consider a smart grid with 100 users,
where each user u has four elastic appliances (i.e., w1, us,
ug and u4) and two semi-elastic appliances (i.e., us and wug).
Assume each user v has a quality-of-usage of Uy, n(€y; n) =
I s bui,h)_1 for each elastic appliance u; at each
time slot h. Specifically, each parameter a,, 5 is chosen from
the uniform distribution on [10, 20], and each parameter b, j,
is chosen from the uniform distribution on [2,5]. The time
scheduling horizon is H = {1,2,---,12}. The maximum
allowable energy consumption of each user follows the uni-
form distribution on [10,15] kWh at each time slot. The
maximum allowable energy consumptions of each appliance
follows the uniform distribution on [1.0,2.0] kWh at each
time slot. The total energy consumption of each semi-elastic
appliance follows the uniform distribution on [4, 6] kWh in the
working period. Assume that the total energy consumption
of background appliances follows the uniform distribution
on [1,2] kWh at each time slot for each user. Let the time
scheduling horizon be H = {1,2,---,12}. Let the working
period of each semi-elastic appliance be consecutive with
the beginning «,,, and the end 3,,, where «,, and f3,, are
randomly chosen from H. Finally, let w = 1, a = 10~%, and
b=2x107%in (13).

We first compare the total energy consumption at each time
slot under different settings of price in Fig. 4. Here, both
the optimal flat-rate price and the optimal real-time price are
computed by the proposed SAPC algorithm. When the pro-
posed SAPC algorithm is used for computing the optimal flat-
rate price, all elements in the price vector are simultaneously
updated to the same value at each round. From Fig. 4, we can
see that in any time slot, the increase of electricity price leads
to the reduction of total energy consumption in the time slot,
regardless of the prices setting in other time slots. For example,
in time slot 5, the most energy consumption happens when
p5=%0.58, while the least enegy consumption happens when
p5=%$1.50. For the flat-rate scheme, this implies that when the
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Fig. 4. The total energy consumption under different settings of price.

w;
A

retailer increases the price in each time slot, all load demands
are reduced in the scheduling horizon accordingly, which can
be also found in Fig. 4 from the two flat-rate schemes. The
reduction of load demand further leads to the reduction of peak
demand. Furthermore, Fig. 4 shows that compared to the two
flat-rate pricing schemes, the real-time pricing scheme flattens
the load demand curve and reduces the peak-to-average load
ratio. In particular, the real-time pricing scheme reduces the
peak-to-average load ratio by about 20% compared to the flat-
rate pricing schemes.

We then compare the revenue, the cost, and the profit
under different settings of price in Table I. Specifically, these
performances are evaluated at the retailer side. It can be seen
from Table I that (i) to make ensure the same total payment
from users (i.e.,$5923.6), the cost under the flat-rate pricing
(i.e., $6930.7) is much higher due to the increase of peak
demand (as shown in Fig.4); (ii) to make the same cost, the
retailer has to set the flat rate to be high enough to compensate
the peak cost; (iii) under the flat-rate pricing scheme, the
retailer achieves the maximum profit with the price of $1.45,
which is lower than that achieved by our real-time pricing
scheme.

Example 3: In this example, we conduct an experiment
to observe the total time needed for obtaining the optimal
price vector if the two-way communication in the SAPC
algorithm is done through general-purpose networks, such as
Internet. Our experiment emulates the retailers and users by
computers that are connected to the public network through
sub-networks from different service providers. The retailer
computer is located in The Chinese University of Hong
Kong, and the user computers are scattered throughout the
Hong Kong city. We consider an experiment situation with
N user computers, where N is from 100 to 1000. Each
user has six elastic appliances, four semi-elastic appliances,
and several background appliances. Assume the retailer side
procedure and the user side procedure in the SAPC algorithm

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 31, NO. 7, JULY 2013

TABLE I
USERS’ AND RETAILER’S BEHAVIORS UNDER DIFFERENT PRICE SETTING
Flat-rate pricing
Price setting Total Payment/Revenue Cost Profit
pp = $0.58,Vh $5923.6 $6930.7 | $-1007.1
pp, = $1.428,Vh $5787 $1191.2 | $4595.8
Optimal flat price
pp, = $1.45,Vh $5698.1 $1097.5 | $4600.6
Real-time pricing (Achieved by SAPC)
Optimal price Total Payment/Revenue Cost Profit
pr=
$(1.41,1.28,1.50,
1.45, 1.50, 1.50, $5923.6 $1191.2 | $47324
1.50 1.50, 1.38,
1.35, 1.28, 1.26)

* The total payment is the sum of all users’ payment, equal to the retailer’s
revenue. The cost and the profit are evaluated by the retailer.

are implemented with MATLABS. The scheduling horizon is
H ={1,2,---,24} hours. The initial price vector is randomly
picked.

Fig. 5 shows the total time needed to the optimal price
vector. It can be seen that both the total time and the time
for two-way communications do not change much when the
number of users increases. For example, it only takes in total
580 seconds for the retailer to communicate with the users for
the purpose of probing S, »(p)’s, even when the number of
users is 1000. The total time needed goes up to 600 seconds,
i.e., 10 minutes, when the MATLAB computational time is
also included. Note that the computational time in real-system
deployment can be much shorter with, say, special-purpose
FPGAs. This result is very encouraging, as it implies that the
retailer only needs a few minutes before midnight to determine
the optimal price vector for the next day (24 hours). More
importantly, the result implies that the algorithm is rather
scalable with the number of users, as the time cost does not
increase much when the user number becomes large.

VI. CONCLUSIONS

In this paper, we proposed an optimal real-time pricing
scheme for the reduction of peak-to-average load ratio in
smart grid. The proposed scheme solves a two-stage opti-
mization problem, as which the real-time pricing scheme is
formulated. At the users’ side, we can obtain the optimal
energy consumption that maximizes the quality-of-usage with
minimum electricity payment either in closed forms or through
an efficient iterative algorithm. As the retailer side, we used
a Simulated-Annealing-based Price Control (SAPC) algorithm
to obtain the optimal real-time price that maximizes the profit.
In terms of practical implementation, users and the retailer
interact with each other through a limited number of message
exchanges over a communication network to reach the optimal
prices. Simulation results showed that our proposed algorithm
can lead to performance improvement for both the retailer and
users.

SIn this paper, MATLAB with version R2010b is used on a HP Compaq
dx7300 desktop with 3.6GHz processors and 1Gb of RAM.
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APPENDIX A
PROOF OF LEMMA 1

Due to the decoupling of energy consumption among the 3,
category appliances and the C, category appliances, problem
(15) is decomposed into

maximize Z Z Uay.h(€an.n)

heH a, EBy
- > (on +77u,h)< > eamh) (29)
heH ayEBy
subject to 0 < eq, n < 17575, Vh € H,Va, € By,
variables e, ,a, € By,
and
minimize Y (pn +77u,h)( > eau,h)
heH. au€Cy
subject to Z €ay,h = Ea,,Va, € Cy,
heM,,, (30)

0 <eq,n <1y, Va, € Cy,Yh e M, ,
€au,h = 0,Ya, € Cy,Vh ¢ H, |

variables e, , ay € Cy.

Due to the concave nature of U, (-), the optimal solution of
problem (29) can be obtained when the first derivative of the
objective function over e,,’s is set to zero. In particular, such
optimal solution satisfies (17). Based on the assumption of

Yo e < O — By, for all h, the optimal solution
ay €Cy
of the linear optimization problem (30) can be obtained

by partitioning more energy to the working time slot with
smaller price. In particular, such optimal solution satisfies (18).
Therefore, Lemma 1 follows. [ |

APPENDIX B
PROOF OF LEMMA 2

Due to the convex nature of the dual problem, we obtain
the optimal solution 7;, ;,(pr)’s by the Karush-Kuhn-Tucker
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(KKT) sufficient and necessary conditions of (19). Let vy, is
the multiplier variable regarding the constraint of 7, > 0.
In particular, the KKT of (19) follows

5 (o |oizhion + st

a,EBy

max
T
aqy

0

max
Ay

a@;mm+mw]

8"7u,h

0

—w+mmm)

nu,h:n;h (pn)

max

+(OF™ = Eun— ) |:Uclzu,1h(ph + nZ,h(ph))] ) = Un
a,EBy 0
Ol n(Ph) =0
v > 0,Yh & Hy.
(3D
Due to the concavity of U,, (-), we have
z/zu,h ( |:U¢/z:,1h(ph + U;,h(ph))] )
0
= (pn + M (pr), i 0 < UGS (o + 115 (0n) < 100,
(32)
and
0 |:U¢/z:,1h(ph + nu,h)}
0
anu,h
=0, if Ul;;lh (Ph + Nu,p) > T or U;;lh(ph + Nu,h) <3g.
(33)

From (32) and (33), we get

2

max

<Uéu,h < [Ué;lh (pn + n;_,h(ph))] o ) B

ayEBy 0
o0z + )|
@mwh@M) 0
877u,h Nu,n =" 1, (Pn)
=0.
(34)
Thus, (31) becomes
Cr™ = Bun = X [Uihon+iatn)| -
a,EB, 0
=0
Ry (PR) =0
vy > 0,Yh € H.
(35)

The concavity of Us, x(-) implies that U, (pn + 15, (pn))
decreases with 77, , (pp), and thus

max

/-1 * o < |1 o
Ui ra) < U] T g

Vi, n(Pr) > 0.
This implies that if (21) is satisfied, then

2

ay €8y

max

max
T
ay

[Ul;:}h (pn + le,h(ph))] < O™ By,
0

(37)
Vi, n(pn) > 0.
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It follows that if 0} , (ps) is positive, then the first equation
of (35) is satisfied ’only when vy, is positive. Obviously, it
contradicts with the second equation of (35). Therefore, if
(21) is satisfied, then 77;7h(ph) = 0, and hence (22).

Next, we prove the latter part of Lemma 2. Since U, ), (pr+
1.1 (Pn)) decreases with the increase of 7}, , (pn), there must
exist a positive 7;; ;, (pp) such that’ /

max

> {U;u?h(pwnz,h(ph))} =COp™ = Eypn (38)
ay€By 0
When 1,.,l’l'la/)(
Z [Uam (ph)] > CmaX By, (39)
ay€EBy 0
Therefore, we have (23) and (24). |

APPENDIX C
PROOF OF THEOREM 1
Theorem 1 is a consequence of Theorems 2.1, 2.2 and
2.3 in [23]. In the following, we first prove part (a). Let
= (nz)h,Vh € 7:[u) be the optimal solution to (20). For
notational convenience, let M denote the concatenation of
variables 1, ,’s for all h € H.., and let e( ) (k ) ;, denote

an.h(Ph + 77( )) and é,, n(p, (ni ,)I,Vh IS ’Hu)), respectively.
Define

>

heH,,

hande

(nu,h)Q
v

¢u i» by (26), we have (41).

mlle = (40)

Together with ¢1(Lk
[+ = milly < [0 —nilly =25 > ()

het,
0
+ Z 821/17&’,)1J2,
heH

T]uh‘]

(41)
> ea - For

a, €Cy

where J = CIP* — E,p — . e

Ay h
aneB,

simplicity, let
fr(n)

= Z Z Ua,h(

heH,, uEBu
S ph( 3 ezu,h@))
ay€EBL,Cuy

heH.,
3 (8 = Bun -
heH.,
FB )
= Z Z Uau7h(é k)

heH, au€Bu
-y ph( S+ 3 e
ayEBy cu€Cy

het,

€au.n(P))

(42)

S ezmh@)),

Ay €84,Co

>+ S,
heH
(43)

"Due to the monotonicity of U’~ h(il’h + m;, »(Pr)), we can obtain
ns 1, (pr) satisfying (38) through the ‘bisection searchmg
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and
F®(nz)
Z Z Ua, i (k)
heH,, GuEBu
I DIE D DA B D
hEHL au€By cu€Cu hEHL
(44)
Due to the strict convexity of Problem P1, we have
1) = f® ). (45)
Thus, it follows from (45) that
) = fPmP) = fP ) - O mP)
= > pa—nl)s @O
heH.,
Substituting (46) into (41), we get
IS —nilly < [0S — %Ik
+ Z 21/) 0) Jz
heHy
Given A > 0, let
o)) = {n&o)lf“” (nV) < f () + A} (48)

Based on variables ¢, ;’s, we can find an M < oo that is no

smaller than the optimal value of (49),
maximize Z s w O) (CF™ — Eyp — Z eamh)2
heH., Ay €By,Cu

subject to 0 < eq, n < 1y, Vh € H,Va, € By,

Z €ay,h = Ea,,Va, € Cy,
heH,

0 <eq,n <15 Va, € Cy,Yh e H,, ,
variables eq, 5, Vh € 7:Lu, Ya, € By, C,.

(49)
Therefore, if we pick
s < A/M, (50)
then as long as n'F ¢ ®(N), we have
5D =l < [Im8 = nilly — sA (51)
Thus, nq(l) will enter the set ®(\) eventually. Once nq(f) €
O(N), if we pick
s < \/VM, (52)
then we have
k
[E
(k k
< Vln® = mzlly + I — P, 6D
< /1 = mlly + A
Therefore, if
s <min{\/M,\/V M}, (54)
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then there exists a number 7Ty such that

i =il <€) = max \/lm, = il Vi = To

(55)
It is clear that, as A — 0, £&(A) — 0. Therefore, for any
€ > 0, we can pick A (and hence s) sufficiently small such
that £(\) < e, i.e., there exists time Tp such that

\/ 1 — m3lly < €, VE > Tp. (56)

Finally, since the mapping from nqgk) to (éa,.n(pn + nik,)L)’s,

€a,.n(D, (nik,)l,Vh € H,))’s) is continuous, we can pick A

(and hence :9) sufficiently small such that (27) is satisfied.
The proof of part (b) is similar to part (a), and thus omitted

here. Interested readers are referred to Theorem 3 in [23].

Consequently, the proof of Theorem 1 is finished. |

REFERENCES

[1] H. Allcott, Real time pricing and electricity markets, Working Paper,
Harvard Univ., Feb. 2009.

[2] H. Mohsenian-Rad and A. Leon-Garcia, “Optimal residential load con-
trol with price prediction in real-time electricity pricing enviroments,”
IEEE Trans. Smart Grid, vol. 1, no. 2, pp. 120-133, Sep. 2010.

[3] S. Borenstein, “The long-run efficiency of real-time electricity pricing,”
The Energy Journal, vol. 26, no. 3, pp. 93C116, 2005.

[4] F. Wolak, “Residential customer response to real-time pricing: the
anaheim critical-peak pricing experiment,” Stanford University, Tech.
Rep., 2006. [Online]. Available: http://www.stanford.edu/wolak.

[5] B. Alexander, “Smart meters, real time pricing, and demand response
programs: implications for low income electric customers,” Oak Ridge
Natl. Lab., Tech. Rep., Feb. 2007.

[6] A. Faruqui and L. Wood, “Quantifying the benefits of dynamic pricing
in the mass market,” Edison Electric Institute, Tech. Rep., 2008.

[7] J. Hausmann, M. Kinnucan, and D. McFaddden, “A two-level electricity
demand model: evaluation of the connecticut time-of-day pricing test,”
J. Econometrics, vol. 10, no. 3, pp. 263C289, 1979.

[8] H. Mohsenian-Rad, W.S. Wong, J. Jatskevich, R. Schober, and A.
Leon-Garcia, “Autonomous demand dide management based on game-
theoretic energy consumption scheduling for the future Smart Grid,”
IEEE Trans. Smart Grid, vol. 1, no. 3, pp. 320-331, Dec.2010.

[9]1 H. Mohsenian-Rad and A. Leon-Garcia, “Optimal residential load con-

trol with price prediction in real-time electricity pricing environments,”

IEEE Trans. Smart Grid, vol. 1, no. 2, pp. 120-133, Sep. 2010.

S. Borenstein, M. Jaske, and A. Rosenfeld, “Dynamic pricing, advanced

metering, and demand response in electricity markets,” UC Berkeley:

Center for the Study of Energy Markets.

N. Li, L. Chen, and S. H. Low, “Optimal demand response based on

utility maximization in power networks,” Proc. IEEE power engineering

society general meeting, pp. 1-8, Jul. 2011.

L. Chen, W. Li, S. H. Low, and K. Wang, “Two Market Models for

Demand Response in Power Networks,” Proc. IEEE SmartGridComm,

pp. 397-402, Oct. 2010.

I. C. Paschalidis, B. Li, and M. C. Caramanis, “Demand-Side Man-

agement for Regulation Service Provisioning Through Internal Pricing,”

IEEE Trans. Power Systems, vol. 27, no. 3, pp. 1531-1539, Aug. 2012.

M. Roozbehani, M. Dahleh, and S. Mitter “On the stability of wholesale

electricity Markets under Real-Time Pricing,” Proc. IEEE Conference

on Decision and Control, pp. 1911-1918, Dec. 2010.

P. Samadi, H. Mohsenian-Rad, R. Schober, W.S. Wong, and J. Jatske-

vich, “Optimal real-time pricing algorithm based on utility maximization

for smart grid,” Proc of IEEE SmartGridComm, pp. 415-420, Oct. 2010.

U.S. Department of Energy, The smart grid: an introduction, 2009.

D. Bertsekas, Nonlinear programming, 2nd ed. Belmont, MA: Athena

Scientific, 1999.

S. Boyd and L. Vandenberghe, Convex optimization, Cambridge, U.K.:

Cambridge Univ. Press, 2004.

S. Kirkpatrick, C. D. Gelatt, and J. M. P. Vecchi, “Optimization by

simulated annealing,” Science, vol. 220, no. 4598, pp. 671-680, 1983.

S. Geman and D. Geman, “Stochastic relaxation, gibbs distributions, and

the bayesian restoration of images, IEEE Trans. Pattern Anal. Mach.

Intell., vol. 6, no. 6, pp. 721-741, 1984.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

1279

[21] B. Hajek, “Cooling schedules for optimal annealing,” Math. Oper. Res.,
vol. 13, no. 2, pp. 311-329, 1988.

[22] D. P. Kothari and I J. Nagrath, “Modern power system analysis,”
McGraw-Hill Science/Engineering/Math, 2006.

[23] N. Z. Shor, Minimization methods for non-Differentiable functions,
Berlin: Springer-Verlag, 1985.

Li Ping Qian (S’08-M’10) received her BEng de-
gree with Honors in Information Engineering from
Zhejiang University, Zhejiang, China, in 2004, and
the PhD degree in Information Engineering from
the Chinese University of Hong Hong, Hong Kong,
in 2010. She is currently an Associate Professor in
the College of Computer Science and Technology at
Zhejiang University of Technology, Zhejiang, China.
During 2010-2011, she was a Postdoctoral Research
Assistant in the Department of Information Engi-
neering at the Chinese University of Hong Kong.
She was also a visiting student at Princeton University from June to August
2009.

Her research interests lie in the areas of wireless communication and
networking, including stochastic control and optimization, adaptive resource
allocation for wireless ad hoc networks and multicarrier systems. She is a
co-recipient of 2011 IEEE Marconi Prize Paper Award in Wireless Com-
munications (the Annual Best Paper Award of IEEE Transactions on Wire-
less Communications) and 2012 Outstanding Research Award for Zhejiang
Provincial Universities in China, and a finalist to Hong Kong Young Scientist
Award in 2011. She received CNOOC grants for 2008-2009 from the Chinese
University of Hong Kong.

Ying Jun (Angela) Zhang (S’00-M’05-SM’11)
received her PhD degree in Electrical and Electronic
Engineering from the Hong Kong University of
Science and Technology, Hong Kong in 2004. She
received a B.Eng in Electronic Engineering from
Fudan University, Shanghai, China in 2000.

Since 2005, she has been with Department of
Information Engineering, The Chinese University of
Hong Kong, where she is currently an Associate
Professor. She was with Wireless Communications
and Network Science Laboratory at Massachusetts
Institute of Technology (MIT) during the summers of 2007 and 2009. Her
current research topics include resource allocation, convex and non-convex
optimization for wireless systems, stochastic optimization, cognitive networks,
MIMO systems, etc..

Prof. Zhang is on the Editorial Boards of IEEE Transactions on Commu-
nications and Wiley Security and Communications Networks Journal. She
was an Editor of IEEE Transactions on Wireless Communications and a
Guest Editor of a Feature Topic in IEEE Communications Magazine. She
has served as a TPC Vice-Chair of Wireless Communications Track of IEEE
CCNC 2013, TPC Co-Chair of Wireless Communications Symposium of
IEEE GLOBECOM 2012, Publication Chair of IEEE TTM 2011, TPC Co-
Chair of Communication Theory Symposium of IEEE ICC 2009, Track
Chair of ICCCN 2007, and Publicity Chair of IEEE MASS 2007. She
wa a Co-Chair of IEEE ComSoc Multimedia Communications Technical
Committee, an IEEE Technical Activity Board GOLD Representative, 2008
IEEE GOLD Technical Conference Program Leader, IEEE Communication
Society GOLD Coordinator, and a Member of IEEE Communication Society
Member Relations Council (MRC).

Prof. Zhang received The Young Researcher Award from The Chinese
University of Hong Kong in 2011. She is a co-recipient of 2011 IEEE Marconi
Prize Paper Award on Wireless Communications, the Annual Best Paper
Award of IEEE Transactions on Wireless Communications. As the only winner
from Engineering Science, she has won the Hong Kong Young Scientist Award
2006, conferred by the Hong Kong Institution of Science.




1280

Jianwei Huang (S°01-M’06-S’11) is an Assistant
Professor in the Department of Information Engi-
neering at the Chinese University of Hong Kong.
He received Ph.D. in Electrical and Computer En-
gineering from Northwestern University (Evanston,
IL, USA) in 2005. Dr. Huang currently leads
the Network Communications and Economics Lab
(ncel.ie.cuhk.edu.hk), with the main research focus
on optimization, economics, and game theoretical
analysis of networks. He is the recipient of the IEEE
SmartGridComm Best Paper Award in 2012, the
IEEE Marconi Prize Paper Award in Wireless Communications in 2011, the
International Conference on Wireless Internet Best Paper Award 2011, the
IEEE GLOBECOM Best Paper Award in 2010, Asia-Pacific Conference on
Communications Best Paper Award in 2009, and the IEEE ComSoc Asia-
Pacific Outstanding Young Researcher Award in 2009.

Dr. Huang is the Editor of IEEE Journal on Selected Areas in
Communications-Cognitive Radio Series, Editor of IEEE Transactions on
Wireless Communication in the area of Wireless Networks and Systems,
Guest Editor of IEEE Journal on Selected Areas in Communications special
issue on “Economics of Communication Networks and Systems, Lead Guest
Editor of IEEE Journal of Selected Areas in Communications special issue
on “Game Theory in Communication Systems, and Lead Guest Editor
of IEEE Communications Magazine Feature Topic on “Communications
Network Economics. Dr. Huang is the Chair of IEEE ComSoc Multimedia
Communications Technical Committee, and a Steering Committee Member
of IEEE Transactions on Multimedia and IEEE ICME. He has served as
TPC Co-Chair of IEEE GLOBECOM Selected Aresa of Communications
Symposium (Game Theory for Communications Track) 2013, IEEE WiOpt

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 31, NO. 7, JULY 2013

(International Symposium on Modeling and Optimization in Mobile, Ad Hoc,
and Wireless Networks) 2012, IEEE GIOBECOM Wireless Communications
Symposium 2010, IWCMC (the International Wireless Communications and
Mobile Computing) Mobile Computing Symposium 2010, and GameNets (the
International Conference on Game Theory for Networks) 2009.

Yuan Wu (S°08-M’10) received the B.E. and M.E.
degrees from Zhejiang University, Hangzhou, China,
in 2004 and 2006, respectively, and the Ph.D. degree

f \ in electronic and computer engineering from the
-~ Hong Kong University of Science and Technology,

~ Kowloon, Hong Kong, in 2010. From August 2009
v‘ to January 2010, he was a Visiting Student and
\ = Research Collaborator with Princeton University,
/"m\ Princeton, NJ. During 2010-2011, he was a Post-

doctoral Research Associate with the Hong Kong
University of Science and Technology. He is cur-
rently an Associate Professor with the College of Information Engineering,
Zhejiang University of Technology. He wins the Outstanding Research Award
for Zhejiang Provincial Universities of China in 2012. His research interests
focus on resource allocation for wireless networks, cognitive radio networks,
game theory, and pricing strategy with their applications in communication
networks.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


