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Abstract: Demand-side management, involving energy efficiency, demand response, and
distributed generation, is an efficient and effective way to improve the security of electricity
via changing the profile of power demand, but portfolio management of these resources still lack
systematic and comprehensive investigation. In this paper, a optimization-based framework
of demand-side management is proposed, with resource optimization at the bottom level
and portfolio optimization at the top level. Resource optimization is modeled in terms of
energy efficiency, demand response, and distributed generation. Portfolio optimization is also
generalized into four categories, and for each category an instance of application is studied.
Reported results shown that the portfolio approach is essential to reach full potential of demand-
side resources and to achieve the best energy and cost savings.
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1. INTRODUCTION

The increasing power demand, especially the peak de-
mand, brings forth challenges to grid security and need
of new power plants, which are only required to start
on and meet the peak demand in the peak period. If
the peak demand is reduced by certain ways, the con-
struction investment associated with the so-called peak
plants, facilities of distributions and transmission could be
effectively saved, and meanwhile the risk cost of grid can be
suppressed to some extent or eliminated possibly. The de-
ployment of demand-side resources, e.g., energy efficiency
(EE), demand response (DR), and distributed generation
(DG), is considered as one of the most useful alternative
solutions for reducing peak demand, power demand, and
greenhouse gas emissions caused by electricity generation.

As is well known, EE, DR and DG are three popular
demand-side resources, which can contribute to the ef-
ficient, flexible operation of power balance. Compared
with conventional power plants at supply side, demand-
side resources only require small amount of investment to
achieve the satisfaction of demand. Demand-side resources
are also capable to improve the reliability of power system
with promising reserve capability (Keane et al., 2011). The
resource optimization of EE, DR and DG has been widely
studied to sufficiently and safely explore such resources
for decades (Xia and Zhang, 2010; Behrangrad, 2015; Tan
et al., 2013), which can be regarded on the bottom level
of demand-side management (DSM). However, less em-
phasis has been put on studying portfolio optimization of
demand-side resources. Portfolio optimization of demand-
side resources is to determine the optimal resource mix
for delivery and to schedule activities for achieving the
operational and financial goals in consideration of con-

straints imposed by supplier, customers or other external
factors. Although resource optimization can ensure the
optimal operation of separate DSM resource, it cannot
manage the coordination of multiple resources which will
significantly influence the overall performance. Very re-
cently, researchers in this area start to focus on portfolio
optimization, which is in fact on the top level of demand-
side management.

Although demand-side management has been successfully
applied in many countries over the world, only limited
research work has covered the comprehensive framework
of demand-side management. A systematic study on the
whole picture of DSM is urgent for maximal exploration
of demand-side resources. In this paper, the bottom-up
framework is proposed in terms of resource optimization
and portfolio optimization. Three basic models of resource
optimization on the bottom level are formulated, and port-
folio optimization on the top level is categorized and illus-
trated with 4 instances. It can be observed that portfolio
management could sufficiently enlarge the overall potential
of energy conservation, peak shifting, peak clipping, valley
filling, and load building.

The paper is organized as follows. In the next section,
literature review on demand-side management is given.
In Section 3, resources of EE, DR and DG are modeled.
In Section 4, the portfolio management of demand-side
resource is studied in 4 categories. The case studies are
reported in Section 5. This paper is concluded in the last
section.
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2. LITERATURE REVIEW

In literature, many DSM applications reported are related
with EE, DR and DG. For better exploration of each
kind of demand-side resources, approaches of optimization
and control are often employed in the system design and
operational schedule.

With respect to EE applications, EE is studied in a general
POET framework (performance, operation, equipment,
and technology) (Xia and Zhang, 2010). Building energy
efficiency retrofit, for light, water heater, air conditioner,
and other facilities, has been widely studied (Asadi et al.,
2012; Karmellos et al., 2015; Malatji et al., 2013; Ye et al.,
2013). Maximal energy saving will be achieved via optimal
design of retrofitting strategy. Some other concerns on
payback period, budget constraint, and carbon emission
are also taken into consideration (Wang et al., 2014; Wu
et al., 2015b; Wang et al., 2016; Wu et al., 2016).

With respect to DR applications, many approaches have
been proposed to facilitate system operation, electricity
market, generation/transmission/distribution, energy re-
tailing (Behrangrad, 2015). A DR model is proposed to
facilitate independent system operators to identify and
employ proper DR programs (Aalami et al., 2010). An
optimization model is proposed to adjust the hourly load
of a given consumer in response to hourly electricity prices
(Conejo et al., 2010). Residential demand response is stud-
ied through the scheduling of typical home appliances in
order to minimize electricity cost and maximize incentive
(Setlhaolo et al., 2014).

With respect to DG applications, optimal allocation, sizing
and coordination problems are studied in different DG
models (Tan et al., 2013). Consensus schemes using on-
ly local information are employed in a distributed grid
framework considering decentralized energy coordination
and generation, and flow control (Kim et al., 2015). The
problem of placement and sizing is formulated to optimize
the voltage stability margin under constraints, such as,
system voltage limits, feeding capacity, and DG penetra-
tion (Abri et al., 2013). The placement and sizing problem
is also studied to improve the performance of the system
with respect to the power loss reduction and voltage profile
improvement (Jamil and Anees, 2016). Distributed renew-
able hybrid systems with or without grid connection are
optimally designed and scheduled to reduce the electricity
cost for customers (Wu et al., 2015a; Wu and Xia, 2015;
Zhu et al., 2015)

Besides aforementioned applications, the portfolio man-
agement has got increasing popularity among researchers
and engineers. Portfolio standards that include energy
efficiency, renewable energy, and thermal resources have
been implemented in many countries. United States en-
ergy portfolios for the year 2030, developed from seven
different perspectives characterized by different weights
placed on fourteen defining values (e.g., cost, social ac-
ceptance), are constructed to achieve three primary goals,
i.e., energy independence, energy security, and greenhouse
gas reductions (Tonn et al., 2009). After evaluating typi-
cal real-time electricity markets respectively in the North
America, Australia and Europe, the authors summarize
market architectures and incentive policies for integrating

the portfolio management of distributed energy and DR
(Wang et al., 2015). In Francés et al. (2013), researchers
focus on energy security and renewable energy resources
for a given energy mix using the portfolio theory.

The portfolio optimization, with respect to reward, cost
and risk, is the most important problem in the portfolio
management. The optimal portfolio of renewable energy is
obtained by the bottom-up energy system analysis model
of electricity generation sector in South Korea (Park et al.,
2016). Using mean variance portfolio theory, a framework
for electricity trading portfolio optimization is proposed
to secure the future trading in electricity market and
emission markets, in which uncertainties of electricity, fuel
and emission are considered (Mathuria et al., 2015). The
mean-variance portfolio theory is implemented to evaluate
the average costs and the associated volatility of alter-
native energy combinations (Marrero et al., 2015). Net
profit of distributed storage is maximized by choosing
an optimal multi-service portfolio, while providing dis-
tribution network congestion management, energy price
arbitrage and various reserve and frequency regulation
services through both active and reactive power control
(Moreno et al., 2015). A medium term power portfolio
optimization model, considering regional electricity prices
and risk management, is proposed for a power producer
in a competitive electricity market (Álvaro Lorca and
Prina, 2014). A methodology is formulated to optimize
energy portfolios for independently operated grids in the
consideration of structure and constraints of grid (Corrand
et al., 2013).

3. DEMAND-SIDE RESOURCES

There are many models appeared in different resource
optimization applications. In general, three basic models
with respect to energy efficiency, demand response, and
distributed generation are presented respectively in this
section.

3.1 Energy efficiency

The first kind of demand-side resource is the improvement
of EE, which can be generally decomposed into four ef-
ficiency components, i.e., performance, operation, equip-
ment, and technology (POET) (Xia and Zhang, 2010).
Technology efficiency refers to efficiency of energy con-
version, processing, transmission, distribution, and usage.
Equipment efficiency refers to efficiency of isolated indi-
vidual energy equipment with respect to given specifica-
tions. Operation efficiency is an efficiency measure that
is related with physical, time, and human coordinations.
Operational efficiency can promote further energy savings
for new technologies and equipments, and existing energy
systems. Performance efficiency is determined by external
but deterministic indicators (technical and non-technical).
As summarized in Xia and Zhang (2015), many models
and applications of operation efficiency have been studied
by the approaches of optimization and model predictive
control. In this part, more focus will be given on technology
and equipment efficiency. As is known, technology and e-
quipment efficiency has been widely applied in the lighting
projects. For the example, the out-of-date incandescent
lamps are replaced by compact fluorescent lamps (CFL)
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or light-emitting diode (LED), and some other new tech-
nologies, like motion sensor and electronic driver, could
also be used to improve technology efficiency.

Without loss of generality, the rated power of the ith type
of equipment before efficiency improvement is denoted as
Pi (kW) for i = 1, ..., I, and after efficiency improvement
the rated power is reduced to Pi (kW). As a typical
demand-side resource, the achievable amount of disposable
energy is energy saving caused by the EE improvement.
Energy saving over the time interval [t0, tf ] can be ex-
pressed as

E1 =

� tf

t0

I
�

i=1

xi(Pi − Pi)ui(t)dt, (1)

where xi is the item number of the ith type equipment,
and ui(t) ∈ [0, 1] is the working status of the ith type
equipment. When ui(t) = 0, the equipment is switched
off; when ui(t) = 1, the equipment is fully on. For those
equipments with variable power, such as, air-conditioners
and motors, ui(t) can be a real value between 0 and 1.

In EE applications, several physical and economic con-
straints have to be satisfied to ensure the feasibility of
EE solution. Due to physical situations, the number of
each type equipment is bounded with in [0, li], where li
is the number of existing facilities. Investment cost has
to be restricted within the budget, which can be simply
formulated as

I
�

i=1

x(i)a(i) ≤ A, (2)

where A is the budget of project.

3.2 Demand response











 









































Fig. 1. Basic load shaping techniques in demand response

DR is specific tariffs or programs that motivate end-
user customers change their normal patterns of electricity
consumption, which is responding to changes in price or
availability of electricity over time. It can also be de-
fined as incentive payment programs to reduce use of
electricity when grid reliability is jeopardized (Albadi and
El-Saadany, 2008; Gelazanskas and Gamage, 2014). DR
programs with the flexibility and ability to change the
energy/power pattern, are considered as a critical option
of demand-side resource for optimizing energy system per-
formance. With respect to utility, DR resources could be
used to regulate the grid with safety and efficiency. With
respect to customer, DR resources could be used to reduce
electricity cost without introducing much inconvenience.

DR programs can be classified into two categories, i.e.,
incentive-based programs and price-based programs (Al-
badi and El-Saadany, 2008). Incentive-based programs
include direct control, interrupptible/curtailabe program,
emergency program, and other market-based programs.
Price-based programs include time of use (TOU), real
time pricing, and critical pricing, and so on (Wu et al.,
2015a). Due to DR, load profile can be re-shaped under
different incentives and price policies. Typical load shaping
techniques are peak shifting, peak clipping, conservation,
valley filling, flexible load, and load building, as shown in
Fig. 1. Reduction of power demand at peak-load hours is
the only concern in the peak clipping technique, while the
load shifting technique has another concern to move the
reduced demand into the off-peak hours.

With DR resources, the achievable amount of disposable
energy over the time interval [t0, tf ] can be formulated

E2 =

� tf

t0

(Q(t)−QDR(t))dt (3)

where Q(t) is the original power demand without DR at
time t, and QDR(t) is the actual power demand with DR.
Note that E2 > 0 means the total amount of energy
consumption is reduced, and E2 < 0 means additional
energy consumption is built.

It is obvious that the utility puts much financial cost in
DR for enhancing the safety and efficiency of electricity
market. With the constraint of budget, the re-shaped load
profile has to approximate the expected profile as close as
possible. The cumulative error must satisfy

� tf

t0

(QDR(t)−Q0(t))
2dt < ε, (4)

where Q0(t) is the expected load profile in DR, and ε is
the tolerance over the time interval.

For customers, the changes of load profile bring financial
reward that consists of electricity cost reduction and in-
centive revenue, and meanwhile bring extra inconvenience
or discomfort. These factors must be considered in the
constraints as















� tf

t0

ρ(t)QDR(t)− α(t)f(∆Q(t))dt < B,

� tf

t0

∆Q(t)2dt < C,

(5)

where ∆Q(t) = Q(t) − QDR(t); ρ(t) is the electricity
price at time t; α(t) is the incentive at time t; f(·) is
the incentive state function (binary state). f(∆Q) = 1
means the incentive is earned, f(∆Q) = 0 means there
is no incentive. B is the allowable maximum of electricity
cost, and C is the indicator of inconvenience limit.

3.3 Distributed generation

Apart from centralized generations with huge capacity,
distributed generations (DG) could introduce additional
power capacity to help release the increasing burden of
power demand. DG resources contribute to the amount
of power supply with decentralization characteristics in
terms of technology, space and time. Firstly, DG resources
normally include distributed technologies in one single
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