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a b s t r a c t

A systematic method is proposed to quantitatively evaluate the energy saving potential (ESP) combining
a microscopic analysis and the macro statistics of the distribution network. An energy saving modifica-
tion (ESM) investment planning model, constrained by the funds available, is developed based on the ESP
evaluation method. In the model, the modification investment amount of each measure is set as a vari-
able, and the core parameters including gray correlation coefficient, index inferior degree and loss reduc-
tion efficiency are obtained from gray correlation analysis. Given the investment constraints and
weighting factors, the problem of energy saving investment allocation of the whole distribution system
is solved within the fund constraint. An example shows that the proposed method is ideal for quantifying
the loss reduction space and modification demand of distribution systems while improving the efficiency
of investment for ESM.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, energy saving potential (ESP) evaluation is one of
the important aspects in the optimization of distribution systems,
using e.g. optimal capacitor planning [1], optimal operation man-
agement [2], and distribution network reconfiguration [3]. The
method is used to evaluate the efficiency of the investment or
the effectiveness of an adopted strategy. Accurately evaluating
ESP of distribution systems is fundamental for energy saving and
emission reduction in the power supply industry. It is not only
the premise for energy-saving modification work, but also the
pre-requisite of guiding energy saving operation and expansion
planning of distribution systems. Energy saving modification
(ESM) is a systematic engineering approach including equipment
replacement, network reconstruction and operation optimization,
which aims to reduce energy losses at minimum investment.

Distribution network ESP evaluation is a new research focus in
line with the global demands of energy saving and emission reduc-
tion. With the rapid increase of load demand in some parts of the
world, many distribution networks now appear to be out dated
resulting in high energy losses. It is necessary to modify or up-
grade the feeders, transformers and other equipment based on en-
ergy saving planning of distribution systems. Existing evaluation

methods are mainly concerned with the impacts of distributed
generation [2] and network reconstruction [3]. In literatures which
are related to network loss or energy saving assessment, algo-
rithms to assess and predict line losses in the distribution system
are one of the emphases, and developed are the BC Hydro method
[4], clustering technique [5] and fuzzy logic theory [6].

The potential evaluation for individual energy saving measures
was taken into account in some previous studies. Ref. [7] proposed
a network loss assessing method for the use of distribution net-
work reconfiguration based on loss reduction space evaluation;
Ref. [8] evaluated the total energy saving space of all EU countries
by switching to new energy-saving distribution transformers; and
Ref. [9] was concerned with the evaluation of the reductions in the
technical and non-technical distribution losses in the case of wide-
spread use of compact fluorescent lamps in buildings in Serbia.
However, the above evaluation lacked the flexibility and complete-
ness since several means can be adopted to reduce the power
losses of distribution networks and the ESPs of each and for all
measures need to be evaluated. Distribution network energy sav-
ing is indeed a systematic under-taking, which affects the network
structure, equipment, operation, management and other engineer-
ing aspects. It needs not only to calculate the whole energy saving
space, but also to reflect the energy saving efficiency and differen-
tiate among various measures in order to provide guidance to the
corresponding ESM and planning.

On the other hand, distribution network planning techniques
have grown to maturity with recent addition in the aspects of dis-
tributed generation [10], micro-grid planning [11], uncertainty of

0142-0615/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijepes.2013.12.007

⇑ Corresponding author. Tel./fax: +86 20 87114825.
E-mail addresses: zhangjun@scut.edu.cn (Y.-J. Zhang), 405308385@qq.com (X.-T.

Zhang), 872093413@qq.com (Q.-H. Li), li.ran@durham.ac.uk (L. Ran), epzxcai@scut.
edu.cn (Z.-X. Cai).

Electrical Power and Energy Systems 57 (2014) 298–303

Contents lists available at ScienceDirect

Electrical Power and Energy Systems

journal homepage: www.elsevier .com/locate / i jepes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2013.12.007&domain=pdf
http://dx.doi.org/10.1016/j.ijepes.2013.12.007
mailto:zhangjun@scut.edu.cn
mailto:405308385@qq.com
mailto:872093413@qq.com
mailto:li.ran@durham.ac.uk
mailto:epzxcai@scut.edu.cn
mailto:epzxcai@scut.edu.cn
http://dx.doi.org/10.1016/j.ijepes.2013.12.007
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes


expansion planning [12], reference network model [13], plug-in
electric vehicles [14] and reactive power planning [15]. Although
energy saving is the subject of distribution network planning, stud-
ies on ESM planning have rarely been reported. In the power net-
works of China, India and other rapidly-developing countries,
ESM technology is a flexible and efficient strategy [16]. However,
under the dual restrictions in terms of investment fund and tech-
nology available, wastes of money and/or energy often occur. The
difficulties of ESM planning are how to optimize the integrated
modification measures and how to rationally allocate and make
full use of the limited fund. This must be based on ESP evaluation.

This paper develops an ESP evaluation method and a modifica-
tion investment planning model for distribution networks, based
on the system decomposition and coordination method. Since the
information the system engineers already have is usually limited
for a quantitative evaluation, gray theory [17,18] is adopted to
solve the above-mentioned problems.

2. Evaluation of energy saving potential in distribution
networks

2.1. General concept

The load dependent energy loss on a component (Aloss) in the
distribution network can be described as follows:

Aloss ¼
Z T

0

ðP2ðtÞ þ Q2ðtÞÞ
U2ðtÞ

R dt ð1Þ

where P(t) and Q(t) are the transmitted active and reactive power,
U(t) the nodal voltage, R the equivalent resistance, and T indicates
the measurement period.

It is shown in Eq. (1) that the energy loss is the result of many
factors, such as the resistance, voltage and load curve. So energy
loss reduction can be achieved by replacing the conductor or trans-
former upgrading, optimal reactive power compensation, load fluc-
tuation suppressing and voltage controlling [19]. Since a regional
distribution system consists of thousands of feeders, it is not real-
istic to calculate one by one when assessing the comprehensive
ESP for the system. So the decomposition evaluation technique,
as shown in Fig. 1, is used to improve the efficiency.

The whole network can be categorized into several types of
feeders according to the topological and loading characteristics,
and sample feeders can be selected proportionally. On this basis,
by using of the energy saving analysis software developed by the
authors or a similar load flow analysis software, ESP of each sample
feeder can be evaluated. Finally, after weighting and combining the

above micro assessing results proportional to the feeders in the
network, the result of comprehensive energy saving assessing
can be obtained.

During the stage of micro ESP analysis of typical feeders, the
power loss reduction of each sample feeder should be calculated
separately, assuming that some modification measures can be
adopted to decrease the power losses to a targeted level, which in-
cludes replacing larger conductors, changing Var compensation
strategies or increasing the compensation, adjusting the bus volt-
age, reducing the power supply radius, attaching distributed gen-
eration sources, upgrading the high-loss transformers, reducing
the daily loading fluctuations, balancing the loads on three phases,
etc.

2.2. Evaluation method of comprehensive energy saving potential

For a single sample feeder, the ESP corresponding to modifica-
tion measure d, namely the expected loss reduction rate, is
expressed as ed (0 5 ed < 100%). The comprehensive ESP of the
feeder eR is described as follows:

eR ¼ 1�
Y

d

ð1� edÞ
" #

1 ð2Þ

where 1 is the discount factor, used for removing the overlapping
part of energy-saving effects from the comprehensive functions of
multiple measures. According to the engineering experience,
1 2 (0.7,0.9), and the specific value depends on actual operation
characteristics and parameters of the network.

Dividing all the sample feeders into g categories by comparing
the feeder’s comprehensive ESP, the expected comprehensive ESP
eN of the whole network can then be obtained below through
weighted combination.

eN ¼
X

g

eRggg ð3Þ

where eRg is the average comprehensive ESP of the feeders of cate-
gory g, and gg is the percentage of feeders of category g in the whole
network.

As a result, the demand distribution and efficiency sorting of
various energy saving measures can be determined. The expected
loss reduction rating, implementation difficulty rating and overall
performance rating can also be evaluated and thereby used for
guiding distribution network planning, renovation and operational
optimization.

3. Basic concepts of gray correlation analysis

The gray theory determines the gray relational grades of all the
selected factors by choosing the highest gray relational grade, even
under incomplete information circumstances especially containing
both the known and unconfirmed information [17]. This theory de-
scribes random variables as a changeable interval number that var-
ies with time factors and uses color to represent the degree of
uncertainty in a dynamic system [18]. Gray correlation analysis
is used to describe the influence of various factors in a system or
their contributions to the primary behavior of a system.

3.1. Gray correlation coefficient

This paper focuses on the relation between power loss factors
and line loss rate of distribution systems so as to measure the cor-
relation degree between line loss reduction and various factors
such as bus voltage, power supply radius, ratio of high-loss trans-
former, power factor, load rate and passing rate of feeder diameter.
When different modification measures are implemented in a
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Fig. 1. Process of energy-saving potential evaluation.
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