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Perceived Utility of Premium Power by
High-tech Manufacturers

Yuanqgian Ma, Xianyong Xiao, Yang Wang, Ying Wang, and Zixuan Zheng

Abstract—The valuation of premium power based on per-
ceived utility (PU, i.e., perceived effectiveness or satisfaction de-
gree of customers) and their willingness to pay has been re-
searched for years. One of the remaining challenges is the accu-
rate evaluation of PU. PU is the foundation of premium power
evaluation, and it is essential for the decision-making process of
investments on premium power by high-tech manufacturers
(HTMs). This paper presents a framework to effectively evalu-
ate PU. In this framework, factors influencing PU were classi-
fied to be quantitative and qualitative. An indication system
(IS) was then constructed based on those influencing factors. Fi-
nally, PU was evaluated by the IS, considering psychological
perception and decision-making behavior of HTMs. The effec-
tiveness of the proposed PU-evaluation framework was demon-
strated through field case studies.

Index Terms—Premium power, voltage sag, perceived utility,
influencing factors, indication system.

[. INTRODUCTION

HE high penetration of renewable energy and power
electronics in modern smart grids makes power quality
to be a major concern for both utility providers and cus-
tomers [1]. Electrical equipment or electronic devices in
high-tech manufacturers (HTMs) are very sensitive to poor
power quality, especially to voltage sags [2]. An effective
way to mitigate the impact of voltage sags is to use pre-
mium power [3]. Premium power is supplied to customers
who are more sensitive to power quality disturbances. It is
normally achieved by using state-of-the-art custom power de-
vices such as uninterruptible power supply device, dynamic
voltage regulator, active power filter, etc. [4]-[6].
The concept of premium power and premium power park
solutions were studied in [3], [4], premium power control
technology was presented in [1], [7], and the optimum in-
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vestment for custom power devices were discussed in [8],
[9]. However, decision-making processes regarding premium
power investments, especially factors that influence the deci-
sion-making of customers, have not been well studied. Pre-
mium power implies higher costs. Thus, the owner of a high-
tech manufacturing company should consider whether it is
cost-effective to invest in premium power. A method to as-
sess the economic value of voltage sag mitigation devices
was proposed in [8]. A novel idea to valuate premium power
based on perceived utility (PU, i.e., perceived effectiveness
or satisfaction degree of customers) and willingness to pay
was proposed in [10]. PU is the foundation for evaluating
premium power [11]. Therefore, PU can directly affect the
decision of HTMs regarding the investments on premium
power.

Although the idea in [10] was promising, the insufficient
consideration of factors influencing PU could lead to wrong
investment decisions. According to the existing investment
psychology, investment decision-making behaviors include
two stages: judgement, then the actual decision-making [12].
In the first stage, direct costs and benefits, risk preference,
and PU are considered. Among them, PU is the most com-
plex factor, which further depends on many influencing fac-
tors such as net present value (NPV), voltage sag characteris-
tic (VSC), acceptable power quality (APQ), and others.
These influencing factors can be divided into qualitative fac-
tors, which are modelled by linguistic variable (LV) and
intuitionistic fuzzy number (IFN), and quantitative factors,
which are modelled by real number (RN), interval number
(IN), and triangular fuzzy number (TFN) [13]. In [10], only
two factors were considered, namely expected net benefit
(ENB) and voltage sag severity (VSS). Although these two
indices have different physical properties (the former is a
cost-benefit index and the latter is a power quality index),
they were simply added to obtain PU in [10]. This approach
is not theoretically coherent. Additionally, despite the same
economic loss, the impact of voltage sags on the perceptions
of customers can be different because different customers
have different expectations. Thus, both expected level (EL)
and actual level (AL) of indices should be considered. Con-
versely, [10] only considered AL and assumed that the VSS
of all customers were controlled at the same level.

To address the issues mentioned above, this paper presents
a systematic methodology to evaluate PU. An indication sys-
tem (IS) is developed based on the mathematical modelling
of all influencing factors. PU is then evaluated by the frame-
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work, considering the psychological perception and decision-
making behavior of electric power customers. The main con-
tributions of this study are as follows.

1) Influencing factors that affect PU are investigated com-
prehensively.

2) Influencing factors with different mathematical proper-
ties are properly formulated and incorporated into an IS.

3) PU is evaluated by the IS. Both AL and EL of evalua-
tion indices are considered as well as the psychological per-
ception and decision-making behavior of HTMs.

4) Field case studies are conducted to verify the correct-
ness and effectiveness of the proposed method.

The paper is organized as follows. Section II describes the
mathematical modelling of influencing factors and the IS for
PU evaluation. Section III illustrates the determination meth-
od of the IS. Section IV proposes the PU evaluation method,
in which psychological perception and decision-making be-
havior of HTMs are both considered. Finally, Section V pres-
ents a field case study involving five HTMs in a high-tech
park in China.

II. PROPOSED IS

The investment decision on premium power is based on a
comprehensive evaluation of total costs and benefits. Total
costs, including direct and indirect costs, are the sum of in-
stallation and operation costs as well as of economic and
product losses due to voltage sags. Total benefits measure
the satisfaction degree of HTMs. The factors that determine
total costs and benefits include NPV, VSC, investment risk
(IR), APQ, competency of high-tech manufacturer (CHTM),
and investment environment (IE) [14]. These factors have
different mathematical properties and can be divided into
qualitative and quantitative ones. As shown in Fig. 1, the
qualitative ones can be modelled by LV and IFN, and the
quantitative ones by RN, IN, and TFN [15].

|Mathematica1 modelling of influencing factors|

T
Quantitative factors Qualitative factors

[ NPV | [ vsc || [ APQ | [CHTM| | IE ]

IR |

[RN |[ N [N ] [ Lv || Lv |[ IEN |

Fig. 1. Mathematical modelling of influencing factors.

The mathematical models of the influencing factors are
further discussed as follows.

A. NPV Modelled by RN

From the perspective of HTMs, NPV is an important ele-
ment [16]. NPV is the difference between the present value
of the total annual savings and the initial investment in the
premium power [17]. The total annual savings include the re-
duced voltage sag economic losses and costs of operation
and maintenance. The initial investment includes the pur-
chasing and installation costs of the voltage sag mitigation
equipment. NPV considers the time value of the premium
power investment, which can directly reflect the present val-
ue of customers’ capital. As a quantitative index, NPV can
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be calculated as an RN according to (1).

NPV = -1
; (I+ry
where 7 is the annual discount rate; C, is the savings in the
™ year; m is the total number of operation years; and [ is
the initial investment. NPV is a measure of economic effi-
ciency and validity of the premium power investment [18].
Higher NPV indicates higher probability of the investment
in premium power.

B. VSC Modelled by IN

VSC is used to quantify the compatibility between equip-
ment for voltage sag immunity in an HTM and voltage sags
occurring in the power grid. According to the IEEE Standard
1564TM-2014 [19], voltage sag magnitude (VSM), voltage
sag duration (VSD), VSS, and voltage sag energy (VSE) are
the indices needed to characterize a voltage sag. VSM refers
to the retained voltage magnitude during a voltage sag, i.e.,
the lowest root-mean-square (RMS) voltage; VSD is the
time that the RMS voltage stays below the threshold; VSS
and VSE can be calculated by (2) and (3) as follows. Then,
VSC can be modelled as shown in (4).

t

()

1-VSM
VSS = )
1 - VSMCM”‘ ve ( VSD)
ysm\’
VSE = { - (V) ] VSD 3)
VSC ={VSM, VSD, VSS, VSE} 4)

where VSM.,,..(VSD) is the voltage magnitude value of the
Semiconductor Equipment Materials International (SEMI)
F47 curve for the same VSD; and V,, is the nominal
voltage. SEMI F47 curve is an industry standard curve for
voltage sag immunity, i.e. industrial equipment must tolerate
voltage sags with specific voltage magnitude and duration
[19]. All the above parameters are expressed in per-unit val-
ues.

The VSM and VSD tolerance of sensitive equipment
varies in a range which can be described by interval data
based on the upper and lower thresholds [20]. Thus, the indi-
ces in (4) are expressed by IN. Based on historical voltage
sag data, VSM, VSD, VSS, and VSE can be calculated by
using their definitions as per the IEEE Standard 1564TM-
2014. With the aid of the method proposed in [21], i.e.,
judgement matrix construction, maximum eigenvalue of the
judgement matrix calculation, and consistency check, VSC
can be determined. Lower VSC indicates higher compatibili-
ty between equipment voltage sag immunity and voltage
sag, and higher PU of customers.

C. IR Modelled by TFN

IR can be defined as the probability of occurrence of eco-
nomic losses relative to the expected return on the premium
power investment. Due to policy changes, technology up-
grading, and enterprise management, HTMs may suffer from
benefit reduction or even cost damage.

IR measures the uncertainty level of achieving the returns,
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which cannot be described by exact values. Typically, IR
fluctuates in a range from the minimum (min) value to the
maximum (max) value, from which the most possible value
can be estimated. The maximum and minimum values can
be obtained through the experience of technicians or by us-
ing the method proposed in [22]. Therefore, IR can be de-
scribed as a TFN by using the fuzzy synthetic evaluation
method [23]. Premium power presents a higher potential re-
turn than normal power, but it also increases the IR due to
higher cost. Thus, IR is an essential influencing factor.

D. APQ Modelled by LV

APQ refers to the acceptable levels of power quality,
which can be divided into three levels as:

APQ=1{A|AA|AAA} 5)

where 4, A4 and A4AA represent normal-, high- and premium-
quality levels, respectively [24]. This index is determined by
the equipment type and the equipment’s tolerance level to-
wards voltage sags. Lower tolerance levels imply higher
need to obtain premium power.

E. CHTMs Modelled by LV

CHTMs measure the HTMs’ levels of skills, knowledge,
and experience on the cognition of premium power and miti-
gation of power quality problems. CHTM can be divided in-
to five levels and is expressed by

CHTM ={VL|L|M|MG|VG} ()

where VL, L, M, MG and VG represent very low, low,
medium, medium good and very good levels, respectively.
This index is determined by the experience of HTMs on volt-
age sag. Higher CHTMs indicate that they are more likely to
invest in premium power.

F. IE Modelled by IFN

IE measures other investment considerations, e.g., natural,
social, and legal factors. There are transition states from ac-
ceptable (good) to unacceptable (bad) for all these factors.
Because IE is uncontrollable for HTMs, normally, intuitionis-
tic fuzzy set theory can be applied, and IE can be expressed
by an intuitionistic fuzzy number {(wu,v) [25], where u is
called membership degree and represents the degree to
which IE is “acceptable (good)”, and v is called non-mem-
bership degree and represents the degree to which IE is “un-
acceptable (bad)”. These degrees satisfy O<u+v<l, and r=
1—u—v is called the hesitation degree and represents the de-
gree in which IE is between “acceptable (good)” and “un-
acceptable (bad)”. Better IE implies higher investment proba-
bility, that is, higher PU towards premium power.

Based on the six influencing factors mentioned above, an
IS to evaluate PU is proposed in Fig. 2.As seen in Fig. 2, in-
fluencing factors determine two groups of indices, voltage
sag and cost-benefit index. The former considers the technol-
ogy perspective for voltage sags, whereas the latter considers
the economic perspective for voltage sags. Voltage sag index
is defined as a set of single-event, site, and system indices
[19]. This index is determined by VSC, CHTM, and APQ.
Cost-benefit index is a set of cost and benefit indices, which
are determined by NPV, IR, and IE with different attributes.

Detailed procedures to determine the IS of PU based on in-
fluencing factors are presented in the next section.

IS of PU
Voltage sag index Cost-benefit index

I 1

Single- il s 5 Syst Cost Benefit
mignz:: || site index ir};(siee;n index index
T T T
|
[vsc] [cur™] [apq] [~ov ][ R [ E |
Fig. 2. IS of PU.

III. DETERMINATION METHOD OF IS

Based on the developed IS, the determination method of
PU is described in this section. In practice, all influencing
factors have their own AL and EL, and there is a deviation
between the AL and EL. PU can be then calculated by the
following steps. Firstly, the EL and AL of in- dices are intro-
duced. Then, based on the normalization result of the evalua-
tion indices, the deviation degree between EL and AL can be
determined. Finally, the benefits or losses (BOL) perceived
by customers are calculated. PU is then evaluated by com-
bining customers’ loss aversion and risk aversion psycholo-
gy. The details are given in the following subsections.

A. EL and AL of Indices

It was assumed that 4={4,,4,,...,4,,....4,} is a set of HT-
Ms, where A4, refers to the /™ HTM, and n is the number of
HTMs. C={c¢,,¢5,....,Cp,...,C,,} 18 a set of evaluation indices
of PU, where ¢, is the 2™ index and could be modelled by
RN, IN, TFN, LV and IFN. m is the number of indices. K =
K, UK,UK;UK,UK; represents different mathematical de-
scriptions, where K, (i=1,2,...,5) corresponds to RN, IN,
TFN, LV, and IFN, respectively. K” and K; are subsets of K|,
and they represent indices with benefit- and cost-type attri-
butes, respectively, satisfying K} UK/ =K, and K N K} =D.

When an HTM decides to invest in premium power, their
expectation for the evaluation indices are defined as EL. EL
and AL of ¢, for 4, are expressed as (7) and (8), respectively.

d, c,eK,
[€ittons €amnin] €1 €K,
e, = (@psbyscip) ¢ €Ky (7
S €Sy ¢, €K,
</uih’vih> c,eK;
Ein c, €K,
(7 o ihhigh] c, €K,
vy, = P G- tn)  €rEKS ®)
0, €S8, ¢, €K,
<tih7fih> c,eK;

where d, and g, are the EL and AL of the index ¢, for 4,
when ¢, is an RN, respectively; [€ . Cinin] A0 [F s Viticn]
are the EL and AL of ¢, for 4, when ¢, is an IN, respective-
ly; (@, by» i) and (py,, qa-t;,) are the EL and AL of ¢, for 4,
when ¢, is a TFN, respectively; S,, and O,, are the EL and
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AL of ¢, for A, when ¢, is an LV, respectively; S,=
{SOh, Slh,...,th} is the LV set for ¢,; and </uih’vih> and <fmvfm>
are the EL and AL of ¢, for 4, when ¢, is an IFN, respective-
ly.

B. Normalization of Evaluation Indices

To correctly evaluate PU, ¢, in (7) and r, in (8) should
be normalized by the method shown in [15]. Since the evalu-
ation indices have different dimensions, the normalization is
essential to eliminate the dimension influence as well as the
comparability issue between the indices. The normalization
procedure for e, is shown below, and the procedure for r,, is
the same.

1) RN
d,ld, . K’
6;;, — { ih h, max ch € ]c (9)
1-d,/d, . cieK|
where d,, .. =max{d,|i=1,2,..., m}.
2) IN
elh _ {[eihlow/ehhigh, max ? eihhigh/ehhigh,max] Ch € K2/: (10)
[1- € ihhigh le hhigh, max» 1-e,,./€ hhigh. ] CLEK,
where €, mex = Max{e;,li= 1,2, ..., m}.
3) TFN
(aih/ch,max7 bih/Ch‘maxvcih/Ch,max) Ch € K3b
= (I=cu/Chmm> 1=D3/Clmar 1=/ Chna) € EKSS
(11)

where ¢, ... =max{c,li=1,2,..., m}.
4) LV
For ¢;,=S, €S, (c,€ K,), LV is first converted into a TFN

as:
1 . 1
e, = (max(l,O),l,min(H-, 1))
n n

n
.,n}. Subsequently, LV is normalized accord-

(12)

where i €{0, 1, ..
ing to (11).

5) IFN

For e, = <:uih7 th> (¢, €Ks), uy and v, vary from 0 to 1.

Thus, IFN does not need to be normalized.

C. Deviation Degree Between EL and AL

Typically, there is a deviation between EL and AL which
can be characterized by the distance and the sign between
normalized EL and AL. The distance indicates the gap be-
tween AL and EL. The bigger the distance, the higher the
AL deviation from EL, and the higher the impact on the PU
and investment decision-making of customers. The distance
between AL and EL, denoted by d(e,.r;), is calculated as
follows.

1) If e, and 7, are RN,

d(ey.ry)=d(dy.gu)=|d,— gl (13)
2) If e,, and r,, are INs,
d(ey.ry)=d ( (€tons Cinnigh LT inions T ihhigh]):
1
\/ B [ Coton = Tition)’ +(Cannigh — T inhigh )2] (14)

3) If e,, and 7, are TFNss,
d(eyr)=d (@ by o) (Pt Qe ) =

Sil@pay +tu-g. +e-1y] 09

4) If e, and r,, are LVs, the distance d(e,,r,) is then cal-
culated by (15) after e, and r, are converted into TFNs
through (12).

5) If ¢, and r,, are IFNs,

d(eih,rih)za'(</1mv"ih>,<tmvﬁh>)=
\/%[(,Uih — 1)+ Vi =)+ — Vih)z]

where 7, =1-u,;—-v, and y,=1-t,—f, are hesitancy de-
grees of e, and r,, respectively.

The sign of the deviation degree indicates whether the pre-
mium power will generate a positive or negative effect on
HTM. A positive sign means that AL of evaluation index is
greater than EL, thereby generating positive PU to the cus-
tomers. Customers are then more likely to invest in premium
power. Conversely, the negative sign means that AL of evalu-
ation index is smaller than EL, thereby generating negative
PU to customers. Thus, customers are less likely to invest in
premium power. The determination method of the sign is dis-
cussed as follows.

1) If e, and r, are INs, i.e., e, =[€pn €pne) and 7, =
[7 ihtorw> Taunicn > W€ compute four temporary values through (17)
and (18) to identify if e, > (or <)r, when e}, > (or <)r;, and

for e, =r}, if e, > (or <)r, when e, <(or >)rj.

(16)

r_
e, =€y te ihhigh )2 17
" _ B a17)
eih - eihhigh eihlvw
r_
rih _(rihluw + ’I‘ihhigh)/2 18
"_ B (18)
Vi = Vinhigh — Vintow

2) When e, =(ay,by,cy) and ry,=(py.qa-t,) are TFNs,
the probability P(e,>r,) is:
min (b, —p,, +q, — ay.max(b, —p,, 0)
Ple,2r,)=0 (b =ro+4u—a. SZUR
by —pu+qs—ay
min(c[h =qy +1;— by, max(cy, _qih70))

1-9 (19)

Cin—qut+ty,—by,

where 6, within the range (0, 0.5), is the risk aversion coeffi-

cient that reflects the risk aversion psychology. If
0.5<P(e;.ry)<1, then e,>r,; and if 0<P(e,,r;)<0.5, then
€y <V

3) If e, and r, are LVs, then e, >r, when S,>O0,,
e, <r, when S, <0,, and e, =r, when S, =0,,, where the
operators >~ and < stand for “better than” and “worse than”,
respectively, used for non-number settings.

4 Ife,= </uih7vih> and 7, = <tih9.ﬁ'h> are IFNs, a score func-
tion is defined as S(a)=u—v and ranges from —1 to 1. Thus,
considering IFN a= <,u,v>, we obtain e, >r, for S(e,)=S(,)
and e, <r, for S(e;)<S@,).
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IV. EVALUATION OF PU

Based on the calculated deviation degrees, the BOL for
AL relative to EL can be calculated. Then, the PU of HTMs
can be evaluated by analyzing psychological perceptions and
decision-making behaviors.

A. BOL

The psychological and behavioral characteristics of HTMs
typically depend on reference factors [26]. Thus, in this
work, by treating EL as a reference, we used the deviation
degree between AL and EL to measure perceived BOL, de-
noted as A4(e;,, r;,), by:

Aeyry)= d(dEih,rih)
—d(ey.ry)
where d(e;,r;) is the deviation degree function defined in
Section III-C.

When AL of an index is greater than EL, the premium
power can benefit HTMs. However, if AL is smaller, losses
can be perceived by the customers, thus justifying the nega-
tive values of A(e;,, 7).

rp2e,;
h h (20)

Ty <ey,

B. PU Evaluation

Different HTMs have different psychological perceptions
on the premium power [27], generating different perceived
BOL. The obvious difference between the willingness to pay
for economic losses due to voltage sags and the willingness
to accept the compensation due to voltage sags [28] repre-
sents the loss aversion psychology of HTMs [29]. Based on
the prospect [26] and cumulative prospect [30] theories, the
PU of A4, with 4(e,,,r,) BOL is computed as:

(e ri)]’ T 2 €y,

—A[=Aey )"
where A (>1) is the loss aversion coefficient which repre-
sents the loss aversion psychology of A, which means that
the negative feelings from the economic loss would be sig-
nificantly stronger than the positive feelings from the same
amount of economic benefit; and 8 (0<f< 1) is the relative
risk aversion, and it reflects the risk aversion psychology of
A,, e.g., the hesitation of HTM to invest in premium power.

A and @ were determined by survey or expert experience
[31]. The final PU is calculated by:

u(4,)="Y u(e,.r)
h=1

where n is the number of evaluation indices for HTM 4.
The higher the final PU, the more likely 4; is to invest in
premium power. The framework of PU evaluation is summa-
rized in Fig. 3.

In Fig. 3, the influencing factors are first modelled by five
kinds of mathematical models according to their attributions.
Subsequently, the deviation degree between AL and EL of
the evaluation indices, and the BOL are calculated. Finally,
PU is evaluated based on the prospect and cumulative pros-
pect theories. The flow chart of the PU evaluation is further
described in Fig. 4.

@

u(ey, ry)= ,o<e
in <€p

(22)
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| Influencing factors of PU

|RN| | IN ||TFN||LV||IFN|
I I I I |

Stimulation

: i i }
Psychologlcal Risk Loss
perception BOL . .
aversion | |aversion

Prospect tklleory and
cumulative prospect
theory

PU

Response

Framework of PU evaluation.

Set the number of comparisons » and let ~=1
l<

)
Obtain EL and AL of C,, for HTM 4,,
i.e., ey and 7y,
!

| Normalize e;, and 7, |

Fig. 3.

| Calculate the distance between ¢;

| Compare e;;, and r;, |

| Calculate BOL, i.e., 4(ey,, )
!

Calculate PU of HTM 4, for BOL 4(e;, ),
i.e., u(ey, ry), h=h+1

Y

h<n?
N
Calculate the final PU of HTM 4, e.g., u(4,) |

End

Fig. 4. Evaluation procedures of PU.

V. CASE STUDIES

In this section, field study results are shown to demon-
strate the effectiveness of the proposed method. PUs of five
HTMs are calculated and compared. The effect of the in-
dex’s EL variation on the HTMs’ PU and the sensitivity of
PU to different indices are also studied. Finally, the pro-
posed method is compared with the method in [10] to vali-
date its effectiveness and adaptability.

A. Historical Data Statistics and Parameter Estimation

A field survey is conducted for five HTMs (4,, 4,, 45, 4,
As) in a high-tech park in Chengdu, China. The map of the
surveyed area is shown in Fig. 5. The recorded data of volt-
age sag events on 10 kV buses for customers 4,-4; from
2007 to 2014 are plotted in Fig. 6.

We statistically analyze the economic losses of the five
HTMs from 2007 to 2014. Based on stepwise regression
analysis [30] for PU evaluation, we set 6 in (19) and 4 in
(21) as 0.12 and 2.25, respectively.
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TABLE I

VALUES OF R,,, FOR 4, FROM 2007 TO 2014
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Fig. 5.
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Fig. 6. Recorded data from 2007 to 2014.

B. PU of HTM 4,

Let us take 4, as an example. Firstly, we obtained ELs
and ALs through financial and voltage sag recordings for c,-
¢, from 2007 to 2014, as listed in Tables I and II, respective-
ly. Then, based on the obtained values, BOLs of 4, are com-
puted through (9)-(20), as shown in Table III.

TABLE I
VALUES OF E,, FOR 4, FROM 2007 TO 2014

Year NPV e IR APQ CHTM IE
2007 59.8457 [0.132,0.479] (0.20,0.30,0.50) AA M  (0.80,0.20)
2008 74.8454 [0.183,0.280] (0.20,0.30,1.00) AA MG  (0.40,0.30)
2009 52.7361 [0.167,0.423] (0.15,0.40,0.50) AA MG  (0.60,0.10)
2010 64.1125 [0.113,0.346] (0.30,0.50,0.80) AA MG  {0.60,0.30)
2011 70.0708 [0.257,0.435] (0.10,020,0.30) AA MG  (0.70,0.20)
2012 73.4417 [0.156,0.428] (0.20,0.40,0.50) AA MG  (0.75,0.10)
2013 43.1472 [0.237,0.341] (0.30,0.40,0.50) AA MG  (0.67,0.20)
2014 437128 [0.152,0207] (0.150.30,040) AA M  (0.50,0.40)
TABLE III
VALUES OF (e, r,,) (BOL) FOR 4, FROM 2007 TO 2014

Year NPV VSC IR APQ  CHTM IE

2007 04257 02227 02708 0 0 0.0707
2008 0.0000  0.1860  0.3697 0 -0.1633 02160
2009 0.0335 02269  0.0866 0 0 0.1414
2010 0.0263  0.1503  0.0866 0 0 0.0000
2011 02800 03356  0.2000 0 0 0.1633
2012 00148 02671  0.2330 0 0 03082
2013 0.0446 02913 0.1414 0 0 0.0572
2014 -0.0711 04789  0.1658 0 0 ~0.1472

Year NPV VSC IR APQ CHTM IE

2007 26.0598 [0,0.765] (0.40,0.60,0.80) AA M {0.70,0.25)
2008 69.7023 [0,0.469] (0.60,0.80,1.000 AA VG  (0.70,0.20)
2009 46.7749 [0,0.697] (0.10,0.50,0.60) AA MG  (0.50,0.30)
2010 57.8718 [0,0.526] (0.20,0.60,0.75) AA MG  (0.60,0.30)
2011 45.7415 [0,0.834] (0.30,0.40,0.50) AA MG  0.50,0.20)
2012 67.3574 [0,0.772] (0.20,0.67,0.80) AA MG  (0.40,0.50)
2013 37.0747 [0,0.678] (0.20,0.50,0.70) AA MG  (0.60,0.20)
2014 45.6643 [0,0.867] (0.10,0.50,0.60) AA M {0.65,0.20)
As shown in Table III, BOLs are different for different

evaluation indices. Therefore, different indices have different
impacts on the perceived BOL. The higher the BOL, the
higher the demand for premium power. BOLs for the APQs
from 2007 to 2014 are all zeros because ALs are exactly the
same as ELs, i.e., they meet the exact requirements of
HTM 4,.

Based on Table III, PU of 4, from 2007 to 2014 can be
calculated through (21) and (22). The plotted values are
shown in Fig. 7. The PU of BOL is negative for 2008 and
2014 because after the investment on the premium power,
AL 1is smaller than EL, i.e., the investment does not lead to
the expected outcome.

-0.4
-0.6

2007 2008 2009 2010 2011 2012 2013 2014
Year
D NPV;mVSC;m[R; D APQ;m CHTM; m [E; + Total

Fig. 7. PU of 4, from 2007 to 2014.

C. Comparative Study

This subsection conducts comparative studies to verify the
accuracy and adaptability of the proposed method. Firstly,
we compared the PU of five different HTMs. Then, the year-
ly values of PU, ENB, voltage sag loss (VSL), and the in-
vestment for HTM 4, are compared. The effect of the varia-
tion of influencing factors on PU, and the sensitivity of PU
to these factors are also analyzed. Finally, the proposed me-
thod is compared to that in [10].
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1) Comparing PU of different HTMs

By using the proposed method, we obtain the PU of five
HTMs, as shown in Fig. 8. The PU of different HTMs vary
significantly. Moreover, PU also varies significantly with the
years. Particularly, in 2007 and 2011, HTM A4, suffers from a
number of voltage sags resulting in high economic losses.
The results indicate that the evaluation results are highly con-
sistent with the actual survey results.

147 A,
IA2
1.2} A,
1.0t =4,
AS
- 0.8
0.6}
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0.2}

0
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Year

Fig. 8. PU of 4,-45 from 2007 to 2014.

2) Comparing PU, ENB, VSL and investment

Take A4, as an example again. Firstly, we normalize PU,
ENB, VSL, and investment. The results are plotted in Fig. 9.

0 . . . . . . )
2007 2008 2009 2010 2011 2012 2013 2014
Year

-~ ENB; = VSL; PU; =< Investment

Fig. 9. Comparison of PU, ENB, VSL and investment for A4,.

As shown in Fig. 9, VSLs are smaller than ENBs in 2008,
2010, and 2014. However, in 2007 and 2011, VSLs are sig-
nificantly higher than ENBs. Such difference results in a
large deviation degree between AL and EL, thereby making
PU significant. In the year of 2011, HTM 4, does have in-
vested in premium power, which supports our results.

3) Variation of influencing factors

By varying the EL of only one influencing factor, we
can determine the impact of different influencing factors
on the PU. The results are shown in Fig. 10. All influ-
encing factors affect the customers’ PU. Such result dem-
onstrates that it is not sufficient to only consider ENB
and VSS for an accurate PU evaluation.

4) PU sensitivity to influencing factors

To investigate which influencing factors have larger im-
pact on PU, a sensitivity study was performed based on (23):

n=APU/Ax (23)

where 7 represents the sensitivity; APU is the variation of
PU; and Ax is the variation of an influencing factor. The sen-
sitivity of PU to different influencing factors is shown in
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Fig. 11.
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Fig. 10. Relationship between PU and influencing factors. (a) NPV.
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Fig. 11. Sensitivity of PU to influencing factors.

It can be observed from Fig. 11 that PU is more sensitive
to the changes of IR, IE, CHTM, and VSC. Therefore, the
variation of these four influencing factors have a greater im-
pact on the perception of premium power for customers, and
may directly influence the investment.

5) PU comparison with the method only considering ENB
and VSS

In [10], PU was calculated from normal and perceived
power utilities. The normal power utility and the perceived
power utility were characterized by ENB and VSS, respec-
tively. Despite the different physical properties of these two
indices, [10] simply adds them to obtain PU. Comparatively,
this paper considers influencing factors as well as their attri-
butes in a comprehensive manner, which theoretically leads
to a more accurate estimation of PU.

Another important difference is that [10] only considers
the AL of the indices and assumes that the VSS of all cus-
tomers are controlled at the same level, i.e., VSS equals one.
When customers encounter severe voltage sags, there are sig-
nificant economic losses and little benefits. PU in [10]
would be very small, thus hindering customers’ interest in
the premium power. Therefore, PU should only have been
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an intermediate variable for investment decision-making.
This paper addresses this issue by considering both AL and
EL of the indices. This is consistent with the fact that when
different customers experience the same VSL, their expecta-
tions towards power quality can be different, which leads to
different PUs towards the premium power.

By overcoming the two main drawbacks mentioned
above, the PU evaluation of this study was significantly im-
proved. Figure 12 and Table IV show the normalized PU ob-
tained by both methods. According to the table, customer A4,
in 2007, 4, and 4, in 2010, and 4, in 2013 (the bolded data
in Table IV) suffer from significant economic losses (see
VSL). However, the corresponding PUs calculated by [10]
are small (all below 0.5), which indicates that there is no ur-
gent need to invest in premium power. In contrast, the PUs ob-
tained by this study are significantly higher. In reality, those
customers indeed invest in premium power, thus the values cal-
culated in this study are considered to be more accurate.
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Fig. 12. Normalized PU of five customers by using method presented in
this paper and [10]. (a) 4,. (b) 4,. (c) 45. (d) 4,. (e) 4.

TABLE IV
NORMALIZED PU AND VSL FOR FIVE CUSTOMERS FROM 2007 TO 2014

Year Item A4, A4, A, A, A
PU in this paper ~ 0.9982 0.1823 0.4675 - -
2007 PU in [10] 0.4673 0.4000 0.4214 - -
VSL 1.0000 0.1294 0.3269 - -
PU in this paper ~ 0.3873 1.0000 0.6921 - -
2008 PU in [10] 0.3677 1.0000 0.3412 - -
VSL 0.2273  0.9892 0.5893 - -
PU in this paper ~ 0.5340 0.6386 0.0807 - -
2009 PU in [10] 0.4340  0.6933 0.0722 - -
VSL 0.3636  0.5739 0.1033 - -
PU in this paper ~ 0.2993 0.7712 0.6207 - -
2010 PU in [10] 0.3000 0.4667 0.4201 - -
VSL 0.1563 1.0000 0.7416 - -
PU in this paper 1.0000 0.5408 0.0730 0.2354 0.4306
2011 PU in [10] 1.0000 0.5333 0.0520 0.1011 0.2315
VSL 0.7863 0.4397 0.0127 0.1123 0.3977
PU in this paper ~ 0.8402 0.3762 1.0000 1.0000 1.0000
2012 PU in [10] 0.5246  0.4133 1.0000 1.0000 1.0000
VSL 0.6745 0.2613 1.0000 0.8796 1.0000
PU in this paper ~ 0.5735 0.4119 0.4587 0.9428 0.4249
2013 PU in [10] 0.3233  0.4200 0.2315 0.4213 0.3211
VSL 0.4545 03129 0.3198 1.0000 0.3612
PU in this paper ~ 0.0800 0.5265 0.3088 0.1432 0.2481
2014 PU in [10] 0.0712  0.2000 0.1377 0.0321 0.2012
VSL 0.2055 0.4013  0.2978 0.0975 0.1301

VI. CONCLUSION

This paper presents a framework to effectively evaluate
PU. Compared to the existing method, the proposed method
is more accurate because various factors that influence in-
vestments are considered, and both AL and EL of evaluation
indices are considered. The main conclusions of this study
are as follows.

1) The factors influencing PU can be classified into quali-
tative and quantitative ones. By considering these factors,
the PU of HTMs can be rationally characterized.

2) The BOLs for different indices or the same index in
different years are different. The greater the BOL, the higher
the willingness to invest.

3) Different HTMs with different investment psycholo-
gies, anti-risk capabilities, and investment abilities exhibit
different sensitivities to influencing factors. The proposed
method is adaptable to all HTMs.

4) The evaluation results are consistent with the actual sur-
vey, which demonstrates the correctness and usefulness of
the proposed method.

The investment in the premium power is an important de-
cision for HTMs. Therefore, more practical case studies
should be conducted in the future.
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