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Abstract — The natural gas price surged in 2004. As a result, the
marginal cost of some generators burning gas also rose sharply.
This paper is in response to the sharp increase in gas price and
the corresponding generator marginal cost. This paper will first
investigate the benefits of Var compensation including reduced
losses (B;), shifting reactive power flow to real power flow (B;),
and increased transfer capability (B;). Then, an OPF-based
quantitative approach is used to assess the three benefits. Finally,
the scheme of Var economic benefits sensitivity analysis to
generator marginal cost is proposed. Tests are conducted on a
system with seven buses in two areas. The simulation results show
that a positive relationship exists between the generator marginal
cost in the load center and the Var economic benefits, and a
negative relationship exists between the generator marginal cost
in the generation center and the Var economic benefits.

Index Terms — Var economic benefits, optimal power flow (OPF),
economic benefits sensitivity analysis, generator marginal cost.

1. INTRODUCTION

HE US power industry has been under great pressure to

serve load economically since deregulation was initiated
over a decade ago. Reactive power is critical to support
voltage and regulate power factor in electric power systems.
However, the reactive power in US power systems was not
very well planned and managed, as evidenced by the Great
2003 Blackout that occurred in northeastern US and Canada in
August 2003. The official final report of the Blackout
indicated that “deficiencies in corporate policies, lack of
adherence to industry policies, and inadequate management of
reactive power and voltage caused the blackout [1].” Reactive
power including its planning process has received tremendous
interest and re-examination after the Blackout [2]. Besides the
impact from the Blackout, the continuous technical advances
in power electronics, such as SVC, STATCOM, D-Var,
SuperVar, etc, make the application of a large amount of Var
compensation more efficient and attractive [3].

Several previous works have discussed the cost [4] and the
technical benefits [5-8] of dynamic reactive power
compensation. However, the cost of local dynamic Var
sources is unfortunately high and there is a lack of a standard
method to evaluate the economic benefits. Reference [9]
demonstrates a possible quantitative approach to assess the
“hidden” benefits from local Var sources that there is no
systematic approach for quantitative assessment. Since the
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economic benefit is a major concern in the system planning
process, an interesting question is: what are the key factors
that affect the quantitative economic benefits of Var
allocation? The location and amount should definitely affect
the Var economic benefits. However, this paper discusses
another important factor that impacts Var economic benefits,
generator marginal cost, which is closely related to the natural
gas price. Since gas units are usually the marginal units that
clear the electricity market dispatch during peak hours, it is
important to investigate the sensitivity of Var benefit with
respect to generation cost.

The U.S. natural gas industry has been restructuring for the
past twenty years. Both the natural gas and electricity markets
are going through deregulation. The natural gas business has a
great interaction with the electricity market in terms of fuel
consumption and energy conversion. References [11-14]
discuss the impact of natural gas prices on electric power
markets. In 2004, the natural gas price spiked, which was well
above US$5/MBtu (million Btu) in most of 2004, peaked close
to $8/MBtu, and averaged $6/MBtu [15]. The marginal cost of
some generators burning gas also rose.

The high price of natural gas has been a great concern for
those expecting to obtain benefits from the installation of
reactive power compensation. Consequently, an interesting
question may be raised by system planners and manufacturers:
What is the impact of generator marginal cost increase on the
Var economic benefits? This research work is conducted in
response to the sharp increase in gas price and the
corresponding generator marginal cost. The analysis focuses
on two scenarios: (1) the load center generator marginal cost
variation, and (2) the generator center generator marginal cost
variation. The results from this research show some significant
impact on economic benefits to load-serving utilities, which
may increase their interests in local Var installation and
influence their decision-making process.

This paper is organized as follows. Section II illustrates the
possible benefits from local Var compensators using a simple
two-bus system. Section III presents a more rigorous approach
using economic dispatch to identify the benefits in three
categories. Section IV presents Var economic benefits
sensitivity analysis to generator marginal cost. Section V
presents the test results for a seven-bus system with Var
compensation, and Section VI presents the conclusion.
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II. QUANTITATIVE EVALUATION OF REACTIVE POWER
BENEFIT IN A TWO-BUS SYSTEM

This section illustrated a possible quantitative approach to
assess the “hidden” benefits from the Var sources at the
demand side. It is called hidden benefits because there is a
lack of systematic approach to quantitatively evaluate it [9].
These benefits are demonstrates with a simple two-bus model
in this section and then presented with a more complicated
model using Optimal Power Flow (OPF) in Section III.

A two-bus system shown in Fig. 1 is used to illustrate the
systematic methodology for capturing the hidden benefits. In
Fig. 1, there are a generation center with a cheap generation
unit of $20/MWh cost, a load center with a large amount of
load, and an expensive generation unit of $25/MWh cost, and
a tie line with maximum transfer capability of 100 MVA at the
receiving end connecting the two areas. The net load of the
load center is 100 MVA with 0.9 lagging power factor, which
implies 90 MW and 43.59 MVar (P, and Q,, respectively).

Gen. Center Load Center

S1-P+j Qu S=Py+j Qz

( : )_I—i' R+X | —
$20 _TQC l Load

Fig. 1. A two-bus system.

The other parameters are as follows: the power base is 100
MVA; the voltage at the generation center bus is fixed at
1.020° per unit; and the line impedance is 0.02 + j0.2 per unit.
The local compensation device will constantly inject Q. =
14.01 MVar to lift the load power factor from 0.9 to 0.95, i.e.,
P,’=P,=90 MW and Q,'= 0,- Q. = 43.59-14.01 = 29.58
MVar. The three economic benefits are discussed below.

A. Benefit from Reduced Losses (B;)

Injection of reactive power at the receiving end reduces the
reactive power through the tie line and therefore reduces the
line current. Since the real power loss is I°R, the loss will be
reduced if the current is reduced. With the consideration of the
load-side voltage magnitude remains unchanged and very
close to 1.0, the original line loss and the power at the delivery
end without the Q. compensation are given as follows.

P2 2 . 2 . 2
P, =I"R= 2;2Q2R=09 j;?):B” -0.02=0.02 pu. =2 MW
P =P, +PB,, =90+2=92MW

After Q. is connected, the power losses and delivery end
power are as follows.

P, =I’R= (P{)“;Z(Qz ) o 09 +0422958“
P =P, +P, =90+1.80=91.80 MW

loss

-0.02=0.018 pu.=1.80 MW
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Therefore, the total loss savings at the delivery end is 0.2 MW
(=92-91.8). This loss reduction represents reduced total
generation. Therefore, the savings in dollars per MVar-year is
$2,501/MVar-year [= ($20/MWh x 0.2 MW x 8760 hr/year)
/14.01 MVar].

B. Benefit from Shifting Reactive Power Flow to Real Power
Flow (B;)

As previously assumed, the tie line is congested due to the
maximum transfer capability of 100 MVA at the receiving end.
If this is the case, it is still assumed that the limit of S, remains
100 MVA. This may correspond to a thermal limit or a
contract MVA flow limit. Since the reactive power flow, O,
has been reduced due to local compensation, this makes it
possible to have more real power delivered from the lower-
cost generator while the 100 MVA limit is still respected
because of P, =4S2-0?%. This benefit of transferring more

cheap real power while keeping the same transfer capability is
classified as the benefit of shifting reactive power flow to real
power flow, as in the title of this subsection.

The new real power transferred over the tie-line is given as

P, =100 (0, -0, f =100 —29.58? =95.52 MW

Hence, the additional deliverable real power is 5.52 MW.
Ignoring the additional loss due to the 5.52 MW, this is the
amount of additional lower-cost real power from the
generation center to the load center. The economic benefit to
the load-serving utility will be the 5.52 MW times the price
difference between the two generators. Assuming the tie line is
congested by MVA limit during 2 peak months, the savings
per MVar-year due to B, for the load center is $2,837/MVar-
year [= ($25/MWh - $20/MWh) x 5.52MW x 60day x 24hr /
14.01MVar].

C. Benefit from Increased Maximum Transfer Capability (B;)

In the previous analysis, the maximum transfer capability is
assumed to be unchanged. However, it is very possible that the
local Var compensation in the stressed area may increase the
maximum transfer capability constrained by voltage stability.
This is shown in Fig. 2.

Original maximum transfer
capability with 25% margin

A

New maximum transfer
4 capability with 25%

margin with local Var

\4

P (orS)

Fig. 2. The original and new transfer capability considering security margin.
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There are various ways to calculate the change of transfer
capability with respect to a change of system conditions [16]-
[17] including local Var injection. Here, the equation of the
maximum real power transfer in a two-bus model [18] is
employed as follows:

p _EP(—k+N1+K?)

max 2 X

, Wherek = Q
P

It can be easily verified that the maximum transfer capacity
has been improved by 15.5%. Therefore, the load center may
receive 103.95 MW (90 x 1.155), which means it may receive
another 8.43 MW (103.95-95.52) of lower-cost power from
the generation center due to the increase of the transfer
capability. Ignoring the line loss caused by this transfer
capability increase, with the previously assumed 2 months of
peak load, the benefit B; in $/MVar-year is $4,384 /MVar-year
[($25/MWh - $20/MWh) x 8.43MW x 60day x 24hr /
14.01MVar].

III. BENEFITS FROM VAR SOURCE IN A MULTI-BUS SYSTEM

The previous section illustrates the three benefits with a
simple two-bus model; this section presents a generic
formulation to assess the economic benefits of Var
compensation via comparisons of three different cases of
optimal generation dispatch. The dispatch is performed for the
three cases using Optimal Power Flow (OPF) [19] with respect
to transmission limits and inter-tie transfer capability limits.
The three cases are as follows:

Base Case: Base system without Var compensation (Q.= 0);

Case 1: Compensation is available at a given bus in a given
amount and the original inter-tie transfer limit is
maintained;

Case 2: Compensation is available as in Case 1 and a new inter-
tie transfer limit is applied.

The objective of the OPF for the above three possible cases is
to minimize the production cost. The constraints include the
limits of the transmission networks. The dispatch formulation
in the OPF model can be written as follows:

Min: Y f(P,) M
Subject to:
P,—F,—P(V,0)=0

05 +06 -0, -00.0)=0
Pa < B < P

05" <0 <0G
I/imin S I/, S I/imax

Q:l.‘in <Q., S0 (Compensation limits)

(Real power balance)
(Reactive power balance)
(Generation real power limits)

(Generation reactive power limits)

(Voltage limits)

‘LF ‘ < [Fmax (Line flow thermal limits)
IN="1

(Tie line MVA transfer capability limits)

; 5, < ,ZL: S;“ax
where

f(P,,) = generation cost function;

Lt = the set of tie lines;
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Pg; = generator active power output;

P;; = load active power;

QG,. = generator reactive power output;
Qi = load reactive power;

Q. = Var sourceinstalled at bus i ;

Vi = bus voltage;
LF, = transmission line flow;
S; = line MVA flow.

After the optimal dispatches are performed for the three cases,
the benefits B;, B, and B; can be calculated using the
following approach. Assume Zy, Z;, and Z, are the fuel costs
for the Base Case, Case 1, and Case 2, respectively. We have

B, =(C, = Co)XAP,, @)
B =Z,~Z —B, 3)
B3 = Zl - ZZ = (CL - CG )X APincitrans (4)
B =B +B,+B,=Z,-Z, (5)
where
B, = the total benefit from local Var compensation;
B; = the benefit from reduced loss;
B, = the benefit from shifting reactive power flow to real power

flow without considering change of transfer capability;
B; = the benefit from the increased transfer capability;
Cg = the marginal cost of the generators at the generation
center;
C, = the marginal cost of the generators at the load center;
APy, = the shift of reactive power flow to real power flow;
APy 1rans = the change of transferred power flow across the tie
line.

It should be noted that Egs. (2) and (4) show that B, and B; are
both linearly related to the cost difference of generators at the
load center and the generation center. Also, since B; is
generally small (at least for a congested hour when both B,
and Bj; are applicable), the benefits are linearly related to the
generation cost difference at the load center and the generation
center. This can be verified in the test results.

The details to perform the benefit evaluation using Egs. (2-5)
are described as follows:
1. Perform OPF for Base Case and Case 1.
2.Calculate the reduced system losses from Base Case to
Case 1, AP,,q,.
3.Calculate the total reduced MW generation from Base
Case to Case 1. Since this MW amount is AP+ APgyp,
then, APy can be easily calculated.
4.Perform OPF for Case 2.
5. Apply Egs. (2-5) to calculate the three economic benefits,
B], Bz, andB3.

IV. VAR ECONOMIC BENEFITS SENSITIVITY ANALYSIS TO
GENERATOR MARGINAL COST

The previous section has discussed the economic benefits of
local reactive power compensation. This section investigates
the sensitivity analysis of the economic benefit with respect to
the generator marginal cost. This section is conducted in
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response to the sharp increase in gas price and the
corresponding generator marginal cost.

The general procedure of Var benefit sensitivity analysis is
implemented with GAMS (General Algebraic Modeling
System) for two scenarios: (1) the load center generator
marginal cost variation, and (2) the generator center generator
marginal cost variation. These two scenarios have different
effects on the economic benefits. Tests are performed in a
standard system to verify the proposed approach. The basic
procedure applied to sensitivity analysis is shown in Fig. 3.
The sensitivity analysis process starts by repeatedly solving
Case 1 and Case 2 models with different generator marginal
costs at Bus i from b;~b;, (b; is shown in Table 1). The
benefits calculation includes Base Case, Case 1, and Case 2
introduced in section III.

The total fuel cost output is Zj in the Base Case, in which there
is no Var compensation. Thus, Z, will not change in the entire
process. If Case 1 is repeated at different generator marginal
costs, b;;~b;,, then different total fuel costs, Z;;,~Z; ;,, may be
obtained. Then Case 2 may be repeated with b;~b;, as input,
the corresponding output of total fuel costs in Case 2 may be
written as Z,,;;~Z5 . Finally, By;~Byi, (k= 1, 2, and 3) may be
obtained following the procedure introduced in section III.

Base Case -

Biin Briz o Brin

5 b= Casel _> —B2ir, Baiz s Bain

7 e P \ Bsin Bsiz s Bsin
Case2 —>

2,1 ZZ‘Z ZZJI

Fig. 3. GAMS scheme for sensitivity analysis.

V. CASE STUDY WITH RESULTS
A. Test System

In this section the seven-bus test system from PowerWorld [10]
is used to demonstrate the test results. The diagram of the test
system is shown in Fig. 4. The data for the loads, generation,
transmission thermal limits, and voltage limits are shown in
Table 1. The test system is divided into two areas, the Top
Area (Load Center) and the Bottom Area (Generation Center),
as shown in Fig. 4 and Table 2. The generators in the load
center are more expensive than those in the generation center.

The interface tie lines between the two areas are line 6-2 and
line 7-5. The voltage stability limit, i.e., the nose point of the
P-V curve, is 464 MVA, which is lower than the sum of their
thermal limits (500 MVA). If the voltage stability margin is
assumed to be 25%, then the interface transfer limit is 464
*75%=348 MVA for Base Case. The OPF models for the three
cases are solved by the Nonlinear Programming (NLP) solver
MINOS. Var compensation is assumed to be 15 MVar at Bus
3, where the voltage in the lowest in the base case.

Load Center

Bus 1 i

Bus 2

Bus 4

Bus 5

Interface
Bus 6, Generator ]
Center |
@
Fig. 4. Diagram of a seven-bus test system.
Table 1. Parameters of the test system
Power base: 100MVA
Voltage base: 138kV
Load
Bus 1 2 3 4 5 6 7
P (MW) 0 100 190 | 150 | 200 50 80
O (MVar) 0 40 75 50 60 20 40
Generator fuel consumption cost coefficient (cost =a + b x Pg)
Bus 1 4 6 7
a ($/hr) 798.92 814.03 515.34 400.41
b ($/MW*hr) 20 19 14 15
Marginal Cost 20 19 14 15
($/MW*hr)
Active power generation limits (M'W)
Bus 1 4 6 7
Pg™ 150 200 300 300
Pc™ 70 50 60 0
Reactive power generation limits (M'W)
Bus 1 4 6 7
Qg™ 100 100 100 100
Qg™ -100 -100 -100 -100

Transmission line thermal limits (MVA)

Line| 1-2 | 1-3 | 2-3 | 24 | 25 | 43 |54 |62 | 67 | 75

Limit| 120 | 100 | 100 | 100 | 100 | 120 | 80 | 250 | 100 | 250

Voltage limits (p.u.)

Vinas =1.05 and V,,in=0.95 for every bus.

Table 2. Load and Generations in Two Areas

Area Bus Gen. Cap. (MW) | Load (MW) | Margin (MW)
Load Center |1,2,3,4,5 350 640 -290
Gen. Center 6,7 600 130 470

B. Results

This section focuses on two scenarios: (1) generator marginal
cost increase in the load center, (2) generator marginal cost
increase in the generator center. These two scenarios have
different effects on the economic benefits.

The marginal costs of the generators at Bus 1, Bus 4, Bus 6,
and Bus 7 in the Base Case are $20/MWhr, $19/MWhr,
$14/MWhr, and $15/MWhr, respectively. One hundred steps
will be executed to increase the generator marginal cost in this
case. In total, $10/MWhr cost increase will be tested using
$0.1/MWhr for every step. Also, it should be noted that the
results combine B; and B, together to since B; is relatively
small when both B, and B; are considered.
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1) Generator marginal cost increase in load center. Generator
dispatch in the Base Case versus generator marginal cost
increase at Bus 1 is shown in Fig. 5. The generator at Bus 1 is
already the most expensive one among the four generators. It
will continue to be the most expensive one when its marginal
cost increases. That is why its cost increase does not affect the
dispatch as shown in Fig. 5.

In this case, the cost of the marginal generator at the load
center, C;, increases. However, the cost of the generators at
the generation center, the shift of reactive power flow to real
power flow, and the increased real power transfer all remain
constant due to the unchanged dispatch. From Eqgs (2-5), it can
be concluded that B, and B; have a positive linear relationship
with the Bus 1 generator marginal cost increase as shown in
Fig. 6. Considering B, is relatively small in this case, the
observed results in Fig. 6 match Eqgs (2-5) very well.

350

Gen. (6)
300
g 250
$ Gen. (4
‘§ 200 @
2
Gen. (7
Q
£ 100 SOGNNNINIINIINIININNININI NI NI IIINIIIINININININN! HOINONININNINNNININIO N0t |
<] Gen. (1)
50
0 ‘ ‘ . . .
19 21 23 25 27 29 31

Bus 1 generator marginal price($/MWhr)

‘+Gen.(1) —=— Gen.(4) —— Gen.(6) Gen.(7)‘

Fig. 5. Generators dispatch in Base Case versus generator marginal cost
increase at Bus 1.

350

i
200 ™

150

Economic benefits

100

50

Bus 1 generator marginal price($/MWhr)

—+—B1+B2 —s—B3 —a— Bt

Fig. 6. Economic benefits versus generator marginal cost increase at Bus 1.

Generators dispatch in the Base Case versus generator
marginal cost increase at Bus 4 is shown in Fig. 7. The
generator at Bus 4 is the second most expensive one in the
system. Its dispatch remains a constant at the beginning until it
drops to some lower level when it becomes the most expensive
generator with the marginal cost increase. At the same time,
the dispatch of the generator at Bus 1 increases to compensate
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the dropped portion of Bus 4 generator dispatch because Bus 1
generator is cheaper than Bus 4 generator.

Different from Fig. 6 that shows a continuous increase of
economic benefits when Bus 1 generator cost grows, Fig. 8
shows a different pattern of benefit variation when Bus 4
generator cost increases. In this case, B;, B, and B; are
constant at the beginning of the curve when Bus 4 generator is
a non-marginal unit, i.e., fully dispatched at 200 MW. Thus,
the variation of its cost does not affect its dispatch and the
other generators’ dispatches. This may be a little different
from intuition because one might expect a change of benefit
when generation cost increases. This also shows a very
important feature in Var benefit sensitivity analysis. That is,
the change of benefit is determined by the marginal unit(s).
However, once the cost variation of a non-marginal unit is
large enough such that Bus 4 generator becomes a marginal
unit, then the growing pattern observed in Fig. 6 will occur, as
shown in the latter part in Fig. 8.

350

Gen. (6
300 (©)
é 250
=
Gen. (4
ﬁ_ 200 { ).‘
% % Gen. (7)
—

£ 150 ¢
®
2 100 st
8 Gen. (1)

50

0 . . . . .

18 20 22 24 2 28 30

Bus 4 generator marginal price($/MWhr)

‘+Gen.(1) —=— Gen.(4) —— Gen.(6) Gen.(7)‘

Fig. 7. Generators dispatch in base case versus generator marginal cost
increase at Bus 4.
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50

B;+ B,
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Bus 4 generator marginal price($/MWhr)
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Fig. 8. Economic benefits versus generator marginal cost increase at Bus 4.

In general, the increase of generator marginal cost in the load
center has positively contributed to the Var economic benefits
since the generator marginal cost difference between the load
center and the generation center is positively proportional to
the benefits. Thus, if the fuel cost, especially the cost of
marginal units, increases in the load center, the economic
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benefits tend to increase. In short, the Var compensation
benefit will be positively impacted by the increase of
generator marginal cost in the load center.

2) Generator marginal cost increase in generator center.
Generators dispatch in Base Case versus generator marginal
cost increase at Bus 6 is shown in Fig. 9. The Bus 6 generator
is the cheapest one among all four generators. The dispatch
does not change until generator marginal cost at Bus 6 exceeds
that of Bus 7 generator, at which Bus 6 generator becomes a
marginal unit. There is another dispatch exchange between the
generators at Bus 6 and Bus 1 when the marginal cost at Bus 6
exceeds that of Bus 1; as a result, Bus 1 generator is fully
dispatched. It should be noted that there is no dispatch
exchange between the generators at Bus 6 and Bus 4 due to
transmission limits.

Similar to Fig. 8, Var economic benefit versus Bus 6 generator
cost, as shown in Fig. 10, remains unchanged at the beginning
part because Bus 6 generator is fully dispatched. Afterward, it
is followed by a steep decline until B; drops to zero. The
reason of the decline is that the cost difference between the
generation center and the load center, i.e., (C;-Cg), shrinks.
The curves in Fig. 10 end as a constant when all four
generators are dispatched at a fixed amount, with three
generators being dispatched at their upper limits.

350
Gen. (7
300 Q)
g 501 \
g 20 \
=
S Gen. (4
2 00| A “4)
2 Y
-l
£ 150 4 Gen. (6) A
g A
o e
@
£ 100
© Gen. (1)
50 -
0 . . . . .
13 15 17 19 21 23 25
Bus 6 generator marginal price($/MWhr)
[—+—Gen.(1) —=—Gen.(4) —+— Gen.(6) Gen.(7)]

Fig. 9. Generators dispatch in base case versus generator marginal cost
increase at Bus 6.
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Fig. 10. Economic benefits versus generator marginal cost increase at Bus 6.
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Generators dispatch in the Base Case versus generator
marginal cost increase at Bus 7 is shown in Fig. 11. One
dispatch exchange happens between Bus 7 generator and Bus
1 generator when the marginal cost at Bus 7 goes beyond that
of Bus 1. The dispatches after the exchange all remain
constant as each of the other three generators reaches its
individual upper limit.

Fig. 12 demonstrates the economic benefits versus generator
marginal cost increase at Bus 7. Its trend is very similar to Fig.
10 except that the beginning constant part of the curve as Bus
7 generator is not fully dispatched initially. Thus, the
economic benefits drop with the (C;-Cg) shrinking from the
start until the generators at Buses 1, 4, and 6 are all fully
dispatched. The marginal cost increase in the generator center
could be attributed to the Var benefits decrease. In other words,
the increased tie line transfer capability may be worthless if no
cheaper power is ready to be transferred.

350
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300

250

Gen. (4)

200

150 Gen. (7)

100

Generators dispatch(MW)

“Gen. (1)
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14 16 18 20 22 24 26
Bus 7 generator marginal price($/MWhr)

‘+Gen.(1) —=— Gen.(4) —a— Gen.(6) Gen.(7)‘

Fig. 11. Generators dispatch in base case versus generator marginal cost
increase at Bus 7.
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Fig. 12. Economic benefits versus generator marginal cost increase at Bus 7.

VI. CONCLUSIONS

Since the late 1990s, restructuring in electric power systems
has resulted in a large addition of gas-fired generation capacity,
with over 200,000 MW of new gas-fired capacity built at a
cost of more than US$100 billion [15]. Unfortunately, the
natural gas price surged in 2004. As a result, the marginal cost
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of some generators burning gas also rose. This paper
investigates the impact of generator marginal cost increase on
the Var economic benefits. The conclusions and discussions
based on this research are summarized as follows.

e The major and quantifiable economic benefit may be
classified into three categories: reduced losses, shifting
reactive power flow to real power flow, and increased
transfer limit.

The sensitivity analysis of Var economic benefits with
respect to the generator marginal cost can be used to
predict the Var benefits change if the fuel price varies.
This is particularly important if there are units like gas
turbine generators in a power system, because they are
usually the marginal units to clear electricity market
dispatch, especially during peak hours.

The interesting trend revealed in the benefits sensitivity
analysis is that in general a positive relationship exists
between the generator marginal cost in the load center and
the Var economic benefits, and a negative relationship
exists between the generator marginal cost in the
generation center and the Var economic benefits. The
reason of such relationship is that the generator marginal
cost difference between the load center and the generation
center is positively proportional to the benefits.

In general, the generators in the load center are more
expensive gas turbine generators whose cost is easily
affected by the fuel price, so the positive relationship
between the marginal cost and the benefits is typical.
Usually, the generators in the generation center are low-
cost hydro or coal-fire generators whose cost is
insensitive to the fuel price.

Generator fuel cost variation is usually not equally
applied to all units in both generation center and load
center. In addition, different generation company may
have different efficiency in reducing marginal cost after
deregulation. Further researches are necessary to
investigate the Var benefit sensitivity in a much larger
power system with complicated combination of gas units,
coal-fire units, hydro unit, etc.

VII. REFERENCES

U.S. — Canada Power System Outage Task Force, Final Report on the
August 14, 2003 Blackout in the United States and Canada: Causes and
Recommendations, April 2004.

W. Zhang, F. Li and L. M. Tolbert, “Review of reactive power planning:
objectives, constraints, and algorithms,” IEEE Trans. on Power Systems,
In-Press.

W. Zhang, F. Li, and L. M. Tolbert, “Optimal allocation of shunt
dynamic Var source SVC and STATCOM: A Survey,” 7th IEE
International Conference on Advances in Power System Control,
Operation and Management (APSCOM 2006), Oct. 30 — Nov. 2, 2006,
Hong Kong, China.

Oak Ridge National Laboratory, 4 Preliminary Analysis of the
Economics of Using Distributed Energy as a Source of Reactive Power
Supply, ORNL/DOE Report, April 2006.

P. Kundur, Power System Stability and Control, McGraw-Hill, 1994.
C.W. Taylor, Power System Voltage Stability, McGraw-Hill, 1994.

M. G. Hingorani and L. Gyugyi, Understanding FACTS: Concepts and
Technology of Flexible AC Transmission Systems, IEEE Press, 1999.

656

[8] E. Bauer, R. Eichler, and M. Lyons, “Operational benefits from optimal
volt/VAr scheduling in the South-East Australian transmission network,”
Proceedings of the IEEE Power Industry Computer Application (PICA)
Conference, pp. 85-91, May 7-12 1995.

F. Li, W. Zhang, L. M. Tolbert, J. D. Kueck, and D. T. Rizy,
“Assessment of the economic benefits from reactive power
compensation,” IEEE Power System Conference & Exposition (PSCE
2006), Oct. 29 — Nov. 01, 2006, Atlanta, GA, pp. 1767-1773.
Powerworld Website, http://www.powerworld.com.

S. Takriti, C. Supatgiat, L.-S.Y. Wu, “Coordinating fuel inventory and
electric power generation under uncertainty,” IEEE Transactions on
Power Systems, vol. 17, no. 1, Feb. 2002, pp. 13 — 18.

M. S. Morals, J. W. M. Lima, “Natural gas network pricing and its
influence on electricity and gas markets,” IEEE Bologna Power Tech
Conference Proceedings, vol. 3, June 23-26, 2003, pp. 6.

Seungwon An, Qing Li, T. W. Gedra, “Natural gas and electricity
optimal power flow,” Transmission and Distribution Conference and
Exposition, vol. 1, Sept. 7-12,2003, pp.138 — 143.

M. Shahidehpour, Yong Fu, T. Wiedman, “Impact of natural gas
infrastructure on electric power systems,” Proceedings of the IEEE, vol.
93, no. 5, May 2005, pp.1042 — 1056.

Zuyi Li, “Natural gas for generation a solution or a problem?” /EEE
Power and Energy Magazine, no. 4, 2005, pp. 16-21.

M. H. Gravener and C. Nwankpa, “Available transfer capability and first
order contingency,” IEEE Trans. on Power Systems, vol. 14, no. 2, May
1999, pp. 512-518.

S. Greene, 1. Dobson, and F. Alvarado, “Sensitivity of transfer capability
margins with a fast formula,” IEEE Trans. on Power Systems, vol. 17,
no. 1, February 2002, pp. 34-40.

Z. Huang, Course Documents, http://www.ee.ualberta.ca/~zhuang/.

A. J. Wood and B. F. Wollenberg, Power Generation Operation and
Control, John Wiley & Sons Inc, 1996.

—
—_

—

[12]

[13]

[14]

[15

[t}

[16]

VIII. ACKNOWLEDGMENT

The authors would like to thank Oak Ridge National
Laboratory for the financial support in part to accomplish this
work.

IX. BIOGRAPHIES

Wenjuan Zhang (S’ 2003) received her Ph.D. degree from The University of
Tennessee in 2007. She received the B.S.E.E. from Hebei University of
Technology, China, in 1999 and the M.S.E.E. from Huazhong University of
Science and Technology, China, in 2003. She is presently working at the
California Independent System Operator (CAISO). Her current interests
include reactive power compensation and planning, voltage stability, and
power system optimization.

Fangxing (Fran) Li (M’ 2001, SM’2005) has been an Assistant Professor in
the ECE Department at The University of Tennessee (UT), Knoxville, TN
since August 2005. His current interests include reactive power, distributed
generation, energy markets, reliability, computational methods, and power
electronics. He received his Ph.D. degree from Virginia Tech in 2001. Dr. Li
is the recipient of the 2006 Eta Kappa Nu Outstanding Teacher Award at UT.
He is a registered Professional Engineer in the State of North Carolina.

Leon M. Tolbert (SM’ 1999) received his B.S., M.S., and Ph.D. degrees all
from Georgia Tech, Atlanta in 1989, 1991, and 1999, respectively. He joined
the Engineering Division of Oak Ridge National Laboratory (ORNL) in 1991.
He was appointed as an assistant professor in the ECE Department at The
University of Tennessee in Knoxville in 1999. He is presently an Associate
Professor at UT and a research engineer at ORNL. He is a Registered
Professional Engineer in the state of Tennessee and the Chairman of the
Education Activities Committee of the IEEE Power Electronics Society.



