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Reactive Power Aspects in Reliability
Assessment of Power Systems

Wenping Qin, Peng Wang, Member, IEEE, Xiaoqing Han, and Xinhui Du

Abstract—Reactive power plays a significant role in power
system operation. However, in reliability evaluation, attention has
seldom been paid to reactive power. In conventional power system
reliability evaluations, the fixed maximum and minimum values
are applied as the reactive power limits of generators. Failures of
reactive power sources are rarely considered. The detailed causes
of network violations for a contingency are also seldom studied.
Real power load shedding is usually used to alleviate network
violations without considering the role of reactive power. There
are no corresponding reliability indices defined to represent the
reactive power shortage in the existing techniques. Reactive power
shortage and the associated voltage violations due to the failures
of reactive power sources are considered in this paper. New
reliability indices are proposed to represent the effect of reactive
power shortage on system reliability. The reliability indices due
to reactive power shortages have been defined and are separated
with those due to real power shortages. Reactive power limits
determined by real power output of a generator using
curve have been studied. A reactive power injection technique
is proposed to determine possible reactive power shortage and
location. The IEEE 30-bus system has been modified and analyzed
to illustrate the proposed technique. The results provide system
planners and operators very important information for real and
reactive power management.

Index Terms—Contingency screening, load shedding, power
system reliability, reactive power, voltage stability.

I. INTRODUCTION

R EACTIVE power is a basic requirement for maintaining
system voltage stability. Adequate reactive power reserve

is expected to maintain system integrity during post-contin-
gency operation when considering random failures of reactive
power resources. As a well-established ancillary service, re-
active power support and voltage control plays a vital role in
power system operation. The effect of reactive power on system
stability and security has been well investigated [1]–[8]. A
large area blackout usually occurs in a heavily loaded system
which does not have adequate reactive power reserve. The
heavily loaded systems usually have high reactive power de-
mand and reactive power loss in transmission network. During
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a contingency, the real power component of line loading does
not change significantly, whereas the reactive power flow can
change dramatically [1]. The reason is that bus voltage drop due
to a component failure reduces the reactive power generation
from the charging of line and shunt capacitors. Therefore,
sufficient reactive reserve should be available to meet the
requirement following a contingency. Reactive power which
can be delivered by a power system depends on its network
configuration, operating condition, and locations of reactive
power sources. The results [1]–[8] show that reactive power is
the key to solving system voltage problems in system operation
and should be considered in reliability evaluation.

Reliability evaluation techniques have been well developed
[9]–[12]. In these techniques, the fixed maximum and minimum
values are applied as the reactive power limits of generators.
Network violations in a contingency state are usually alleviated
through real power load shedding with less consideration for
the role of reactive power. The post-contingency voltages, re-
active power generation, and power flows were estimated using
sensitivity analysis [13]. Through employing piecewise linear
estimation, the effect of equipment limits on the estimates was
captured. The effect of a shunt capacitor on distribution system
reliability was studied [14]. The effect of voltage limits and re-
active power constraints on system reliability was investigated
using dc power flow technique [15]. The expected value of the
curtailed kWh due to the lack of reactive power generation and
the expected value of voltage irregularity were calculated [15].

However, the following problems were seldom considered
in the existing reliability techniques. First, most existing tech-
niques ignored failures of reactive power resources such as syn-
chronous condensers and compensators. Second, network
violations due to real power shortage have not been differenti-
ated from those due to insufficient reactive power during post-
contingency load shedding. Third, there are no indices and the
corresponding technique to solve reliability problems related to
reactive power inadequacy. Finally, the correlation between real
and reactive power output from a generator, which is determined
by curve, has not been considered. Therefore, the existing
reliability indices are not sufficient for system planners and op-
erators to make reasonable planning and operation decisions.

This paper proposes a technique to evaluate reliability indices
which take into account both real and reactive power shortage
due to failures caused by real and reactive power sources such
as generators, synchronous condensers, and compensators. Re-
active power shortage and its associated voltage violations due
to failures of reactive power sources are considered. New reli-
ability indices are proposed to represent the effect of reactive
power shortage on system reliability. The reliability indices due
to reactive power shortages are separated with those due to real
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power shortages. A reactive power injection technique is pro-
posed to determine reactive power shortage and location. Re-
active power limit of a generator determined based on its real
power output have been studied using curve.

Section II briefly reviews the reactive power issues related to
power system reliability. The voltage set point for load shedding
is also discussed. In Section III, the basic reliability model for a
component including reactive power source is introduced. Re-
liability indices related to real and reactive power are defined.
The contingency filtering technique for reliability evaluation is
also discussed. The reliability evaluation technique is proposed
in Section IV. The load shedding and reactive power injection
methods including both real and reactive power shortages are
also introduced. The modified IEEE 30-bus system has been
analyzed using the proposed techniques and the results are pre-
sented in Section V. Section VI concludes the paper.

II. REACTIVE POWER ISSUES

A. Reactive Power Characteristics

There are three aspects that differentiate reactive power from
active power in power system operation and should be consid-
ered in reliability evaluation. First, it is not efficient to transfer
reactive power over a long distance because reactive power
losses in transmission lines are significant and bus voltage is
very sensitive to reactive power. Therefore, reactive power
shortage is usually compensated locally in weakly connected
grids. Second, the major role of reactive power is to maintain
voltage stability/security of power systems. Therefore, the
effect of reactive power on system reliability in terms of energy
not supplied is indirect and should be calculated based on
reactive power shortage and voltage violations. Finally, the
reactive power losses change with system configuration and
operation conditions [7], [8]. Reactive power requirements for
voltage restoration after a contingency are heavily dependent
on reactive power reserve distributions in a power system. In
order to reasonably determine the real and reactive power dis-
patch and post-contingency load shedding, the characteristics
of real and reactive power corresponding to bus voltage and
their correlation have to be considered. The characteristics of
real and reactive power have been comprehensively studied
[16]–[18]. The , , and curves which show
the coupling among active power, reactive power, and voltage
are considered in real and reactive power dispatch and load
shedding in this paper.

B. Under-Voltage Control and Load Shedding

Bus voltage stability is a very important issue in power system
operation and should be considered in reliability evaluation.
There are the existing techniques to solve voltage stability prob-
lems caused by reactive power shortage. In general, preventive
or corrective control can mitigate the voltage problems. The
preventive control aims to prevent voltage instability before it
actually occurs, whereas the corrective control is to stabilize a
post-contingency severe system through actions such as com-
pensation reactors switching, generator voltage pick-point in-
creasing, secondary voltage control and generation re-dispatch,
etc. Under-voltage load shedding is the last resort to solve severe
voltage problems and is used in this paper to determine the load
curtailments caused by reactive power shortage [19]–[21]. The

Fig. 1. Two-state model of a component.

10% post-voltage deviation below the lowest normal voltage
(95%) is accepted when considering up to the second order con-
tingencies based on [22]–[24]. Both 0.85 pu and 0.9 pu are used
as the voltage set points for load shedding in this paper.

III. RELIABILITY INDICES AND CONTINGENCY SCREENING

A. Component Reliability Model

A system component such as a generator, a transmission line,
or a reactive power compensator can be represented using the
two-state reliability model [25] as shown in Fig. 1. The avail-
ability and unavailability of a component can be calculated
based on its failure rate and repair rate using the following
equations:

(1)

(2)

B. System Reliability Parameters

For a power system with independent components, the
state probability , the departure rate , the frequency , and
the total system available real power capacity for state with

failed components can be determined using the following
equations:

(3)

(4)

(5)

(6)

where , , , and are the availability, the unavailability,
the failure rate, the repair rate of component , respectively,
is the real power capacity of generator , and is the number
of available generators in the system for state . It should be
noted that the state probability have to be adjusted for a common
cause failure.

C. Reliability Indices

In order to provide reliability information on both system
real and reactive power for system planners and operators, the
expected real and reactive power load curtailments due to real
power shortages are defined as and , respec-
tively. The expected real and reactive power load curtailments
due to reactive power shortage or voltage violations are defined
as and , respectively. The expected energy not
supplied due to the real power and reactive power shortages
are represented by and , respectively. The
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expected not supplied due to real and reactive power short-
ages are represented by and , respectively.
The expected shortage due to voltage violation is defined
as . Those indices can be defined using the following
equations:

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

where is the total number of considered contingencies,
and are the real and reactive load curtailments

due to real power shortage for state respectively, and
are the real and reactive load curtailments due to reactive

power shortage for state respectively, and is the
shortage which causes voltage violation for state .

The expected shortage at each bus can be used to select
the optimal location for the installation of additional reactive
power compensators in system planning and operation.

D. Contingency Screening and Filtering

The number of system operating states for a practical large
power system will explode tremendously when considering up
to the second-order failures and hourly load duration curve for
a year. Therefore, contingency filtering or screening should be
used to reduce the number of considered states based on the spe-
cific accuracy. Most existing contingency selection techniques
in reliability evaluation are based on the probabilities of con-
tingency states. The contingencies with the larger probabilities
than a given value will be considered and determined using
the state selection technique [26]. In security analysis, different
techniques [27], [28] have been proposed to reduce the com-
puting time for real-time screening.

Considering the special requirement of reliability evaluation,
a contingency filtering index is defined in this paper based on
the combination of the state probability and the performance
index which is similar to the ones used in [27] to select the con-
tingency states. There are two types of system states: the states

with the isolated buses due to line failures and the states without
the isolated buses. For the states without the isolated buses, the
proposed filtering index is the multiplication of the state prob-
ability and the severity index. Severity index for different con-
tingency is defined as follows,

For a contingency with two failed generators, the severity
index is the ratio of the total real power capacity of the failed
generators to the total system real power load for the normal
state.

For a contingency with two failed lines, the severity index is
the ratio of the total real power flow of the failed lines to the
total system real power load for the normal state.

For a contingency with one failed line and one failed gener-
ator, the index is the ratio of the real power flow of the failed
line plus the real power capacity of the failed generator to the
total system real power load for the normal state.

All the states up to second-order failures with the isolated
buses should be considered because of the complete cutoff of
the loads at those buses.

IV. RELIABILITY EVALUATION TECHNIQUE

A. Real and Reactive Power Load Shedding

A two-stage load shedding process is proposed in order to
distinguish the reliability indices due to reactive power shortage
from those caused by the real power shortage. The objective is to
provide detailed information to system planners and operators
regarding current and future PQ resources.

Stage 1) The total available system real power capacity in-
cluding both generation and reserve is compared with the total
system real power demand including the total real power
load and transmission loss. The ac power flow is performed to
calculate transmission loss for contingency state . If is less
than , real power loads at all the load buses are curtailed in
system range using the proportional or other load shedding tech-
niques. Reactive power load at each bus is also curtailed corre-
spondingly based on the initial power factor. The proportional
method is a commonly used load shedding technique in relia-
bility evaluations and is used in this stage. In this technique, the
total shortage, which is , is shared by all the load buses
based on their percentages in total system load. The loads at all
buses are curtailed simultaneously based on the percentages.

Stage 2) After the first stage load shedding, perform ac power
flow analysis. Check Q injections at all buses and voltage
violations at other buses. If Q injection at a bus reaches
its maximum limit, change it into bus to fix their reac-
tive power injection. Q injection will change during the load
shedding. If the voltage at some of the load buses is below the
voltage set point, the problems are related to the local reactive
power shortage. The load shedding is required to solve the Q
shortage problems. Because of the low efficiency of delivering
reactive power through a long distance, the load shedding is usu-
ally performed at the nodes with the voltage violations. Both
the real and reactive power loads are curtailed iteratively in step
of 1% with the fixed power factor until the voltage violation is
eliminated. The reason behind selecting a small step of 1% of
the reactive load during the iterative load shedding process is
that the voltage is very sensitive to reactive power load. If the
step is larger, the low voltage limit cannot be smoothly reached
in the iteration process. If the voltage violation at those buses



88 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 26, NO. 1, FEBRUARY 2011

still exists after the loads are completely curtailed, it is neces-
sary to cut the loads at their adjacent nodes according to the
local characteristics of reactive power. It should be noted that
voltage stability depends heavily on active load distribution in
the system. For complex networks, the concepts of electrical dis-
tance and voltage control areas/zones should be considered to
identify the adjacent nodes for load shedding. More techniques
for load shedding and reactive compensation [21], [29]–[31] can
be used for mitigating the voltage problems. The objective of
this stage is to provide information to system planners and op-
erators regarding local Q shortage.

It should also be noted that load shedding is the last resort to
solve the voltage problem. The voltage set point as discussed in
Section II is very important for the under voltage load shedding.
For the states with the isolated buses, the loads of those buses
cannot be supplied.

B. Reactive Power Injection

The voltage violations related to shortage can also be
solved by additional local Q injection or compensation. In this
method, reactive power is injected at the nodes with the voltage
violations to restore the voltage. When the voltage reaches the
voltage set point, the corresponding reactive power injected is
the Q shortage . It should be noted that the effect of re-
active power injection on bus voltage is very sensitive to net-
work configuration and reactive power source distribution. In
this paper, the reactive power is gradually injected in step of 1%
of the reactive load at a bus with the voltage violation until the
voltage problem solved. The objective of reactive power injec-
tion is to provide additional information for system operators
and planners to add new reactive power sources in future plan-
ning and operation.

C. Procedure of Reliability Evaluation

The procedure of the proposed technique includes the fol-
lowing steps.

Step 1) Input network and component data such as reliability
and network parameters.

Step 2) Determine the system states using the proposed
state filtering technique.

Step 3) Calculate basis system reliability parameters for
state .

Step 4) Calculate the total system available real power
capacity and the total demand using ac
power flow.

Step 5) Compare with . If is larger than , go to
the next step. Otherwise, cut real and reactive load
proportionally at all the load buses until and
are balanced. Update , ,
and .

Step 6) Perform ac power flow analysis and check Q
injections at all buses. If the Q injection at a

bus is at its maximum limit, change it into
bus.

Step 7) Determine the voltage violation. Go to Step 8 to
determine the reactive power shortage if
there is the voltage violation. Otherwise, go to Step
13.

Step 8) Release the voltage violation using the Q injection
method (Step 8 and Step 9): Inject the reactive
power 1% at the nodes with the voltage violation
using the method discussed in Section IV-B and
update .

Step 9) Check the voltage violations using ac power flow
analysis. If the voltage violations still exist, go to
Step 8. Otherwise, update the total .

Step 10) Remove the accumulative reactive power injected to
the buses at Step 8 and go to Step 11 to determine
the load curtailment due to the voltage violation.

Step 11) Release the voltage violation using the local load
curtailment method (Step 11 and Step 12): Cut the
real and reactive power load 1% at the buses with
the voltage violations determined in Step 7 using
the method presented in Section IV-A and update

.
Step 12) Check the voltage violations using ac power flow

analysis. If the voltage violations still exist, go to
Step 11. Otherwise, update the total and
go to the next step.

Step 13) If all the specific contingencies are considered, go
to the next step. Otherwise, go to Step 3 for the
next state.

Step 14) Calculate the system reliability indices.

The curve is used to determine the limit if the cor-
relation between and is considered in reliability analysis.

It should be noted that the over-voltage problems should be
checked when the reactive power at a buses reach its limit.
It should be also noted that the selection from the two methods
used to release the voltage violations depends on the comparison
between the cost for installing the new compensators and the
customer interruption cost due to the load curtailment. If the cost
of the former is less than the cost of the latter, the new capacitors
should be installed in the network.

V. SYSTEM STUDIES

The modified IEEE 30-bus system [32] as shown in Fig. 2 was
analyzed to illustrate the proposed technique. The system was
selected due to the high requirement of reactive power compen-
sation caused by the special configuration from the two genera-
tion stations to the remote loads. The system has five buses
and 24 buses. The total system active and reactive power
peak loads for the normal state are 283.4 MW and 126.2 MVar,
respectively. It is assumed that 4 60 MW units are connected
at Bus 1 and 3 40 MW units at Bus 2 in order to consider gen-
erator reliability in the evaluation. The reliability parameters for
generators and transmission lines [33] are used in this paper and
are shown in Tables V and VI. The effects of the different as-
pects of reactive power on system and load point reliability are
studied and presented in this section.

A. Basic Reliability Analysis

The fixed reactive power limits shown in Table V for the gen-
erators and condensers are used in the analysis. Annual constant
peak load is used in this case. The real and reactive power load at
each bus is bundled together using the fixed initial power factor
[32] during load shedding. The states up to second order fail-
ures have been considered. The load point and system ,
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Fig. 2. Single line diagram of IEEE 30-bus system.

TABLE I
LOAD POINT AND SYSTEM ���� , ���� ���� , AND ���

, , and are shown in Table I when the
voltage set point is assumed to be 0.9 pu.

It can be seen from Table I that the load point at Bus 5 has
the highest followed by the load point at Bus 8 and
Bus 7. The higher at these buses are due to the higher
load level compared with other load points. Unlike ,
the load point at Bus 29 has the highest followed by
the load point at Bus 30. The reason is that there is no local
reactive power compensator at the nearest surrounding buses

TABLE II
LOAD POINT AND SYSTEM ���� , �� �� , ��� , AND ���

and the transmission lines from the other compensators to the
two buses are very long. The results also show that the system

is about 1.8% of the . 47.21% of the total
at Bus 29 is due to the reactive power shortage. This

indicates that the reactive power compensation for some load
point is critical for post contingency restoration. The system

caused by the reactive generation limit and voltage
violation is 1.76% of the total .

Table II shows the load point and system , ,
, and . The system expected curtailment due

to the reactive power shortage is smaller than that due to the
real power shortage. The reason is that the reactive power load
has been curtailed in the first stage load shedding. In a practical
power system, real and reactive power should be curtailed based
on the characteristics of loads.

B. Load Curtailment and Compensation

Most existing reliability evaluation techniques alleviate
voltage violations through real and reactive power load shed-
ding (method 1). The reactive power injection (method 2)
is also studied in this paper to solve the same problem. The
objective of load shedding or injection is to restore voltage
at each bus to its low limit. Table III shows total load point
and system obtained using the two methods. The
corresponding real and reactive load curtailments for method 1
and compensation for method 2 due to voltage violations
are also provided in Table III.

If the reactive power is injected at the corresponding buses
to eliminate the voltage violation, the total system will
be reduced by about 2% compared with those from the load
shedding method. The total expected reactive power injection
is 68.039 MVarh/yr. The highest reactive power injection is at
Bus 29 followed by Bus 30 and Bus 5. The results provide in-
formation to system planners for future allocation of reactive
power compensators.
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TABLE III
RELIABILITY INDICES FOR TWO METHODS

C. Effect of Voltage Set Point

The effect of the voltage set point on reliability indices is
also studied. The reliability indices for the voltage set point 0.85
pu are also calculated. The system for the voltage set
point 0.85 pu is significantly reduced to 9.4078 MWh/yr from
67.4098 MWh/yr for the voltage set point 0.9 pu. The system

for the voltage set point 0.85 pu is significantly reduced
to 8.72 from 68.0390 MVar/yr for the voltage set point 0.9 pu.
The results indicate that less load will be curtailed and less
injection is required if the system can be maintained in stable
operation at the low voltage of 0.85 pu. It should be noted that
the reliability margin for a post-contingency will also be reduced
due to the lower voltage set point.

D. Effect of Load Variation

In order to consider the effect of real and reactive power on
reliability under different load conditions, the reliability indices
based on load duration curve has to be calculated. Hourly load
duration curve is determined based on the annual peak load and
the hourly, daily, and monthly percentages [33]. The load dura-
tion curve [33] is approximately represented using 14 load levels
in step of 5% difference from the highest to the lowest load level.
The reliability indices for the different load levels using two dif-
ferent methods are displayed in Fig. 3. The total system
decreases when the load level reduces from 100% to 80% of the
peak level for the two methods. There is very small difference
between the results from the two methods. When load levels
are less than or equal to 80% peak load, the system
for method 1 and method 2 are the same because there are no
network violations for most of the contingency states except the
states with the isolated buses. The total annual reliability indices

Fig. 3. System ���� from load duration curve.

TABLE IV
SYSTEM RELIABILITY INDICES FOR TWO METHODS

are shown in Table IV. The total annual system and
are significantly reduced compared with those using

constant annual peak load. Therefore, results from the annual
constant peak load give a pessimistic estimation. More accurate
results can be obtained using the hourly load duration curve.

E. Effect of Correlation of Generator

In conventional power system reliability evaluation, the max-
imum reactive power provided by a generator is assumed to be
constant. However, the maximum reactive power provided by a
generator is closely related to its real power output. When the
real power output from a generator is determined for a contin-
gency state, the corresponding reactive power output is deter-
mined by the curve. More reactive power can be provided
when the real power output is low. The effect of the real power
output of a generator on its reactive power limit is studied in this
section.

The generators at Bus 1 are used to illustrate the effect of
curve of the generators. All the other buses are

changed to buses with the fixed limits shown in Table VII.
Only the second order failures of a single generator at Bus 1 and
a single line in the system are studied to illustrate the effect.

The results obtained using the curves of the generators
(Case 1) are compared with those from the constant reactive
power limits (Case 2). The results of for the two cases
are shown in Fig. 4. The for Case 2 is about 1.5 times
that of Case 1, which means that more reactive power can be
supplied by the generators at Bus 1 for Case 1 than that for Case
2. Therefore, the reactive power capability of the generators is
not fully utilized under the fixed reactive power limit in Case 2.
The maximum reactive power which can be provided by the
generators under different system load levels is underestimated
in this system. Although the reactive power generation limit can
be determined using curve based on the real power output,
the chance of a generator operating at its limit is very small.
There are only eight such cases out of 40 contingencies.

It can be concluded from the analysis that the real and reactive
power capability of a generator is utilized to its most extent, and
the load curtailment is the least when the reactive power limits
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Fig. 4. ���� of the load points.

TABLE V
RELIABILITY PARAMETERS AND REACTIVE POWER LIMITS

are determined using the curve based on the real power
output.

F. Effect of Contingency Screening

The proposed contingency screening or filtering technique
is used to reduce the number of states. In this technique, ac
power flow technique is performed to determine power flow
of lines. The proposed filtering index is determined based on
the state probability, generator capacity, line capacity, and total
system load using the method presented in Section III-D. The
total for the contingency states are arranged from the
largest to the smallest in descending order using the proposed
technique. All the selected states using the technique are the
most severe states if the fixed number of the states is used for
state selection. The total for the different number of
states are also compared with those obtained from all the second
order contingencies. The results show that the difference is only
3.8% when the first 51 out of 1378 up to second-order states are
considered. Therefore, the proposed contingency filtering tech-
nique can significantly reduce the number of states to be an-
alyzed within acceptable accuracy. It should be noted that the
contingency filtering technique required may change with net-
work configurations and generator locations and should be care-
fully studied in a practical system.

VI. CONCLUSIONS

This paper investigates reactive power aspects in power
system reliability evaluation. A technique is proposed to eval-
uate system and load point reliability of power systems with
reactive power shortage due to failures caused by reactive
power sources such as generators, synchronous condensers,
and compensators. The reliability indices due to reactive power
shortage are separated with those due to real power shortage.

TABLE VI
RELIABILITY PARAMETERS OF TRANSMISSION LINES

Reactive shortage is determined using reactive power injection
at the nodes with the voltage violation to provide more infor-
mation for system planning and operation. The effect of
curve on system reliability has been studied. The IEEE 30-bus
test system is modified and analyzed to illustrate the technique
and models. The results show that reactive power will have
significant impact on system reliability and should be con-
sidered in reliability evaluation. The proposed new reliability
indices provide very important information for system planners
and operators to make their decisions. The paper also provides
different ways for system operators to alleviate network viola-
tions and to find the optimal location for installing new reactive
power compensators.

APPENDIX

Table V lists the reliability parameters and reactive power
limits, Table VI lists the reliability parameters of transmission
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TABLE VII
INJECTED Q AFTER CONVERTING PV BUSES INTO PQ BUSES

lines, and Table VII lists the injected Q after converting PV
buses into PQ buses.
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