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This paper presents a probabilistic approach basedthe convolution
technique to assess the long—term performance oWiad Energy
Conversion System (WECS) for both stand-alone arnd-ligpgked
applications. A methodology is developed to useptlogposed model to
determine the maximum WECS installed capacity fgivan number of
turbines on a wind farm to satisfy the load withemtain Expected Energy
Not Supplied (EENS). The technique is new in thaises a simple
procedure to estimate the joint probability distriton function of the total
available wind power and that of the turbines opiexg modes due to
hardware failure. Analytical expressions are depeld to assess the
reliability and cost benefits in electric power ®ms. The proposed
method is applied to the IEEE Reliability Test 8ys{IEEE- RTS ).
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1. INTRODUCTION

Utilization of renewable energy, such as that medi by the wind, for electric power
generation is being given serious consideratiouradothe world due to the global
environmental concerns associated with conventienatgy sources. The main reason
is that conventional fuels are limited and expemsivhere as these other forms, are
limitless and cheap to operate although expensiveapital cost. Wind energy is
potentially one of the most promising and trialteyss are in operation.

Most of the reported work on modeling wind powengmtion and on the use
of such models for reliability evaluation is in thaalytical domain [1, 2]. The most
obvious deficiency of analytical method is that #teonological characteristics of
wind velocity and its effects on wind power outgan not be considered. Sequential
Monte Carlo simulation, on the other hand, has hmewen to be a more effective
approach to incorporate these considerations iratlegjuacy assessment of systems
including the Wind Energy Conversion Systems (WEC%)4]. Two risk — based
capacity factors designated as load carrying capd@nefit ratio and Equivalent
Capacity Rate (ECR) are introduced in [5,6]. Thevetlgpment of a general
probabilistic model of an autonomous wind energgvession system connected to a
load and battery storage is described in [7]. Ausatjal Monte Carlo Simulation
(MCS) procedure is used in [8] to assess the adgqafithe combined generating
systems. The impact of energy storage on poweemsystliability performance is
investigated in [9,10] using example systems cairigiwind energy and solar energy.

This paper presents two cases to assess the denemdbquacies of power
systems including WECS using a proposed methodhdakccount of two objectives
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of installing WECS. One objective is to replace ttwnventional power plant by
WECS, and other one is installing WECS to meetltlagl growth and maintain the
system adequacy. The Loss Of Load Expectation ()Cditel Energy Expected Not
Supplied (EENS) are calculated as the adequacy.iMlend power penetration levels
and the growth rate of annual peak load are stuifiedetails to evaluate the cost
benefits of WECS. A probabilistic approach basedtim convolution technique to
assess the long — term performance of a (WECShdtn stand — alone and grid —
linked applications is proposed. A new method fmmputing the energy performance
of (WECS) and the reliability analysis is perforntgdthe use of the Energy Index of
Reliability (EIR) directly related to energy expedt not supplied. Analytical

expressions are developed to obtain the power geerand cost — benefits. The
generation models and the load models employedlertab study period to range
from one year to one particular hour — of day, tallswing the inclusion of the time

value of energy as appropriate in economic assegsmé&he proposed method is
illustrated in case study with the IEEE Reliabilifyest System. The results are
presented in section 6.

2. WIND ENERGY CONVERSION SYSTEM

The basic working principal of Wind Energy ConversiSystem (WECS) consists of
two energy conversion processes. The wind turboter extracts kinetic energy from
wind and converts it into mechanical energy atrtiter shaft. The generator converts
mechanical power into electrical power. ElectrigpaWer is delivered to the main grid
system to share the system load. The symbolic septation of the general working
principle of wind energy conversion system is shamwhig. 1.

n—>
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Wind i

@ Load

Conventional Generating
System

Fig.1. Overall System Configuration

2.1 WECS Model

The wind speed distribution for selected sites ek & the power output characteristic
of the chosen wind turbine are the factors thaehavbe considered to determine the
WECS power output.
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Since the wind speed ( V) is a random variableng - term meteorological
data is desirable to describe wind energy potenfitihe sites. In order to account the
variability of wind speed, during the j-th hour Ej1,2,....,24 ) of the m-th month
(m=1,2,..,12), it is assumed to be charactertzgd Weibull distribution with a

scale parameterr,, and a shape parametef, [11]. Density and distribution
probability functions are given by

Bu
f(v)= %.\/ﬁw‘l .ex;{— (alj ] (1)

w w

B
F(\/)=1—ex;{—(aij } (2

For a typical WECS, the power output characteristic be assumed in such a
way that it starts generating at the cut—in windexb\};, the power output increases
linearly as the wind speed increases fromt¥ the rated wind speedgVThe rated
power R is produced when the wind speed varies frogtd/the cut—out wind speed
Vo, at which the WECS will be shut down for safetyush

I:)R
v )V V) fory, svsy,

P,V)= Ps for Vo, <V <V, (3)
0 otherwise

3. PROPOSED METHOD

In addition to the output variations with wind sge@ WTG unit can also suffer a
forced outage. In order to recognize this, the afirey cycle of a WTG is simulated in
the same way as that of a conventional base loadrging unit [12]. The sequential
up-down-up cycles of a WTG are combined with therrloavailable wind power
derived from Eq. (3) to obtain the final hourly dahble power output. The available
power of a WECS at a given hour is the sum of treelable power outputs of all the
wind turbine generators.

The capacity model for WTG units is modified to aant the effect of the
failure and repair characteristics of WECS. The wlative probability of a particular
capacity outage state of X MW after a WTG unit apacity C MW and a modified
forced outage rate U is given by

pr (X) = (1- U) pr (X) + (U) pr (X -C) 4

Where pr (X) and pr (X) denote the cumulative probabilitifsthe capacity
outage state of X MW before and after the wind iswhodified. The above expression
is initialized by setting pX) = 1.0 for X> 0 and pr (X) = 0 otherwise.

The most popular generation reliability index ie ttoss Of Load Expectation
(LOLE). Energy based indices are now receiving matention particularly for
systems that have energy limitations for studyhegreplacement of thermal energy by
novel forms of generations (e.g. wind, solar).lugeful therefore to evaluate relevant
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energy indices, these include Expected Energy Nppled (EENS) and Energy Index
of Reliability (EIR).

For each state of the capacity modglC=1,2,...,N. The expected energy not
supplied EENS is given numerically by summing a$ipve values of (L— G ) where
L; is the i-th load level and i=1,2,..,,N, each witual durationAT= T/N, where T
represents the total duration of the observatiorioge The expected energy not
supplied is given by [13]

EENS = ATZN: ENS(L,) (5)

Where ENS (b represents the expected value of the energyupglied during time
interval i. For computation of ENS {lwe take into account all system outage states, X
(K), which cause capacity deficiency during hour i

ENS (L) = $'[L, - (C - X (K))] Pr(K) (6)

K =K;
Where K is defined such that X (Kis the smallest capacity outage that would cause
capacity deficiency for a given loag .LExpression (6) can be rewritten as

ENS (L) =M (K) + (L= C) Pr(K) 7
Where
M ()= ¥ x (K)Pr(K) ®)

The quantity M (K represents mean value of all capacity outagestwhi
would cause capacity deficiency during time intéivé&ubstitution of Eq. (7) in Eq.
(5) gives

EENS= ATZN:[M(Ki) +(L, - C)Pr* (K,)] (9)

Simultaneously with evaluation of Eq. (9), Loss ddzxpectation (LOLE) can

be evaluated using
LOLE = AT—TZN: Pr (K ) (10)

For efficient application of Eq. (9) and Eq. (10¢ wuggest that the expected
energy produced by each unit is given by the difiee in EENS before and after
adding the unit. The order of adding units is int@ot and must follow the merit order
table. When all units have been added, the finbdevaf EENS gives the system
reliability. Also the EIR is given by

EIR =1 - EENS / energy demanded (12)

4. RELIABILITY AND COST BENEFITS ASSESSMENT OF
WIND ENERGY CONVERSION SYSTEMS

This paper presents a methodology for reliabilitg aost benefits assessment of power
systems including the WECS. This methodology isflyridescribed as follows.
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4.1 Reliability Benefit of Wind Energy

(a) Construct a capacity model for the WTG units udimg WECS model using
Egs. (1) and (3).

(b) The capacity model for the WTG unit is modifiedatocount the effect of the
failure and repair characteristic using Eq. (4).

(c) Create a capacity model for the conventional gemegrafacilities using
chronological simulation and according to a meditder table based on
rearranges the units from minimum to maximum iralinal production cost per
megawatt-hour.

(d) Create the total system generating capacity mogi@ombining the capacity
models obtained in steps (b) and (c). The WTG uaits considered base
loaded in that energy is supplied whenever the varslifficient.

The reliability of the system can be assessed aveng time period by Loss
of Load Expectation using Eq. (10) and the Expe&adrgy Not Supplied (EENS)
when all units have been considered using Eq. (3@ Energy Index of Reliability
(EIR) using Eqg. (11).

4.2 Cost Benefit of Wind Energy

The procedure for determining the WECS benefitummarized by the following
steps:

(a) Define a base case without WECS and calculate:

1- The expected energy output of each unit using te¢hadology described
previously,

2- The total system production cost which is equath® sum of the expected
energy supplied by each unit multiplied by its rumgncost per kilowatt-hour,

3- The system reliability measured by the ExpectedrdgneNot Supplied
(EENS).

(b) Add the WECS to the base case and calculate the sams as in step (a).

(c) Compute the total system production cost of thes lmase with and without the
WECS, the difference will be equal to the fuel sggidue to the WECS.

(d) Compare the EENS of the system with and without\HeCS. The difference
will be equal to the reduction in the expected gyerot supplied due to the
WECS. The system reliability benefit created by WIECS can be expressed in
economic terms by multiplying the EENS reductionthg estimated cost of
kilowatt-hours not supplied.

(e) Calculate the total WECS benefit (B) which is ginenthe fuel savings (S) plus
the EENS reduction cost (EC) [13].

B=S+EC (12)

5. TEST SYSTEM

The application of the proposed method will besifated with the IEEE Reliability
Test System (IEEE-RTS) [13]. The basic charactert the test system is shown in
Table 1.
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Table 1. Basic Characteristics of Test System

Characteristics IEEE — RTS
No. of buses 24
No. of circuits 38
No. of units 32
Installed capacity (MW) 3405
Peak load (MW) 2850
Period of study (hrs) 8736

The case study is divided into three parts, onelwis the base case without
any Wind Turbine Generators (WTG) case 1, the staociudes the generation data
in the base case with removing different convemtiagenerating units from the test
system and replacing them with (WTG) and withouwt increase in load model (cases
2, 3 and 4), and the third which adds differenedizinits to case 1 when the load
duration curve is increased by 2 % of the base @s®s 5 and 6).

A. Case 1: Base Case

(1) Generation Data: The generating unit cost datdahelEEE-RTS is shown in
Table 2.
(2) Load Data: The load duration curve for the IEEE-R3 Shown in Table 3.

Table 2. IEEE — RTS Generating Unit Cost Data

U(nl\ljv?/l)ze No. of Units Forced Outage Rate $ /E:/I(\)/?/tH)
12 (oil 3) 5 0.02 27.60
20 (gas turbine) 4 0.10 43.50
50 (hydro) 6 0.01 00.00
76 (coal 3) 4 0.02 14.40
100 (oil 2) 3 0.04 23.00
155 (coal 2) 4 0.04 11.64
197 (oil 1) 3 0.05 22.08
350 (coal 1) 1 0.08 11.40
400 (nuclear) 2 0.12 06.00

Table 3. IEEE — RTS Load Duration Curve

Duration 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Load (MW) 2850 2485 2221 2051 1909 1811 1709
Duration 0.7 0.8 0.9 1.0
Load (MW) 1576 1453 1333 1160

B. Cases 2, 3, and 4: Effect of Removing Differel@ized Units

(1) Generation Data: The generation data in the base wigh removing (1 x 20
MW) gas turbine unit case 2, or (1 x 50 MW) hydraticase 3, or (1 x 100
MW) oil 2 unit case 4 and replacing them by WECS.

(2) Load Data: For cases 2, 3, and 4 the load datansiadered the same as for
base case.
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C. Cases 5 and 6: Effect of System Load

(1) Generation Data: The total generation data idensd is the generating
capacity of the base case plus capacity size of W&’ case 5, or several
gas turbine units’ case 6.

(2) Load Data: The new load duration curve is iasesl by 2 % of the base case.

6. RESULTS OF TEST SYSTEM

The results presented in Table 4, show that theergéing units of IEEE-RTS are
placed in merit order from lower to higher opergtaost using the proposed method to
evaluate the expected energy supplied by each jpldiné system with and without the
WECS. The system production costs per year befwleafter adding 20 MW WECS,
and the fuel savings per year due to the WECSIlagesaiown in Table 4. The cost of
energy not supplied is assumed to be 0.5%/ KWh. toted WECS benefit (B) using
Eq. (12) is 1194.6 x £05. Table 4, shows that the 20 MW WECS reduceEfNS
and the total energy produced by the wind pla®2i® GWh/yr. , and fuel saving per
year is 1153.4 x 05, therefore, the main contribution of the windrlis to improve
the system reliability.

Table 4. IEEE-RTS Unit Energy, Costs and Fuel Savips With and Without WECS

EES EES with Reduction C_:osts Costs with Euel
Plant (No.) "\‘/’\'}Eglg WECS | in (EES) "\‘;\'}Eg“st WECS Sa‘gggrper
GWh GWh GWh $x1b $x10 $x10
Wind 82.995 0.0 0.0
Hydro(6) 2594.592 2594.592 0.0 0.0 0.0 0.0
Nuclear(2) 6150.1435 6150.143 0.0005 36900.864 (&80 0.004
Coal 1 (1) 2563.16 2546.008 17.15 29220.0p4 20@34.4 195.536
Coal 2 (4) 3103.828 3066.1495 37.6784 36128.558 83580 438.577
Coal 3 (4) 678071.125 664.631 13.4401 9764.224 08845 193.539
Oil 1 (3) 356.462 342.936 13.526 7870.681 7572.0156298.665
0Oil 2 (3) 18.6416 17.684 0.9576 428.757 406.7235 .02
Qil 3 (5) 1.12374 1.020989 0.102751 31.015 28.17932 2.83568
Gas tr.(4) 0.87258 0.8211504 0.05143 37.957 35.7201 2.23693
Total 15466.898 15466.980 82.907 120382.080 116828. 1153.424

Table 5, shows the WTG capacity required to maintia¢ criterion reliability

as base case 1, and the ratio of this capacityet@® MW conventional unit capacities
removed from the IEEE-RTS, for different WTG forcedtage. Table 5, shows that
the WTG forced outage has a significant influennetle ability of WTG to replace
conventional generating units. In order to meet @dequacy criterion, 60 MW of
WTG units are required to replace a 20 MW converatiaunit with a WTG forced
outage of 20 %, but only 40 MW of WTG capacity équired if the WTG forced
outage is 2 %.
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Table 5. Expected Energy Not Supplied, LOLE, Costand CRR for Different WTG
Forced Outages

F.O.R.(%) EENS(MWh) LOLE(hrslyear) Costs($) CRR
0 1059.14 9.82 117951624 2
2 1062.79 9.85 118000088 2
5 999.05 8.90 116930056 3
10 1011.86 9.03 117111328 3
15 1024.66 9.16 117292632 3
20 1037.46 9.29 117473936 3

Table 6, shows the effect of the WECS Forced OuRge (F.O.R.) for a
fixed penetration level equal to 2.9 % when 100 M¥/ removed and the
corresponding system EENS is obtained. The reifghihdices at fixed penetration
level as shown in Table 6, can be further improwben wind farms with lower WTG
forced outage are used .

Table 6. EENS, LOLE, and Costs when 100 MW Convergnal Unit is Replaced with
WECS for Different WTG Forced Outages

F.O.R. (%) EENS (MWh) | LOLE (hrs/year) Costs ($)
0 1648.88 13.63 114432.280
2 1661.53 13.72 114551.224
5 1680.53 13.86 114729.640
10 1712.18 14.09 115027.000
15 1743.83 14.32 115324.368
20 1775.49 14.55 115621.744

Figure 2, shows the Replacement Ratio versus th&\Wdrced Outage Rate
of the capacity removed from the IEEE- RTS.

Figure 2, shows that 60MW and 150MW of WECS areuireg to replace a
20MW and 50MW unit, respectively at a WTG F.O.R a&qto 5%.The capacity
replacement ratio in these cases is 3. This raticeases as the WTG F.O.R increases
too.
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Replacement Ratio

F.O.R

20 MW Unit Removed

50 MW Unit Removed

100 MW Unit Removed

Fig. 2. Replacement Ratio versus the WTG Forced@uRate of Unit Removed

Table7. Energy Supplied, Reliability, Cost and FueBaving for Different Cases
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Peak Load (MW) 2850 2850 2850 2850 2907 2907
Inst.Capacity (MW) 3405 3445 3505 4205 3585 3465
Penetration Level % 1.74 4.28 21.4 5.02

Energy Suppli.(MWh)| 15466898 15466965 15466895 15467159 15776307 188762
EENS (Mwh) 1066.46 999.06 1065.64 802.25 1015.75 1027.86
LOLE(hrs/year) 9.393 8.903 8.802 9.61 8.481 8.864
Total Running Cost(3) 120382080 116930056 117915104 80411016 114831672 4958336
Fuel Saving ($) 3452024 2466976 39971064 10126664 L
Eng. Index of R.(EIR) 0.999931 0.999935 0.099931] 999948 0.999936 0.999935

The results presented in Table 7, shows the ermrgplied, expected energy
not supplied, LOLE, total running cost, fuel savemd energy index of reliability for

all cases of the test system (IEEE-RTS).

The expected energy not supplied (EENS) of case Rable 7, was 999.06
MWh and this value is less than case 1 and tla tebning cost decreased too. Cases
2, 3 and 4 respectively are performed to see tleetedf removing 20MW gas turbine
unit, or 50MW hydro unit, or 100MW oil 2 unit, améplacing them by WECS on
EENS and total running cost. It is found that the®® reduces the EENS and running
cost in all cases. Cases 5 and 6 respectively exfermed to see the effect of adding
180MW of WTG units and 3x20MW gas turbines on EEME total running cost. It is
found that the WTG units reduce the EENS and tts# tonning cost too.
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7. CONCLUSION

This paper has presented a new method for the a@uof the maximum WECS
installed capacity for a given number of turbinessowind farm to satisfy the load
with certain reliability. The technique is new inat it uses a simple procedure to
estimate the joint probability distribution funatief the total available wind power
and that of the turbines operating modes due tdweme failure. The great benefit of
this technique can also be used directly in an @oin assessment of the operation
cost of each unit of the system. The proposed ndettas been tested on the IEEE-
RTS. The following points may be noted from theselies:

1- The proposed technique is relatively simplgakes into account the intermittent
nature of the wind energy, the probabilistic natofrdorced outages, and the fuel
costs in the system.

2- The case study using the proposed model shbetswind generation within
certain level of penetration indeed improved systeliability and the fuel savings
(Table 4).

3- The WECS running cost per plant tends to deeres the WECS penetration in
the system increases.

4- The impact of replacing conventional generatings by WECS and maintaining
the system generating capacity adequacy criteni@s, determined. The capacity
replacement ratio increases as the WTG forced eutag in the system increases
(Table 5).

5- The capacity replacement ratio depends uponrtfiecapacity that it displaces and
the WTG forced outage rate (Fig. 2).

6- At fixed penetration level the EENS and thening costs increases as the WTG
forced outage rate in the system increases (Tdble 6

7- The WECS energy contribution has a greater anpa economics than on the
EENS.

8- The WECS running cost depends greatly uportythe of fuels that it displaces;
therefore, the plant fuel cost is the most impdrgparameter in assessing the
WECS economic value (Table 7).

9- The EENS reduction due to WECS becomes impovtaan the cost of energy not
supplied is very high compared with the conventigant running costs.

10- The WECS cost tends to increase as the demerehses.

The models, methodologies and results presenttisipaper can assist power
system planners and utility managers to quantébtiassess the capacity benefits of

WECS and provide useful input to the managerialsitat process.
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