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Generating Capacity Reliability
Evaluation

* Deterministic (non-probabilistic)
- Reserve Margin (RM)
— Largest Unit (LU)

Deterministic = not consider different size and type units, or
different load characteristic

e Probabilistic
= LLIP
- EENS
= LUOEP
- XLOL

Probabilistic = consider the size and type of units, load profile
-> more accurate

Capacity Outage Probability Table

* What s the aim of the capacity outage table
(Generation Model)?

— What is the probability of the unavailable generation
capacity = Capacity outage (e.g., GW)
Unavailability = (Forced Outage Rate (FOR))
— In other words: What is the probability of the available
generation capacity = Capacity in (e.g., GW)
Availability (A) = 1- FOR
— Binomial distribution function is used:
2 states = On and Off

— Start with small units and add one unit each time until all
units are considered

Scanned with CamScanner



Case 1: Identical Generation Units
1/8

 Example 1:

— Construct the capacity outage table for a system consists
of three 25MW generation units each of which has FOR

=2
 Solution:
*  Step 1: Determine all the possible combinations of the units
—  All possible states 2 23 =8 State Unitl Unit2 Unit3

S1 0 0 0
S2 0 0 1
S3 0 1 0
S4 0 | 1
S5 1 0 0
S6 1 0 1
S7 1 1 0

1 1 1

S8

Case 1: Identical Generation Units
2/8

* Step 2: Define the corresponding capacity-out and
capacity-in

State Unit 1 Unit 2 Unit 3 Capacity-  Capacity-

out (MW) in (MW)
S1 0 0 0 75 0
S2 0 0 1 50 25
S3 0 1 0 50 25
S4 0 1 1 25 50
S5 1 0 0 50 25
S6 1 0 1 25 50
S7 1 1 0 23 50
S8 I 1 | 0 7
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Case 1: Identical Generation Units
3/8

» Step 3: Group the states with same capacity-
in/capacity-out

State Unit 1 Unit 2 Unit 3 Capacity-  Capacity-

out (MW) in (MW)
S1 0 0 0 75 0
52 0 0 1 50 22
53 0 1 0 50 23
S4 0 1 1 25 50
S5 1 0 0 50 25
S6 1 0 | 23 50
S7 1 1 0 23 50
S8 1 1 1 0 13

Grouping will result in 4 states

Case 1: Identical Generation Units
4/8

* Step 3: Group the states with same capacity-
in/capacity-out and start from small capacity-out

Num. unit out of e Capacity-out Capacity-in
service (MW) (MW)
None S8 (all units are available) 0 7>
lor2or3 S4 or S6 or 87 25 50
(1 and 2) or (1 and 3) S2 or S3 or S5
or (2 and 3) ol =

1 and 2 and 3 S1 (all units are unavailable) i 0
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Case 1: Identical Generation Units
5/8

* Step 4: Find the corresponding probability
— Pr (none) = Pr (capacity-out=0MW) = Pr (capacity-in=75MW)
* Unit-1 available AND Unit-2 available AND Unit-3 available
¢ Pr(Unit-1 available) x Pr(Unit-2 available) x Pr(Unit-3 available)
Pr (Unit-1 available) = Pr(Unit-2 available) = Pr(Unit-2 available) =
1 —FOR =1-0.02=0.98
> Pr (none)=0.98 x 0.98 x 0.98 =0.9412

— Pr (capacity-out=25MW) = Pr (capacity-in=50MW)
Unit-1 unavailable AND Unit-2 available AND Unit-3 available OR
Unit-1 available AND Unit-2 unavailable AND Unit-3 available OR
Unit-1 available AND Unit-2 available AND Unit-3 unavailable

= Pr (capacity-in=50MW)= (0.02 x 0.98 x 0.98) + (0.98 x .02 x 0.98)
+(0.98 x 0.98 x 0.02) = 0.057624

Case 1: Identical Generation Units
6/8

* Step 4: Find the corresponding probability

— Pr (capacity-out=50MW) = Pr (capacity-in=25MW)
Unit-1 unavailable AND Unit-2 unavailable AND Unit-3 available OR
Unit-1 unavailable AND Unit-2 available AND Unit-3 unavailable OR
Unit-1 available AND Unit-2 unavailable AND Unit-3 unavailable

= Pr (capacity-in=50MW)= (0.02 x 0.02 x 0.98) + (0.02x .98 x 0.02)
+(0.98 x 0.02 x 0.02) = 0.0012

— Pr (capacity-out=75MW) = Pr (capacity-in=0MW)
Unit-1 unavailable AND Unit-2 unavailable AND Unit-3 unavailable
- Pr (capacity-in=0MW)= (0.02 x 0.02 x 0.02) = 0.000008 ~ zero
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Case 1: Identical Generation Units
7/8

* Step 5: Find the corresponding cumulative
probability of capacity outage
*  Pr(capacity-in<=75MW) = Pr (capacity-in=75MW) + Pr (capacity-
in=50MW) + Pr (capacity-in=25 MW) + Pr (capacity-in=0MW)
>  Pr (capacity-in<=75MW) = 0.9414+0.0576+0.0012+0.000008= 1
Capacity Outage Table: ‘

Capacity-out Capacity-in Pr Cumulative. Pr
(MW) (MW) (capacity= capacity-in) (capacity<= capacity-in)
0 75 0.9412 1
25 50 0.0576 0.0588
50 25 0.0012 0.0012
75 0 0 0

Case 1: Identical Generation Units
8/8

 HW-1: Refer to example 1, if a new 25MW unit is
added with FOR = 0.02 then update the capacity
outage table (Hint: use the resulting capacity
outage table from example-1 and conditional
probability)

* To be submitted by 25/3/2020 please upload it through the e-
learning (5 marks)
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COLORS ARE SWITGHED BETWEEN 100MW AND OMW

After adding the new unit (25MW capacity), state combinations will increase to: 2* = 16.

Capacity- in

State | Unitl | Unit2 | Unit3 | Unit4

= =l f= =] =

| We have 5 states:
100MW =1 x1
75MW x4
S0MW —>1x6
25MW 21 x4
oMW —> x1

1-FOR= 1- 0.02
=0.98

So,
Pr(1)=0.98
Pr(0)=0.02

Pr (capacity- in=100MW)= 0.98x0.98x0.98x0.98 =0.9223

Pr (capacity- in=75MW)=
(0.02x0.98x0.98x0.98)+(0.98x0.02x0.98x0.98)+(0.98x0.98x0.02x0.98)+(0.98x0.98x0.98x0.02)
=0.0564

Pr (capacity- in=50MW)=
(0.02x0.02x0.98x0.98)+(0.02x0.98x0.02x0.98)+(0.02x0.98x0.98x0.02)+(0.98x0.02x0.02x0.98)
+(0.98x0.02x0.98x0.02)+(0.98x0.98x0.02x0.02)
=0.002304

Pr (capacity- in=25MW)=
(0.02x0.02x0.02x0.98)+(0.02x0.02x0.98x0.02)+(0.02x0.98x0.02x0.02)+(0.98x0.02x0.02x0.02)
=3.136x107>

Pr (capacity- in=0MW) =
0.02x0.02x0.02x0.02 = zero
Capacity Outage Table

Capacity- out Capacity-in Pr (capacity = capacity-in) Cumulative .Pr (capacity <= capacity- in)

0 100 0.9223 1

25 75 0.0564 0.05873
50 50 0.002304 2.335x1073
75 25 3.136x10°° 3.136x10°°
100 0 0 0
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Reliability Indices Calculation 1/6

» Example 2
- Refer to example 1, if the load duration curve 1s given as
below
Load (MW) Frequency (hours)
On Peak 70 3500
Off peak 40 5260

~ Find the following indices
« Reserve Margin (RM)
* Loss of Load Prob (LOLP)
« Expected Energy not supplied (EENS)
« Expected Loss of Load (XLOL)
» Loss of Energy Prob (LOEP)

Reliability Indices Calculation 2/6

- RM >
» Peak demand = 70MW
+ Installed capacity =75 MW
« RM=75-70=5MW

~ LOLP >

» Find number of hours where the generation cant meet the
demand by Using resulting capacity outage table from
example-1

— On-peak = 70 MW for 3500 hours. The generation may not
meet the 70MW demand if:

« Capacity-in = 50 MW
« Capacity-in = 25 MW from capacity outage table

« Capacity-in =0 MW get the probability
- 3500 x 0.0576 + 3500 x 0.0012 + 3500 x O
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Reliability Indices Calculation 3/6

— LOLP <

— Off-peak = 40 MW for 5260 hours. The generation mayl not
meet the 70MW demand if:

© Capacity-in = 25 MW} from capacity outage table

© Capacity-in =0 MW get the probability

-2 5260 x 0.0012 + 5260 x O

- Expected number of hours load not served =

3500 x 0.0576 + 3500 x 0.0012 + 3500 x 0 +5260 x 0.0012
+ 5260 x 0 = 212 hours/year

= LOLP = 212/8760 =0.0242

Reliability Indices Calculation 4/6

- EENS 2

—  On-peak =70 MW for 3500 hours. The generation may not
meet the 70MW demand if:

©  Capacity-in = 50 MW - 70 - 50 = 20MW
Expected Energy =20 x (3500 x 0.0576)

©  Capacity-in =25 MW = 70 - 25 = 45MW
Expected Energy =45 x (3500 x 0.0012)

—  Off-peak = 40 MW for 5260 hours. The generation may not
meet the 40MW demand if:

«  Capacity-in =25 MW = 40 - 25 =15MW
Expected Energy =15 x (5260 x 0.0012)

v  Capacity-in=0 MW - 40 - 0 = 40MW
Expected Energy =40 x (5260 x 0.0)

Scanned with CamScanner



Reliability Indices Calculation 5/6

- EENS -2

—  On-peak =70 MW for 3500 hours. The generation may not
meet the 70MW demand if:

v Capacity-in = 50 MW = 70 - 50 =20MW
Expected Energy =20 x (3500 x 0.0576)

o  Capacity-in = 25 MW - 70 - 25 = 45MW
Expected Energy =45 x (3500 x 0.0012)

—~  Off-peak = 40 MW for 5260 hours. The generation may not
meet the 40MW demand if:

©  Capacity-in =25 MW -2 40 -25=15MW
Expected Energy =15 x (5260 x 0.0012)

®  Capacity-in =0 MW = 40 - 0 = 40MW
Expected Energy =40 x (5260 x 0.0)

Reliability Indices Calculation 6/6

- EENS 2

20 x (3500 x 0.0576) + 45 x (3500 x 0.0012) + 15 x (5260 x 0.0012) +
40 x (5260 x 0.0) = 4316 MWh

- XLOL - EENS/8760 = 4316/8760 = 0.49 MW

- LOEP - EENS/(total demand energy)
« Total demand energy = 70 x 3500 + 40 x 5260 = 455400MWh
- LOEP =4316/455400 = 0.00948
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Lecture 2

22/3/2020-26/3/2020

Capacity Outage Table: Model-
Case 1 — Identical Units

* A general model to find the capacity outage table
for 1dentical generation units is the binomial

distribution:
n!

— — Tani=TF
pr(x=rn,q) r)!q p

r'(n—
n= number of units

r = number of units on forced outage (unavailable)
— p = availability (probability of having in-service)
— g = unavailability (forced outage rate)

Capacity Outage Table: Model-
Case 1 — Identical Units

* Example: consider the following four generating
systems:
— System 1 - 24x10MW Units with FOR= 0.01
— System 2 - 12x20MW Units with FOR= 0.01
— System 3 - 12x20MW Units with FOR=0.03
— System 4 - 22x10MW Units with FOR= 0.01

a) For system 1 find the probability out of service of 30
MW

b) Find the capacity outage table for system 1-4

¢) Assume that all the systems are designed to have
reserve of 20% then find the probability of load loss
(risk to loss the load)
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Capacity Outage Table: Model-
Case 1 — Identical Units

e a)System 1 - 24x10MW Units with FOR=0.01

— using the binomial distribution function
n!

prx=r.nq) = T q'p""
- n=24
— 1 = 3 units (3*10MW=30MW)
~ p=1-0.01=0.99
g =0.0I
« prx=nng = (22:13)! 0.0130.99243= 0.001639

Capacity Outage Table: Model-
Case 1 — Identical Units

b) Capacity outage

System 1 System 2
Capacity Capacity
(MW) Probability (MW) Probability
Ow In  Individual  Cumulative | Ow In Individual  Cumlatioe
0 240  0.785678 1.000000 0 240 0886384 1.000000
0 2 0.190467 0214322 20 220  0.10744) 0.113616
10MW 20 220 002 0.023855 40 200 000599 0.006175 20MW
; 0.001730 60 180 0000201 0.000206
0.000091 80 160  0.000005 0.000005

50 1 O:W 0.000004

i
:
H

Probability

Out |In Individua! Cumulative Ouw In Individual ~ Cumulative
0 000000 000000

R4 23;? gg;:‘o; L 0 220 0.801631 1
0 0 0'043803 3032:;:: 10 210° 0.178140 0.198369

. X 20 200 0.01889%4 0.020229 ‘ N 7
2 OM ‘ N / g 180 0.004516 0.004847 30 1% 0.001272 0.001335 l OM
160 0.000314 0.000331 40 180 0.000061 0.000063
100 140 0.000016 0.000017 50 170 0.000002 0.000002
120 120 0.000001 0.000001
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Capacity Outage Table: Model-
Case 1 — Ildentical Units

c¢) system 1-> Installed capacity = 24x10=240MW
— Max demand =2 240/1.2 =200 MW = reserve=40MW

Outage of more than (240MW — 200MW=40MW)
- loss of load

The probability to load loss = pr (outage>=50MW)
- Find the cumulative probability for outage
>=50M -> Refer to the capacity outage table

System 1
Capacity
(MW) Probability

Ow In Individual Cumulative
1.000000

240 0.785678

1 230 0.190467 0.214322 .
® I e e The answer is
40 200

50 1%

0.000004

Capacity Outage Table: Model-
Case 1 — Identical Units

c) system 2 = installed capacity = 12x20=240MW

~ Max demand=200MW -> reserve=40MW (same as
system 1)

Outage of more than (240MW — 200MW=40MW)
- loss of load

The probability to load loss = pr (outage>=60MW)

o M...,l
» = oo ol The answer is
® w0 smes = 0.000005+0.000201=.000206
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Capacity Outage Table: Model-
Case 1 — Identical Units

« System 3 - installed capacity = 12x20=240MW

~ Max demand=200MW, = reserve=40MW (same as
system 1 and 2) =2

— Pr of load loss =0.004847

« System 4 - installed capacity = 22x10=220MW
—~ Max demand=183MW, = reserve=37MW
— Pr of load loss =0.000063

Capacity Outage Table: Model-
Case 1 — Identical Units -Remarks

* The risk for load loss depends on:
—- FOR (Forced outage rate)

— Number of units
— Peak demand

* Adding new units is applied in generation
expansion
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Capacity Outage Table: Model-
Case 2 — Non- Identical Units

* To produce the capacity outage table:

- Produce the capacity outage tables for identical units (use
binomial)

— Starting with the table with the smallest unit and start add
the next unit to produce the new combinations of capacity
outage and the corresponding probabilities

— This method is called recursive approach

The following example illustrate the method

Capacity Outage Table: Model-
Case 2 — Non- Identical Units

* Construct the capacity outage probability table for
a system consists of: 2x3MW Units, each has FOR
=0.02 and 1x5MW Unit, with FOR =0.02

0 0.98 x 0.98 =0.9604
§98x0.02x2—(1.0592
6 0.02 x 0.02 =0.0004
0 0.98
0.02

Note: Omit all capacity outages for which the probabilities are less than 10
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Capacity Outage Table: Model-
Case 2 — Non- Identical Units

Use Table 2x3MW with the first probability of
1XxSMW (SMW unit in service)

0+0 0.9604 x 0.98 =0.941192
3+0 0.0392 x 0.98 = 0.038416
6 +0 0.0004 x 0.98 = 0.000392

Capacity Outage Table: Model-
Case 2 — Non- Identical Units

Capacity outage table
0 0.941192 I
3 0.038416 0.058808
5 0.019208 0.020392
6 0.000392 0.001184
8 0.000784 0.000008 + 0.000784

\ =0.000792
1 0.000008 0.000008
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Capacity Outage Table:
Recursive Model — No Derated States

This model uses cumulative probability to find the
capacity outage probability = recursive

No derated states means 2 states (in service and out
of service)

The algorithm is applied as follows:

— Step 1: Start with the smallest unit to produce the
cumulative probability =
Prevm(x > 0) = 1
Preei (X = Unit capaciiy] = 0
— Where X: represent the outage capacity
- Prc%™. cumulative probability

Capacity Outage Table:
Recursive Model — No Derated States

Step 2: add the second unit to find the cumulative
probability table using the following equation

cum

= Pri.. (X = oultnge capoeity) =

(1 — FOR pew unit)X Pryig~“" (X = outage capacity)
+
(FOR new unit) X Py (X = outage capacity — new unit capacity)

Keep in mind to use the Pr ;"™ from the table produced in the previous
step
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Capacity Outage Table:
Recursive Model — No Derated States

Step 3: Use step 2 to add the next unit and so on

Step 4: Use the final table to produce the capacity
outage probability from the resulting cumulative
probability

- The following example will illustrate the model

Capacity Outage Table:
Recursive Model — No Derated States

Example: Construct the capacity outage probability
table for a system consists of: 2x25MW Units, and

1x50MW and each has FOR =0.02 using the
recursive model

Step 1: start with 25MW

0 0.98 1
25 0.02 0.02
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Capacity Outage Table:
Recursive Model — No Derated States

* Step 2: add 25MW (second unit) apply the
following equation

Prnewcum(X = outage capacity) —
(1 = FOR new unit)X Pryg“™ (X = outage capacity)

+
(FOR new unit) X Py (X = outage capacity — new unit capacity)

Prnewcum(X = 0) —
(1 - OOZ)X Proldcum(X 2 0)
o
(0.02) X Pr,,;““™(X = 0 — 25)

From step 1: equals 1

From step 1: equals 1

Prnewcum(X >0)=1

Capacity Outage Table:
Recursive Model — No Derated States

Pl ™ (X = 25) =
(1 — 0.02)X Pr,,;~“™(X > 25)

_l_
0.02) X Pr,,,“™(X > 25 — 25)
/Old'

From step 1: equals 0.02

From step 1: equals 1

Priye U (X = 25) = (0.98)(0.02) + (0.02)(1) = 0.0396
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Capacity Outage Table:
Recursive Model — No Derated States

Pl X il =
(1 ==t 0.0Z)X PT_OldCU.m(X 2 50)

+
/ (0.02) X Pr,;;“*™(X = 50 — 25)

From step 1: equals 0

From step 1: equals 0.02

Priyon Y™ (X = 50) = (0.98)(0.) + (0.02)(0.02) = 0.0004

Continue to add the third unit

Capacity Outage Table:
Recursive Model — No Derated States

0 — 1- 0.058808 = 0.941192

25 0.058808 / 0.058808-0.020392 = 0.038416
50 0.020392 0.020392-0.000792= 0.0196
13 0.000792 0.000792-0.000008 = 0.000784

100 0.000008 0.000008
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Capacity Outage Table:
Recursive Model — Unit Removal

* The cumulative probability table is given then you
need to remove a unit 2 Maintenance

* Rearrange the following equation to update the
cumulative table

Pryew ™ (X = outage capacity) =
(1 — FOR new unit)X Pryig" (X = outage capacity)

+
(FOR pew unit) X Pryigc“™ (X = outage capacity — new unit capacity)

After rearrangement

Pr, ;" (X = outage capacity)= [Prye, """ (X = outage capacity) —

(FOR new unit) X
Pr,,."™(X = outage capacity — new unit capacity)]/(1 — FOR new unit)

Loss of Load — Peak Load Variation
Curve

* Peak Load Variation Curve represents the number
of days (hours/year) the load exceed a certain value
~ Yaxis =2 Peak load

— X axis = number of days/year or hours/year or a
percentage

Dod'y paah omd (MW)
-

L} Time load exceeds the indicated value 365
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Loss of Load — Peak Load Variation
Curve - Example

* Consider 5 x 40 MW units each with FOR = 0.01.
If the forecast peak load for this system is 160MW
and the peak load variation curve is given in figure
below then find the following:
~ a) Capacity outage table
— b) Loss of load probability (LOLP) for this system

Installed capacity = 200 MW

-
<a
o

T, =4L7%

8

Daily peak load (MW)
8
[}

64

0 Time 1%! 100

Loss of Load — Peak Load Variation
Curve - Example

* a) Capacity outage table

0 0.950991 1
40 0.048029 0.049009
80 0.000971 0.000980
120 0.000009 .000009

Note: Omit all capacity outages for which the probabilities are less than 10-°
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Loss of Load — Peak Load Variation
Curve - Example

* b) LOLP
— Installed capacity = 5 x 40 = 200MW
— Peak demand = 160 MW

~ Loss of load occurs if the load exceeds the generation
If the capacity out = 40MW then the capacity in (200- 40 =
160MW) which equals the peak demand -2 no load loss

If the capacity out = 80MW then the capacity in =120MW -
the load above 120MW will not be served (load loss)
- LOLR =
Pr(X = 80MW) X time% the load exceed 120MW

From capacity outage From peak load variation
table: 0.000971 curve: 41.7%

- LOLP1 =0.000971 x 41.7%= 0.000404907

Loss of Load — Peak Load Variation
Curve - Example

Installed capacity = 200 MW
§ 16
§ - T, = 41.7%
i 1201 l,-T,"ﬂ.?%
w —— A
§ 64 - \1—“
0 Time %! 100

‘—) 40MW generation capacity outage

I% 80MW generation capacity outage

- 120MW generation capacity outage
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Loss of Load — Peak Load Variation
Curve - Example

« b)LOLP

— Loss of load occurs if the load exceeds the generation

« Ifthe capacity out = 120MW then the capacity in =80MW —>
the load above 80MW will not be served (load loss)

- LOLPz=
PriX = 1/20MW) X time% the load exceed 8O0MW

From capacity outage From peak load variation
table: 0.000009 curve: 83.4%

— LOLP2=0.000009 x 83.4%= 0.000007506
» LOLP (LOLE)=LOLPi+LOLP:2
« LOLP=0.000412413
« 0.000412413 x 365 = 0.1505 days/year

Lecture 3
29/3/2020-2/4/2020

Loss of Load — Sensitivity studies —
System Peak load

* Repeat the previous example and change the
system peak load (sensitivity analysis) the results
are shown as below (using logarithmic scale)

0o

Using this curve you can design your
system with the desired LOLP

LOLE (days/yenc)

Using the same approach you can
produce a sensitivity analysis curve
for different FOR
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Load Forecast Uncertainty

* Finding the LOLE is based on the forecast.
However uncertainty in load forecast will change
the value of the LOLE

* Refer to the previous example if the load forecast

follow the normal pdf (shown below) with variance
= 20MW, then find the value of LOLE

TN

0.382

i 1 i | ! 1
-3 2 -1 0 +1 +2 +3

No. of standard deviations Mean * forecast load {MW)
from: the mean

Load Forecast Uncertainty

* Produce the LOLE for the possible values of load
peak

120 0.002005 0.061 0.000122305
140 0.08686 0.242 0.02102012
160 0.1506 0.382 0.0575292
180 3.447 0.242 0.834174
200 6.083 0.067 0.371063

 LOLE=),LOLE =1.284 compared to 0.1506 days if
uncertainty is not considered
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Capacity Expansion Analysis

Capacity expansion = at which year/years new
units have to be added to meet accepted system risk
level in other words accepted LOLP

Capacity expansion = How much capacity to be
added to meet accepted system risk level in other
words accepted LOLP —> This capacity is called

Peak LLoad Carrying Capability (PLCC)

— Inputs:
Current installed capacity (MW) at Year 0
Current peak load (MW) at Year 0
Annual load growth (% peak load from the previous year)
Accepted LOLP (days/year) or (hours/year)

Capacity Expansion Analysis -
Example

Consider 5 x 40 MW units each with FOR = 0.01.
Do the capacity expansion analysis assuming
that:

— Additional 5S0MW units to be added with FOR = 0.01

— The load growth 1s assumed to be 10% per year

— The current peak load 1s 160MW

— Accepted LOLP = 0.15days/year
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Capacity Expansion Analysis -
Example

* Step 1: Produce LOLE (days/year) for different
peak load =2 Refer to the previous example

* Step 2: extend the LOLE table to add 5S0MW, 100,
150, and so on

Tabie 2.17 LOLE in generation expansion Generation capaCIty start
i LOLE (davs/vear) ﬁom 5 X 40 =200MW
Svstem peak load
(MW} M‘?{mciﬂ' 250 MW capacity 300 MW capacity 350 _&m'c‘apacin‘><— Then add 50 9 250MW
R~
] 0.00TTo — = =
0002005 — — and so on
0.08686 0.001301 - _
0.1506 0.002625 s o
3.447 0.06858 — _ LOLE =LOLP
6.083 0.1505 0.002996 _
= 2,058 0.03615 o
o 4.853 0.1361 0.002980
. 6.083 0.1800 0.004034
— . 0.6610 0.01175
— — 3.566 0.1075
— _ " 6.082 0.2904
- — - 2.248
— — — 4.880
— 6.083

Capacity Expansion Analysis -
Example

* Step 3: Draw the LOLP (days/year) versus the peak
demand

540 MW + 40 MW
100- 5.40 Mw 1-50 MW g‘mm’
Ha =
MW

unit units
200 MW 250 MW

AV Ve

LOLE {daysiyear)

TN

0.00 ’--

5 Year
0.001 pal

T T | SRR | J_l L 4
100 120 140 160 180 200 220 240 260 280 300
Peal:load (MW)

Scanned with CamScanner



Capacity Expansion Analysis -
Example

* Step 4: Produce peak load for the upcoming years

1 160

2 160 x 1.1 =176
3 176 x 1.1 = 193.6
+ 213

5 2343

6 2303

7 283.1

8 311.4

Capacity Expansion Analysis -
Example

* Step 5: From the graph and peak demand at each
year determine at which year new generation has to

be commissioned to respect the desired LOLP
(0.15days/year)
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Capacity Expansion Analysis -
Example

LOLE {days/yem)

160

104-

540 Mw 2 250 MW

wnils units units

200 MW 260 MW 300 Mw

%

540 MW
3.50 MW
unite
360 MW

0m

0.00%

y-.

T
100 120

176

180 180 200 2200 240 260 280

194

A

Year

ak load (MW)

213 234

EQLP =013

At year 2 if the capacity remains
200MW = LOLE =5 = not acceptable

Try 250MW = LOLE < 0.1

Decision = At year 2 do expansion with
adding new SOMW

300

258 283 311

Capacity Expansion Analysis -
Example

LOLE {days/yes)

160

104-

0.0

0.00%;

N
\

Year

s

T
100 120

176

160

194

T
180

ak Joad (MW)

215 234

LOLP=0.15

At year 3 if the capacity remains
250MW = LOLE = 0.1 = acceptable

Decision = No expansion

r
200 220 240 260 280 300

258 283 311
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Capacity Expansion Analysis -
Example

104- 340 uw i‘;‘%‘m+ Sﬁm'
/,NOMW 250 MW :nuwr
: j
§ 0.1 \\\ / LOLP =015
At year 4 if the capacity remains 250MW
= LOLE > 0.15 = not acceptable
T Decision = Do expansion by adding new
50MW the new capacity = 300MW
/’- ii 5 7Y
FTEC Y s D
al: load (MW)
160 176 194 218 234 258 283 3l

Capacity Expansion Analysis -
Example

* Expansion to be carried out at year 2, 4, 6 and 8
with adding SOMW each year end with 400MW
installed capacity by the end of year 8

* Generation expansion plan is carried out over 20-
30 years time horizon
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Lecture 4
5/4/2020-9/4/2020

Part 1



Assignment 2

* A generating system contains three 25 MW
igenerating units each with a 4% FOR and one 30
MW unit with a 5% FOR. If the peak load for a
100 day period 1s 75 MW. what 1s the LOLE and
LOEE for this period. Assume that the appropriate
load characteristic 1s a straight line from the 100%
to the 60% point

Due date: 10/5/2020



Problem: System with ((3- 25 MW)) each with (( 4%)) FOR and ((1- 30 MW)) with ((5%
))FOR. Peak load for 100 days is ((75 MW))

What's the LOLE and LOEE for this period? (Assume load characteristic is a straight line
from the 100% to the 60%)

Solution:

For the 3- 25 MW generators:

FOR= 0.04

1-FOR=0.96

P(0)=0.04, P(1)=0.96
Number of states= 23=8

Entire System:

G1-25 | G2-25 | G3-25 | IN | OUT

0 0 0 0 |75

0 0 1 25 |50

0 1 0 25 |50

0 1 1 50 |25

1 0 0 25 |50

1 0 1 50 |25

1 1 0 50 |25

1 1 1 75 |0

Capacity Out | Probability

0 0.884736

25 0.110592

50 0.004608

75 0.000064

For the 1- 30 MW generator:

FOR=0.05
1-FOR=0.95

P(0)=0.05, P(1)=0.95
Number of states= 2'=2

G1-25 | G2-25 | G3-25 | G1-30 |IN | OUT
0 0 0 0 0 105
0 0 0 1 30 |75
0 0 1 0 25 | 80
0 0 1 1 55 |50
0 1 0 0 25 |80
0 1 0 1 55 |50
0 1 1 0 50 |55
0 1 1 1 80 |25
1 0 0 0 25 |80
1 0 0 1 50 |55
1 0 1 0 50 |55
1 0 1 1 80 |25
1 1 0 0 50 |55
1 1 0 1 80 |25
1 1 1 0 75 |30
1 1 1 1 105 | 105

G1-30 | IN ouT

0 0 30

1 30 0
Capacity Out | Probability
0 0.05

30 0.95




Capacity out | Probability | hours MWh
0 0.84049 - _
25 0.10506 - -
30 0.04423 - -
50 0.00437 1600 16,000
55 0.00553 2000 25,000
75 0.00006 2400 72,000
80 0.00023 2400 84,000
105 0.000003 2400 144,000
Loss of Load Expectation (LOLE): Loss of Energy Expectation (LOEE):
n n n
z Pktk = Z(tk - tk—l)Pk Z PkEk = 232.44 MWh/lOOd
k=1 k=1 k=1

= 18.77 hrs/100d



Generating Capacity

Electricity demand with baseload

Fast peaking (eg gas, hydro, combustion turbine)

Intermediate peaking (eg natural gas combined cycle)

Baseload (coal or nuclear)

iam

12pm 6pm 12am
Time of day



Generating Capacity: Frequency and
Duration Method (Markov Model)

*

Two- state model adopted so far (Up (working).
down (failed)) 1s only appropriate to determine the
capacity outage for base load units

Two- state model 1s not appropriate to find the
capacity outage for peak or reserve load units
neither considering maintenance intervals why?
— It does not consider the de-rated state of the unit (not

operate at full capacity or being shut in purpose to be
used through reserve or peak time periods)

1 A 2

Up Down

Generating Capacity: Frequency and
Duration Method (Markov Model)

L]

Three states: S1 (working well). S2 (failed). S3
(working with deterioration)

Four states: S1 (working well) S2 (failed).
S3(working with minor deterioration), S4 (working
with major deterioration)
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Generating Capacity: Frequency and
Duration Method (Two-State Model)

System Availability
Up
1
U
P Down -
0 Time
A M
z -
Down Up I MTTF | ..
«  MTBF | TMTTR
Down —
0 Time

MTTF = totalup time _ l MTBF = 1/F
#of failures A

totaldown time
MTTR = average repair time=r=—————— =

1
#of failures u

Generating Capacity: Frequency and
Duration Method (Two-State Model)

Frequency and Duration Evaluation

1 Frequency of encountering State ;
v = P(being in State /) x (rate of departure from State 7)
P = P(not being in State /) x (rate of entry into State 7)
A K

B Py A=P,p .. Eq.1
Down

P,+P,=1 .. Eq.2

Solving Equations 1 and 2, P,= F

=AandP,= A =U

Aep A+p
Frequency of encountering the Down State,

Fpown = P> X (rate of departure from State 2) = = B

Aip
Mean Duration in the Down State = U/ Fp, ., =1/p
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Generating Capacity: Frequency and
Duration Method (Two-state Model)

Frequency and Duration Evaluation

A
1 1 A(Up) o + A(Up)
Up B (Up) ™ B (Dn)
A B Ay Ha Ay Ha
e : A(Dn) ‘2 I Aon
o B (Up) m B (Dn)
B

Probability of being in State / = Availability, Unavailability

Frequency of encountering State i
= P(being in State 7) x (rate of departure from State 7)

. Probabilit y of being in States
Mean Duration in Statei = = =
Frequency of encountering State i

Generating Capacity: Frequency and
Duration Method (Two-State Model)

Parallel System Evaluation

By g
A P, = )

1A B A ST P P
B Hp et e Ay g

Ay Ha Ay Uy T kgt hptpg
Ap Py = (14 -2

g ; s ; U ag+my A +pp
Hp hay Ay

P.| = ( )

Ay+Ry Ap+pg

Ay Ay
)( )
hya+Ry Ap+pp

System Unavailability, U=P = (

Frequency of Failure
= (P,).(rate of departure from State 4) = U.(u, + p)

Mean Duration of Failure =T/ Fg g, = 1/ (L, + Up) g
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Generating Capacity: Frequency and
Duration Method (Two-State Model)

Parallel System Example

A customer is supplied by a distribution system that consists of an underground
cable in parallel with an overhead line. The failure rate and the average repair
time of the cable are 1 failure/vear and 100 hours respectively, and that of the
overhead line are 2 failure/year and 10 hours respectively. Evaluate the
unavailability, frequency and the mean duration of failure of the distribution

system.
Underground Cable: Overhead Line:
As=11/yr Ag=2flyr
u1,= 1/ry = 8760/100 = 87.6 rep/yr Ug= 1/r, = 8760/10 = 876 rep/yr

A %

A )( B
hy+Hy Aptpg
= [1/(1+87.6)].[2/(2+876)] = 0.000026
=0.000026 x 8760 = 0.2252 hr/yr

)

System Unavailability, U=P, = (

Frequency of Failure = U.(pn, + pg) = 0.000026 x (87.6 + 876) = 0.0251 f/yr

Mean Duration of Failure = 1/ (u, + pg) = 1/(87.6 + 876) = 0.001 yr = 9.09 ¥

Generating Capacity: Frequency and
Duration Method (Two-State Model)

Series System Evaluation

Ap Component A: A,=1 f/yr, n,=87.6 r/yr
] 1\3 - ; Component B: ;=2 f/yr, pg=876 r/yr
Hs
A A P, =0.986461
o g Al Ma P, =0.011261
. i LS Y P, =0.002252
B ™ B P, =0.000026

System Unavailability, U=P, + P; + P, = 0.013539
=0.013539 x 8760 = 118.60 hr/yr

Frequency of Failure, F . . =Po.p, +Pipg
=0.011261 x 87.6 + 0.002252 x 876 = 2.96 f/yr

Mean Duration of Failure=U/ F ... = 0.013539 / 2.96 = 0.004575 yr
= 0.004575 x 8760 = 40.08 hr
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Generating Capacity: Frequency
and Duration Method

F & D Using Approximate Equation

U=F

failure I

~ 7L.l' for MTTF (1"?\') ~ MTBF (1/ Fl‘ailure)

Up MTTF .
MTBF

AY

" MTTR

Down =
0

Time

Generating Capacity: Frequency
and Duration Method

Practical Adequacy Indices

* Failure rate (or frequency)
A= failures/operating time
f = failures/time
* Average outage time
r = time/failure
» Average annual outage time
U=fr=Ar
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Generating Capacity: Frequency

and Duration Method

Series Systems

i ; ,:D

A=A+la=) A
o i Al + AT
A+
AntAn DAL
EETT V)
U, = Ar,

Generating Capacity: Frequency

and Duration Method

Parallel Systems

1= =
o Aali 1)

1+ A4+ A4n
~ A1)

nr,

r,=
n+r,

U, = Ar,
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Generating Capacity: Frequency
and Duration Method

Availability, F & D — Series System

o—{' * o
Component 1: Component 2:
Ar=11/r A,=2 flyr
r, =100 hr r, =10 hr
System failure rate, A =ZA =A +A,=1+2=3flyr

System unavailability, U =ZX1r; =1x100+2x 10=120 hr/yr

System average down time, r,=UJ/A, =120/3=40 hr

Generating Capacity: Frequency
and Duration Method

Availability, F & D — Parallel System

[1]
| |
Ol —0
2
Component 1: = Component 2:
Ay=1flyr A=2flyr
r; =100 hr r,=10 hr
System failure rate, A=A, (r,+r1y)

=1x2x (100 +10)/8760 = 0.0251 f/yr
System average down time, r,=r,.r,/ (r; +r,)
=100x 10/ (100 + 10) = 9.09 hr

System unavailability, U,=A,r, =0.025x9.09=10.228 hr/yr
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Generating Capacity: Frequency
and Duration Method

Approximate Equations for Parallel Systems

M
K
Lt

N EN
Ay .
Ha

For a 2-component parallel system,

A e AN, (r+1,) for A, .r, <<1 2> A=MA, 1) +AA, T,)
Iy =K,/ (r+ry) 2u=Z

Ug=A, .1,

Lecture 4
12/4/2020-16/4/2020

Part 2
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Network Analysis Techniques

Basic Network Analysis Techniques

+ Series / Parallel
Reduction

* Minimal Cut Set
Analysis

Transmission System Reliability
Evaluation? Minimal Cut 5Set Method

Minimal Cut Set Method

Cut Set — A set of components which if removed

from the network separate the input from the output.
i.e. cause the network to fail.
Minimal Cut Set — Any cut set which does not
contain any other cut sets as subsets.
P{SystemFailure}= P{Union of All CutSets}

= P{Union of All MinimalCutSets}
<> P{Min CutSets}

This is a good approximation for highly reliable
components.



Generating Capacity Reliability
Evaluation with Interconnected System

Two power systems are interconnected by a 20 MW
tie line. System A has three 20 MW generating units
with forced outage rate of 10%. System B has two 30
MW units with forced outage rates of 20%. Calculate
the LOLE in System A for a one-day period, given
that the peak load in both System A and System B is

30 MW.
N 20MW /7
| A p————— 8 )
\.‘ » N _//
3-20 MW .. 2-30 MW
U=0.1 U=0.2
=30 MW =30 MW

Generating Capacity Reliability
Evaluation with Interconnected System

Generating Capacity Reliability Evaluation

System A System B

Cap Out Probability Cap Out Probability
0 0.729 0 0.64

20 023 0 032

40 0.027 60 0.04

60 0.001 1.00
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Generating Capacity Reliability
Evaluation with Interconnected System

Capacity Array Approach

System B
0 30
System A 0 0.46656 0.23328
20 0.15552 0.07776

60 0.00064 0.00032

60
0.02916
0.00972 Pra*Prb

0.00108
0.00004

LOLE(A)[Single System] = 0.028 days/day
LOLE(A)[Interconnected System] = 0.01072 days/day

Generating Capacity Reliability
Evaluation with Interconnected System

Capacity Array Approach

System B
0 30
System A 0 0.46656 0.23328
20 0.15552 0.07776

60 0.00064 0.00032

60
0.02916
0.00972

0.00108
0.00004

LOLE(A)[Single System] = 0.028 days/day
LOLE(A)[Interconnected System] = 0.01072 days/day
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Transmission System Reliability
Evaluation

[. Consider the following system

1 2 » B
— A 4

Supply 3 >

The supply is assumed to have a failure rate of 0.5 f/yr
with an average repair time of 2 hours. The line data are
as follows.

Line Failure Rate = Average Repair
Time

1 4.0 flyr 8 hrs

2 20 6

3 6.0 8

4 20 12

Use the minimal cut set approach to calculate a
suitable set of indices at each load point.

Transmission System Reliability
Evaluation

Load Point A
Min Cut A (f/yr) r (hrs) U (hrs/yr)
Supply 0.5 2.0 1.0
1,3 0.043836 4.0 0.175344
1,2 0.012785  3.4286 0.043835
0.556621  2.19 1.219179
1 2 »B

Supply 3 i -0
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Transmission System Reliability

Evaluation
Load Point A
Min Cut A (flyr) r(hrs) U (hrs/yr)
Supply 0.5 2.0 1.0
1,3 0.043836 4.0 0.175344
1,2 0.012785  3.4286 0.043835
0.556621  2.19 1.219179
1 2 L
— A "B a4
Supply | *>C
System failure rate, Ay=ApA, (r,+1y)

System average down time, v, =r,.r, / (r,+r,)

System unavailability,

U=kr,

Transmission System Reliability

Evaluation
Load Point B

Min Cut A (f/yr) r (hrs) U(hrs/yr)

Supply 0.5 2.0 1.0
1,3 0.043836 4.0 0.175344
2,3 0.019178 3.4285  0.065753
0.563014 22044 1.241097

1 2 > B

Supply

e
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Transmission System Reliability
Evaluation

Load Point C
Min Cut 2 (flyr) 1 (hrs) U(hrs/yr)
AtB 0.563014 22044 1.241097
4 2.0 12 24
2.563014 9848 25.241097
1 2 » B 4
Supply 3 > A { »C

Transmission System Reliability
Evaluation

Summary
Min Cut A(flyr) 1 (hrs) U (hrs/yr)
A 0.5566 2.19 1.219
B 0.5630 2.20 1.241
C 2.5630 9.85 25.241
1 2
» B

Supply 3
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Lecture
19/4/2020-23/4/2020

Part 1

Composite System Reliability
Evaluation

2. A four unit hydro plant serves a remote load through
two transmission lines. The four units are connected to a
single step-up transformer which is then connected to twc
transmission lines. The remote load has a daily peak load
variation curve which is a straight line from the 100% to
the 60% point. Calculate the annual loss of load
expectation for a forecast peak of 70 MW using the

following data.
Hvdro Units — 25 MW Transformer — 110 MVA
FOR = 2% U=0.2%

Transmission lines — Carrving capability 50 MW per line
— Failure rate = 2 f/yr
— Average repair time = 24 hrs
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Composite System Reliability
Evaluation

Calculate the LOLE in three stages using the
following configurations.

@ QQPRQY QY
l Ay

0 QPP
j: 1

Composite System Reliability
Evaluation

Configuration (a)

Capacity in Capacity Out  Probability Time  Expectation
= 0 MW 0922368 0.0
TSMW 25 0.075295 0.0
50 50 0.002305  260.71 0.600937
23 75 0.000032  365.0 0.011680
; 100 . 365.0 -

1.000000 0.612617

LOLE = 0.613 days/yr
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Daily load curve

7TO0MW
\

0.6*7T0MW=42MW

'JJ
(@)
n

Time (days)

Composite System Reliability
Evaluation

Configuration (b)

Capacity Out  Probability Time  Expectation
0 MW 0.920524 0.0

25 0.075144 0.0

50 0.002300 260.71 0.599633

i~ 0.000032 365.0 0.011680

100 0.002000 365.0 0.730000
1.000000 1.341313

LOLE = 1.341 daysl/yr
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Composite System Reliability

Evaluation

Configuration (c)

Transmission lines A=2 [l
p=2890_365 iy
r 24 ’
}I- 2
Unavailability = = =(.005450
T A+pu 24365

Cap. Out Probability

Availability =0.994550
0 MW 0.989130
50 0.010840
100 0.000030

1.000000

Composite System Reliability
Evaluation

Generation — In (MW)

T/G J100| 75| 50| 25| o
100 Joo| 75| 50| 25| o
Transmission-In sol 0l s0| 30 25| o

(MW)

0 0 0 0 0 0

System Capacity States
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Composite System Reliability
Evaluation

Configuration (c)

Capacity Probability Time  Expectation
In Out

100 0 0.910518 0.0

75 25 0.074327 0.0
50 50 0.013093 260.71 3.413476
25 75 0.000032 365.0 0.011680
0 100 0.002030 365.0 0.740950
1.000000 4.166106

LOLE = 4.166 days/yr
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Composite System Reliability
Evaluation

Assignment 3: Due date:10/5:2020

(d) Calculate the LOLE for Configuration (b), if the single
step-up transformer is removed and replaced by
individual unit step-up transformers with a FOR of
0.2%.

(e) Calculate the LOLE for the conditions in (d) with each
transmission line rated at 50 MVW.

(f) Calculate the LOLE for the conditions in (d) with each
transmission line rated at 75 MW.

(g) Calculate the LOLE for the conditions in (d) with each
transmission line rated at 100 NW.

(f) What is the key marks you can conclude from this example



Problem: Four units, connected with 2 Transmission

lines and a unit step-up transformers with a FOR

of 0.2%. The load is 70 MW that has a straight line daily

peak load variation curve from the 100% to the 60% point.

*Calculate the LOLE:

Solution:

*25MW Failure rate=0.02

*110MVA Failure rate = 0.002
Transmission lines with 50 MW per line :

*Failure rate = 2 f/yr

*Average repair time = 24 hrs

FOR =(0.02) + (0.002) — (0.02)*(0.002)
=0.0219

So the unavailability =0.0219
Availability = 1-0.0219
=0.978040

Z\ Z
v

IN | OUT | Probability | Time | Expectation
100 O 0.915012 0.0

75 | 25 | 0.082179 0.0

50 | 50 | 0.002768 | 260.7 0.7216
25 | 75 | 0.000041 | 365 0.0149

0 | 100 365

LOLE =0.734 days/year

Problem: calculate the LOLE for the conditions in the previous part with each transmission

line rated at 50 MW:

IN | OUT | Probability | Time | Expectation

100 O 0.905066 | 0.0

75 | 25 | 0.081286 0.0

50 | 50 | 0.013577 | 260.7 | 3.53966

25 | 75 | 0.000041 | 365 0.01496

0 | 100 | 0.000030 | 365 0.01095

LOLE= 3.566 days/year




Problem: calculate the LOLE for the conditions in the previous part with each transmission
line rated at 75 MW:

IN | OUT | Probability | Time | Expectation
100 | O 0.905066 | 0.0

75 |25 |0.092095 | 0.0

50 |50 0.002768 | 260.7 | 0.721645
25 |75 |0.000041 |365 |0.014965

0 100 | 0.000030 | 365 | 0.010950

LOLE=0.748 days/year

Problem: calculate the LOLE for the conditions in the previous part with each transmission
line rated at 100 MW:

IN | OUT | Probability | Time | Expectation
100 |0 0.914985 | 0.0

75 |25 0.082177 | 0.0

50 |50 |0.002768 | 260.7 |0.721645
25 |75 0.000041 | 365 0.014965

0 100 | 0.000030 | 365 0.010950

LOLE=0.748 days/year

Problem: What are the key marks you can conclude from this example?

In this problem we realize that the Loss
of load expectation does increase when
changing the single step-up transformer
to individual units of step up
transformers.

We also realize that the more rated
power the transmission lines are at, the
lower the Loss of load expectation
becomes.

We realize that after a cretin rated
power for the transmission lines, the
Loss of load expectation becomes
almost constant and does not change.

Another note is that the time for the
system or units to fail is not affected
by changing the rated power for the
transmission lines and stays the same
through the entire calculation process.



