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Capacity Benefit MarginCapacity Benefit Margin

In the environment of the power market, available transfer 
capability (ATC) is a measure of transfer capability as the 
technical and commercial indices.

CBM is a transmission capability margin reserved to meet the 
generation reliability requirements, the calculation of this margin 
has some relationships with reliability levels of all areas in the 
system

multi-area generation reliability exponential analytic model is put 
forward to avoid optimization iteration
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Current Solutions

Definitive method: generally CBM is related with the maximum 
generation output unit of this area, or the firm percentage of TTC. 
This method has less precision and definitive method can not 
reflect the effect of system state change on the margin; 
Reliability index method: this method introduced the conception 
of multi-area reliability
Ou. Yan and C. Singh calculated CBM through generation reliability index 
LOLE (Loss of Load Expected). Areas that don’t meet the standard are 
combined together for simplification.
Othman used evolution programming to determine CBM, for a large size 
power system with many areas, every change in generation during the 
optimization procedure needs to compute reliability indexes repeatedly, so it is 
complicated and computationally time consuming. 

Method

How to optimize CBM value among areas for an economical
and reliable system? 

To solve the optimization problem, we must re-calculate and 
check reliability indexes at every step of optimization. 

Is there a mathematical relation between the risk and the 
capacity (or transfer capability) change?

The multi-area generation reliability exponential analytic model 
illustrates multi-area generation reliability as the function of 
generation installed capacity and intertie capacity between areas, 
thus the optimization procedure can be solved regarding 
reliability indexes as inequality constraints.
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Garver suggested an exponential approximation for system risk 
as a function of capacity:

two-area system:
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Exponential Analytic Model 

Theory Proof d22

Cumulative outage probability after ΔC in area B:

Reliability indices before and after addition:

The element d22 solution of matrix:  
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Theory Proof d12

Cumulative outage probability of the Equivalent Sending Unit
(ESU: power support from area B to A) 

Generation reliability indices of area A using convolution:

The element d12 solution of matrix:
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Multi-Area Generation Reliability

Suppose that transfer capabilities in interfaces are abundant enough 
with no transmission constraints, reliability levels of all areas are 
generation-dominant problems. (n areas, m tie lines system)

The element dij means the influence factor of generation installed 
capacity change in area j on the reliability level of area i, Ri0means 
reliability level of area i at the base case, �Ci means installed capacity 
change in area i.

0 0 0
1 2

1 2
0 0 0
1 2

1 2

( , , , ) [ , ]

[ , , ] ;

[ , , ] ;

[ , , ]

− ⋅− ⋅ − ⋅⎧ = ⋅
⎪

=⎪
⎨

=⎪
⎪ = Δ Δ Δ⎩

K L

KK

KK

KK

T
n

T
n

T
n

T
n

diag R R R e e e

R R R

R R R

C C C

0

n1 2 D ΔCD ΔC D ΔCR

R

R

ΔC

11 1j 1

1

1

×

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

L L
M M M M M
L L

M M M M M
L L

n

n n i ij in

n nj nn

d d d

d d d

d d d

D



5

Multi-Area Generation Reliability

Suppose that there are abundant total generation installed capacity and 
transmission constraints influence power interchange, then reliability 
levels of all areas become transmission-dominant problems. 

The element tij means the influence factor of transmission capacity 
change in interface j on the reliability level of area i, �Tiej means 
transmission capacity change in interface j 
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For a simple two-area system, A is a source area, B is a sink area, 
at the base case of power flow, area B does not meet the reliability 
level. After power support increment           from area A to area B, 
if area B just meets the reliability requirement, then          could be 
regarded as capacity benefit margin.

CBM Definition
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Optimization Models

A system with n areas and m interfaces

Case A: Generation-Dominant Model: if only one area (area ) 
does not meet the reliability requirement due to installed 
capacity shortage, other  areas provide power support to area  
on condition that their own reliability requirements are still 
satisfied after support.

Case B: Transmission-Dominant Model: if there are l areas 
do not meet the reliability requirement due to transmission 
constraints, the other  (n-l) areas support the deficient areas.

Generation-Dominant Model

Case A:  CBMs are optimized as the object of total power 
interchanges �Tiej(j=1,2,…m) through the m interfaces are 
minimized, i.e., the transfer capability �Tiej set aside for 
reliability requirement equals to CBM in interface j.
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Transmission-Dominant Model

Case B: CBM are optimized as the object of minimal transmission 
addition of total power interchanges �Tiej(j=1,2,…m) through the 
m interfaces, then the incremental transfer capability �Tiej for 
reliability requirement equals to CBM in interface j.
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Sequential Quadratic Programming

Sequential quadratic programming is an effective method to solve
constrained non-linear programming.
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Computation Process of SQP

To build related Lagrange function:

f(x) is approximated by the Taylor expansion equation to the 
second order,  g(x) and h(x)  are linearly approximated:

the optimal step length αk is obtained through one-dimension 
linear search: 
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Case Study

Tie (1)

Tie (2) Tie (5)

Tie (4)

Tie (3)Area 1

Area 2

Area 3

Area 4

Generation installed capacity and load level (MW)

503688004

471430003

487158002

178022001

Load LevelInstalled   
Capacity

Area

Power flow and transmission capacity of ties

5009999737.4Tie(5)

200099992087.4Tie(4)

5009999367.4Tie(3)

5009999236.22Tie(2)

5009999320.43Tie(1)

Case BCase ABase FlowTie
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Generation-Dominant Model

All elements in this matrix are 0, this means installed capacity
increase in each area will be helpful to improve reliability level 
of all areas;
Area 3 is a sink area, installed capacity increase in this area will 
improve its own reliability level obviously and do not have 
significant influence on other areas.

3

4.43153 2.48200 0.00000 4.55300
2.51700 3.49440 0.00000 3.84566

10
4.61208 1.87289 2.46768 3.01467
3.78866 2.35674 0.00000 5.22609

−

⎡ ⎤
⎢ ⎥
⎢ ⎥= ×
⎢ ⎥
⎢ ⎥
⎣ ⎦

D

Generation-Dominant Model

Power support from area 4 do have great impact on the reliability level of 
area 3 (d34=3.01467);
Area 4 can export some amount of power as support through tie (4) when its 
own reliability level still meets the requirement.
When LOLP requirement becomes strict ( <5.0 Hours/yr), more power flows 
through tie (2) and tie (5), when LOLP requirement  <4.0 Hours/yr, area 2 
even absorbs some part of power through tie (2) because margin in tie (2) is 
greater than margin in tie (5).

Optimization results with respect to variable LOLP of area 3

21.400242.352434.271563.75262.0000

21.457642.153733.694763.61133.0000

22.415738.835124.063061.25084.0000

23.159036.261016.592159.42005.0000

23.756134.165910.484057.92206.0000

24.279632.37955.326856.65917.0000

24.724430.83920.856255.56308.0000

Tie(5)
Margin(MW)

Tie(4)
Margin(M

W)

Tie(2) 
Margin(MW)Total CBMLOLP

(Hours/yr)
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Transmission-Dominant Model

Area 4 is a source area, transmission capacity decrement of 
interfaces will improve reliability level in this area. So all 
elements in the 4-th row are 0;

Area 3 is a sink area, transmission capacity decrement of tie (4) 
and tie (5) will deteriorate reliability level of area 3.

3

1.8205 4.1086 0.7478 0.0000 2.8059
1.9240 0.7110 1.3237 0.0000 3.6407

10
0.0000 1.1341 1.1341 0.4371 0.9512
4.6653 1.8756 2.0749 3.6072 0.0000
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Environmental Constraints

From Table IV, when LOLP requirement is not so strict, the main support to 
area 3 is from area 2 and area 4 through tie (5) and tie (4) respectively, this is 
because t34, t35 are positive, which means increment of interface capacity will 
improve reliability level of area 3. When LOLP requirement becomes strict, 
support from tie (5) maintains about 24 MW; while support from tie (4) 
increases rapidly.

Optimization results with respect to variable LOLP of area 3

24.318466.593726.1974117.10953.0

24.318431.327226.197481.84303.5

19.699422.564619.078261.34223.8

16.877718.187814.729349.79484.0

13.556213.03579.609936.20184.2

9.64836.97393.586620.20884.5

4.54792.08990.00006.63784.8

Tie(5) Margin(MW)Tie(4) Margin(MW)Tie(1) Margin(MW)Total CBMLOLP
(Hours/yr)
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Conclusions

Multi-area generation reliability exponential analytic model takes 
the coupling influence between areas into account.

This model can deal with the scenario of several areas not 
meeting reliability requirements simultaneously, no need to 
iterate and verify reliability levels because reliability 
requirements are expressed as in-equality constraints in this 
model through reliability exponential analytic expressions.

From testing results of Case A and Case B, two scenarios of 
generation shortage and transmission constraint problems are 
illustrated. According to the influences of generation installed
capacity (or intertie capacity between areas) on multi-area 
generation reliability, the optimal capacity is set aside as CBM.

ThanksThanks


