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This is the last lecture of week 5 and in this lecture, we are going to discuss the Economics of
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Economic dispatching NPTEL

* The load is not the same during the hours of the
day; over a year and across seasons.

Peak + So, the number of generation units and quantity of
power (kW) and energy (kWh) generated by each
unit vary.

Peak

+ If all generation units run to suprnrl the peak load,
there will be huge oversupply during the off-peak
period.

Off-peak

+ If all generation units run to supply lower power
and vnorivy all the time, operating cost for many
plants wi Ibe high due to poor thermal efficiency.

+ Dispatching, in this context, refers to the optimum

supply schedule by for each generation unit to meet
total demand at the minimum cost. a
°

Starting with the concept of the load curve that has already been discussed in the context of
electricity demand. The diagram shows how the load curve looks like at different time points
of the day and the consumption at various time points of the day. This particular load curve is
constructed for one household; however, we can also construct the load curve for a particular

area or number of households and so on or can also construct it for a year.

The economics of electricity supply or production of electricity with the help of fossil fuel
begins with the concept of load curve. This is because the load is not the same during all the
hours of a day or over a time period and also varies across different seasons. There is a variation
of electricity demand at different time points. Therefore, the number of generation units and
the quantity of power which is measured as kilo Watt and the energy that is measured as
kiloWatt hour generated by each generation unit varies. Each of the generation units in a power

plant generate different amounts of electricity at different points of time.

What if they do not do so and keep on producing the same amount of electricity which is
required to support the peak load. If all the generators are running in the capacity in order to
supply energy which is required to support the peak load; then during the off-peak period there
will be high supply of electricity with very low demand. There will be a lot of electricity

generated which will be wasted and this also has implications for the running cost.

We are incurring a running cost which is not fetching any revenue and is a complete waste and

this electricity which is coming from a non-renewable resource and therefore the depletion



premium is going up and not only that it also leads to a lot of carbon dioxide and equivalent
emission. We do not want to produce electricity when it is not required and so cannot keep all
the generation units running at a scale, where it can support the peak load.

The other alternative could be to run all of them at a very low rate. But if all generation units
run to supply lower power, the operating cost may become very high because there will be very
low capacity utilization and poor thermal efficiency. Therefore, we have to find some sort of a
solution where not all generating units are working at full-fledged neither all of them are

working at very low capacity. There has to be some kind of an optimum solution.

In this context comes the notion of dispatching. Dispatching is a perfect case where you need
to understand both the electricity sector as well as the economic context. This is where
interdisciplinary work takes place in the context of economic dispatching of electricity.
Dispatching refers to the optimum supply schedule by each of the generation units in a power
plant in order to meet the total demand at a particular point of time at the minimum cost.

There are three things that are considered, the first decision is about the amount of electricity
that each of the generators will produce and supply. The other two constraints are minimum
cost and it should be able to supply as much power as required to satiate the demand at a

particular point of time. This is economic dispatching.
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Economic dispatch Merit order dispatch NPTEL

+ Suppose, there are 11 generating units gy, gy, .. gn

+ If we consider fuel to be the only variable input in
production, then the average variable cost (AVC)
refers to hourly fuel cost per MWh.

. . + Let AVC; refer to the average variable cost of unit  and
Merit order dispatch AVC< AV, <..< AVC,

In that case, under Merit Disl{v(:n(h, generator 1 (g;)

will be first loaded and will be operated up to the
Incremental cost upper limit of its power generation capacily.
dispatch
+ If the demand is more than the upper limit of g, then

g, will be loaded and so on.

I

Economic dispatch

+ This approach s a static one and doesn’t ensure
economics efficiency.



There are majorly two types of dispatching discussed in the context of energy economics or
the economics of the electricity sector. One is called the merit order dispatch and the other is
called the incremental cost dispatch or marginal cost dispatch. The incremental cost and
marginal cost can be used interchangeably at a conceptual level although it is called incremental
cost dispatch.

Let us first have a look at the functioning of the merit order dispatch. Suppose there are n
generating units in a power plant which we are denoting by g,, g, up to g,,. If we considered
fuel to be the only variable input of production although there may be other variable inputs of
production for example raw material, labour and so on but for the time being let us consider
that fuel is only the raw material that is coal or gas or oil are the only variable cost that the
electricity generation sector has to incur. In that case the average variable cost of this plant will
be given by the hourly fuel cost per megaWatt hour. In order to generate 1 megaWatt hour

what is the hourly fuel cost that the plant has to incur. This is given by average variable cost.

We rank the generating units based on their average variable cost and assume that AVC; is less
than AV C, and in the ranking AV C,, comes least. The first generating unit has the least average
variable cost of production. The second-generation unit has the second lowest average variable

cost of production and the n™ generation unit has the highest average cost of production.

If that is the case then under merit order dispatching generator 1 will be loaded and it will be
operated up to a point which touches the upper limit of power generation capacity of generator
1 that is generator 1 which has the lowest average variable cost will start working and it will
work up to the point where it touches the maximum capacity utilization. If generator 1 cannot

meet the total demand generated at that point of time then generator 2 will be loaded.

This way you keep on adding generators one after the other in a sequence so that you use the
generator with the least variable cost first and the generator with the highest variable cost last
up to the point where the total supply meets the total demand. The problem with this approach
is that this is sort of a static approach and this does not ensure that the cost is minimized. The
other problem is that when we are doing this, we are sort of assuming that at every level of
production the cost is going to stay unchanged. The marginal cost is going to stay unchanged
which may not be the case. Although merit order dispatch is followed in some of the cases it is

unable to deliver the optimum outcome both financially and efficiency wise.
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Economic dispatch Incremental cost dispatch NPTEL

* Incremental cost implies the marginal cost of a
generating unit i.e. Hw cost of producing an
addilion«\s unit of electricity. Here varidivlo cost
includes cost of fuel, labour, material etc.

* Suppose, q;is power output from f;em'ration unit

i (thus is most of the times referred to as
| : o o p;- However, to avoid ambiguity with the
Merit order dispatch notation of price, here we'll use ;) i=1(1)n.
* ¢;(q;) is the cost function of generation unit i.
Incremental cost Total cost C= §;; ¢,(qq)
dispatch
* D is the total demand that total supply should match

with, therefore, the constraint D = &‘ 4.

Economic dispatch

+ The objective of the supplier is to minimize C=
Yici(q)) subjectto D = Y g
°

e
What is the alternative to merit order dispatch? The alternative to merit order dispatch comes
in the form of incremental cost dispatch where the decision is taken based on the marginal cost
of the generating units. Incremental cost is the marginal cost of a generating unit that is the cost
of producing an additional unit of electricity. When we are talking about the marginal cost you
may remember the discussion that the marginal cost is determined only in terms of the variable
cost. When we are increasing the production of electricity it is only the variable cost of
production that is going to go up, nothing is going to happen to the fixed cost of production.

The fixed cost of production is not going to change while there will be an increase in the

variable cost of production which will increase the marginal cost.

What are the different variable costs? In case of merit order dispatch, we only considered the
cost of fuel but in this case along with the cost of fuel we will also consider the cost of other
variable inputs for example labour, raw material, services and so on. Let us come up with the
notations that we are going to use. Suppose q; is the power output from generation unit i. When
you look at the textbooks you will find that in most of the cases the power output of a generation
unit is usually denoted by p;. That is the case in the context of electrical engineering literature.
However, we are not writing it as p; because we have used p as a notation of price and therefore,
we are using g;. Generally, you can think about it as the output produced from the generation

unit i. There are n generating units and i will run from 1 to n.



We next define the concept of cost c;(g;) that is c¢; as a function of quantity produced is the
cost function of generating unit i. What is the total cost of the power plant where the electricity
is being generated? The total cost of the power plant is given by € which is the sum of the cost
of individual generating units. C = },;  c¢;(q;), the total demand is marked as D and this acts
as the constraint in the optimization problem. The production should be such that you are able
to meet total demand at every point of time.

What is the total supply of the firm? The i generating unit is supplying g;. If there are n such
units the total generation that is the total power supply will be };;  g;. The constraint is that
this );;  g; has to be equal to D. If it is higher than D by a little bit it is fine but for

optimization problem, we will keep D = ),  gq;.

What is the objective of the supplier? We again go back to the production theory. The objective
of the supplier or the producer is to minimize the total cost of the power plant which is given
by C=3; «ci(q)subjecttoD =}, q; . This is the objective function of the power
plant. If this function is satisfied then we will see that the economic efficiency will also be

ensured.
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Economic dispatch Incremental cost dispatch NPTEL

The Lagrange function for optimization is

L=E;ci(q) +A (D-L;q)

aL . daq) _y -
—=0, ie.——=\,i=l(I)n
i Merit order dispatch ';"h 94
2 0Oie.D-E;q; = 0 [constraint is satisfied]

Incremental cost Ohsorvv,(’:;—f') = MC; is the marginal cost of

i

Economic dispatch

dispatch rroductionﬂnf generation unit i. Thus SOC implies
hat the MCs are rising .

Therefore, each generation unit produces and
supplies at the point where the marginal costs (or
incremental costs) of all generation units are
equal.

0

For the optimization problem let us set up the Lagrange function in the following manner. So,

L is the Lagrange under consideration, we need to minimize this total cost therefore, the

Lagrange iswrittenas L = ),; ¢ (q))+A (D —=2; q).-1f D=3, q; = 0thatimplies



that the constraint is satisfied. There will be n plus 1 first order conditions and the second order

conditions as well.

The first order conditions for this optimization problem is given by ;—; = 0. Taking the partial

differential of the Lagrange with respect to gi which is in the domain of the cost function and
which is here as well in the constraint that should be set to be equal to 0. The first order

derivative has to be set to be equal to 0. If 2£ = 0 that means, Cé(q‘) A because the first

aq; qi

production unit is only considered. In that case | have c;(q;) and | am taking the derivative
only with respect to g,. If | take the derivative with respect to q,, then c,(q,) c3(q3) all of
them are constant. The differentiation is happening only for c;(q;) if I am taking the
differentiation with respect to g, .

9ci(q:)

qi

The first order condition which is given by — = 0 which means = ] because we are

A. There are n first order

getting ac‘(q‘)

— A =0 and therefore the expression ac{;(ql)

qi

conditions because the first order condition holds for all i running from 1 to n. The n plus 1
first order condition is given by Z—; =0 which means D —),;, g; = 0 which means that

constraint is satisfied.

What is ‘(q‘)" This is the increase in the cost of production for the i generation unit when

aq;

there is one unit increase in the production. This is the marginal cost of the i generation unit

2
or i production unit. Thus, to satisfy the second order conditions we have 5 ];

i

minimizing the cost so that should be negative. If that is negative it tells that the slope of the

since we are

marginal cost curve has to be positive, so the marginal cost curve has to be upward rising.

This is the same kind of condition that we discussed when we were discussing the producers
supply behavior. The second order condition typically is associated with the fact that the
marginal costs are rising. Therefore, if you look at the first order conditions you will see that
the marginal cost of all the generating units are equal to 1. We are saying that the optimum
allocation or the optimum decision is achieved where the marginal cost of all the units are

equal, that is the point of generation given the constraint that the demand is met.
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Incr emental cost dlspatch Observe, the marginal cost of generation NPTEL
unit 1 is higher than generation unit 2.

As aresult, generation unit 2 produces
more electricity than the first one.

ost of Unit 1 Cost of Unit 2 Cost

MC1 MC2 , MCI+MC2
/

; : a [ 3
! i : | 1,12, ql+
i 1 * ¢
=" ‘ * ) h

ql 0 Q2 0 qltq2

o

The diagram shows three panels and we suppose there are two generation units. The first panel

shows the first plant and the second panel shows the second plant. The third panel is the add
up of unit 1 and unit 2 that is the added-up result over quantity. The diagram depicts the
marginal cost of the first-generation unit and the marginal cost of the second-generation unit.
Clearly, the marginal cost curve for the second-generation unit is flatter. That implies in order
to produce the same amount of electricity, the cost that the second unit is going to incur is less
than that of the first unit. In terms of the variable cost the second unit is more efficient as

compared to the first unit.

We will see how the dispatch decision will be taken. If | add up the marginal cost 1 and
marginal cost 2, the supply curve of the market which is the added up MC; and MC, over
quantity is the supply schedule in the market and this broken lines MC; and MC, are the supply
schedule of individual generating units or is the supply schedule of the power plant which

consists of 2 units.

Suppose the power plant has to supply q; + g,. This is the total output or electricity the plant
has to supply in order to meet the demand. If that is the case then the marginal cost the plant is
going to incur is captured by the horizontal line. By the profit maximizing or the optimization

condition we have seen that at the point of supply MC, = MC,.

If the level of marginal cost is given, how much does the first unit produce at this marginal cost

and how much does the second unit produce at this marginal cost. The first unit will produce



q, amount of output given this marginal cost and the second unit will produce g, amount of

electricity given the marginal cost.

The total output g, + g, is divided among the first-generation unit and second-generation unit
based on their marginal cost curve schedule. We have said that the second unit is probably
more efficient as compared to the first unit and therefore whatever is being produced by the
second unit is much bigger than what is being produced by the first unit. The generation unit

with lower marginal cost will actually produce more.

This is the observation in case of incremental cost dispatch problems. We equate the marginal

cost of all the generating units and therefore determine the supply accordingly.
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Problem 1: Optimal load dispatch NPTEL

The cost function of two generation units g, and g, are given as follows (measured in Rs/
hour):

¢;(qy) = 0.5¢7 + 10, +20 v

0,(q,) = 0.4q3 + 14g, + 25V

If total demand to be met is D = g;+ g,= 400 MW, how will the supply be distributed
between the two plants.

Solution: The optimization problem is to Min = ¢;(q;)+ ¢;(g,) subject to D = g+ g,= 400.
FOC:

2 2 ; ; :
1) —Ca':zq') = —[az;qz} =\ [Marginal costs are measured in terms of Rs/MWh]
1 2 =

2) g+ gy=400 [measured in MW]

SOCs are satisfied since MCs are rising,

Let us have a quick look at one of the simple problems on optimal load dispatch. The cost
function of two generating units g, and g, are given as follows. The costs are measured in
terms of rupees per hour. The cost function is c¢;(q,) for the first generating unit and c,(q,)
for the second-generation unit. For the first-generation unit, the cost function is given as

0.5 g? + 10 g, + 20. This has the quadratic form.

The cost function of the second-generation unit is given by 0.4 g% + 14 g, + 25. We can do
some calculation in order to know the shape of marginal cost curve, shape of average cost

curve, shape of average variable cost curve, the average fixed cost curve and so on.



The total demand that this plant has to meet through these two generation units is q; + q, =
400 mega Watts. This is the total amount that the plant has to produce. The question is how
the plant is going to distribute this 400 megaWatt between the first generating unit and the
second generating unit. Let us start with the problem of optimization that we have been
discussing. The optimization problem is to minimize c;(q,) + c,(q,) that is the total cost
subject to the supply constraint D = q; + q, = 400. Let us see what the first order conditions
look like. In case of the first order conditions we have seen that the marginal cost of the first
generating unit will be equal to the marginal cost of the second-generation unit. This is the
marginal cost of the first-generation unit equal to the marginal cost of the second-generation
unit which is equal to the Lagrange multiplier lambda.

It is important to notice that when we were talking about total cost, we were measuring it in
terms of rupees per hour. When we are talking about marginal cost, we are talking about rupees

per megaWatt hour and the first order condition is given by g, + q, = 400. This is derived by
setting Z_; = 0. The second order conditions are satisfied because the marginal costs are rising.

We can derive the marginal cost functions and then take the derivative of the marginal cost
functions with respect to g1 and g2 and see whether that is rising or not. We have to calculate
the marginal cost for the first- and second-generation unit and have set them to be equal to

lambda.
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Al (g) = 0562 +10g, 420 cvvvoncnnd (1) At optimum, §
65(q5) = 0.4g%+ 14, +25...cncvvnvvn ) MC, = MC,

- i.e.q+10=08g,+14

i.e.(400 - g;) + 10 = 0.8, + 14

GRS, L

9¢1(q1) . =
MG, = ‘,‘T' =410 e(12) i.e.18q, =410-14
396
M= % = 08q, + 14 ovveversrnn(22) le.q= (n) =20 MW
AL, g+ 4,= 400 i, gy = 400 = gy 0) Substituting g,= 220 in (3),we get

e

q, = 400 - 220 = 180 MW
A=
Marginal cost of unit 1at ¢, =180 is MC, = 3:;_:4.) =(180) + 10 =190 v
- 1
Marginal cost of unit 2 at g, =220 is MC, = "‘;—;"2’ = (08+220) + 14 =190

2

¢(gy) = (0.5 * 180 = 180) + (10  180) + 20 = 18020
¢(q) = (04 % 220  220) + (14 = 220) + 25 = 22465

Total cost C = ¢;(gy)+ ¢,(q2)= Rs. 40485 per hour. 6



Let us first have a look at the marginal cost curves. Given is the cost curve of the first-

generation unit and the cost curve of the second-generation unit. From c;(q;) we derive the
marginal cost which is MC; = %ﬁql) this is equal to 2 = 0.5 q;. So, this is q; + 10. Taking a
1

derivative with respect to g, this becomes 10 and since 20 is constant, it goes away from the
marginal cost. In the cost function 20 is the cost which does not vary with the level of output,
so 20 is the fixed cost of production. In the calculation of marginal cost, the fixed cost has no

role to play. It is only the variable part that plays a role in determining the marginal cost.

Similarly, if you calculate the marginal cost of the second generating unit, the MC, = ac;—;‘m
2

which is equal to 0.8. 0.8 is 0.4 = 2 and therefore, we have 0.8 g, + 14 and 25 disappears.

These are the two marginal cost curves given for the first generating unit and the second

generating unit. The third condition optimality say first order condition that | have by setting

Z—; = 0, that q; + g, = 400 or can express q, in terms of g, by writing q; = 400 — g,. At

optimum | know that MC; = MC, = A. Plugging the values, we get ¢, + 10 = 0.8 q, + 14.

This is the equation in terms of g, and g, by just changing the relationship between g, and g,.
Plugging this relationship that is g; = 400 — q,. Instead of q; | am writing (400 — q,) +
10 = 0.8 q, + 14. If g, is taken to the right-hand side, we get 1.8 g, = (400 +10) -14. We get
q, = 396/1.8 = 200 mega Watt.

The second generating unit is going to produce 220 megaWatt of electricity. Substituting this
value in the relationship between g, and g, this tells that if g, is equal to 220 then g, should
be equal to 180 mega Watt. 400 megaWatt is distributed between g, and g, that is between the
first generating unit and the second generating unit. The second generating unit is going to
produce more output because the marginal cost is lower and it’s more efficient as compared to

the first one. This is the optimal distribution of load in two generating units.

Let us have a quick look whether we are satisfying the condition of MC,; = MC, or not. This is
just a cross check to see whether your calculation has gone right or not. The marginal cost of
the first unit at g, is equal to 180 + 10 = 190. The marginal cost at the optimum production
is 190 for the first plant, for the second one we 0.8 * 220 + 14 = 190. The marginal cost of
the first plant is equal to the marginal cost of the second plant at the point of optimum

production and one check is done.



The second is let us also try to identify what is the total cost of producing 400 megaWatt. The
cost that the first plant is incurring to produce 180 unit of output can be derived from c;(q;)
function. Plugging the values, we get the total cost of production of 180 megaWatt.

The total cost of production is also the fixed cost as well. Similarly, we can derive the total cost
of production for the second plant at the optimum level of 220 megaWatt and that is 22465.
The second plant is producing more however, the marginal cost is much lower. The total cost
to produce 400 megaWatt of power is equal to c¢,(qq) + c,(q;) that which adds
up18020 and 22465 and then we get 40485 per hour. This is the total cost.

There are certain interesting things that you can carry on along with these examples. This is
the optimum allocation and we can check the total cost under merit dispatch. In case of merit
dispatch, we set some capacity for both the plants and run plant 1 up to its full capacity if it is
less than 400 then for the remaining amount run plant 2 and then you see the total cost. If you
want to distribute the generation in the equitable fashion so both the generating units will
produce 200 megaWatt, then what is going to be the cost implication? You will find that, if
under merit dispatch as well as under this equal distribution the total cost of generation of the

same amount of power will be higher than this 40485 per hour.
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Generation Capacity Reserve NPTEL

* Power plants always maintain an extra capacity in addition to what is required to
produce and sup&\lv according to demand. This extra capacity is called the generation
capacity reserve. Reserves come is two forms:

+ Spinning reserve: All generation units of a plant are not engaged in production at a point of
time. However, if an unit was taken off (due off-peak load or to scheduled maintenance), there
are shut down and start up costs as well as time associated with it (too restore the boiler and
synchronize with the bus). Therefore, the power plant usually keeps more units running than
what is necessary to meet the demand at a particular point of time. This safety margin is called
the spinning reserve.

* Quick start reserve: These are plants which could be started up quickly to deliver the load and
meet the demand. Some hydro power plants have this mechanism and can start functioning in
a quick fashion. Gas turbines can also be operated in a few minutes. However, there are risk
associated with this king of reserve as there is always a chance of technology failure, They are
less reliable than spinning reserve.

Another concept is called generation capacity reserve which follows the concept of the load
dispatch. The power plants always maintain an extra capacity in addition to what is required to

produce and supply according to demand. If my demand is 400 megaWatt, then | would try to



be ready to produce a little more than that because of the possibility of malfunction. The extra
capacity is called the generation capacity reserve. This is like a buffer, a cushion that you can

use when it’s needed and if not needed you don’t use it.

The generation capacity reserve comes in two forms: one is called a spinning reserve and the
other is called the quick start reserve. Spinning reserve is particularly important in case of fossil
fuel-based electricity generation. All the generation units of a plant are not engaged in
production at every point of time. Some generation units are loaded and some are not loaded.
If one generation unit is taken off because there is not much demand or because of maintenance,
then once the demand arises, immediately that generation unit can be run. It takes at least 8
hours to run the generation unit and also shut down and restart has some cost associated with
it. Therefore, if we completely shut down one generation unit and then restart again it not only

costs some money because of the restarting but it also costs some amount of time.

If the load is coming, we cannot immediately switch on the generator and start generating
electricity, it needs some time. Therefore, the power plant actually runs a greater number of
generators than it is required at a very low capacity. Some generators will work to a higher
capacity and some generators as a buffer will work at a low capacity. This kind buffer, safety

margin that the power plants keep is called the spinning reserve.

The second type of generation capacity reserve is called the quick start reserve and this is often
noticed in the context of hydropower. These plants could start up quickly to deliver the load
and meet the demand. Some hydro plants do have this kind of mechanism and can start
functioning in a very quick fashion and you don’t need to wait for 8 hours. Gas turbines can

also operate in a similar manner.

However, in case of quick start reserve there is always a risk associated, if the generator unit
doesn’t start or if there is malfunctioning. Oftentimes it is said that the spinning capacity reserve
is a much reliable option as compared to the quick start reserve. Although, they are often

utilized in a very different context or with respect to different technologies.
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Problem 2: Optimal load dispatch with spinning reserve NPTEL

The cost function of three generation units gy, g, andg, are given as follows (measured in
Rs/ hour):

~t1(qy) = 0.4q% +10q; +25-

7¢(q3) = 0.35¢% + 5q; + 2

£3(43) = 0.475q5 + 15¢; + 357

In order to keep a spinning reserve all three units run and continue producing a minimum
output of 30MW per hour. This minimum value pertains to the thermal consideration of
nperdlingmﬁva maximum generation capacity g;, g, andgs are given by
500MW, 500MW and 250 MW respectively.

If total demand to be met is D = g;+ g,+ g5 = 200 MW, how will the supply be distributed
between the two plants. ’

Q

i-#'
The optimal load dispatch problem becomes a little bit complicated if you think about the
spinning reserve. It is not only the equalization of marginal cost but also having to ensure that

all the plants under consideration that are supposed to run, have to run on a minimum load.

Suppose, one more generating unit has been added and the cost function of these generating
units are given as follows. The cost function for first generating unit c; is given as ¢,(q;) =
0.49? + 10q, + 25. The second generating unit has cost functions c,(q,) = 0.35qg3 + 5q, +
20 and the third generating unit has c;(q3) = 0.475g2 + 10q; + 35. Again, notice 25, 20 and

35 are fixed cost of production and will not be reflected in the marginal cost.

In order to keep the spinning reserve, the condition is as stated. All three units have to run and
continue producing a minimum output of 30 megaWatt per hour which is the minimum
requirement. In order to keep the spinning reserve all these three generating units have to keep
on producing 30 megaWatt per hour. This is generally determined based on the thermal
consideration of operation of the boiler. These are some technical specifications. It cannot be
run at capacity less than 30 megaWatt per hour, probably then the operation cost will go up
and physically that is not quite possible. The maximum generation capacity of these three units
are 500 megaWatt, 500 mega Watt and 250 megaWatt respectively. The first two units are

relatively bigger whereas the third unit is relatively smaller.



The question is that if the total demand that you need to meet is 200 megaWatt how will you
distribute the load? What will be the load dispatching when you have this added condition of
that all three have to run minimum at 30 megaWatt per hour capacity?

(Refer Slide Time: 36:41)

¢(q1) = 0.4qf +10g; +25......... 1

; Therefore, the second unit is the least cost unit as NPTEL
¢,(q,) = 0.35¢ + 5¢; + 20......... 2 the Marginal cost of the second plant is least at
¢3(q5) = 04752 + 15g5 + 35......03) the minimum load. So, at first, unit 2 will start

operation while unit 1 and 3 keep on producing at
the minimum load.

MC, = ”%‘:') =08q, +10........(1a)

M, = a‘;—é‘j" = 074 45 crvvree(28)

_ 0c3(g3) = v
MC; = = 0.95q; +15......(3)
Also, g+ qo+ g3 =200 ..ovvvinnnd 4

Marginal cost at lowers operation
MC;(30) = (0.8 % 3)0 + 10 = 34 Rs.per MWh.........(1b)

MC,(30) = (07 30) + 5 = 26 Rs. per MITR).........(2b)

730V = (095 « 30) + 15 = 435 Rs. per MWh.......(3b)

Let us have a look at the marginal costs first. Taking the derivative of these three-cost functions,
we get the marginal cost functions. By taking the derivative of c; with respect to q,, the taking

the derivative of ¢, with respect to g, and the derivative of c; with respect to g5 give us the

marginal cost functions MC;, MC, and MCj.

We are denoting these conditions as 1a, 2a and 3a. We also have the condition which is q; +
q» + q; = 200. We have 4 equations here but we will see that we actually have 3 equations to
solve in order to determine the 3 variables q,, g, and q; which is perfectly possible. Before we
try to equate the marginal cost curves, we are going to see the marginal cost of each of these
generating plants at 30 megaWatt that is the marginal cost of each of the plants at the lowest

operation.

We calculate the value of the marginal cost at g, equal to 30 for the first one, g, equal to 30
for the second one and gsequal to 30 for the third generating unit. The marginal cost of the first
plant at output equal to 30 is 34 rupees per megaWatt hour. The marginal cost of the second

plant at 30 is 26 per megaWatt hour and for the third plant the same is 43.4.



If we compare 34, 26 and 43.5 the marginal cost of second plant is lowest at g, equal to 30.
The second unit is the most efficient generating unit. The next efficient generating unit is the
first one and the third one is the least efficient generating unit, as you can see that the marginal

cost is highest at g5 equal to 30 for the third generating unit.

The second unit is the least cost unit as the marginal cost of the second plant is least at the
minimum load. The plant unit 2 will start operating while unit 1 and 3 keep producing the
minimum load and it is the second unit that will be allowed to go beyond the minimum load.
It does not mean that the first and the third generating units stop producing, they keep on
producing 30 megaWatt. However, given the low MC, the second generating unit is allowed to
produce more than that.
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The diagram gives the general understanding of what is going on. It shows the marginal cost
of the first generating unit, the marginal cost curve for the second generating unit and the
marginal cost curve for the third generating unit. The intercept is lowest for the second

generating unit followed by first and third generating unit.

The second thing is to look at the slope. The flattest one is MC, for the second-generation unit
because it is most efficient, then the first one which is next and the third one is the least efficient.
We can see that if all of them produce, 30 then the minimum marginal cost is obtained. Given

is the minimum marginal cost that you have and this is happening for the second plant.



The next highest marginal cost is for plant 1 and the highest marginal cost which is actually
quite high as compared to 1 and 2 is for plant 3. Second generating unit is the most efficient
unit followed by the first and then followed by the third.
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All the units will start producing 30 megaWatt that gives 90 megaWatt but the demand is more
than 90 megaWatt. At least one plant has to produce more than 30 megaWatt. Now, the
question is do you think that once this 90 megaWatt is produced, the rest 110 megaWatt all
will be produced by the second plant or is it going to be distributed between the other plants as

well?

The logic goes on like this; unit 1 starts operating where the marginal cost of producing 30 unit
is equal to the marginal cost of the second plant whatever it produces that is g, = 41.2 is
produced only by the second unit because if you produce anything here then the marginal cost

of the first unit will be more than the second unit.

The moment the second unit produces g, = 41.2 beyond that the marginal costs are equalized.
When marginal costs are equalized, the marginal cost that you need to produce 30 units in plant
1 is the same as the marginal cost that you need to produce 41.2 units in the second plant.
Beyond that it doesn’t matter whether you produce in the first plant or you produce it in the

second plant. The condition is given by MC; at 30 should be equal to MC,.



MC, at30is34. MC, is 0.7 q, + 5. Equating MCyand MC, we get 0.7 q, + 5 =34. This gives
q, = 41.2. If you think about the first phase which gives the point up to which both unit 1 and
3 produce only 30 megaWatt. The upper production limit of phase 1 is given by q; + g, +
qs = 30 4+ 30 + 41.2 or you can say 30 from the first unit, 41.4 from the second unit and 30
from the third unit. The total production is 101.2 mega Watt. Even if you are producing at this
point it gives only 101.2 mega Watt, we are almost left with some 99 mega Watt. The question
is who will produce 99 mega Watt?
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Plant 1 and 2 keeps on producing unless the marginal cost of production is equal to the marginal
cost of production of the third generating unit at ¢ = 30. Unit 3 starts operating at MC equal
to 30 which is equal to MCyand MC,. This MC; 0.8 q; + 10 is being equated with 43.5 which
is the marginal cost of the third generating unit at quantity 30. Also, we are equating 0.7 g, +
5 which is the marginal cost of the second unit equal to 43.5 which is the marginal cost at the

level of production 30.

This gives us two equations q; = 33.5/0.8 = 41.87 and g, = 55. The third generating unit is
brought into the process of production to the point where the second plant is producing 55
units, the first plant is producing 41.87 units and the third plant is producing 30 units beyond

that any of the plants can produce depending on the next marginal cost.

Up to 101.2 it was only the second unit that was producing more than 30 units. After 126.87

mega Watt both the first- and second-unit start producing more than 30 units. Between 101 and



126.87, the first and the second units that are producing more than 30 units. Beyond 126.87 all
3 units are producing. The total amount of electricity generation always incorporates the 30
units that is minimum to be generated by each of the units. If your supply has to exceed 126.87

mega Watt then all 3 generating units have to run in an optimum manner.

It boils down to the simple incremental cost dispatch problem. Had total demand been 100
megaWatt then you would have seen that you don’t need to use the third one beyond 30
megaWatt. The first and second one can go beyond 30 megaWatt and produce. However, since

the total demand is greater than 126.87 all the 3 plants have to run optimally.
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Now, we have to solve the optimization problem with three
units to find out the optimum load dispatch under incremental
cost condition.
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Let us look at what is the optimum load dispatch condition under the incremental costs.
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¢y(4,) = 0.35q3 + 5q; + 20......... @

MCy = MC; implies 08¢, +10 = 0.7, +5
¢4(qs) = 047542 + 15g, 4 35......0) e w :

Again, given (4), ;=200 - g,~ g3
Thus, 0.8 (200 - g, -q3) +10=0.7¢, + 5
el
i.e.160 — 0.8, — 0.8q3 +10 = 0.7, +5
[ 3
MGy = % =073 45 oo (20) i.0.165 - 154, ~08¢5 =0
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Again,
Substituting g,= 83.06 in (), MC; = MC, implies 0.95¢5 +15 = 0.7q, +5
q3=5051v ie.0.95¢; = 0.7¢; +10 =0 .......(6)
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(= 6642 0 Substituting (5) in (6) we get
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Notice, atoptimum MC, = MC, =MC3=63 i, 248 ¢, =206 or ,=83.06

e 2

These are the three cost functions derived from three marginal cost functions and we also have
the constraint where demand is equal to supply which is equal to 200. At optimum we have
MC, = MC, = MC5. We will first take MC; = MC, and then we will take MC, = MC5 and try
to solve the problem. MC; = MC, imply 0.8 q; + 10 = 0.7q, + 5. Plugging equation (4) that
iISq; =200—q, —q3 weget 0.8 (200—-q, —q3) +10 =0.7g, + 5.

This gives 160 — 0.8q, — 0.8q3 + 10 = 0.7q, + 5. It reduces to the equation 165 — 1.5¢q, —
0.8g5. If I want to express g5 in terms of g, then | get g; = (165 — 1.5 g,)/0.8 which is
approximately equal to 206.25 — 1.875 q,. This is the relationship between g, and g5 that we

have derived.

Let us equate MC, and MC5 the second condition, this gives me the equation in terms of g, and
q5 that is the equalization the marginal cost gives the relationship between g, and g5. 0.95 g5 —
0.7q, + 10 = 0. Plugging the value of q; we get, 0.95 (206.25 — 1.875¢q,) — 0.7q, + 10 =
0.

Solving this we get, the total production by the second plant g, is equal to 83.06. Substituting
the value of g, in (5). We have 206.25 — 1.875 * 83.06. This gives g; = 50.51.

We have g, = 83.06, g; = 50.51, deducting both values from a total of 200 we get q, =
66.42. At optimum, we derive marginal cost and are approximately the same and all of them

are equal to 63.
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The diagram shows the production by the first unit which is 66.42, the production by the second
unit and the production by the third unit and marginal costs is equalized at 63. The most
efficient plant is unit 2 which is producing the most, followed by the next efficient unit which

is the first unit and the third unit produces the least amount of output.

This is in a nutshell the problem of dispatching when you have the spinning reserve on and you
can check what happens to the total cost. Here the total cost hasn’t been calculated but the costs
of different generating units can be calculated and can compare this situation with the situation
where you distribute the total output equally among the three units and you can also see what

happens to the cost under the problem of merit dispatch.



