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1 INTRODUCTION

The objective of this document is to present the NCP mathematical programming ridat!.
methodology manual has been prepared in order to facilitate, to the professional in charge of
weekly and daily programming and of reprogramming, the comparison between his daily
experience, using different tools or procedures, and the analytical ambrdin the field of
mathematical programming) utilized by NCP.

This text does not discuss mathematical techniques for the solution of the optimization
problem formulated by NCP for the shddrm operation. There is a large literature on this
subject, nainly books on integer programming and scientific papers on unit commitment.

The focus of this text is to describe the mathematical formulation of the problem of -s&wnt
optimum programming. In the course of the document, both rules and operatiomedtants,

as well as general objectives, will be introduced, jointly defining such programming of
generating units.

The purpose of the NCP model is to determine the optimum operation programming for the
system plants, i.e., the one which supplies thateypn demand, spread among the diverse
points of the network, in such a way as to comply with the following basic aims:

0] To provide the consumer market with a highly reliable supply;

(i) To establish a transparent and objective criterion for defining the sysiparation
programming;

(i)  To increase the efficiency of the available resources use;

a. From the system operator's standpoint, to minimize the energy production cost,
including fixed costs (e.g., generating units stgr) and variable costs (fossil
fuels andpenalties for violations of operating rules);

b. From the standpoint of the owner of a set of plants, to maximize revenues from
energy sales to the spot market, or payments associated to the supply of the
regulated market (firm);

The problem's characteriss are translated into algebraic equations and inequalities that will
be presented and discussed all along this manual. Among some operational constraints, we can
point out:

0] Units spinning reserves, secondary reserves by region or system, warning ealues
stored volumes in reservoirs;

(i) Special generation constraints, sum of circuit flows and other constraints to assure
the electric power supply reliability;

(i)  Representation of Kirchhoff's equations governing the physical laws of power flow
distribution inthe transmission network;
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(iv)  Generating units— both hydro and thermal operating constraints (minimum
operation times, maximum ramps for increase or reduction of the dispatched power
etc.);

(v) Constraints associated to reservoir operation (e.g., minimum voi)mend
environmental constraints (minimum flows, irrigation and others);

(vi)  Coupling of shorterm operation programming to lonterm power planning
studies, and integration with electrical models to check the operation feasibility
from the electrical standpat (bus voltages etc.) and identification of corrective
measures, such as reactive power injection and other tools.

NCP solves a single linear/integer programming problem with the objective of determining the
optimum dispatch (minimum cost or maximum sxwe) for an electrical system made up of
hydro and thermal generating plants, for a range up to thohe days (744 hours)in 60, 30

and 15 minutestages. Its algebraic formulation is described in the next chapters.

! For thecass lasting more than one weekl68 haurs), it is recommended to simplify the data bagemaller
number of power units, especially the ones modeled with commitm@etisions relaxation of some operating
constrains), since there is a limi{2Gb)for RAM memoryutilization in 32bit applications, which may affect the
model operation
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2 OBIJECTIVE FUNCTION

There are two way of utilizing NCP: to minimize costs or to maximize net revenues. NCP
objective function will be, according to the application:

2.1 Cost minimization

Equation (2.1) represents the objective function to be minimized.
Z=MinCO+CP+CD +RP + Rfa (2.2)
Costs may be divided into four components:

Variable thermal operating cost (CO)

Thermal startup cost (CP)

Energy deficit cost (CD)

Future cost function (FCF), relating the expected value of fupmogluction cost to the
water volume stored in the reservoirs. In the SBORe FCF is approximated by a scalar
and by the set of linear inequalities.

= =4 -4

2.2 Net revenue maximization

The following equation represents the objective function to be maximized.
Z=Max GP b + RS (CO+CP+CD+ RP (2.2

Terms CO, CP and CD are the same as in the case of cost minimization. Revenue (GP) is
calculated by the sum, for all the hours, of the products of the energy spot price at each hour
($/MWh), given as a variable exogenous to NCP (input data), and the pomndiag total

energy generation. Scalbrrepresents the expected value of the Future Benefit Function (FBF).

As in the previous case, it also depends on the volume stored in the reservoirs. In MAKBFEV

is approximated by a scalbrand by a set of li@ar inequalities.

2.3 Thermal operating cost (CO)

It is the sum of the operating costs of all thermal plants, at all hours, calculated by the following
expression:

2 SDDP is a PSR application for the-taich and longterm energy planning with the objective of minimizing the
power systenoperating costs

¥ MAXREV is a PSR application for the-terich and longterm energy planning with the objective of maximizing
spot market revenues of a given company
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J T K
CO=3 4 a c(i.t.k)® G (j,t,k) (2.3)
it k=1
where:
c(j,t,k) variablecost ($/MWh) ofplantj, at hourt, production segmenk

G; (j,t,Kk) generation (MWh) of plant at hourt, production segmenk

2.4 Thermal units start-up cost (CP)

The following constraint defines the total cost of thermal units stgt calculated by the
product of unit startup costscy(j, t) (k$) and starup variablesy(j,t) of each unif.

CP=4 A ¢,(1,)° ¥(i.1) (2.4)

j t=21
where:

y(j,t) it is equal to 1 if the thermal unjtstarted to operate gne startup took place)n
staget ; or to O, in the opposite case

The unit conditions are represented by the binary varialx(gs).

x(j,t) it is equal to 1 if the unitis dispatched at timé; or to O, in the opposite case

The next four equations relate the conditions of the units between two successive hours. If unit
j was not dispatched at hourl, but has been dispatched at hotiy it means that there has
been a starup int, and the binary variablg(j,t) takes the value one.

y(j D - x(j D) +x%,(j)* 0 t=1 (2.5)
y(D+x(j.D)+x()) ¢ 2 t=1 (2.6)
where:
% (]) initial condition of thermal unij at the beginning of the study, defined by the

user (O- disconnected; 1 connected)

y(j,t)- x(j,t)+x(j,t-D20 t=2..T 2.7
y(j,t) +X(j,t) +x%,(j,t-D¢2 t=2.T (2.8)
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2.5 Energy deficit cost (CD)

The greater the energy deficit (% of market not supplied), the greater is thédd&sciety. This

is represented by a step function in which, for each market level not supplied, there is a penalty
(deficit cost) which corresponds to the loss brought on. Each step of this function is a
“segment”. The gr eat earthedamagedndlbe. ci t dept h, the

Rationing cosf$/MWh)
A

» Energy rationing% of the demand

Fig.2.1

The following constraint represents the system power deficit cost, and is associated to eventual
energy rationings. It is the sum of the product of the rationings at eachnbofsthe power
transmission systerd(n,t,k) and of the unit cost ($/MWh) of rationing at each deficit segment

k, co(k). The case not considering transmission may be taker—as.

N T D

CD=3 & 4 (K D(nt,k) 29)

n=1 t=1 k=1

The deficit segments areepresented in % of the demand of each system. The incremental
costs of each segment are indicated in $MWh and should be increasing.

2.6 FCF and FBF

The following set ofP linear segments represents the Future Cost Function (FCF). The
coefficients of each ggnent p, Z, and p,, are produced by the SDDP model through the
creation of the “terminal function?”, and are
applied to the stored volum&/i,T) of each reservoir in stageT, which is the last one in the

study horizon.

az Zp+'a|"pp(i)3V(i,T) p=1pP (2.10)

i=1

A graphical representation of FCF for a reservoir is shown below, with P = 3.
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VG, T)
Fig.2.2

The next set oP linear segments represents the Future Benefit Function (FBF). The coefficients
of each segmenp, R, and p, are produced by the MAXREV model through the creation of the
“terminal function?”, and are directly read
stored volumeV(i,T) of each reservoirin stageT, which is the last one of the study term.

bER, +é‘1pp(i)3 V(i,T) p=1P 2.12)

A graphical representation of FBF for a reservoir is shown below, with P = 3.
b 4

V(i,T)
Fig.2.3

2.7 Generation revenue

The following equation represents the term associated to the spot revenue derived from hydro
plant and thermal unit generation.

L e Lo NTR e
GP=ga aprt)®@,(,t)+a a a ,t) & (j.tk) (212
toi t j k=L
where:
p(t) energy price in the spot market ($/MWh)
G, (i,t) generation of hydro plantin staget

G (j,t,k) generation of thermal unifin staget, production segmenk
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2.8 Secondary spinning reserve purchase/selling

The following equation represents the tesnassociated to thesecondary spinning reserve
purchasg(RP) angelling(RS):

NR T,

RP=3 & p,(t) Gr(myt) (2.13)
m=1t=T,
T2 .
RS=§ 4 ps(i,1) &R(.1) (2.14)
il At=T,
where:
S-(m,t) secondary spinningeserve purchasgby the systenin staget
pr(t) secondaryspinning reserve price staget
R(,t) hydra'thermal assigned reservef planti in staget
ps(i,t) hydro/thermal secondary spinning reserve prioéplanti in staget
T, T initial and final stages o&serveconstraintm
NR number of reserve constraints

il A hydro/thermal plantsbelonging tothe reserveconstraint
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3 POWER PRODUCTION
3.1 Thermal power production
It is possible to represent thermal units consumption factors or specific consumptions (fuel

units/MWh) varying from one to three segments, in accordance with the dispatched output of
the unit. In this case, the operating cost of the thermal unit resuita linear function by parts:

N\

d
-

Operative Cost ($)
N

=

0 T T T T 1
0 20 40 60 80 100
Capacity (%)
Fig.3.1

It may be noted that unit operating costs increase; e.g., the initial 35% of generation capacity
have a unit cost lower that the next 30%.

This type of unit is represented employing three variables of thermal generation, each one with

a unit cost ($/MWh) equal ta(j,t,k), with k= 1, 2 and 3. These variables have the following
operating limits:

0¢ G, (j,t,k) ¢s(j,k)(j,1) 3.1
where:
5(j,Kk) participation factor of production segmektin the available capacity of unjit
P(j,t) available capacity of unjin staget
G, (i,t) generation of unif in staget, production segmenk

3.2 Hydraulic power production

The hydroelectric production of each plant is calculated by the product of the production factor
and the flow through the turbines, as per the equation:

G, (i,t) = 7 (i,t) @i, 1) 3.2)
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where:

r(i,t) mean production factor of plant in staget calculated by the product of the
gravity constant, the plant net head and the combined turbgemerator
efficiency(MW/m?s)

Q(i,t) water flow through plant turbines, in stagé (m®/s)

G, (i,t) planti generation, in stagé (MWh)

NCP also permits to represent the production per hydro unit (see chdfigror to use the
table of variable production factor by means of a convex combination between stored volume
and flow through the turbines for thealculation of the production of a hydro plant.
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4 THERMAL UNIT CONSTRAINTS
The equations which follow represent shaerm operating constraints of thermal units.
4.1 Minimum downtime

The set of constraints below represents the minimum time (hours) that eaehmal unit
should remain disconnected before being allowed to resume operation.

X(j,t-2)- x(j,t)+x(j,k) ¢1 t=2..TF1; k = t+1..min{T, t4()-1} 4.1)
where:
tq() minimum time that unif must remain disconnected (hours)
4.2 Minimum uptime

The set of constraints below represents the minimum time (hours) that each thermal unit
should remain connected (synchronized) before being allowed to exit operation at any time.

x(j,t-D- x(j,0)+x(j,k)2 0 t=2..T1; k = t+1..min{T, t()-1} 4.2
where:

tu() minimum time that unif must remain on line (hours)
4.3 Maximum running time

The next set of constraintepresents the maximum time (hours) that eattkermal unit should
remain connected.

min(T-t.£,, (j)+1)

a x(j,t+kyer,(j) t=2..F1 4.3)
k=0

where:

tu() maximum time that unif must remainconnected (hours)

4.4 Forced units

When selecting a thermal unit under commitment as being forced at any s$tape variable
commitmentx(j,t) will take the value 1 in this stage, i.e., its generation will be forced, even if it
is not an economical decision taken by the model.
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4.5 Maximum generation ramping of thermal units

The following equations define the constraints to the maximum ramp for increase or reduction
in thermal units output, respectively.

K - .
a G (i.t.k)- G (j,t- LK) er(j) t=1.T (4.4)
k=1
K
alG(i.t.k)- G (j.t- LK) 2 - r(j) t=1.T (4.5)
k=1

where:

r(j) maximum ramp for output increase in thermal up{MW/h)

r(i) maximum ramp for output decrease in thermal upfMW/h)

4.6 Maximum number of start-ups (during the study horizon, and each day)

The following equation defines the maximum number of times that each thermal unit may be
started up during the study horizon.

3 y(j.t) ¢ AG) 4.6)

t=1

where:

A(j) maximum number of permissible stawps within the study horizon

The following equation defines the maximum number of times that gaelnmal unit may be
started up (begin operation) each day (24 hours) of the study

a y(i.t) ¢ AD(j) (4.7)

t=1

where:

AD(j) maximum number of permissible daily stams

4.7 Temperature effects

Some thermal units have their maximum output and specific consumption significantly affected
by ambient temperature. The relation between temperature and specific consumption and the
one between temperature and output may be informedN@P by means of tables. In addition,

a series of hourly temperatures anticipated for the horizon of the study are defined. Based on
these informed temperatures and on those tables, NCP finds by interpolation the
corresponding output and hourly specificrsumption.
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4.8 Representation of combined-cycle thermal plants

There is a specific treatment for combineycle units, composed of gas and steam units. For
each unit, the feasible configurations are defined (configuration of gas and steam units that
may bein operation) in accordance with its operating characteristics. For each configuration,
the corresponding operating data are defined. The additional constraint is that, in NCP, only
one configuration must be active (i.e., in operation) at each stage.

K
G(CC.t) = & W(j,t) & G; (j.t.k) t=1.T (4.8)
jicc k=1
awij,t el t=1.T 4.9
jicc
where:
G(CC,1) combinedcycle generation
w(j,t) 1, if configuration is in operation; 0, in the opposite case

G; (j,t,k) configurationj generation in stagé, production segmenk

4.9 Minimum running time at steady load for steam units

This constraint applies to those units (usually steam ones) that should remain running at a
steady load for a minimum number of hours before being able to modify the direction of load
variation. These units have the constraint of not being able to redhe& producton at an

hour t, if the production has been increasing in the previous hours. Similarly. they cannot
increase their production at an hour if the prodution has been decreasing in the previous
hours. Therefore, in both cases the unit must keegteady load for a given minimum number

of hours before being able to decrease or increase its output, as shown in the following figures:

Before decreasing itg
output, the unit must

Output remain t; hours running
4 (MW) at steady load

t

A
\ 4

Time (h)
Fig.4.1
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Before increasing itg
Output output, thﬁ unit must
t
& atsteadyioad
Tlme(h=)
Fig.4.2
The following constraints model units having this type of operating characteristic:
K
P(1.H) (1,02 &[G (i.t.K) - G (j.t- LK)] t=1.T (4.10)
k=1

K

a G (j,t+mKk)- G (j,t,k)]2 P(j,t)BZ(j,1)- 1) t=1.Tm=11,-1 (411)

k=1

Z.(j,0)i {01 t=1.T (4.12)
where:
P(j,t) available capacity
G; (j,t,Kk) thermal unitj generation in stagé, production segmenk
Z.(j,t) binary variable, taking the value 1 if the unit is increasing its load; and the value

0 in the opposite case

ty minimum number of hours the unit should remain running at a steady load

before starting to decrease its output

The constraints in the opposite direction are the following:

K
P(1.0Q(1.0)2 QG (j.t- 1K) - Gr(j.t,K)] t=1.T (4.13
k=1
K
alG (j.t,k) - G (j,t+mk)12 P(j,t)dz,(j,t)- 1) t=1.Tm=11,-1 (4.19)
k=1
Z,(j,0i {031 t=1.T (4.15)
where:
Z,(j,t) binary variable, taking the value 1 if the unit is decreasing its load; and the value
0 in the opposite case
| P minimum number of hours the unit should remain running at steady load before

starting to increase its output
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The firstgroup of constraints obliges(#t) to be equal to 1 when the unit increases its output
with respect to the previous hour. The second group of constraints obligjet3 @ be equal to
0 if it is economical for the unit to decrease its output.

There isalso the possibility of limiting the number of load changes (increase / decrease) by
setting alimit for the changes of direction, as shown in the following equations:

[Z,(j.1) - y(J,D1+[Z,(j,1) - d(j, ] ¢ MV()) t=1.T (4.16)
onde:

d(j,t) assumes value equal to 1 if thermal ufits out of operation (there was a
shutdown) in steg, O otherwise
MV (j) maximum number of load variations of thermal ujit
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5 FUELS CONSTRAINTS
5.1 Availability

The set of equations (5.1) defines thermal plants with maximum fuel consumption constraints
during the study horizon (set MC@®J(j,K) is unitj specific consumption in operation segmeat

(in fuel units per MWh produced) andjXié the fuel quantity avible for thermal unit. This
constraint is defined for all fuelm with availability constraints, and MGg@) is the set of
thermal unitsj utilizing the restricted fuem.

a a G (j.t.k)avj,k) ¢ C(j) jI mcc) (5.1)

t=1 k=1
5.2 Alternative fuels

Units with alternative fuels can be modeled in NCP as if they were distinct units, with their
specific operating characteristics (specific consumption etc.)

For each configuration, an integer varialleis defined. Only one fuel configuration will be
selected by the model in the study horizon. So, it is assumed that a change of fuels during the
study horizon is not possible, since it is very small.

The equations for a thermal plant with two alternatifigels are the following (the case with
more than two fuels is wholly analogous):

5. G (Lt,k) ¢ G(Lt) N() t=1.T (5.2)
5. G (2,t,k) ¢ G(2,t) N(2) t=1.T (5.3)
|\](1) +N(2)¢1 (54

where:

G(L,t),G(2,t) maximum capacity of each configuration in stage
N(@),N(2) integer variables designating the configurations

G, (1t,k) generation of configuration 1 in stageproduction segmenk
G; (2,t,k) generation of configuration 2 in stageproduction segmenk
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6 RESERVOIR OPERATION

6.1 Water balance in hydro plants

The following set of constraints defines the hydraulic balance equation in each plant, where
V(i,t) represents the stored water volume in hydro plantn stageT. The turbined water
volume is represented bgXi,t), and the spilled volume b(,t). It is possible to represent the
water travel time between two cascaded hydro plants, beipgthe travel time between the
upstream plantm and the downstream plant. For each plani, M(i) represents the set of
plants located immediately upstream af Natural incremental affluence to plant is
represented byA(i,t), while irrigation and evaporation are represented fyt) and E(i,t)
respectively.

V(,t+1) =V(,0) + ALY - Q6,1 - S(,0)- 1(i,)- E(i,1)+
m M) £y

a aFPy(mt- k)@(mt- k)+ 6.1)

m M) )

a a FPs(mt- k)B(mt- k)

m k
where:
FR, FR wave propagation factors related to turbined outflow and spillage

These factors represent the water fraction released at the upstream et t-k (k>0) which
reaches the downstream plamtn the current stagé.

For example, if the water travel time from a reservoir A. located upstream of reservoir B, is five
hours,this does not mean that all the water released from A arrives at B exactly 5 labers |

Il n order to represent such “partial?” arrival
define percentage factors for the turbined/spilled water travel time. In the figure below, 95% of

the turbined/spilled water arrived within four hours aftdeing released, and the wave peak
occurred in the third hour.

60%
50%
40%
30%

20% I

0% l l

00 ‘ -
t-1 t-2 t-3 t-4 t5

Fig.6.1
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6.2 Minimum and maximum volume

The next equations define, respectively, the minimum and maximum limits of water volume
stored and of the water volume turbined through the hydro plants.

Quin (1,1) € Q(1,1) ¢ Q, (1,1) (6.2)
Vo (t)yevir)ev  (it) (6.3)
where:
V(it) stored water in reservoir, in staget (m°/s)
Q(i,t) water flow through plant turbines, in stagé (m®/s)

The following set of equations indicates the limits for minimum and maximum water flow
through the turbines for the case of plants under commitment. The variabjgs) are integers

{0,1}

X, (1,8) @iy (1,) € Q1LY € X, ()W, ()  t=1.T (64)

The model considers a series of additional constraints related to reservoir operation, such as:
warning volume, minimum operating volume, flood control storage, minimum and maximum
outflow, and water withdrawal for irrigtion.

The noncompliance with these constraints is penalized in the objective function by means of
values indicated in the graphic interface that can be calculated automatically by the model or
defined by the user.
The equations for each case are giverhe next items:
6.3 Warning volume

V(i,t) +aV,(i,t) 2 V(i t) t=1.T (6.5)

where:

N, (i,1) slack variable associated to the warning volume, penalized in the objective

function
Ve (i, 1) warning volume of plantat staget

6.4 Minimum operating volume

V(i t) + . (i) 2 V. (1) t=1.T (6.6)
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where:
N, (i,1) slack variable associated to the minimum volume, penalized in the objective
function
Viin (i,1) minimum operating volume of plantat staget
6.5 Flood control storage
V(i,t) ¢ Vg, (i,t) t=1.T (6.7
where:

Vesplih1) flood control storage of plantat staget

6.6 Minimum outflow

Q(i,t) + (i, t) + dDy;, (i,1) 2 Dy, (0,1) t=1.T (6.8)
where:
Q(i,t) water turbined by plant at staget
S(i,t) water spilled by plantat stept
a,,,.(i,1) slack variable associated to minimum outflow, penalized in the objective
function
Dyin (i, 1) minimum outflow of plant at staget

6.7 Maximum outflow
Q(i,t) + S(i,t) - dD,.(i,t) ¢ D, (.t t=1.T (6.9)
where:

D, (i,t) slack variable associated to maximum outflow, penalized in the objective
function
Dyax(i 1) maximum outflow of plant at staget

6.8 Target storage

If a target storage exists for plant i, there will be an additional constraint of the type:

Vmeta’nin (I) ¢ V(I ’T +1) ¢ Vmetamax (I) (610)
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6.9 Uncontrollable spillage

This constraint is applied to reservoirs that can spill only when the storage level reaches its
maximum, i.e., there is no control of the spillage operation. The representation of this
constraint is given by the following equations:

S(i,t) ¢ Big &(i,t) t=1.T (6.11)
: V(i,t+1
Xs(1,t) ¢ ——= =
xs(i,t)1 {03 t=1.T (6.13)
where:
Xs(1,1) binary variable that takes the value 1 when the reservoir is at its maximum

storage level, and the value 0 in the opposite case
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7 ADDITIONAL CONSTRAINTS FOR HYDRO PLANTS

7.1 Commitment

The following equations define the state (connected/disconnected) of hydro plants under
commitment as well as the hydro plants starps. These variables are analogous to those
defined for thermal plants undezommitment

Yu (i.1) - X, (1.1) +x,(1) 2 O t=1 (7.1)

Yy (D + X, (D) +x,31) ¢ 2 t=1 (7.2)
where:
X (i) initial condition of hydro plant at the beginning of the study, defined by the

user (0- disconnected; 1 connected)

v (i) - %, (,t)+%,(i,t-1)2 0 t=2.T (7.3)
v, (i,0) + %, (,t) +x,(,t- 1) ¢ 2 t=2.T (7.4)

The next equation defines the maximum number of times that each hydro plant under

commi t ment may be “connected” within the stud
. . =
A i (i,t) ¢ AQ) (7.5)
t=1

where:

A() maximum number of startips permitted to plant

The next equation indicates the maximum number of times that each hydro plant under
commi t ment may be “connected” each day (24 ho

E'Na'.D Yy (i,t) ¢ AD() (7.6)
where:

AD(i) maximum number of daily statips permitted to plant
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7.2 Maximum generation ramp for hydro plants

The next equations define the constraints on the maximum ramphfgdro plants output
increase or decrease, respectively.

G, (@i,t)- G,(i,t-D¢r() t=1.T (7.7)
g(i,t)- 9@i,t- D2 -r(i) t=1.T (7.8)
where:
r(i) maximum ramp for power output increase of hydro plafW/h)
_r(i) maximum ramp for power output decrease of hydro pla(¥Ww/h)

7.3 Compensation Chamber

When associating a reservoir to a plant through this constraint, the maximum generation of this
planti will be limited in a mode directly proportional to the level of the associated reseryoir
as per the equation below:

V(LD - Vo (1) 55 1y 2 G, i, 1) t=1.T (7.9)
Vmax(r) - Vmin (r)

where:

V(r,t) volume stored in reservoirat staget

V. (1) reservoirr minimum volume

V(1) reservoirr maximum volume

P(,t) hydro planti available capacity at stade

G, (i,t) hydro planti generationat staget

7.4 Forbidden Generation Zone

There are plants having "forbidden” generation bardsving to operating constraints of each
generator, such as vibrationin which it is not possible to operate below a given value of
turbined outflow. The conjunction of minimum operating values of each generating unit can
originate “forbidden” generation bands at t h
having a mimum turbined outflow of 150 rfis and a maximum turbined outflow of 200°fa
follows.

- .

0 150 200 300 400 m°/s
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The plant cannot operate in the intervals180 n¥/s and 200300 ni/s, and this may be
represented in the modethrough the definition of the values of minimum and maximum
turbined outflow for each generating unit of that plént

7.5 Associated reservoir

When selecting an associated reservoir for-afrriver plants, the production factor of thein-
of-river plant is rlacedby the production factor of the associated reservoir.

* Thisconstraintis valid only for hydro plants witcommitmentrepresentdion.
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8 SYSTEM SECURITY

8.1 Primary reserve

It is possible to define the primary reserve as either: (i) a percentage value applicable to each
plant of the system, or (i) based on the definition ofparcentage of the plant available
capacity (installed capacity MW under maintenance) or (iii) by means of an absolute value
(MW) to be withdrawn from its available capacity. The values of the reserve vary in time.

8.2 Secondary spinning reserve

The secondar reserve is modeled as a generic type of reserve. Each reserve is an additional
constraint in the formulation of the problem which, for a set of plants selected by the user,
complies with the following expression:

a R@,t)+s,(mt)2 R (mt) m=1.NRt=T..T, (8.2)

i A
The set of constraints below represent the possibility of definition of minimum and/or
maximum limits of reserve for each hydro/thermal plant:

Ruin (1) Q= (0,1) ¢ R(i,1) ¢ R, (i,1) O (i 1) t=T.T (8.2)
G(i,t)2 G, (i,t) &(i,t) + R(i,t) t=T..T (8.3
G(i,t) +R(i,t) ¢ G (i,t) &(,t) t=T..T (8.4)

where:

R(,t) hydra'thermal assigned reserve of planin staget

R (mt) liability value in relative terms (% of demand) or absolute terms (MW

S-(m,t) slack variable(secondary spinningeserve purchase by thesysten)

Roax(,1) hydro/thermal maximum assigned resergéplanti in staget

R, (1,1) hydro/thermal minimum assigned reseng planti in staget

Ya(i,t) variable that decides if thbydro/thermal plant willaccomplish with reserve

G(,t) hydro/thermal planti generation at stage

x(i,t) hydra'thermal commitment variable

G, ., (,1) hydro/thermalplanti available capacity at stage

G, (@,t) hydro/thermal planti minimum generatiorat staget

T, T2 initial and final stages of the constraimt

® The reserve can be purchasatithree possibilities of price: secondary spinning reserve price (defined by the
user), fixedvalue(defined by the user) and an automatic penalty (calculated by the model).
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il A hydro/thermal plantsbelonging tothe reserveconstraint
NR number of reserve constraints

For norcommitment plants, the equations are the samvéhout the commitment variable.
8.3 General constraints to generation

Constraints to the generation of a set of plants (thermal and hydro). There are three
possibilities:

1. the sum of the generation of a set of hydro and/or thermal plants musgieater than

orequaltol ) t he values given in the table.
2. the sum of the generation of a set of hydro and/or thermal plants mussraller than
orequaltol <)t he values given in the table.

3. the sum of the generation of a set of hydro and/or thermal plants musefeaal to
(=)the values given in the table.

8.4 Target generation

The set of constraints below establishes a total generation target for the week (or any other
planning horizon) for any set of hydro and thermal generators defined by the user.

2e. &. . X . B
Gmetg, ¢ g é¢a a&,(i,t)+a G, (j,t,k)ay¢ Gmeta, (8.5)

t=T, 8.if W, C k=1 U

where

Gmetag, lower bound to the total generation (MWh)

Gmeta, upper bound to the total generation (MWh)

iji Wh set of hydro and thermal plants pertaining to constraimt

T, T2 initial and final stages of the constraint

8.5 Plant self consumption

Energy self consumption is modeled as a percentage of actual capacity to be subtracted from
the available capacity of eadhydro plant or thermal unit. The generation results are shown
both in terms of gross capacities (including the self consumption) and of net capacities.

8.6 Generators initial conditions

In a shortterm study, it is possible to specify the initial conditions the generators under
commitment, which are:
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1. number of hours connected or disconnected;
2. generation in the last hour before the study;
3. time during which the hydro plant or thermal unit runs at a constant level;
4. direction of previous generation variatigteking up or reducing load).
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9 DCPOWER FLOW WITH LOSSES MODEL

9.1 Model of the transmission network

The constraint (9.1) represents the first Kirchhoff law. The energy balance at each bus of the
transmission system must be equal to zero. Indexeand n represent nodes (buses) of the
transmission systeni(m,n,t) is the power flow in the circuit that connects buses at staget,

and the losses in this circuit are represented(oy,n,t). To simplify the notation, a single circuit

is considered for each padf source/destination buses.

A [f(mnb)- I(mnp)]+ 3 g‘@H(i,t)+§ GT(j,t,k)g+ D(nt)=D(nt) t=1.T (9.1)
m, n i,jinG k=1 =

Quadratic losses in circuitderms|(m,n,t) of equation (9.1} are approximated by NCP through
the discretization of flows in thines and of the corresponding losses in linear segments.

Equation (9.2) represents the second Kirchhoff law for the DC flow model. The flow in each
circuitf(m,n,t) is proportional to the difference of the nodal angles between the source and the
destinaion buses @n-gn), divided by the circuit reactanc&(m,n) This equation is not
represented when the circuit is a DC link.

f(mn,t)=(q,- g,)/ X(mn) t=1.T 9.2
Lastly, equation (9.3) represents tbperating limits of the circuits.
- fa(mnt)e f(mn,t) ¢ f_ (mn,t) t=1.T 9.3

9.2 Sum of circuit flows

These constraints enable to represent minimum and maximum limits for a set of circuits
selected by thaiser. For each constraint, it is necessary to inform its upper and lower limits, as
well as the circuits that take part in the constraint. The following equation defines the limits for
the sum of flows in the selected circuits:

F(k,t)¢ J f(mn,t) ¢ F(k,t) t=T..Tp (9.4)
(mn)i k
where:
E(k,t) lower limit of the sum of flows of constraiktat staget
F(k,t) upper limit of the sum of flows of constraifatat staget

T, To initial and final stages of the constraint
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9.3 Model with no losses

The next figure shows the representation of flow between two nodes of the transmission
system in NCP.

f+
—
@ @
4—
f i
Fig.9.1

The flow is represented by two componerfitandf, both positive, so that the resulting flow is:
f =f*- f . Note that, unlikef “andf", f may be either positive or negative.flfs negative, it
means that the flow goes frori to H, and if it is positive, the flow goes fromto T. The
transmission line connectingandThas a capacityf , so that|f| ¢ f .

According to this conventior,” points fromHto T, andf “from Tto H. In the linearizd model
(DC), the resulting flow is calculated by the following expression:

f = G - & (9.5)
XHT
where:
e qr they are the angles of nodé$andT, respectively.
Xt it is thecircuit reactance.
G Gr
f+
—>
H T
N
f |
Dy Dr
Fig.9.2

Considering now the configuration of the figure above, the equations for the power balance in
each node are

G,+f - f"-D, =0 (9.6)
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G +f"-f -D, =0 9.7
where:
G generation of plants located at node
D demand at node.

9.4 Model with losses

In the model with losses, there are also two variables associated to flow compopéats: the
losses associated to flof, andp those associated to flow.

Fig.9.3
Example:

Let us assume that nodehas a demand of 100MW, and the circuit loss is 5%. This being so,
plants connected to noded must produce 105,26 MW (100 / 0.95) in order to fulfill the
demand. Therefore, the loss in circuitTHmay be interpreted as an increase of the demand in
node T.

p’ =5.26MW
Gh = 105.26MW
f ¥ =105.26MW
—
H T
Dr=100MW
Fig.9.4

9.5 Linear approximation of losses

Lossesin transmission circuits vary with the square of the flow (Joule effect), and may be
written in p.u.as follows:



PSR NCP 5.91 Methodology Manual 29

p"=r(f")? (9.8)
p=r(f)? (9.9
where:
r circuit resistance.

These two equations would produce rndinear constraints. In order to have a purely linear
model, these equations are linearized, utilizing a flow discretization. NCP enables to select the
maximum discretization leveNj for loss linearization.

In thisformulation, the flow fromH to T may be represented by the sum of the flows of the
segments. Mathematically:

=& (f]- 1) (9.10)

m=1

This way, losses may be approximated by the followiregrization:

K
p'=aanfs (9.11)
m=1
K
p=aanf, (912
m=1
where: a,, = 2m- lrf , i.e., the derivative of lossesith respect to flow, at the central point of

segment (M-1,m), where the flow is?emK;l f;% f
¢

|- OOt

9.6 Obtaining of the number of segments for loss approximation

In this formulation, it is important to have a criterion to define the number of segmemtset
utilized for the linear approximation, by parts, of the loss function of each circuit. The reason is,
the greater the number of segments, the better is the linear approximation of the quadratic
loss function, but the greater becomes the number of peob variables.

So, we need to establish a criterion to determiikén)with the smallest number of segments
enabling to obtain an adequate approximation.

A measure of the error derived from this approximation is given by the greatest difference
between tre linear approximation and the quadratic loss function. We shall prove next that this
maximum difference is reached in the mean point of each segment, and that it is the same in all
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segments. This means that the maximum difference is a function only otimeber of
segments, and not of the segment index.

Once obtained this maximum difference that will be nam&dwe can establish an absolute
criterion:

“Let K(m) be the smallest number suchtban)A & a Yl £ £t SNJ 2NJ Sljdzr £ G2

This criterion may be combined with a relative criterion regarding the values of the loss
function. Letp(f,) be the loss value at the point of maximum loading of the circuit, that is given
by rm 23 10* Thus, the dterion for the choice oK(m)can be:

“Let K(m) be the smallest number such tBén) is smaller than or equal to TolAls D(m) is
smaller than or equal to TolRel% of the loss at maximum loadifig), §(

This will be the adopted criterion.
Example:
The figure shows the case fi§ 5:

.
—

>
—>

f3
—>
H
£y
—>

f5
—>

fo ¢ f/5 m=1K
f, ¢ /5 m=1.K

Note in the next figure howK= 5 produces an excellent approximation.

¢ 2
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9.7 Calculation of maximum difference

The difference between the linear approximation and the quadratic function is:

D=akf +r

&k-0f8 & (k-1
g ref e o

e

Q

2

o\C

u é K

This function reaches its maximum value at the point where the derivative is zero.

Dl

0

Y

2 oy + (o078
¢ K =
fak (k- 170
g (k ng
car K =
ar f(2k- 1) s
e -0
f =c& K (k-l)fo
& 2 K O
x (6]
g —
f:?km«1:2k+a
2K
_f
f=—" (9.13)
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, , . e fo :
This point corresponds to the mean point of the segn*@mlzu. Therefore, the maximum
é Xu

difference is given by:

_ . — 2
e(K - 9
A B 1)fu_r , (k- 1)fu
k€K UTTa Tk U
_ rf@keDaf, ek N é?c"f T fk-DTB ok- N
= el e— “IE 8- u-ré U
K 2K § K DK 9 e2|< K & & kK Y
—2
—2
rf
= 9.14
4K2 ( )

Note that the maximum difference between the linearization and the loss function does not
depend on segmerk, i.e., the maximum error that can be incurred in the linearizatiorkof
segments is the same in all segments, and is given by the expression above.

9.8 Criterion for selecting K(m)

LetKa be the number of segments complying with the absolute criterion:

Drf

(9.15)

ThenK, is given by:

—2

rf
K :,/..— 9.16
A\ 4&olAbs (9.16)

LetKrbe the number of segments complying with tredative criterion:

Drf

(9.17)

Thenkgis given by:

[ 1
K= |—— 9.18
R V4GolRel (.18
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The adequate number of segments tbe adopted criterion is given by:
K =min{N,K,,K:} 9.19

Note that the number de segments complying with the relative criterion does not depend on
circuit parameters.

9.9 Number of segments versus relative tolerance criterion

Given a value df,the value of the guaranteed relative tolerance may be calculated:

TolRel =+ (9.20)
4K

Thus, for example, fak= 3,TolRel 2.78. This means that, when approximating the quadratic
loss function with 3 segments, the maximum error is less than 2.78% of the value of loss
associated to maximum circuit loading. Varying the valud§we obtain the following table.

K TolRel (%) Qiterion

1 25.00 D¢ 25%3 p(f)
2 6.25 D ¢ 6.25%3 p(f)
3 2.78 D¢ 2.78%:3 p(f)
4 1.56 D¢ 1.56%:3 p(f)
5 1.00 D¢ 1%3 p(f)

9.10 Inconsistency of the loss model

Let us assume that the energgarginal cost is zero, for example, in a situation of energy
surplus. The interpretation is that, at this moment, there is no increase of the operating cost for
an increase of energy demand.

This situation may cause problems for the aforementioned loss representation. The reason is

t hat , i n this situation (zero marginal cost),
circuits?”, t hat repr esent sfitlae fdliffeseatrfrent 2emm.at i on,
Depending on the segment selected by NCP, the losses can be significantly greater than the real
ones. This situation occurs because: (i) losses are added to demand; (i) as commented, the
demand increase does not repregeany additional cost.

{3

One way to solve this distortion is to
associating to them a small cost )0 This penalty is sufficient to prevent distortion in the loss
calculation. Thudy* (or &) will be different from zero only if* (or f,¢) have a value equal to
maximum capacity, with i < K. It is also recommended not to use spillage costs in case of loss
representation in NCP.

pen
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9.11 Restrictions on import / export electrical areas

The import / expaot area net is given by the difference between generation and demand:

I(at) ¢ G(a,t)- D(at) ¢ E(at) t=1.T (9.21)
onde:
G(at) total generation in the area and shget
D(a,t) total demand in the area and shget
E(at) exportlimit in the areaa and staget
I(at) import limit in the areaa and saget

The total generation in the area is the sum of generation at all btissbelongto this area.
The area is @omponent ofbuses dataand must benformed on the configuration screen of
buses/ areas. Different limits of export / import can be reporteat each stage t.
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10 HYDROELECTRIC PRODUCTION PER UNIT

NCP enables to represent hydroelectric production at the generating unit level, by taking into
consideration a series of factors that are not used in the representation by plant, such as:

1. Variation ofthe efficiency of the turbingenerator set with the turbined flow (i¥s).
2. Minimum and maximum turbined outflow per generation unit.

3. Hydraulic losses in the penstock supplying the generating units (function of the plant
turbines total flow) and hydraulim$ses allocated to each generating unit (function of
the turbined outflow of each unit). For each of these losses, a coefficient is informed, to

be multiplied by the square of the plant or unit turbined outflow, the result being the
hydraulic loss.

4. Tailrace level as a function of the plant turbined outflow, and possibly of the spilled flow
(depending on the plant design).

5. Relation between reservoir water level and stored volume.

These data make possible to construct the production function of each gemganit.

The relation between the efficiency of the turbigenerator set and the turbined flow is shown
in the chart below; however, this relation may change with the reservoir level, giving rise to
series of curves, one for each reservoir level.
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As to hydraulic losses, in most cases there is a component affecting all units of a hydro plant,
that depends on the total plant flow (sum of units turbined flows). This component also
depends on thepenstocks parameters (material, length and diameter), which are combined
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into a single coefficiena;). The second part of hydraulic lo&s,) depends on the turbined
flow of each unit (separately), after the water leaves the penstock common tarihés).

Thus, the components may be grouped in the following manner:

1 Unit: efficiency of turbinggenerator set and hydraulic losses in the unit turbined outflow.
1 Plant: losses in penstock, tailrace level and representation of the-i@haine curve.

This separation results in the following representation of the production function. Let us
assume a generating urjibelonging to plant. One axis indicates unjiturbined flow at stage

(g,0)- The other axis indicates the total flow through the plantbines Q. The production
function resulting from unif at staget (p;:) is a biconcave function ofqand Q.

Thus, p: may be written as a convex combination of the production function calculated for the
pairs of points of the gric{(ﬁ,k,cﬁ,,k} , resulting in the outputs per unifg;, , where k/1.K

indexes the points of the grid of uniand Kis the number of points of the grid.

> dﬁ,k
/
§,
Fig.10.2
The output ;. is calculated by:
B = 0001 &(d,) dhee) - s (&) - Do B .0 (10.L.a)
hpd(fgj,k,ﬁ,k) =a, C'Qfgj,k)z +a, Q) (10.2.b)

where;:
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g acceleration of gravitym/s®)
h((ﬁ,k) efficiency function of the generating unit, which depends on the unit flow
Pres(V) reservoir level which depends on the stored volume

hy (ng,k) tailrace level
ho(& .6 ,) hydraulic losses which depend on the unit and on the plant

An illustration of the production function of a generating unit follows. Note ¢batour lines of

the resulting output on the plane XY of the chart. It may be observed that they incline
outwards, showing that, in order to maintain the same production of the unit when there is an
increase in the total plant flow, it is necessary tor@ase the unit turbined flow.

It is also possible to visualize that the distance between the different contour lines increases
with the unit turbined outflow. This is expected for a concave function, since more water is
required for producing the same amot of energy when the turbined outflow increases.

Unit Power (MW)

Unit Turbined Outflow (m3/s)

Fig.10.3

As shown in the previous figure, hydroelectric production is a concave function of the unit
turbined outflow. It is also a concave function of ttagal plant turbined outflow, on account of
hydraulic losses and of the tailrace level. Note that hydraulic losses are due to friction between
water and the penstock surface, which may be common to several units.
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For qach pointk of the grid of unitj, pertaining to planti (l), there is a vector of values
{ﬁ,k,c@,k, ﬁ,k} that are calculated before the optimization of the problem, considering the initial

volume of the reservoirs.

As discussed above, the formulation of the problem represents thdyzction function at each
hourt as a convex combination of these discrete values. For this purpose, a set of continuous
variables is introduced into the formulation of the problem, weighting the points of the grid in
order to find the solution. We willlow now how these variables are represented by this
approximation.

10.1 Unit turbined outflow obtained from the combination of grid points
Kj _
A=A/ ue Bk "j=1.,3;t=1.T (10.3)
k=1
10.2 Unit output obtained from the combination of grid points
Kj _
Pj,tza/j,k,tcﬁ,k "1=1..,3t=1...T (10.4)
k=1
10.3 Total plant turbined outflow obtained from the combination of grid points
KJ . =
Q,=a /., "i=1,0," =10t =10T (10.5)
k=1

10.4 Relation between unit turbined outflow and total plant turbined outflow

Q=& G "=, =0t =T (10.6)
mil,
10.5 Plant volume obtained from the combination of grid points
V.=a/,. 8, "i=1.,0" =105t =00T (10.7)

Replacing (10.2) in (10.5) and using (10.4):

Al =8 a/lma B "i=1.5t=1.T (10.8)
k=1 mi Ii k=1

Thus, it is observed that the decision variableg, are determined by the grid points.
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10.6 Auxiliary variables

é/Lmzl "i=1.,:t=1..T (10.9)
Xt CEhinj,t ¢q, ¢‘Enaxj,t G(j,t "1=1.,3t=1.T (10.10)
where:
X; ¢ variable for commitment of unitat hourt.

10.7 Hydro unit start-up cost

An auxiliary variablg; is introduced in the formulation, receiving the value 1 if unwas
connected at hout, and the value O in the opposite case. It is related with the commitment
variablesx;; by the equations below:

Yie € X "j=1.,3;t=1..T (10.12)
Vit~ Xjp + X112 0 "j=1..,3;t=1..T (10.12
Vit ¥ Xjr ¥ X1 62 "j=1.,3;t=1..T (10.13)
xj; 1 {0} "j=1.,3;t=1..T (10.14)

10.8 Example of grid calculation

The grid is calculated at first by utilizing the valughaf initial volume stored in the reservoirs.
After this calculati on, an operation is Si mu
all along the study horizon. The case is performed again in an iterative process, in which a new

grid is calculatedtaking into account the course of the volume obtained in the previous
simulation.

The volume is discretized (in up to 5 segments) assuming a percentage variation of 25% below
the minimum value reached in the simulated course and of 25 % above the nraxualue
reached in the simulated course, thus representing the variation of the-lelame curve in

the production function, since for each discretized volume value a corresponding output is
calculated.

The process for calculating the initial grid Vol detailed next (utilizing the value of the initial
volume).

The process consists in the creationLefalues (input data), equally spaced, for ugiturbined
outflow, varying between the minimum and the maximum value of turbinetllow of the unit
in question. Also, as an input datumil is the number of equally spaced values for plant
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turbined outflow. These values vary from the unit turbined outflégaup to the sum of the
maximum turbined outflow of all other units of the plant plus the valgieof the discretized
unit, so as to obtain the minimum and maximum value of the total plant turbined outflow.

For each pair of unit turbinedutflow and plant turbined outflow, the value of unit output is
calculated, using equation (10.1).

The procedure for calculation of the grid is the following:
For any{ of 1,...L

| - lo
83
Qeq qJ_ 0

=

Q M|n| @"' a qn Qconduto forcadd]
I ni 1

For anymof 1,..M
&=+ (o- 42038
F=0001Y @B W) - 2 - 2.5 - (B)
Write down grid point §& g}
Nextm
Nextl

<o

As an illustration, a grid is presented in which the unit and plant turbined outflows have been
discretized into 5 values, totalizing 25 values. Thé turbined outflow commences with the

first point of the turbined outflow x efficiency table, which is considered the minimum value,
and terminates at the last value of the same table, taken as the maximum value. As previously
explained, the plant turimed outflow begins with the same value of minimum turbined outflow

of the unit, and terminates at the lesser value between the capacity of the penstock and the
sum of all the other units in their maximum turbined outflows plus the discretized turbined
outflow of the unit in question.

Extra points (5 + 1) (P.E.) are added to the grid, to indicate when the unit is disconnected
(turbined outflow equal to 0), so that the plant turbined outflow is discretized from 0 (all units
disconnected) up to the maximunt all the others connected. These points are used in the
cases when the best solution would be for the unit to be disconnected (output equal to zero), in
case it is under commitment.
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Point Unit turbined Plant turbined Unit
outflow outflow output
(m*/s) (m*/s) (Mw)
P.E. 01 0.00 0.00 0.00
P.E. 02 0.00 22.84 0.00
P.E. 03 0.00 45.68 0.00
P.E. 04 0.00 68.52 0.00
P.E. 05 0.00 91.36 0.00
P.E. 06 0.00 114.21 0.00
01 12.10 12.10 25.73
02 12.10 40.66 25.49
03 12.10 69.21 24.99
04 12.10 97.76 24.22
05 12.10 126.31 23.20
06 17.83 17.83 37.85
07 17.83 46.38 37.42
08 17.83 74.93 36.61
09 17.83 103.49 35.41
10 17.83 132.04 33.83
11 23.55 23.55 49.93
12 23.55 52.10 49.26
13 23.55 80.66 48.09
14 23.55 109.21 46.40
15 23.55 137.76 44,22
16 29.28 29.28 61.95
17 29.28 56.83 61.04
18 29.28 84.39 59.54
19 29.28 111.94 57.45
20 29.28 139.50 54.78
21 35.00 35.00 73.90
22 35.00 61.13 72.74
23 35.00 87.25 70.95
24 35.00 113.38 68.53
25 35.00 139.50 65.49
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11 ANNEX A: MEDIUM/LONG TERM STUDIES REFINEMENT

There is often a demand for power operation results in an hourly scale, even when the energy
study has a range of some years. As it not reasonable and it is probably unfeasible to attempt to
optimize production at each hour within this horizoan interesting alternative consists in
itemizing in an hourly scale the results of studies made in weekly/monthly stages.

The idea is simple: starting from a SDDP study witleekly/monthly stages, ang synthetic
series,x-yshort-term cases are solvelly the NCP, each one with the number of hours of the

stage (week/month). The initial and final volumes in each stage are read from the files
produced by SDDP (volfin.csv). The initial volume corresponds to the final volume of the
previous stage and the fanl vol ume of the current stage is
vol ume” of the NCP.

Also, the plant conditions previous to the stage to be detailed are considered. For instance, if
the plants were synchronized, which was their output, and since whey twere. This
information is important for the constraints of minimum operation and standstill times, and of
minimum ramps for output increase or decrease.

The partition of demand levels is made by means of weekly/monthly curves. It is necessary to
inform to which level pertains each one of the hours of the stage. Through this curve, it is
possible to obtain the hourly demand, distributing uniformly the amount of energy of each level
among the hours that pertain to it.

Normally, the hourly demand is alable and, from it, the demand by levels is constructed.
Therefore, this operation is a sort of *
SDDP.

i nver

All the constraints present in the mediulong term study, and that exist also in the shtatm,

are observed: either variables per hydrological scenario, load level or both. It is possible, also,
to select only some series and stages of the original study to the effect of partition, e.g., a
typical summer or winter week. In the naelected stagegshe results are taken directly from

the original study (with weekly/monthly stages), observing the same logics for level partition.

This development was applied to the Guatemala system, which has 58 thermal plants (15 of
which under commitment), 19 hydr@lants, 95 buses and 120 circuits. The next figure
compares the volumes stored at Chixoy plant (Guatemala), taken from a SDDP study with 18
weeks, and hourly itemization made by NCP (3024 hours total). The 18 cases of NCP were
solved in about 6 minutes (RBum IV 2.8 GHz HT with 2 Gb RAM).
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12 ANNEX B: QUESTIONS AND ANSWERS

12.1 Minimum downtime

The minimum downtime refers to the minimum number of hours that the plant must remain
disconnected beforeesuming generation. For example:

Let us assume a plant that has been on line for one hour before the commencement of the
study, and has a minimum downtime of 3 hours. If this plant has to be disconnected at stage 1,
then it should remain disconnected uhstage 3, and may be reconnected only at stage 4.
Considering the commitment variableas x(t) and assuming the initial condition for t = 0, as
X(0) = 1 (connected), it follows that:

1 Stage (t=1):

Initial condition: x(0)=1
Decision of the model: x(1)=0
Constraints: X(0)-x(1) + x(k) <=1, fork = 2..3
x(0)- x(1) + x(2) <= To comply with this constraint, x(2) must be equal to zero.
X(0)-x(1) +x(3) <=1 To comply with this constraint, x(3) must be equal to zero.
Solution: x(2)=0

x(3)=0

1 Stage (t=2):
Constraints: X(1)-x(2) + x(k) <=1, fork = 3..4

X(1)-x(2) +x(3) <=1
X(1)-x(2) + x(4) <=1

1 Stage (t=3):
Constraints: X(2)-x(3) + x(k) <=1, fork =4..5

X(2)-x(3) +x(4) <=1
X(2)-x(3) +x(B) <=1

Fromstage 4 on, the plant is permitted to connect, or to remain disconnected, since it would
comply with the other constraints.
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12.2 Minimum running time at steady load

The constraints for steam thermal plants refer to a minimum number of hours the plant must
reman at steady load (without increasing or decreasing its generation) before changing the
direction of variation of its generation.

For example: for a plant which has a minimum time of 3 hours at steady load before being able
to decrease its generation, awvailable capacity of 50 MW, and had the following generation
pattern [G(t)]:

G(1) = 30 MW
G(2) = 40 MW

the constraints for stages 2 ,3 and 4 are:
1 Stage (t=2):
Plant taking on load: Z(2) =1, as G(2) >= G(1)

Z(t) is a binary variable (0,1) thtatkes the value (0) when the plant is losing load, and
(1), in the opposite case.

Decision of the model: G(1) =30

G(2) = 40
Constraints: G(2+k)}-G(2)? 50.Z(2)-50, fork =1..2
G(3)-G(2)? 50.Z(2)-50 - G(3)? 40 (R1)
G(4)-G(2)? 50.Z(2)-50 - G(4)2 40 (R2)
50.Z(2F G(2)-G(1) - 502 10 (OK)

At stage 3, the model decides to decrease its generation [Z(3) = 0], but it must observe the
constraint of steady load for a minimum of 3 hours. The constraints for the next stagres

1 Stage (t=3):
Plant losing load Z(3)=0
Decision of the model G(2) =40
Constraints: G(3+k)}-G(3)? 50.Z(3)-50, fork =1..2

G(4)-G(3)2 50.2(3}-50 G(4)-G(3)2 -50  (R3)
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G(5)-G(3)? 50.Z(3-50- G(5)-G(3)? -50 (R4)

50.Z(3¢ G(3)-G(2) - G(3)¢ 40 (R5)
With constraints (R1) and (R5) it is already possible to note that generation at stage 3 will be 40
MW, i.e., the same as in stage 2. Thus, it is only necessary to keep generation at 40 MW for
another hour in order to be ablto change the direction of variation of the generation.

1 Stage (t=4):
Plant losing load Z(4)=0
Decision of the model: G(3) =40

Constraints G(4+k)}-G(4)? 50.Z(4)-50, fork =1..2

G(5)-G(4)2 50.Z(4-50 G(5)-G(4)2 -50  (R6)
G(6)-G(4)2 50.Z(4)-50 G(6)-G(4)2 50  (R7)

50.Z(4f G(4)-G(3) -  G(4) ¢ 40 (R8)

With the constraints (R2) and (R8), it is already possible to note that generation at stage 4 will
be 40 MW that is the same as in stages 2 and 3.

From stage % n , the ©plant is already “authorized?”
variation, since it has already fulfilled the minimum time of 3 hours at steady load.



