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1 INTRODUCTION 

The objective of this document is to present the NCP mathematical programming model. This 
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 approach (in 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 short-term operation. There is a large literature on this 
subject, mainly 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 short-term 
optimum programming. In the course of the document, both rules and operational constraints, 
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 the system demand, spread among the diverse 
points of the network, in such a way as to comply with the following basic aims: 
 

(i) To provide the consumer market with a highly reliable supply; 

(ii) To establish a transparent and objective criterion for defining the system operation 
programming;  

(iii) 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 start-up) and variable costs (fossil 
fuels and penalties 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 characteristics 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:  
 

(i) Units spinning reserves, secondary reserves by region or system, warning values of 
stored volumes in reservoirs; 

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

(iii) Representation of Kirchhoff's equations governing the physical laws of power flow 
distribution in the 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 volumes) and 
environmental constraints (minimum flows, irrigation and others); 

(vi) Coupling of short-term operation programming to long-term power planning 
studies, and integration with electrical models to check the operation feasibility 
from the electrical standpoint (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 revenue) for an electrical system made up of 
hydro and thermal generating plants, for a range up to thirty-one days (744 hours)1, in 60, 30 
and 15 minute stages. Its algebraic formulation is described in the next chapters. 

                                                 
1
 For the cases lasting more than one week (168 hours), it is recommended to simplify the data base (smaller 

number of power units, especially the ones modeled with commitment decisions, relaxation of some operating 
constraints), since there is a limit (2Gb) for RAM memory utilization in 32-bit applications, which may affect the 
model operation. 
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2 OBJECTIVE FUNCTION 

There are two ways 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 = Min CO + CP + CD + RP + RS + a  (2.1) 
 
Costs may be divided into four components:  
 

¶ Variable thermal operating cost (CO) 

¶ Thermal start-up cost (CP) 

¶ Energy deficit cost (CD) 

¶ Future cost function (FCF), relating the expected value of future production cost to the 

water volume stored in the reservoirs. In the SDDP2, the FCF is approximated by a scalar a 
and by the set of linear inequalities. 

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 corresponding total 

energy generation. Scalar b represents 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 MAXREV3, FBF 

is approximated by a scalar b and by a set of linear 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 mid-term and long-term energy planning with the objective of minimizing the 

power system operating costs. 
 
3
 MAXREV is a PSR application for the mid-term and long-term energy planning with the objective of maximizing 

spot market revenues of a given company. 
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where: 
 

),,( ktjc  variable cost ($/MWh) of plant j, at hour t, production segment k 

),,( ktjGT
 generation (MWh) of plant j, at hour t, production segment k 

2.4 Thermal units start-up cost (CP) 

The following constraint defines the total cost of thermal units start-up, calculated by the 
product of unit start-up costs cp(j, t) (k$) and start-up variables y(j,t) of each unit j. 
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where: 
 

),( tjy  it is equal to 1 if the thermal unit j started to operate (one start-up took place) in 

stage t ; or to 0, in the opposite case  
 
The unit conditions are represented by the binary variables x(j,t). 
 

),( tjx  it is equal to 1 if the unit j is dispatched at time t; or to 0, 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 hour t-1, but has been dispatched at hour t, it means that there has 
been a start-up in t, and the binary variable y(j,t) takes the value one. 
 

0)()1,()1,( 0 ²+- jxjxjy    t = 1     (2.5) 

 

2)()1,()1,( 0 ¢++ jxjxjy    t = 1     (2.6) 

 
where:  
 

)(0 jx  initial condition of thermal unit j at the beginning of the study, defined by the 

user (0 - disconnected; 1 - connected) 
 

0)1,(),(),( ²-+- tjxtjxtjy    t = 2..T     (2.7) 

2)1,(),(),( 0 ¢-++ tjxtjxtjy   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 the loss to Society. 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 greater the deficit depth, the greater the damage will be. 
 

 
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 each bus n of the power 

transmission system D(n,t,k) and of the unit cost ($/MWh) of rationing at each deficit segment 

k, cD(k). The case not considering transmission may be taken as n = 1. 
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The deficit segments are represented 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 of P linear segments represents the Future Cost Function (FCF). The 

coefficients of each segment p, Zp and pp, are produced by the SDDP model through the 

creation of the “terminal function”, and are read directly by NCP. These linear segments are 
applied to the stored volume V(i,T) of each reservoir i in stage T, which is the last one in the 
study horizon. 
 

),()(
1

TiViZ
I

i

pp ³+² ä
=

pa     p = 1..P    (2.10) 

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

 

Energy rationing (% of the demand) 

Rationing cost ($/MWh)  
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Fig. 2.2 

 

The next set of P linear segments represents the Future Benefit Function (FBF). The coefficients 

of each segment p, Rp and pp are produced by the MAXREV model through the creation of the 

“terminal function”, and are directly read by NCP. These linear segments are applied to the 
stored volume V(i,T) of each reservoir i in stage T, which is the last one of the study term. 
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A graphical representation of FBF for a reservoir is shown below, with P = 3. 

 
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. 
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where: 
 

)(tp   energy price in the spot market ($/MWh) 

),( tiGH  generation of hydro plant i in stage t 

),,( ktjGT  generation of thermal unit j in stage t, production segment k 

b 

V(i,T) 

V(i,T) 

a 
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2.8 Secondary spinning reserve purchase/selling 

The following equation represents the terms associated to the secondary spinning reserve 
purchase (RP) and selling (RS): 
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where: 
 

),( tmsP   secondary spinning reserve purchased by the system in stage t 

)(tPp   secondary spinning reserve price in stage t 

),( tiR    hydro/thermal assigned reserve of plant i in stage t 

),( tiSp  hydro/thermal secondary spinning reserve price of plant i in stage t 

T1, T2  initial and final stages of reserve constraint m 

NR  number of reserve constraints 

iÍA  hydro/thermal plants belonging to the reserve constraint 
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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 results in a linear function by parts:  
 

 
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 to c(j,t,k), with k = 1, 2 and 3. These variables have the following 
operating limits: 
 

),(),(),,(0 tjPkjktjGT Ö¢¢ s        (3.1) 

 
where: 
 

),( kjs  participation factor of production segment k in the available capacity of unit j 

),( tjP  available capacity of unit j in stage t 

),( tiGT  generation of unit j in stage t, production segment k 

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: 
 

),(),(),( tiQtitiGH Ö=r         (3.2) 
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where: 
 

),( tir  mean production factor of plant i in stage t calculated by the product of the 

gravity constant, the plant net head and the combined turbine-generator 
efficiency (MW/m3/s) 

),( tiQ  water flow through plant i turbines, in stage t (m3/s) 

),( tiGH  plant i generation, in stage t (MWh) 

 
NCP also permits to represent the production per hydro unit (see chapter 10), or to use the 
table of variable production factor by means of a convex combination between stored volume 
and flow through the turbines for the calculation of the production of a hydro plant. 
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4 THERMAL UNIT CONSTRAINTS 

The equations which follow represent short-term operating constraints of thermal units.  

4.1 Minimum downtime 

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

1),(),()1,( ¢+-- kjxtjxtjx   t = 2..T-1; k = t+1..min{T, t+td(j)-1}  (4.1) 

where: 
 

td(j)  minimum time that unit j 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. 
 

0),(),()1,( ²+-- kjxtjxtjx  t = 2..T-1; k = t+1..min{T, t+tu(j)-1}  (4.2) 

where: 
 

tu(j)  minimum time that unit j must remain on line (hours) 

4.3 Maximum running time 

The next set of constraints represents the maximum time (hours) that each thermal unit should 
remain connected. 
 

)(),(
)1)(,min(

0

jktjx u

jtT

k

u

t
t

¢+ä
+-

=

    t = 2..T-1   (4.3) 

where: 
 

tu(j)  maximum time that unit j must remain connected (hours) 

4.4 Forced units 

When selecting a thermal unit under commitment as being forced at any stage t, the variable 
commitment x(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. 

ä
=

¢--
K

k

TT jrktjGktjG
1

_

)()],1,(),,([    t = 1..T    (4.4) 
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where: 

)(
_

jr   maximum ramp for output increase in thermal unit j (MW/h) 

)( jr
-

  maximum ramp for output decrease in thermal unit j (MW/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. 
 

)(),(
1

_

jAtjy
T

t

ä
=

¢          (4.6) 

 
where: 

)(
_

jA   maximum number of permissible start-ups within the study horizon 

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

)(),(
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t

ä
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where: 

)(
____

jAD   maximum number of permissible daily start-ups  

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 informed to NCP 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 specific consumption.  
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4.8 Representation of combined-cycle thermal plants  

There is a specific treatment for combined-cycle units, composed of gas and steam units. For 
each unit, the feasible configurations are defined (configuration of gas and steam units that 
may be in 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. 
 

ä ä
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where: 
 

),( tCCG  combined-cycle generation 

),( tjw   1, if configuration j is in operation; 0, in the opposite case 

),,( ktjGT  configuration j generation in stage t, production segment k 

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 reduce their producton at an 
hour t, if the production has been increasing in the previous hours. Similarly. they cannot 
increase their production at an hour t, if the prodution has been decreasing in the previous 
hours. Therefore, in both cases the unit must keep a steady load for a given minimum number 
of hours before being able to decrease or increase its output, as shown in the following figures: 
 
 

 
Fig. 4.1 

 
 
 
 
 

t1 

Time (h) 

Output 
(MW) 

Before decreasing its 
output, the unit must 
remain t1 hours running 
at steady load. 
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Fig. 4.2 

 
The following constraints model units having this type of operating characteristic: 
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where: 
 

),( tjP   available capacity 

),,( ktjGT  thermal unit j generation in stage t, production segment k 

),( tjZs  binary variable, taking the value 1 if the unit is increasing its load; and the value 

0 in the opposite case 

t1 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: 
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where: 
 

),( tjZd  binary variable, taking the value 1 if the unit is decreasing its load; and the value 

0 in the opposite case 

t2 minimum number of hours the unit should remain running at steady load before 
starting to increase its output 

t2 

Time (h) 

Output 
(MW) 

Before increasing its 
output, the unit must 
remain t2 hours running 
at steady load. 
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The first group of constraints obliges Zs(j,t) to be equal to 1 when the unit increases its output 
with respect to the previous hour. The second group of constraints obliges Zs(j,t) to be equal to 
0 if it is economical for the unit to decrease its output. 
 
There is also the possibility of limiting the number of load changes (increase / decrease) by 
setting a limit for the changes of direction, as shown in the following equations: 
 

)()],(),([)],(),([ jMVtjdtjZtjytjZ ds ¢-+-   t = 1..T   (4.16) 

 
onde: 
 

),( tjd  assumes value equal to 1 if thermal unit j is out of operation (there was a 

shutdown) in step t, 0 otherwise 

)( jMV   maximum number of load variations of thermal unit j 

 
 
 



PSR NCP 5.9 ï Methodology Manual 15 

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 MCC); w(j,k) is unit j specific consumption in operation segment k 
(in fuel units per MWh produced) and C(j) is the fuel quantity available for thermal unit j. This 
constraint is defined for all fuels m with availability constraints, and MCC(m) is the set of 
thermal units j utilizing the restricted fuel m. 
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¢Ö     j Í MCC(m)   (5.1) 

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 variable N is 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 alternative fuels are the following (the case with 
more than two fuels is wholly analogous): 
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where: 
 

),1(
_

tG , ),2(
_

tG  maximum capacity of each configuration in stage t 

)1(N , )2(N  integer variables designating the configurations  

),,1( ktGT  generation of configuration 1 in stage t, production segment k 

),,2( ktGT  generation of configuration 2 in stage t, production segment k 
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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 plant i, in stage T. The turbined water 
volume is represented by Q(i,t), and the spilled volume by S(i,t). It is possible to represent the 

water travel time between two cascaded hydro plants, being tm,i the travel time between the 

upstream plant m and the downstream plant i. For each plant i, M(i) represents the set of 
plants located immediately upstream of i. Natural incremental affluence to plant i is 
represented by A(i,t), while irrigation and evaporation are represented by I(i,t) and E(i,t), 
respectively. 
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Í
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tiEtiItiStiQtiAtiVtiV

t
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      (6.1) 

 

where:  
 

FPQ, FPS  wave propagation factors related to turbined outflow and spillage 
 

These factors represent the water fraction released at the upstream plant m, in t-k (k>0) which 
reaches the downstream plant i in the current stage t.  
 

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 hours later. 
In order to represent such “partial” arrival of the water released upstream, it is possible to 
define percentage factors for the turbined/spilled water travel time. In the figure below, 95% of 
the turbined/spilled water arrived within four hours after being released, and the wave peak 
occurred in the third hour. 
 

 
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.  
 

),(),(),( maxmin tiQtiQtiQ ¢¢         (6.2) 

)t,i(V)t,i(V)t,i(V maxmin ¢¢         (6.3) 

where: 
 

)t,i(V   stored water in reservoir i, in stage t (m3/s) 

),( tiQ  water flow through plant i turbines, in stage t (m3/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 variables xH(i,t) are integers 

{0,1} 
 

),(),(),(),(),( maxmin tiQtixtiQtiQtix HH Ö¢¢Ö  t = 1..T    (6.4) 

 
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 irrigation. 
 
The non-compliance 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 given in the next items: 

6.3 Warning volume 

),(),(),( tiVtiVtiV AleAle ²+d     t = 1..T    (6.5) 

 
where: 
 

),( tiVAled  slack variable associated to the warning volume, penalized in the objective 

function 

),( tiVAle  warning volume of plant i at stage t 

6.4 Minimum operating volume 

),(),(),( tiVtiVtiV MinMin ²+d     t = 1..T    (6.6) 
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where: 
 

),( tiVMind  slack variable associated to the minimum volume, penalized in the objective 

function  

),( tiVMin  minimum operating volume of plant i at stage t 

6.5 Flood control storage 

),(),( tiVtiV Esp¢      t = 1..T    (6.7) 

 
where: 
 

),( tiVEsp  flood control storage of plant i at stage t 

6.6 Minimum outflow 

),(),(),(),( tiDtiDtiStiQ MinMin ²++ d   t = 1..T    (6.8) 

 
where: 
 

),( tiQ   water turbined by plant i at stage t 

),( tiS   water spilled by plant i at step t 

),( tiDMind  slack variable associated to minimum outflow, penalized in the objective 

function 

),( tiDMin  minimum outflow of plant i at stage t 

6.7 Maximum outflow 

),(),(),(),( tiDtiDtiStiQ MaxMax ¢-+ d   t = 1..T    (6.9) 

 
where: 
 

),( tiDMaxd  slack variable associated to maximum outflow, penalized in the objective 

function 

),( tiDMax  maximum outflow of plant i at stage t 

6.8 Target storage  

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

)()1,()( maxmin iVTiViV metameta ¢+¢        (6.10) 
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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: 

 

),(),( tixBigtiS SÖ¢     t = 1..T     (6.11) 

),(

)1,(
),(

max tiV

tiV
tixS

+
¢      t = 1..T     (6.12) 

}1,0{),( ÍtixS      t = 1..T     (6.13) 

where: 
 

),( tixS  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 start-ups. These variables are analogous to those 
defined for thermal plants under commitment. 
 

0)()1,()1,( 0 ²+- ixixiy HH     t = 1    (7.1) 

2)()1,()1,( 0 ¢++ ixixiy HH     t = 1    (7.2) 

 
where: 
 

)(0 ix  initial condition of hydro plant i at the beginning of the study, defined by the 

user (0 - disconnected; 1 - connected) 
 

0)1,(),(),( ²-+- tixtixtiy HHH    t = 2..T    (7.3) 

2)1,(),(),( ¢-++ tixtixtiy HHH    t = 2..T    (7.4) 

 
The next equation defines the maximum number of times that each hydro plant under 
commitment may be “connected” within the study horizon.  
 

)(),(
1

_

iAtiy
T

t

Hä
=

¢          (7.5) 

 
where: 
 

)(
_

iA   maximum number of start-ups permitted to plant i 

 
The next equation indicates the maximum number of times that each hydro plant under 
commitment may be “connected” each day (24 hours) of the study horizon.  
 

)(),(
1

____

iADtiy
ND

t

Hä
=

¢          (7.6) 

 
where: 
 

)(
____

iAD   maximum number of daily start-ups permitted to plant i 
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7.2 Maximum generation ramp for hydro plants 

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

)()1,(),(
_

irtiGtiG HH ¢--     t = 1..T    (7.7) 

)()1,(),( irtigtig
-
-²--     t = 1..T    (7.8) 

where: 
 

)(
_

ir   maximum ramp for power output increase of hydro plant i (MW/h) 

)(ir
-

  maximum ramp for power output decrease of hydro plant i (MW/h) 

7.3 Compensation Chamber 

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

),(),(
)()(

)(),(

minmax

min tiGtiP
rVrV

rVtrV
H²Ö

-

-
   t = 1..T    (7.9) 

where: 
 

),( trV   volume stored in reservoir r at stage t 

)(min rV  reservoir r minimum volume  

)(max rV  reservoir r maximum volume  

),( tiP   hydro plant i available capacity at stage t 

),( tiGH  hydro plant i generation at stage t 

7.4 Forbidden Generation Zone 

There are plants having "forbidden" generation bands - owing to operating constraints of each 
generator, such as vibration - in 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 the plant. An example of a plant with two units 
having a minimum turbined outflow of 150 m3/s and a maximum turbined outflow of 200 m3/s 
follows. 

 

m3/s 0 150 200 300 400 
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The plant cannot operate in the intervals 0-150 m3/s and 200-300 m3/s, and this may be 
represented in the model through the definition of the values of minimum and maximum 
turbined outflow for each generating unit of that plant4. 

7.5 Associated reservoir 

When selecting an associated reservoir for run-of-river plants, the production factor of the run-
of-river plant is replaced by the production factor of the associated reservoir. 
 

                                                 
4
 This constraint is valid only for hydro plants with commitment representation. 
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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 (ii) based on the definition of a percentage 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 secondary 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:  
 

ä
Í

²+
Ai

LP tmRtmstiR ),(),(),(

    

m = 1..NR ; t = T1..T2   (8.1) 

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

),(),(),(),(),( maxmin tiytiRtiRtiytiR RR Ö¢¢Ö

  

t = T1..T2   (8.2)

 
),(),(),(),( min tiRtixtiGtiG +Ö²     t = T1..T2   (8.3)

 
),(),(),(),( max tixtiGtiRtiG Ö¢+     t = T1..T2   (8.4) 

where:  
 

),( tiR    hydro/thermal assigned reserve of plant i in stage t 

),( tmRL   liability value in relative terms (% of demand) or absolute terms (MW) 

),( tmsP   slack5 variable (secondary spinning reserve purchased by the system)  

),(max tiR  hydro/thermal maximum assigned reserve of plant i in stage t 

),(min tiR  hydro/thermal minimum assigned reserve of plant i in stage t 

),( tiyR   variable that decides if the hydro/thermal plant will accomplish with reserve 

),( tiG   hydro/thermal plant i generation at stage t 

),( tix   hydro/thermal commitment variable  

),(max tiG  hydro/thermal plant i available capacity at stage t 

),(min tiG  hydro/thermal plant i minimum generation at stage t 

T1, T2  initial and final stages of the constraint m 

                                                 
5
 The reserve can be purchased at three possibilities of price: secondary spinning reserve price (defined by the 

user), fixed value (defined by the user) and an automatic penalty (calculated by the model). 
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iÍA  hydro/thermal plants belonging to the reserve constraint 

NR  number of reserve constraints 

 

For non-commitment plants, the equations are the same without 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 must be greater than 
or equal to (≥)the values given in the table. 

2. the sum of the generation of a set of hydro and/or thermal plants must be smaller than 
or equal to (≤)the values given in the table. 

3. the sum of the generation of a set of hydro and/or thermal plants must be equal 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. 
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)(),(     (8.5) 

 
where: 
 

mGmeta  lower bound to the total generation (MWh) 

mGmeta  upper bound to the total generation (MWh) 

i,j Í Wm  set of hydro and thermal plants pertaining to constraint m 
T1, 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 each hydro 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 short-term study, it is possible to specify the initial conditions for 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 variation (taking up or reducing load). 
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9 DC POWER 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. Indexes m and n represent nodes (buses) of the 
transmission system, f(m,n,t) is the power flow in the circuit that connects buses m-n at stage t, 
and the losses in this circuit are represented by l(m,n,t). To simplify the notation, a single circuit 
is considered for each pair of source/destination buses. 
 

[ ]ä ää
Í =¸

,=,D+ö
÷

õ
æ
ç

å
,,+),(+-

nji

K

k

T

nm

tnDtnktjGtitn,mltn,mf
, 1

H )()()(G),(),(  t = 1..T  (9.1) 

 
Quadratic losses in circuits - terms l(m,n,t) of equation (9.1) - are approximated by NCP through 
the discretization of flows in the lines 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 
circuit f(m,n,t) is proportional to the difference of the nodal angles between the source and the 

destination buses (qm-qn), divided by the circuit reactance X(m,n). This equation is not 

represented when the circuit is a DC link. 
 

),(/)(),,( nmXtnmf nm qq-=    t = 1..T    (9.2) 

 
Lastly, equation (9.3) represents the operating limits of the circuits. 
 

),,(),,(),,( maxmax tnmftnmftnmf ¢¢-   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 the user. 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: 
 

),(),,(),(
),(

tkFtnmftkF
knm

¢¢ä
Í

   t = T1..T2   (9.4) 

 
where: 
 

),( tkF  lower limit of the sum of flows of constraint k at stage t 

),( tkF  upper limit of the sum of flows of constraint k at stage t 

T1, T2  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. 

Fig. 9.1 
 
The flow is represented by two components f+ and f  

ς, both positive, so that the resulting flow is: 
-+-= fff . Note that, unlike f + and f -, f may be either positive or negative. If f is negative, it 

means that the flow goes from T to H, and if it is positive, the flow goes from H to T. The 

transmission line connecting H and T has a capacity f , so that ff ¢ .  

 
According to this convention, f + points from H to T, and f - from T to H. In the linearized model 
(DC), the resulting flow is calculated by the following expression: 
 

HT

TH

X
f

qq -
=           (9.5) 

 
where: 
 

qH e qT  they are the angles of nodes H and T, respectively.  
XHT   it is the circuit reactance. 
 

Fig. 9.2 
 
Considering now the configuration of the figure above, the equations for the power balance in 
each node are: 
 

0=--+ +-

HH DffG         (9.6) 
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0=--+ -+

TT DffG         (9.7) 

 
where: 
 
Gi  generation of plants located at node i 
Di demand at node i. 

9.4 Model with losses 

In the model with losses, there are also two variables associated to flow components: p+ are the 
losses associated to flow f +, and p- those associated to flow f -. 
 

Fig. 9.3 
 
Example: 
 
Let us assume that node T has a demand of 100MW, and the circuit loss is 5%. This being so, 
plants connected to node H must produce 105,26 MW (100 / 0.95) in order to fulfill the 
demand. Therefore, the loss in circuit H-T may be interpreted as an increase of the demand in 
node T. 

Fig. 9.4 

9.5 Linear approximation of losses 

Losses in transmission circuits vary with the square of the flow (Joule effect), and may be 
written in p.u. as follows: 
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2)( ++= frp           (9.8) 
2)( --= frp           (9.9) 

 
where: 
 
r    circuit resistance. 
 
These two equations would produce non-linear constraints. In order to have a purely linear 
model, these equations are linearized, utilizing a flow discretization. NCP enables to select the 
maximum discretization level (N) for loss linearization.  
 
In this formulation, the flow from H to T may be represented by the sum of the flows of the 
segments. Mathematically: 
 

ä
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-+-=
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mm fff
1

)(          (9.10) 

 
This way, losses may be approximated by the following linearization: 
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where: fr
K

m
m

12 -
=a , i.e., the derivative of losses with respect to flow, at the central point of 

segment (m-1,m), where the flow is ö
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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 segments to be 
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 problem variables. 
 
So, we need to establish a criterion to determine K(m) 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 the 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 of the number of 
segments, and not of the segment index. 
 

Once obtained this maximum difference that will be named D, we can establish an absolute 
criterion: 
 

“Let K(m) be the smallest number such that D(m) ƛǎ ǎƳŀƭƭŜǊ ƻǊ Ŝǉǳŀƭ ǘƻ ¢ƻƭ!ōǎέ 
 
This criterion may be combined with a relative criterion regarding the values of the loss 
function. Let p(f̄m) be the loss value at the point of maximum loading of the circuit, that is given 

by rm f̄m 
2 ³ 10-4. Thus, the criterion for the choice of K(m) can be: 

 

“Let K(m) be the smallest number such that D(m) is smaller than or equal to TolAbs, or D(m) is 
smaller than or equal to TolRel% of the loss at maximum loading, p(f̄m) έ 
 
This will be the adopted criterion. 
 
Example:  
 
The figure shows the case for K = 5: 

Fig. 9.5 
 
where: 
 

5/ffk ¢
+       m = 1..K 

5/ffk ¢
-       m = 1..K 

 
Note in the next figure how K = 5 produces an excellent approximation. 
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Fig. 9.6 

9.7 Calculation of maximum difference 

The difference between the linear approximation and the quadratic function is: 
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This function reaches its maximum value at the point where the derivative is zero. 
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This point corresponds to the mean point of the segment ù
ú

ø
é
ê

è

k

f
,0 . Therefore, the maximum 

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

9.8 Criterion for selecting K(m) 

Let KA be the number of segments complying with the absolute criterion: 
 

TolAbs
K

fr
¢=D

2

2

4
         (9.15) 

 
Then KA is given by: 
 

TolAbs

fr
KA

Ö
=

4
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         (9.16) 

 
Let KR be the number of segments complying with the relative criterion: 
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Then KR is given by:  

lTol
KR

Re4
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Ö
=          (9.18) 
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The adequate number of segments for the adopted criterion is given by: 
 

},,min{ RA KKNK=          (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 of K, the value of the guaranteed relative tolerance may be calculated: 
 

 
24

1
Re

K
lTol =          (9.20) 

 
Thus, for example, for K = 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 values of K, we obtain the following table. 
 

K TolRel (%) Criterion 

1 25.00 D ¢ 25% ³ p(f̄ ) 

2 6.25 D ¢ 6 .25% ³ p(f̄ ) 

3 2.78 D ¢ 2 .78% ³ p(f̄ ) 

4 1.56 D ¢ 1 .56% ³ p(f̄ ) 

5 1.00 D ¢ 1% ³ p(f̄ ) 

9.10  Inconsistency of the loss model 

Let us assume that the energy marginal 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 
that, in this situation (zero marginal cost), it does not matter for NCP in which of the “auxiliary 

circuits”, that represent the discretization, there will be flows fk+ and fkς different from zero. 

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; (ii) as commented, the 
demand increase does not represent any additional cost. 
 
One way to solve this distortion is to “penalize” the losses of the objective function, by 

associating to them a small cost (10-4). This penalty is sufficient to prevent distortion in the loss 

calculation. Thus, fk+ (or fkς) will be different from zero only if fi+ (or fiς) 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. 
 



PSR NCP 5.9 ï Methodology Manual 34 

9.11 Restrictions on import / export electrical areas 

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

),(),(),(),( taEtaDtaGtaI ¢-¢    t = 1..T    (9.21) 

 
onde: 
 

),( taG   total generation in the area a and stage t 

),( taD  total demand in the area a and stage t 

),( taE   export limit in the area a and stage t 

),( taI   import limit in the area a and stage t 
 

The total generation in the area is the sum of generation at all buses that belong to this area. 
The area is a component of buses data, and must be informed on the configuration screen of 
buses / areas. Different limits of export / import can be reported for 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 of the efficiency of the turbine-generator set with the turbined flow (m3/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 hydraulic losses 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 generating unit.  
 
The relation between the efficiency of the turbine-generator 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. 
 

 
Fig. 10.1 

 
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 the penstocks parameters (material, length and diameter), which are combined 
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into a single coefficient (a1). The second part of hydraulic loss (a2) depends on the turbined 
flow of each unit (separately), after the water leaves the penstock common to the unit(s). 
 
Thus, the components may be grouped in the following manner: 
 
ǐ Unit: efficiency of turbine-generator set and hydraulic losses in the unit turbined outflow. 
ǐ Plant: losses in penstock, tailrace level and representation of the level-volume curve. 

 
This separation results in the following representation of the production function. Let us 
assume a generating unit j belonging to plant i. One axis indicates unit j turbined flow at stage t 
(qj,t). The other axis indicates the total flow through the plant turbines Qi,t. The production 
function resulting from unit j at stage t (pj,t) is a biconcave function of qj,t and Qi,t. 
 
Thus, pj,t may be written as a convex combination of the production function calculated for the 

pairs of points of the grid { }kikj Qq ,,
Ĕ,Ĕ  , resulting in the outputs per unit kjp ,

Ĕ
 
, where kÍ1..Kj 

indexes the points of the grid of unit j and Kj is the number of points of the grid. 

Fig. 10.2 
 
The output kjp ,

Ĕ  is calculated by: 

 

( ) kjkjkjpdkjcfreskjkj qqQhQhvhqgp ,,,,,,
Ĕ)Ĕ,Ĕ()Ĕ()()Ĕ(001.0Ĕ Ö--ÖÖÖ= h   (10.1.a) 

 
2

,2

2

,1,, )Ĕ()Ĕ()Ĕ,Ĕ( kjkjkjkjpd qQqQh Ö+Ö= aa
     

(10.2.b) 

 
where: 

kjQ ,
Ĕ  

kjp ,
Ĕ

pj,t 

kjq ,
Ĕ

pj,t 
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g    acceleration of gravity (m/s2) 

)Ĕ( ,kjqh  efficiency function of the generating unit, which depends on the unit flow 

)(vhres   reservoir level which depends on the stored volume v  

)Ĕ( ,kjcf Qh  tailrace level 

)Ĕ,Ĕ( ,, kjkjpd qQh  hydraulic losses which depend on the unit and on the plant 

 
An illustration of the production function of a generating unit follows. Note the contour 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 to increase 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 amount of energy when the turbined outflow increases. 
 

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 the total 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 each point k of the grid of unit j, pertaining to plant i (Ij), there is a vector of values 

{ }kjkikj pQq ,,,
Ĕ,Ĕ,Ĕ  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 the production function at each 
hour t 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 will show now how these variables are represented by this 
approximation. 

10.1 Unit turbined outflow obtained from the combination of grid points  

kj

K

k

tkjtj q q

j

,

1

,,,
Ĕä

=

Ö= l    TtJj ,..,1;,..,1 =="     (10.3) 

10.2 Unit output obtained from the combination of grid points 

kj

K

k

tkjtj p p

j

,

1

,,,
Ĕä

=

Ö= l    TtJj ,..,1;,..,1 =="     (10.4) 

10.3 Total plant turbined outflow obtained from the combination of grid points  

kj

K

k

tkjti QQ
j

,

1

,,,
Ĕ ä

=

Ö= l    TtIjIi j ,..,1;,..,1,,..,1 =="="   (10.5) 

10.4 Relation between unit turbined outflow and total plant turbined outflow 

ä
Í

=
jIm

tmti qQ ,,     TtIjIi j ,..,1;,..,1,,..,1 =="="   (10.6) 

10.5 Plant volume obtained from the combination of grid points  

kj

K

k

tkjti VV
j

,

1

,,,
Ĕ ä

=

Ö= l    TtIjIi j ,..,1;,..,1,,..,1 =="="   (10.7) 

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

äää
Í ==

Ö=Ö
j

mj

Im

km

K

k

tkmkj

K

k

tkj qQ ,

1

,,,

1

,,
Ĕ Ĕ ll  TtJj ,..,1;,..,1 =="     (10.8) 

 

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

1
1

,, =ä
=

jK

k

tkjl     TtJj ,..,1;,..,1 =="     (10.9) 

tjtjtjtjtj xqqqx ,,max,,min,
ĔĔ Ö¢¢Ö  TtJj ,..,1;,..,1 =="     (10.10) 

 
where:  
 

tjx ,   variable for commitment of unit j at hour t. 

10.7 Hydro unit start-up cost 

An auxiliary variable yj,t is introduced in the formulation, receiving the value 1 if unit j was 
connected at hour t, and the value 0 in the opposite case. It is related with the commitment 
variables xj,t by the equations below: 
 

tjtj xy ,, ¢     TtJj ,..,1;,..,1 =="     (10.11) 

01,,, ²+- -tjtjtj xxy    TtJj ,..,1;,..,1 =="     (10.12) 

21,,, ¢++ -tjtjtj xxy    TtJj ,..,1;,..,1 =="     (10.13) 

}1,0{, Ítjx     TtJj ,..,1;,..,1 =="     (10.14) 

10.8 Example of grid calculation 

The grid is calculated at first by utilizing the value of the initial volume stored in the reservoirs. 
After this calculation, an operation is “simulated” so as to determine the course of the volume 
all along the study horizon. The case is performed again in an iterative process, in which a new 
grid is calculated, taking 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 maximum value 
reached in the simulated course, thus representing the variation of the level-volume curve in 
the production function, since for each discretized volume value a corresponding output is 
calculated. 
 
The process for calculating the initial grid will be detailed next (utilizing the value of the initial 
volume). 
 
The process consists in the creation of L values (input data), equally spaced, for unit qĔ turbined 

outflow, varying between the minimum and the maximum value of turbined outflow of the unit 
in question. Also, as an input datum, M is the number of equally spaced values for plant Q  
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turbined outflow. These values vary from the unit turbined outflow qĔ up to the sum of the 

maximum turbined outflow of all other units of the plant plus the value qĔ of the discretized 

unit, so as to obtain the minimum and maximum value of the total plant turbined outflow. 
 
For each pair of unit turbined outflow 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 l of 1,...,L 
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For any m of 1,...,M 
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11 QhQqvhqqgp ---ÖÖÖÖ= aah  

 Write down grid point { pQq Ĕ,Ĕ,Ĕ } 

Next m 
Next l 
 
As an illustration, a grid is presented in which the unit and plant turbined outflows have been 
discretized into 5 values, totalizing 25 values. The unit 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 turbined 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 maximum of 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 
outflow 
(m

3
/s) 

Plant turbined 
outflow 
(m

3
/s) 

Unit 
output 
(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 horizon, an 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 with x weekly/monthly stages, and y synthetic 
series, x·y short-term cases are solved by 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 final volume of the current stage is fixed with the option of “target 
volume” 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 when they were. 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 available and, from it, the demand by levels is constructed. 
Therefore, this operation is a sort of “inversion” of the process that prepares the demand of 
SDDP. 
 
All the constraints present in the medium-long term study, and that exist also in the short-term, 
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 non-selected stages, the 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 hydro plants, 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 (Pentium IV 2.8 GHz HT with 2 Gb RAM). 
 



PSR NCP 5.9 ï Methodology Manual 43 

 
Fig. 11.1 
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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 before resuming 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 until stage 3, and may be reconnected only at stage 4. 
Considering the commitment variable x as x(t) and assuming the initial condition for t = 0, as 
x(0) = 1 (connected), it follows that:  
 

¶ Stage (t = 1): 
 

Initial condition:  x(0) = 1 
Decision of the model: x(1) = 0 
 
Constraints:   x(0) - x(1) + x(k) <= 1, for k = 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 
 

¶ Stage (t = 2): 
 

Constraints:   x(1) - x(2) + x(k) <= 1, for k = 3..4 
 
x(1) - x(2) + x(3) <= 1 
x(1) - x(2) + x(4) <= 1 

 

¶ Stage (t = 3): 
 

Constraints:   x(2) - x(3) + x(k) <= 1, for k = 4..5 
 
x(2) - x(3) + x(4) <= 1 
x(2) - x(3) + x(5) <= 1 

 
From stage 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 
remain 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, an available 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: 
 

¶ Stage (t=2): 
 

Plant taking on load:  Z(2) = 1, as G(2) >= G(1) 
 

Z(t) is a binary variable (0,1) that takes 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) ² 50.Z(2) – 50, for k = 1..2 
 

G(3) – G(2) ² 50.Z(2) – 50  ­ G(3) ² 40  (R1) 

G(4) – G(2) ² 50.Z(2) – 50  ­ G(4) ² 40  (R2) 
 

50.Z(2) ² G(2) – G(1)   ­ 50 ² 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 stages are: 
 

¶ Stage (t=3): 
 

Plant losing load : Z(3) = 0 
 

Decision of the model  G(2) = 40 
 

Constraints:   G(3+k) – G(3) ² 50.Z(3) – 50, for k = 1..2 
 

G(4) – G(3) ² 50.Z(3) – 50 G(4) – G(3) ² -50 (R3) 
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G(5) – G(3) ² 50.Z(3) – 50­ G(5) – G(3) ² -50 (R4) 
 

50.Z(3) ² 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 able to change the direction of variation of the generation. 
 

¶ Stage (t=4): 
 

Plant losing load : Z(4) = 0 
 

Decision of the model: G(3) = 40 
 

Constraints   G(4+k) – G(4) ² 50.Z(4) – 50, for k = 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(4) ² 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 5 on, the plant is already “authorized” to change the direction of generation 
variation, since it has already fulfilled the minimum time of 3 hours at steady load. 
 

 


