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Abstract. This paper aims to carry out a general analysigha dispatch in the sheterm schedule cthe Tucurui
hydroeletric plant. The problem has been approached from standpoint of the losses existing in the en

conversion process he losses were considered due to friction initbernal flow system adduction, raising the le

of downstream due to the water flow and the turtdperation outside its maximum efficiency. Suclsdeswere

written in the form of loss of power. Frcthese definitions the re&bsses were calculated based on historical ¢

generation plant, for a defined period, accordito a specific procedure for the calculation. From ttwave fitting,

adjusted tcset points, it is possible to observe the varn of total losses due to the power plant dispaldtis allows

the evaluation of the ideal number of units formapien in order to minimize losses, and the relatbip between th

number of generating units in operation and the @olesses generated d dispatched. The resulof this case of
study show the importance tife method tcdefining the number of generating unéed the respective operatil

points, since, according to the studied plant, shtbe great potential of economy and efficiency he power
generation process with savings equivalent to ataifed capacity of several hydroelectric planteeBtudy also airr

to draw attention to the need for guideline frorgukatory agencies focused on energy optimizatiahrational use o

water resources that could be contemplated as a finarematpensation, like the improvements incorporatéd the

assets of the hydroelectric power plants, constdidgractice by the National Electricity Agency @&#L), in Brazil

Keywords: Optimization, Power Bpatch,Losses.
1. INTRODUCTION

Electricity is included in modern society as a magource of energy. In addition, the demands fectekity
continues to grow and to supply itriecessary massive investments in generation, tiasiem ancpower distribution.
Thus, the decisiomaking process in the energy sector is an impodapect because it can result in high finan
social and environmental costs (Oscullo, 2002). Mg, therefore, the need for proper planning ef diperatior
allowing the electric power generation is made based opriheiple the efficient use of all resources thainpose thi
system. There is still no agreement or broad treatise orptiaservation and rational use of water. The migstificant
initiatives in this aea focus on the World Water Forum that meets etlage years, representatives of governme
international organizations, n@overnmental organizations, financial institutiared industries, as well as scienti
experts in water issues, businesgpde and academics. However, despite the partioipaif official delegations c
several countries, it is not official event of ttieited Nations- UN (Silva, 2012).

Brazil can be consideregs a privileged country in terms of availability i@nhewable resources for energy
Among them, we highlight water resources, accognfor over 90% of electricity generation in the nty (Brasil,
2007). The hydropower resources in Brazil, botlterms of its capacity already installed as your ppéa potential
represent an asset of great strategic and econmompiortance. In North America, for example, abou®s/0f the
potential is performedBrazil, in his turn,has limited the exploitation of526 of this potential (Faria Filhapud
Kelman, 2007).

Since 2004, the generation, distribution, transimisand commercialization were separated produwrfg) anc
services (transmission and distribution), aimeth&bducing competition in the geneion and commercialization. |
general, the main objective of these reforms istitmduce market standards in the generation apglgwf electricity,
as well as improve the efficiency of generatioansmission and distribution (Sollero, 20!

Society iscurrently seeking sustainable development, whictelisted to the exploitation of natural resourced
environmental protection, aiming at the same timprove the human condition and preserve biologigatem. There
is a global trend to combat wastitlgrough efficient equipment and new consumer halditereover, economi
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constraints lead us to the rational use of avala@hpacities, instead of building new generatinigstand transmissio
systems. To adapt the electrical system to the mesx for modernization, energy conservation programsehaeer
created through the National Elecity Conservation Program (PROCEL) and others reseanch developmer
programs (Pinto, 2001).
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Figure 1.Gain of efficiency in OECD countries, 73 to 98. 8miAdapted fromGoldemberg, 20(

As an example, Fig. 1 showke energy consumption of countries belonging ® @rganization for Econom
Cooperation and Development (OECD), by the year619%e cansee that,in about 20 years, through ratiol
consumption and combat the waste, it was possibdehieve savings of almost 48% if no measuresbead adoptec
Thus, we note the importance of rational use ofrggnewhich in the case of hydroelectric nts is related to the
efficient use of water resources.

In this context is the importance of knowing, ie tispatch process of hywelectricplants, existing losses in pow
generation. Considering that, from this knowledgeg/he possible the establisent of improvement plans to minimi
these lossesThe objective is to evaluate the currepower dispatch method in the short term, the Tucurui
hydroelectric plant, with respect existing lossastlhie power generation process, to base the impiletien of
programs that seek to optimize this process andusieeof hydric resourc. Then, fom this needit is proposed a
stimulus d the National Electricity Agency (ANEELas done abouhe improvements incorporated in the assets a
facility.

2. CHARACTERIZATION OF LOSS ES IN POWER DISPATCH

In the context of sustainable development, the atgilon of natural resources has a central impegaOn thi,
hydroelectric plants are inserted, whose princis the conversion of thenergy contained in trdammed water into
electricity used by industries and residency. This conversoio ibe carried out rationally and optimally takiingp
consideration the operational aspects and conimiptiv the efficient use of energy in its differéotms In the case of
hydroelectric plants, there is a factorcadled efficiency vhich is responsible for determining the amountradrgy that
was really transformed. Thus, the increaefficiency of transformation implies a greater economy by miring
losses. Hydvelectric plants generate electricity from hydraytiotential energy transformation using the tur-
generator set, and the efficiency of the transfoionaof energy is heavily influenced by the opergtpoint of thes
generators (Bastos, 2004).

The eficiency of a generator can be expressed in terittheoeffective portion of the transformation ofdngulic
energy, accumulated in the plant's reservoir, @éatrical energy or active power delivered to¢cbhasumer. They me
also be associated withe various losses which occur due to factors sscchangesn upstream and downstream
levels, pressurenkses in penstock and the turl-generator efficiency, whose losses are caused tnenvariations o
flow (Bastos,et al., 2004).In this sense, al percentage that can improve the efficiency of cosive of hydraulic
energy into electrical energy is seen very favoraédpecially when considering the huge hydrawdicegating capacit
installed in the country. In an estimation exer¢Bertonj, et al, 2002) in a country like Brazil, where, the beginning
of year 2000, annual energy generation was aro@@ TWh, an improvement of only 1% in the efficiency tbe
generating units would result in a gain of TWh, which equals approximately thewer demanded in a city wi
more than one million people.

The generators have a large variation in theiciefficy over the operating range, generally arowt#d,1so that th
choice of the operating point of each generatorbsebmes a key issue in mizing the plant efficiency (Ohisk
2001). Several studies have been developed to solve th-dispatch problem. Thepapers about generation
optimization in hydroelectric plants are developeainly under the aspect of minimizing the lossesmaiated wth the
generation process, minimizing turbined flow andximézing total efficiency of the generating unitrof the
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determination of the function of losses, called tigective function, then it proceeded to applyimas methods in
order to function optimization through mathematisadgramming.

Ohishi (2001) describes that most pre-dispatch tsqolesented in the literature consider a hydrotlaéisystem in
which the hydroelectric generation is valued bylaeing thermal generation. However for purely hyeatric systems
is necessary another view that this case is thsideration as optimization criteria, the minimipatiof losses in
operation, since this approach seeks to maximigeefficiency of hydroelectric plants. In this paptre pre-dispatch
model consists of a two-subproblems solution teédrs to determining the number of machines in aije@r and each
power generating unit. The model solution is maglédgrangian Relaxation and a heuristic approach.

In the paper of Santos (2001) the optimizationhaf function of losses is described in a pre-digpgioblem,
considering as criteria losses associated withrgéing efficiency, elevation of downstream levetdrydraulic losses
due to flow. The model is based on two solutiongssties, the number of units in operation is foated based on
integer variables and the power dispatch, whickrdg@nhes the economic dispatch for each time intefeemulated by
real variables. The first one is solved by genalgorithms, because it is a combinatorial problang the second is
solved by Lagrangian Relaxation.

Provencano (2003) makes an approach in two stdgaeealispatch problem. Initially, establishes th&tionship
between the turbine-generator set of variablehat thereafter, the optimization models can bdistl Losses in the
turbine-generator set were considered as poweedgssr unit operating outside its maximum efficierelevation of
downstream level and hydraulic losses in the peRksto

Arce Encina (2006) addresses the optimal dispatohl@m of generating units adopting as criteriadtaluation of
losses associated with the generation system, ddoysesing tailrace level, by varying the hydraudifficiency and the
friction of water flow in pipes of the hydraulicgtgm. It also considers other losses, which ref¢ihe costs associated
with starts and stops of the generating units. &lt@® approaches are used for assessing the Igenéaration process.
From this function, a mathematical treatment isliagmf the solution in order to function minimizaa.

Acosta (2008) developed a dispatch model of geiogramits at power plants that adopts the perfoaearniterion
the turbined flow every hour, the number of stam&l stops and the combination of these. This approaakes
determining function of losses a programming prohleombinatorial and non-linear, the solution cencbmplicated
as the number of available generating units ine®als this paper, to solve the optimization proble proposed the
solution of the objective function by the Genetiga@rithm method.

Arce Encina (2008) uses a model solution to theathje function written in terms of losses assadatvith the
elevation of downstream level, internal flow in tpenstock and loss of efficiency due to operatiomside the
maximum efficiency point of the turbine. This apacb leads to an optimization problem where the aive function
to be minimized, comprising of entire and continsiadecision variables, featuring a mixed-integergpmming
problem. This complication is bypassed by meana béuristic approach that decomposes the origiralem into
two dispatch subproblems: units and loads. The dine sets the number of generating units that mpstate every
hour and the second one, the power units shouldrgenevery hour.

Kadowaki (2009) in his paper about generation mogning in the short term, uses an objective functiased on
the sum of all losses in the form of power at eglamt, in the adopted planning horizon. This apphoaims to have a
minimization problem for, applying Lagrangean, ¢f&& number of units committed to operate and thespective
powers in each plant that composes a particuldesys

2.1 Losses due to variations in the downstream level

The upstream level, over a hydrological cycle cary\greatly, in some cases the difference can repdb 15 m. In
this paper will not be considered variations in tipstream level, since in the short-term horizonemains practically
constant. On the other hand, the downstream leveh in one day, can undergo considerable variatioe mainly to
the turbined flow, according Ohishi (2001). We @&xpress the power produced by a generator unit égnsof the

Eq. (2).
P=10_6'g'P'77T'h'Q (1)

whereP is the powefMW), g is the acceleration of gravity (m/sp)is the density (kg/m3);; is the total efficiency of
turbine-generator conversidfo), h is the net head (m) ar@is the turbined flow (m3/s).

The net head is given by the difference between the upstreachdownstream levels, discounted hydraulic losses
due to internal flow in the penstocks:

where h,, is the upstream level (mh; is the downstream level (mh,, is the losses due to internal flow in the
penstocks.
The loss due to variations in the downstream leaalbe expressed, so as power loss:
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pin =107°-g-p-n-(4h) - Qn ®3)
wherepjy is loss, inMW, due to variation of the downstream level wN machines.
Ah = hj(Qn) — hj(Qmin) 4)

whereQ,,;, is the minimum turbined flow witlN units in operation an@, is the flow of water turbined witN units
in operation.

2.2 Losses due to Internal fow in the penstock

The hydraulic loss results in decreaof the net head due to press loss caused by friction of the water on
inner walls of the penstock and spiral casing. 8avauthors (Acosta, 2008; Arce Encina, 2008; Pngaeo, 2003
Santos, 2001) represent such loss as a functiomughness and dimensions of the hydracircuit as follows.

Pan =107¢-g-p-n-(k- Q% Qu (5)

wherep,y is hydraulic loss, ilMW, due toN operation unitsk is a constant that expresses the characteristittzer
adduction system (penstocks amiral casing), expressed in s°.

2.3 Losses due to variations indrbine efficiency

The reduction in the conversion efficiency of thebine-generator set may be expressed in terms of powevas
done by Ohishi (2001), as follows:

per10_6'g'p'(77max_n)'h'QN (6)

wherep, is the loss ilMW, associated with variation in the turbine effiggnn,,., is maximum efficiency of th
turbine and is the efficiency of the current operating pc

2.4  Total losses

In order to evaluate the generation procit is possible detenine losses, considering different operationalirsgsi
raised by the data available in the pléaccordingthe following procedure. The total power loss ifcakated as th
sum of the losses previously described.

PN =Pjn + Pan + Pry @)

The proedure adopted to determine these loconsists inthe variation of turbined flow from a minimum val
until it reaches a maximum for a givisetting units in operation. And for eatlirbined flow value the followin
calculations were made: @nnotatiol of the upstream level, b) annotatiof the downstream levelh;(Qy)], C)
calculation of hydraulic losseg]y], d) calculation of net head using Eq. (2),determination of the efficiency vall
(n) of the turbine through the hill cur, f) calculation of the total loss using Eq. (Btarting from these points

performed a polynomial fit of the total lospy) calculated according to the powggnerated at the plant, as showi
Fig. 2.
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In Fig. 2, first one graph, is possibleobserve the three kinds of losses considered snphper. The loss due
elevation of downstream level has a linear behaviarder that depends solely on linear variation of the quantit
level downstreaniThe loss curve for friction, eshown in Eq. (5)varies with the square of the flow. In 1Fig. 2 chart,
this curve looks like a straight, by virtue of themall change to the-axis. This small inchiationis due to the pressure
loss constank. The loss curve for efficiency turbine has greatdiuence on the total losby being much higher than
the other losses. Its quadratic form shows thatttean operating point that this efficiency lasn be minimized. This
curve shape influences the total loss curve in rotdegive it the same way, showing that there is also a poil
operation, in the dispatch mode, where the lossemamimal

To plot the curves were used data loss calculatedtypical day in which a number of generating unitthe plant
was in operation. In the Fig.\#e can see that the minimum loss that can be asthisvapproximately 1: MW, while
the demand is 6,6QW V.

In addition to the power generated, the lfunction is also dependent on the number of mashim@peration. W
can see from Fig.,%econd one graf that the power that must be generated by the pdrat,given moment, can
satisfied by 22 or 23 unitfor exampleln this case, to attend the demand of 7,400, the choice of 23 generatil
units for operation ensures better energy use, lastbes of 12 MW, compared to 208 W of losses, with 22 units in
operation.

As losses curves were shown for different numbérsnds in operatio, it is possible plot all the loss curveom
13 to23 units in operation to assessment of the ovbeddavior of the plant units, as shown in. 3.
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Figure 3.Losses in the generation, according to the numberachines and dispatched po
3. ANALYSIS OF LOSS IN PLANT GENERATION SCH EDULE

Two cases are analyzed to highlight existing lossehe process and optimization opportunin case 1, Tab. 1,
with thereal values of scheduled generation and thatattended in each specified houdisplayed

Table 1 Generating predictive sample for a specific day.

Hour (h) Power (MW) Number of units in operatit
06:30 — 07:00 6,550 22
07:00 — 07:30 7,250 22
17:00 - 17:30 7,000 22

Table 1 showshat there is considerable variation in power toatiended by the plant, by request of National
System OperatofONS), each hour shown. Note, in F5, that from the demand of 7,000/ is preferred to operate
with 23 generating units. Whereas ttead thedemand of 6,550 W, operatewith 22 units provides small losses.
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Figure 4. Losses in the generation for 21, 22 &hdrfits in operation

However, the energy dispatched, in this particdly, was attended with 22 generating units atirakg. Thus, as
noted in the Fig. 4, by selecting an appropriateraging point of units, power would meet the regdidemand with a
lower number of machines, avoiding losses in tingeaof 50 to 83 W, in case of greater demands.

In another situation, the following schedule getierawas attended by the plant according to the dabwn in
Tab. 2.

Table 2. Generating predictive sample for a typitzay/.

Hour (h) Power (MW) Number of units in operation
14:30 — 15:00 5,550 18
15:00 — 15:30 5,600 18
16:30 — 17:00 5,500 19

This schedule, as well as the previous, represeatsddemand emitted by ONS. In Tab. 2, unlike ttheiosituation
where the load variation is 700/, the difference in considered intervals is 100 .

In this case, three demands must be satisfiedeini¢iscribed time. Consider only the case of theadeingeneration
5,600MIW, which can be attended with 18 or 19 units. Is #iiuation, 18 units have been committed, leatbra loss
of 130MWW. As we can see in Fig. 5, if they were used 1%sutdsses in generation would be @O/ and can, then,
avoided the waste of up to 401/
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Figure 5. Losses in the generation for 17, 18 @hdriits in operation

Still observing Fig. 5, in order to attempt demarics,500MW, from the standpoint of minimal losses, 18 or 19
units can be committed, since the losses at thig pee equal.
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4. CONCLUSIONS

In this paper it was possible to show the importaotknowing the power dispatch method in the sterh, for a
hydroelectric plant. We note that the losses in dbaeration process, here addressed as causeck bis¢hin the
downstream level, friction on the inner walls i tintake system, and operating outside the maxifficiency can be
considerable and go undetected when the only gdalineet the National System Operator, regardied® operating
point of the generating units. The choice of opegapoint, in practice, could mean an increasenafrgy to meet the
needs of industries, residences, hospitals, efpegatally important in times of scarcity.

We can, moreover, highlight the importance of thialysis regarding to the use of the natural resoufhe
hydroelectric plants are generally designed to tekeantage of source of potential energy availableature. Thus, it
is a question of social responsibility and resgectature the use of this resource wisely, avajdivaste, especially
considering the changes caused by the implementatiarge projects like this.

Given the current shift in the paradigm of businessiagement and the development of organizatitiraiting as
the exploitation of natural resources and the ifigae given to environmental issues, we can congie work as a
starting point in Tucurui power plant, for discuss over the use of water, as a raw material ®ptiloduction process
of the company. Since knowledge, in quantitativente the losses that can be avoided may causevgositanges to
the enterprise, both as operational, financialmathtenance standpoint.

Financially, the return for the energy sold varéezording to time of year and the market valuehef tinitary
megawatt in that day. Thus, the estimate of timarftial return opportunity can become somewhaesgtative of the
reality. However, the energy sold outside contragth electricity-intensive customers, follows thdes of free trade
where the price is set by demand. For example, thighselling price of the unitary megawatt, in tams/ironment, of
R$ 10.10 the company could get a revenue of R¥DAAW per day. Other way to understanding the retwould be
keep this potential energy for later use.

It is also possible to analyze the operation withimal losses from the operational and maintengrwet of view.
The energy that is not transformed into shaft powsrile passing through the turbine, can be divided two parts:
the kinetic energy, which is responsible for conihgc turbined water for the tailrace, by the suctiobe; and the
energy transformed into other forms such as heaserand vibration. The latter two forms of enecgy be observed
by operators and maintainers nearby machines,rfegta worker's exposure situation risks of occigratl diseases.
Thus, reduction of noise and vibration coming fréime inefficient transformation process in turbiman lead to
improvements in the operators and maintainers wackp

We also note that even in the current context speet for the environment, hydroelectric plantsegalty do not
have electricity dispatch methods focused on th@mabh use of water resources. And in particularildoresult in
competitive advantage and increased market valgerapanies, for example, on the stock exchanges.

In this study, is shown the importance of chooghmg optimal point of the generating units for opiera Existing
losses in the generation process, in this casebeaome significantly high, compared in terms ofvpn This fact is
because of the size of the plant, which ampliffes results, due to the 8,588/ of installed capacity. In percentage
terms, such losses may represent low values. Hawdwwe compare their absolute values, become cwaipe to
other hydroelectric plants. Thus, the eliminatidnlasses in the generation process of Tucurui Hsieairic could
represent, depending on the case, the braziliaargton plants as Coaracy Nunes in Amapéa, Samuélpito Velho
and Curua-Una, in Para.

Therefore, we note the importance of this issue esgkcially the potential for improvements in erigtpower
generation plants, especially considering a natippaorama of scarcity energy to attend the grovdamand in the
country, a topic appellant in the Brazilian poliicscene. However, power generation companies hawvguidelines
focused at optimizing the generation. From thisdpebere could be stimulation of the National Eledy Agency
(ANEEL), for example in the form of financial comsation, like the improvements incorporated in dlsets of the
facility, recognized by her. This measure coulduliesn high productivity and consequently the pb##y of
redirection of large investments to other areas sischealth, education.
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