Paper accepted for presentation at 2009 IEEE Bucharest Power Tech Conference, June 28th - July 2nd, Bucharest, Romania

1

Market and Environmental Dispatch of
Combined Cycle CHP Plant

Alexander Dolgicers, Svetlana Guseva, Antans Saulamber, |IEEE, Olegs Linkevics,
Anatoly Mahnitko, Inga Zicmane

Abstract— This paper considers economic dispatch and unit
commitment of the combined cycle (CCGT) CHP plant n
electricity market conditions and taking into account new
environmental challenges. The proposed algorithm weverified
on example of CCGT CHP plant.

Index Terms— CHP plants (cogeneration), economic dispatch,
production simulation, quadratic equations, Monte Garlo method.

I. INTRODUCTION

EVELOPMENT of cogeneration power plants

when fossil fuel power plants are obliged to bugessary
emission quotas (allowances) in the market. Theepior CQ
emission allowance is a variable value whereas tlegiessary
amount depends on the amount of electricity toddeé an the
market and consumed fuel amount.

In order to make a right decision, while choosihg best
trading strategy, optimal unit commitment and ufigpatch,
an optimisation model is necessary [3], [4], [5].

. FORMULATION OF THE OBJECTIVEFUNCTION

iS Main targets for short term optimisation of cogextien

especially supported in the European Union becdusepower plants are selection of optimal unit comborat(unit

allows saving considerable amounts of energy ressur
enhancing security of electricity supply and sufgadly

reducing harmful emissions into the atmosphereg@afly

those of greenhouse effect gases.

New market instruments are being looked for in oride
support cogeneration. In some countries, for irtEam
Denmark and Finland, mandatory electricity purchasel
regulated feed-in tariffs, which provided guaradteeofits for
cogeneration plants but in fact distorted the markeere
abolished. Instead of the old support scheme, thezee

proposed new ones, such as subsidies for investment

premiums, tenders, certificatex
exemptions.

The main difference is that the just mentioned sw®e
cover only a part of costs but the rest is to bmezh by the
cogeneration plant owner himself by selling eledtyion the
free market. This means that neither electricityoam to be
sold, nor electricity prices are known beforehand.

This makes optimisation of the cogeneration plargrating
regimes by far more complicated stochastic taskortier to
address this issue, there is a need to work out methods,
which would allow creating the model of electriciiyading
from cogeneration plant in a SPOT electricity mafké

There is another important issue that makes dexetap of
model for optimisation of operating regimes of cogration

plants more complicated [2]. This is €@missions trading

capacity purchases,
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commitment) and optimal allocation of load betwesetected
units (unit dispatch). The purpose of economic alisip of
cogeneration power plants is to satisfy electrid dreat
demand at minimum cost or maximum profit.

The objective function of cogeneration power plaoild be
formulated as the sum of cost functions of its sajea
elements. Minimisation of the objective
cogeneration power plant with cogeneration unit laeat only
boilers could be represented as following [6]:
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where
N, - number of time intervals with duratidn

I, - cost of purchased electricity for time interdat

Npg - volume (capacity) of purchased electricity at the

time intervalt, ;

Cy(Nty,Qty)- cost function of “y” cogeneration unit as a
function of electric N and heatQ’ capacity of this
particular unit at the time intervéy ;

Wy, - binary variable, which describes the operatirajust
of the unit (“0” — out of operation, “1” — in opdian);

function of



Neoe - NUMber of cogeneration units; according to (1).

Clat» Clp- Start-up and shut-down costs of “y" Formula (5) could be simplified and rewritten ineth
cogeneration unit; following form:

V.. - binary variable, which is superior than “0”, §™unit X POT
" PCHP = max§ ,¢3[HSEtNEt +HQtQHt _CCHP] (6)
was started; )

Uy, - binary variable, which is superior than “0”, ¥™unit where
was stopped,; N;DOT - electricity sales volume (capacity) in the SPOT
C, (th) - cost function of heat only boiler “x”; market according to (11);

Q.. - heat capacity sales in the heat market, acogritin

Nyos - NUmMber of heat only boilers.
(12) or (21).

Start-up costs for theGq,,,) for the time interval could

be calculated according to formula: In case, trading portfolio of a cogeneration povedant
Naart | Nep includes a bilateral power purchase agreement (R#i) a
C. = z Z(B cL 4+ ECOZHCOZ) 2) & PPA : PPA .
Sart it ~ FUEL it t fixed volume N, " and pricell ", certain part of a power
t=1| i=1

. sOT : . .
where Ng,, is start-up time; plant capacity, safN, ~ , the owner is planning to sell in the

. S . .
B, - fuel consumption of the unit at the time inter¢al SPOT market at a forecasted priEég, (with probability of

Clt:UEL - fuel cost: @,), but the rest to be offered to transmission systeerator

AUX max SPOT PPA P
Cco P . . = — —
E, - CO, emission volumes at time peridg; (Ng N, Ne N ™) as a spinning reserve at

1% - CO, emission allowance cost the price Hétux, than profit maximisation task could be
t .

specified as following:
PPA N\ | PPA S SPOT
costs Cgqp)- < g "Ng o +ITgNg ™ +
op Pap = Max)_ g, (7
) ) o . o ~ FTTAYNAYX 411 Q -C
Binary variable Vi indicates, that cogeneration unit “y t=1 Et Et Qt <Ht CHP

Similar formula could be used for calculation ofigtfown

was started at the time intervd), if v, > 0, but binary : _
Let’'s name this task as thenarket dispatch”.

variable Uy - that the unit was stopped, hl,lyt >0. Itis

European Union Emission trading scheme (EU ETS) has
significantly influenced the logic of power planpearating
yi-1 ®) regime planning and control. The objective functgirall be

possible to express it as following:
Vyt = Wyt - W,

Uy =W, — W, (4) supplemented with additional costs associated wifte

Cogeneration power plant, which sells electricity the purchase of Coemission allowances:

SPOT market, would like to maximise its profit [7]: Co —mi SRS Cy(le,Qty)'Wyl +Caar Vy + 8)

Nooe CHP—m|n§ Zl ey + 150 g0

d H‘;ZNQ’W;+ where o n
t y=1 5

Perp ZmaXZ¢S " " ©) I_IcoZ c . . . . )
rov) 6 oo e o O, emission allowance price at time interigt

+ 1 ZQt Wy + ZQt —Cenp o
y=1 x=1 Eyt - CO, emission volumes at the time intervél,
where according to formula:
S .. . . .

ITf, - electricity SPOT price foit, in scenarioS( we Eijco2 — U, +U,B, + UZ(B” )2 )
assume that, is relatively short and price will not change During the second emission trading period (20082301
within t, ); free emission quotas to certain extent will be labdé for

. ) ) electricity producers, while during the third tragi period

I - heat price or tariff at the begin df,; (starting from 2013) all the quotas in the eledyicsector

would be sold in the auction. So, during 2008-28lEZtricity
producers still would have a choice to producetgtsty (and
Ccyp - cost function of cogeneration power planheat) and spend their GOemission quotas or to stop

W, - binary variable of CHP status;



production and got profits from GQGemission trading. The Local constraints:

deqisi_on could be ma_de based on apalysis qf e:té_ytnind NminW <NJY < Nxax y::L""nKOG (14)
emission allowance prices. The objective functionthis case
could be expressed as following, taking into act¢sn& (8): min W, <QY < ;axwyt , Y= L___,nKOG (15)
Neos Neo min < < max — )
) ( DN/ +HQIZQtJ Qe Q' =<Q¢™,  Xx=1..ny (16)
Pop =maxy g - (10 VTSV )
=1 +H(;Oz z E;oz ,(1_ we )_CCHP Emission, energy_and fuel consumption constraiatdccbe
v expressed as following:
n
CcO. quota
Let’s call this case th&nvironmental dispatch” z E.*-At<E/ (18)
t=1
It assumes profit maximisation from electricity ahdat zNy AL < 19
production or alternatively from trading of GQemission ymaxday (19)
guotas. Binary variable(l—wf,t) would have an opposite N,
o . . B -At<F 20
meaning in comparison toWj: if Wy =0, than tzzl: t y maxday (20)

(1— W;)zl. So it shall indicate whether the unit is in Where

operation and consuming G@®mission allowances or it is out
of operation and is capable to sell quotas. interval t, ;
When calculating the objective function, it is nesary to
take all the constraints into account, including,@mission
constraints. If necessary, other, regular emiss(dt@,, SO,  cogeneration unit “y” at the time intentg|;
particles, etc.) could be taken into account duriting i max
environmental dispatch. vt Nyt
Performing minimisation of the objective functiofly and
(8) or maximisation of the objective functions (%)) and _
(10), it is necessary to take global and local taigs into o Q- minimum and maximum heat capacity of
account. Electricity and heat balances of a coggioer system
are global constraints, while minimum and maximuapacity
of cogeneration units are local constraints. Initd it is E;‘”Ota- free CQ emission quota (if applicable);
possible to define limitations on emission, fuel emergy

Q. - respectively heat and electric load at time

N", NE*- minimum and maximum electric capacity of

- minimum and maximum heat capacity of

cogeneration unit “y” at the time intervg];

heat only boiler “x” at the time intervg ;

volume during one hour, day or any other time idér Wymaxday - maximum daily generation of the unit *y”;
Global constraints: Fymaxday- maximum daily fuel consumption of “y” unit;

Ncog

Nog + z NtyWyt =Ng , t=1..,n, (11 The volume of heat accumulator during the next {Mr,)

y could be defined as volume during the previous ha{p),
Npos Ncos -
X y — — n
+ w, = , t=1...n 12 _ _ X
;Qt ;Qt w = Qu Loane (12) plus heat production of cogeneration un|t§“(Qé'OGt ) and

If cogeneration system has a heat accumulator, ket .

balance shall be supplemented by capacity (voluofhid)eat
accumulator, in accordance with (21). In case thegart of
cogeneration electricity to be traded in the SPOarket

Nyos
heat only boilers EQ,ﬁOBt) minus heat load and (if
x=1
applicable) fictitious load of gland condenser (swn cooler).
(Ng°"), another part to be sold according to fixed powef, this case heat balance (12) could be transfortnethe

purchase agreementI\KPPA) but unused capacity to be form:
- . Ncog NHos
— y X
offered to the éys-tem operatorU Xas auxiliary se-snciar V., =V, + ZQCOGt +ZQHOBI -Q, —Qu .
example as a spinning reservb]@ ), than expression (11) =1 =
could be transformed to the following one: t=1..,n (21)

Ncog

Npg + Z NY = NSO + NS NEYX (13)



lll. ALGORITHM

The algorithm is made of two cycles (Fig. 1). Timadr
cycle is intended for profit maximisation of gashime and
heat recovery boiler as the outer cycle is arrarfgedgrofit
maximisation of a whole power plant. Number ofaterns is
to be made until optimisation criteria and Bret and then
the results are received.

The algorithm starts with entering of input datarifts,
prices, ambient air temperature, and heat load) defhing
constraints (minimal and maximum capacity of equépth
Then the outer cycle starts. By using a random mumb
generator, capacity and fuel consumption of a fiesat only
boiler are determined at this iteration. Heat logdif a steam
turbine is calculated as a difference between ¢geired heat
load and capacity of a first heat only boiler nplied by
random number function “rand”. When heat capacitgteam
turbine is known, it is possible to calculate ifsctric capacity
and steam consumption of the turbine.

Then the inner cycle starts. The first step makespla of
steam consumption between two heat recovery bolensthis
purpose, the random number generator “rand” is usemk
again in order to determine steam consumptionefitht heat
recovery boiler. The rest of the whole steam condion is
ensured with the second heat recovery boiler. be dhere is
no possibility to ensure steam consumption fronoéeb by
operating only a gas turbine then supplementarndfirs
started. Fuel consumption of gas turbines and supghtary
firings is calculated. Gas turbine electrical loadi is
calculated as the function of its fuel consumptibiow, the
profit provided by gas turbines and heat recoverijebs can
be determined. The calculated profit is comparetth Wiat at
the previous iteration. If the difference is lelsart the required
criterion  then the optimum of the inner cycles lneen found
and the process is to return to the outer cyclapifthen the
process continues with a next iteration. On retarthe outer
cycle, loading and fuel consumption of the secoedtlonly
boiler are calculated to ensure heat balance. &wyrthe total
profit of the plant is calculated. It is compareidhwthe profit
at the previous iteration and, on conditions thatdptimum is
found, the calculation stops and results are piiotg.

IV. NUMERICAL EXAMPLE

Let us consider application of algorithm mentionedhe
Fig. 1 for cogeneration power plant with installeet electric

Input data:
My, e, Cr T Qu

Constraints
min max N jmin ma)
Qiios < Quos < Qe Ner" < Nor < N7
max min max
DI < D, < DI

max _ pmax , pmax  ymin may
D =Dgr + D& D" <D < DY

x random+ Dy

o
[Purory = (D — Q) )]

|Qnosm = Qs — Qe )x random+ szu)l

Buos) = fQuosn)

Qrr = (Qu — Quogy ) randomy

With supplementary firing
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|C = CeusBros() = 2 MuQuos) ~ 1w Qrr ~MeNpy +Cor
= =

B @ - @

Optimisation algorithm of combined cycleHE plant operating

End

Fig. 1.
regimes

Let us consider the spring regime with the refegetacthe
data recorded on 30 March 2006. Fig. 2 and FigorBpares
modelled and reported production schedules of Rig#-1
for electricity and heat. Modelled data is indichwith dashed
lines. It is possible to conclude, that simulatedttproduction
schedule is almost coincide with the reported (@¢aiation is
only 0,07%), while modelled electricity productiechedule is
slightly differ from statistics (deviation is 7,5%Jhe main
difference is concerned with operation of gas tueband
supplementary firing units. The model decides tad one
gas turbine in favour of loading the second gabirer and
supplementary firing.

capacity 144 MW and heat capacity 375 MW. Main

components of combined cycle unit of the CHP phkmxet two
gas turbines SGT-800 with capacity 43 MW each, heat
recovery boilers with two loops (steam and thergaifon)
and with supplementary firing and one backpressieam
turbine MP 24 with installed capacity 54 MW. Heapacity
of cogeneration unit is 142 MW.
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Fig. 2. Heat production schedule ( Qtt real heatdpction from steam
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. . . Fig. 5. CQ emission volumes
The selected manner of operation is motivated sl fu 9 @

savings of about 3,5% for the 24 hours period ahétlwvis  Taking into account the reduction of electricityoguction
especially important by COemission reduction. One of the yolumes in calculated schedule, modelled overakmees are

explanation for such a result is a very low tafidf eIeCtriCity lower than of reported data (F|g 6) However, lowaee also
production (of Riga CHP-1), which discourage froecticity  production costs due to fuel savings.

production in cogeneration mode. As the resultsralle
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Fig. 4. Fuel consumption volumes



V. CONCLUSION

Planning of operating regimes of CHP plants in meavket
conditions requires utilization of new mathematicabdels.
Model based on two stage Monte-Carlo optimizaticgthod
allows achieving quiet good results with moderatguirement
of computing resources.
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