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Abstract of the regulation stage operation and the exhaust losses
during the off-design conditions will give a significant

In this paper mathematical models of steam turentribution to the improvement of the accuracy of the

bines used in mixed integer nonlinear programminghole MINLP model.

(MINLP) are improved to enable more realistic results

from the optimisation and more robust and reliable op-

timisation models. The modern advanced power plaf{e |ack of robustness of the models is a problem
is in many respects very well optimised, which meags$ team turbine modelling as the more detailed tur-
that the focus today is on marginal improvements .o modelling easily results to an increased amount
the process. The models used in the optimisation Myst, o jinearities and nonconvexities in the optimisa-
be able to reflect this. The challenges of the stegg, model. with the nonconvex model the solution

turbine modelling discussed in this paper are the mgjeine optimisation model may be problematic with

detailed efficiency modelling of the turbine during thg,mmercial solvers, optimality of the solutions can be

off-design operation, the modelling of pressure asydaranteed only locally and the solutions can be sen-
free variable both in design and off-design optimis@y e to the initial values.

tion and the possibilities to increase the robustness of
the model by convexifying it.

There are several ways of regulating turbines duri? thi K th f st turbi del
off-design operation. The condensing turbines in coﬁ?- IS work the accuracy of steam IUbine Models
MINLP optimisation are improved by including

ventional power plants, where the load does not va 21 behavi fth lati ¢ Hici
or varies very little, are usually regulated with slidt- € special behaviour otine reguiation stage etliciency

ing pressure and regulation valves, whereas the ba%ﬂgdﬂ:e IeXth:;:_ Iosstf]s at tthe .en? of tr}eﬂ:urbme to the
pressure turbines.g. in combined heat and powelmo €l. In addition, the optimisation of Ihe pressure

plants, are often regulated using a regulation sta?eé/els in the turbine during design and off-design op-

For power plants where the pressure of superhea atlon is possible as the pressures are modelled as

steam before the turbine is fixed, the regulation sta tehvarlalélels. Al thg sagu; t'm(?[_ thet_norlﬁonvexmes
improves the steam turbine performance during off- € Models are reduced by estimating the noncon-

design operation. However, in the optimisation mo ex functions with convex functions. The results show

els that exist today the special behaviour of the regt at the developed nonconvex model with the detailed

lation stage efficiency has not been taken into account cency functions and.the free pressure variablesis a
ore accurate description of the simulated steam tur-

Similarly, the exhaust losses at the end of the turbifs than th del q ously. Also. th
affects the efficiency of the turbine at part loads a e than In€ Models used previously. AlSo, the con-

should be considered in the modelling. A better mod\tlﬁ‘?x model' based on this gives a goqd description of
the behaviour of the total steam turbine. The devel-

*Corresponding author (e-maituula.savola@hut.fi , oped models will be especially useful, when a larger
tel: +358 9 451 3637, fax: +358 9 451 3418) MINLP model of a whole CHP plant is constructed.




Nomenclature

the nonlinear problems, there exist algorithms to solve
both nonlinear programming (NLP) and MINLP prob-

A Area_ . () lems to global optimal solutions. A good overview
a Coeff!c!ent of global optimisation can be found in the work by
b Coeff!c!ent i Floudas et al. [8]. However, the most efficient algo-
c Coeff_@ent, Velocity vector ().rt/s) rithms require that the functions are convex in order to
h Specific enthalpy KJ/kg) guarantee a global optimal solution. Broadly speaking,
K Flow-through factor a linear model is better than a nonlinear, continuous
m  Mass “°_W kg/s) variables are better than binary/integer variables and
h  Polytropic exponent convex functions are better than concave/nonconvex
P Pressure ar) functions. For nonconvex problems with multimodal
SZ ggz;f:ccl:(i)(:vnt of determination Mw) objective function or nonconvex feasible region, the
I classical nonlinear programming algorithms will ter-
S Specific entropy KI/kgK) minate with a solution, which is strongly dependent
T Temperature . K.”C) on the starting point. Unfortunately, these problems
U Over'al.II heat transfer coefficient W(/nv’K) are common in the design and synthesis of energy sys-
v specific volume t°/kg) tems. This means that for these models special care
W Work ) MW) must be taken to make them suitable for the mathe-
x  Steam quality i matical programming solvers.
Z  Convex transformation _
nis lsentropic efficiency Combined heat and power (CHP) plants are power

plants that generate heat as well as electricity. Today
they are an important part of the modern energy con-
version chain. A CHP plant can generate heat for both

. . L Pistrict heating and industrial processes. Most CHP
Mathematical programming, or optimisation, dea . . . .
plants are operating under time varying constraints.

V.V'th the problem_ of 9pt|m|3|ng an objective fun_CProcess conditions like heat and power demand, the
tion. A general mixed integer nonlinear programmi

(MINLP) model can be formulated as: naectricity :_;pot-pricg and fuel compgsition are very
important time varying factors for optimal design and
operation of CHP plants with respect to both profit
and environmental impact of the process. In recent
years carbon dioxide management together with emis-
sion trading has also become more and more impor-
tant. The largest responsibility for complying with the

wheref (x,y) is the objective functiorh(x,y) =0 are , niceion limits set by the Kyoto Agreement are given
equations that can describe for instance energy- P9 energy industry. The modern advanced power
mass balances ang(x,y) < 0 are inequalities, that

¢ | q ive the feasibl i _ﬁ{ant is in many respects very well optimised, which
or example can describe the easible operation Pollia s that even marginal improvements to the process

(e.g.temperature ranges). A good overview of Opt'm%ire important. The models that are developed to design

sation and applications in process systems engin fifints or to suggest and evaluate improvements must

ing can be found in the work b-‘_/ Biegler and Gros e able to reflect this. In this respect the models of the
mann [2] and Grossmann and Biegler[9].

: _ steam turbines included in the CHP plant models are
There are several important factors to take into

. oS Yfiportant.
count when formulating an optimisation model, for

instance the convexity of the functions, existence g}addition to the_fact that the steam turbines are cru-
derivates, continuity of the functions and the linearify@! to the operation of the CHP plant, the steam tur-
or the nonlinearity of the functions. There is no effRine characteristics have several features that can make
cient algorithm for solving problems of all classes, b{ff€¢ models difficult to solve for the current mathemat-
many specialised algorithms have been developed. €&l Programming solvers. The difficulties are primar-
linear programming (LP) problems, and to some elly related to the nonconvexities of the models. A dis-
tent mixed integer linear programming (MILP) probCUSSion of some of these aspects can be found in the
lems, there exists powerful algorithms to solve practork by Tveit [21].

cal problems to a deterministic global optimum. Faén the literature there are many different models of

1 Introduction

h(X, y) =0
g(xy) <0 )
xe X,ye{0,1}"

minZ = f(x,y) s.t.



steam turbines. For relatively simple steam turbingapdel. Basically, a good model must be able to calcu-
i.e. turbines with few extractions, that are regulated uste the mass- and energy balances for the steam tur-
ing regulation valves, there exists a good linear mod®hes. Expressions for the mass- and energy balances
that relates the power output of the steam turbine ftr a steam turbine stage are given in Equations 3 and 4
the mass flow of steam through the turbine. This reespectively.

lation is often referred to as th#fllan’s line [6] [11]. m m =0 3)

The mathematical form of the Willan’s line is shown £ je;ﬂ 1=

in Equation 2.
a hem- S hpm-W=0 (4
1 ) i€ jeOUT

Wou= 3 G (2)

e wheremis the steam mass flowjs the steam enthalpy

which is a function of temperature and pressuve.

whereWoy: is the power generated by the steam tyg the power output of the stage and can be written
bine,c; are coefficients anahis the mass flow of steamgg\y — Nis - M- (hin — houtis). N terms of enthalpies

through the turbine.The Willan’s line is approximately, o isentropic efficiency can be written as shown in
a straight line between the smallest load, when the tErquation 5.

bine is running but not yet producing power, and the hin — hout
load with the maximum efficiency. The Willan’s line Nis = ———

has been used in optimisation for instance by Movr, hereh is the enthalpy antis is the enthalpy of an

matis and Kokossis [14] [1,5] a’nd.by Manninen an entropic process. The way the isentropic efficiency
Zhu [12]. However, the Willan's I|ne_ does not 9V&aries with the mass flow is determined by the de-
a 90(_)d model of more co.mpleg_turblnes and fails Is(fgn of the turbine stage. The isentropic efficiency
take into account the nonlinearities related to the reies differently if the stage is a regulation stage, a
ulation stage and exhaqst IOSS_ (see the work by, Sa\(%’}king stage or the last stage of the turbine. The
and Ke_ppo [19] for a discussion). The mod_ellmg %e_ntropic efficiencyn;s, is a function of the load or

regulation stages and exhaust losses are dlscussergégs flow through the turbine stage. This variation of

iectlotr_l 2.' i del f lation f CHP ol the efficiency of steam turbines is especially important
nop |m|sa 'on modet Tormulation for a P anFor CHP plants compared to conventional condensing
has previously been presented by Bruno et al. [3].

: : : |5I8wer plants, as CHP plants normally operate at par-
;he'r Logmt;la}tlonr:he complexity of th? mr?del V\éasl rTTaI loads for a considerable time during a year.
uced by fixing the steam pressures in the mode. eregulation stage can be used to improve the off-

el turbir_1e efficienpy was calc_ulated using ”ne&ésign efficiency of a steam turbine compared to reg-
and quadratic correlations depending on the extractign o using a regulation valve. A regulation stage
pressure.

In this paper steam turbine models with Willan’s lin
with more detailed regulation stage and exhaust |
efficiency curves and with convexified functions ar
presented and compared with a simulation model. T

basic model formulation is different to the formulaé regulation valve compared to a regulation stage is

tions by Brgnohet aI.,dasl mode]! IS mult_lpglnod aan? trEGﬁown in Figure 1. The efficiency of the regulation
pressures in the models are free varia '€s. This §?ége is typically designed to be at its maximum at
quires more compl.ex models k_)Ut makes it possible Brtial steam load (90% load). In this work the part
definee.g. the OP“ma' e_xtractlon pressures and t Gad performance of the regulation stage is defined
part load operation, which are especially Importagl polynomial function, which is based on the es-
when the steam turbine models are combined to Iar%?ﬁation that the maximum efficiency of the regula-
CHP plant models. tion stage, B0, is gained at around 90% steam load,
corresponding to the characteristics of a typical tur-
2 Steam turbine characteristics bine. At full load the efficiency is @5 and as the
steam load decreases towards 10% the efficiency goes
For mathematical programming problems related tiw zero. This estimation, where the maximum effi-
prog agp
the optimisation of CHP plants, there are certain chaiency of the steam turbine is gained at part load, cor-
acteristics of the steam turbine that are important iesponds the usual conditions in a CHP plant. With

(5)

hin - hout,is

is a group of nozzles that separates sectors of an im-
ulse turbine stage. The nozzle group is regulated
fth special valves that controls the flow of steam to
ach sector. The difference in the steam expansion in
enthalpy-entropy diagram for a steam turbine with



these estimations the regulation stage efficiency starts 1
to decrease more rapidly, when the steam load is less
than 80-70 %. Figure 2 shows how the efficiency of a
typical regulation stage changes with the load.
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Figure 3: Isentropic efficiencys, as a function of the
load relative to the design state for a typical steam tur-
entropy,s bine working stage. The isentropic efficiency changes
approximately linearly with the load from the design
state to about 50% of the load, after which the isen-

Figure 1: Difference between the steam expansiongpic efficiency starts to deteriorate rapidly.
a regulation valve dbc) and regulation stageadig.

The additional power obtained when using a regula-

tion stage isAh, which is the difference in enthalpySteambTX'rt]mg flr(c_)m _the last stﬁge_ of the _tll,”b'dn? V\Q”
between the statesande. inevitably have kinetic energy that is not utilised in the

turbine and thus lost, this is called teghaust loss

The exhaust loss affects the off-design variations of the
1 : : : isentropic efficiency of the turbine stage. It is thus im-
portant to be able to calculate the exhaust loss, since it
has a major impact on the power output of the turbine
stage. In Figure 4 the typical exhaust loss behaviour
for a turbine stage is shown. The calculation of the
last stage is also complicated by the fact that the steam
starts to condense in the turbine stage. This means
that the steam quality must be taken into account by
the model. The steam quality, can be defined for the
isentropic case as shown in Equation 6.

isentropic efficiency
o
(6]

0‘.5 O.‘75 ‘1
relative load
. __ awater
X= ?:am SOL\J/t/ater (6)
St SOt
eresis the entropy.
order to be able to calculate the enthalpy change

of the steam and the temperature of the steam being

The so-called turbine working stages after the regu%{gtracted, itis necessary to calculate thg pressure at the
tion stage are most often reaction stages with a degfdgt @nd outlet of a turbine stage. Equation 7 shows an
of reaction of 05. The isentropic efficiency as a funcEXPression of the_relatlonshlp between the mass flow
tion of the load for a typical working stage is shown iff Stéam and the inlet and outlet pressures of a steam
Figure 3. As can be seen from the figure, the char&;‘éb'”e stage with a fixed blade construction [20].

in the isentropic efficiency is small and close to linear 2 Do (1)
between 50% and 100% of the load at the design stage. (m) _ Epavao ( - )
Below 50% of the load, the isentropic efficiency starts Mo H2PaoVa \ 1 — Peo("5h)
to behave nonlinearly. a0

The isentropic efficiency of the last turbine stage wilthere the subscript O refers to the design statis,
have a different behaviour than the previous stagd®e polytropic exponent and = kxCn2/+/2Ahs.  Cn2

Figure 2: The isentropic efficienay;s, as a function of
relative load (mass flow of steam through the turbin\lérj1
for a regulation stage.

N

(7)

N



is the heat load of the heat exchandlis the overall
heat transfer coefficient which is assumed to be con-
stant along the heat exchanger ahds the heat ex-
changer surface area. The indices 0 &nckfers to
the start and end of the heat exchanger, where in this
case the hot steam enters the heat exchandernat
exits at 0. ATy, is thelogarithmic mean temperature
difference(LMTD).
The LMTD has certain unwanted properties with re-
0 05 ] e 5 gards to mathematical programming, and it is there-
relative volumetric flow for common to use an approximation of LMTD that
is more suitablee.g. the approximations suggested
by Chen [4] and Paterson [18]. In this work the
Figure 4: Typical exhaust loss behaviour for a tughen-approximation is used, and the expression can
bine stage as a function of the relative volumetric floge found in Appendix A.
of steam (based on data from Prosim module refefnother important aspect to model is the physical
ence manual [7]). The volumetric flow is relative troperties of water and steam. For the work presented
the volumetric flow at the design state. The exhaygtihis paper the most important properties are the en-
loss is dependent on among others the blade lengkyipy and entropy of water and steam as a function of
mean diameter, frequency and outlet angle of the tyémperature and pressure. A discussion of steam prop-
bine stage [17]. erty functions and mathematical programming can be
found in the work by Laukkanen and Tveit [10]. The

is the normal component of the velocity vector of thieroperty functions used in this work are adapted from
steam at the exithhs is the isentropic enthalpy differ-the Industrial Standard IAPWS-IF97 [22].

ence for the stage arid is the flow-through factor. If Many of the equations presented above have properties
the CHP plant is generating steam to an industrial pthat cause nonconvexities to the optimisation model
cess, there also is another reason why it is import&fd thus make it more difficult to find the global op-
to calculate the pressure. Industrial processes havetigfim of the problem. Section 3 summarises, how
ten lower bounds for the pressure of the steam, and fhese nonconvexities are transferred into convex for-
only way this can be accurately modelled is to calciulations in the steam turbine model.

late the changes in pressures.

To summarise, in ord_er to calculate realistic energ%  Convex NLP model formulation of

and mass balances, it is necessary to know the mass .

flow of steam through the turbines, the pressures and a steam turbine
temperatures before and after the turbine stages and | .. . . .

the Iiosentropic efficiencies of the steam turbineg:]s. F%?Pe bilinear term in the energy balance in Equation 4,
CHP plants the heat demand determines the operaﬁgrm.ely the mass flow times the enthalpy, can be ap-
Srgxmated by the convex envelope suggested by Mc-

of the plant. As the heat demands vary so do the mi ick 1161, Th ion for th |
flow of steam through the turbine, the pressures in rmic [. ] € expression for the convex envelope
shown in Equation 10.

turbine and the isentropic efficiency. A good mod&t
must thus relate the heat demand to the_se \_/Qlues. mh+hm—mtht  ifh < —z
In order to get a model of the steam turbine it is neces- m-h = TNy TR herwi
sary to relate the heat demand of the CHP plant to the +h m- otherwise
mass flow of steam. The heat demand of th(_a CHP pl."\’}vm[ere mh, R
can be related to the mass flow of steam with the SR
ple model of a heat exchanger shown in Equationsr%
and 9.

exhaust loss (kJ/kg)

10)

andhV are the upper and lower
unds of the mass flow and enthalpy respectively.
e breakpointz, is defined in Equation 11.

hY _ht mUhY — mbht
Q=m- (h(TL, p) —h(To, Po) ) 8) Tt TP —rTwL -

Q=U-A-ATim ) . o o
In order to avoid discontinuities in the optimisation

wheremis the mass flow of stearh,is the enthalpyQ model, the bilinear term can be replaced by a variable




w, which relaxes the upper and lower bound. whereb; are the coefficients for the polynomial. The
isentropic efficiency and enthalpy Equation 5 for regu-

@ > m-h+h"m—m-h" (12) Jation stage and the last turbine stage is approximated
w>m’h+h’m—m’p’ (13) by using the convex envelope formulation of the bilin-
w S mU h+ hLm_ mU hL (14) ear termi IaSl h Z Iasl h|s, Z reg h andz reg h|s

Under the assumptlons that the polytroplc expomnnt
is constant and equal to 1 apds constant and that the

where Equations 12 and 13 comprise the relaxed loato s ideal steam (i.@Va = PaoVao), Equation 7

bound and respectively Equations 14 and 15 the uppan be written as:
bound. PaMg—M’Pio = PaMG —NMPRg,  (20)

The maximum difference between the bilinear ter@quatlon 20 can be transformed into a bilinear form

m-h and the convex envelope in quﬂﬁflong 1rr(1')- W%%/ replacing the quadratic terms with new variables of
shown by Androulakis et al. [1] to b@4— the formZ, = x2.

and occurs at the middle pointe. whenm = mL%

andh— P51 Z2Ze — ZneZp = ZpZg — ZZ,  (21)

Similarly to the energy balance, the bilinear terms withhis bilinear equation can be approximated by a con-

the steam content after the turbinex- h, x-s, x-his Vex envelope similar to Equation 11.

andx-m, are approximated using the convex envelope the models the approximation ofMTD by

formulation. Chen [4] is used. The approximation is concave

If the load does not go below 50% of the design loagee Appendix A for proof), which means that it

the isentropic efficiency for a regular working stagean be transformed into a convex expression using

can be accurately modelled as constant. For the rétp same transformation as for Equations 16 and 18,

ulation stage and the last stage, the variations of fh@mely that MT Dchen= —ZiMT bDepen ANAZLMT Depon =

isentropic efficiency with the load is significant. The-(concave expression). Equation 9 is approximated

isentropic efficiency for the regulation stage as a furigy replacing the bilinear teri- LMT D with a convex

tion of load can be accurately modelled using a 3gdvelope.

degree polynomial. As can be easily understood by

Iookin.g at Figure 2, the 3_rd degree polynomial is cony Comparison between nonconvex,

cave in the relevant region between the loads 100% . . .

and 50%. The concave polynomial can, however, eas- convex, Willan’s line and simula-

ily be convexified at the cost of an additional equation tion models

and variable. For each periogl, the isentropic effi-

(_:|en(;y,r]|eg for the regulation stage can be calculatelhe steam turbine selected for the simulation and

using the convex model in Equations 16 and 17.  modelling case is a back-pressure turbine producing
16.5 MW district heating and .8 MW electricity. The

w< mh+h'm—nmth (15)

Nis} = angg J (16) turbine consists of three turbine modules as presented
_ in Figure 5. The first turbine module is a regulation
Zyes | = Z)ai - (Qﬁe')' (17) stage, the second is a working turbine and the last stage

includes the exhaust losses at the end of the turbine. A

whereZ, e | is the negative of the isentropic efnc'enc§.|mllar decomposition of a steam turbine into the mod-
of the regulatlon stagey are the coefficients for theules corresponding the expansion between the steam
polynomial anereI is the relative heat load for theEXtractions has been presented by Chou and Shih [5].
period j. S|m||arly, the isentropic efficiency for thel he superheated steam temperature before the regula-
last stagen!2st can be modelled by a 6th degree cofiion stage of the turbine is 510, the pressure 6bar

cave polynomial. The convexified expression is sho@id the mass flow of steanBkg/s. The temperature

in Equations 18 and 19. and pressure before the turbine are constant also at part
loads. The steam extraction from the working turbine
n:gﬁt angst7 i (18) is 5% of the total mass flow. The district heat demand
varies from 100% to 50% during the part load oper-

Zyjast | = Z)bi .(Qﬁe')i (19) ation and defines the steam mass flows, the tempera-

i= tures and the pressures in the turbine. In the previous



ment Corporation and the solver selected for the prob-

lem is CONOPT3 by ARKI Consulting and Develop-
H@ ment A/S. The number of equations and variables and

the solving times for the three optimisation models are
presented in Table 1. From the table it can be clearly
seen that the convexifying of the steam turbine model

eI is done at the costs of more variables and equations in
the model and thus also a longer solution time.
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Variables Equations  Solving tim(s)

Willan’s line 587 519 115
Nonconvex 609 539 16
Figure 5: Demonstration turbine. Convex 1215 2327 43

Table 1: Statistics regarding the size and complexity
studies the possible minimum load for a general biofgf the different optimisation models.

elled steam turbine system is mentioned to be as low as

30% (Marbe et al. [13]). At lower loads, the boiler willThe relative power generation of the total steam tur-
have difficulties supplying the required steam. Usbine system as a function of the relative heat loads
ally, the small-scale< 20 MW;) CHP plants are oper-according to the optimisation models are presented in
ated from full loads down to 50% load, so this is set &sgure 6.

the lower limit for the load.

The selected steam turbine is modelled in four differ- W Willams e
ent ways Nonconvex -
. c Convex - >
.% 0.9 Simulation ’
1. A simulation model is constructed with asimula- s o8t
tion program Prosim including the part load be- & -
haviour presented in Figures 2 and 4 for the reg- g 6
ulation stage and the last turbine stage. The effi- ¢
ciency of the working stage is estimated to remain 0
constant at the loads between 100% to 50%. 041
0.3 : : : : : :
2. A NLP optimisation model of the steam turbine is 04 05 06 07 08 08 A

. . T . relative heat load
constructed using the Willan’s line as a descrip-

tion of the total steam turbine efficiency.

Figure 6: Relative power production of the steam tur-

3. The NLP model is modified so that the eﬁICIerBine as a function of the relative heat demand accord-

cies of the regulation stage, the working stage alr}]d 1 the tested models
the last stage are modelled as described in Flgg '

ures 2, 3 and 4. The results show that when the nonlinear behaviour

4. The nonconvex NLP model is convexified by u&f the steam turbine efficiency is included into the
ing e.g. the convex envelope method by McPOn-convex optimisation model, it describes the be-

Cormick [16] and transformations. However ifjaviour of the simulated case plant more accurately

the convexified steam turbine model the steaif@n the linear description estimated with the Willan’s
dipe. The non-linear convex optimisation model devi-

property functions remain nonconvex as thef X )

convexification is beyond the scope of this worl(:’_.‘tes more from the S|mulgted values than the Willan’s

line based model, especially at low loads. However,

The coefficients of the Willan’s line, and the convex the convex model gives a better description of the trend
NLP model,g; andb;, for Equations 17 and 19 respecthan the Willan’s line based model. The nonconvex
tively are given in Appendix B. It should be noted thaliLP model gives slightly higher relative power pro-

the coefficients of the nonconvex model arg; and ductions than the simulation model. The reason for

—b; as shown in Equations 16 and 18. this may be that in the optimisation models the power
The optimisation program used is the General Algproduction as an objective function was maximised

braic Modeling System (GAMS) by GAMS Developand thus the models may find more optimal process



designs than the simulated one. The convex model [ Rongonvx

gives higher power productions for the total steam tur- g oonvex
bine system than the nonconvex one. Thisis dueto§ 09
the convex envelope method that is used to replace the
accurate bilinear nonconvex functions with upper and
lower limits of the bilinear term. In the convex en-
velope method the variables are allowed to vary in-
side this predefined envelope. To make the convex o
model more similar to the nonconvex model the en-
velopes could have been divided to several piecewise 03 — "~ —— " ;

envelopes. This would require the use of binary vari- relative heat load

ables. However, in this case the convex model was

an accurate enough description of the nonconvex one

especially when considering the power generation figgure 8: Relative power production of the 2nd turbine
total steam turbine system. stage (working stage) as a function of the relative heat
The differences of the models can be studied more §&Mand according to the tested models.

tailed if the relative power generation as a function of
the relative heat load is presented separately for each

ative power generati

. . . . 1 [ Nonconvex —— -
turbine stage as in Figures 7, 8 and 9. As the Willan’s _Convex
. . R —_ < 0.9 Simulation
line is a description of the efficiency of the whole ¢ |
steam turbine system, the model with Willan’s line is g 0'7
. . . . . [l T
not included into these figures.  The results in Fig- 2 |
5 o
3 05
o
1.6 [ g 047
©
s 147 031
b= 0.2
o 12} ‘ ‘ ‘ ‘ ‘ ‘
S 0.5 0.6 0.7 0.8 0.9 1
g 1 relative heat load
]
3
® 0.8 r
5 o6l / ] Figure 9: Relative power production of the last turbine
oal R om— stage as a function of the relative heat demand accord-
’ Simulation

‘ ‘ ‘ ing to the tested models.
0.5 0.6 0.7 0.8 0.9 1

relative heat load

the convex model the formulation of the last stage be-

Figure 7: Relative power production of the regulatidtaviour should be transferred into more accurate one.
stage as a function of the relative heat demand accoftie developed models have also been compared by
ing to the tested models. calculating the coefficients of determinatio®?, be-
tween the results of the optimisation models and the
ures 7, 8 and 9 show that the nonconvex NLP modanulation models. Th& values describe how well
is a good description of the simulated process. Ttiee variations in the results from the optimisation mod-
differences between the convex model and the nonceis explains the variations in the results from the sim-
vex one became more apparent for the separate turhilsion model. ThéR? values are presented in Table 2.
stages than for the total steam turbine model. The migcording to theR? values the nonconvex model is
jor difference between the convex and the nonconvidne best presentation of the simulated steam turbine.
models is in the performance of the last turbine stagéso the behaviour of the different turbine stages in
This is probably due to the fact that there are moitee nonconvex model correspond well with the simu-
bilinear terms, related to the steam moisture contdation model. The Willan’s line and the convex model
after the turbine and to the heat exchanger design, that also fairly good descriptions of the total steam tur-
are replaced with convex envelopes affecting the léshe behaviour, but the Willan’s line doesn’t model the
stages then the rest of the turbine. Thus to improwgbine stages separately and the convex model gives



Regulation  Working Last ~ Total |essaccurate. The Willan's line is a description of only

stage turbine stage turbine . _ . )
(Fig.?) (Fig.8) (Fig.9) (Fig.6) the total tur_blne effl(:ler_lcy and does not take into ac
- 09896 count the different turbine stages. The convex model

Willan’s line - -
Nonconvex 111 09966 09864 09955 describes fairly well the regulation stage and the work-
Convex 09044 09942 05991 09812  ing turbines behaviour but the model for the last stage

is less accurate. This is due to the fact that the last
stage is influenced by a large amount of convex enve-
rrfc‘)pe functions, which are used to replace the noncon-
vex bilinear functions related to the moisture content
of the steam after the turbine. However, the convex

a poor correlation to the last turbine stage. If a mog@@scription of the total steam turbine behaviour may
accurate convex model is needed it would be possibr very useful when a larger MINLP model of a CHP
to improve the modelling of the last stagey. by di- Pplant is constructed. A convex model of the steam
viding the used convex envelopes into the smaller stigrbine may be preferred as it helps to formulate the
regions. However, for a MINLP modelling needs dérger model in a convex way, which makes the model
a CHP plant the convex model gives a good enougt®re robust and the finding of the global optimum eas-
description already in its current state especially if th@¥

total steam turbine behaviour is the main interest of the

optimisation.

Table 2: The coefficients of determinatid®?, for the
results from the different optimisation models co
pared to the results from the simulation model.
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