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Abstract—The context of this paper is energy recovery in an incineration plant. A dynamic model for the description
of a drum unit is presented. In the first part, the physical system in question is presented. This description is performed
by following the cycle of water within the system. The different devices of the network are presented, as well as the
control valves and their roles. A complete list of the state variables used to represent the process is given. Secondly,
we focus on the mathematical description of this system. Indeed, the set of equations representative of the process is
rendered. This is a differential algebraic system composed of 6 ordinary differential equations and 113 algebraic ones. A
predictor-corrector method (Gear’s algorithm) is used to solve the system. The results of the model are shown in case of
the turning off of the plant, when the turbine needs to be bypassed. Finally, an explanation of the observed yields of
the model is given.

Key words: Incineration, Energy Recovery, Steam to Electricity, Modelling, Simulation

INTRODUCTION chosen for the first step in the building of the virtual plant because
its performance in terms of conversion of organic material, as well
Incineration plays a major role in the disposal of municipal waste inas low nitric oxide emissions, is expected to be very high. In addi-

Europe and in France. A French govermental organization (ADEMHion, the control interfaces of the virtual plant have been designed
2001) has found that approximately 35% of the municipal wastgFigs. 1, 2, 3). In this paper, we focus on the energy recovery part
produced by the French (25 million tons in 1998) was incineratecf the virtual plant. More precisely, we present the mathematical
in 248 incineration plants. Because of the laws prohibiting rubbishmodel used to represent the behavior of the process water as it is
dumping in European countries which came into effect in 2002yaised to steam in the boiler, released in the turbine and then con-
the number of incinerators is expected to grow, and so is the nungdensed in the aero-condenser (Figs.2 & 3). Thus, some insights
ber of them able to recover energy from waste. However, the formawill be given on the system in question in order to present the dif-
tion of toxic solid and gaseous by-products during the incineratiorferent relevant components of the energy recovery section. Sec-
of municipal waste, as well as the NIMBNdt In My BackYaid ondly, the mathematical model will be presented as well as the nu-
syndrome, can lead to limitation in the use of incineration as welimerical method used to solve this DAES system. Finally, some results
as to an increase in its cost. Thus, a better knowledge of the incineraf the model are presented in the case of the plant being turned off.
tion processes is required. New achievements may then be usedFrom an industrial point of view, this paper shows that our sim-
either by designers or operators of incinerators. In the latter caseljator is well suited to what can really happen when one or some
the operating tools are real-time simulators, which can predict trendsf the operating parameters are modified, which can be very useful
according to operating parameters. The building of such simulatorfr teaching to operators how the process should be supervised.
iS our aim.

More precisely, three French Laboratories (LGPPaof LEPT THE SYSTEM IN QUESTION
of Bordeawand LIPSI oBiarritz) in the South West of France have
joined in for a project called SIMAPI (Siiateur Aquitain de Fo- The cycle of the process water is illustrated in Fig. 4. It is com-

cédédd’'Incinératior) in order to build such a tool. The upcoming posed of a main loop and some auxiliary loops (de-superheating
virtual plant will include several models to represent the differentloop, funnel, heating of the feed tank and bypass of the turbine).
technologies that might differ from one process to another (for ex-The system depicted is incomplete. Isolating manual valves have
ample: grate fire furnace, rotary kiln, fluidized bed, dust-removingbeen omitted from the unit, as well as drain and make up water loops.
or gas cleaning technologies). It will also include an energy recovOf course this is a simplification, but the choice has been made to
ery section, which is usually performed by using a condensing turbintake into account the discriminating devices only. This cycle is an
for electricity production, or a back pressure turbine for both heaindustrial one. More precisely, this is a cycle used on a fluidized
and electricity production. incineration plant of 3.3t/h of municipal waste input.

Presently, fluidized bed technology, has been modelled, allowd. The Main Loop
ing for dynamic and real-time fluidized bed incineration simulation 1-1. Physical System
[Marias, 1999; Marias et al., 20014, b]. This technology has been The description of the main loop is performed starting from the

condensate raising purRC01 The process water, which is expelled

To whom correspondence should be addressed. from the pump, is at liquid state, a temperature of approximately
E-mail: frederic. marias@univ-pau.fr 45°C and a pressure of 2 bars. The water then flows across the feed
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Fig. 1. Control interface of virtual plant (furnace view).
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Fig. 2. Control interface of virtual plant (boiler view).

tank level control valvi’CCAOland enters the feed taBRO1 In es and the steam drum have been combined into one BEYiO&

this vessel, the liquid water is raised to approximatelyQi0y which should be a two phase drum receiving radiation and convec-
injection of steam at medium pressure) in order to de-gas the oxyion heat from the furnace. This is in that vessel that water is raised
gen dissolved before the water enters the boiler. The water is thea saturated steam at approximately 45 bars arftC2€fore being
raised to a pressure of 45 bars by a feeding multi-staged@f@hp  superheated by the primary super heatdiR01to a temperature
Then, it flows across a two-stage economiser where its temperasf 350°C. It is then de-superheated to 3B4N2) by cooler liquid

ture reaches 190 C using the off-gases of the combustion chambevater coming from the de-superheating loop before it is re-super-
The water then enters the steam drum where it is distributed in theeated to 378C by the secondary super-he&&tfR02 This de-
cooling water tubes of the furnace. To simplify things, these water tubsuperheating loop allows the control of the temperature of the steam
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Fig. 3. Control interface of virtual plant (turbine view).
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Fig. 4. Steam to electricity cycle in question.

entering the turbine. It then crosses a manual vé@l/8N10) before
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flows across a manual valvelTMO02 before being condensed in

it enters the high pressure barrel. Next, it flows across the first isothe aero-condens8ERO01 The liquid water finishes the loop by en-
lation valve of the turbine{TMO01) and is released into the turbine tering the condensate tank which is kept under atmospheric pres-
(TUOY) where thermal energy is converted into mechanical energysure by using a steam jet ejector which is not shown in Fig. 4.

The pressure of the exhaust steam is approximately 0.4 bar abs (unde2. Variables to be Computed

atmospheric pressure) while its temperature reacH€s 6Ghen
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(PCO01, VCCAO01BA01 PAOL VAAOL ECO1, ECO2 BCh01 SUROL one more enthalpy to weight and one more density because both
SURO02 VWWSMO01 VITMO0Z, TUOL VITMOZ2 AERO1 BCO) and of the phases are important. Assuming that the state of water at the
two mixing nodesNZ2, N6). On every apparatus, the enthalpy to output of the aero condenser is boiling liquid, the quantification of
weight, the density, the temperature and the pressure of the fluithe heat to be extracted from the device is also required. In the case
have to be computed. Moreover, in each tank, the level of liquidof the mixing nodes, solely the enthalpy to weight is required. Finally,
needs to be calculated, and in the steam drum, we need to compuriee mass flow-rates are necessary to perfectly describe the main loop.

Table 1. State variables computed by the mathematical model

Fluid and apparatus Enthalpy Temperature Pressure Level or heat Density
Liquid downstreaniPCO1 Recos Troos Prcos - Oroon
Liquid downstreanYCCAO1 hlvlccAol Tyecnn Pyccror - ﬁvlwm
Liquid held withinBAO1 h
_q ' IPoo1 TPcm Ppom LBAOl pchcn
Liquid downstreanifA01 Nesos Toor Prosor - Prror
Liquid downstreanYAAO1 h'w01 Tuaror Poasor - p'wm
Liquid downstreaniC01 h'EOOl Teon Pecor - p'E001
Liquid downstreaniC02 h'EOOZ Teooz Pecoz - p'EOD2
Liquid held withinBChO1 Nicro Tecron Pacros Lecros Oroon
Steam held withiBCh01 hecro - Drcror
Steam downstrea®URO01 [ Tevrr Psuros - Deuro
Steam downstreaii2 [ - - - -
Steam downstrea®UR02 heuros Tsuros Psuroz - Dsuro
Steam downstreaivivSMO1 Movsnor Tovsror Povsior - Povswor
Steam dOWﬂStI’eaM|TM01 h;I/ITMOI TVITMOl F)VITMOI - d/lTMOl
Steam downstreaiJ01 [ Truo Proos - Do
Steam dOWﬂStI’eaM|TM02 h;I/ITMOZ TVITMO2 F)VITMOZ - d/ITMOZ
Steam downstreaii6 [ - - - -
Boiling liquid downstreanAERO1 h'AERD1 Tacror Pueror Qneron pIAEF{)l
Boiling liquid held withinBCO1 (9 Tows Pacos Lsoor Oooot
Liquid downstreanYDAO1 [ Tyomor Pyosor - p\/\,[,,,‘Jl
Liquid downstreanvyDMO01 h'YDM(Jl Tyomor Puovor - p'l\,DMOl
Steam downstreaMEMO01 h -
YENDl TVENDl PVENOl p\I/ENm
Steam downstreamiEAOL hye o1 Tyveror Pesor - Pveror
Steam downstreaviPMPAQ1 h;PMPAOl TVPMPAOl PVPMPAOl - p\\I/PMPAO:l
Steam downstreaMTBAAQL M reanr Tureant Preaot - Pureamn
Steam downstreaviCTMO1 Y cvor Tuemos P - Joyen
Steam downstreaiiCTAOL Y - Y
h\)/CTAOl TVCTAOI PVCTAOl pI\/CTAOI
Steam downstreaWiCTM02 hycroz Tverwoz Pycroz - Pvetvoz

Table 2. Mass flow-rates computed by the model

Description of the flow Mass flow-rate
Flow leavingBCOland passing throughCOlandVCCAOQO1 m,
Flow leavingBAOland passing througPAO1 m,
Flow passing throughAA0J, EC01, EC02and enteringdCh01 M,
Flow leavingBChOland passing througdlURO1 m,
Flow passing througBUR02 M
Flow passing throughVSMO0land enterinddarrel HP M
Flow leavingBarrel HP m,
Flow passing througiITM01, TUO1andVITM02 Mg
Flow passing througAERO1 M
Flow passing throug'DAOlandvVDMO1 My,
Flow passing througtEMO1landVEAO1 My,
Flow passing throughPMPAO1 VTBAAOland enterinddA01 m,,
Flow passing through'CTMO01, VCTAOlandVCTMO02 My,

Korean J. Chem. Eng.(Vol. 21, No. 3)
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Table 3. Role of the regulation valves

Valve Role

VCCAO01 Controls the liquid level in the feed tank

VAAOL Controls the liquid level in the steam drum

VDAO1 Controls the temperature of the superheated steam entering the high pressure barrel
VEAO1 Controls the pressure in the steam drum at the start up or the stopping of the process
VPMPAO1 Controls the pressure in the medium pressure barrel

VTBAAO1 Controls the temperature in the feed tank (de-gas of process water)

VCTAO1 Controls the pressure in the steam drum

Thus, the full description of the main loop is performed through 81a high value in the pressure of the high pressure barrel; however, it
variables. Tables 1 & 2 summarize the total number of variables iris closed when the excess pressure vanishes. This loop is composed

the mathematical model. of two manual valve3/CTM01andVCTMO02 and the control valve
2. The De-superheating Loop VCTAO1
2-1. Physical System 5-2. Variables to be Computed

A part of the process water leaving the feeding tank by-passes Because this loop is composed of three valves, the number of
the boiler after being expelled from the feeding p&#pl This state variables required for the description of the loop is 12. More-
by-pass allows for the control of the value of the temperature downever, knowledge of the mass flow-rate passing through this loop is
stream the secondary superheater. So, this loop is quite simple bequired.
cause it is only made of pipes, a manual val@M0l) and espe- 6. Summing-up

cially a control valve\(DAQ), which controls the flow circulating As stated in the previous paragraphs, and in Tables 1 and 2, the
inside the loop in order to reach the desired requirements for supetetal number of variables to be computed is:
heated steam. -81 in the main loop
2-2. Variables to be Computed -9 in the de-superheating loop
Two apparatuses set up this lomMDA0L& VDMOD). Thus, it -9 in the funnel

is perfectly described by eight state variables (enthalpy to weight, -9 in the heating of the feed tank
density, pressure and temperature per device) plus one mass flow--13 in the bypass of the turbine

rate. Thus, the whole system is fully described when the value of the
3. The Funnel 121 variables is known.
3-1. Physical System 7. Operating Parameters

Once again, this is a very simple line composed of a manual Of course this industrial system is under numerical regulation.
(VEMOY) and a control valve/gA0). This loop is mainly used  The role of each of the control valves is summed-up in Table 3. Nev-
for the starting up of the unit, when low pressure steam leaves thertheless, during this first step in the modelling of the energy recov-
secondary super-heater and is sent into the atmosphere. ery section, no control loop has been taken into account. This case
3-2. Variables to be Computed is characteristic of the manual working mode of all of the regula-

As in the case of the de-superheating loop, nine variables allowors of the unit. Yet, we have to specify the value of the opening of
for the full description of this loop (two apparatuses set up this loop).all the control valves (between 0 and 100%), as well as that of the
4. The Heating of the Feed Tank manual ones. Of course, the opening of all the valves may be mod-
4-1. Physical System ified during the operation. Similarly, the values of the heat quanti-

The de-gassing of the process water (required by the continuodis received by the boiler, the economiser and the superheater may
addition of fresh water into the feed tank) is performed by usingoe modified during operation and are issued from the mathematical
medium pressure steam which is first released from the high presaodel devoted to fluidized bed incineration [Braianov et al., 2002].
sure barrel to the medium pressure orel(Bars abs) using the
control valveVPMPAO1 This medium pressure steam is then used MATHEMATICAL MODELLING
to heat the feed tank and the flow-rate entering the tank is con-
trolled by the valv&TBAAQlaccording to the vessel's temperature  In this section, the governing equations of the numerical system
requirements. are presented. Because of the numerous similarities that exist between
4-2. Variables to be Computed the equations from one tank to another or from one valve to another,

Similar to the de-superheating loop and to the funnel loop, eighthe choice has been made to rank the relevant equations by class of
state variables plus one mass flow-rate allow for the full descrip-apparatus (except in the case of tanks where each set of equations

tion of the loop. is presented). In order to simplify the study, we have chosen to skip
5. The by-pass of the Turbine the description of thermal inertia for the shell of all the devices. Yet,
5-1. Physical System they are supposed to behave as the fluid they hold. Moreover, we

This line is devoted to the control of pressure of the steam erkhave not taken into account the pressure drop along the different
tering the turbine. The control vaMETAO1is opened, in case of  pipes and the heat exchangers in the model. These pressure drops

May, 2004
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Table 4. Configuration parameters for the system in question

Name Notation Value
Volume of condensate tank 81 6 nt
Volume of feed tank Vo1 80 nt
Volume of steam drum oL 15 n?
Isentropic efficiency of the turbine My 80%

Table 5. Values of the flow-rate coefficient for the valves of the

system
Valve G (gal-mnY)
VCCAO1 7
VAAO1 25
VVSMO1 220
VITMO1 500
VITMO02 20000
VCTMO1 350
VCTAO1 50
VCTMO02 50000
VDAO1 0.2
VDMO1 0.2
VPMPAO1 5
VTBAAO1 29
VEMO1 20000
VEAO1 25

placm:plm(Pscol, hlscol) @)

To conclude, as for the condensate tank, we can say that its mathe-
matical modelling yields four equations.
1-2. Feed Tank

Mass and energy balances can be written as follows (once again,
gas hold-up has been left out):

|
VBAm:d(pBAé:L::— BA01) =My +My, —m, 5)

d(Psn01L 801N P ,
Vs (Peror BAOétBADl BAOl):mlhl\/CCAOl+lehVTBAAOl_mZh:SAOl (6)

Constitutive equations are used to compute temperature and liquid
density:

hlBAOlzhm(PBAola Teao1) ]

plawlzpm(PsAm, Tero1) ®

The number of equations yielded by this tank is four.
1-3. Steam Drum

The pressure of the steam drum is computed assuming that there
is equilibrium between the liquid and the vapor at the steam drum’s
pressure:

Pscro1=Pequi( Tecror) ©
Mass and energy balances are written as follows:

|
Vchl(chmélz acio1) =mMs; —mM, (10)

have been grouped together in the different flow-rate coefficients BTN
of the valves. The configuration parameters (volume of tanks, isen- Vsm(p“““ scmiNecior ~Pocrnr) =Mshecor ~MaNpcror+Oseror (11)

tropic efficiency of the turbine) as well as the flow-rate coefficient

dt

of the valves are reported in Tables 4 & 5. As will be shown in thewhereQh,; stands for the heat received by the steam drum (this
following equations, constitutive equations are required by the modis one of the operating parameters)

el. Indeed, temperatures and density are required at different points Constitutive equations are used to compute the temperature and
in the system. This data is computed by using flashes at a given prake density of the two phases:

sure and enthalpy by using the state equation NBS/NRC for pure

water [Wagner and Kruse, 1998]. hecro1 =hm(Pacros Tecros) (Model of enthalpy for liquid) 12)
1. Tanks _ ] p:scmlzpm(PBCf{leTBCfﬂl) (13)
Tanks are the only type of equipment where accumulation can
occur. Thus, as we will see in the following paragraphs, only tanks Necror=Nn(Pectow, Tector) (Model of enthalpy for steam) (14)
will yield an ordinary differential equation. Basically, we can write v
Pecror=Pm(Pscron Tecror) (15)

different types of equation for each tank:
-balances (mass and energy)

-constitutive equations (equilibrium data, equation of state)

1-1. Condensate Tank

Hence, the modelling of the steam drum yields seven equations.
1-4. Summing-up
The total number of equations given by the mathematical descrip-

The temperature of the vessel should to be equal to the one ¢ibn of the tanks is fifteen. Six of them are ordinary differential equa-
the boiling liquid according to the tank’s pressure.

Tecor=Tequil( Pacor)

@

tions while the others are algebraic.
2. The Heat Exchangers
Because of the assumption that there is no pressure drop along

Mass and energy balances are written as follows (gas hold-up hae different exchangers, the output pressure is always equal to that

been omitted):

d(Pscosl
VBOMW =M —rMy

VBoo1d(p:3001LBmé}:gml_ Psco1) =,

@

hXEF\{Jl_mlhIBC(Jl (3)

of the input. This yields one equation per heat exchanger, except in
the case of the aero condenser where it yields twe:=R oz

and R =R.cnvo- Moreover, one is able to write an enthalpy bal-
ance on every device of that class. Finally, at the output of each device,
two constitutive equations have been written in order to compute
the temperature and the density of the fluid in question. In the case

The constitutive equation for the density of liquid held in the tank: of the aero-condenser, things are a little bit different. Firstly, an equi-

Korean J. Chem. Eng.(Vol. 21, No. 3)
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librium equation is written, assuming that boiling liquid leaves theing that no material is accumulated at these points.

apparatus. This yields the temperature of the fluid leaving the devicé&-2. Mixers

Then, two constitutive equations are written in order to compute Two mixers exist in the system, nameandN6. At these sites,
enthalpy to weight and the density of the fluid. The enthalpy balancenass and energy balances are written assuming no accumulation.

yields the heat that should be extracted by the device. 6-3. Summing-up
We have chosen to illustrate the modelling of heat exchangers in The modelling of the nodes in the system yields eight equations.
the case of the superhe&&iR01 7. Pressure Specifications
b -p (16) Five more connectivity equations can be written. Indeed, they
SuroLTTBCHoL relate to the fact that apparatuses located just before the tanks are
MsurotNsuror =MsuroiNecro: +Qsuros 17) connected to it without any pressure drop. Thus, the following can
whereQ4 - Stands for the heat received by the superheater (whicrklje writen:
is one operating parameter) Ruccan=Pao (20)
h\;UR)l =hn(Psuro, Tsuror) (18) Peooz=Pacio 21
Psuror=Prnl Psuron, Tsuron) (19) Preror=Pocn (22
As a conclusion, and because there are five heat exchangers in OUrR, r5a0=Paso; 23)
system, we can summarize the number of algebraic equations yield- P -p (24)
ed by the model: VOO SUeL
-sixteen folEC01, EC02 SUR01SURO02 8. Closure of the System
-six for AERO1 The total number of equations that we have written by now is
Twenty two equations can be written here. 118. In order to close the system, three more equations have been
3. Valves written. We have chosen to write them as pressure specifications at

The main assumption used for the modelling of valves is thaparticular points of the system:
they are supposed to be isenthalpic. The four equations that can be-Pressure in the condensate Bal01fixed by steam jet ejectors:

written are the following: Pacoi=Pes
-Pressure drop along the network-&P,=R,_, where R, stands -Pressure in the feed tank imposed by the de-gas sysjgm: P
for the pressure at the input of the valve ARdrepresents the Pff;gas

pressure drop across the valve (computed using the characteris--Pressure at the funnel equals atmospheric pres&gpc.FF?tm
tics of the valvé\P,=f,(my, Q, px..) where Q denotes the open- 9. Valves, pumps and Turbine Characteristics

ing of the valve (i.e., it is an operating parameter)a@ndthe In this section, the different functions encountered in the previ-
density of the fluid upstream the valve) ous paragraphs are given. Dealing with the valve, the form of the
-Energy balance equation is always the same in the liquid phase and in the vapor
-Two constitutive equations for temperature and density. phase. Thus, the choice has been made to present the general equa-
Given the number of fourteen valves in the system, 56 equationon for each of the phases as following. The values for the flow-
are written at this stage. rate coefficients are given in Table 5.
4. Pumps 9-1. Valve Characteristic for Liquid
The main assumption used for the modelling of valves is that \
they are supposed to be isothermal. fvawezAPvaN;ﬂﬂ-D 3.6x mm"f"ve o (25)
The four equations that can be written are: 10009.8571G,vasohOuane.
-Characteristic of the pumpgFf,(m,) where:
-Temperature at the outlet of the pump equals inlet temperature AP, : pressure drop across the valve [Pa]
-Two constitutive equations for enthalpy and density. p., : density of the liquid upstream the valve [kg3m
'I_'hus, the modelling of the two pumps yields eight algebraic equa- m,,,; mass flow-rate of liquid across the valve [kg-s
tions. C,.ave flow-rate coefficient of the valve [gal-nth
5. Turbine O,..c 0pening of the valve [%)]
Basically, four equations are written for the modelling of the tur-
bine: 9-2. Valve Characteristic for Steam

-Pressure drop across turbing AP0 =Rymvwe. WhereAP

stands for the pressure drop across the turbine computed using fvave =APuave =Pup ~
its characteristic equatid¥Pr o, =fry0:(Ms)

-Enthalpy balance (using the isentropic yield of the device) where:

2 6
Jﬁp _TupMeanex1.3162¢10" 26)

2 2
Cv, valveovalve

-Two constitutive equations for enthalpy and density. AP : pressure drop across the valve [Pa]
6. Nodes P, : pressure upstream the valve en [Pa]
6-1. Splitters T, :temperature upstream the valve [K]
Four splitters exist in the domain, namisly, N3, N4 andN5. M.ave Mass flow-rate of vapor across the valve [Kg-s

At these particular positions solely mass balances are written, assumC, .ave flow-rate coefficient of the valve [gal-1ith

May, 2004
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O.ave Opening of the valve [%)] 0 50 100 () 150
9-3. Pump Characteristics (%)| Valve opening — VITMO1

The behavior of the pumps has been approximated Byiér sol VS
polynomial:

The raising of the condensate: 60

P,.=—3971m*-769.39 +675972 27) 20

The feeding pump:

P=—46973n*-1950.7n +10 (28) p 1] S S——

..........

where B, andm denotes the output pressure of the pump (Pa) an !
the mass flow-rate across the pump (R 1@spectively. (MW) Power on the shaft of the turbine
9-4. Turbine Characteristic

The behavior of the turbine has been approximated by a linee 1.4
law:
1.0
fruo =P =2.7%10Myyo; 29
whereAP;,,; andmy,, denotes the pressure drop along the turbine 06
(Pa) and the mass flow-rate across the turbinekgespectively.
10. Solving of the Model 0.2

The mathematical model is composed of 121 non-linear equa
tions. Among these, six are ordinary differential equations. The choic
has been made to use a global algorithm to solve this DAES se
which is of the form:

Mass flowrates

dy _
Adt =G(y, 1) (30)

where the mass matrix A is singular. Problem (30) is then solvec
by using Gear's method [Gear and Petzold, 1984]. First, an explici
polynomial approximation is used at the prediction step; then ar
implicit approximation is used at the correction step. This iterative (MW)
correction procedure is initialized at the predicted point. Both the

explicit and the implicit polynomial approximations are built in the 5
space of the state variables, not in the space of the derivatives

done when using classical predictor-corrector methods. Gear’s metl

od, which allows automatic step and predictor order managemen 3
has been proven to be very efficient for stiff system solution.

Heat powers

NUMERICAL RESULTS

In order to test the efficiency of the model, numerical results ob-  (bars) Pressure at steam drum

tained when the system is turned off will be presented. The value 46
of the heat powers received from the furnace are computed by u:
ing the fluidized bed model [Braianov et al., 2003]. In order to rep- 42
resent this, the sequence which is simulated is the following:
-Opening ofVCTAO1from 8 to 40% (bypass of the turbine) 38
-Closing ofVITMO1from 80 to 0% (isolation of the turbine)
-Closing of VDMOL1 from 20 to 0% (stopping of the de-super-
heating)
-Stopping of heat the power received by heat exchangers (e 0 50 100 (s) 150
tinguishing of the furnace) ] o )
Such a sequence, and its conseguence on the network, is depicte- 5 Variation of operating parameters and consequent reply
in Figs. 5 & 6. First, the opening of the bypass of the turbine leads of the model (a).
to a decrease in the pressure drop of the steam system. This creates
an increase in the mass flow-rate leaving the steam dimwilich turbine and then a reduction in the mechanical power available on the
in turns leads to a decrease in the pressure of the steam drum. Thigaft of the turbine. Moreover, because more steam is bypassed from
also induces a reduction in the mass flow-rate of vapor entering thie turbine, the temperature entering the aero-cond&BRENiIn-
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0 50 100 (8) 450 ing the valveVITMOL1 As expected and as depicted in Fig. 5, this
isolation induces a rapid decrease in the mass flow rate of the steam
(%)} Valve opening vt being turbined, and, as a consequence, a rapid decrease in the power
80} --—- VDMO1 4 available on the shaft of the turbine. This also creates a rapid in-
crease in the pressure drop downstream the steam drum, and, con-
60 1 sequently, a decrease in the mass flow-rate le8@ipland a
stabilization of its pressure. Moreover, the reduction in the mass flow-
40 1 rate entering the superheaters creates a rise in the steam’s tempera-
i 1 ture. From this event, temperature at nhode 6 approximately equals
20 f-—-- e e ] the temperature downstre@WR02because there is no significant
---------- ‘\‘ heat lost by the valves.
The closing of the de-superheating vakigMO01 does not sig-
(MW) Heat power extracted by AEROT nificantly modify the value of the previously represented variables.
13 The main effect is that the temperature of the vapor leaving the su-
perheateBUROZncreases from 370 to 39D (see Fig. 6).
The next event is the extinguishing of the furnace. This is sim-
9 ulated assuming that the thermal power received by the economisers,
the steam drum and the super-heaters diminishes to zero in fifteen
7 seconds. Of course, this time is short compared to the time that it
would take to really decrease these values. Indeed, this thermal inertia
of the furnace part of the system has been simplified, in order to
(°C) - Temperatures keep the figure readable. The first noticeable effect is a slight and
‘\ short increase in the mass flow rate of the steam leaving the steam
N drum and entering the bypass of the turbine (they are not strictly
300 equal because of the mass flow-rate used for the heating of the feed
tank). This slight increase in the mass flow-rate of steam is due to
200 ] the quick reduction of the temperature of the steam downstream
T poseemeasd SUROZrom 390°C to 240°C. Due to the form of the equation which
— Tare is characteristic of valves, this induces a decrease in the global pres-
100 sure drop of the steam network, and consequently, an increase in
the mass flow rate leaving the boiler. Then, secondly, because of
(MW) Heat powers the reduction of the pressure at the steam drum, the mass flow rates
] slightly decrease to zero (not shown in the figure). Both effects of
5 temperature decrease and the reduction of mass flow rates lead to a
lowering of the heat to be extractedABR01
3 CONCLUSION
BCho1
........... SUR02 ]
————— SURO1 A dynamic model for the simulation of energy recovery in an
L EE——— Eco18 EC0z 1 incineration plant has been constructed. This model is representa-
tive of the steam to electricity cycle of an incineration plant of 3.3
0 50 100 (s) 150 t/h of municipal waste input. The main devices of the cycle have
' - . been taken into account. The mathematical formulation of the sys-
Fig. 6. Variation of operating parameters and consequent reply of . . .
the model (b). tem leads to a system of 121 equations, 6 of them being ordinary

differential ones. Gear’s method allows for the solving of the sys-

tem, even in the case of stiff behavior. Such stiffness might be en-
creases. This effect, conjugated with the increase in the mass flosountered when operating parameters are suddenly modified. We
rate, leads to a doubling in the power to be extractesHRO1 have chosen to test the model on the case of the turning off of the
which is quite important. Once the vaMETAOLhas reached its  plant, when the turbine needs to be bypassed in order to protect it.

final opening (40%) the diminution of pressure witadh0lleads Our model shows the manual way of working the unit. Indeed,
to a slight decrease in the mass-flow rate of vapor leB@ig1 none of the different control loops (level of liquid in the steam drum,
and consequently in the heat to be extractesHiR01 pressure and temperature at the inlet of the turbine) have been im-

Before the extinguishing of the furnace, it is necessary that thglemented. We intend to add the control loops with their parame-
turbine be isolated from the network. Indeed, the quality of the vapoters in a future work.
(in terms of pressure and temperature at the input of the turbine) is Anyway, even at this stage, the tool we have built can be used
expected to decrease. Thus, in order to protect this expensive devider at least two purposes. The first one is linked to the training of
it is necessary to stop feeding it. Such isolation is performed by clossperators who manage such a plant daily. With our tool, they can
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be trained in working conditions, but also in the start-up or the stopSuperscripts

ping of the unit. Given some specific scenarios (imposed by thdp : fixed parameter (constant for the model)

teacher) they can be trained to react under specific conditions, and  : relative to liquid

the teacher can analyze how the operator behaves, which is quite  : relative to steam

important. Secondly, such a simulator might be used for the design

of new units or the revamping of old ones. Indeed, in the case dBubscript

the incineration plant, the aero-condenser is often undersized. Thim  : relative to a specific model (of enthalpy for instance)
might lead to light workload of the unit during summer months,

for example. With our tool the designer can evaluate the heat power REFERENCES

that should be extracted by the aero-condenser even in the worse

cases, which should be quite useful for the computation of the exAgence de 'Environnement et de la Maitrise de 'Energie (ADEME)

change area for example. Déchets municipaux: les chiffres clé§e2dition, Données et référ-
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