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This example presents the simulation of a cogeneration plant fueled by natural gas (NG). The objective of the
process is to merge the production of usable heat and electricity into a single process that can substantially reduce

carbon emissions and energy costs. Electricity is produced through a cascade of turbines while the heat is recovered

by heat exchangers.
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1. PROCESS MODELING

1.1. Process description

This example presents the simulation of a cogeneration plant fueled by natural gas. Cogeneration plant can

simultaneously produce electricity and heat from the same facility.

The energy production is provided by a natural gas boiler where the natural gas (= 90% CH,) is burned with air. The

following main reaction takes place:
CH, + 20, - CO, + 2H,0

The steam produced by the boiler feeds a pressure cascade of multi-stage turbines to produce electricity. The
pressure cascade helps to increase the electrical yield of the process. The process flowsheet is presented in
paragraph 1.3 (screenshot of the simulation file). The pressure cascade is composed of 7 turbines which are: high-

pressure turbines (HP), medium-pressure turbines (MP) and low-pressure turbines (LP).

Heat can still be recovered from the turbines outlet streams. To valorise them, the steam’s heat coming from the
turbines is recovered by heat exchangers. These heat exchangers could supply an urban heating network (not

represented in this example).
The condensed water (at the outlet of the heat exchangers) is re-injected in the boiler.

The cogeneration power plant presented in this example produces 223 MW of electrical power and recover 23 MW

of heat energy at different temperatures. The yield of this process is greater than 40%.

1.2. Process block diagram

Steam turbine P Electricity power, W

Heat Recovery ‘ Recovered heat, Qc

Natural gas

Boiler

-

Cooling System - Qr

Schematic diagram of cogeneration plant

The cooling system is used to condensate the steam to reach the liquid state for the boiler. The heat recovery for this

equipment is not presented in this example.
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1.3. Simulation process

Power Plant
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Total electrical production= 223.42 MW

Total electrical consumption= 5.75 MW

fives
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1.4. Compounds

Compounds taken into account in the simulation, their chemical formula and CAS® number are presented in the

following table. Pure components physical properties are extracted from the ProSimPlus standard database [WIL19].

Compound Chemical formula CAS number
Water H20 7732-18-5
Hydrogen H2 1333-74-0
Carbon dioxide CO2 124-38-9
Oxygen O2 7782-44-7
Carbon monoxide CoO 630-08-0
Hydrogen sulfide H2S 7783-06-4
Sulfur dioxide SO2 7446-09-5
Sulfur trioxide SOs 7446-11-9
Nitric oxide NO 10102-43-9
Nitrogen N2 7727-37-9
Methane CHa 74-82-8

1.5. Thermodynamic models

Two thermodynamic “calculator” are defined to simulate the “Power Plant” process:

» “Water”: this calculator is composed by the “water” compound. Hence, it uses the “pure water” thermodynamic
model.
» “Fumes”: this calculator holds all the components listed previously. The thermodynamic is the “ideal” profile.

The thermodynamic models used are documented in the thermodynamic help accessible from the calculator definition

window.

*CAS Registry Numbers® are the intellectual property of the American Chemical Society and are used by ProSim SA
with the express permission of ACS. CAS Registry Numbers® have not been verified by ACS and may be inaccurate
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1.6. |Initializations

The calculation sequence is automatically determined by ProSimPlus. Four tear streams are detected: “02” (outlet of
the stream splitter “splitter HR6”), “30” (inlet of the pump “P1”), “37” (outlet of the mixer “Other Mixer 2”) and “46”

(outlet of the heat exchanger “HEX2-HP”). The following initializations of the streams are used in the simulation:

Stream names 02 30 37 46
Partial molar flowrate (t/h)
Water 700 550 600 700
Hydrogen 0 0 0 0
Carbon dioxide 0 0 0 0
Oxygen 0 0 0 0
Carbon monoxide 0 0 0 0
Hydrogen sulfide 0 0 0 0
Sulfur dioxide 0 0 0 0
Sulfur trioxide 0 0 0 0
Nitric oxide 0 0 0 0
Nitrogen 0 0 0 0
Methane 0 0 0 0
Temperature (°C) 370 30 50 250
Pressure (bar) 45.35 11 11 160

Remark: the thermodynamic model specific for pure water is used in all initialized streams.

1.7. Operating conditions

v"  Boiler

e Operating parameters of the internal heat exchanger

Operating parameters Value
Type of heat exchanger Pure counter current
Fumes outlet temperature (°C) 300
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e Operating parameters of the combustion

COMBUSTIVE
] Type of
Type Alr constraint: “Air 20 I(glt(ra;)pressure 1
excess” (%)
FUEL
Methane molar 90
content (%)
Ethane molar 5
content (%)
Propane molar 1

content (%)
Type Gas Inlet pressure 1

Butane molar 0.2 ()
content (%) '
COz2molar 16
content (%) '
Nitrogen molar 29
content (%) '
Heat losses 5% of the heat of combustion

The natural gas is defined in the “Advanced description” in the “Fuel” tab.

The molar mass, C/H ratio and LHV are automatically calculated by ProSimPlus. The stoichiometric
coefficients of the reactions of combustion are obtained by clicking on the “Calculate the
stoichiometric coefficients of conventional reactions” button.

Side note: The “Load the compound of fumes” button could import the fumes calculator and define
the fumes calculator as the boiler’s calculator. A new calculator “Fumes” is added to the list of

1
calculators. =%

e Other parameters of the boiler module:

Operating parameters Value
Constraint of module Useful power imposed
Outlet temperature of utility fluid (°C) 700
Operating mode Nominal useful operating

Copyright © 2024 Fives ProSim, Labége, France — Tous droits réservés www.fives-prosim.com



Cogeneration plant with steam turbines

Version: March 2024 Page: 8/19
v' Expanders
NETE Specification Outlet Mechanical Electrical Isentropic
P pressure (bar) | efficiency (%) | efficiency (%) | efficiency (%)

T Outlet pressure 45 95 99 75.5
supplied by user

T2 Outlgt pressure 20 95 99 70
supplied by user
Outlet pressure

T3 supplied by user 10 9 99 0

T4 Outlet pressure 5.5 95 99 70
supplied by user

T5 Outle_t pressure 2 95 99 70
supplied by user

T6 Outlet pressure 05 95 99 70
supplied by user

7 Outlet pressure 0.05 95 99 70
supplied by user

v"  Cooler/Heater

Name Outlet temperature (°C)

CONDENSER | Equal to bubble point temperature
HR1 Equal to dew point temperature
HR2 Equal to dew point temperature
HR3 Equal to dew point temperature
HR4 Equal to dew point temperature
HR5 Equal to dew point temperature
HR6 Equal to dew point temperature

HEX2-HP-Bis 220

HEX3-HP-Bis 180
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v' Generalized heat exchangers
Name Specification type: “Other” Temperature deviation (°C)
Temperature difference between
HEX1-LP HS and CS on output
Temperature difference between
HEX2-LP HS and CS on output
Temperature difference between
HEX3-LP HS and CS on output
Temperature difference between
HEX1-HP HS and CS on output
v' Simple heat exchangers
Name Outlet temperature (°C)
HEX2-HP Calculated
HEX3-HP Calculated
v' Centrifugal pumps
Operating parameters P1 P2 P3
Exhaust pressure (bar) 5 5 160
Volumetric efficiency 0.65 0.65 0.65
Mechanical efficiency 0.95 0.95 0.95
Electrical efficiency 0.99 0.99 0.99
Constraint Fixed liquid physical state | Fixed liquid physical state | Fixed liquid physical state

v/ Stream splitters

Name Stream Mass flowrate of stream (t/h) Outlet pressure (bar)
HR1 splitter 26 40 Equal to the feed pressure
HR2 splitter 22 40 Equal to the feed pressure
HR3 splitter 18 30 Equal to the feed pressure
HR4 splitter 14 30 Equal to the feed pressure
HRS5 splitter 10 30 Equal to the feed pressure
HR6 splitter 3 60 Equal to the feed pressure

Remark:

all of the mixers (« Feed », « Other Mixer 1 », « Other Mixer 2 », « Other Mixer 3 » and « DEAERATOR »)

are defined with default operating parameters (the outlet pressure is equal to the lowest of the feeds

pressures)
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1.8. Electrical balance

It is possible to perform an electrical balance in ProSimPlus by adding an "Electrical balance" module.

Add the module on the flowsheet (no material or information connection is required) and select the unit operations

that consume and produce electricity for the balance:

@ Electrical balance (SBELE) = || = =

Mame: |Electri|:al balance |

Desc: | |

Identification Parameters  Seripts Report Motes  Advanced parameters

Configuration = Advanced options

d||=
Unit operation A | Unit operation type Type Balance
P1 Centrifugal pump Consumption
P2 Centrifugal purmp Consumption
P3 Centrifugal pump Consumption
T Expander Production
T2 Expander Production
T3 Expander Production
T4 Expander Production
15 Expander Production
T6 Expander Production
T7 Expander Production
OK || Cancel |
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1.9. Economic evaluation

It is possible to perform an economic analysis in ProSimPlus by adding an "Economic evaluation" module.

Firstly, add the module on the flowsheet (no material or information connection is required).

For this example, only the operational costs and gains (OpEX) are analysed.

@ Economic evaluation ($COST) = @
Hame: |Ecunumic evaluation |
Desc: | |
ldentification Parameters  Scripts Report Profies MNotes Advanced parameters
LUnit operations  Categories  General  Validation
Expenses | Operational expenditure (OpEx) w {j Reset prices from database ~
|z| -
T4 Expander (]
-|HR6 splitter [] | stream splitter
T2 Expander (/]
-|HRS splitter [[] | stream splitter
#{T3 Expander (]
-|HR4 splitter [] | stream splitter T
| T4 Expander (/]
=+ P3 [l |Centrifugal pump
~|HEX3-LP [l |Generalized heat exchanger
-|Feed [] |other mixer
-/ Mesure [l |Measurement
[+ BOILER Boiler (/]
#|Fumes Process outlet (]
“|HEX1-HP [[] |Generalized heat exchanger
[+ HRG Cooler/Heater [
OK Cancel

The unit operations included in the economic evaluation are:

» The turbines (T1 to T7) with a constant price for the electricity produced of 35 €/ MWh;
» The heat exchangers (HR1 to HR6) with a gain of 60 €/ MWh;

» The boiler with the price of the natural gas of 450 €/t (= 33 €/ MWh).
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1.10. Specification of “T1”’s inlet steam temperature

The steam’s temperature is fixed at 570°C on the outlet of the heat exchanger “HEX1-HP”. To do so, it is necessary

to include a module called “Constraints and Recycles (SPEC)” as illustrated below:

o H

TSMW

HR

T

HEX-HP

_4@7

BOILER

A measurement module is used to define the set point for temperature in the utility stream at the heat exchanger’s
outlet. Hence, its configuration:

Operating parameter Value

Temperature (°C) 570

The approach is the following: the module measures the temperature at the outlet of heat exchanger “HEX1-HP” and
compare to the one set in the measurement module. The difference value between these two temperatures will be

sent out to the SPEC module via an information stream.
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The configuration of the information stream is presented below:

@ Information stream (SISTR1) @
Mame: |T
Desc: |

identification Farameters  Notes

Infarmation type to be emited:

[#] Deviation between the measured value and the set ...

Information vector to be emitted will be automaticahy
determined depending on the parameters of "Mesure”

Start: |0 End: [0

Infermation type to be received:

[#] Automatic

Information vector to be emitted will be automaticaty
determined depending on the parameters of "Spec”

start [0 End [0

In order to achieve the set temperature at the outlet of the heat exchanger, the SPEC module must be connected to
an action variable via an information stream. The information stream is connected to the boiler from the SPEC module.

The configuration of the information stream is presented below:

e Information stream ($ISTR2) @

MName: |T out

Desc: |

identification Parameters | Notes

Infermation type to be emitted:
[#] Automatic

Informatien vector to be emitted wil be automaticaly
determined depending on the parameters of "Spec”

Ctart 0 0

Infermation type to be received:

[# Walue of utility outlet temperature provided

Information vector to be emitted wil be automaticaby
determined depending on the parameters of "BOILER™

Start 0 0

coes |
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1.11. Determination of heat duty in the simple heat exchangers

Some heat is still available from the outlet of HR system and can be recovered in order to heat up the water at the
inlet of the boiler. The condensates are cooled in the heat exchangers “Cooler/Heater 1” and “Cooler/Heater 2”. Both

of the heat exchangers are linked to the simple heat exchangers via information streams:

-

WA )
e

HEX2-HP HEX3-HP
-31 MW =20 MW

The information streams coming out of the “Cooler/Heater 1” and “Cooler/Heater 2” send the information of the heat
duty to the simple heat exchangers “HEX2-HP” and “HEX3-HP”.

The parameters of the two information streams are as follow:

L =

MName: |l1

Desc:| |

|dentification Parameters  Notes

Information type to be emitted:

[#] Heat necessary to reach the specified temperature
Information vector to be emitted will be automaticaly
determined depending on the parameters of "Cooler/Heater
1"

0 0

Information type to be received:

[#] Heat duty

Infermation vector to be emitted will be automaticaly
determined depending on the parameters of "HEX3-HP"

0 0
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1.12. “Tips and tricks
™ T2 T3 T4 T5 T6 T
— |56 W R -34 MW — |25 MW 19 MW — [-26 MW — |27 MW — [-35MW
T = 396.86 °C
P = 45 bar
F=7300h T=32.88°C
N/ P = 0,05 bar
| /\ /\ F =500 vh
V
b
A HEX1-HP
74 MW g
HR6 HR3 HR2 HR1 > CONDENSER ( E’ )
7| -7 MW 3mw MW 1w -327 MW
HEX2-LP HEX1-LP
+ MW 26 MW
SPEC | 4 4
h ] A
E P1
HEX3-LP
T =710.16 °C T = 228.56 °C 13 MW
P =160 bar P =160 bar
T out F=730tvh F=730vh
P2
— I::>{ Fumes
T=300"°C
P=1.01 bar
F=1100vh
¥
% Total electrical production= 223.42 MW
. A " "
FLEC Total electrical consumption= 5.75 MW
i balance ’.
BOILER

Fuel consumption = 5

6 th

ProSim

v" The material streams of the flowsheet can be colored depending on the temperature using the “Scriptlets”

functionality. The colors varied from red which represents the hottest stream to blue which represents the

coolest stream in the process.

The scriptlet is applied by right-clicking on the background of the flowsheet:

@
g

Sheet properties...
Scriptlets

Alcohol
Balances
Batch software
Diagram...

DTMin of the process...

Equipments list...

Project management
Rename streams/modules
Simulis

Stream properties

S Update the scriptlets list

Generate a scriplets description file

- r r r

Change the size of the streams according to their flowrate...
Colorize the streams according to their temperature..,

Colorize the streams according to their thermaodynamic medel..
Infarmation streams...

Reset the celor of the streams...

Reset the size of the streams...
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The thickness of the streams can also be adjusted depending on its flowrate. The streams thicknesses

become proportional to the (mass or molar depending on user choice) flowrate of the stream.

é Sheet properties...

Alcohol +
Balances +
Batch software +
Diagram...

DTMin of the process...

Equipments list...

Change the size of the streams according to their flowrate...
Project management Colorize the streams according to their temperature...
Rename streams/modules Colorize the streams accerding to their thermodynamic model...

Simulis Information streams...

r r v -

Reset the color of the streams...

Reset the size of the streams...

Stream properties

S Update the scriptlets list

Generate a scriplets description file

v' The temperature profile in the heat exchanger can be shown using the “Scriptlets” functionality. To use the
scriptlet, the user has to right-click on the heat exchanger module:

NS

A
g

o
—
- — b 4
T Edit... N
Thermodynamics 4
HEX ﬂ Visual...

*20 | @3 Updste visuals with default file IEAERATOR

|T Show a label

3

Move to Balances 3
Batch software 3
P Bring to front .
. Diagram...
B Bring forward
Flowrates (charts) 3
B Send backward
‘f Send to back Rename streams/modules 3
enate e Simulis v

Specifications datasheet..,

Stream properties >
Fu mes Temperature profiles of the heat exchanger...
T =300 °C S Update the scriptlets list
P=1.01 bar Generate a scriplets description file

Remark: the temperature profile is not available on the Cooler/Heater that is not linked with other heat
exchanger by an information stream.

Copyright © 2024 Fives ProSim, Labége, France — Tous droits réservés www.fives-prosim.com



Cogeneration plant with steam turbines
Version: March 2024 Page: 17 /19

v' With these “Scriptlets” functionalities, it is also possible to generate a data sheet for an heat exchanger
describing all the mass (or molar) and energy balances of the inlet and outlet streams in the heat exchanger

along with the temperature profile. The data sheet is in the Microsoft™ Excel sheet format as presented

below:
] = ECHA SpecificationsSheet! [Mode de compatibilite] - Excel 7 @ - x
ACCUEIL  INSERTION ~ MISEENPAGE ~ FORMULES ~ DONNEES  REVISION  AFFICHAGE  COMPLEMENTS Stagiaire2 ~
'“D E . Arial 110 A & === ¥  E°Renvoyeralaligne automatiquement  |Standard - G‘ ’;“ Em Ex El é ;2::::;:“'% ’ ‘Z\Y H
ey exs-m- boa s gy Memmtere et tome Syl e Soprrr e G Tt fpere s
Presse-paplers & Police 5 Alignement 5 Nombre 5 styte Cellules Edition S
TabRes - S v
Cold fluid Hot fluid HEX3-HP + Cooler/Heater 1 - Temperatures profile
Fluid name i 42 49 2500
Input temperature C 1704 2124 L
Output temperature -G 1928 180.0 200,0:80.0. =
Mass flowrate th 7382 90,0 _ 1928
Pressure bar 160,0 20,0 £ 1500 76,2
Input physical state i Liquid VaporiLiquid £ 1000
Phase change - NO YES: LV (% VAP = 346 (mol.)) > L =
50,0
HEAT EXCHANGER SPECIFICATIONS
Simulation file ‘C:\L g \Docury ge nadrah\Projets\PowerPlant\f rPlantif 0,0 T T T T
Equipment name [HEXEHP + GoolerHeater 1 0,0E+00  S,0B+00  LOE*01  LSEOL  2,0B+01  2,5E+01
UNIT'S PERFORMANCES amw)
Cold fluid Hot fluid — —
Fluid name - 42 49
Total mass flowrate vh 738 90 a Temp. (°C) DT
\Vapor mass flowrate (infout) lth B B 31 B MW 2 19 K
Liquid mass flowrate (in/out) th 738 738 59 90 0 1704 180,0 96 |DTMIN
Total volume flowrate (infout) m3/h 814.43 83577 316931 101,38 1 1716 189.,5 18,0
Temperature (in/out) -c 1704 1928 2124 180,0 2 172,7 198,9 26,2
Dew and bubble temperatures (i) °C 3474 3474 2124 2124 3 1739 208,3 344
Density ka/m3 908,42 893,27 849,85 897,73 4] 1745 212,4 380
Dynamic viscosity Pas 0,00016 0,00014 0,00013 0,00015 5 1763 2124 36,1
Liquid  |[Molar mass g/mol 18,02 18,02 18,02 18,02 6 1775 212,4 34,9
Specific heat caligik 1,031 1,048 1,089 1,051 7 1787 2124 338
. Nt 0 Aan nasn 0 ARa nara Py 170w EYEY] 274 -
El v
oRET ] M ———+——+ 5%

To do so, the user just has to right-click on the corresponding heat exchanger:

N

N
8

] Edit..

Thermedynamics >

HEX T‘} Visual...

=20 “S Update visuals with default file

v Show a label EAERATOR
U Aicohol ,

Move to 3 Balances 3

Batch software 3
&P Bring to front

Diagram...
B Bring forward :
Flowrates (charts) 3
B Send backward
5@ Send to back Rename streams/modules 3
Enato e Simulis v
Specifications datasheet... I
Stream properties 3

Temperature profiles of the heat exchanger...

Fumes
T=300°C

D=4 N4 har

% Update the scriptlets list

Generate a scriplets description file
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2. RESULTS

2.1. Electrical power produced

All main results are summarized in the following table:

Simulation result Notation Value
T1 (MW) A 56
T2 (MW) B 35
T3 (MW) C 25
T4 (MW) D 19
T5 (Mw) E 26
T6 (MW) F 27
T7 (MW) G 35
Electrical power W (MW) H (= A+tB+C+D+E+F+G) 223
Natural gas mass flowrate (t/h) I 56
Useful power of the boiler (MW) J 582
Energy yield (%) K (= (H/J)x100) 38.3

2.2. Heat recovered

Simulation result Notation Value
HR1 (MW) L 1
HR2 (MW) M 3
HR3 (MW) N 3
HR4 (MW) o) 4
HR5 (MW) P 5
HR6 (MW) Q 7
Heat recovered Qr (MW) R (= L+M+N+O+P+Q) 23

2.3. Economic evaluation

The operating gains reach 62 M€/yr for electricity production and 9 M€/yr for heat recovery for the district network.

The operating expenses are of 200 M€/yr.
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