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c THE HYTHEC PROJECT

-prosim.net
www.prosim.ne See paper #89a: Ray ALLEN et al.

» HYTHEC (HYdrogen THErmochemical Cycles): the search for a
long term massive hydrogen production route

)

» EC funded project withinits 6 ™ framework program S/

SIXTH FRAMEWORK PROGRAMME

> Partners:

»University of Sheffield (USFD — UK)

»Universita degli studi — Roma tre (DIMI — |) sAITRE

»Deutsches Zentrum fur Luft und Raumfahrt (DLR — D) ¢
DLR

»Empresarios Agrupados (EA — SP) _—
»ProSim (F) o)
ProSim

» Schedule: April 2004 to December 2007 (45 months)
» Resources: 230 man.months (~ 3 M€)
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c HYTHEC OBJECTIVE

www.prosim.net

Assessment and improvement of the lodine-Sulfur cyc le
for massive hydrogen production

2 HI 1,0, 1)

)

H,0 + SO, + % O,
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c ROLE OF PROSIM WITHIN HYTHEC l"lle

www.prosim.net

@ Simulation tools provider

» Support on simulation when required: complex parts of the
flowsheets, reactive distillation,...

» Improvement of the codes when appropriate

» Implementation of the thermodynamic models selected by
CEA and some advice on thermodynamic modeling

» Proposition of improvement of the flowsheet develop ed by
CEA (process expertise, heat integration,...)

a

S- Cycle Simulation Using ProSimPlus — 2007 AIChE Annual Meeting - Salt Lake City - November  4-9, 2007 Pro Sim



c OUTLINE

www.prosim.net

® HYTHEC project overview

® Thermodynamic models used in HYTHEC

A Some ProSimPlus features valued in HYTHEC

® Examples of use of ProSimPlus by the partners

ACEA//ProSim
A USFD

8D
8D

A Conc

M
LR

uding Remarks

a

S-1 Cycle Simulation Using ProSImPIus - 2007 AIChE Annual Meeting - Salt Lake City - November ~ 4-9, 2007 Pro Slm



c H,SO, SECTION: THERMODYNAMICS

www.prosim.net

» Involved components: H ,S0,, H,O, SO,, SO;, O, = ENGELS model

(H. ENGELS "Phase equilibria and phase diagrams of electrolytes"-Chemistry Data
Series, Vol. XI, Part 1)

» ENGELS: thermodynamic model dedicated to strong acids:
v"Acid dissociation in liquid phase
v' Several azeotropes
v Significant, even very important, heat of dilution
v

ENGELS assumed that dissociation of electrolyte gave ri se to the
formation of a complex

mL+E < vC v XL =xE+xC[xE(m+1—v)—mJ
K = (XCVC)
4H0+H,S0,®3C (v )" e e Xg = Xg +xClx(E’(m+1—v)—]J
v Activity coefficients are calculated using so-called local composition

models: NRTL (Engels) has been used in HYTHEC

a
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c HI, SECTION: THERMODYNAMICS

www.prosim.net

» H,O - HI - |, - H, reactive liquid-liquid-vapour system  =» Neumann’s model
(Neumann, Diplomaufgabe, RWTH Aachen — 1987)

ot v.
Yi°q3iV°Ptot:XiOViOQJiOOHOOEX[{J:: R.'po]

|
(xeye ) X, =X +xCle(m +1—v)—m]
K —_—

mL+E = vC = -
(XLVL) XeYe Xg :Xg +Xclxg(m+1‘V)‘]J

a

» Main model assumptions:
.. — 0
v The vapour phase is ideal Yi*Pot =X VP,

v The following solvation equation is taken into accou nt in the liquid
phase:

5 H,0 + Hl < 2 {(5H,0,H+) + I-}

a
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HI, SECTION: THERMODYNAMICS

www.prosim.net

» Activity coefficient model: modified NRTL

N ( N \ G;; = expl-ayA\;)
Z/\ii * Gji * X] N G ZAnk'Gnk'Xn Ay =a; +by /T
_ A Xk * ik =1 ith:
In(y;) = N + N . Nik ~ : N ( With: o = lz(cij+dij/T)
k=1 J
Gj*xj D Gk 2 Gk * %] 0@ =
j=1 j=1 | =1 ) i j
» Enthalpy and entropy calculations:
N
h:in.h?+hE —> h=xL°hE+xE°hg+U~xC°hg+hE
i=1
N
oo =Re T2 0UKR) g e = gerze Y e S0 g=heTs

=1

Interesting results have been obtained within HYTHE  C, however thermodynamic
modeling of HI section requires further improvement S to cover the process operating
conditions:

=Higher pressure: EOS approach with complex mixing r ules such as MHV2, PSRK,...

a

=Wider concentration range: new experimental data ar e needed
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HI, SECTION: EXPERIMENTAL MEASUREMENTS

www.prosim.net
» Neumann's data

» H20-HI and H20-HI-12 systems have been investigated
v' Temperature and liquid composition are fixed
v Measured data are: total pressure and partial press  ures

Mixture H,O —HI HO —HI -1
Temperature range [K] 351.45 - 554.05 373.35 - 557.95
HI liquid mole fraction range [-] 0.017 - 0.1744 0.0171 - 0.159
I> liquid mole fraction range [-] - 0.0033 - 0.7525
Pressure range [bar] 0.22 - 53.8 0.4599 - 64.02

» Measurements in progress at CEA  See: "Status of Sulfur-lodine Cycle
Assessment at CEA" (Philippe CARLES et al. # 89D)

Mixture H,O —HI H,O—HI -1,
Temperature range [K] 356.15 - 386.15 390.15 - 406.15
HI liquid mole fraction range [-] 0.15-0.21 0.0963 - 0.1323
> liquid mole fraction range [-] - 0.3902 - 0.4036
Pressure range [bar] 0.6-1.892 0.51-215

= When all the measurements will be available, the th  ermodynamic model will
be adjusted and new parameters will be regressed

a
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www.prosim.net

= »ProSim Plus : C:\FICHIERS, Doc Site Web'Exemples ProSimPlus’ E07-Ethanol plant’ Ethanol Plant.pmp = QI_I

Steady-state process
R Ty — simulation software

[» %00 m-| | ) -a@@ |z = uTWm k]
Absorbers ~
Feed i Product stream ':> c32

L# | & Capability to model highly non-
i — ideal systems : strong thermo
N & package

©03 Material stream C30

Disilation cokumn (total caneriser) Temperature = 75,1618 °C
b Fiessure = 0624 ber
f |:>—c52—- ——— Mole flovrate = 65,3455 kmalh . . .
b e REmRa & Extensive unit operations
Distillstion column with decanter <oy — Wolume flawrate = 1.4699 m3/h

(partial condenser) | Physical state = Liquid
Partial flowrates kmol/h kg/h I - b - I d H I
3 : ETHANOL 536715 247.259 I rary I n C u I n g COI I l p eX
Distillations collmn with decarder ACETALDEHYDE 0.0267185 | 1.1763
iiitscondensen ZMETHYL1-PROPANOL| 0.0557513 | 413244 @ T "
LFroeaie, [ ovgis [z g )2 models : "Rate-Based" approach,
D e ') = TEUTANOL 3 96G55E 5 |0.00731262
St CO& -
Column size SMETHYL-1-BUTANOL | 0101714 | 896802 I f h t h th
METHANDL [0 032208 G 029708 plate-Tin heat exchangers, three-
3 phass distilation ETHYLACETATE | D.00RG3528 | 056461
e P ‘WATER 59,7523 1076.46
Heat exchangers C h d t d t | I t
e ) T phase ana reactive aistiiation...
Flashes and decanters ETHANDOL 0.082730|0.184357 -
CompressorExpanderpump. | L4 ACETALDEHYDE | 0.000408]0 000878 5
Mixers 1 Spiters { Separatars = [2METHYL1-PROFANDL|0.000853 0 003082 e Eff' . t th d
Streams col cnz co3 co4 =] Cog = I I l
User defined unit operations 1-PROPANDL 0.000585)0.001713 I C I e n C O nve rg e n C e e O S
S From Philecn feed | Extracting ... 1m E101 1-BUTAMOL 0.000002 | 0000005 01 P103
eactors
— = To c101 C101 C105 C101 [ 3METHYL-1-BUTANOL |0.001556|0.008587 3 C102
Liguicl-solid separation -
Stripers Pattial flowes kg kaih kah kg METHANOL 0.000014|0.000022 o kg

FTHANCI
Utilties 4

& Easy-to-use

& Solution widely used by aill,
chemicals and engineering
companies

& Open software

a
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THE SW CoOMPONENT ARCHITECTURE OF
www.prosim.net PROS|MPLUS

Thermodynamics _ _
Chemical Reactions Conventional simulator

Unit Operations Monolithic program  (generally divided
Numerical Methods into several source files and DLLS)

GUI

ProSimPlus ‘
& Thermodynamic calculations are performed Unit Operations
T . : . Thermodynamics
within a component  (Simulis ® Thermodynamics) Chemical Reactions

& This component implements CAPE-OPEN ' GUI

standardized interfaces (Plug & Socket) Simulis © Numerical Methods

Thermodynamics
& ProSimPlus also implements CO "Unit '

Socket" standardized interface
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Ablility to use an external
thermodynamic model
(CAPE-OPEN "Property

Package")

Third party
software able
to generate
CO packages

(Aspen Properties,
Multiflash,
PPDS,...)

)

External

CAPE-OPEN
Property

Package

c CAPE-OPEN THERMODYNAMIC "SOCKET"

www.prosim.net

& Successfully tested with !ll’éil

= Multiflash (Infochem) CO LaN
=>PPDS (TUV-NEL) pcoin e
=Aspen Properties (AspenTech)
=COCO TEA (AmsterCHEM)

=COM Thermo (AspenTech)
=IVCSEPThermoSystem (IVC-SEP)
=etc...

Simulis ® ProSimPlus

Thermodynamics

= If required, a third party thermo package can be us  ed within ProSimPlus

S-1 Cycle Simulation Using ProSimPlus

a
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c CAPE-OPEN THErRMODYNAMIC "PLUG"

www.prosim.net _
& Successfully tested in W
W oay
= Aspen PIus (2004 and v12.1) id
Ability to generate CAPE- =Aspen Hysys @oosandvs2) €O~ LaN
www.colan.org
OPEN "Property Packages" to FPRO/ (v7.1)
be used within CO compliant ~9gPROMS™
. = Xist (HTRI)
modeling tools =UNISIM Design
=efc...
: : CO Propert Modeling tool
Simulis ® Pacszge 4 implementing
: CO
Thermodynamics Simulis © (As%e?PﬁI:,E'}RI,
Thermodynamics iy

= When available, a fully satisfactory thermodynamic model will be usable in
several simulation packages

a
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Nz
B ol
c CAPE-OPEN UNIT SOCKET CO LaN
www.prosim.net

Contralz

2-phase distillation

J-phaze diztillation.

Heat exchangers

Liguid-iquid extraction

Flashes and decarters

Compressor/E spander/Pump

Mixers £ Splitters ¢ Separators

I zer defined unit operationz

User defined unit aperation LTI
©
User defined unt operation UTI2

User defined unit operation LT3

Reactars

Liquid-solid separation

Stippers

[Itilities:

Ability to use a third External ProSimPlus
party unit operation CAPE-OPEN :)
Unit
(CAPE-OPEN :
. ration
compliant UO) Operatio

& Examples of application:

= Fuel cell model:

See paper # 344d (Rafiqul GANI et al.): "Application of CAPE-
OPEN standards for the interoperability between Computer Aided
Modeling Tool MoT and Process Simulator ProSimPlus"

=Membrane model
= Electrolyser model

a
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c HI, SECTION: HYTHEC PROCESS Diagram CED

wWww.prosim.net

P201 E201
-
C201

%

E202 E203

» Specificity of HIx section: reactive distillation

2Hl(G) = Hy(g) + 1) Ln(K) = 2.6981 - % ~1.5959 * Ln(T) +0.005545 * T

a
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c HI, SECTION: SIMULATION

WWWI prOSim-net « ' Unit operation X|

« 2 ProSim Plus : C'\fabrice’ Etudes, HY THEC), 2007 - Présentation SD'\FlowsheetsiHIHY

File Edit Configuration: Flowsheet Tools  Similation  Windows Help Name: IC201
Desc: *
D@ =@ gRe x m [ < ! A
Identification | Parameters | Advanced parameters | Scripts | Resutts  Profies | otes
Iy o [®®m- e | [z [E0] ]
T | name |Descripti0n |
ROETE C201 - Temperature profile Temperature profile in the calumn
C201 - Pressure profile Pres=zure profile inthe column
E C201 - Liguid mole-fractions Liguicd male-fractions profile in the column
" '

; 201 - “apor mole Ons “apar male-fractions profile in the calumn ‘ =
Ahsorber. C20 - Liguid mass-fractions  Liguid mass-fractions profie in the column - 201 - Yapor mole-fractions =10l x|

C201 - Yapor mass-fractions “apor mass-fractions profile in the column

C201 - Erthalpies Erthalpies profile in the column C201 - Vapor mole-fractions
] C201 - Malar flovwerates Malar flowerates profile in the column
o ot e SR C201 - Mass flowrates Mazs flowerates profile in the column
hsatbet with a reboiler frac
i i !’-!lf!_l G C201 - Yaolume flowrstes “olume flowrates profile inthe column Mole-fraction
_lafx| C201 - Baartinn ratas rentilsPaartinn rate nenfi in fhe ool s 10

-lolx]
Partial molar flowrates of stream: $203| — 08 N‘—m\

C201 - Liquid mole-fractions

A o

HYDROGEH WATER _;} \\_)/' L\u/j Mole-fraction 04
™ 4 08

08 02

07 W
0.0

— 08 D 2 4 B 8 10 12 14 16 18 20 22 24 2%
05

P 04 Stage
[E— 03
02 WATER

I0DINE

—— HYDROGEN IODIDE
10DIME — HYDROGEN

041
0o

HYDROGEN I0DIDE

02 4 & 8 10 12 14 16 18 20 22 M % “apor male-fractions profile in the column

Stage
‘Tntal molar flowrate = 60.60mol/s : >
3|5 @
—— AATER ——— HYDROGEM IODIDE I_'J S N
—— [0DINE ———— HYDROGEN

- Ligguict mole-fractions profile in the: column
Reactors

Ligiid-zolid sepatation NN
Strippers |QJ g ét.,;;' @

4 »
Utities |

[F—]

= Simulation of the HI section without time-consuming convergence tests

=Easy and powerful exploitation of results
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c H,SO, SECTION: HYTHEC PROCESS DIAGRAM

www.prosim.net

R102

e

a
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c H,S0O, SECTION: HEAT INTEGRATION

www.prosim.net

1200
11004 T .
1000 |

900 |

s+ - ey e EeTTe——

H,SO, DECOMPOSITION R101

700 -

Temperature [K]

600

500 | O T e TR

400 | o mm e pommmmmm e

300

200 T T T : T T T T : T
0 100 200 300 400 500 600 700 800 900

Enthalpy flux [kJ / mole H2]
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H,SO, SECTION: IMPROVED PROCESS DIAGRAM
www.prosim.net HEAT INTEGRATION

1200

1000 - == === === m e

1000 F === === === == e mmmmm e Rl CEEECEEEEEEEEEEETRE RS,

900 -~ === == == mmmmmm e Rt CEEEEEEEEEEEEEETRE EREE

!
R101 i
BO0 - === mmmmmm e

ol ews+E102 [ Y R

Temperature [K]

600 - o T e

500 1

400 -
HU MIN = 392.5 kJ / mole H2

300 1

F—— A= —————

200

0 100 200 300 400 500 600 700 800
Enthalpic flux [kJ / mole H2]
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c H,SO, SECTION: IMPROVED PROCESS DIAGRAM

www.prosim.net
ﬁ A /N
E103 E104b| E102c ! 1 .
SO o0 : <
=— ) 1
% % E102b mEEE F102 < T T
/\ m Z m
AR/ \2 <
A\
, E102a E-R103
N T 7 A
Y Y\
, E105b
S @ A\Ewl éE_RlOl ﬁE-Rloz
E105a \\'J \i)
|
= Improvement of the global efficiency of the process can ity
be investigated L iR
= Full benefit of this analysis will came when taking into

account the 3 sections of the process

a

Sl Cycle Simulation Using ProSimPlus — 2007 AIChE Annual Meeting - Salt Lake City - November  4-9, 2007 P-ro Sim



ExamMPLE OF Use oF PROSIMPLUS
BY USFD

,

www.prosim.net

Membrane modeling for HIx separation  (See paper # 299f, Elder et al.)

v' The application of a membrane separation unit to the HIx processing
section of the Sulphur lodine cycle has been investi gated by process
flowsheet modeling using ProSimPlus  (only membrane separating liquid
phases are considered in this work)

v' The application of a membrane unit has been investig  ated in 3 process

locations: on the column feed, at the column reboi ler and on a column
sidestream
v" Two potential advantages have been demonstrated: an iIncrease in the

global process efficiency and the option of less ext reme operating
conditions

= USFD developed their own code for membrane separation mod eling and
Implemented it in ProSimPlus using a "Script module". This module was
further used as a built-in module to simulate the wh ole flowsheet
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,

www.prosim.net BY U S F D

ExAMPLE OF USeE oF PROSIMPLUS

Membrane modeling for HIx Separation

.

1

'@@

| S—

—

| —

Memibrane
Separation Unit

Water Heat Pump

Steam —=H»——
3

—

| S

/@-

T@%JT@ s —y Water &

H,
iy =
r@*'
am Mainly
= Water

lodine

= This work takes advantage of the openness of the soft

v

{—)| Steam

ware
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c ExaMPLE OF USE oF PROSIMPLUS _:T(ﬁ/[EAl

www.prosim.net BY D I M I UNIVERSITA DEGLI STUDI

Modeling of the SO3 and H2O recombination process
(Cerri et al.)

v Objective: to get data suitable to perform sizing of the reactive heat
exchanging equipment (i.e. temperature vs enthalpy )

ENTHALPIES (n=9)

Outlet 1150

R L R
I

modeled by a series of chemically 750 / ~Reacive enthalny
iInert heat transfer unit and 650 =-Sensible enthalpy
equilibrium non adiabatic CSTR 550 N —

0 20 40 60 80 100 120 140

The recombination process is

Temperatures [K]

Thermal Power [kW]

= According to DIMI:  "ProSimPlus has shown robustness, reliability and
relatively reduced computing efforts"

a

S-1 Cycle Simulation Using ProSimPlus — 2007 AIChE Annual Meeting - Salt Lake City - November  4-9, 2007 Pro Sim




ExamMPLE OF Use oF PROSIMPLUS
BY DLR DLR

Evaluation of the Hybrid Cycle s ~
» 3 different cases have been investigated = §z' J -

www.prosim.net

» [For one process using only solar energy . ]
(for sulfuric acid decomposition and electricity i T
required for electrolyser) a detailed analysis S
and component sizing have been © =
performed O
> Heat and mass balances performed with | =+ o [ -
ProSimPlus Al N e I
Example of a plant with an annual average thermal power m‘ e ——( ) L]
of 50 MW located in the region close to Lake Nasser in | " _ N
Egypt. -l — i
| " o - » y
Wi ] et 5°d$%:zo i ,
q o T s DO
: , eectity Electrolyser | [ == ==

Stream 30

el
air supply 600°C D

| Chimney ] feed water
pump
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c CONCLUDING REMARKS

www.prosim.net

B ProSim Plus has been successfully used in HYTHEC

B |t demonstrates interesting capabillities:
» Easy simulation of HI section (reactive distillatio n)
» Very diverse uses
» Openness
» Ease of use: rapid adoption by the partners without specific
training
B The key point remains thermodynamic modeling
» Further experimental data is needed

» When available, the model will be usable in several
environments thanks to CAPE-OPEN compliance of ProS Iim

tools
A
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