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Abstract — Sulfur/iodine cycles have a considerable
potential for thermochemical hydrogen production. This
contribution studied section Il (HI decomposition) of
sulfur/iodine by using a reactive distillation. The commercial
process simulator has been applied for simulation in the
steady and dynamic states to investigate optimization and
control strategy of a reactive distillation column for hydrogen
production. From simulation studied, it is found that the
reflux ratio and distillate rate affect the product quality in the
reactive distillation. The optimal configuration for the
reactive distillation consists of reflux ratio 6.9 and distillate
rate 194.4 kmol/hr. Under this condition indicated that the
composition at the top of column consists of hydrogen 9.2%.
From economic optimization investigated, it is observed that
the number of stage and the feed location is a very important
variable on total annual cost (TAC). The resultant optimum
process design contains 24 stages and is fed at stage 21. The
disturbances of feed flowrate (£5%) are used to evaluate the
control performance of hydrogen production process. The
control structure is considered, it performs well and good
disturbance rejection is observed.

Key Words-- Hydrogen production, HI decomposition,
reactive distillation, optimization, control

1. Introduction

The world energy demand has increased rapidly
because of emerging industrial countries. Combustion of
fossil fuels, used to power transportation, generate
electricity, heat homes and fuel industry provides 86% [1] of
the world’s energy. Drawbacks to fossil fuel utilization
include limited supply and carbon dioxide emissions from
their combustion are thought to be responsible for global
warming. Hydrogen appears as one of the most attractive
energy for the future that has the potential to displace fossil
fuels. One of the promising approaches to produce large
quantity of hydrogen in an efficient way using the nuclear
energy is the iodine—sulfur (IS) thermo-chemical water
splitting cycle.
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Sulfur—iodine (SI) cycle was first described by General
Atomics. General Atomics chose Aspen Plus as the process
simulator, and tried to develop the thermodynamic model
based on the electrolytic NRTL (ELECNRTL) model built
in Aspen Plus [2]. For the HI decomposition section,
Neumann proposed an NRTL (Non-Random, Two Liquids)
model in 1987 that describes thermodynamic interaction
between constituent molecules (HI-H20 binary solution and
HI-H,O-l, ternary mixture) [3]. Belaissaoui et al. [4]
studied hierarchical approach for the preliminary design of
reactive distillation columns that is extended to systems
involving vapor phase chemical reaction and is successfully
applied to the HI vapor phase decomposition to produce H,.
Novel model predictive control (MPC) based on a sequence
of reduced-order models is developed for a ternary batch
distillation operated in an optimal reflux policy. [5]

Sulfur—iodine (SI) cycle consists of 3 sections: [6]
Section | Bunsen section:

I, +SO, +2H,0 —» 2HI + H,S0,

(20-120°C, AH = -75(+15) kd/mol)
Section Il Sulfuric acid decomposition section:

H,SO, —» SO, + H,0 + 1/20,

(600-900°C, AH = +186(+3) ki/mol)
Section Il Hydrogen iodide decomposition section:

2HI —> |2 + Hz
(300-450°C, AH = +12 kJ/mol)

The purpose of the present work is to study hydrogen
iodide decomposition for the production of hydrogen by
using a reactive distillation. Simulation studies of hydrogen
production process are performed using commercial process
simulator to investigate effects of operating parameters in
order to improve the product quality. The effects of the
number of stage and the feed location on the total annual
cost (TAC) are investigated. This leads to optimize the total
annual cost (TAC), design the control structure of hydrogen
production process by using commercial process simulator
and evaluate the performance of the control structures based
on the process disturbances.

2. Process simulation

Simulation of hydrogen production process is
performed by using commercial process simulator. The
procedures for developing the process consist on selecting
the chemical components for the process, thermodynamic
model, chemistry model and reaction model must be all
selected and specified.
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2.1 Chemical components

The following pure components have been used in the
commercial process simulator models:

Table 1 Components in HI decomposition section

Component ID Formula Description
H20 H,O Water
HI HI Hydrogen iodide
12 I, lodine
H2 H, Hydrogen
H30+ H;0" Hydrated hydronium ion
I- I lodide ion
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2.2 Thermodynamic model

The physical properties model used is the ELECNRTL
model. This thermodynamic model captures the non-ideality
of the ionic liquid solutions, but needs to be coupled with
“chemistry” models that describe the dissociation and
complication reactions that occur in solution. [2]

2.3 Chemistry model

In the liquid phase, the solvation equilibrium occurs:
HI + H,0 « H30+ + I
The solvation equilibrium constant Ka (T) is expressed
as follows:
12587.48

In K, (T) = —228.84 + ==+ 40.686InT — 0.098T with T
inK. [2]

2.4 Reactions model

Power law Kinetic expression
n EN/1l 1
r=k (1) @)
Ty
Kinetic rate constants of the reactions are necessary
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Table 3 Operating conditions for hydrogen production

Parameter Value
feed flowrate (kmol/hr) 360
reflux ratio 5
distillate flowrate (kmol/hr) 200.07
E1(MW) -2.537
E2 (MW) 0.715

All system performances are considered in terms of
yield of hydrogen defined as follows;

Molar flowrate of hydrogen

x 100

Y =
Hydrogen Molar feed flowrate of hydrogen iodide

3. Optimization and Control
3.1 Optimization of reactive distillation (steady-state)

Fig.1 the minimization of total annual cost (TAC) is
chosen as the economical objective function for the
optimization of a reactive distillation column. Using a
payback period of three years, the TAC is defined as:

Capital cost

TAC = Operating cost + 3

The operating cost includes the cost of steam and
cooling water. The capital cost covers the cost of column,
trays, and heat exchangers. The costs of equipment and
utilities are estimated with the formulas that are adopted
from the book by Douglas (1988) [8] and Seider et al.
(2010). [9]

Purity constraints: YHydrogen = 0.092

The product has been kept on their specification with

the careful adjustment of the reflux ratio.

information for process simulation. This work focuses on Fix the tot;number of stage
the production of hydrogen from decomposition reaction of
hydrogen iodide. v
Guess the feed location
Table 2 The values of kinetic constant for HI decomposition ¥ :
Adjust the
No. Reaction A B Eo(cal/mol) Change the reflux ratio until the products number of stage
1 2H —> L,+H,  359x10° 00 49280 specification is met X
2 l2 + Ho=—9 2HI 1.23x 10 0.0 40 940 v
k = AT# explifi- 5—;) with T in K [7] Change the feed location until

R =1.987207 cal / mole K

2.5 Process flowsheet

In this research, all simulations are carried out using
RADFRAC of commercial process simulator. The column is
constituted by 11 stages including the condenser and the
reboiler. The HI decomposition reaction takes place in all
the 11 stages. The HI-1,-H,O product of Section | is
pumped up to 22 bar and heated to the feed temperature
(262°C) of the reactive distillation column (COLUMN) )
with a molar fraction of 51% of water, 39% of iodine and
10% of HI and is set at stage 10. The overhead product of
the column is scrubbed in a packed column (SEP at 22 bar
and 298 K) with water to remove the residual hydrogen
iodine from the hydrogen. [4]

(revised on 8 March 2012)

the TAC is minimized
1

A 4
| TAC minimum

Fig.1 A method for the optimization of a RD column

3.2 Control structure

Fig. 2 shows the schematic of dynamic structure and
controller positions of hydrogen production process.
Proportional (P) controllers are used for drum level, sump
level and separation level. Proportional-integral (PI)
controllers are used for feed flowrate and pressure
(condenser and separation).
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Fig.2 Schematic of control structure of hydrogen production process

4. Results and discussion

4.1 Steady-state simulation

From the simulation results, the top of the column has
a number of water are 91%, hydrogen iodide 0.1%and
hydrogen 8.9%. The stream 105B has a production rate of
hydrogen 17.74 kmol/hr.

4.1.1Effect of reflux ratio

The reflux ratio is important variable that affects the
efficiency of reaction and separation in the RD column.
Operating conditions of reactive distillation are set as
standard case. There is only the reflux ratio which has
changed from 0.1 to 10 as shown in Fig 3. Notice that the
reflux ratio of more than 6.9 the yield of hydrogen will be
greater than 99.5%.
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Fig.3 Effect of reflux ratio on yield of hydrogen
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Fig.4 Effect of distillate rate on yield of hydrogen
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4.1.2 Effect of distillate rate

Figure 4 shows the effect of distillate rate on the yield
of hydrogen. The operating parameters are the same as the
standard condition. The distillate rate more than 194.4
kmol/hr, the yield of hydrogen will be reduced.

From simulation studies, it is found that the optimal
configuration for the reactive distillation with reflux ratio of
6.9 and distillate rate 194.4 kmol/hr. Fig 5-6 show the
temperature profile and composition profile in the reactive
distillation with the optimal configuration. It can be seen
that the composition at the top of column consists of water
90.8% and hydrogen 9.2%. The hydrogen production rate
equals to 17.87 kmol/hr.
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Fig.5 Temperature profile in the reactive distillation
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Fig.6 Composition profile in vapor phase along the reactive
distillation column
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The temperature profile along in the reactive
distillation column is showed on Fig.5. In the upper part of
the column, the temperature decrease is related to the
increase in the light boiling compound hydrogen content.
The temperature increase observed in the lower part of the
column can be related to the increase in the heavy boiling
compound iodine content.

The vapor composition profile in vapor phase along the
reactive distillation column is showed on Fig.6. This figure
shows that hydrogen production is obtained only for very
low iodine content in the upper part of the column because
iodine has high boiling point. HI decomposition mostly
occurs in the upper part of the column that leads to the
recovery of hydrogen. In the lower part of the column,
almost pure iodine is recovered at the bottom in the liquid
residue.

4.2 Economic optimization of reactive distillation

From calculation the total annual cost of initial
configurations (11 stage and feed stage 10), the total annual
cost (TAC) is 2,975,731.86 $/year.

4.2.1 Effect of feed location on total annual cost

The column has a total of 11 stages with HI
decomposition reaction takes place in all the 11 stages. The
effects of feed location on the total annual cost are
investigated. The feed location is a very important variable
and it is found that feeding on the ninth stage of the reactive
distillation column is most advantageous (minimum TAC),
the total annual cost (TAC) equals to 1,720,612.92 $/year.

4.2.2 Effect of number of stage on total annual cost

Fig. 8 shows that the number of stage affects on total
annual cost (TAC). If the number of stage is increased, the
RD column becomes taller, but its diameter becomes smaller
because reboiler heat input decreases (figure 7). This
decreases heat exchanger costs and operating costs (steam
cost and cooling water cost). However, the cost of the RD
column increases because it is longer. So the effect of
increasing the number of stage is to increase the capital cost
of the RD column and to decrease the capital cost of the heat
exchangers and operating costs.

30 -~
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Number of stage

Fig.7 Effect of the reboiler heat duty on total annual cost
(TAC).
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Fig.8 Effect of the number of stage on total annual cost
(TAC).

From table 4, regarding the comparison between the
initial configurations adopted and the optimum process
designs obtained. A considerable reduction has been secured
in the capital cost, operating cost, and TAC. The resultant
optimum process design contains 24 stages with HI
decomposition reaction takes place in all the 24 stages and is
fed at stage 21, the total annual cost (TAC) equals
1,150,648.47 $lyear.

Table 4 Effect of the number of stage and feed location on
the total annual cost (TAC).

11 11 24
feed stage 10 9 21
reflux ratio 6.9 3.51 1.85
Diameter (ft) 10.28 7.71 6.07
Q.(10°Btu/hr) -44.85 22.85 12.03
Q.(10°Btu/hr) 50.77 28.76 17.94
A () 1450.29 738.79  389.09
A(ft%) 4513.21 2556.45 1594.8
Column cost (10°$) 2.91 2.12 3.38
Heat exchanger
Cost(10°%) 6.91 4.68 3.34
Operating cost
(105%/year) 26.48 14.94 9.26
TAC(105%/year) 29.76 17.206  11.506

4.3 Control performance

The change in the molar flowrate of feed as the
disturbance +5% is imported to hydrogen production
process to illustrate what occurs throughout the process and
the control system responses.

4.3.1 Condenser pressure controller

Fig. 9(a) and Fig. 10(a) show the effectiveness of
condenser pressure controller to +5% disturbances of feed
flowrate. Oscillations of condenser pressure are damped by
increasing dynamic simulation time. Molar flowrate of feed
increasing causes that condenser pressure is increased at
initial times. Condenser pressure controller has a small
offset that can neglect it.
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Fig.9 Control responses for +5% disturbances (molar flowrate of
feed) a) pressure condenser b) column-drum LC c) column-sump
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feed) a) pressure condenser b) column-drum LC c) column-sump
LC d) pressure separation e) separation LC

IMECS 2012



ISBN: 978-988-19251-9-0
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

4.3.2Condenser and reboiler level controllers

For +5% disturbances of molar flowrate of feed, the
condenser and reboiler liquid level controllers actually work
quite well as shown in Fig.9 (b-c) and Fig.10 (b-c). The final
effects of increasing molar flow rate of feed are increases in
manipulated variable (mass reflux rate and mass flowrate
102A). Condenser and reboiler liquid level controllers
haven’t offset.

4.3.3 Separation pressure controller

Fig.9(c) and Fig.10(c) show the performances of
separation pressure controller. The disturbances are 5%
increase and decrease in molar flowrate of feed. Molar
flowrate of feed increasing cause that molar flowrate of
309A is increased. The pressures go back to their set-point
for both positive and negative disturbances.

4.3.4 Separation level controller

For 5% molar flowrate of feed changes, the response
of separation level controller are rather symmetrical as
shown in Fig.9 (e) and Fig.10 (e). The separation levels are
increased and return to set- point after the liquid level reach
to maximum overshoots. The steady-state offsets are quite
small.

5. Conclusion

In this work, optimization and control strategy of a
reactive distillation for hydrogen production is investigated.
The commercial process simulator has been applied for
simulation of the reactive distillation column in the steady
and dynamic states. Results under the standard condition
indicated that hydrogen of the top product equal 8.9%. The
simulation results showed that when reflux ratio 6.9 and
distillate rate 194.4 kmol/hr are set in the reactive
distillation, the hydrogen purity of 9.2% can be achieved.

From economic optimization based on a total annual
cost (TAC) analysis, the optimal configuration of reactive
distillation column consists of 24 stages and is fed at stage
21. The minimum total annual cost (TAC) is 1,150,648.47
$lyear. The effect of increasing the number of stages is to
increase the capital cost of the column. But the diameter of
column becomes smaller because reboiler heat input
decreases, this leads to decreases heat exchanger costs and
operating costs.

For +5% disturbances of molar flowrate of feed, the
performance of control structure for hydrogen production
process is evaluated. Good disturbance rejection is observed
for these control structures. From the simulation results of
control, it comes to a conclusion that the processes are
resilient for disturbances of molar flowrate of feed.

(revised on 8 March 2012)
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Appendix

The capital costs of individual equipment are estimated
using the following equation:

M&S

Column cost [$] = E(101.9D1'066H0'802 (218 + E))

Where F. = E,F,
M&S
Tray cost[$] = 580 (4.7DYSHE,)

Where F, = F,+ F, + F,

_ M&S 0.65
Heat exchanger [$] = 280 (101.34%%°(2.29 + F)))

Where F, = (F; + F,)F,

The operating cost includes the costs of steam and
cooling water.

$ $Cs QH hr
Steam cost [M] ~10001b X (Z) (8150 year)

Where Ay: heat of vaporization
C, : steam cost

1 w l . h
Cooling water cost [i] S RN ( 19a ) (Q—) (8150 ! )
year 1000 gal 8.34 b/ \30 year

Where C,, = cooling water cost
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