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Abstract – Japan Atomic Energy Agency (JAEA) has studied iodine-sulfur (IS) 
process, a thermochemical cycle to produce hydrogen by water splitting. This 
process is a candidate application of high temperature heat from high temperature 
gas-cooled reactors. This paper outlines the IS process study in JAEA, in particular 
recent situation of the R&D. Reactor components and a total process facility are 
tested to evaluate their integrity. A Bunsen reactor, a H2SO4 decomposer and a HI 
decomposer made of industrial materials such as SiC ceramic, fluoroplastic and 
lining materials have been examined separately as reactor components. A semi-
batch test and a thermal cycle test were operated in the Bunsen reactor. H2SO4 
decomposition test is in a bayonet type reactor and HI decomposition test in an 
adiabatic radial flow type reactor are now under way. On the basis of a 
demonstration of continuous hydrogen production of 31 NL/h by a glass apparatus, 
an experimental apparatus of the total IS process has just been constructed to verify 
integrity of process components of industrial materials, H2 production scale of 
which is 200 NL/h. Electro-electrodialysis (EED) cells to concentrate HI before 
distillation and a SiC-made bayonet type H2SO4 decomposer are applied in the 
facility. Process data of EED cells has been collected aiming to improve H2 
production thermal efficiency. Influence of temperature, composition in solution and 
existence of impurities on the cell properties has been investigated. Reduction of 
heat input to a HI separation step by applying the results of the study was shown. 

 
I. OVERVIEW OF THE IS PROCESS 

 
High temperature gas-cooled reactors (HTGRs) 

have potential to generate electricity in a helium gas 
turbine with high efficiency and to supply heat to 
various industries featuring their high coolant 
temperature: maximum reactor outlet coolant 
temperature of 950oC. H2 production by iodine-
sulfur (IS) process has been proposed as one of such 
heat applications of HTGRs [1]. 

IS process is a thermochemical H2 production 
process from water consisting of the three reactions, 

SO2 + I2 + 2H2O → H2SO4 + 2HI   (eq. 1), 
H2SO4 → H2O + SO2 + 0.5O2     (eq. 2), 
2HI → H2 + I2            (eq. 3). 

Figure 1 illustrates a schematic diagram of IS 
process. Total process is divided into three sections; 
a Bunsen section, a H2SO4 section, and a HI section. 
The H2SO4 section is split as H2SO4 concentration 
and decomposition subsections. The HI section is 
divided into a HI separation subsection and a HI 
decomposition subsection. 

In the Bunsen section, SO2 from the H2SO4 
section and I2 from the HI section react with H2O to 
produce H2SO4 and HI as in Bunsen reaction 
described as (eq. 1). Product solution from the 
reaction is separated spontaneously into H2SO4-H2O 
solution and HI-I2-H2O (HIx) solution. 

H2SO4-H2O solution from the Bunsen section is 
fed to the H2SO4 section. First, iodine compounds 
impurities are removed from the solution by reverse 
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Bunsen reaction and vapor-liquid separation. Then, 
H2SO4 is concentrated by H2O vaporization. The 
concentrated H2SO4 is decomposed in two steps. 
The H2SO4 is vaporized and decomposed into SO3 
and H2O in the first step. Then the SO3 is 
decomposed into SO2 and O2 in the second step. 
Remaining SO3 in the product gas is recovered to 
H2SO4 and captured in the concentrated H2SO4 
solution. The SO2 and O2 in the product gas return to 
the Bunsen section. The SO2 is reacted in the 
Bunsen reactor and the O2 is obtained as the by-
product of IS process. 

In the HI separation subsection, minor sulfur 
compounds in the HIx solution from the Bunsen 
section is first removed. HI is required to be 
separated from the purified HIx solution. If the HIx 
solution is distilled without any concentration, HI-
H2O azeotropic mixture is vaporized because the 
solution is hypo-azeotropic. H2 production thermal 
efficiency of a process without HI concentration was 
only 6.4% due to excess heat input for H2O 
vaporization in HI distillation [2]. Japan Atomic 
Energy Agency (JAEA) has proposed electro-
electrodialysis (EED) method to concentrate HI to 
hyper-azeotropic one [3]. HI with little other 
compounds is expected to be obtained by distillation 
of the HI-rich solution. 

HI from the distillation column is decomposed 
into H2 and I2 as in (eq. 3). The product I2 and 
remaining HI are separated from the product gas and 
return to the Bunsen section and the HI separation 
subsection, respectively. Small amount of HI and I2 
in the remaining gas is captured into water, which is 
fed from outside to compensate for the H2O 

consumption as H2 and O2 products. Remaining H2 
is obtained as the product of IS process. 

IS process was proposed by General Atomics in 
1976 [4]. The process has been investigated all over 
the world: U.S. [5-7], France [7], China [8] and 
Korea [9], for example. Japan has researched the 
process for the longest period among the countries. 
Study on IS process in Japan Atomic Energy 
Research Institute (JAERI), the former name of 
JAEA, began around the end of 1980s [10] as 
following the research on nickel-iodine-sulfur 
process [11]. This paper outlines the R&D in JAEA. 

 
II. IS PROCESS STUDY IN JAEA UNTIL 2010 
 
R&D on IS process in JAEA until 2010 is 

explained briefly in this chapter. 
Closed cycle H2 production operations of total IS 

process were demonstrated. When a stable operation 
in a certain test apparatus succeeded, another one of 
larger scale was constructed and operated. The first 
one produced 1 NL/h of H2 (N denotes standard 
condition of 298.15 K and 1 atm) for 48 hours 
continuously to demonstrate steady state operation 
of the process by tuning flow rate from a HI 
distillation column to the Bunsen section [12]. A 175 
hours stable continuous operation with 31 NL/h of 
H2 production was accomplished in the next step 
[13]. An automated control method to maintain 
Bunsen product composition was developed and 
confirmed in the test [14]. These two tests were 
done in apparatuses mainly made of glass. 

Environments of the IS process are very severe 
to materials: corrosive chemicals such as HI, I2 and 
H2SO4, high temperature, and phase change between 
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Fig. 1: Schematic of IS process 



Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-21233 

 

liquid and vapor. Industrial materials should be used 
in actual IS plant because industrial scale glass 
components is not realistic. Corrosion resistance 
tests have been performed to select proper industrial 
materials [15, 16]. Selected candidate structural 
materials include ones as follows; Ni-based alloys, 
ceramics (SiC, Si3N4), and Mo for gaseous phase in 
the HI section; Ni-based alloys (Incoloy 800, 
Hastelloy C276, and Inconel 625) and SiC for 
gaseous phase in the H2SO4 section; Ta, Nb, and SiC 
in high temperature liquid phase in the HI section; 
SiC, Si3N4, high silicon iron, and Au in high 
temperature liquid phase in the H2SO4 section, and 
Ta, Zr, SiC, Si3N4, poly-perfluoroalkoxy copolymer, 
and glass for Bunsen solution [17]. 

JAEA has studied on EED method to concentrate 
HI in HIx solution prior to distillation. Figure 2 
shows a schematic diagram of an EED cell. HI in the 
solution is dissociated to proton (H+) and iodide ion 
(I-).  I- in the anolyte is electrochemically oxidized to 
I2 at the anode. H+ in the anolyte permeates through 
the cation exchange membrane to the catholyte. I2 in 
the catholyte is electrochemically reduced to I- at the 
cathode. In consequence, HI in the catholyte is 
concentrated with consuming electric power. 

Small amount of I- is considered to permeate 
through the membrane from the catholyte to the 
anolyte in actual cells. H2O permeates through the 
membrane with H+. These permeation phenomena 
dilute the HI in the catholyte to reduce performance 
of the cell. JAEA considers following values as 
transport parameters to describe the phenomena; 
molar ratio of H+ which permeates through the 
membrane to e- which reacts at the electrodes (t+, H+ 
transport number) and molar ratio of H2O which 
permeates across the membrane to H+ which 
transfers through the membrane (β). 

In actual cells, over potential from ohmic 
resistance of the solutions, over potential of the 
electrode reactions, and membrane voltage drop are 
applied to the cell in addition to equilibrium 
potential to concentrate HI. The over potentials have 
influence on excess electricity consumption of the 
cell. 

JAEA has evaluated heat and electricity input for 
high H2 production thermal efficiency by modeling 
the process flow simulation. In particular, the HI 

separation subsection has been focused on because 
operation parameters in the subsection have large 
influence on heat and electricity input. Net heat 
input to the section including heat for electricity 
generation was different largely between in analysis 
with ideal operation parameters [18] and in one with 
practical parameters [19]. Transport properties and 
over potential in EED were most sensitive properties 
to H2 production thermal efficiency among ones in 
the HI section [19]. Improvement of EED cell 
properties is important to achieve high thermal 
efficiency. 

  
III. RECENT R&D ON THE IS PROCESS IN 

JAEA 
 

Figure 3 summarizes schedule of recent R&D on 
IS process in JAEA on the bases of the study 
explained in the previous chapter. Main goals of the 
study are to evaluate integrity of components in the 
IS process environment and to acquire data to 
determine process conditions which enable high H2 
production thermal efficiency. Three topics are 
studied to achieve the goals: integrity tests of 
process components, integrity tests of total process 
components, and process data acquisition. This 
chapter explains present status of the R&D on these 
topics. 
 

III.A. Integrity tests of process components 
 
Process component tests aim to show integrity of 

representative components to verify the application 
of the industrial materials to the process components 
and proper fabrication of the large scale components. 

Figure 1 displays the fabricated components in 
IS process flow diagram as dotted ovals. Main 
reactor components in each section were selected. 
The components were designed for the process to 
produce H2 of 150 NL/h. 

Figure 4 shows Bunsen reactor components. The 
components were designed for the Bunsen reaction 
and two phase separation of the products. Table 1 
summarizes main specifications of the components. 

Two tests were carried out with the components 
to verify integrity of main components in an 
environment of Bunsen reaction solution. One test 
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was a semi-batch operation. HIx solution was 
prepared in the tank and the solution circulated 
through the pump, reactor and cooler. SO2 gas was 
fed just before the reactor and Bunsen reaction 
occurred in the reactor. Temperature of the product 
solution was controlled in the cooler [20]. Planed 
reaction was confirmed by sampling and titration of 
the solution. The other one was a thermal cycle test 
to show influence of thermal cycle on damage 
(blister etc.) to corrosion resistant lining of 
fluoroplastic. Temperature cycles between room 
temperature and 90oC were repeated 30 times 
assuming a series of 10 years operations with 1 
routine and 2 spare start-ups and shutdowns per year. 
Pressure was set at 0.5 MPa (gauge pressure, G 
hereafter). 

Figure 5 shows H2SO4 decomposer components. 
Figure 6 illustrates the H2SO4 decomposer. The 
decomposer is bayonet type: a H2SO4 vaporizer, a 
heat exchanger and a SO3 decomposer are integrated 
[22]. This type reactor has advantages that high-
temperature gas-phase sealing and absorption 
mechanism against thermal expansion are not 
needed. H2SO4 solution is fed from the H2SO4 feed 
tank to the upper manifold of the reactor. The 
solution rises through the space between SiC inner 
and outer tubes and is vaporized by the electrical 
heating from outside. Decomposition of H2SO4 into 
SO3 and H2O occurs there. The vapor receives heat 

from the SiC inner tube and reaches the catalyst at 
the top of the reactor. Temperature at the catalyst is 
set at 850oC as the highest one in the decomposer. 

Tank

Circulating 
pump

Tubular 
reactor

Cooler

Stirrer

4 m

Fig. 4: Bunsen reaction components [20] 

Table 1: Specifications and operation condition 
of Bunsen reactor components [20] 

unit

NL/h 150

o
C 150

MPa (G) 0.95

Materials Vessels Fluoroplastic lining
Cooler Glass lining
Piping Fluoroplastic lining

o
C 90

MPa (G) 0.5

G: gauge pressure

Corresponding hydrogen
production
Designed maximum
temperature

Maximum operation
temperature

Designed maximum
pressure

Maximum operation
pressure

3.5m

H2SO4 decomposer H2SO4 feed tank

Vapor-liquid separator, demister

SO2 absorber Pump

Fig. 5: H2SO4 decomposition components [21]

Electric heater

SO3

decomposition

H2SO4

Vaporization

Heat 
recovery

SiC ball

Pt/TiO2 catalyst
(pellet)

SiC inner tube

Manifold
(glass lining pipe)

H2SO4

(90 wt% liq.)

Gas- Liquid mixture
(H2SO4, H2O, O2, SO2)

SiC outer tube

Glass lined pipe

SiC thermocouple 
sheath tube

Fig. 6: H2SO4 decomposer [21] 

Table 2: Specifications and operation conditions 
of H2SO4 decomposer components [21, 23] 

unit
Size SiC outer tube Outer diameter mm 59

Inner diameter mm 50
Length mm 1335

SiC inner tube Outer diameter mm 43
Inner diameter mm 26
Length mm 1500
Outer diameter mm 19
Length mm 1500

SiC ball Diameter mm 3
Catalyst Diameter mm 1.5 - 2

Corresponding hydrogen production NL/h 150

Designed maximum temperature o
C 950

Designed maximum pressure MPa (G) 0.95

Catalyst Pt/TiO2

Materials
SiC

SiC
Manifold Glass lining
Gasket Fluoroplastic

Inlet H2SO4 concentration wt% 90

Maximum operation temperature o
C 850

Maximum operation pressure MPa (G) 0.5

G: gauge pressure

Theermocouple
sheath tube

H2SO4 decomposer outer and

inner tubes
Theermocouple sheath tube
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SO3 in the vapor is decomposed into SO2 and O2 by 
the catalyst. The products flow down through the 
inner tube and heat of the gas is transferred to the 
rising H2SO4 solution. The stream flows out of the 
reactor through the lower manifold. The gas is 
cooled in the condenser cooler to become gas-liquid 
mixture of H2SO4, H2O, SO2 and O2. The mixture 
except O2 is captured in the fluoroplastic lining 
separator. Table 2 summarizes main specifications of 
the components. H2SO4 decomposition tests to 
examine the performance of the reactor are now 
under way. After that, corrosion resistance by a 
long-term operation will be evaluated [21]. 

Figure 7 illustrates HI decomposer components 
[24]. The reactor is an adiabatic, radial flow type 
fixed bed reactor. HI gas is fed to the reactor from 
the top. The gas flows into the catalyst 
bed through the holes on the outer tube. 
Some part of HI is adiabatically decomposed 
into H2 and I2 as in (eq. 3). The product gas flows 
out of the reactor through the holes on the inner tube. 
Applying adiabatic type reactor enables simple 
structure with no heat pipes in the catalyst bed. No 
decrease of HI conversion ratio resulting from 

variation of flow velocity in different place is 
expected due to uniform contact of HI gas to the 
catalyst in the radial type reactor. Table 3 
summarizes main specifications of the decomposer. 
HI decomposition tests are under way to verify HI 
decomposition performance of the reactor and 
integrity of the components. 

 
III.B. Verification of integrity of total process 

components 
 
A H2 production test facility was constructed to 

verify integrity of total process components. Figure 
8 shows the facility. Main specifications of the 
facility are shown in Table 4. 

Compared with the previous total process test 
facilities in JAEA, this one features practical 
component materials and application of components 
untested in the previous ones. Practical materials 
were used in this facility because glass components 
are unsuitable for scale-up to industrial size. Several 
stacks of EED cells are set to demonstrate HI 
distillation from the HI distillation column with little 
other compounds. A bayonet-type H2SO4 
decomposer was used in the facility to avoid the 
problems of sealing and thermal expansion. An 
adiabatic radial flow type HI decomposer just like 
the reactor test component was applied in the facility 
for its simple structure. 
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I2 (g), 

HI (g)

Catalyst

Outer 
tube

Inner 
tube

Holes

HI pre-
heater Thermal 

insulation

Pressure 
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Fig. 7: HI decomposer [24] 

Table 3: Specifications of HI decomposer 
components [24] 

unit
Size Outer diameter mm 70

Height mm 1200
Inner and outer tubes
hole diameter

mm 2.5

NL/h 150
o
C 500

MPa (G) 0.95
Catalyst Activated carbon
Materials Pressure vessel, inner

and outer tubes
Hastelloy C-276

Inlet HI concentration wt% 100

Maximum operation temperature o
C 500

Operation pressure MPa (G) 0

G: gauge pressure

Corresponding hydrogen

Designed maximum temperature

Designed maximum pressure

Fig. 8: H2 production test facility 

Table 4: Specifications of integrity test facility 
unit

Size of the facility Width m 18.5
Depth m 5.0
Height m 8.1

Corresponding
hydrogen production

NL/h 200

Designed maximum
temperature

o
C 950

H2SO4

decomposer

SiC (silicon
carbide)

Heat exchanger Impervious
graphite

Other Fluoroplastic
lining, Glass lining

H2SO4

decomposer

SiC (silicon
carbide)

HI decomposer Hastelloy C-276

Representative material
of the part contacting
liquid phase

Representative material
of the part contacting
gaseous phase
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Construction of the facility was completed and 
test operations start in 2014. 

 
III.C. Process data acquisition to improve 

thermal efficiency 
 
Dependence of EED performance parameters on 

operation conditions is investigated experimentally. 
Heat consumption in the HI separation subsection 
using the parameters is also evaluated. 

Net EED cell voltage was considered as sum of 
initial voltage (Einit) and equilibrium voltage (Eeq) as 
in (eq. 4). The former one corresponded to over 
potential when compositions of anolyte and 
catholyte were identical. The latter one was 
temperature and solution composition dependent 
part of the cell voltage. 

Enet = Einit + Eeq            (eq. 4) 
Einit was measured in the cases of minor or no H2SO4 
in anolyte and catholyte [25]. Table 5 summarizes 
experimental condition in the measurement. Table 6 
shows the result. Einit decreased a little with H2SO4 
in anolyte as in cases A and D. Eeq was analyzed by 
regression of experimental data with no H2SO4 in 
both electrolytes [26]. Table 5 shows experimental 
conditions. The Eeq was given by (eq. 5). 
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Dependence of transport performance through 
the membrane on existence of minor H2SO4 impurity, 
which was expected to exist in HIx solution 
separated from Bunsen product, was investigated 

[25]. Cell performance parameters were measured 
with or without H2SO4 impurity in cell electrolytes. 
Table 5 summarizes conditions in the experiment. 
Table 6 lists the result. Significant difference of cell 
performance was not observed between the cases of 
H2SO4 in anolyte (cases A and D) and no H2SO4 in 
anolyte (cases C and B). The results suggested that 
purification of HIx solution by sulfur compounds 
removal from the stream fed to anolyte could be 
removed without negative influence on process 
operation. 

Influence of removal of a purification column for 
anolyte feed stream on heat input to the HI 
separation subsection was evaluated by process flow 
analysis [27]. Figure 9 shows the analyzed process 
model. PC1 was eliminated in the case of removal of 
the anolyte feed purification. Cell parameters in the 
case A in Table 6 were used for the case of no 
removal of PC1; ones in the case C for the case that 

Table 5: Experimental conditions of EED cell 
performance tests 

Test Conditions unit

Membrane
Nafion 117
(Du Pont)

HI wt% 16

I2 wt% 70

H2SO4 wt% 0.1 - 0.3

Temperature o
C 100

Current density mA/cm
2 200

Membrane
Nafion 117
(Du Pont)

HI mole fraction 0.10 - 0.18

I2 mole fraction 0.12 - 0.35

H2SO4 mole fraction 0

Temperature K 343 - 373

Temperature
dependence of
equilibrium

voltage, E eq [26]

H2SO4 impurity

dependence of
initial voltage,

E init and transport

parameters, t +

and β  [25]

Composition of
solutions

Composition of
solutions

Table 6: Dependence of H2SO4 impurities on 
EED cell performance [25] 

Cases Note

catholyte anolyte t + β E init

A None None 1.0 2.4 0.24
B Yes Yes 0.7 1.6 0.17 1)
C None Yes 1.0 2.3 0.21
D Yes None 0.5 2.0 0.20 1)

1) The membrane became whitish.

EED cell performanceH2SO4 in solutions

PC: HIx purification column, EED: electro-electrodialysis (EED) cell, 
DC: HI distillation column,  RB: Reboiler (Heating from outside)
Chemicals in parentheses denote ones in the cases of omission of PC1.

Bunsen section

RB

HI decomposition 
subsection

DC

EED
PC1

PC2

HIx with 
H2SO4

SO2, (nothing)

SO2

HI-lean HIx, 
(HI-lean HIx
with H2SO4)

HIx, (HIx
with 
H2SO4)

HIx HI-rich HIx

HI

HIx

Fig. 9: HI separation subsection in heat and 
material balance evaluation 

Table 7: Heat and electricity input to the HI 
separation subsection [27] 

(a) Breakdown of the heat and electricity input
unit: kJ/mol of distilled HI

Component
Symbol in

Fig. 9

Case of EED cell
Case A in

Table 7
Case C in
Table 7

Removal of PC1 in Fig. 9 No Yes

Heat
Anode side
purification

PC1 70.6 0.0

Cathode side
purification

PC2 3.7 5.6

DC reboiler RB 34.8 29.9
Electricity EED cell EED 20.6 14.7

(b)Total heat and electricity input
unit: kJ/mol of distilled HI

Case of EED cell
Case A in

Table 7
Case C in
Table 7

Removal of PC1 in Fig. 9 No Yes

Heat 109.2 35.4

44.0 31.3

153.2 66.8

Direct heat input to the

Net heat input to the
subsection

Heat for electricity
generation to the

Columns with hyphen denotes the input was not calculated in this
study.
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PC1 elimination were used. Eeq as calculated by (eq. 
5) were used in both the cases. 

Table 7 shows a result of the simulation. Net heat 
input in the case of PC1 removal was 66.8 kJt/mol of 
distilled HI. The value was much smaller than that 
of 153.2 kJt/mol of distilled HI in the case of no PC1 
removal. Elimination of large amount heat input to 
PC1 (70.6 kJt/mol of distilled HI) for purification of 
the anolyte feed stream was the main reason of the 
less net heat input. The considerable heat input 
reduction expected by the removal of the 
purification will improve H2 production thermal 
efficiency. 
 

IV. SUMMARY 
 

R&D on thermochemical H2 production IS 
process in JAEA is summarized, in particular recent 
research. 

Test chemical reactors of Bunsen reaction, 
H2SO4 decomposition, and HI decomposition were 
constructed to examine their integrity. The 
apparatuses were made of industrial materials such 
as SiC ceramic, Ni-based alloy Hastelloy C-276, 
fluoroplastic and glass lining materials. Scales of the 
apparatuses were equivalent to H2 production of 150 
NL/h. A thermal cycle test was performed in the 
Bunsen reactor. H2SO4 and HI decomposition tests 
are under way. 

A test facility of total IS process was constructed 
to demonstrate H2 production performance and to 
verify integrity of process components. Designed H2 
production scale was 200 NL/h. Industrial materials 
as used in the component test reactors were adopted 
for the facility. EED cells to concentrate HI, a SiC-
made bayonet type H2SO4 decomposer, and a radial 
flow type HI decomposer were applied. 

Influence of temperature, composition in 
solution, and existence of sulfur compound 
impurities on the EED cell performance has been 
investigated to show high H2 production thermal 
efficiency. An equation of relation of cell 
temperature and solution composition with 
equilibrium voltage was made from experimental 
data. Property of the cell performance changed little 
by small amount of H2SO4 impurity in the anolyte. A 
process flow simulation applying the EED data 
showed net heat input to the HI separation 
subsection was reduced from 153.2 kJt/mol of 
distilled HI to 66.8 kJt/mol of distilled HI by 
removal of HIx purification column for the stream 
fed to EED anolyte. This modification of the process 
flow favored high H2 production thermal efficiency.  
 

NOMENCLATURE 
 
Eeq Equilibrium voltage denoting temperature 

and solution composition dependent part 
of the cell voltage, V 

Einit Initial voltage when compositions of 
anolyte and catholyte are identical 
corresponding to over potential, V 

Enet Net voltage in the EED cell, V 
T Temperature in the EED cell, K 
t+ H+ transport number in the EED cell, 

dimensionless 
xi

j Mole fraction of compound j in 
compartment i in the EED cell, 
dimensionless 

β Molar ratio of H2O permeated through the 
membrane to H+ permeated through the 
membrane in the EED cell, dimensionless  

 
Superscript 
an anolyte 
ca catholyte 
 
Subscript 
e electricity input 
t heat input 
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