Appendix A

THERMOCHEMICAL CYCLES
FOR HYDROGEN PRODUCTION

A.1. PRINCIPLE

Since a direct thermolysis of water, which requires temperatures of > 2500 °C, is not
practicable under normal circumstances, the splitting process is subdivided into different
partial reactions, either one running on a lower temperature level. The principle is given
by the following cycle: '

2AB+2H,0 — 2AH+ 2 BOH + heat at T
2BOH — 2B+1/20;+H0 - heat at T,

2AH —- 2A+H; - heat at T3
2A+2B —- 2AB + heat at T4

After the first cycle (vanadium - chlorine) was proposed in 1964, some 2000 - 3000
potential thermochemical cycles have been tested and checked in terms of appropriate
reaction temperatures and velocities and in economic respect. Thermochemical cycles
are Camnot cycle-limited meaning that high temperatures could improve the conversion
efficiency. Major problems arise by the large material flows, by the introduction of
impurities, and by the potential creation of toxic and environmentally unacceptable species.
The main goal is to achieve satisfactory overall energy efficiencies which are currently not
higher than around 40 % and, in connection with separation steps and severe materials
and equipment design difficulties, do not allow, so far, large-scale thermochemical process
applications [11]. Studies are focusing on reaction Kinetics, thermodynamics, reactant
separation, material stability, flow sheeting, and cost analysis.

Thermochemical multistage cycles are usually classified in families according to the
chemicals involved. Cycles can consist of up to 8 equations, usually 3 - 6, with up to 5
elements others than H, and O; involved [5].

A.2. THERMOCHEMICAL CYCLES
A.2.1. Oxide System

The most simple water splitting process is the two-step cycle with metal oxides
(MeQ) as the redox system

(1) 3 MeO + Hzo — Me304 + H2
) Me;04 — 3 MeO + 1/2 O3 - heat
where Me = Mn, Fe, Co
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The High-Temperature Solar Chemistry Section of the PSI in Switzerland has realized
a sunlight-concentrating device based on the metal iron (Me=Fe) with a power of 60 kW
to provide the required temperatures of 2200 °C (for step (2)). Efficiency is expected to
be 20 % [13].

In other cases of water splitting reactions, the metal reacts exothermally with water
at a temperature < 800 K [13]

xMe+yH;O +— MeOy +yH; + heat

For the electrothermal dissociation of metal oxides into their elements, high tempera-
tures are needed which can be lowered by using chemical reducing agents. The combination
with CH4 as a reducing agent in a reforming process results in the coproduction of metals
and synthesis gas:

Me,Oy + yCHy «—— xMe+y@2H;+CO)

Due to its molar ratio, the synthesis gas mixture is particularly suitable for methanol
production. The iron system, Me = Fe, has been extensively studied in laboratory electric
furnaces [13]. The other two systems have a very low hydrogen yield only [9].

A.2.2. Halide Family Processes

In the metal-halide system, the hydrogen producing reaction is written as [9]

3 MCXz +4 H20 — Me;O4 + 6 HX + Hz

where Me = Mn, Fe
X=ClBrlI

The Mn system is insignificant due to negligible yield of hydrogen. For the oxygen
producing reaction, three main reaction paths have been proposed. In one of them, the
oxidizing reaction of H,O is conducted in two steps through the addition of an oxide phase
which reacts to give the corresponding halide [9]:

Fe3O4 + 8 HX - 3 FeX; + 4H,0 + X3
AO + Xy — AXy; + 120,
AX; + H;O - AO + 2 HX

where A = Mn, Ca
X =Cl, Br

The bromine-calcium-iron process based on the combination A = Ca and X = Br
is also named “UT-3” (University of Tokyo-3) process:
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(1) CaBr, + HHO —  CaO + 2 HBr 700 - 750 °C
(2) CaO + Br, — CaBr; + 1/2 O, 500 - 600 °C
3) Fe;04,+ 8 HBr — 3 FeBr, + 4 H,O + Br, 200 - 300 °C
) 3 FeBr; + 4 H,0 — Fe304 + 6 HBr + H; 550 - 600 °C

Stages (1) and (3) produce reactants for the stages (2) and (4). All reactions in the
UT-3 cycle are solid-gas reactions with the net result of a steam decomposition into H;
and O, [16]. Therefore it is easy to separate gas from solid products. The process has
four reactors connected in series in a loop. After one cycle, the reactors are switched and
the direction of the cycle is reversed. Solid reactants are given in the form of spherical
pellets. Heat exchangers are used to regulate reaction temperatures. Conversion rates for
some reactions are small meaning that gas flow and thus reactor size is relatively large.

Another promising thermochemical cycle is based on the “iron-chlorine compound”
(or “Mark 97) [4, 8]

(1a) 3FeCl + 3H,0 — 3 FeO+ 6 HCI 1100 °C
(1b) 3FeO + HO —  Fe3O4+ Hy 650 °C
) Fe;O0; + 8HCI —  FeCl, + 2 FeClz + 4 H,O 100 - 300 °C
3) 2FeCly; —  2FeCl +Ch 420 °C
(4) Cl, + H,0 —  2HCl + 1/2 O, - heat 700 - 1000 °C

investigated in Germany, Italy, Japan, and the USA. Its theoretical efficiency is 44 %,
in practice, however, no higher than 30 % due to difficulties given by material problems,
the coupling to the process heat source, and the separation of the gaseous phases. Subjects
of investigation at the Research Center Julich were the “modified AGNES” process with
the reaction (4), the reverse Deacon process, conducted in two steps:

(42)  Cl +2Mg(OH)Cl —  2MgCl + H,0 + 1120,
(4b) 2MgCl, +2H,0 — 2 HCl + 2 Mg(OH)Cl

A.2.3, Sulfur Family Processes

Three surviving thermochemical cycles are based on the sulfur family processes which
all have in common the thermal decomposition of sulfuric acid at high temperatures. A
typical representant is the four steps process:

(D 3/2 SO; + H,O — H,SO4 + 1/2 8

(2) H,SO,4 — H;0 + SO; + 1/2 O3 - heat 850 °C
3) 3/2 8 + H;O — H,S + 1/2 SO,

4 HS —  H; +S-heat
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The most considerable potential has the iodine-sulfur (IS) process which has been
first investigated at General Atomics, San Diego, USA, for many years demonstrating its
feasibility and evaluating first chemical engineering flow sheets. The IS process as pursued
at JAERI consists of the following three steps:

)] ILb+S0O; + 2H,0 «— 2 HIx + HySO4 < 100 °C
2 2HI «~— Hy;+1 700 °C
3) H,SO4 «~— H;0+S0;+ 120, 850 °C

comprising the exothermal water consuming Bunsen reaction, the endothermal decom-
position of hydrogen iodide in an electrodialysis cell as the hydrogen producing reaction,
and the thermal decomposition of sulfuric acid as the oxygen producing reaction [12]. The
decomposition of H;SO4 and HI was found to be an expending procedure causing severe
corrosion problems. According to analytical studies, an efficiency of 40 - 50 % under
optimal operating conditions can be expected [10]. General Atomics gives a figure of 47
% [15]. The IS process was originally designed to be coupled with a high-temperature
reactor or a fusion reactor and more recently also with a solar thermal plant. The cycle has
been verified on a laboratory scale (1 - 10 N1 of H; per hour) in Japan and is intended to
be later connected to HTTR process heat for demonstration (see also chapter §).

The sulfuric acid-methanol process is given by

H;SO4 —  H;0 + SO; + 1/2 Oy - heat 700 - 1000 °C

CHs+H,0 —- CO+3H; 700 - 1000 °C
CO+2H; — CH;OH 300 °C

CH3OH + H0 + SO; —  CH4 + HyS804 =~ 100 °C

with the goals to design and optimize the processing steps and to demonstrate its
feasibility on an industrial scale [2].

In the “sulfate” process by

4 FeSO, — 2 F6203 + 380, + SO3 +1/2 O, HT
Fe,05 + 3 SO, + SO3 + H,0 — 4 FeSO4 + Hp LT

the high-temperature (HT) step is easily selected at > 980 K, whereas the low-
temperature (LT) step results in H;S and FeS; formation rather than H,. This brought
up the idea to substitute the LT step by an electrolysis step.

A.3. THERMOCHEMICAL HYBRID CYCLES

The thermochemical hybrid process is a combined cycle process with both ther-
mochemical and electrolytic reactions of water splitting. The hybrid process offers the
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possibility to run low-temperature reactions on electricity. The expectations for realization
of hybrid processes are similar to those for purely thermochemical processes [3]. Various
hybrid processes are energetically possible, however, not always feasible. Important criteria
are the minimum voltage for the electrolysis step, realizability, efficiency.

A3.1. Sulfuric Acid Bromine Hybrid Process

The sulfuric acid-bromine hybrid process (or “Mark 13”) which has been tested at
the JRC Ispra, Italy, consists of the reactions:

(1a) H,SO4 «— H;0 + SO3 700 - 1000 °C
(1b) SO; «— SO+ 1120, 700 - 1000 °C
2 SO; + Br + 2H,0 «— 2 HBr + H,SO,4 20 - 100 °C
3) 2HBr «— H; + Br; - electricity 80 - 200 °C

with reaction (3) as the electrochemical step. This cycle using only liquid or gaseous
species operated successfully in 1978 in a laboratory scale plant with a hydrogen production
rate of 100 Ih over 150 h. An efficient way was found to remove SO, by reaction with
bromine which was the basis for creating a new flue gas desulfurization process [14]. The
efficiency is given as 37 % {[15].

A new innovative system is being developed to apply solar energy for the step of
HBr production. Concentrated solar radiation is absorbed by bromine vapor to produce
bromine atoms which then react with steam at temperatures between 600 and 1000 °C to
form HBr and oxygen. A 1 kW solar system was constructed and tested. HBr conversion
rates were observed to be 70 % of the theoretical maximum [6].

A3.2. Sulfuric Acid Hybrid Process

The sulfuric acid hybrid cycle (Westinghouse process) is given by the reaction
equations

(12) HSOs —  H0 +SO; > 450 °C
(1b) SO; «— S0, + 120, > 800 °C
@) 2H0+S0; «— HSO4 + H; - electricity 80 °C

Optimum efficiency is reached with a 65 % concentration of sulfuric acid in water.
The weak point is again the decomposition of the sulfuric acid introducing significant
cotrosion problems. The cycle efficiency is 40 % which has the potential to be increased
to 46 % if the electrolysis is conducted in several stages.

The cycle, developed by Westinghouse in 1975, has been experimentally investigated
at the Research Center Jilich in close cooperation with JRC Ispra. It has eventually led to a
three-compartment electrolysis cell with a hydrogen production rate of 10 NVh successfully
operated in a 600 h test run. Cell conditions were 80 °C at 1.5 MPa [15). Tube materials
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selected have shown an excellent corrosion resistance. The possibility to use direct sunlight
for the SO3 decomposition step was also demonstrated.

The two-step sulfuric acid hybrid process is using in the thermal (= 900 °C) oxygen-
producing step the decomposition of sulfuric acid and sulfonic acid in the electrochemical
hydrogen-producing step:

H,SO; «— H,0+S0;+ 120,
Hzo + HzSO3 —— HZSO4 + H2

The hybrid process with just two steps is expected to reduce material streams as
compared with the above described IS process. The electric energy demand here is a factor
of 7 (in reality 3 - 4) lower than in the electrolytic water splitting process.

A33. Hydrocarbon Hybrid Process

Hydrocarbon hybrid processes are promising thermochemical cycles. The hydrogen
producing step is typically done by methane splitting connected with the formation of CO.

In the methane-methanol-methanal process, the major steps are methane splitting,
methanol synthesis, methanal synthesis, and methanal electrolysis, for which the chemical
reactions are [1}:

(h) H,0+CHy — CO+3H; - 250 kI/mol 700 - 950 °C
(2) 2H;+CO —  CH3OH +90 ki/mol 250 - 300 °C
3) CH;:OH — CH;O0+H; - 83 kJ/mol 400 - 500 °C
4 CH,O0+H; — CH4+ 120, -04V 50 - 300 °C

The main energy input is in the steam reforming step (1), which is a well developed
and frequently applied technology as is the step (2) of methanol synthesis. Secondary
products such as methane and higher hydrocarbons created during the methanol synthesis
are considered not significant. The cycle is characterized by a selectively working catalyst
and a high reaction rate. The methanal (= formaldehyd) is generally applied on a large-scale
in an autothermal operation at about 600 °C by combining exothermal oxidation (methanol
+ oxygen — methanal + water) with endothermal dehydration (methanol — methanal +
water). The electric energy required in the methanal electrolysis in step (4) is about a third
of that needed in the direct electrolysis of water. In contrast to the previous steps, this
process step (4) is not well known and needs further development work. Advantages of
the cycle are that all reaction partners are in either liquid or gaseous state and neither one
is exotic nor poisonous. Recuperation, i.e. the reuse of released heat energy, is significant
for an economic process. Anticipating design improvements, the above process is expected
to achieve an efficiency of 51 % [1].

The cycle processes “methane-methanol” and “methanal-methanol” based on only
three and two, respectively, main reactions require a larger electricity input. The process
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“sulfonic acid-sulfuric acid” consumes the least electricity, but is probably plagued by
severe material problems. Other processes such as “aceton-propane-propylen” and “chinon-
hydrochinon” need more instrumental effort [1].

The methane production, reactions (3) and (4), could also be made by means of
methanol plus iodine

2CH;OH+I;, — 2CH3;I+H;O+ 1720,
2CH3;I+H,0 — CH3sOH+1; + CHy

with a conversion rate achieved in experiments of up to 50 % of methane [15].

Production of methanol is made in the following hybrid cycle

(1) CO,+3CH4+2H,0 «~— 4CO+8H;

2 4CO+8H; +«— 4CH;0H

(3) 3 CH3;OH 3 CHy + 3/2 Oy - electricity
4) CO,; + 2 H,0 CH;0H + 3/2 O,

l

!

The carbon source CO; could be taken from the waste gas of coal power plants.
This cycle represents a good candidate for the production of a liquid energy carrier with
nuclear heat as well [15]. '

A combined procedure for the co-production of hydrogen and electricity from water
splitting and coal has been proposed with the following reaction system

(1) C+2H,S04 «— CO; +H;0 +2 8O3 - heat 250 - 300 °C
2) 280, +4 H,0 «— 2H;+2H;S04
3) C+2 H20 — CO; + 2 H;

The fuel coal, represented by “C”, is oxidized with chemically bound oxygen. The
heated combustion gases are routed to a gas turbine to run the electrolysis step. The SO;
and H,O are applied in a Westinghouse cycle. An optimum efficiency is seen at 57 % [15].

A.3.4. Metal-Metal Hydride Hybrid Process

In the metal-metal hydride system, the following reactions occur with “Me” repre-
senting an alkali metal [15]

(1) H,O0+2Me — 2 MeH + 172 O; - electricity 250 - 400 °C
2) 2MeH —  2Me+H; - heat 700 - 900 °C

where Me = Li, Na, K or mixtures

331



Oxygen gas is developed while the hydrogen is bound into the metal. A few tests
were conducted with the lithium hybrid process, which has been developed at the RWTH
Aachen, Germany. Out of some 40 candidate materials for the cell membrane, TiNi alloys
were shown to be corrosion resistant for more than 500 h under electrolysis conditions.
A thermodynamic analysis indicates an efficiency of 45 %, if hydrogen at a pressure of
4 MPa is provided [15].

Using experience with sodium from the breeder technology, the RWTH Aachen has
investigated the sodium cycle, Me=Na, in 1988/89 with a promising > 50 % overall
efficiency. The high-temperature step was operated continuously on a laboratory scale.
Cathodic membrane material problems were encountered in the electrochemical step [7].

The Me/MeH hybrid cycle offers an interesting possibility of hydrogen production in
connection with a high-temperature gas-cooled reactor.
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