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ABSTRACT 

Hydrogen is highly effective and ecologically clean fuel. It can be produced by a variety of 
methods. Presently the most common are through electrolysis of water and through the steam 
reforming of natural gas. 

It’s evident that the leading method for the future production of hydrogen is nuclear energy. 
Several types of reactors are being considered for hydrogen production, and several methods exist to 
produce hydrogen, including thermochemical cycles and high-temperature electrolysis. 

In the article the comparative analysis of various hydrogen production methods is submitted. It 
is considered the possibility of hydrogen production with the nuclear reactors and is proposed 
implementation of research program in this field at the IPPE sodium-potassium eutectic cooling high-
temperature experimental facility (VTS rig). 

1 INTRODUCTION 

Hydrogen is a very attractive fuel that has the potential to displace fossil fuels, though hydrogen 
is an energy carrier, not an energy source. The demand for hydrogen is expected to grow significantly 
in the near future. Hydrogen possesses a number of attractive features that could allow it to become a 
key secondary energy carrier [1]: 

- Hydrogen combustion is cleaner and safely for the environment, because it does not produces 
the emissions characteristic for fossil fuel combustion. 

- Approved technologies similar to those used for the combustion of fossil fuels can be used for 
hydrogen combustion to generate heat and electricity. For example, hydrogen can be used as fuel in 
catalytic combustion (in fuel cells), in internal combustion engines and in gas turbines. 

- Hydrogen is storable, which is convenient for an energy carrier and gives the possibility of 
making the energy system much more flexible than at present, in particular by using the conversion of 
electricity to hydrogen (through water electrolysis) and vice versa (through fuel cells), as necessary. 

While hydrogen is the most prevalent element on the Earth, all of it is chemically bound as 
water, hydrocarbons, carbohydrates or other compounds. Energy must be used to separate the 
hydrogen into a pure element.  

Currently hydrogen is produced primarily via steam reforming of methane. From a long-term 
perspective, methane reforming is not a viable process for large-scale production of hydrogen since 
such fossil fuel conversion processes consume non-renewable resources and emit greenhouse gases 
to the environment. Therefore, there is a high level of interest in the investigation of the alternative 
methods of hydrogen production from water splitting via either thermochemical or electrolytic 
processes. The focus of the presented paper is comparative analysis of the various methods for 
hydrogen production.  
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2 COMPARE OF HYDROGEN PRODUCTION METHODS 

As stated above, today, hydrogen mostly is produced from hydrocarbon or gas reforming. In the 
future, if we take into account the depletion and the rising prices of these natural resources, alternative 
processes to produce massively hydrogen must be envisaged, taking into account sustainability, 
resources availability and low price.  

Water splitting is a process already well known, through alkaline electrolysis. Nevertheless this 
hydrogen production process is not widely used today due to its important electricity consumption that 
make it not competitive when compared to the current gas reforming processes. The challenge is 
therefore to reduce the part of electricity consumption to produce hydrogen. Two process families are 
often considered to meet this requirement: high temperature steam electrolysis and thermochemical 
cycles. In electrolysis systems, the use of steam instead of liquid water can significantly reduce the 
fraction of electricity used to dissociate water. In thermochemical cycles processes, water is 
decomposed into hydrogen and oxygen via chemical reactions using intermediate elements, which are 
recycled in the process itself. 
 
2.1 HIGH-TEMPERATURE ELECTROLYSIS 

High temperature electrolysis (HTE) involves the splitting of steam into hydrogen and oxygen at 
the two electrodes as shown in Figure 1 [2]. HTE operates at high temperatures at the range of 800 – 
1000 oC. The primary advantage of HTE over conventional low temperature electrolysis is that 
considerably higher hydrogen production efficiencies can be achieved. Performing the steam splitting 
at high temperatures results in more favorable thermodynamics for electrolysis. 
 

 
Figure 1: General configuration of a solid oxide electrolysis cell. 
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In the electrolysis cell, steam and a small amount of hydrogen) are introduced at one edge of 
the cell. Steam diffuses to the interface between the electrode and the electrolyte, where the first half-
cell reaction takes place:  

 
2 H2O + 4 e- → 2 H2 + 2 O         (1) 

 
The oxygen ions carry the electrons through the gas-tight solid-state electrolyte to the interface 

between electrolyte and the anode, where the second half-cell reaction occurs:  
 
2 O → O2 + 4 e-            (2) 

 
The interconnect plate provides flow channels for the incoming and outgoing steam/hydrogen 

mixture as well as for the oxygen produced at the anode. The interconnect plate also separates the 
steam/hydrogen flow from the oxygen/air flow and provides electrical interconnection from one cell to 
the next. In the Figure 1, oxygen flows from right to left across the face of the anode (e.g., strontium-
doped lanthanum manganite) and the steam/hydrogen mixture flows from left to right along the nickel-
zirconia cathode on the opposite side of the electrolyte.  

A water vapor electrolyzer consumes about 3 kWh of electricity for 1 Nm3 of H2 produced. The 
electricity demand at 1000 °C is 30 % lower compared with that at room temperature. Zirconia-based 
ceramic, which have a high conductivity for oxygen ions at operating temperatures is used as solid 
electrolyte. The most widely used solid oxide electrolyte is a calcium and yttrium stabilized zirconium 
oxide. It is formed as small tubes of about 2 cm diameter through which the hot steam is routed. The 
steam is split at the inside surface, the oxygen ions migrate through the ceramic, the hydrogen is 
enriched in the steam and is afterwards extracted. The principle of the high-temperature electrolysis of 
steam corresponds to the reverse operation of a solid oxide fuel cell. Some variations with tubular or 
brick-like cell forms have been developed and tested [3]. 

Operation of the cell at elevated temperatures reduces the amount of electricity required to 
produce hydrogen, since a portion of the energy can be provided as heat rather than as electricity. In 
addition, the ionic resistance of the electrolyte decreases with temperature and the chemical reaction 
kinetics are more favorable. Finally, if the process is coupled to a high temperature heat source, the 
overall efficiency of hydrogen production based on HTE is about 45-50%. 
 
2.2  THERMOCHEMICAL SPLITTING OF WATER 

Thermochemical water-splitting is the conversion of water into hydrogen and oxygen. Energy, 
as heat, is input to a thermochemical cycle via one or more endothermic high-temperature chemical 
reactions. Heat is rejected via one or more exothermic low temperature reactions. All the reactants, 
other than water, are regenerated and recycled.  

Since a direct thermolysis of water, which requires temperatures of > 2500 °C, is not practicable 
under normal circumstances, the water splitting process is subdivided into different partial reactions, 
each running on a lower temperature level [3]. The principle is given by the following cycle: 

 
2 AB + 2 H2O → 2 AH + 2 BOH + heat at T1      (3) 
 
2 BOH → 2 B + ½ O2 + H2O - heat at T2       (4) 
 
2 AH → 2 A + H2 - heat at T3         (5) 
 
2 A + 2 B → 2 AB + heat at T4         (6) 
 
The thermal energy required for the reactions is heat of 800 to 900 °C. 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 Carnot cycle-limited meaning that high temperatures 
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could improve the conversion efficiency. 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. Studies are focusing on reaction kinetics, reactant separation, 
optimization 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, mainly 3 - 6, with up to 5 elements others than H2 
and O2 involved. 

The thermochemical hybrid process is a combined cycle process with both thermochemical and 
electrolytic reactions of water splitting. The hybrid process offers the possibility of running low-
temperature reactions on electricity. Various hybrid processes are energetically possible, but not 
always feasible. Important criteria are the minimum voltage for the electrolysis step, realizability and 
overall efficiency. 

Although many thermochemical cycles were reviewed, only a relatively small number have been 
admitted as prospective.  
 
2.2.1   Sulfur-Iodine Cycle 

One of the most promising thermochemical cycle is the Sulfur-Iodine (S-I) Cycle, invented at 
General Atomics (GA) in the 1970’s. The S-I cycle consists of three coupled chemical reactions:  

 
I2 + SO2 + 2 H2O → 2HI + H2SO4        (7) 
 
H2SO4 → SO2 + H2O +0.5O2        (8) 
 
2 HI → I2 + H2          (9) 
 
In this cycle, iodine and sulfur dioxide (gas) are added to water, forming hydrogen iodide and 

sulfuric acid in an exothermic reaction (Bunsen reaction). Under proper conditions, these compounds 
are immiscible and can be readily separated. The sulfuric acid can be decomposed at about 850°C, 
releasing the oxygen and recycling the sulfur-dioxide. The hydrogen iodide can be decomposed at 
about 350°C, releasing the hydrogen and recycling the iodine to use it again as the reactant in the 
Bunsen reaction. The net reaction is the decomposition of water into hydrogen and oxygen. The whole 
process takes in only water and high temperature heat and releases only hydrogen, oxygen and low 
temperature heat from the Bunsen reaction. All reagents are recycled with no routine release of 
effluents. The coupled chemical reactions of the process are shown in Figure 2 [4]. 

 

 
Figure 2: Coupled chemical reactions of the S-I cycle. 
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The followings can be pointed out as advantages of the S-I thermochemical cycle [5]: 
- Every reaction can practically be carried out thermally; in other words, it can be a pure 

thermochemical process. 
- The number of chemical reactions is minimum among the pure thermochemical cycles 

proposed so far. 
- Relatively high thermal efficiency of over 40% is estimated. 
Thus, the S-I cycle requires high temperatures, but offers the prospect for high efficiency 

conversion of heat energy to hydrogen energy. 
 
2.2.2   UT-3 cycle 

The basic UT–3 cycle was first described at University of Tokyo in the late 1970’s and 
essentially all work on the cycle has been performed in Japan. Over time the flow sheet has 
undergone several revisions — the most recent, based on the adiabatic implementation of the cycle, 
was proposed in 1996   [6]. The UT-3 cycle is based on two pairs of chemical reactions. The first two 
chemical reactions, (10) and (11), yield hydrobromic acid, accompanied by release of oxygen, while 
the two subsequent reactions, (12) and (13), consist in reduction of water by a bromide, accompanied 
by release of hydrogen. Reactions (11) and (13) are endothermic. 

 
CaO + Br2 → CaBr2 + 5 O2 (550 °C)       (10) 
 
CaBr2+H2O → CaO + 2 HBr (725 °C)       (11) 
 
Fe3O4 + 8 HBr → 3 FeBr2 + 4 H2O + Br2 (250 °C)      (12) 
 
3 FeBr2 + 4 H2O → Fe3O4 + 6 HBr + H2 (575 °C)      (13) 
 
The basic cycle block diagram of the UT-3 cycle is shown in Figure 3. In the original Japanese 

concept, this cycle operates discontinuously. Reactions (10) and (11), on the one hand, and (12) and 
(13), on the other, are effected sequentially in two separate reactors, through the reaction of gases 
and solid reactants embedded in solid inert matrices. The main difficulty encountered by the Japanese 
was the cycling behavior of these matrices. In the reactor where reactions (10) and (11) are carried 
out, for instance, the inert matrix initially holds CaO, which is turned into CaBr2 in the first cycle. The 
reverse transformation, reaction (11), occurs during the second cycle, and so on. 

 Since the design proved difficult to extrapolate to an industrial scale, investigations were 
initiated at the Commissariat a l'Energie Atomique (СEA) to improve a process design. Thus, as the 
reactions   involved   are   heterogeneous,   agitation   of  the  systems  would  seem  to  be   required,  

 

  
Figure 3: UT-3 cycle block diagram. 
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the diffusion of the gaseous reactants and reaction products. This consideration, together with the fact 
that the matter flows required for mass production of hydrogen are very large, led to processes using 
the principle of fluidized beds, within which the systems undergo natural agitation. Investigations are 
also devoted to the possibility of simplifying the cycle, by devising reactors having the capability to 
effect concurrently two twinned reactions, thus carrying out in-situ regeneration of the reactants. The 
thermal efficiency of the improved UT-3 cycle is predicted to be 36% to 40% [7].  

 
2.2.3   Westinghouse hybrid cycle 

Hybrid water-splitting cycles involve at least one reaction step that is conducted 
electrochemically. Hybrid cycles can have as few as two reaction steps, thus simplifying process 
chemistry and minimizing separation operations. The tradeoff involves the need to include an 
electrochemical reactor in the process, which requires a portion of the input energy to be supplied as 
electricity.  

The most extensively studied, hybrid cycle is the Hybrid Sulfur (HyS) Process, also known as 
the Westinghouse hybrid Cycle or the Ispra Mark 11 Cycle. The HyS Process was invented by 
Westinghouse Electric Corporation in the early 1970’s, and successfully operated in 1978 as an 
integrated laboratory bench-scale model that produced 120 standard liters of hydrogen per hour. Work 
continued on equipment design, materials of construction, process optimization, and, economics until 
1983 [4].  

The HyS Process is a variant on the sulfur-based thermochemical cycles, and it utilizes the 
same high temperature sulfuric acid decomposition step to form sulfur dioxide and liberate oxygen. 
However, rather than using other thermochemical reactions to produce hydrogen, the HyS Process 
uses a sulfur dioxide depolarized electrolyzer (SDE). As a result, there are only hydrogen, oxygen and 
sulfur species involved in the process chemistry. This simplifies material considerations and minimizes 
chemical separation steps. The two-step HyS Cycle consists of the following chemical reactions: 

 
H2SO4 → SO2 + H2O + O2 (Thermochemical, 900 °C)     (14) 
 
2 H2O + SO2 → H2SO4 + H2 (Electrochemical, 120 °C)     (15) 
 
The electrolyzer oxidizes sulfur dioxide to form sulfuric acid at the anode and reduces protons to 

form hydrogen at the cathode. The presence of SO2 at the anode of the electrolyzer greatly decreases 
the reversible cell potential for electrolysis.  

The major processing operations necessary for hydrogen production using the HyS process are 
shown in Figure 4. Since HyS is a hybrid thermochemical cycle, energy input in the form of both 
electricity and thermal energy is required. Recent flowsheet analysis and optimization has led to 
calculated overall process thermal efficiencies of 52-54% [4]. 

 

 
Figure 4: Westinghouse hybrid cycle process design. 
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2.2.4   Other promising thermochemical and hybrid cycles 

The oil crisis of the early 1970’s initiated a large research activity in thermochemical processes. 
More than 3000 cycles were proposed. While many of these cycles failed early in the development 
stage. But then a few promising ones were abandoned because interest in the thermochemical cycles 
waned as the oil crisis disappeared. As fossil fuels have approached record prices again, interest in 
thermochemical cycles has been recovered. The present research programs have started to address 
alternative thermochemical processes identified as having potentially high performance, e.g., high 
efficiency, lower temperature requirements, and reduced complexity but also having high technical risk 
due to lack of analyses and development.  

Alternative thermochemical cycles may provide a means to bridge the technology gap 
associated with the baseline high-temperature sulfur cycles, which require heat at >825°C. Cycles that 
operate at lower temperature (about 550°C) would have two advantages: fewer demands on materials 
and greater flexibility in heat sources.  

One of a low temperature thermochemical cycle is the copper-chlorine (Cu-Cl) cycle. The Cu-Cl 
cycle consists of four major reactions as shown on Figure 5. Hydrogen is generated at 425-450 °C and 
oxygen at 530 °C. These are the highest temperatures in the cycle. These reactions involve the 
generation of the gas and either a solid or liquid. They can therefore be driven to completion, by 
simple release of the gas, thus minimizing recycle flows. There are no competing reactions and, as 
such, they are ideal for a cyclic process. The combination of the relatively inexpensive chemicals, high 
idealized efficiency of 49%, and the lower temperature requirement make this cycle an attractive 
option. 

 

 
Figure 5: Cu-Cl low temperature thermochemical cycle. 

 
Three of the other alternative cycles are the Mg-I, the Cu-SO4, and the hybrid chlorine cycles. 

The major advantage of the Mg-I cycle is its low maximum temperature requirement, about 600 oC. 
The major advantage of the Cu-SO4 cycle is its lower corrosivity as anhydrous CuSO4 is used to 
produce oxygen rather than sulfuric acid. The Mg-I and the Cu-SO4 cycles can profit from the data 
being obtained for the baseline sulfur cycles. The hybrid chlorine cycle is a two-reaction cycle that 
involves the electrolysis of gaseous HCl and the reverse Deacon reaction: 

  
Cl2 + H2O → 2 HCl + O2.          (16) 
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The major advantage of the hybrid chlorine cycle is that the technology for electrolyzing 
gaseous HCl is nearly complete. The performance of this cycle depends on improvements in the 
reverse Deacon reaction. Other cycles are also being investigated [4]. 

Thus, hydrogen production requires a primary energy source. This means that for hydrogen to 
become a noticeable part of the energy system, another non-hydrogen energy source is required. One 
of the most appropriate sources of primary energy for hydrogen production is nuclear energy. 
 

3   REACTORS FOR NUCLEAR PRODUCTION OF HYDROGEN 

As nuclear reactors can produce both the heat and electricity, the use of nuclear energy is 
particularly appropriate for hydrogen production. Moreover, as nuclear energy is now the most 
significant commercially mature non-fossil fuel energy source, there is a potential for basing large 
scale hydrogen production on nuclear technologies [1]. 

The production of hydrogen by nuclear reactors can be realized by the use of various 
technological processes, which provides considerable flexibility: 

- Using electricity from NPPs; 
- Using high temperature heat from high-temperature nuclear reactors; 
- Using hybrid processes (heat plus electricity). 
The first option is to be noted in particular, because it implies that all available nuclear designs 

for electricity generation would fit into a hydrogen based energy system. For the second and third 
options the HTGR is a suitable and promising technology for hydrogen production. 

In comparison with the use of fossil fuels for hydrogen production, nuclear energy has the 
advantages of having a large resource base and of the absence of most air emissions, carbon dioxide 
in particular. These advantages are especially important in view of the large amount of primary energy 
required for an energy system with a noticeable share of hydrogen use. 

In comparison with the use of renewable energy sources for hydrogen production, nuclear 
energy has the advantage of being a mature, available technology and has the important feature of a 
high energy concentration. Apart from their relative technological immaturity, renewable energy 
sources, although potentially large and inexhaustible, are very diffuse and available only at a low 
energy density. The collection of significant amounts of renewable energy represents a challenge 
even for electricity generation. Large scale hydrogen production would exacerbate this difficulty. In 
contrast, the high energy concentration in nuclear fuel enables either hydrogen production 
concentrated in multiproduct energy centers or distributed hydrogen production using existing 
electricity grids to power low temperature electrolysis.  

High-temperature nuclear reactors do not suffer from the technical limitations and inefficiencies 
associated with the concept of coupling solar power with water decomposition cycles. To the contrary, 
high-temperature nuclear reactors have superior reliability, higher thermal efficiencies > 45%, and 
annual availability factors that exceed 95%. For instance, high-temperature gas cooled reactors as the 
ideal fit for driving the hybrid S-I cycle with the highest possible overall system efficiency. Table 1 
summarizes the key design and operating parameters of candidate high-temperature nuclear reactors 
for potential coupling with water-splitting cycles [8]. 
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Table 1: Key design and operating parameters of high-temperature nuclear reactors 
 

Technology 
Type 

Reactor 
Type 

Coolant 
Type 

Core Exit 
Temperature, 
oC 

Reactor 
Power, MWt 

Advanced high-
temperature 
reactor (AHTR) 

Thermal 
converter  

Molten fluoride 
salt  

1000 2000  

Advanced gas 
reactor (AGR) 

Thermal 
converter  

CO2  gas  650-750 1550  

Modular helium 
reactor (MHR) 

Thermal 
converter  

Helium gas  850 600 
 (per module)  

Very high 
temperature 
reactor (VHTR) 

Thermal 
converter  

Helium gas  1000 600  
(per module)  

Sodium-cooled 
fast reactor  
(SFR) 

Fast neutrons  Liquid sodium  500  150 - 1500  
MWe  

Lead-cooled 
fast reactor  
(SFR) 

Fast neutrons  Liquid lead  800 400-1000 

 

4   R&D ACTIVITY ON THERMOCHEMICAL WATER-SPLITTING PROCESS 

As mentioned above, more than 3,000 thermo-chemical processes have been proposed to 
produce hydrogen from water, and application study for high temperature nuclear reactors have been 
investigated at various countries for some decade. 

A research program is under way at the Idaho National Laboratory to address the issues 
associated with the implementation of solid-oxide electrolysis cell technology for hydrogen production 
from steam [3]. 

The Japanese Atomic Energy Agency has been conducting R&D on thermochemical water-
splitting process of the Sulfur-Iodine family as a candidate for utilization of process heat from a HTGR. 
Activities include closed loop operating for stable and continuous hydrogen production. Required 
process improvements needed to enhance hydrogen production include advanced membrane 
technologies and improved construction materials to promote corrosion resistance process 
environments [9].  

In an International Nuclear Energy Research Initiative project supported by the US DOE Office 
of Nuclear Energy, Sandia National Laboratory has teamed with the Commissariat a l'Energie 
Atomique (CEA) in France, and industrial partner General Atomics to construct and operate a closed-
loop device for demonstration of hydrogen production by the S-I process. Previous work in Japan has 
demonstrated continuous closed-loop operation of the S-I cycle for up to one week using glass 
components at atmospheric pressure. This work will aim for operation under process conditions 
expected at the pilot plant-level and beyond – pressures up to 20 bar using engineering materials of 
construction [10].  

A research program has been developing in Institute for Physics and Power Engineering 
(Obninsk, Russia) for the investigation of thermochemical cycles at the sodium-potassium eutectic 
(22% Na, 78% K) cooling high-temperature experimental facility (VTS rig). The VTS test rig has been 
constructed to investigate the technology of water splitting at the temperature range 650-800 oC. The 
VTS rig schematic diagram is shown in Figure 6. The basic parameters of the facility are presented in 
Table 2. 
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Figure 6: Schematic diagram of the VTS test rig. 

 
 

Table 2: Basic parameters of the VTS test facility 
 

Name Value 
Working medium Sodium-potassium eutectic alloy 
Operating pressure, MPa 0.1 
Operating temperature, °С  650-850 
Maximum temperature, °С 950 
Volume of Na-K, cu. m 0.12 
Material of circuit pipes High-temperature steel EP912VD 

Basic Equipment of the Facility 
Tank-heater 

Maximum electric power, MW 0.5 
Power source voltage (DC), V 75  

Electro-magnetic pump 
Maximum power, kW 800 
Maximum flow rate, cu. m/hour 10.0 
Pump head, atm. 10 
Operating temperature, °С  650 

Liquid metal-water heat exchanger 
Volume, cu m  16 
Maximum power, MW 0.125 
Tube bank Two-walled with He in annulus 

Valves 
ID, mm  25; 40 
Operating temperature, °С  850 
Tube bank Two-walled with He in annulus 
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5  CONCLUSIONS 

At present there is strong interest in the large-scale production of a secondary energy carrier for 
the non-electrical market. Hydrogen is of particular interest as such energy carrier because it has the 
potential to be storable, transportable, and environmentally benign. Nuclear energy can be used as 
the primary energy source for producing hydrogen. High-temperature nuclear reactors have the 
potential for substantially increasing the efficiency of hydrogen production by water splitting thermo-
chemical cycles. Currently there are a lot of research programs are under way at the various 
organizations in the world aimed at the optimization of these cycles and their realization at full scale 
facilities. 
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