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Abstract

High temperature nuclear heat can be used to operate a reformer with various feedstock materials. The
product synthesis gas can be used not only as a source for hydrogen and as a feedstock for many essential
chemical industries, such as ammonia and other products, but also for methanol and synthetic fuels. It can also be
burnt directly in a combustion chamber of a gas turbine in an efficient combined cycle and generate electricity. In
addition, it can be used as fuel for fuel cells. The reforming reaction is endothermic and the contribution of the
nuclear energy to the calorific value of the final product (synthesis gas) is about 25%, compared to the calorific
value of the feedstock reactants. If the feedstock is from fossil origin, the nuclear energy contributes to a
substantial reduction in CO2 emission to the atmosphere. The catalytic steam reforming of natural gas is the most
common process. However, other feedstock materials, such as biogas, landfill gas and CO2-contaminated natural
gas, can be reformed as well, either directly or with the addition of steam. The industrial steam reformers are
generally fixed bed reactors, and their performance is strongly affected by the heat transfer from the furnace to
the catalyst tubes. In top-fired as well as side-fired industrial configurations of steam reformers, the radiation is
the main mechanism of heat transfer and convection heat transfer is negligible. The flames and the furnace gas
constitute the main sources of the heat. In the nuclear reformers developed primarily in Germany, in connection
with the EVA-ADAM project (closed cycle), the nuclear heat is transferred from the nuclear reactor coolant gas
by convection, using a heating jacket around the reformer tubes. In this presentation it is proposed that the helium
in a secondary loop, used to cool the nuclear reactor, will be employed to evaporate intermediate medium, such as
sodium, zinc and aluminum chloride. Then, the vapors of the medium material transfer the heat to the reformer
and condense on its walls. Three configurations can be conceived. The vapors of the sodium are condensed on
the outside surface of the reformer tube and the liquid is then drained into a pool-boiling-He/Na heat exchanger.
Another option is internal heating of an annular catalyst bed reformer with a sodium heat pipe, for instance. The
third option is reformer tubes immersed inside the boiling medium. In all cases means for the enhancement of
heat transfer can be applied. The use of condensing metal vapors increases the heat transfer compared to the
convective reformer, resulting in more compact reformers. The safety aspects of this approach are twofold: (a)
Additional physical separation between the nuclear reactor coolant and the chemical plant. This will enable to
reduce the operating pressure inside the reformer, thus reducing the working temperature and increasing the
extent on the reaction and the CH4 conversion, (b) In case of a failure in the chemical plant, the liquid metal can
be used as a safety buffer. In this event, the vapors of the medium material are diverted and condensed in an
emergency condenser and returned to the pool boiling by natural circulation, avoiding the need to reduce
immediately the power rating of the nuclear reactor or even its complete shutdown.

1. INTRODUCTION

The high temperature gas-cooled reactors (HTGR) can provide heat at a temperature
range of 950-1000°C. The heat is delivered by helium, which is used as the coolant for the
reactor in the primary loop, usually through an intermediate heat exchanger to a secondary
loop. These high temperatures can be used to endothermic chemical processes, such as the
reaction between hydrocarbon and steam or CO2 (known as reforming), to produce a mixture
of hydrogen and carbon monoxide (synthesis gas).

The medium range of temperatures can be further used for production of steam for the
reforming process and for the generation of electricity. Finally, the low temperatures can be
exploited for process heat, space heating, refrigeration and water desalination.

This range of potential uses can make the HTGR an efficient and important energy
source, especially due to its inherent safety features.
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So far, nuclear reformers have been developed primarily in connection with the
transportation of nuclear heat [1], aimed at working in a closed loop with a matching
methanator where the reaction is reversed and useful heat is released at the customer site.

The current reformers are proposed to use the nuclear heat in an open loop mode for the
production of fuels and chemicals. Work in this direction is presently performed in Japan [2]
and other places. One of the main drawbacks of the nuclear reformer heated by the reactor
coolant is the relative lower heat transfer coefficient compared to an industrial reformer and
lower conversion of the hydrocarbon feed (efficiency of the reaction), because of the relative
high working pressure.

The present paper proposes a method to increase both the heat transfer coefficient and the
conversion with additional safety and flexibility in the interfacing between the chemical
reformer and the nuclear reactor because of the relative high working pressure.

2. THE REFORMING PROCESS

2.1. Steam reforming

Catalytic steam reforming of hydrocarbon feedstock is a basic process in the chemical
industry and is used for the manufacture of hydrogen, ammonia and methanol [3]. The basic
reaction is:

Cn Hm + nH2 O

Methane is the most common feedstock. The reaction is:

°y,c = 206UI mole = 49.3kcal I mole

The reaction is highly endothermic and therefore is conducted in the industry in a number
of parallel long tubes at a temperature range of 750-850°C and pressure of 10-30 ami.

In general, the reaction is not kinetically controlled and equilibrium can be reached at
every point in the reformer. The limiting parameter is the heat transfer into the reaction.

There are several potential side reactions: the water gas shift (WGS), which is an
exothermic reaction:

AH°5O(. = -412kJ I mole

and several undesirable side reactions, like solid carbon deposition in the catalyst bed, which
causes its activity reduction, disintegration (powdering) and increases the pressure drop in the
reactor:

CH4 -+C

2CO ->C + CO2

CO + H2 ->C +

CO2+2H2 -^C 2

Increasing the steam to carbon ratio much higher than the stoichiometric favors hydrogen
production and reduces the carbon formation. Ratios of 3-4 are typical in the industry.
However, high ratios result in an energetically inefficient process. The equilibrium
compositions for methane reforming in the case of molar steam to methane ratio of 3:3 reveal
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that if, for instance, 96-98% CH4 conversion is desired, the following equilibrium conditions
are required:

CH4 conversion
(%)
98
98
98
98
96
96
96
96

Temperature
(°C)
650
760
840
970
620
740
790
920

Pressure
(atm)

1
5
10
40
1
5
10
40

It is therefore desirable for nuclear reformers, where the energy source temperature is
limited to only 950-1000°C, to operate at lower pressures. The range between 5-10 atm
should be considered.

The industrial tubular reformers are mostly top- or wall-fired box type units. In the top-
fired reformers, the heat is provided through radiation from long burner flames (typical 2-2.5-
m length) and the hot flue gases. In the wall-fired reformers a row of tubes is heated mainly by
the radiant side wall.

The nuclear reformers, developed so far, are mostly heated by hot helium gas flowing in a
heating jacket around the reformer tube and the heat transfer is primarily convective.

2.2. CO2 reforming

In the past, this reaction was used on a relatively small scale, mostly to produce synthesis
gas with low H2/CO ratio for industrial processes. In recent years, considerable attention has
been paid to this process [4], due to the following potential applications:

(a) A promising technology for the utilization of the most common greenhouse gases.

(b) The availability of large amounts of CH4 and CO2 mixtures worldwide (naturally
contaminated gas wells and biogas), which are not exploited and piped because separation of
CO2 is not economical.

The reaction of CO2 reforming of methane can be described as:

CO2+H2 z$2CO + 2H2

AH°25OC = 247 kJ/mole

and the carbon formation situation is even more emphasized than in the case of steam
reforming. Nevertheless, catalysts based on noble metals, such as Ru, Rh, Pd, Ir and Pt, show
high selectivity for carbon-free operation.

3. POTENTIAL APPLCIATION FOR NUCLEAR REFORMERS

High temperature heat from HTGR provides a variety of potential applications, if used to
reform hydrocarbon feedstock; among these are:

(a) Steam and CO2 reforming of methane and direct combustion of the product synthesis
gas in a gas turbine to generate electricity. The nuclear heat contributes about 25% of the
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calorific value of the product gas compared to the feed, as can be seen in Fig. 1. The HTGR
can be used to process biomass or waste through the reforming of the biogas produced by
anaerobic digestion of the biomass (see Fig. 2), or through direct pyrolysis of the biomass at
600-700°C and further reforming of the biomass fuels produced during pyrolysis as volatile
material. Finally, the product synthesis gas is combusted in a gas turbine to generate electricity
at high efficiency.

(b) Production of liquid fuels from the synthesis gas, such as methanol, synthetic gasoline
or Diesel oil through the Fischer-Tropsch process. The methanol is especially important not
only as a direct fuel but also as a starting material to other automotive fuel additives, turbine
fuel, other alcohol substances and fuel for electric cars that use fuel cells.

(c) Production of various commercial chemicals from the synthesis gas, such as
formaldehyde, acetic acid, methyl acetate, ethylene, vinyl acetate, and many others.

(d) Production of hydrogen for (i) fuel and hydrogenation processes, e.g., upgrading of
heavy oil residues, and (ii) for the production of chemicals like ammonia.

With this variety of potential applications, the nuclear reformer and the HTGR can be
employed to provide energetic supply, not only to the electrical sector but also to the
transportation and industrial sectors.

4. THE ISOTHERMAL NUCLEAR REFORMER

As described above, the future HTGR limiting temperatures are perhaps 950-1000°C at
the primary helium loop and 900-950°C at the secondary one. The convective heat transfer
from the helium gas to the reformer tube requires enhancement and the process working
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FIG. 1. HTGR heat for reforming of LNG and direct combustion of the SYNGAS in a combined cycle.
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FIG. 2. Nuclear processing of biomass/garbage.

pressure in the reformer has to be slightly higher than the helium (usually 40 atm) for safety
reasons (to avoid helium leaking out in the eventuality of failure in the reformer tube).

These requirements are in contradiction with the thermodynamics of the reforming
process, where a lower pressure in the reformer and higher heat transfer characteristics are
needed. The isothermal reformer offers a possible solution to these problems.

The isothermal reformer is based on the concept that the helium is used to evaporate tubes
at a constant temperature (see Fig. 3). The intermediate medium can be molten salts, such as
zinc chloride (which melts at 290°C and boils at 732°C) or tin chloride (SnCl2) (which melts
at 247°C and boils at 623°C), and liquid metals, such as sodium, cadmium and zinc. This
concept improves the heat transfer substantially. The condensation temperature can be
selected according to the process conditions. For instance, if 96% CH4 conversion and 5 atm
are selected, the condensation temperature can be 780-790°C. Figure 3 shows also two
additional options: (i) heat pipes that can be utilized to heat internally the catalyst bed, and (ii)
reformer tubes immersed in the boiling medium that is heated by the helium from the HTGR.
The helium leaving the reformer is cooled further in a steam generator that produces steam for
the reforming process and extra steam for generation of electricity or for operation of
mechanical equipment. This configuration of the reformer increases the heat transfer
characteristics while its operating pressure can be reduced, since there is no direct contact
with the helium loop and the boiling medium serves as an additional safety barrier.

An additional safety feature provided by the boiling medium is in the case of process
failure in the reformer plant, i.e., a problem in the feed supply. In this eventuality, the power
level of the HTGR must be reduced or even completely interrupted. This is an undesirable
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FIG. 3. Pseudo-isothermal reformers.

situation, particularly if the failure in the reformer plant is temporary. In this case, the vapors
of the medium are diverted to an emergency condenser, as shown in Fig. 4. The access nuclear
heat is rejected outside and the liquid medium is returned to the boiling enclosure by natural
circulation. The liquid in the boiling space can be even subcooled in this situation, to enable a
colder return of the helium to the HTGR.
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FIG. 4. Safety option for the isothermal reformer.
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Finally, Fig. 5 shows an additional candidate concept for an isothermal reformer. In this
figure the secondary helium loop and the He/He IHX are discarded. Instead, an intermediate
medium boiler is introduced. This boiler is heated by the primary helium loop to evaporate the
selected medium. The vapors are condensed on the reformer tubes, as previously described.
Then, the liquid is further cooled to preheat the feed of the reformer and generate process
steam, and finally pumped back to the evaporator. This configuration must be further analyzed
from a nuclear safety viewpoint.
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FIG. 5. Isothermal reformer with HTGR's primary He loop and
liquid metal or molten salt secondary loop.

5. CONCLUSIONS

The HTGR as a heat source for the reforming process offers the opportunity to use
nuclear heat not only for the electricity sector, but also for the production of fuels for
transportation and chemicals for the industry. The HTGR also confers the possibility to
process low-grade organic matters and convert them to clean fuel. It can process biomass and
biogas, thus supplying fuel with potentially null CO2 emission.

The nuclear reformers require modified and innovative solutions to achieve higher
conversion and thermal efficiencies of the reforming process.
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