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The high endothermicity of the steam reforming reaction may be used for “chemical” recuperation of
high temperature heat representing an alternative to raising steam. Examples are described and the
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1. Introduction

The steam reforming reaction has been well-described leading
to a better understanding of the mechanism at the atomic level [1],
the reaction kinetics and also the impact of seconday phenomena
[2] such as sintering, carbon formation, and sulphur poisoning.
Julian Ross et al. have contributed to this development [3-6].

Steam reforming of natural gas and other hydrocarbons is the
preferred route to syngas. The reaction between the two stable
molecules, methane and water is strongly endothermic, which is
compensated partly for by a positive entropy of reaction. It means
that high temperatures are required to achieve maximum
conversion.

The reaction is most often carried out in a heated furnace, the
tubular reformer, in presence of a nickel catalyst. The catalyst is
exposed to severe conditions [2], but in practice there is a large
surplus of activity. The product gas is close to equilibrium at the
exit temperature.

Tubular reformers are built today for capacities more than
200,000 Nm? per hour of hydrogen. The economy of scale is almost
linear with total costs related to the number of tubes and burners,
etc. It means that autothermal reforming or partial oxidation
processes become more economical at very large scale [7] as in GTL
(20,000 bpd) and mega-scale methanol plants (10,000 t/d) because
the economy of scale of an oxygen plant is more favourable than
that of the tubular reformer.
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The heat transfer in the tubular reformers takes place primarily
by radiation (>95%) from the furnace gas and, in a side wall-fired
furnace also from the furnace walls, the remaining being
convection [8]. About 50% of the heat input is transferred through
the tubes for the reforming reaction and for heating up the gas to
the exit temperature. The heat of the flue gas and the process gas is
recovered for preheating of feed and combustion air and for raising
of steam in a waste heat section. In ammonia plants and other
petrochemial plants, the steam can be used to drive the synthesis
compressor, but in hydrogen plants, there is little need for steam.
Hence, many hydrogen plants have a significant export of steam
[9].

The paper deals with possibilities to replace steam production
by “chemical recuperation”, i.e. using the waste heat for driving the
endothermic steam reforming reaction in convective reactors.

2. Convective reforming for hydrogen

It is possible to increase the amount of heat transferred to
process gas from about 50% to about 80% when utilizing the heat of
hot flue gas for the process by heat exchange [2]. This is achieved in
a convective reformer in which the flue gas as well as the product
gas is cooled by heat exchange with the process gas flowing
through the catalyst beds [10]. This results in a more compact piece
of equipment. However the heat exchange is primarily by
convection which generally leads to lower heat fluxes (and hence
bigger equipment) than in tubular reformers with radiant heat
transfer. Hence, the fired reformer remains the most economic
solution for large scale steam reforming.

Convective reforming can improve the productivity of the fired
reformer by utilising the hot product gas for supplementary heat
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Fig. 1. Hydrogen plant wih chemical recuperation [11]. After desulphurisation of the hydrocarbon feed and addtion of steam, part of the process gas is converted in the tubular
reformer (SMR). The other part bypasses the SMR and is added to the convective reformer (HTER) which use the hot exit gas from SMR as heating source. The two streams are
mixed before leaving HTER and is passed through a water gas shift reactor before purification of the hydrogen rich gas in a unit for pressure swing adsorption (PSA). The offgas

from the PSA unit is used as fuel in the SMR together with additional natural gas.

input to the process, i.e. by “chemical recuperation” of the heat in
the process gas instead of raising steam [11]. This can be done in
various ways. The product gas may simply be passed through the
reformer tube in a bayonet type arrangement, i.e. counter-current
to the flow through the catalyst bed. In this way, the capacity of the
reformer furnace can be increased by 25% and the steam export
reduced by 30% [11].

Another approach [11,12] is the installation of a parallel
convective reformer heated by the hot process gas from the tubular
reformer as illustrated in Fig. 1.

With this approach, it is possible to increase the capacity of a
hydrogen plant with 30% with the same tubular reformer or
reducing the steam export by 40%.

3. Chemical recuperation
3.1. Recuperation of process heat

The example of hydrogen plants illustrates the principle of
chemical recuperation, i.e. using the heat for driving endothermic
chemical reactions instead of raising steam. This principle has been
considered also for the recovery of process gas heat in ammonia
and methanol plants [13,14] and lately also in syngas units for GTL
plants [15]. A scheme for a typical syngas unit for a natural gas
based, world scale GTL plant (17,000 bpd) is shown in Fig. 2. Due to
the high capacity, it is based on oxygen-blown autothermal
reforming. The process heat is recovered in boilers resulting in
surplus steam in the plant. By replacing the boilers with a

convective reformer, the process heat of the exit gas from the
autothermal reformer is used for steam reforming (chemical
recuperation) and for preheating the feedgas to the autothermal
reactor. This saves large fired preheaters and reduces the oxygen
consumption. As shown in Fig. 3, the convective reformer can be in
series or in parallel to the autothermal reformer.

3.2. Gas turbines and fuel cells

The heat of the hot exit gas from gas turbines is normally
recovered in steam turbines. An alternative could be chemical
recuperation.

The combustion temperature for gas turbines is normally
controlled by operating with surplus air, but the dilution causes
production of entropy and a corresponding loss of exergy or a
decrease in the maximum efficiency which can be achieved. One
way of solving this problem [16,17]is to use the exhaust heat from
the gas turbine for converting the methane feed by the steam
reforming reaction to a fuel gas with less heating value per volume
and thereby decreasing the demand for dilution as illustrated in
Fig. 4 [16,17].

Still, at a turbine inlet temperature, 1350 °C, the benefits of
chemical recuperation remains marginal [16], because only 18% of
the natural gas is converted into synthesis gas due to thermo-
dynamic constraints in the heat exchange reformer. At a future
turbine inlet temperature at 1500 °C, the higher exhaust tem-
perature from the second turbine creates more useful heat for heat
exchange reforming and it means that more than 1/3 of the natural
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Fig. 2. Syngas for GTL [15]. Natural gas is desulphurised and after addition of steam, the processgas is passed through an adiabatic prereformer (converting higher
hydrocarbons) and a fired preheater. Oxygen is added to the burner of the autothermal reformer and the process heat is recovered in a boiler producing steam.
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Fig. 3. Syngas for GTL. Gas heated reforming (HTER) in combination with autothermal reforming) [15].

gas can be converted resulting in a similar gain in efficiency
[16,17]. A similar increase in efficiency can be achieved by steam
injection without reforming reaction, but the amount of steam has
to be almost doubled up compared with the steam reforming case.

The thermodynamical constraint is overcome when the
convective reformer is replaced with a high temperature fuel cell
(SOFC) [18] as shown in Fig. 5. The endothermic conversion of
methane to hydrogen is coupled with the exothermal electro-
chemical reaction of hydrogen and oxygen and the high
temperature fuel cell acts as a membrane reformer. In this way,
it is possible to achieve almost full conversion of methane by
internal reforming in the anode chamber [19].

The exhaust gas from SOFC fuel cell (Fig. 5) provides a hydrogen
containing lean fuel gas mixture for the combustion chamber of the
gas turbine allowing a more efficient control of the maximum
temperature than is achievable by adding the surplus air. In this
way, the thermodynamic constraints described above for chemical
recuperation are by-passed. Such schemes are claimed to have
electric efficiencies close to 70% [20].
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Fig. 4. Chemical recuperation for gas turbines [17]. Steam and natural gas are
converted in a convective reformer and the syngas is led to the combuster of the gas
turbine. The hot exhaust gas from the turbine is used as heating source for the
convective reformer.

The efficiency for coal based IGCC plants can also be increased
by coupling the gas turbine with a SOFC fuel cell. The system
efficiency is estimated to increase from ca. 40% to above 50% [21].
However, by adding an adiabatic premethanation step prior to the
fuel cell [22], the efficiency can be further improved by 2-3% by
taking advantage of the internal reforming in the fuel cell.

3.3. Energy transport systems

Chemical recuperation has been considered also for energy
transportation systems. This was studied 25-30 years ago in the
German ADAM/EVA scheme [23] in which the heat produced in a
high temperature, gas cooled nuclear reactor was converted into
chemical energy by the steam reforming reaction (EVA). The heat
was transferred in a closed loop of helium at 950 °C and 40 bar
which was efficient to drive the tubular reformer. The converted
syngas was meant to be transported over long distances and
converted into high pressure steam by high temperature
methanation (ADAM) [24]. Similar schemes are being considered
today for converting solar energy produced at remote locations
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Fig. 5. SOFC and gas turbine cycle [9]. Steam and methane are converted by
reforming in the anode chamber and the syngas and the hot and depleted air from
the cathode chamber are led to the combuster of the gas turbine. The hot turbine
exhaust gas is used for preheating of steam and methane.
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into chemical energy by CO,-reforming of methane [25]. CO, is
used instead of steam to avoid the problem of raising steam.

The key problem is to transform the heat from the solar receiver
to the reforming reaction. One approach has been the use of a
sodium heat pipe [25]. Other attempts have applied an integrated
receiver [26,27].

4. New reformer concepts

[t can be shown that there is a huge surplus of activity in a tubular
reformer [9]. High conversion can be achieved at space velocities of
the same order of magnitude as reported for CPO (SV¢; ~ 10° vol CH,
(vol cat)"' h~') [28]. However, the tubular design imposes con-
straints on the utilisation of the catalyst. The tube diameter and the
total tube surface area are fixed from mechanical design criteria and
the constraint from maximum allowable temperature difference
over the tube wall. This leaves a large catalyst volume as the
dependent parameter (SV =2000-4000vol CH, (volcat) 'h™1)
[8,29]. As a result the process gas in a tubular reformer is soon
close to equilibrium, with the axial temperature gradient being the
main driving force for further conversion [8]. The catalyst tubes are
filled with large catalyst pellets to minimize pressure drop and
improve heat transfer, however, resulting in low catalyst utilization
(effectiveness factor) [8]. Convective reforming alows breaking the
“tubular constraint” [2,29,30] of the tubular reformer. This may
involve the use of catalyzed heat transfer surfaces[30,31] or a split of
heat transfer and reaction in a series of adiabatic reactors and heat
exchangers [32]. Plate type reformers and multi-channel reformers
are being developed for compact units for small scale operation
[33]—for instance, for the use in cars, but large scale plants are also
being considered [11]. The multi-channel reformer designs are
compact with estimated hourly productivities in the order of
1000 Nm>H, (m? reactor)™' [2].

The use of “chemical recuperation” may involve cooling down
of the process gas through a temperature range with potential for
carbon formation from carbon monoxide and attack from metal
dusting corrosion [34,35]. This is a potential problem in particular
for methanol and GTL plants, but also for hydrogen plants.

The initiation of metal dusting appars to be via the formation of
whisker carbon [1,36] as observed also on steam reforming
catalysts [1]. However, the limits for metal dusting corrosion are
dictated by several parameters and in a complex way. The risk for
corrosion is strongly influenced by the selection of construction
materials and passivation methods.

5. Conclusions

The established knowledge of the steam reforming reaction has
allowed to break the “tubular constraint” of the traditional fired
reformer. Convective reforming has created the basis for new
reformer concepts which can be applied for “chemical recupera-
tion” of heat taking advantage of the high endothermicity of the
reforming reaction. Examples include large scale chemical plants
and energy transport systems as well as several scale multichannel

reformers. The internal reforming in high temperature fuel cells
means higher electric efficiencies. The convective reforming
involves the risk of metal dusting corrosion which may limit its
application.
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