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Abstract

This study addresses the solar thermal decomposition of natural gas for the co-production of hydrogen and
Carbon Black (CB) as a high-value nano-material with the bonus of zero CO, emission. The work focused on
the development of a medium-scale solar reactor (10 kW) based on the indirect heating concept. The solar
reactor is composed of a cubic cavity receiver (20 cm-side), which absorbs concentrated solar irradiation
through a quartz window by a 9 cm-diameter aperture. The reacting gas flows inside four graphite tubular
reaction zones that are settled vertically inside the cavity. Experimental results in the temperature range
1740K — 2070K are presented: acetylene (CoHz) was the most important by-product with a mole fraction of
up to about 7%, depending on the gas residence time. C,H, content in the off-gas affects drastically the
carbon yield of the process. The effects of temperature and residence time are analyzed. A preliminary
process study concerning a 55 MW solar chemical plant is proposed on the basis of a process flow sheet.
Results show that 1.7 t/h of hydrogen and 5 t/h of CB could be produced with an hydrogen cost competitive
to conventional steam methane reforming.

Keywords: Solar energy, methane cracking, carbon black, hydrogen, process economics.

1.Introduction

In order to counter the rising CO, emissions, the decarbonisation of fossil fuels is required and the ultimate
step is the hydrogen production. Hydrogen appears as one of the most promising energy carriers along with
electricity. Natural gas (mainly composed of methane) may play a major role on the way towards a carbon
free energy (DOE, 1999). It is the cleanest hydrocarbon fuel (highest H/C ratio) and it can benefit from
transportation infrastructures. Nowadays, hydrogen is mainly produced via steam methane reforming (SMR)
(Dahl et al., 2004a) while Carbon Black (CB) is principally produced from the furnace process (Donnet et al.,
1993). Both processes release large amounts of CO; in the atmosphere. It is estimated that steam methane
reforming produces 11.9 kg CO» eq. per kg of hydrogen produced and the furnace process about 5.7 kg CO»
eq. per kg of CB produced. Solar thermal methane cracking can be a solution for the clean co-production of
hydrogen and carbon black. About 92% of the pollution associated with the two conventional processes can
thus be eliminated (Wyss et al., 2007). The overall reaction can be written as:

CH42H,+C (1)
AH°> =75 kJ.mol™! (216 kJ.mol ™' for CHy4 at 298K and products at 2000K)

Nevertheless, a more complex reaction scheme must be used to explain the production of by-products such as
C,H,, C,Hs, C2Hg, and more complex molecules like polycyclic aromatic hydrocarbons (PAH). The kinetic
mechanism can  be  described either as a  simplified stepwise  dehydrogenation:
2CH4=»C,H¢=> C:H4>»CoH,=2C (Back and Back, 1983) or as a more complex scheme including a free
radical mechanism composed of 36 and 119 reactions as proposed by Olsvik et al. (1995) and Billaud et al.
(1992), respectively. A kinetic study of methane decomposition in a tubular solar reactor along with
numerical simulations of the reactor were presented previously (Rodat et al., 2009a, 2009b). At
thermodynamic equilibrium, the methane dissociation is complete for temperatures above 1500K (Hirsch et
al., 2001).



Special interest was given to solar methane thermal cracking for hydrogen production during the last years.
Two possible reactor designs were investigated, the direct (Kogan and Kogan, 2003; Trommer et al., 2004;
Kogan et al., 2004; Hirsch and Steinfeld, 2004; Abanades and Flamant, 2008) and the indirect heating
concepts (Dahl et al., 2004a; Wyss et al., 2007; Dahl et al., 2004b). In the indirect heating configuration, the
solar irradiated zone is separated from the reacting flow thereby avoiding the particle deposition issue on the
window, whereas the direct irradiation of reactants provides an efficient means of heat transfer directly to the
reaction site but particle seeding is required for efficient gas heating. This work reports on the results
obtained with a 10 kW indirectly heated reactor prototype featuring a cubic graphite cavity (behaving as a
black body cavity) with 4 vertical inside tubular reaction zones. This design enables the control of the reactor
tube temperature and is also suitable for scaling-up. The design and economic assessment of a commercial
solar chemical plant are then outlined.

2.Experimental section

2.1.Experimental set-up

The experimental set-up, shown in Fig. 1, has already been described by Rodat et al. (2009c). It is composed
of a 20 cm-side graphite cavity receiver (blackbody absorber of cubic shape). A 9 cm-diameter aperture lets
concentrated solar radiation entering within the cavity through an hemispherical quartz window. Thus, the
inside cavity swept by nitrogen is separated from ambient oxidizing atmosphere. The reaction takes place in
the four tubular graphite zones settled in parallel and vertically in the solar absorber. Each reaction zone, fed
independently by a mixture of Ar and CHs, is composed of two concentric graphite tubes (Fig. 2): an inner
tube for gas inlet (12 mm O.D., 4 mm L.D., 345 mm length) and an outer tube for gas outlet (24 mm O.D., 18
mm [.D., 380 mm length, closed at the bottom). The gas enters the inner tube and flows out by the annular
space between the outer and inner tubes. The graphite tubes are heated up by both direct solar radiation
coming from the aperture and by IR radiation from the cavity walls. The heated tube length inserted in the
graphite cavity is about 0.161 m, the remaining part (about 0.203 m-length) corresponds to the insulation
zone. Three different insulating layers envelop the reactor cavity in order to limit conduction losses. In total it
forms an insulation layer of 0.15 m (0.05 m for each insulating material). The surrounding outer shell of the
reactor is made of stainless steel (535x535x373 mm). The reactor is designed for a nominal power of 10 kW
and it is set-up at the focus of the 1 MW solar furnace of CNRS-PROMES laboratory. The furnace is
composed of a field of 63 heliostats for full power (45 m? per heliostat) and of a parabolic concentrator (1830
m?) delivering up to 9000 suns at the focal plane. During experiments at 10 kW scale, only a fraction of the
parabola is used by limiting the number of the sun-tracking heliostats and by using a shutter and a small
reactor cavity opening (9 cm-diameter aperture). A photograph of the experimental set-up including the solar
reactor is displayed in Fig. 3.

The first experimental step was the heating of the reactor under an argon flow in the tubes. Once the desired
temperature is reached, the mixture of argon and methane was injected with a controlled composition. Two
mass-flow meters were dedicated to each tube to control accurately the Ar and CHs flow-rates. The
temperature was measured by a solar blind optical pyrometer (wavelength: 5.14 pm) pointing toward the
outer wall of a graphite tube inside the cavity through a CaF, window and by a Pt-Rh thermocouple in
contact with the graphite cavity wall. At the exit of the 4 tubes, the exhaust gas-solid flows were collected
and mixed together. The resulting gas temperature was about 373K, then the products were further cooled
down and flowed through a filter bag to separate carbon particles. The pressure was monitored by pressure
sensors placed at each tube entrance and was regulated with the use of a vacuum pump. Pressure monitoring
allowed the detection of tube blocking mainly due to thermophoretic deposit at the tube outlet. The filtered
gas was then analyzed to determine the gas composition. A continuous analyzer permitted to monitor the
concentrations of H, and CHs. The methods used for H, and CH4 analysis were thermal conductivity and
non-dispersive infrared detection, respectively. A gas chromatograph also measured online the outlet
concentration of CHa, CoHg, CoHa, CoHa, and Ho. The chromatograph (Varian CP 4900) was equipped with 2
columns: MolSieve 5SA PLOT for H, and CHs, and PoraPLOT U for light hydrocarbons (C,Hy). The
chromatography analysis was based on thermal conductivity detection and the carrier gas was argon, also



used as buffer gas during methane cracking experiments.

2.2.Experimental results

For each experimental condition, the following parameters were calculated:

¢ The space time (Nauman, 2008) of the gas species is calculated by dividing the volume V; of the isothermal
part of the tubes (part inserted in the graphite cavity) by the volumetric inlet flow-rate of argon and methane
at the actual tube temperature and pressure (Qo). It gives a characteristic reaction time even if chemical
expansion is not included.

Ve )
T= Qo
e The CH4 conversion gives the proportion of methane that has been transformed and it is defined as:
XCHAZFU,cm—F.ycm 3)
R.chs

e The H; yield is the proportion of methane that has been converted into hydrogen and it is calculated from:

_ F.ym 4
YHZ_Z.FO,CH4 ( )

e The C yield is the proportion of methane that has been converted into solid carbon and it is expressed as:

_Boeni-(F.yen: +2.F.ycon: +2.F.ycone +2.Foycane) )

YC E),CH4

where F is the total molar outlet flow-rate (including argon as buffer gas) obtained from:
F=Far+F.ycu:s +F.yn: +F.ycon: +F.ycons +F.y o (6)

Eq. (6) assumes that other species different from Ar, CH4, H2, C2Haz, C2H4, CoHg were not present in the off-
gas. This assumption was confirmed by gas chromatography analysis. The total molar flow-rate was also
determined with a mass-balance on H, resulting in values about 5% higher than the ones obtained from Eq.
(6). Resulting errors on methane conversion and on H, and C yields were thus estimated based on a
differential calculus.

This set of indicators was the foundation of the discussion below.

2.3.Influence of the temperature

A maximum operation temperature of 2073K has been achieved. In Fig. 4, CH4 conversion and C,H, mole
fraction are plotted versus space time for different temperatures (1740K, 1823K, 1973K, and 2073K). The
methane mole fraction in the inlet gas is kept constant at 20% (the rest being Ar). The total gas flow-rate is
changed, which thereby determines the space time of the gas. The influence of temperature is noteworthy: the
higher the temperature, the higher the conversion for a given space time. For a 11 ms space time, CHy
conversion is 62%, 79%, 93%, and 100% at 1740K, 1823K, 1973K, and 2073K, respectively. The CHs
conversion is complete for temperatures higher than 1823K and space times higher than 25 ms. Concerning
C,H> mole fraction in the off-gas, it seems to be more affected by space time than by temperature. The lowest
C,H> concentrations are reached for the highest space times.

2.4.Influence of the space time

The influence of space time was studied at a given temperature (1823K) for a constant CH4 mole fraction in
the feed gas mixture (10%). Space times between 15 and 70 ms were considered (Fig. 5). In order to change
the space time, flow-rates were modified. The first conclusion is that the CH4 conversion and the H; yield are
improved when increasing the space time. A more detailed analysis of the results also gives a scheme of the
methane decomposition sequence. For space times between 15 and 18 ms, the H; yield increases due to a
better CH4 decomposition rate (the off-gas mole fraction of CHy4 decreases), while the off-gas mole fraction
of C;Hs slightly increases. It seems that methane is converted into acetylene, thus releasing 1.5 mole of Ha
per mole of CH4 converted. For higher space times, the H, yield is enhanced due to acetylene decomposition.
Acetylene constitutes a reaction intermediate as discussed previously. Similar trends are observed in Fig. 4.



For the lowest temperatures (1740K and 1823K), C,H> off-gas concentrations present a maximum whereas
C,H> decreases quite monotonously for higher temperatures most probably because the maximum is reached
for shorter space times. This suggests that C,H» formation (CHs decomposition) is faster at high
temperatures. Carbon yield is also reported in Fig. 5 and it can be observed that the decrease in the C,H, oft-
gas mole fraction corresponds closely to an increase in carbon yield. C;H; is thus converted into carbon black
and H,. Hydrogen and carbon yields are two interesting parameters that permit to follow and quantify the
achievement of the methane dissociation process: namely the co-production of hydrogen and carbon black.
Error bars on Yc resulting from the uncertainty on F (Eq. (6)) are reported in Fig. 5 and they obviously
increase when the inlet methane flow-rate increases (i.e. the space time decreases). For clarity reasons, error
bars for the other parameters are not plotted. Anyway, the highest relative uncertainties were observed for
Ye.

A typical carbon mass balance showed that about half of the initial carbon content in the feed was found in
the form of C,H» at the reactor exit, 2% was found as particles in the filter, 34% in the tubes (mainly
thermophoretic carbon deposit), 3% in the non-converted CHa4, the rest being attributed to other hydrocarbons
and un-removed deposit. The CB showed primary particle sizes between 10 and 100 nm, which is
comparable to commercial conductive carbon blacks (TIMCAL E250G, 20-40 nm). Up to 10% of thermal
efficiency was reached at laboratory scale (Rodat et al., 2009¢). These promising results led us to think about
a potential industrial application. Consequently, a preliminary process study was performed.

3.Process analysis at 55 MW scale

3.1.Power transfer from the sun to the reactants by the solar concentrating system

A process analysis was performed at 55 MW,sr scale (similar to the industrial solar tower power plant in
Seville, PS10). This study is based on the work of Charvin et al. (2008) for the scaling up of water-splitting
thermochemical cycles. Such cycles (e.g. ZnO/Zn cycle) show similar working temperatures to the solar
thermal cracking process. The solar concentrating system is a central tower configuration, as the most
suitable solution for large scale production. The receiver is located at the top of the tower where the solar
beam, reflected by the heliostat field, is concentrated. It is supposed that a solar concentration ratio C of 3000
is reached at the reactor entrance (for a Direct Normal Irradiation (DNI) of 1 kW/m?). This high
concentration ratio may require a secondary concentrator. The fraction of the incoming solar radiation
reaching the receiver is supposed to be 80% (MHeliostat ficld=0.8), due to atmospheric absorption, shadowing and
cosine effects, and guidance errors. Then, the fraction of solar power that enters the reactor amounts to 85.5%
of the power reaching the receiver (NMreceiver=0.855) due to losses at the reactor aperture caused by
concentration defects (10% of losses) and back reflection at the window (5% of losses). A sensitivity study is
proposed in the following to quantify the importance of these assumptions. The reactor efficiency is
determined from:

QReacmr—(QRadiminn+QConductinn)
Oreacor

TJReactor=

with Qreactor, the power entering the reactor, Qqadiation the power lost by IR-radiation through the window, and
Qconduction the conduction losses through the reactor walls. The absorption efficiency of a perfectly insulated
black-body cavity can be written as (Steinfeld and Palumbo, 2001):

Oradiation =1— a1y ]{‘cactor—T('JA‘)
Okeacror DNILC

n4 b.mrpl[nnzl—

with o, the Stephan Boltzmann constant (5.67.10®% W.m2K™#), Tiecor, the reactor temperature and
To=298.15K. Assuming 20% of conduction losses, the reactor efficiency can finally be written as:

Treactor =Nabsorprion—0.2=0.57 for a reactor temperature of 1873K.

and the energy efficiency of the whole installation is:

Nror=THeliostat field. TReceiver. TReactor=0.39 , that is to say, 39% of the incident solar radiation captured by the



heliostat field is transferred to the reactants (for their heating and for the reaction). Fig. 6 illustrates these data
for each components of the solar chemical plant including the heliostat field, the tower receiver and the solar
reactor.

3.2.Hydrogen and carbon black production: process design

In the previous part, the power available for carrying out the reaction was estimated. Consequently, it is now
possible to determine the production capacity of a first process design (Fig. 7). A 3 modules reactor at the top
of a tower is envisaged with three different apertures and dedicated heliostats fields (North, East, and West
fields). Secondary concentrators must be used. Each tower is expected to operate at about 11 MW, (divided
in the three modules). A tubular receptor is being designed to work with turbulent flows (instead of laminar,
as it was done experimentally). This will improve both heat transfer and CB transportation. In addition, the
objective is to maintain a sufficiently high residence time (about 100 ms) to reach a satisfactory chemical
conversion (see Fig. 5).

The feed is introduced in the reactor at 298K. It is a mixture of 50% methane (fresh and recycled) and 50%
hydrogen (from PSA) pre-heated up to 1173K by the hot products. The CH4 conversion in the reactor at
1873K is assumed to be 90% and it is supposed that only hydrogen is produced (Yu2/Xcus=1). Then in order
to reach complete CH4 conversion the unconverted hydrocarbons must be recycled at the reactor exit, which
requires a gas separation unit (after the gas-particle separation). Pressure swing adsorption (PSA) is preferred
for separating hydrogen from the other gaseous species. The solar power available in the reactor

( Pavaitabie in the reactor="21.5 MW) permits to heat the reactant from 1173K to the reaction temperature and to

provide the power needed for the endothermic cracking reaction. This determines the possible methane flow-
rate in the feed ( Fo.cus ) by solving the following equation:

1873K 1873K
Phvaitable in the reactor= J. E),Hz.Csz(T).dT+ J. E),CH4.CpCH4(T).dT+E),CH4.XCH4.AH(1 873K) (7)
1173K 1173K

with Fo.ithe inlet molar flow-rate of species i (mol/s), Cp«(T)the heat capacity of species i (function of T,
J/mol.K) and AH(1873K) the reaction enthalpy (Eq. 1) at 1873K (J/mol).

At the exit of the reactor, the products are cooled down by the reactants and further to enter the filtering
device at 473K. The carbon black is separated and the gaseous products are compressed and cooled down
before entering the PSA system. This system is supposed to produce pure hydrogen with 80% recovery (20%
of the initial hydrogen content is released with the off-gases, that is to say, it is not separated). The PSA off-
gases are recycled for reaching complete methane conversion, which permits to overcome kinetic limitations
responsible for unconverted gaseous species. A production of 5 t/h of carbon black and 1.7 t/h of hydrogen is
obtained (for 6.7 t/h of fed methane). An average operation time of 2000 h per year at nominal power is
chosen. It was evaluated that the possible exergy recovery (from products cooling) can largely compensate
the compression work (that represents the main exergy requirements). Consequently, the plant is supposed
autonomous and thus, neither electricity purchases nor electricity sales are considered. An economic analysis
was conducted from a spreadsheet edited by DOE (2004). The same assumptions as the ones used by Charvin
et al. (2008) are made regarding the size and cost of the solar concentrating system. The total investment cost
is supposed to be the same (16 M$). Fig. 8 provides the hydrogen production costs versus the carbon selling
price (natural gas price of 0.24$/Nm’® (6$/GJ (HHV)) for reference year 2005). The cost of hydrogen
produced by SMR (Steam Methane Reforming) is also reported (1 $/kg (Muradov and Veziroglu, 2008)).
The reference case is plotted for a 15% IRR (Internal Rate of Return) and 16 M$ of investment. It shows
lower H, production costs than the ones reported by Dahl et al. (2004a) for a solar installation about half the
size of the present case. Thus, a second case is plotted with a 15% IRR and a doubled investment (32 MS$).
As a result, the H, production costs are similar to the ones of Dahl et al. A sensitivity study was also achieved
to highlight the influence of the heliostat field efficiency. If it decreases from 0.8 to 0.65, the hydrogen
production drops to 1.4 t/h and the hydrogen production price rises from 0.84 to 1.22 $/kg for a carbon black
selling price of 0.7 $/kg. The optimization of the concentrating system is thus a very strong improvement



factor. For the reference case, solar hydrogen production becomes competitive with SMR at a carbon black
selling price of 0.7 $/kg, which was a typical price of standard carbon black in 2007 (Adams, 2007).
Accordingly, the investment for such a solar plant should not exceed 16 M$ for being competitive with
current non-renewable process.

4.Conclusion

Thermal methane dissociation was carried out successfully in a prototype-scale solar reactor operating in the
temperature range 1740K — 2070K. The influence of two main parameters, temperature and space time, on
the reactor performances was stressed. Increasing the temperature permits to enhance methane conversion.
Nevertheless, it is important to favour long residence times to lower the C,H, off-gas content and to increase
the carbon yield. In addition, a process analysis for a 55 MW solar tower plant was outlined and the
production was estimated to be 1.7 t/h of hydrogen and 5 t/h of carbon black. An economic evaluation
showed that the hydrogen production cost can be competitive to the conventional steam methane reforming if
the CB is sold at the current market price for a 16 M$ investment. A 50 kW solar reactor is now developed to
provide further information on the process at a larger scale, especially concerning the carbon black properties
with respect to the commercial standards.
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Nomenclature
C Solar concentration ratio

Cp(T) Heat capacity of species i (function of T, J/mol.K)

DNI Direct Normal Irradiation (W/m?)

F Total molar flow-rate (mol/s)
Fi Molar flow-rate of species i (mol/s)
Fo; Inlet molar flow-rate of species i (mol/s)

AHe Standard reaction enthalpy (J/mol)

Qo Inlet gas flow rate (m?/s)
T Absolute temperature (K)
V: Reactor volume (m?)

XcHs  Methane conversion
Yc Carbon yield

Yun.  Hydrogen yield

\ Mole fraction of species i at the exit



Greek letters:

c Stephan Boltzmann constant (5.67.10% W.m2.K*)
T Mean residence time (s)
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Figure captions

Fig. 1: Scheme of the 10 kW solar reactor and filter
Fig. 2: Scheme of the tubular design (dimensions in mm, not scaled)
Fig 3: Photograph of the experimental set-up including the solar reactor

Fig. 4: CH4 conversion and C,H, off-gas mole fraction versus space time for various temperatures (20 % CHy
in Ar)

Fig. 5: CH4 conversion, H> yield, C yield, CHs and C,H> off-gas mole fractions versus space time (10 % CHa4
in Ar)

Fig. 6: Energy efficiencies related to the solar concentrating system, the receiver, and the reactor
Fig. 7: Process flow diagram of the solar cracking of methane

Fig. 8: Hydrogen production cost versus CB selling price



