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ABSTRACT

Methane dry reforming is a promising method of
converting CH; and CO; into valuable fuels. Conventional
approaches require the combustion of methane to
achieve high reaction temperatures, resulting in energy
wastage. This study investigates the use of concentrated
solar energy as an alternative driving source for methane
dry reforming to achieve the dual goals of increasing fuel
production and saving energy. To this end, we design and
optimize a solar reactor featuring the synthesis, molding,
and characterization of Ni/CeO, catalysts. The
performance of the methane dry reforming reaction is
evaluated under different flow rates. The experimental
results demonstrate that solar energy can be converted
into fuel steadily for 8 hours with a solar-to-fuel
efficiency of 13.98% when the catalyst is modeled to
particle shape. This research makes a significant
contribution to the development of eco-friendly and
sustainable technologies for fuel production, offers
application perspectives for a variety of industrial
processes, and facilitates the integration of renewable
energy sources.
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NONMENCLATURE
Abbreviations
DRM Dry reforming of methane
RWGS Reverse water-gas shift
Symbols

AG Gibbs free energy change

F Flow rate of gas

Y Proportion of a gas in the total gas

X, Conversion rate of CH4 or CO;

n Solar-to-fuel efficiency

I, Molar production rate of H,

o Molar production rate of CO

Ien, Molar reaction rate of CH4

AHC Standard heat of combustion
¢ (298.15K) of H, CO, or CH4

P Power of light irradiation

1. INTRODUCTION

The rapid growth of energy demand makes it difficult
for traditional fossil fuels to meet the energy
requirements in the future [1]. The development and
utilization of renewable energy have emerged as a
crucial solution [2]. Among various renewable energy
options, solar energy, which is both abundant and widely
distributed, has obtained increasing attention [3]. The
utilization of solar energy in the methane reforming
process for clean fuel production demonstrates
significant potential for efficient energy utilization [4].
Three frequently investigated methods for methane
reforming include steam reforming of methane [5], dry
reforming of methane (DRM) [6], and partial oxidation of
methane [7]. Due to its highly endothermic nature and
the ability to convert two greenhouse gases (CH4 and
CO,), the DRM reaction has the greatest potential for
clean solar fuel production [8]. This makes DRM the most
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promising approach for producing clean solar fuels from
methane.

Many experimental studies have been conducted to
evaluate the performance of concentrated solar-driven
DRM. In 1991, the German Aerospace Research
Establishment (DLR) carried out a concentrated solar-
driven DRM, with air as a heat storage medium. The
reaction temperatures can reach 1100 - 1500 °C, with
conversion rates of approximately 70% for both CH; and
CO; [9]. Steinfeld et al. [10] designed a fluid-wall aerosol
flow reactor powered by concentrated solar energy,
achieving conversion rates of 70% for CH4 and 65% for
CO, without the use of additional catalysts. This
innovation addressed the issue of carbon deposition,
which could otherwise negatively impact catalyst
activity. In 1998, a study [11] investigated solar-driven
volumetric receiver/reactor DRM, employing a ceramic
foam structure based on a-Al,0; and SiC ceramics as the
absorber system, with y-Al,O3 as the support material
and Rh as the active metal. The CH; conversion rate
exceeded 80%, and the power absorbed by the reactor
ranged between 200 and 300 kW. While noble metal
catalysts exhibited superior catalytic performance and
stability, their high cost makes them less suitable for
large-scale applications. In contrast, Ni-based catalysts,
with the lower cost and high catalytic activity, emerge as
more promising options for industrial use.

In this study, a volumetric receiver/reactor is
designed for concentrated solar-driven DRM to produce
solar fuels. The Ni/CeO, catalyst is synthesized and
modeled into a particle shape. The influences of flow
rates on CH4 and CO; conversion rates and solar-to-fuel
efficiency are investigated. These findings serve as a
valuable reference for larger-scale productions of clean
fuel through the DRM reaction driven by concentrated
solar energy.

2. EXPERIMENT
2.1 Catalyst preparation

The preparation process of the Ni/CeO, catalyst is
shown in Fig. 1. The CeO; support is prepared by calcining
cerium nitrate hydrate (Ce(NOs);-6H,0) at 500 °C for 3
hours. The introduction of Ni onto the CeO2 support is
carried out by incipient wetness impregnation, using
nickel nitrate hexahydrate (Ni(NOs),:6H,0) as the
precursor. Typically, 1.01 g of nickel precursor is
dissolved in 1.20 mL of distilled water under stirring.
After that, 1.80 g of as-prepared CeO; is added to the
solution and stirred for 30 minutes. After aging for 12
hours at room temperature, the sample is dried at 110 °C

for another 12 hours. The dried sample is decomposed
by thermal calcination at 500 °C for 3 hours under static
air. The obtained samples are denoted as NiO/CeO;
powder, and subsequently molded into NiO/CeO;
particles. Prior to the reaction, the molded samples
require reduction through the flow of hydrogen. The
resultant reduced catalyst is recognized as Ni/CeO;
particle catalyst.
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Fig. 1 The preparation process of the Ni/CeO,
catalyst
2.2 Experimental equipment

The schematic diagram of the solar receiver/reactor
is shown in Fig. 2.
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Fig. 2 Schematic diagram of the
receiver/reactor

Concentrated solar energy is derived from a solar
simulator, with the current being adjustable to regulate
light intensities as required. The concentrated solar
irradiates the catalyst bed directly through a quartz
window to increase the temperature of the entire
receiver/reactor. An insulation layer surrounds the
catalyst bed to minimize radiation losses, and three
thermocouples are inserted inside the catalyst to obtain
temperatures at each location. The mass flow rates of
CH4, CO3, Ny, and H; are controlled by mass flowmeters.
Prior to the reaction, H; is mixed with N, to facilitate the
reduction of NiO/CeO; to Ni/CeO; catalyst for 3 hours.
After the reduction process, the catalyst bed is purged by
pure N, for 1 hour to eliminate the H, from the
receiver/reactor. A gas stream of CH4, CO,, and N is fed
to the receiver/reactor and contacts the catalyst to
initiate the DRM reaction. The production gas is collected



and subsequently analyzed using a gas chromatograph.
N, serves as an internal standard gas within the gas
chromatograph to determine the composition of the
production gas because it does not participate in the
reaction.

3. RESULTS AND DISCUSSION

3.1 Characterization of catalyst

Fig. 3 SEMMof the Nl/eOz catalyst

The morphology and phase structure of the catalyst
play a pivotal role in determining reaction performance.
According to the SEM result in Fig. 3, the catalyst exhibits
a composition of nanoparticles that aggregate at the
micron scale. The SEM analysis conclusively validates the
nanoscale structure of the catalyst.

Fig. 4 TEM of the Ni/CeO; catalyst

The distribution of Ni and CeO, at the nanoscale
holds significance for photo-thermal reactions. The TEM
result in Fig. 4 illustrates that the Ni nanocrystals are in
contact with CeO, nanocrystals directly. This
interconnection between the two components is
significant as it facilitates the separation of photo-
generated carriers within the catalyst when exposed to
solar irradiation. The TEM analysis provides additional
confirmation that the catalyst exhibits a nanoscale
structure.

3.2 Activity tests

3.2.1 Thermodynamic properties of the DRM reaction

The primary reactions that may occur in the process
are listed in Egs. (1) and (2). Eq. (1) is the target reaction,
which consumes CH, and CO; to produce syngas. It has
the highest enthalpy, so a high temperature is beneficial
to the reaction. Eg. (2) is a reverse water-gas shift
(RWGS) reaction, which is the main side reaction that
consumes H, and increases the CO fraction in
production.

CH, +C0O,=2C0+2H, AH’,,, =247kJ/mol (1)

CO,+H,=H,0+CO  AH’, =4lkimol  (2)
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Fig. 5 Thermodynamic analysis of the Gibbs
free energy change varying with temperatures

The standard Gibbs free energy change (AG) of the
two reactions is plotted in Fig. 5. The DRM reaction in Eq.
(1) is endothermic as it has a high standard enthalpy and
requires temperatures above 640 °C to make the
reaction spontaneous (T > 640°C, AG < 0). The RWGS
reaction in Eq. (2) is one of the side reactions, which is
spontaneous when the temperature is higher than
815 °C. AG of the DRM reaction is less than the RWGS
reaction when the temperature is higher than 620 °C,
which means that a higher temperature is more
beneficial to promote the DRM reaction.

3.2.2 The performance of the receiver/reactor

The conversion rates of CHs and CO, the production
rates of H, and CO, and the solar-to-fuel efficiency are
used to indicate the performances of the
receiver/reactor, which are calculated by:

F I:inYin,Nz
out — YOULN2 (3)
FY —-F Y .
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erAcHI?Iz + oA, Hgo - rCH4A0H8H4 (6)
n= 5

where F , is the total flow rate of the produced gas;

Y is the proportion of a specific gas within a mixture of

gases; X is the conversion rate of CHs or COy; M,

and r., are molar production rate of H; and CO; Fen,

is the reaction rate of CHjy; ACHf|2 , AHZ , and
ACH8H4 are the standard heat of combustion (298.15K)

of H,, CO, and CHg; P is the power of light irradiation,
tested by an energy densitometer. The power varies with
the currents of the solar simulator, and the relationship
is shown in Fig. 6. The power input into the
receiver/reactor increases almost linearly with the
currents, and the power in Eq. (6) can be calculated
based on the current of the solar simulator.
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Fig. 6 The relationship between power and
current

In the solar receiver/reactor, the temperature
distribution is pivotal to elucidating the performance.
Fig. 7 illustrates the temporal variation of the
temperatures at the inlet, middle, and outlet of the
receiver/reactor. Upon initiation of the solar simulator,
the inlet temperature exhibits a rapid elevation due to its
closest position to solar irradiation. Simultaneously, the
temperatures at the middle and outlet exhibit gradual
increments, attributable to the transfer of solar heat
from the inlet toward these regions.

An obvious temperature change is observed upon
the introduction of the reactants. As CH4, CO,, and N;
flow through the catalyst bed, heat is conveyed from the
inlet to the middle and outlet. Consequently, a
temperature reduction at the inlet and temperature
increases at the middle and outlet are detected. The
temperature reduction at the inlet is also caused by the
strong endothermic nature of the DRM reaction, which
absorbs substantial heat, contributing to the decrease in

temperature. Following 200 minutes of solar light
irradiation, the temperatures nearly reach a steady state.
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Fig. 7 The temperature change trends in the
solar receiver/reactor
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Fig. 8 The influences of reactants feeding rates
on the conversion rates of CH, and CO

To inhibit the carbon formation from methane
cracking reaction, the CO,/CH,4 molar ratio is maintained
at 1.5. The influences of reactant feeding rates on the
conversion rates of CHs and CO, are shown in Fig. 8. The
conversion rate of CHy is always higher than that of CO,
due to the higher concentration of CO,. As the feeding
rates of reactants increase, both the conversion rates of
CH4 and CO; decrease, which is attributed to the higher
space velocity. However, increasing feeding rates of
reactants will increase the solar-to-fuel efficiency. Fig. 9
illustrates the effects of reactant feeding rates on solar-
to-fuel efficiency and temperature. At the feeding rate of
CH4 is 1000mL/min, the solar-to-fuel is improved to
13.98%. Interestingly, the temperature decreases with
the rising feeding rates of reactants due to the increase
in heat carried away.
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Fig. 9 The influences of feeding rates of reactants
on the solar-to-fuel efficiency and temperature

4. CONCLUSIONS

In this work, a concentrated solar-driven dry
reforming of methane fuel production system is
established. A nanoscale Ni/CeO, catalyst is prepared by
the method of incipient wetness impregnation and
modeled into the particle shape. Comprehensive
characterization of the catalyst through SEM and TEM
reveals its morphology and phase structure. A
thermodynamic analysis of the DRM reaction is
conducted, and the advantageous conditions of higher
temperatures are found. The evaluation indicators are
outlined, and the relationship between the power input
into the receiver/reactor and the current of the solar
simulator is experimentally tested. This study explores
the influences of reactant feeding rates on various
performances, including CH, and CO, conversion rates
and solar-to-fuel efficiency. A solar-to-fuel efficiency of
13.98% is obtained. These findings provide valuable
insights for industrial DRM applications and the
enhanced utilization of solar energy.
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