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Zusammenfassung

Die Dekarbonisierung von Erdgas mit konzentrierter Sonnenenergie als Hochtempera-

tur-Prozesswärme wird als Zwischenschritt zu einem nachhaltigen Energiesystem vor-

geschlagen. In diesem solaren Prozess werden fossile Brennstoffe ausschliesslich als che-

mische Reaktanten eingesetzt. Dadurch werden fossile Energieträger eingespart und die

Emission von Verunreinigungen drastisch reduziert. Nebenprodukte des Prozesses sind

Wasserstoff und Kohlenstoff. Die Einlagerung letzteren vorausgesetzt, wird bis zur

Stromproduktion kein CO2 freigesetzt.

Eine thermodynamische Analyse wurde durchgeführt zur Untersuchung verschie-

dener technisch durchführbarer Routen zur Gewinnung elektrischer Energie aus den

chemischen Produkten der Methanzersetzung, welche bei 1500 K in einem Solarreak-

tor (Kavität) und einem mittleren solaren Konzentrationsfaktor von 1000 abläuft. Falls

der Kohlenstoff eingelagert und der Wasserstoff in einer Brennstoffzelle mit 70% Wir-

kungsgrad eingesetzt wird, resultiert ein Exergiewirkungsgrad von 30%. Der Vorteil

dieser Route ist, dass aufgrund der Einlagerung des Kohlenstoffs kein CO2 entsteht.

Dafür beträgt der Energieverlust für die vollständige Vermeidung von CO2 30% des

elektrischen Outputs gegenüber der direkten Verwendung von Erdgas in einem Ran-

kine-Brayton Zyklus mit 55% Wirkungsgrad. Exergiewirkungsgrade über 65% werden

erzielt, wenn der Kohlenstoff entweder solar zu Synthesegas vergast oder als Reduk-

tionsmittel von Zinkoxid in einem solaren carbothermischen Prozess dient. In beiden

Fällen werden aus den Produkten des solaren Prozesses in einer Wasser-Shift- und in

einer Wasserspalt-Reaktion zwei weitere Mol Wasserstoff pro Mol Kohlenstoff gewon-

nen. Daraus resultieren ein Nettogewinn an elektrischer Energie von 40% und eine

entsprechende Reduktion der spezifischen CO2 Emissionen im Vergleich zur konven-

tionellen Stromproduktion. Folglich wird weniger CO2 emittiert und Erdgas einge-

spart.



 

Ein bewährtes Solarreaktor-Konzept zur Durchführung der thermischen Zerset-

zung von Methan beinhaltete einen spiralartigen Gasstrom beladen mit Kohlenstoff-

partikeln. Ein Solarreaktor wurde im grossen Solarofen am PSI und im Sonnensimula-

tor an der ETH getestet. Die solare Eingangsleistung betrug typischerweise zwischen

3.5 und 5.4 kW. Es wurden Gastemperaturen bis zu 1100 K gemessen, während die

Reaktortemperaturen 1300 K überstiegen. Der beste chemische Umsatz wurde mit

67% erreicht, und thermische Wirkungsgrade bis zu 16% wurden erzielt. Der produ-

zierte Kohlenstoff wies eine nano-filamentartige Struktur auf.

Einige Experimente wurden ausgewertet, um die kinetischen Parameter zu bestim-

men. Dabei wurden ein Rührkessel- und ein Strömungsreaktor-Modell unterschieden,

um den Einfluss der Temperatur, der CH4-Konzentration und der Verweilzeit auf den

chemischen Umsatz zu untersuchen. Folglich wurden eine Aktivierungsenergie von

162 und 147 kJ·mol-1 und ein Frequenzfaktor von 7.54·106 und 1.07·106 für das

Rohrkessel- respektive für das Strömungsreaktor-Modell erhalten. Trotz der beschränk-

ten Gültigkeit der Resultate, stimmen diese recht gut mit Literaturwerten überein.

Gemäss der erhaltenen Kinetik ist eine Temperatur von 1500 K nötig, um bei Verweil-

zeiten kleiner als 1 Sekunde vollständigen Umsatz zu erreichen.

Mit der Monte Carlo Methode wurde ein Modell entwickelt, um die Wärmetrans-

portvorgänge in einem spiralartigen Gasstrom beladen mit Kohlenstoffpartikeln, der

sich durch eine zylindrische Kavität bewegt, zu verstehen und vorauszusagen. Das

Schwergewicht des Modells lag bei der Wärmeübertragung durch Strahlung. Zusätz-

lich wurden der Wärmeaustausch durch Konvektion und Leitung sowie der Energie-

verbrauch durch die chemische Reaktion berücksichtigt. Ausserdem wurde die spiralar-

tige Bewegung der Gas-Partikel Mischung auf einfache Art und Weise angenähert. Die

in der Simulation erhaltenen Temperaturprofile in der Kavität zeigten eine gute Über-

einstimmung mit den Experimenten. Während die Kavitätstemperaturen in der Simu-

lation 8-25% über den experimentellen Daten lagen, stimmten die simulierten

Gastemperaturen im hinteren Teil der Kavität gut mit den experimentellen Temperatu-

ren überein. Die Modellierung erlaubte die Bestimmung der wichtigsten Wärmeverlu-

ste. Demnach wurden in jeder Simulation mindestens 47% der solaren Einstrahlung

wieder durch die Apertur zurückgestrahlt und nur 0.1-4.4% durch die chemische

Reaktion umgewandelt. Bessere Kenntnisse der Fluiddynamik des Spiralstrom und

genauere Daten der optischen Partikel- und Gaseigenschaften werden helfen, das reale

Verhalten des Solarreaktors noch besser zu simulieren.
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Summary

The decarbonization of natural gas using concentrated solar energy for high-tempera-

ture process heat is proposed as a transition path to a sustainable energy system. By

conducting this solar process where fossil fuels are exclusively used as chemical reac-

tants, fossil energy carriers are conserved and the emission of pollutants is reduced dras-

tically. Co-products are hydrogen and carbon. If the latter is further sequestered, no

CO2 emissions are released from the complete cycle for electricity generation.

A 2nd-law analysis was applied for examining several technically viable routes for

extracting power from the chemical products of the CH4 decomposition reaction,

when performed in a solar cavity-receiver operating at 1500 K and under a mean solar

flux concentration ratio of 1000. If carbon is sequestered and H2 is used in a 70%-effi-

cient fuel cell, the exergy efficiency amounts to 30%. This route offers zero CO2 emis-

sions as a result of carbon sequestration. However, the energy penalty for completely

avoiding CO2 reaches 30% of the electrical output, vis-à-vis the direct use of natural

gas for fueling a 55%-efficient Brayton-Rankine cycle. Exergy efficiencies exceeding

65% are obtained when the carbon is either steam-gasified to syngas in a solar gasifica-

tion process and the syngas further processed to H2, or used as a reducing agent of

ZnO in a solar carbothermal process for producing Zn and CO that are further con-

verted via water-splitting and water/gas-shifting to H2. Any of these two alternative

solar processes yields two additional moles of H2 per mole carbon and offers a net gain

of 40% in the electrical output and, consequently, an equal percent reduction in the

corresponding specific CO2 emissions, as compared to the conventional combined

cycle power generation. Thus, CO2 emissions are reduced and natural gas is conserved.

A proven solar reactor concept for performing the thermal decomposition of meth-

ane featured a vortex-flow laden with carbon particles. A solar reactor was tested at the

large solar furnace at PSI and at the solar simulator at ETH. The solar power input typ-

ically ranged from 3.5-5.4 kW. Gas temperatures reached up to 1100 K while reactor



 

temperatures exceeded 1300 K. The best chemical conversion obtained was 67% and

thermal efficiencies up to 16% were achieved. The carbon produced was of nano-fila-

mentary nature.

Some experimental results were evaluated in order to obtain the kinetic parameters.

A mixed flow (MFR) and a plug flow (PFR) reactor model were distinguished, and the

influence of temperature, CH4 concentration and residence time on the chemical con-

version was examined. Hence, an activation energy of 162 and 147 kJ·mol-1, and a fre-

quency factor of 7.54·106 and 1.07·106 were obtained for the MFR and the PFR,

respectively. Despite the limited validity of the results, they corresponded rather well

with values reported in literature. According to the obtained kinetic parameters, a tem-

perature of 1500 K is necessary to reach complete conversion at residence times smaller

than 1 second.

A model was developed using the Monte Carlo method in order to understand and

predict the heat transfer phenomena in a vortex-flow laden with particles flowing

through a cylindrical cavity. The model was focused on the radiation heat transfer. In

addition, the heat exchange by convection and conduction, and the energy consump-

tion by the chemical reaction were implemented. Furthermore, the helical movement

of the gas-particle mixture in a vortex-flow was approached in a simple manner. The

temperature profiles in the cavity obtained from the simulation showed acceptable

agreement with experiments. While the cavity temperatures in the simulation were 8-

25% above the experimental values, the simulated gas temperatures in the rear region

of the cavity fit well with the experimental temperatures. The model allowed the iden-

tification of the major heat losses. Thus, in any simulation run at least 47% of the solar

power input was reradiated through the aperture and only 0.1-4.4% was converted by

the chemical reaction. Better knowledge of the fluid dynamics of the vortex-flow and

more accurate data on the particle and gas optical properties will help to better simulate

the real behavior of the solar reactor.
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1Introduction

1.1 Global Energy Perspectives

The world population (more than six billion today) is due to double by the end of this

century [59]. An increasing population will cause a higher primary energy demand.

The energy intensity (expressed in tons carbon per toe) in rapidly industrializing coun-

tries, e.g. China, is still increasing. The energy intensities in many emerging and devel-

oping countries are similar to those of the United States at the beginning of the 20th

century. Globally the energy intensity decreased from over 1 ton carbon per toe in

1860 to less than 0.7 ton carbon per toe in 1990 [58]. Nevertheless, economic growth

is essential, above all in the developing countries, to achieving a sustainable standard of

living worldwide. The global resources of coal, oil and natural gas are restricted. These

resources therefore have to be handled more economically. Furthermore, the primary

energy mix has to be adapted by introducing renewable energy sources. Alternative

energy sources demand new technologies in production, storage and transportation.

These new technologies have to be developed now to be available in the mid- and long-

term. Without doubt, economics and politics influence the development process by

determining the business environment and by making trend-setting decisions.

1.2 Decarbonization: A Path to Solar Fuels

Today the transition to a hydrogen economy is not very obvious. The peak of the oil

age was reached at the end of the 20th century. The media is dominated by debates over

rising and falling oil prices, decisions made by OPEC, and oil exploration in ecologi-

cally sensitive regions. By analyzing the world’s energy history one realizes that a poten-
1



1.2 Decarbonization: A Path to Solar Fuels
tial transition to hydrogen becomes imminent. Figure 1-1 illustrates the global energy

systems transition since the middle of the 19th century.

Before the industrialization in the second half of the 19th century energy was pro-

vided by the use of wood. It was first in Great Britain where wood was replaced by coal.

Coal had played a major role in the energy system well into the 20th century. But by

1900 with the development of new transport technologies, e.g. automobiles, the

advantages of liquid fuels became apparent. As a consequence, oil had become the most

important energy source in the world by mid-century.

Beyond doubt oil had to face a serious challenger - gas. Due to its numerous bene-

fits, for example cleanliness, natural gas arose to the second-leading energy source,

moving ahead of coal in 1999 [18].

The shift from solid to liquids to gas realized another transition which is a less visi-

ble process: decarbonization. The ratio of hydrogen (H) to carbon (C) increased steadily

from wood to oil to natural gas. Namely the ratio is between 1:3 and 1:10 for wood;

1:2 for coal; 2:1 for oil; and 4:1 for natural gas [18]. But the end of this progression has

not yet been reached: The next logical fuel is hydrogen. The ratio of hydrogen to car-

Fig. 1-1: Global energy systems transition from 1850 to 2150 [18].
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1.2 Decarbonization: A Path to Solar Fuels
bon for global primary energy consumption since 1860 and the projection for the

future are illustrated in Figure 1-2.

Three major problems will probably push the transition to hydrogen. First, opin-

ions diverge as to when the fossil energy sources will be exhausted. At all events the

finite fossil energy sources prompt us to pursue alternatives. Furthermore, as oil

imports will increase in the next decades the supply of energy could become more

unstable because of the uneven geographical distribution of petroleum. Second, urban

air pollution pushes the hydrogen transition. For instance, a program was initiated to

develop and test fuel cell buses and cars (based on hydrogen) in major cities with poor

air quality. A third problem is the risk of climate change. The global energy supply is

based mainly on the combustion of coal, oil and natural gas. These combustion pro-

cesses generate annual carbon emissions of more than 6 billion tons (see Figure 1-3). As

a consequence, atmospheric carbon dioxide concentrations have increased by 31%

since 1751 [18].

Fig. 1-2: Ratio of hydrogen (H) to carbon (C) for global primary energy consumption since 1860
and projection for the future [58].
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1.3 Goals of This Work
The last of the three principal problems connected with the energy supply and

consumption today, climate change, forms the basic motivation of the work presented

herein.

1.3 Goals of This Work

Making an intermediate step from a fossil-based energy system to a system based exclu-

sively on renewables builds the framework of this thesis. Fossil energy carriers are to be

used solely as chemical reactants, while necessary process heat is provided by concen-

trated solar energy. This work investigates the solar thermal decomposition of natural

gas for co-producing hydrogen and carbon. The aim of this work is to obtain consoli-

dated findings on the main aspects of the process such as thermodynamics and kinetics

of the chemical reaction, solar reactor performance, and heat transfer phenomena when

concentrated solar radiation is directly incident on the reacting system.

Fig. 1-3: World carbon emissions from fossil fuel combustion [18].
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2

2Solar Chemistry

2.1 Introduction

Basically, there are three pathways for producing chemical fuels from solar energy:

1. Solar electrochemical path: solar-made electricity, from PV or solar thermal sys-

tems, followed by an electrolytic process;

2. Solar photochemical path: direct use of the photon energy; and

3. Solar thermochemical path: solar-made heat followed by a thermochemical pro-

cess.

This chapter reviews the solar concentrating technologies for carrying out the solar

thermochemical path.

2.2 Solar Energy

The annual solar energy reaching the earth amounts to 1.5·1018 kWh [34], while the

annual worldwide energy consumption in 1997 summed to about 1.5 ·1014 kWh [33].

Thus, only 0.1‰ of the incoming solar energy is necessary to cover the world’s energy

demand. The solar irradiation density at the earth’s distance from the sun amounts to

1.3 kW·m-2. Due to reflection and absorption by the atmosphere, the irradiation den-

sity on the earth’s surface is in the order of 1 kW·m-2 under ideal conditions (clear sky,

high angle of incidence). Due to seasonal changes, formation of clouds and nighttime

an average annual solar irradiation of about 1000 kWh·m-2 results in Europe which

corresponds to 2-3 hours of ideal sunshine a day.



2 Solar Chemistry
Beyond doubt, solar energy could solve many problems connected with the pro-

duction and consumption of energy of any kind. However, solar energy brings along

three fundamental disadvantages:

-  The power density of the solar radiation reaching the earth’s surface is low.

-  The incident solar irradiation underlies temporal variations, i.e. hourly due to 

the weather, daily due to day and night and yearly due to the seasons.

-  The solar irradiation is unequally distributed over the earth’s surface (for the 

most part near the equator).

The above mentioned disadvantages are counteracted correspondingly as follows:

-  Concentrating of the solar radiation reaching the earth’s surface.

-  Conversion and storage of the solar energy.

-  Transportation of the energy to the regions with high energy demand.

Assuming a mean annual solar irradiation of 1700 kWh·m2 (in an above-average irradi-

ated region) and a collection efficiency of 5%, a total concentrating area of 1100x1100

km2 would be needed [40]. This area corresponds to either 2.4‰ of the earth’s total

surface area or to 8.1‰ of the earth’s surface area covered with land.

2.3 Concentrating Technologies

Basically three concentrating system for large-scale collection and concentration of

solar energy are fully developed, operated successfully and commercially available [4].

All of these systems are based on parabolic-shaped mirrors. The following systems are

distinguished: (1) Central receiver systems, (2) parabolic trough systems and (3) para-

bolic dish systems. Their basic configurations are depicted in Figure 2-1.

Relating to central receiver systems, representative examples are the CESA-1 facil-

ity at PSA (Plataforma de Almeria, Spain) with a thermal capacity of 7 MW and the

“Solar Two” plant (near Barstow, California) with an electric capacity of 10 MW. The

SEGS (Solar Energy Generating System) plants in the Mojave Desert (California), as

examples of parabolic trough systems, produce 350 MW electric power. The parabolic

dish system is operated successfully at PSA in Spain with a thermal capacity of 50 kW.
6



2.4 Solar Reactor Concepts
Typical solar flux concentration ratios that are obtained by the systems illustrated

in Figure 2-1 vary between 500-5,000 suns for central receiver systems, 30-100 for

parabolic trough systems, and 1000-10,000 for parabolic dish systems [87]. In cases

where higher flux concentrations are needed, non-imaging secondary concentrators,

e.g. a compound parabolic concentrator (CPC), are incorporated in tandem with the

primary concentrating system [101].

2.4 Solar Reactor Concepts

Solar thermochemical processes use concentrated solar energy to drive endothermic

chemical reactions. Therefore, the solar receiver serves as the solar chemical reactor.

Cavity-type receivers have turned out to be appropriate geometries for conducting a

variety of chemical reactions because of the capability of capturing incoming solar radi-

ation efficiently. Design aspects, as optimum aperture size and operating temperature,

have been investigated elaborately ([79], [83]).

Figure 2-2 shows three chemical reactor concepts which have turned out to be

operable in lab-scale and pilot plant scale. The task of a solar reactor is to efficiently

transfer solar energy to the cavity and to the reacting system (gases and solids), while

minimizing heat losses. Basically two concepts of heat transfer are distinguished,

Fig. 2-1: Basic configurations of (1) central receiver systems, (2) parabolic trough systems and (3)
parabolic dish system.
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2 Solar Chemistry
namely, direct irradiation Figure 2-2 (1) and indirect irradiation Figure 2-2 (2, 3). The

advantage of direct irradiation is that it provides a very efficient means of heat transfer

directly to the reaction site. A drawback is the requirement of a transparent window at

the aperture (the small opening) closing the reactor’s atmosphere. This window is a

critical component because contamination by dust may occur disturbing the radiation

entering the reactor. Furthermore, this window is exposed to concentrated radiation.

This radiation is absorbed partly by the window leading to elevated temperatures. In

addition, when operating the reactor at excess pressure, the shape and thickness of the

window need to be adjusted ([28], [37], [83]).

A benefit of solar reactors irradiated indirectly is the protection of the window by

the inner cavity. The inner cavity is irradiated directly by the solar radiation entering

through the aperture that is closed by a window if need be. The temperature of the

inner cavity is raised by absorption, thus its walls emit to all directions. The emitted

radiation is either reflected and absorbed within the outer cavity (reaction chamber) or

lost through the aperture. Thus, the window at the aperture is separated completely

from the reacting chemical environment inside the outer cavity [103].

Fig. 2-2: Chemical reactor concepts which have turned out to be operable in lab-scale and pilot
plant scale: (1) One-cavity type reactor; the reaction chamber is directly irradiated, (2)
Two-cavity type reactor; the incident radiation is absorbed by an inner cavity which emits
the energy into an outer cavity where the reaction chamber is irradiated indirectly, (3) An-
other concept of indirect irradiation where a receiver serves as absorber, typically a cylinder
which emits the energy into the reaction chamber.
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2.5 Solar Thermochemical Processes
Another concept where the reaction chamber is irradiated indirectly is (3) in

Figure 2-2. Typically, a cylinder serves as radiant absorber and radiant emitter through

which the reactants flow while the chemical reaction is taking place ([12]-[14]).

A preferred material to construct a cavity or absorber is graphite due to its high

absorptivity and emissivity. Additionally, it is resistant to thermal shocks, has a fairly

good thermal conductivity, and allows operations at temperatures up to 3500 K in oxy-

gen-free atmospheres.

All the concepts described above theoretically allow the use of any mixture of solid

particles and gases introduced by the inlet stream. Even concepts where parts of the

cavity are rotating during operation have been tested successfully ([28], [48]). With a

rotating cavity, the solid particles, which are conveyed onto the cavity, are distributed

more equally. This leads to a more efficient radiation heat transfer, a better contact with

the gaseous reactants, and as a consequence, to a faster chemical reaction. Furthermore,

the solid particles protect the cavity walls from the concentrated radiation.

In principle, any kind of endothermic chemical reaction is suitable to be con-

ducted in a solar chemical reactor. In the next chapter, a selection of chemical processes

is briefly described, some of these reactions being investigated for a few years.

2.5 Solar Thermochemical Processes

2.5.1 Reduction of Metal Oxides

Many metals, e.g. Zn, Fe, Mg, are gained in pure form by reducing the corresponding

oxides (ores). These processes may be conducted pure thermally (no reducing agent)

([51], [52], [62]) or carbothermally with the addition of a carbon source as reducing

agent ([27], [102]). If a carbon source is added, e.g. coal, CH4, the process temperature

required can be decreased by more than half in some cases [84].

ZnO is reduced thermally at temperatures above 2300 K, while it already allows its

reduction at temperatures above 1200 K with the introduction of coal and above 1100

K with CH4, respectively. The corresponding chemical equation for the thermal reduc-

tion of ZnO is:
9



2 Solar Chemistry
(2.1)

and the corresponding chemical reactions for the carbothermal reduction of ZnO are:

(2.2)

(2.3)

Steinfeld et al. have described the SynMet process, in which ZnO is reduced according

to Eq. 2.3 ([80], [86]). Thereby, CH4 is used only as reducing agent and is not com-

busted. The process heat is provided by concentrated solar radiation. The products

have a higher calorific value. Thus, solar energy is stored by the chemical reaction. For

reaction (2.1), a decisive task is preventing the zinc from being re-oxidized by the

formed oxygen [98]. The zinc can be introduced in a Zn/air battery to produce elec-

tricity. Furthermore, the zinc can be used in a water-splitting process producing H2 and

ZnO, which is recycled to the SynMet process ([5], [88], [99]). The by-products, CO

and H2, are both valuable energy carriers. Additionally, CO can be further processed to

methanol as a liquid fuel. CO and H2, as a mixture called syngas, are the main reac-

tants for the synthesis of synthetic fuels and chemicals. In addition, conventional and

solar thermal production of zinc and synthesis gas have been compared by applying life

cycle analysis [97].

A similar application to the SynMet process, using metals splitting water, is a two-

step water-splitting cycle using the Fe3O4/FeO redox system [85].

A special application, in which metal oxides are reduced, is the recycling of hazard-

ous solid waste material. In this case, the raw material is a mixture of various metal

oxides including heavy metal oxides. In the reported work two sources of waste con-

taminated with heavy metal oxides are considered: (1) electric arc furnace dust and (2)

automobile shredder residue ([68]-[70]). The first material is composed mainly of

zinc-, lead-, and iron-oxides and is treated by high-temperature carbothermal reduc-

tion. The result is a zinc-rich condensed gas phase with varying shares of lead, and a

residue rich of iron. The second material contains half organic and half metallic materi-

als and is processed by high-temperature pyrolysis. The products are synthesis gas, a

wax fraction and a carbon-rich fraction (pyrocoke) containing little parts of metals.

The pyrocoke is used for the carbothermal reduction of the electric arc furnace dust.

ZnO Zn 1
2
---O2+= ∆H

0
298K 350 kJ·mol

1–
=

ZnO C+ Zn CO+= ∆H0
298K 353 kJ·mol 1–=

ZnO CH4+ Zn CO 2H2+ += ∆H
0

298K 313 kJ·mol
1–

=

10



2.5 Solar Thermochemical Processes
2.5.2 Decarbonization of Fossil Fuels

The decarbonization of fossil fuels is an intermediate step on the path to solar fuels

with a reduced or even completely avoided release of climate relevant gases to the atmo-

sphere ([53], [75], [78]). The solar thermal decarbonization of fossil fuels consists of

hybrid solar/fossil processes. These processes use fossil fuels exclusively as the chemical

source for H2 production and other valuable products and solar energy as the source of

high-temperature process heat. The carbon is removed prior to combustion and solar

energy is stored in the chemical products. Thus, no pollutants are discharged, the calo-

rific value of the fuels is upgraded and the gaseous products are not contaminated. Two

different processes are distinguished: (1) the solar thermal gasification of coal, and (2)

the solar thermal decomposition of hydrocarbons, especially natural gas. The most rel-

evant chemical equations are described generally as follows, for the gasification of coal:

(2.4)

and for the decomposition of hydrocarbons (cracking):

(2.5)

On both processes, thermodynamic analyses have been carried out with promising

results ([94], chap. 4). The most important steps of technically viable routes to gain

work and electricity from fossil fuels are illustrated correspondingly in Figure 2-3.

Route (1) points out how work and electricity are gained by the solar gasification of

coal and the further processing of the products. The produced syngas (CO+H2) is

water-shifted to CO2 and H2. CO2 is removed by a separation step and all H2 is con-

verted to work and electricity in a fuel cell. In route (2) hydrocarbons are decomposed

solar thermally. C is either sequestered to avoid CO2 emissions or used for the produc-

tion of commodities. Similarly to route (2), H2 is applied in a fuel cell.

CnHm nH2O+ nCO m
2
---- n+⎝ ⎠

⎛ ⎞ H2+=

CnHm nC m
2
----H2+=
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2 Solar Chemistry
Fig. 2-3: The major steps of technically viable routes to extract work and electricity from fossil fuels
using concentrated solar energy: (1) the solar thermal gasification of coal and (2) the solar
thermal decomposition of hydrocarbons.
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3

3Natural Gas & Hydrogen

3.1 Introduction

This chapter gives an overview on the physical and chemical properties of natural gas

and hydrogen. A brief description of the conventional hydrogen production processes

is given. Furthermore, the most common applications of both energy carriers are

described.

3.2 Natural Gas

3.2.1 Properties

Considering exclusively conventional fuels, natural gas is the ideal fuel with the most

advantageous features: no impurities, cleanliness, ease of combustion control.

Natural gas occurs in the gaseous state under pressure in sedimentary, porous under-

ground rock layers. It is composed primarily of methane with minor amounts of

ethane, propane and butane. The non-hydrocarbon components may include nitrogen,

hydrogen, carbon dioxide, hydrogen sulfide, water vapor and traces of helium. As a vol-

atile portion of petroleum, natural gas is often found in solution with crude oil or con-

densate. The shares of methane in natural gas reach 90 to 99.5% [46]. Some physical

and chemical properties of methane are listed in Table 3-1.



3 Natural Gas & Hydrogen
3.2.2 World Reserves and Resources

If one searches for reliable details on world energy reserves and resources, one soon

finds out that the number of information sources is almost endless. In any case, it is

important to distinguish between reserves and resources. Reserves are recoverable tech-

nologically and economically nowadays, whilst resources indicate identified occur-

rences that have less certain geological assurance or less present economic feasibility, or

both [59].

Table 3-2 lists a compilation of global fossil and nuclear energy reserves, resources

and occurrences. The difference between conventional and unconventional sources can

be one or more of the following characteristics: occurrence in lower concentrations,

special technologies are required for their recovery, costly conversion for modern-day

use is needed and significant environmental impact. The total numbers show that these

reserves and resources are certainly sufficient for more than 100 years to meet the glo-

bal demand of energy. However, the consumption of such large quantities of fossil

energy would lead to cumulative carbon emissions corresponding to six or seven times

the current atmospheric carbon content [59].

Another estimation of the global natural gas reserves has been given by Cedigaz in

2000 with a number of 158.3 trillion cubic meters [33]. About 72% of these reserves

are distributed in the transition economics1 and in the Middle East, while the rest is

roughly equally distributed in Asia, Africa, Latin America, OECD Europe, OECD

Table 3-1: Physical and chemical properties of methane ([46], [104]).

Chemical Formula CH4 Critical point 190.6 K/48 bar

Molecular weight (g·mol-1) 16.04 Melting point (K) 90.6

Densitya (kg·m3) 0.716 Boiling point (K) 111.4

Specific heata (J·g-1·K-1) 2.22 Lower heating value (kJ·g-1) 50.02

Ignition limits in air (%) 5.3 - 15.0 Upper heating value (kJ·g-1) 55.53

Self-ignition temperature (K) 813
a At 293.15 K and 1.013 bar

1 e.g. Bulgaria, Croatia, Kazakhstan, Russia, Ukraine, Uzbekistan
14



3.2 Natural Gas
North America and OECD Pacific. Despite these abundant reserves, natural gas is not

always located conveniently near centers of demand.

3.2.3 Applications

Natural gas is applied in industry in a diverse manner. Some examples of applications

are listed in Table 3-3. In most cases natural gas is used to generate heat or electricity.

These applications do not depend on natural gas because natural gas can be replaced by

any other energy source. If natural gas is used as a raw material, it should be applied in

processes which efficiently extract the most valuable products.

Table 3-4 shows the gas shares of particular industrial sectors in the final energy

consumption in West Germany 1991 and reveals that 20% of the gas was applied in

chemicals industry. On an average almost 40% of the industrial energy consumption

were covered by the use of natural gas.

Table 3-2: Global fossil and nuclear energy reserves, resources and occurrences (in Gtoe) [59].

Consumption 
Reserves Resources

Additional 

occurrences1850 to 1990 1990

Oil
Conventional

90 3.2 150 145

Unconventional – – 193 332 1900
Natural gas

Conventional 41 1.7 141 279

Unconventional – – 192 258 400

Hydrates – – – – 18700

Coal 125 2.2 606 2794 3000

Total 256 7.0 1282 3808 24000

Uranium 17 0.5 57 203 150

in fast breeder reactors – – 3390 12150 8900
15



3 Natural Gas & Hydrogen
Table 3-3: Applications of natural gas in industry [2].

Application Purpose

Boiler gas Steam generation, hot water and electricity

Heating gas Direct heating of sheds

Production gas Thermal treating in:

- Metals industry (melting, distorting, tempering)

- Ceramics industry, glass production (drying, burning, melting)

- Chemicals industry (direct heating of plants)

- Foods industry (drying)

- Papers industry (drying)

Raw material Production of hydrogen, ammonia, carbon black, synthesis gas

Use material Fuel cells

Tools Cutting, deburring, descaling

Fuel Gas turbines, gas engines, motor vehicles

Table 3-4: Gas shares of particular industrial sectors in the final energy consumption in West Ger-
many 1991 [2].

Sectoral share of the gas consumption in the
energy consumption in

the industrial sector (%)

gas consumption in

the total industry (%)
Glass and ceramics 63 6

Foods and stimulants 42 9

Investments goods 35 14

Chemicals industry 36 20

Basic materials and consumer goods 35 15

Stones and earths 26 6

Iron- and steel industry 33 30
16



3.3 Hydrogen
3.3 Hydrogen

3.3.1 Properties

Hydrogen is the most abundant element in the observable universe but it is only found

in the free state in trace amounts. The sun’s mass consists of more than 30% of atomic

hydrogen [18]. The major earthly sources of hydrogen are water, natural gas, crude oils,

hydrocarbons and other organic fossil materials [45]. Some physical and chemical

properties of hydrogen are listed in Table 3-5.

As hydrogen can be extracted from various sources, many production methods

have been developed for the production of hydrogen. The most current and most

promising production techniques are described in the following.

3.3.2 Production from Fossil Primary Energy

The steam reforming of hydrocarbons (mainly natural gas) is the most efficient, eco-

nomic and widely used process for the production of hydrogen and carbon monoxide

([76], [106]). Hydrocarbons are converted catalytically together with steam to hydro-

gen and carbon oxides. Hydrocarbons react with steam endothermically to form hydro-

gen and carbon monoxide. Generally, natural gas is used as raw material but propane,

butane, liquefied petroleum gas and some naphtha fractions (hydrocarbons boiling

Table 3-5: Physical and chemical properties of hydrogen ([45], [104]).

Chemical Formula H2 Critical point 33.2 K/13 bar

Molecular weight (g·mol-1) 2.02 Melting point (K) 13.9

Densitya (kg·m3) 0.0838 Boiling point (K) 20.4

Specific heata (J·g-1·K-1) 14.89 Lower heating value (kJ·g-1) 119.93

Ignition limits in air (%) 4 - 75 Upper heating value (kJ·g-1) 141.86

Self-ignition temperature (K) 858
a At 293.15 K and 1.013 bar
17



3 Natural Gas & Hydrogen
below 520 K) can also be used. Basically, the process consists of three steps: (1) Synthe-

sis gas generation, (2) water-shift reaction, and (3) gas purification. The first step is

highly endothermic (250 kJ·mol-1) while the second step is exothermic (40 kJ·mol-1).

The main chemical reactions occurring in the process are:

(3.1)

The process is performed catalytically, e.g. on nickel catalyst, and typical process condi-

tions are temperatures of 1100-1200 K and pressures of 3-25 bar.

Formerly, the thermal cracking of natural gas was used exclusively for the carbon

black production [17]. From this point of view, hydrogen was a by-product and was

burnt providing the required process heat. Recently, the thermal cracking of natural gas

was proposed as an ecological and technically viable hydrogen production route ([13],

[23], [100]). Natural gas decomposes completely at a temperature of 1500 K and

hydrogen and carbon are formed:

(3.2)

Conventionally, a part of the natural gas or of the hydrogen formed is burnt to provide

the process heat of 75 kJ·mol-1. Catalysts have been tested aiming to reduce the high

process temperatures [54]. Another research effort is targeted on heat transfer improve-

ments by bubbling natural gas in a molten metal bath, while the separation of carbon is

supposed to be accomplished relatively easily [1]. The decomposition reaction of meth-

ane was conducted using solar process heat at 823 K for the catalytic production of fil-

amentous carbon ([47], [82]). The decomposition of several hydrocarbons (methane,

propane, gasoline) over carbon catalysts in a bench-scale fluidized bed was investigated

at 1123 K and a corresponding kinetic model yielded activation energies in the range

200-235 kJ·mol-1 ([54]-[57]). It was reported that the crystallographic structure and

the specific surface area of the carbon species mostly determined their catalytic activity.

More recently, an aerosol tubular quartz reactor containing fine carbon black particles

suspended in a methane feed gas stream was tested in a solar furnace and yielded up to

CnHm nH2O+ nCO n m
2
----+⎝ ⎠

⎛ ⎞ H2           Reforming reaction+=

CO H2O+ CO2 H2                         Water-shift reaction+=

CO 3H2+ CH4 H2O                      Methanation reaction+=

CH4 2H2 C+=
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3.3 Hydrogen
90% dissociation ([12]-[14]). Applying a one-dimensional (1D) non-isothermal

model, an activation energy of 208 kJ·mol-1 was reported [15].

Table 3-6 shows a brief comparison between the steam reforming and the thermal

cracking of natural gas with the most characteristic parameters. The steam reforming

performs with a higher thermal efficiency as long as the capture and sequestration of

the CO2 are not accounted for. Otherwise, both processes reach comparable thermal

efficiencies. While the steam reforming has the advantage of being well developed, the

thermal cracking offers significantly lower CO2 emissions and additionally, carbon

black as a valuable by-product ([22], [64]).

Steam reforming is not applicable for the process of hydrocarbons heavier than naph-

tha. Thus, heavier feedstock is converted to hydrogen by partial oxidation. Compared

to the feedstock processed by steam reforming, higher carbon monoxide contents in

the product stream are obtained (up to 50%). The heavier feedstock is partially oxi-

dized at temperatures between 1450 and 1800 K and pressures between 30 and 120 bar

without any catalyst [45]. The main process steps are similar to those of the steam

reforming (see Eq. 3.1), as is the required process heat for the endothermic reaction.

The first step differs slightly to the steam reforming as follows:

Table 3-6: Comparison between the steam reforming and the thermal cracking of natural gas
([77], [78]).

Steam reforming Thermal cracking

Mole ratio H2:CH4 4 2

Reaction enthalpy (kJ·mol-1) 250 75

Thermal efficiency (%) 75 58

CO2 emissions (moles CO2:moles H2) 0.43 0.05

By-product Capture and sequestration
of CO2: -15%

Solid carbon for existing 
market: -0%

Thermal efficiency (net) (%) 75-15=60 58

Value of the by-product low, bad effect on
global climate high potential

Process development Well Need for improvement
19



3 Natural Gas & Hydrogen
(3.3)

The coal gasification is the process of converting coal to gaseous products. At high tem-

peratures (1600 K) the coal undergoes pyrolysis. Subsequently, the volatile pyrolysis

products are gasified and ash is obtained as residue. The gasification reactions can be

presented as (C stands for any pyrolysis product):

(3.4)

Drawbacks of the coal gasification are the need of solids handling (transport, size

reduction) and the removal of large amounts of ash.

3.3.3 Production from Non-Fossil Primary Energy

Water is an almost unlimited source of hydrogen in nature. Water results from the

combustion of hydrogen with oxygen which closes the cycle if hydrogen is produced

through water electrolysis described by the following chemical reaction:

(3.5)

Regarding the raw material, water electrolysis is the only process for the production of

hydrogen which does not depend on fossil energy. The required heat is either provided

by fossil, nuclear, hydro or solar energy. Hydropower is probably the most effective

renewable source for producing hydrogen by water electrolysis. For instance, a 30,000

m3·h-1 hydrogen plant based on hydro-electric power has been realized in Norway

[104]. In order to achieve a higher efficiency, water electrolysis is also conducted at ele-

vated temperatures between 1000 and 1200 K because the total energy requirement of

water decomposition (∆H0) is almost temperature independent as shown in Figure 3-1.

Thus, the energy that has to be supplied in the form of electrical energy (∆G0)

decreases while the part of the split work that is accomplished by heat (T·∆S0) increases

with increasing temperature [60].

CnHm
n
2
---O2+ nCO m

2
----H2+=

2C O2+ 2CO=

C H2O+ CO H2+=

H2O H2
1
2
---O2+=
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3.3 Hydrogen
3.3.4 Applications

Hydrogen is either applied as a chemical reactant or as an energy carrier. If hydrogen is

used as a raw material, almost 50% is consumed by the production of ammonia,

another 40% is processed to petrochemicals, 5% to methanol and 4% is applied in

metallurgy [104]. A very common application of hydrogen is the use in synthesis gases

(mixtures with carbon monoxide) in Fischer-Tropsch syntheses for the production of a

variety of synthetic fuels, e.g. methanol. Liquefied hydrogen as a fuel can be stored and

transported to any site of demand. Due to flexible storage tank sizes stationary and

mobile applications are possible.

The electrochemical reaction of fuel and oxidizer for the direct generation of elec-

tricity has been evaluated for a huge number of possible reaction partners. The best

results were achieved with the hydrogen/oxygen (air) reaction. This evaluation led to

the development of fuel cells. Fuel cells are electrochemical energy converters, which

continuously deliver electrical energy from the free enthalpy change ∆G0 of chemical

reactions. As shown in Figure 3-1 the net gain of energy (∆G0) for the reverse reaction

(formation of water), which is converted to electrical energy, corresponds to about 80%

of the reaction enthalpy change ∆H0 at 500 K. Benefits of fuel cells are low emissions,

low noise, minimal moving parts, high efficiency, and possibility of waste heat recovery.

Fig. 3-1: The variation of ∆H0, ∆G0 and T∆S0 with temperature, for the reaction H2O=H2+½O2
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3 Natural Gas & Hydrogen
There are several types of H2/O2 fuel cells that are categorized by the nature of

electrolyte they utilize ([25], [36]). Except for the DMFC which are powered by pure

methanol, these fuel cells are powered by hydrogen, which is fed to the fuel cell system

directly or is generated within the fuel cell system by reforming hydrogen-rich fuels

such as methanol, ethanol, and hydrocarbon fuels.

- Proton or polymer exchange membrane (PEM) fuel cells. The polymeric membrane

acts as the electrolyte as well as the separator that keeps the anode and cathode of

each cell apart and prevents crossover of reactants. The PEM fuel cells operate at

temperatures below 370 K. This type of fuel cell attains high current density with

platinum alloy catalysts dispersed on conducting supports.

- Phosphoric acid fuel cells (PAFC). These fuel cells operate at temperatures above

470 K. Greater tolerance to carbon monoxide is achieved by operating at higher

temperatures, which simplifies the fuel reformer and provides higher temperature

waste heat for cogeneration uses.

- Molten carbonate (MCFC) and solid oxide (SOFC) fuel cells. These fuel cells operate

at temperatures ranging from 900 to 1300 K. These high temperatures are espe-

cially interesting for stationary applications where the waste heat is recovered for

very high total system efficiency.

- Alkaline fuel cells (AFC). These fuel cells operate at temperatures around 380 K

using pure hydrogen and oxygen. AFC do not require noble metal catalysts but do

not tolerate any carbon dioxide in the system because it irreversibly reacts with the

alkaline electrolyte to clog electrolyte and electrodes.
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4Thermodynamics

4.1 Introduction

A 2nd-law analysis is conducted by applying the thermodynamic principles to energy

consuming processes. In the 2nd-law analysis described in this chapter, two system

types are distinguished: an ideal closed-cycle system that recycles all materials and only

allows energy to cross the system boundaries, and a more practical open-cycle system

that allows for material and energy flow in and out of the system. Considering these

two system types allows a comparison of possible solar process schemes for extracting

power from the chemical products. For each system, the major sources of irreversibili-

ties are identified and their effect on the overall energy conversion efficiency is exam-

ined. This information determines the constraints to be imposed on the design and

operation of the solar chemical reactor.

4.2 2nd-Law Analysis

For conducting a 2nd-law analysis the decomposition of natural gas is simplified by the

following reaction, where methane is decomposed to carbon and hydrogen:

(4.1)

The process flow sheet for both closed-cycle and open-cycle systems is shown in

Figure 4-1. The closed-cycle system is shown in box A. It uses the following modules: a

solar reactor, a heat exchanger, a quenching unit and a fuel cell. The entire process is

carried out at constant pressure. In practice, pressure drops will occur throughout the

CH4 C 2H2+=
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4.2 2nd-Law Analysis
Fig. 4-1: Flow sheet diagram for the closed-cycle system (box A) and the open-cycle systems (box
B-D). The closed-cycle system recycles all materials and allows only energy to cross the sys-
tem boundaries, and the open-cycle systems allow for material and energy flow into and
out of the system. Boxes B-D depict four technically feasible routes for extracting work
from the chemical products of the solar decomposition of CH4. These routes are: (1) car-
bon (C) is sequestered and only H2 is used in a fuel cell; (2) C is used to fuel a conventional
Rankine cycle and H2 is used in a fuel cell; (3) C is steam-gasified to syngas in a solar gas-
ification process and the syngas further processed to H2 that, together with H2 from the
CH4-decomposition reaction, is used in a fuel cell; and (4) C serves as reducing agent of
ZnO in a solar carbothermic process for producing Zn and CO that are further converted
via water-splitting and water-shifting to H2 for use in a fuel cell.
Qrerad=Qreradiation, HE: heat exchanger.
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4 Thermodynamics
system. If frictionless operating conditions are assumed, no pumping work is required.

The CH4 mole rate  is set to 1 mol·s-1.

Before the closed-cycle and open-cycle systems are considered detailed properties

of the most important modules are described.

4.2.1 Solar Reactor

Solar chemical reactors for highly concentrated solar systems usually feature the use of a

cavity-receiver type configuration, i.e. a well-insulated enclosure designed to effectively

capture incident solar radiation entering through a small opening (the aperture). At

temperatures above 1000 K, the main mode of thermal loss is by radiation through the

aperture. The solar energy absorption efficiency ηabsorption of a solar reactor is defined as

the net rate at which energy is being absorbed divided by the solar power coming from

the concentrator. For a perfectly insulated blackbody cavity-receiver (no heat loss by

convection or conduction; cavity’s absorptivity and emissivity equal to 1), the absorp-

tion efficiency is given by Fletcher and Moen [21]:

(4.2)

where I is the normal beam insolation, C is the flux concentration ratio of the solar

concentrating system1, T is the nominal cavity-receiver temperature and σ is the Ste-

fan-Boltzmann constant. The absorption efficiency expresses the capability of a solar

reactor to absorb incoming concentrated solar energy, but does not include the losses

incurred in collecting and concentrating solar energy.

4.2.2 Chemical Reaction

The reactants enter the solar reactor at T2 and are further heated to the reactor temper-

ature T3. Chemical equilibrium is assumed to be achieved inside the reactor. Chemical

equilibrium compositions are computed using the code HSC Outokumpu [67]. Spe-

cies with a mole fraction less than 10-5 are omitted. Table 4-1 shows the results for dif-

1 The solar flux concentration ratio C is defined as the ratio of the solar flux intensity achieved after concentration to the
incident beam normal insolation. It is a dimensionless number, sometimes reported in units of “suns”.

n· CH4

η absorption 1
σT4

IC
---------–=
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4.2 2nd-Law Analysis
ferent pressures at 1500 K. The chemical conversion decreases as the pressure increases

due to the fact that the chemical equilibrium is displaced in such a way so as to relieve

the pressure in dependence on Le Chatelier’s principle. Figure 4-2 illustrates the varia-

tion of the equilibrium compositions with temperature at 1 bar. At about 600 K meth-

ane starts to decompose and, above at about 1500 K, the species in equilibrium are

only hydrogen and carbon.

Table 4-1: Chemical equilibrium composition (molar fraction) as a function of the total pressure
at 1500 K.

1 bar 10 bar 30 bar 50 bar

CH4 0.00057 0.00559 0.01632 0.02651

H2 0.66543 0.66298 0.65582 0.64903

C 0.33255 0.33130 0.32768 0.32423

C2H2 0.00011 0.00010 0.00010 0.00010

C2H4 < 10-5 0.00003 0.00008 0.00013

Conversion (%) 99.8 98.3 95.3 92.5

Fig. 4-2: Equilibrium composition of the system methane, hydrogen and carbon as a function of
temperature [67].
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4 Thermodynamics
Since the net energy absorbed should match the enthalpy change of the reaction,

the total solar energy required is:

(4.3)

4.2.3 Heat Exchanger

The reactants are pre-heated in an adiabatic heat exchanger where some portion of the

sensible heat of the products is transferred to the reactants. The reactants enter at T1

and exit at T2; the products enter at T3 and exit at T4. It is assumed that the composi-

tion of the reactants and products remain unchanged during the heating and cooling

processes inside the heat exchanger. Two heat exchanger configurations are distin-

guished: parallel-flow and countercurrent-flow. If qheat exchanger is the power transferred

from the products to the reactants and ηheat exchanger the heat recovery factor, then:

(4.4)

(4.5)

4.2.4 Irreversibilities

Solar reactor - The irreversibility in the solar reactor arises from the non-reversible

chemical transformation, heat transfer to the reactor and re-radiation loss to the sur-

roundings:

(4.6)

where Qreradiation denotes the radiation heat loss by the reactor at T3 to the surroundings

at T1:

(4.7)

Qsolar

n· ∆Hreactants at T2 p  products at T3 p,→,

η absorption

-------------------------------------------------------------------------------=

Qheat exchanger n· ∆H reactants at T1 p  reac ts at Ttan 2 p,→,=

n· ∆H products at T3 p  products at T4 p,→,–=

ηheat exchanger

Qheat exchanger

n· ∆H products at T3 p  products at T1 p,→,

-------------------------------------------------------------------------------------=

Irrreactor
Qsolar

T3

--------------
Qreradiation

T1

-------------------------- n· ∆S reactants at T2 p  products at T3 p,→,++=

Qreradiation 1 ηabsorption–( ) Qsolar⋅=
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4.3 Closed-Cycle System
Heat exchanger - The heat transfer across finite temperature differences causes the fol-

lowing irreversibilities that are intrinsic to the heat exchanger:

(4.8)

Quenching unit - After leaving the heat exchanger the products are cooled quickly to

ambient temperature T1. It is assumed that the chemical composition of the products

remains unchanged upon cooling in the quencher. The power lost during quenching is:

(4.9)

The irreversibility associated with quenching is:

(4.10)

Quenching is a completely irreversible step that reduces the efficiency of the system sig-

nificantly. The modules discussed so far are used for both the closed- and open-cycle

systems. The remaining modules will now be discussed separately for each of their cor-

responding system.

4.3 Closed-Cycle System

4.3.1 Fuel Cell

The cycle is closed by introducing an ideal reversible fuel cell in which the products (C

and H2) recombine to form the original reactants (CH4). Such a fuel cell (indicated as

“FC 1” in box A of Figure 4-1) does not exist in reality. It is used here as an imaginary

concept to assign a work value to the products equal to the electrical power generated

by the fuel cell:

Irrheat exchanger n· ∆S reactants at T1 p  reac ts at Ttan 2 p,→,=

 n· ∆S products at T3 p  products at T4 p,→,+

Q quench n· ∆H products at T4 p  products at T1 p,→,=

Irrquench
Qquench

T1

------------------- n· ∆S products at T4 p  products at T1 p,→,+=
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4 Thermodynamics
(4.11)

WFC-1 is the maximum amount of work that the products leaving the reactor could

produce if they were to recombine to give the original products at T1 and p. This work

value is also known as the energy of the products at T1. Since the fuel cell operates iso-

thermally, the amount of heat rejected to the surroundings is:

(4.12)

The measure of how well solar energy can be converted into chemical energy for the

given processes can be expressed as the solar exergy efficiency for the closed-cycle sys-

tem, ηexergy, closed-cycle, defined as:

(4.13)

where Qsolar is the total solar power input given by Eq. 4.3.

This thermodynamic analysis is verified by performing an energy balance and by

evaluating the maximum achievable efficiency (Carnot efficiency) from the total avail-

able work and from the total power input. The energy balance confirms that:

(4.14)

The available work is calculated as the sum of the fuel cell work plus the lost work due

to irreversibilities in the solar reactor, heat exchanger and quenching unit. Thus, the

maximum exergy efficiency can be written as:

(4.15)

and must be equal to that of a Carnot heat engine operating between T1 and T3, i.e.:

(4.16)

WFC-1 n· ∆G products at T1 p  reac tstan  at T1 p,→,–=

Q FC-1 T1n· ∆S products at T1 p  reac tstan  at T1 p,→,–=

η exergy, closed-cycle

WFC-1

Qsolar

---------------=

WFC-1 Qsolar Qreradiation Qquench QFC-1+ +( )–=

η exergy, max

WFC-1 T1 Irrreactor Irrheat exchanger Irrquench+ +( )+

Qsolar

------------------------------------------------------------------------------------------------------------------------=

η exergy, max η Carnot 1
T1

T3

------–= =
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4.3 Closed-Cycle System
4.3.2 Results

Table 4-2 is a numerical description of the modules shown in box A of Figure 4-1 with

and without heat exchanger. The calculations were performed for a mean solar flux

concentration ratio of 1000, which can be easily achieved in present large-scale solar

Table 4-2: Energy balance and efficiencies for the closed-cycle system (shown schematically in box
A of Figure 4-1) without and with parallel- and countercurrent-flow heat exchanger
( =1 mol·s-1, p=1 bar, I=1000 W·m-2).

Heat exchanger

C None Parallel Countercurrent

Qsolar (kW) 1000 239 183 146

5000 181 138 111

Qreradiation (kW) 1000 69 52 42

5000 10 8 6

Qreactor, net(kW) 171 130 104

Qheat exchanger (kW) – 41 66

Qquench (kW) 96 55 30

QFC-1 (kW) 24

WFC-1 (kW) 51

ηabsorption (%) 1000 71.3

5000 94.3

ηCarnot (%) 80.1

ηheat exchanger (%) – 54.1 34.7

ηexergy, closed-cycle (%) 1000 21.2 27.8 34.7

5000 28.0 36.7 45.8

T1 (K) 298

T2 (K) 298 1028 1350

T3 (K) 1500

T4 (K) 1500 1028 705

n· CH4
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4 Thermodynamics
concentrating systems. Also shown are the results for a mean solar flux concentration

ratio of 5000, which may be achieved in advanced large-scale solar concentrating sys-

tems with the help of secondary compound parabolic concentrators (CPC) [101].

These advanced systems are also being developed using Cassegrain optics to re-direct

sunlight onto a solar receiver located on the ground level [105].

The inlet and outlet temperatures of the parallel-flow and countercurrent-flow heat

exchanger were calculated iteratively with Eq. 4.4. T2 and T4 can also be determined by

plotting ∆H=ƒ(T) for the reactants and products streams and arranging both curves as

shown in Figure 4-3. The intersection of these two curves determines the temperature

at the “pinch-point”1. For the parallel-flow heat exchanger T2=T4=1028 K. The

amount of energy exchanged is 41 kJ·mol-1 which represents 54% of the sensible heat

in the products. The remainder of the energy is rejected to the surroundings by the

quenching unit. For the countercurrent-flow heat exchanger T2=1350 K (assumed)

and T4=705 K (calculated). 89% of the sensible heat of the products is recovered.

Fig. 4-3: Enthalpy change as a function of temperature for reactants and products in a parallel-flow
heat exchanger (a) and a countercurrent-flow heat exchanger (b).

1 These are the limiting points where the temperature of the heating reactants equals the temperature of the cooling prod-
ucts.
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4.4 Open-Cycle System
The irreversibilities in the reactor and during the quench reduce the efficiency

from the Carnot value. One can reduce the reactor irreversibility by increasing the solar

concentration ratio and thus reducing the re-radiated energy to the surroundings. One

may be able to reduce the irreversibility of the quench by recovering the sensible heat of

the hot products exiting the solar reactor. For C=1000, the theoretical maximum

closed-cycle energy efficiency can be as high as 35% when a countercurrent-flow heat

exchanger is used and decreases to 21% when the products exiting the solar reactor are

quenched without recovering their sensible heat. For C=5000, the energy efficiency is

28% without heat exchanger, 37% and 46% with parallel-flow and countercurrent-

flow heat exchanger, respectively. The higher the energy efficiency, the lower the solar

collection area required for producing a given amount of solar fuel, and consequently,

the lower the costs incurred by the solar concentrating system, which usually corre-

spond to half of the total investment for the entire solar chemical plant. Thus, high

energy efficiency implies favorable competitiveness.

4.4 Open-Cycle System

4.4.1 Four Technically Viable Routes

Figure 4-1, boxes B-D, depict four technically feasible routes for extracting work from

the chemical products of the solar decomposition of CH4. These routes are:

(1) Carbon (C) is sequestered and only H2 is used in a fuel cell.

(2) C is used to fuel a conventional Rankine cycle and H2 is used in a fuel cell.

(3) C is steam-gasified to syngas in a solar gasification process and the syngas fur-

ther processed to H2 that, together with H2 from the CH4-decomposition

reaction, is used in a fuel cell.

(4) C serves as the reducing agent of ZnO in a solar carbothermic process for pro-

ducing Zn and CO that are further converted via water-splitting and water-

shifting to H2 for use in a fuel cell.
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4 Thermodynamics
Routes no. 1 and 2 are shown schematically in box B of Figure 4-1. WFC-2 and QFC-2

are the work output and heat rejected in the H2/O2 fuel cell “Fuel cell 2”, given by:

(4.17)

(4.18)

where ηFC is the efficiency of the H2/O2 fuel cell, assumed 70% for fuel cells1. In the

case that carbon is not sequestered but rather used to fuel a conventional Rankine-

cycle-based heat engine, the work output WHE and the heat rejected QHE are given by:

(4.19)

(4.20)

where ηheat engine is the efficiency of the heat engine, assumed 35% for carbon-fired

Rankine cycles.

Route no. 3 is shown schematically in box C of Figure 4-1. Here carbon is steam-

gasified to syngas according to:

(4.21)

The enthalpy change of this endothermic reaction is assumed to be supplied by con-

centrated solar energy. Similar to the solar reactor of box A, a perfectly insulated black-

body receiver is used for conducting the reaction (4.21) at 1500 K, so that all relevant

equations from above apply. The use of a countercurrent-flow heat exchanger is also

considered, where the reactants enter at T9 and exit at T10, while the products enter at

T7 and exit at T8. It is further assumed that the composition of the reactants and prod-

ucts remain unchanged during heating and cooling inside the heat exchanger. After the

heat exchanger, the syngas product is further processed to H2 and CO2 in an auto-ther-

mal water-gas shift reactor, and the CO2 separated from the mixture using conven-

1 State-of-the-art stationary SOFC fuel cells feature energy conversion efficiencies in the range 55-60% when fed with
natural gas, and in the range 65-70% when fed directly with hydrogen since the relative loss in the reformer is in the order
of 10% [35].

WFC-2 η FCn· ∆G
2H2 g( ) O2 g( )+  2H2O l( )→–=

Q FC-2 298K n· ∆S
2H2(g) O2(g)+  2H2O(l)→⋅–=

Wheat engine η heat enginen· ∆H
C gr( ) O2 g( )  CO2 g( )→+

=

Q heat engine 1 η–  heat engine( )n· ∆H
C gr( ) O2 g( )  CO2 g( )→+

=

C gr( ) H2O+ CO H2+=
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4.4 Open-Cycle System
tional techniques such as pressure swing absorption. Finally, the 2 moles of H2 result-

ing from the C-gasification process, along with the 2 moles of H2 from the CH4-crack-

ing process of box A, are fed to an efficient H2/O2 fuel cell (“Fuel cell 3” in box C of

Figure 4-1).

Route no. 4 is shown schematically in box D of Figure 4-1. Here carbon serves as a

reducing agent of zinc oxide according to the net reaction:

(4.22)

This is the main endothermic step of the Imperial Smelting process, which makes use

of coke combustion in air as the primary energy source of process heat [19]. Similar to

the CH4-cracking process of box A and to the C-gasification of box C, reaction (4.22)

is conducted using concentrated solar energy. The solar reactor is assumed to be a

blackbody cavity-receiver operating at 1500 K. The use of a countercurrent-flow heat

exchanger is also considered, where the reactants enter at T15 and exit at T16, while the

products enter at T13 and exit at T14. Table 4-3 shows the input and output of thermal

energy for resulting reaction (4.22). Indicated are the enthalpy changes for the four

steps: (1) sensible heat required to heat the reactants from 298 K up to the reaction

temperature of 1500 K; (2) enthalpy change of the reaction at 1500 K; (3) sensible heat

Table 4-3: Standard enthalpy changes for the reaction ZnO+C(gr)=Zn(g)+CO(g)

Step Temperature (K) ∆H0 (kJ·mol-1)

1 Heat ZnO 298-1500 61

Heat C(gr) 298-1500 23

2 Enthalpy change of reaction:
ZnO+C(gr)=Zn(g)+CO(g) 1500 350

3 Cool CO(g) 1500-298 -38

Cool Zn 1500-298 -43

4 Phase transformation: Zn(g)→Zn(l) 1180 -115

Phase transformation: Zn(l)→Zn(s) 692 -7

ZnO s( ) C gr( )+ Zn g( ) CO g( )+=
35



4 Thermodynamics
removed to cool the products to 298 K; and (4) enthalpy change of phase transforma-

tions. The total energy required is 434 kJ·mol-1. If the sensible and latent heats of the

hot products are recovered, the total energy requirement is reduced to 231 kJ·mol-1. In

practice, only a portion of the energy may be recovered.

Both chemical products of the carbothermic reduction are further processed to H2

in exothermic transformations using auto-thermal reactors: Zn is hydrolyzed in a

water-splitter reactor (Zn+H2O=ZnO+H2) and CO is shifted to H2 in a water-gas

shift reactor (CO+H2O=CO2+H2) [5]. Finally, the resulting 2 moles of H2 from the

processes of box D, along with the 2 moles of H2 from the CH4-cracking process of

box A, are fed to a 70% efficient H2/O2 fuel cell (“Fuel cell 4” in box D of Figure 4-1).

4.4.2 Results

Table 4-4 shows the complete energy balance and efficiencies calculation for the

open-cycle routes no. 1-4, as described in boxes B-D of Figure 4-1.

The energy efficiency for each of these open-cycle routes is defined as the ratio of

the work output by the fuel cell (and by the heat engine for route no. 2) to the total

thermal energy input by solar and by the heating value of the reactants:

(4.23)

where HHVCH4 is the high heating value of CH4, 892 kJ·mol-1.

For C=1000 and using a countercurrent-flow heat exchanger, the energy efficiency

amounts to 30% for route no. 1 and 44% for route no. 2 because of the additional

work output from the heat engine. Exergy efficiencies are significantly higher for routes

no.3 (68%) and no. 4 (69%) because each of the solar gasification and solar reduction

processes generate another 2 moles of H2. Thus, as compared to route no. 1, the elec-

trical output is doubled due to the 4 moles of H2 fed to the fuel cell. Evidently, the

energy efficiency increases with the solar flux concentration ratio because of the lower

re-radiation loss. However, the increase may not necessarily justify the use of a more

expensive solar concentrating system.

η exergy, open-cycle
Work output

Qsolar HHVCH4
+

--------------------------------------------=
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4.4 Open-Cycle System
Table 4-4: Energy balance and efficiencies for the open-cycle systems with countercurrent flow
heat exchanger and without heat exchanger (ηCarnot=80.1%, ηFC=70%).

Route no. 1 Route no. 2 Route no. 3 Route no. 4

Heat exchanger

C None
Counter

current
None

Counter

current
None

Counter

current
None

Counter

current
Qsolar (kW) 1000 239 146 239 146 351 285 609 556

5000 181 111 181 111 266 215 461 420

Qreradiation (kW) 1000 69 42 69 42 101 82 175 160

5000 10 6 10 6 15 12 26 24

Qreactor, net(kW) 171 104 171 104 250 203 434 396

Qheat exchanger (kW) – 66 – 66 – 47 – 38

Qquench (kW) 96 30 96 30 – – – – –

QFC (kW) 26 56

WFC (kW) 315 730

QHE (kW) – – 256 256 – – – –

WHE (kW) – – 138 138 – – – –

ηabsorption (%) 1000 71.3

5000 94.3

ηheat exchanger (%) – 88.7 – 88.7 – 35.1 – 11.4

Outputelectrical (kW) 315 453 630

EGF 0.7 1.0 1.4

ηexergy, closed-cycle (%) 1000 27.8 30.3 40.0 43.6 63.7 67.9 51.3 68.9

5000 29.4 31.4 42.2 45.1 71.8 75.9 59.6 83.4

Moles CO2/kW 0 0 2.2·10-3 2.2·10-3 1.6·10-3 1.6·10-3 1.6·10-3 1.6·10-3

Solar contribution (%) 16.0 16.0 16.0 16.0 26.5 26.5 61.7 61.7
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4 Thermodynamics
A stagnation temperature1 of 2049 K corresponds to a solar flux concentration of

1000 and it seems to be appropriate for processes operating in the range 1300 to 1500

K, as long as the conduction and convection losses are kept to low levels [81]. Higher

solar concentrations may be required when operating at higher temperatures or when

heat losses become significant. The use of a heat exchanger may also not be necessary

for routes no. 1, 2 or 3 because the increase in the efficiency is not significant. In con-

trast, for route no. 4, the efficiency increases by 18% when a heat exchanger is used to

recover sensible heat and latent heat of the products.

Besides the energy efficiency, an important indicator of the process performance is

the electric gain factor (EGF), defined as the ratio of the electric output of the process

to that obtained when using the same amount of CH4 in a 55% efficient combined

Brayton-Rankine cycle2. The EGF for all the four routes is indicated in Table 4-4,

along with the specific CO2 emissions, in mole CO2 per kWh electric output. Obvi-

ously, the EGF is less than 1 for route no. 1 as a result of carbon sequestration. The

energy penalty for avoiding CO2 emissions amounts to 30% of the electrical output.

The EGF is 1 for route no. 2. Thus, there is no net gain in electrical power or net

reduction in the CO2 emissions with route no. 2 vis-à-vis the direct use of CH4 in a

combined cycle. The EGF is 1.4 for both routes no. 3 and 4. Thus, a 40% reduction in

the corresponding specific CO2 emissions is obtained for the solar CH4-cracking pro-

cess followed by either the solar C-gasification process or the solar ZnO-carbothermic

process.

Finally, the solar contribution of the process, defined as the ratio of the Gibbs free

energy change of the solar-driven reaction to the electrical output of the process, gives

the net contribution of solar energy to the electrical output. It is only 16% for route

no. 1, the remainder is derived indirectly from the fuel value of the initial reactants, i.e.

from CH4. The solar contribution represents one quarter of the total electrical output

for route no. 3 as a result of the solar input during the solar CH4-cracking and solar C-

gasification processes. The solar contribution for route no. 4 is remarkable: more than

half of the electrical output derives from the solar energy input during the solar CH4-

cracking and the solar ZnO-carbothermic reduction. However, since the energy

1 The stagnation temperature is the highest temperature an ideal blackbody solar cavity-receiver is capable of achieving

when solar energy is being re-radiated as fast as it is absorbed. It is given by (IC/σ)0.25, where I is the normal beam insola-
tion, C is the solar flux concentration ratio and σ is the Stefan-Boltzmann constant.
2 Using the low heating value of CH4, 802 kJ·mol-1
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4.5 Summary and Conclusions
rejected during the exothermic water-splitting reaction (63 kJ·mol-1 H2 produced) is

not recovered there is no difference in the electrical output or in the specific CO2 emis-

sions between routes no. 4 and no. 3. Thus, even though the solar contribution is

higher for route no. 4, from the point of view of CO2 mitigation there is no advantage

of selecting route no. 4 over route no. 3.

All corresponding temperatures for the open-cycle systems are summarized in tab-

ular form in Table 4-5.

4.5 Summary and Conclusions

Four technically feasible routes for extracting work from the chemical products (carbon

and hydrogen) of the solar decomposition of methane are examined. For C=1000 and

using a countercurrent-flow heat exchanger, the exergy efficiency amounts to 30%

when H2 is used in a 70% efficient fuel cell and carbon is sequestered (zero CO2 emis-

sions), and increases to 44% when carbon is further used to fuel a conventional 35%

efficient Rankine cycle. Nevertheless, the latter route does not offer any net gain in

electrical power or net reduction in the CO2 emissions vis-à-vis the direct use of CH4

fueling a 55% efficient combined Brayton-Rankine cycle. Exergy efficiencies are signif-

icantly higher (exceeding 65%) when the carbon is either steam-gasified to syngas in a

Table 4-5: Corresponding temperatures (K) for the open-cycle systems (see Table 4-4)

Route no. 1 & 2 Route no. 3 Route no. 4

Heat exchanger

None Countercurrent None Countercurrent None Countercurrent

T1=298 T7=1500 T13=1500

T2=298 T2=1350 T8=1500 T8=767 T14=1500 T14=920

T3=1500 T9=298 T15=298

T4=1500 T4=705 T10=298 T10=400 T16=298 T16=895

T5=298 T11=298 T17=298

T6=298 T12=373 T18=373
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4 Thermodynamics
solar gasification process and the syngas further processed to H2, or used as a reducing

agent of ZnO in a solar carbothermic process for producing Zn and CO that are fur-

ther converted via water-splitting and water-shifting to H2. Any of these two alterna-

tive solar routes yield 2 additional moles of H2 per mole C(gr) and offer a net gain of

40% in the electrical output and, consequently, an equal percent reduction in the cor-

responding specific CO2 emissions.

The thermodynamic considerations above show that the solar thermal decomposi-

tion of natural gas is worth investigation in the field of decarbonization of fossil fuels

and in the chemical storage of solar energy.
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5Solar Reactor and Experimental Set-up

5.1 Introduction

This chapter gives a detailed description of the solar reactor technology and of the

experimental set-up which were used to conduct the solar experiments. The experimen-

tal results are presented in the subsequent chapter.

5.2 Solar Reactor

The reactor configuration is pictured in Figure 5-1 and a technical drawing is shown in

Figure 5-2. It consists of an insulated cylindrical cavity that contains a windowed open-

ing, the aperture, through which concentrated solar radiation enters the reactor. Car-

bon particles, conveyed in a flow of CH4, are injected into the reactor’s cavity via a tan-

gential inlet port (tube inner diameter: 10 mm) located at the front of the cavity,

behind the aperture. The gas-particle stream forms a vortex flow that progresses

towards the rear along a helical path. The chemical products continuously exit the cav-

ity via a tangential outlet port located at the rear of the cavity. With this arrangement

the C(gr)-particles are directly exposed to the high-flux irradiation providing efficient

radiation heat transfer directly to the reaction site. Thus, the C(gr) particles serve

simultaneously as efficient radiant absorbers and as nucleation sites for the heteroge-

neous decomposition reaction. Radiation entering the cavity undergoes multiple scat-

tering among particles and multiple reflections within the cavity walls until it is

absorbed either by the particles or by the cavity walls, or eventually escapes through the

aperture. Other mechanisms of heat transfer to the reacting flow include infrared radia-

tion by the hot particles and cavity walls, forced convection between the gas stream and
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the cavity walls and between the gas stream and the C(gr)-particles, and conduction to

C(gr)-particles that are swept across the hot reactor walls. Some portion of IR radiation

emitted by the hot cavity walls and by the hot particles is also absorbed directly by

CH4. According to Wien’s displacement law, the temperatures corresponding to maxi-

mum emission of radiation at the absorption bands of CH4 in the infrared spectrum,

namely 2.37 µm, 3.31 µm, and 7.65 µm, are 1223 K, 875 K and 379 K, respectively

[73]. Since the nominal reactor temperature ranges from 1000 to 1600 K, IR radiation

emitted by the hot cavity walls is absorbed by CH4 near the 2.37 µm absorption band.

Energy absorbed by the reactants is used to raise their temperature to above 1500 K

and to drive the decomposition reaction. This reactor concept was applied successfully

for the solar combined ZnO-reduction and CH4-reforming [83]. Vortex and cyclone

reactors proved to be efficient devices for the transfer of heat to flows laden with parti-

cles ([6], [90]).

Fig. 5-1: Schematic configuration of the solar chemical reactor for the thermal decomposition of
CH4, featuring a vortex flow of CH4 confined to a cavity-receiver and laden with carbon
particles that serve as radiant absorbers and nucleation sites for the heterogeneous decom-
position reaction (CPC: optional compound parabolic concentrator).
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5.2 Solar Reactor
The reactor concept described above was realized in a 5 kW prototype. The cavity body

is a 10 cm diameter, 20 cm length cylinder made of heat-resistant steel alloy (mp=1670

K) with a 6 cm diameter aperture. In front of the aperture, the cavity-receiver is

equipped with a diverging conical copper funnel so that the window can be mounted 8

cm in front of the focal plane, where the radiation intensity is about 10 times smaller

and dust deposition is unlikely to occur. The window is a 24 cm diameter, 0.3 cm thick

clear fused quartz disc, mounted in a water-cooled copper ring that also serves as a

shield for spilled radiation. The transmissivity of the window is 0.94 in the 0.26-3.6

µm wavelength range but drops to 0.20 in the 2.5-3.6 µm range. Thus, a substantial

fraction of the infrared radiation emitted by the reactor may be absorbed. The quartz

window is mounted in a water-cooled copper ring, which serves as a shield for spilled

radiation, and kept clear of particles by means of several auxiliary gas flows injected

tangentially and radially at the window (tube inner diameter: 4 mm) and aperture

plane (split width: <1 mm). Optionally, a compound parabolic concentrator (CPC,

[101]) can be incorporated into the reactor’s aperture to augment the flux concentra-

Fig. 5-2: Technical drawing of the solar reactor (“SynMet 97”).
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5 Solar Reactor and Experimental Set-up
tion. Thus, for a given input power, the size of the aperture can be reduced and, conse-

quently, re-radiation losses can be reduced proportionally. Conduction heat losses are

minimized by lining the cavity with 96% Al2O3 - 4% SiO2 ceramic thermal insulation.

When operation under indirect heating is desired, a cylindrical graphite cavity can be

incorporated co-axially inside the reactor cavity. This nearly blackbody cavity effi-

ciently absorbs concentrated solar radiation, reaches elevated temperatures (resistant to

temperatures over 2000 K) and further emits radiation through its walls into the reac-

tor chamber.

The cavity-type geometry of the reactor is designed to effectively capture incident solar

radiation. Because of multiple internal reflections the fraction of the incoming energy

absorbed by the cavity exceeds the surface absorptance of the inner walls. Such an

effect, called the cavity effect, can be expressed by the apparent absorptance αapp,

defined as the fraction of energy flux, emitted by a blackbody surface stretched across

the cavity aperture, which is absorbed by the cavity walls (ε app is the corresponding

fraction emitted through the aperture). The larger the ratio of cavity diameter or depth

to aperture diameter, the closer the cavity-receiver approaches a blackbody absorber.

For a cylindrical cavity, with a ratio of cavity diameter to aperture diameter equal to 1.7

and a ratio of cavity depth to aperture diameter equal to 2, the apparent absorptance is

greater than 0.98 for surface absorptivity greater than 0.5. The total absorptivity of

steel with a rough oxide layer is estimated to be 0.8 [72].

The absorption efficiency of a perfectly insulated windowed cavity-receiver is given

by [79]:

(5.1)

where qin is the total power coming from the concentrator, qap is the amount inter-

cepted by the aperture, rap is the radius of the circular aperture, and T is the nominal

cavity temperature. The energy entering through the aperture, qap, can be expressed by

the mean flux concentration ratio  within the aperture with radius rap and I as the

beam normal insolation as qap= r2
apI . Therefore, the maximization of the absorp-

tion efficiency ηabsorption is a compromise between maximum energy capture (larger

aperture radius) and minimum re-radiation loss (smaller aperture radius).

η absorption

αappqap ε appπrap
2 σT4–

qin

-------------------------------------------------------=

C̃

π C̃
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5.2 Solar Reactor
Maximizing Eq. 5.1 leads to the following relation for the calculation of the optimum

aperture radius [79]:

(5.2)

where µ is the standard deviation of an assumed Gaussian flux-density distribution

with the maximum Fpeak. It is appropriate to assume a Gaussian distribution for PSI’s

solar furnace ([79], [83]). Similarly, the aperture radius is calculated in order to inter-

cept a desired amount of solar power:

(5.3)

Figure 5-3a shows the optimum aperture radius of a cavity receiver as a function of

temperature calculated with Eq. 5.2, and Figure 5-3b shows the aperture radius as a

function of the desired amount of solar power intercepted by the aperture calculated

with Eq. 5.3. The parameter is the peak flux density; Fpeak=2000, 2500, 3000 kW·m-2.

µ is assumed 2.5 cm. For example, for 1500 K, the optimum aperture radius ranges

between 4.9 and 5.4 cm for a peak flux density varying from 3000 to 2000 kW·m-2. A

5 cm aperture will intercept 6.7, 8.5, and 10.2 kW for a peak flux density of 2000,

2500, and 3000 kW·m-2, respectively.

Fig. 5-3: (a) Optimum aperture radius of a cavity receiver as a function of temperature, and (b) Ap-
erture radius as a function of the desired amount of solar power intercepted by the aperture
(qap). The curves indicate different maximum flux-densities (Fpeak). µ is assumed 2.5 cm.
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5 Solar Reactor and Experimental Set-up
5.3 Experimental Set-up

5.3.1 Reactor Configurations

The different reactor configurations are summarized in Table 5-1. The key data of the

corresponding carbon types are listed in Table 5-2.

The complete experimental set-up (shown below) is the same for all reactor config-

urations (Table 5-1), except that the reactor was either mounted horizontally or verti-

cally. Furthermore, the carbon feeder for configuration 1 was of a spiral-type instead of

pre-mix. In configuration 3, a heat-resistant graphite cylinder (inner diameter: 4 cm,

length: 18 cm) was applied protecting the steel-alloy from elevated temperatures. The

nozzles were placed regularly and alternately 2 cm below the quartz window. The spi-

ral-type feeder’s benefit was a storage tank filled with a large amount of carbon suffi-

cient for a longer experimental period. In contrast, the pre-mix feeder achieved a much

better particle-gas mixture, while the spiral-type caused significant deposition of car-

bon in the cavity.

In configuration 1, the cavity temperature was measured by a solar-blind pyrome-

ter. In configurations without graphite cylinder, temperatures were measured by ther-

mocouples at the outer wall of the steel-alloy cavity in three planes (Tfront, Tmiddle and

Trear) along the reactor axis. Additionally, one thermocouple was placed in the cavity

close to the aperture (Ttop) and one in the bottom of the cavity (Tbottom), both measur-

ing the temperature of the gas-particle stream. In configurations with graphite cylinder

another thermocouple was positioned at the outside wall of this cylinder (Tcavity wall)

close to the aperture.

5.3.2 Complete Set-up

The complete experimental set-up is depicted in Figure 5-4 with the reactor positioned

horizontally and on-axis with the solar concentrator. A similar set-up is used for the

ETH’s solar simulator, except for the reactor that is positioned vertically and facing up

to capture the beam-down radiation source. The reactor is solar heated to the desired

temperature under a flow of inert gas (Ar or N2), and subjected to the reacting flow

under isothermal conditions and at slightly above atmospheric pressure. CH4 and

C-particles are pre-mixed prior to entering the reactor through a tangential inlet port
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5.3 Experimental Set-up
but separate axial feeding of C-particles coupled to pulsed CH4 tangential flow is also

possible. Qualitative flow pattern visualization revealed the formation of a stable and

dense swirling particle cloud that absorbs the incoming high-flux solar irradiation effi-

ciently and further shields the reactor walls. After exiting the reactor, the products flow

through a water-cooled Pyrex tube and the solid products are collected in filters. Tests

were conducted with four different experimental configurations, as specified above.

A photograph of a complete set-up at ETH is shown in Figure 5-5 (configuration 2).

Figure 5-6 shows a photograph of a set-up at PSI (configuration 4).

Table 5-1: Experimental reactor configurations

Configuration 1 2 3a/3b 4

Radiation source Solar furnace Solar simulator Solar simulator Solar furnace

Mounting Horizontal Vertical Vertical Horizontal

Graphite inner cavity No No No/Yes Yes

Inlet port Rear Rear Front Front

Methane feeding With pulses Continuous Continuous Continuous

Auxiliary gas nozzle(s) 4 tangential 1 tangential 2 tangential
+ 2 radial

2 tangential
+ 2 radial

Carbon type 1 2 2 2

Carbon feeder Spiral-type Pre-mix Pre-mix Pre-mix

Table 5-2: Used carbon types in solar experiments.

Carbon type 1 2

Article number Fluka, 03866 Fluka, 01520

Specific BET-areaa (m2·g-1) 180 900

Mean particle size (µm) 15 10

Particle size distribution (µm) ≤53 (90%) ≤40 (75%)

Carbon content (%) 79.5 Purum

Ash content (%) 5 5

Water content (%) 6 5
a Brunauer-Emmet-Teller method
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5 Solar Reactor and Experimental Set-up
Fig. 5-4: Scheme of the experimental set-up: FC: Gas flow controller, GC: Gas chromatograph, T:
Indicated temperature, P: Pressure control, M: Electric motor of particle feeder. The par-
abolic concentrator stands either for the solar furnace or the solar simulator.

Fig. 5-5: Experimental set-up of the solar reactor at the ETH’s solar simulator (configuration 2).
The solar simulator is not in operation at this moment.
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5.4 Concentrated Radiation Testing Facilities

5.4.1 Solar Furnace at PSI

Figure 5-7 shows a photograph of the high-flux solar furnace at PSI. A detailed descrip-

tion of the solar furnace was published in [29]. The principle of the solar furnace is

shown in Figure 5-8. The solar furnace is a two-stage concentrator. The first is a

heliostat of 120 m2 area which tracks the sun in 2 axes and has 34 m focal length. The

second is a stationary parabolic dish 8.5 m in diameter with a 5.13 m focal length. The

solar furnace delivers up to 45 kW power with peak concentration ratios over 5000

suns. A Venetian blind-type shutter allows control over the amount of incoming flux

from the heliostat incident on the concentrating parabolic mirror. Typical solar flux

contours are shown on the left side of Figure 5-9. The right side of Figure 5-9 shows

power and mean concentration ratio through a circular aperture as a function of its

diameter (calculated by numerical integration of the power flux intensities), when the

aperture is positioned at the focal plane with its center at the point of maximum flux

concentration.

Fig. 5-6: Solar reactor in operation at PSI’s solar furnace (configuration 4).
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5 Solar Reactor and Experimental Set-up
Fig. 5-7: The high-flux solar furnace at PSI.

Fig. 5-8: Schematic of the PSI solar furnace (dimensions are not to scale). It is a two-stage concen-
trating system consisting of a sun-tracking heliostat and a stationary parabolic mirror de-
livering up to 45 kW with peak concentration ratios exceeding 5000 suns.
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5.4 Concentrated Radiation Testing Facilities
5.4.2 Solar Simulator at ETH

The ETH’s solar simulator, shown in Figure 5-10, provides a rapid external source of

intense thermal radiation that approaches the heat transfer characteristics of highly

concentrating solar systems. The light source is a high-pressure (7 bar) argon arc

enclosed in a clear quartz envelope of 27 mm diameter, 1.5 mm thickness and 200 mm

length. Maximum electrical power input to the tungsten-made arc electrodes is,

according to specifications, 200 kW DC under a maximum electrical current of 700 A.

The arc envelope is internally cooled by using a swirling film of de-ionized water that

rapidly flows between the plasma arc and the clear quartz lamp tube, as shown sche-

matically in Figure 5-11.

The arc produces radiation at visible wavelengths with additional power in the near

infrared and ultraviolet regions of the spectrum. Figure 5-12 shows the spectral distri-

bution of emitted radiation. Optical filters can be applied to the tubular quartz enve-

Fig. 5-9: Left: Measured solar concentration ratios at the focal plane of PSI's solar furnace.
Right: Power and mean concentration ratio through a circular aperture as a function of its
diameter (calculated by numerical integration of the power flux intensities), when the ap-
erture is positioned at the focal plane with its center at the point of maximum flux con-
centration [29].

0

5

10

15

20

25

30

1000

P
ow

er
  (

kW
)

M
ean concentration ratio

2000

3000

4000

5000

6000

0 2 4
Aperture diameter  (cm)

6 8 10 12 14

Y-
ax

is
 (

cm
)

X-axis (cm)

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9

500

1000

1500

2000

2500

3000

4000

5000

5500

1500
1000

3500

4500
51



5 Solar Reactor and Experimental Set-up
lope for adjusting the spectral distribution but at the expense of losing radiative power.

The system was manufactured by Vortek Industries Ltd. in Canada.

Fig. 5-10: The high-flux solar simulator at ETH. The argon arc lamp is enclosed by an elliptical mir-
ror that redirects the radiant power into the target.

Fig. 5-11: Schematic representation of the high-pressure argon arc configuration showing the swirl-
ing water flow for internal cooling of the quartz envelope [95].
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5.4 Concentrated Radiation Testing Facilities
The light source is close-coupled to precise optical reflectors to produce an intense

beam of concentrated radiant energy. The focusing mirrors are horizontal-axis troughs

of elliptical cross-section, with a vertical major axis and are positioned with one of the

linear foci coinciding with the arc as shown in Figure 5-13. The focal plane of the solar

simulator is thus defined as the horizontal plane perpendicular to the ellipse’s major

axis containing the second linear focus. The elliptical mirrors are truncated 9.2 cm

above the focal plane to permit external access, so that the reflected beam-down radia-

tion is confined within an angular range of half-angle 45 deg. With this arrangement it

is possible at the focal plane to achieve power flux intensities equivalent to the solar

concentration ratios of 5000 suns. Power, power flux intensities and temperatures can

be adjusted to meet the specific requirements of the application by varying the position

of the test target along the ellipse’s major axis or by varying the electrical input power to

the arc electrodes. When a 3D-CPC is positioned with its circular entrance at the focal

plane, the mean power flux intercepted by its entrance is further augmented by a factor

of about ρ /sin2 Φ, depending on the rejected skew rays, where ρ is the CPC’s total

specular reflectivity and Φ its half-acceptance angle [101]. However, due to the

non-uniform directional distribution of incoming rays from the primary elliptical mir-

Fig. 5-12: Spectral distribution of radiant energy emitted by the argon arc lamp [95].
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5 Solar Reactor and Experimental Set-up
rors, the exact final concentration at each location of the CPC’s exit can only be pre-

dicted using ray tracing techniques (see chap. 8).

Power flux intensities are measured optically by recording the image of the arc on a

water-cooled plate positioned at the focal plane. Such a plate has been plasma-coated

with Al2O3, so that it reflects diffusely and closely approaches a Lambertian target. A

10-bit digital CCD camera is used to record the arc image and is calibrated with an

absolute point Kendall radiometer. The accuracy of the flux measurement is ±10%

[71]. Two personal computers take charge of the main control system, the data acquisi-

tion and the flux measurement system.

The variation of the peak power flux intercepted at the focal plane as a function of

the arc electrical current is shown in Figure 5-14. All graph points are measured data,

except the one at 700 A (maximum allowable electrical current), which is the result of

extrapolation. Radiation flux intensities greater than 4250 kW·m-2 can be obtained for

arc currents above 600 A. Such high radiation fluxes correspond to stagnation tempera-

tures (see footnote on page 38) exceeding 2900 K. Furthermore, using a tandem CPC

with half-acceptance angle of 45 deg and specular reflectivity of 95%, the mean power

flux at its exit can be increased by 30% for the 2D-CPC, and by approximately 90%

Fig. 5-13: Optical configuration of the elliptical-through reflector and the solar receiver-reactor.
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5.4 Concentrated Radiation Testing Facilities
for the 3D-CPC. Rays exiting a 3D-CPC have directions confined to a semi-sphere.

Both the 2D-CPC and 3D-CPC types of secondary concentrators are designed and

manufactured as integral components of solar receivers and reactors. The electrical

power input to the arc obtained by multiplying measured current and voltage is plotted

in Figure 5-14 as well. Although not measured, it is estimated that about 50% of the

input electrical power is converted to emitted radiation, the remainder being heat loss

is removed by active cooling. The power flux distribution at the focal plane corre-

sponding to 500 A is shown as a 3D-surface plot in Figure 5-15. Noticeable is the

trough-type power flux distribution as expected for the elliptical-through geometry of

the focusing mirrors. The thickness of the hot spot, i.e. the band region of high power

flux, is about 15 mm. Within this band the power flux is rather uniform (±8%) but it

decreases rapidly outside this band. Along the arc direction, the power flux is uniform

within 100 mm. For applications using cavity-type receivers the non-uniformity of the

incident power flux distribution over the aperture should not significantly affect the

net power flux distributions across the inner cavity walls because of multiple internal

reflections, absorptions and re-emissions under radiative equilibrium. As expected, flux

intensities decrease as the target is moved away from the focal plane. For example, for

Fig. 5-14: Variation of the peak power flux at the focal plane and the electrical power input to the
arc as a function of the arc electrical current.
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5 Solar Reactor and Experimental Set-up
an arc current of 300 A, the peak power flux decreases 10% at parallel planes ±1 cm

from the focal plane.

Figure 5-16 shows the radiative power intercepted by a circular target as a function

of its diameter, calculated by numerical integration of the measured power fluxes over

the target’s area, when the target is positioned at the focal plane with its center at the

point of maximum power flux. The mean power flux over the target is also shown in

Figure 5-16. Thus, a target of 1 cm diameter intercepts about 0.25 kW at a mean

power flux of 3190 kW·m-2, while a target of 6 cm diameter intercepts about 6.73 kW

at a mean power flux of 2380 kW·m-2. Compared to the performance of other solar

simulators this one is unique in terms of combined high power and high fluxes deliv-

ered to a target and approaches the capabilities of existing solar furnaces [74].

Finally, the variation of the power intercepted by a circular target as a function of

the arc electrical current is shown in Figure 5-17 for various target diameters from 1 to

6 cm. This figure, along with Figure 5-16, can be used for selecting the aperture diam-

eter of a cavity-receiver for a given power input. For example, if 5 kW power input is

desired, one could either select an aperture of 6 cm diameter and work at 400 A, or an

aperture of 5 cm diameter and work at 500 A. For a given arc current, larger apertures

Fig. 5-15: Distribution of the power flux measured at the focal plane for an arc electrical current of
500 A. The x-axis is parallel to the arc direction.
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5.4 Concentrated Radiation Testing Facilities
intercept more radiation power, but they also re-radiate more energy when operating at

high temperatures. Therefore, the optimum aperture size for energy efficient applica-

Fig. 5-16: Radiative power and mean power flux intercepted by a circular target as a function of its
diameter for an electrical current of 500 A (calculated by numerical integration of the mea-
sured power fluxes over the target’s area). The circular target is positioned at the focal
plane with its center at the point of maximum power flux.

Fig. 5-17: Variation of the radiative power intercepted by a circular target as a function of the arc
electrical current.
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5 Solar Reactor and Experimental Set-up
tions results from a compromise between maximizing radiation capture and minimiz-

ing re-radiation losses [79].

5.5 Measurement and Analytical Techniques

5.5.1 Radiation Power

Solar Furnace at PSI - Power flux intensities in the solar furnace are measured optically

by recording the image of the sun on an Al2O3-coated and water-cooled Lambertian

target with a calibrated charge-coupled device (CCD camera). With this measurement

the peak flux concentration, and the total amount of power through the aperture with

a known diameter, are obtained. The CCD camera is also used to continuously moni-

tor the position of the reactor relative to the flux map in order to intercept the regions

of maximum flux intensity by the solar reactor’s aperture.

Solar Simulator at ETH - The functionality and the key data of the solar simulator at

ETH are described in detail in chap. 5.4.2.

5.5.2 Temperatures and Pressure

Temperatures inside the reactor and in the outlet stream were measured by Type K

thermocouples (Ni-Cr/Ni-Al, measurement range: 173-1643 K, accuracy: ± 0.6 K).

Thermocouples were placed in three planes (at four positions) along the reactor axis on

the outer cavity wall. Further thermocouples of type K were used to measure the gas

temperature inside the cavity and in the outlet stream. Additionally, the nominal cavity

temperature was measured with a solar-blind pyrometer developed by IMPAC [93]

(only at PSI due to optical constraints at ETH). This pyrometer is not affected by the

reflected solar irradiation because it measures in a narrow wavelength interval around

the 1.4 µm wavelength where solar irradiation is mostly absorbed by the atmosphere.

The pressure inside the reactor was monitored and restricted by a pressure safety

valve. The pressure rose slightly with increasing gas flows. At typical experimental con-

ditions the excess pressure was about 30 to 60 mbar.
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5.5.3 Gas Flows

The gas flows were measured and controlled with analog flow controllers (Bronkhorst,

calibrated on air, accuracy: ± 1%).

5.5.4 Gas Chromatography (GC)

The gaseous products were analyzed online by gas chromatography. A high speed micro

GC G2890A by Agilent Technologies equipped with molecular sieve 5A and HaySep A

capillary columns was used. One run with the GC lasted about 90 seconds.

5.5.5 Scanning Electron Microscopy (SEM)

Representative solid product samples collected in the reactor, in the cooler and in the

filter down-stream of the reactor were examined by scanning electron microscopy.
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6Solar Experiments

6.1 Introduction

In this chapter the results of the solar experiments conducted with the experimental set-

ups described in the previous chapter are presented.

The solar experiments are subdivided in four “campaigns” which can be distin-

guished by the different reactor configurations described in chap. 5.3.1. Therefore, the

results of the solar experiments are presented according to the reactor configuration (1-

4). Campaign 1 consisted of only 1 experiment, the results of which are presented in

chap. 6.4.1. Campaign 2 was conducted principally for the purpose of determining the

kinetic parameters, and consisted of 13 experimental runs. The evaluation and inter-

pretation of the results regarding the kinetics are presented separately in chap. 7. The

goal of campaign 3, which included 10 experimental runs, was to optimize the reactor

configuration and to find the best experimental parameters (results in chap. 6.4.3).

Campaign 4, which consisted of 6 experimental runs, was conducted to find out more

about how important the mounting (vertically or horizontally) of the solar reactor is

(results in chap. 6.4.4). The experimental parameters and the corresponding results of

all campaigns are summarized in Table 6-1. Determining the experimental perfor-

mance the following figures have been calculated:

(6.1)

(6.2)

(6.3)

CH4-conversion 1
n· CH4,output

n· CH4,input

-------------------------–
⎝ ⎠
⎜ ⎟
⎛ ⎞

100%⋅=

Thermal efficiency
∆Hreac ts atan t 298 K  products at Treactor→

Solar power input
--------------------------------------------------------------------------------------- 100%⋅=

Thermal efficiency,

including sensible heat

∆Hinput at 298 K  output at Treactor→

Solar power input
------------------------------------------------------------------------ 100%⋅=



6 Solar Experiments
Eq. 6.1 calculates the CH4-conversion as 1 minus the ratio of the molar CH4 flow

in the output to the molar CH4 flow in the input. The thermal efficiency, which

accounts exclusively for the heating of the reactants (CH4) to the reactor temperature

plus the energy consumption by the chemical reaction, is calculated using Eq. 6.2.

Finally, Eq. 6.3 calculates the thermal efficiency, which includes the sensible heat added

by heating up the inert gas stream. The sensible heat is defined as the heat energy

stored in a substance as a result of an increase in its temperature

6.2 Experimental Procedure

The experimental procedure consisted of the following steps:

1. Solar flux measurement (only solar furnace)

2. Prepare experimental set-up (fill up particles reservoir)

3. Set particle feeding rate

4. Set solar furnace/simulator ready (tracking heliostat)

5. Turn on argon and methane

6. Turn on water cooling

7. Find focus of solar furnace on water-cooled target

8. Determine optically power and power fluxes

9. Bring solar reactor to focus

10. Start data acquisition (temperatures, mass flow rates, pressure)

11. Start sampling by gas chromatograph (check initial concentrations

12. Open shutter (solar furnace)/turn on solar simulator

13. Heat up solar reactor with appropriate solar power

14. Start particles feeding

15. Reach approximate steady-state conditions

16. Close shutter (solar furnace)/turn off solar simulator

17. Stop particles feeding

18. Switch off heliostat tracking system/switch off solar simulator

19. Stop data acquisition

20. Turn off methane

21. Place reactor into starting position
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6.3 Experimental Results
22. Let reactor cool down

23. Determine mass balance

24. Analyze solid products by SEM/TEM

25. Turn off argon

26. Turn off water cooling

6.3 Experimental Results

The experimental results of all four campaigns are shown in Tables 6-1 and 6-2.

Indicated are:

1. Argon flow at aperture (lN·min-1)

2. Argon flow at tangential nozzle (lN·min-1)

3. Conveying methane flow (lN·min-1)

4. Conveying argon flow (lN·min-1)

5. Total methane concentration (%)

6. Particle mass flow (g·min-1)

7. Solar power input (kW)

8. Mean flux intensity (kW·m-2)

9. Duration of particle feeding (min)

10. Temperature in outlet stream Toutput (K)

11. Reactor temperature Treactor (K)

12. Reactor residence time (s)

13. CH4-conversion (%)

14. Hydrogen production rate (lN·min-1)

15. Thermal efficiency (%)

16. Thermal efficiency, including sensible heat (%)

The progression of measured temperatures and of the chemical conversion for a typical

experiment is shown in chap. 6.4.2
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Table 6-1: Experimental parameters and results for campaign 1 and 2 (the campaigns are sorted first by increasing solar power and second by

9 10 11 12 13 14

13.0 13.1 13.0 13.0 12.9 13.2

2.2 2.2 2.2 2.2 2.4 2.2

3.2 2.6 2.6 1.9a 1.6 2.7

0.0 0.0 0.8 0.0 1.0 0.0

17.4 14.5 14.0 1.2 9.0 14.9

1.9 2.1 2.1 2.1 2.3 2.0

3.8 3.8 3.8 3.8 3.8 4.0

— — — — — —

15 18 13 11 9 10

922 979 911 929 897 985

1059 1020 1035 1071 1000 1044

9.1 9.4 9.0 10.9 9.4 9.3

34.1 18.5 9.6 42.3 9.4 31.4

2.18 0.96 0.50 0.16 0.30 1.70

4.6 2.9 2.6 0.3 1.5 3.5

9.3 7.3 7.3 5.6 6.1 7.9
increasing particle mass flow).

Configuration/Campaign 1 2

Experiment number 1 2 3 4 5 6 7 8

Ar flow at aperture (lN·min-1) 0.0 13.2 13.0 13.0 13.0 13.0 13.0 13.2

Ar flow at tangential nozzle (lN·min-1) 10.0 2.1 1.9 2.2 2.2 2.2 2.2 2.2

Conveying CH4 flow (lN·min-1) 1.4 2.6 2.0 1.3 3.0 3.2 2.0a 1.6

Conveying Ar flow (lN·min-1) 0.0 0.0 0.3 1.9 0.5 0.0 0.0 0.9

Total CH4 concentration (%) 11.1 14.5 11.6 7.1 16.0 17.4 1.3 8.9

Particle mass flow (g·min-1) 4.0 2.1 1.2 1.3 1.7 1.8 1.8 1.9

Solar power input (kW) 5.7 3.5 3.8 3.8 3.8 3.8 3.8 3.8

Mean flux intensity (kW·m-2) 2840 — — — — — — —

Particle feeding active (min) 23 17 10 12 15 11 11 10

Toutput (K) 1197 849 872 904 883 1018 922 888

Treactor (K)b 1601 1031 1011 1049 1021 1052 1081 1017

Residence time (s) 10.0 9.4 9.8 9.1 9.0 9.1 10.9 9.4

CH4-conversion (%) 67.0 9.1 31.7 29.3 30.4 33.6 45.5 8.9

H2 production rate (lN·min-1) 1.96 0.47 1.27 0.76 1.82 2.15 0.18 0.28

Thermal efficiency (%) 2.7 2.7 2.7 1.8 4.0 4.6 0.3 1.5
Thermal efficiency,
including sensible heat (%) 13.3 7.6 7.0 6.9 8.4 9.2 5.7 6.2

a Only 10% methane in argon
b Cavity temperature, indicated either by solar-blind, front or top
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Table 6-2: Experimental parameters and results for campaign 3 and 4 (the campaigns are sorted first by increasing solar power and second by

4

4 25 26 27 28 29 30

.0 0.0 12.0 0.0 13.0 13.0 13.0

.0 12.0 0.0 12.0 0.0 0.0 0.0

.0 2.0 2.0 2.0 2.0 2.0 2.0

.0 2.0 2.0 2.0 2.0 2.0 2.0

.0 3.0 3.0 3.0 3.0 3.0 3.0

.8 15.8 78.9 15.8 80.0 80.0 80.0

.7 1.1 1.6 2.0 1.9 2.2 1.6

.4 4.5 5.0 5.1 5.4 6.0 6.6

3763 2342 2725 2559 3000 3536

3 12 5 7 6 6 3

17 944 917 859 995 958 953

64 1354 1294 1372 1227 1172 1192

.8 7.3 7.3 7.3 6.9 6.9 6.9

.7 2.7 6.8 44.1 13.7 16.4 9.3

54 0.16 2.03 2.65 4.37 5.24 2.98

.6 3.5 15.1 4.7 15.2 13.2 11.1

.4 9.2 16.2 9.8 16.2 14.0 11.9
increasing particle mass flow).

Configuration/Campaign 3a 3b

Experiment number 15 16 17 18 19 20 21 22 23 2

CH4 flow at aperture (lN·min-1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0

Ar flow at aperture (lN·min-1) 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20

Ar flow at radial nozzle (lN·min-1) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4

Ar flow at tangential nozzle (lN·min-1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1

Conveying CH4 flow (lN·min-1) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4

Total CH4 concentration (%) 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13

Particle mass flow (g·min-1) 2.0 1.4 1.2 1.9 1.2 2.1 1.9 2.2 1.3 1

Solar power input (kW) 3.5 3.8 4.1 4.1 4.8 4.8 5.4 4.8 5.4 5

Mean flux intensity (kW·m-2) — — — — — — — — — —

Particle feeding active (min) 9 13 10 9 10 11 10 7 3

Toutput (K) 945 953 1017 980 1041 1067 1091 1058 1034 10

Treactor (K)a 847 871 957 886 976 1017 1054 1217 1220 12

Residence time (s) 5.8 5.8 5.8 5.8 5.8 5.8 5.8 4.8 4.8 4

CH4-conversion (%) 0.4 0.6 2.4 1.0 3.0 6.5 9.4 10.1 9.2 6

H2 production rate (lN·min-1) 0.03 0.05 0.19 0.08 0.24 0.52 0.75 0.81 0.74 0.

Thermal efficiency (%) 2.4 2.7 2.7 2.3 2.25 2.9 2.8 4.0 3.5 3
Thermal efficiency,
including sensible heat (%) 8.4 8.1 8.8 7.7 7.9 8.3 8.2 11.4 10.0 10

a Cavity temperature, indicated either by solar-blind or front.



6 Solar Experiments
Figure 6-1 shows the chemical conversion as a function of the nominal reactor temper-

ature for all 4 campaigns.

6.4 Some Remarks About the Different Experimental Campaigns

6.4.1 Campaign 1

The experiment in campaign 1 was a test run and was conducted with the new SynMet

reactor which was equipped with a spiral-type particle feeder instead of a pre-mix

feeder. The new SynMet reactor has a similar geometry and is constructed of materials

with better heat resistance. It is described in details by Kraeupl et al. ([38], [39]). The

reactants were fed with pulses at the rear of the reactor, while the window was kept

clean by an auxiliary inert gas stream injected through four tangential nozzles. The fed

particles were of type 1 and the solar reactor was mounted horizontally in the solar fur-

nace at PSI (see Table 5-1).

Fig. 6-1: Chemical conversion as a function of the reactor temperature of all 4 campaigns.
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6.4 Some Remarks About the Different Experimental Campaigns
Figure 6-2 shows the nominal reactor temperature, the outlet gas temperature, and

the degree of chemical conversion measured during the solar run #1 (see Table 6-1).

The experiment was divided in four phases: 1) C-particles feeding active in the time

interval 0-9 min.; 2) C-particles feeding stopped in the time interval 9-29 min.; 3) C-

particles feeding active in the interval 29-43 min.; and 4) methane pulse doubled in the

interval 43-53 minutes. A portion of the C-particles that deposited inside the cavity

during phase 1 was used up during phase 2. Nevertheless, there is an evident positive

effect of the C-particles feeding on the degree of chemical conversion. It reaches 64%

during the first phase, decreases to 50% during phase 2, increasing again up to 67% as

soon as fresh C-particles are fed. The drop during phase 4 is due to excess CH4. The

temperature, and consequently, the chemical conversion increase when C-particles are

fed and decrease when the feeding is stopped. Due to sedimentation, it is likely that C-

particles were always present to some degree even during periods of no active feeding.

Fig. 6-2: Progression of temperatures and chemical conversion during experiment #1 (Table 6-1).
The grayish zones mark the periods when the particle feeding was active.
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6 Solar Experiments
6.4.2 Campaign 2

Campaign 2 was conducted in the solar simulator at ETH with a set-up where the reac-

tor is mounted vertically. The reactants were introduced pre-mixed with particles of

type 2 tangentially at the rear of the reactor. The auxiliary gas was fed through one tan-

gential nozzle close to the quartz window (see Table 5-1).

The progression of several measured temperatures and of the chemical conversion

for a typical experiment is illustrated in Figure 6-3. Above all, the fluctuating tempera-

ture in the gas output stream has to be pointed out. These fluctuations were caused by

instabilities in the particle conveyance. The particle feeding was active between the 18th

and the 36th minute of the experiment. However, it was impossible to prevent a small

amount of particles from being conveyed with the gas stream from the beginning. The

effect of the particles is well presented in Figure 6-3 by an increase in temperature in

Fig. 6-3: Progression of temperatures and chemical conversion during experiment #10 (Table 6-1).
Ttop and Tbottom were measured in the in the gas zone within the cavity, whereas Tfront,
Tmiddle and Trear were measured at the back wall of the cavity. The arrow marks the time
when the particle feeding started.
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6.4 Some Remarks About the Different Experimental Campaigns
the gas outlet stream from about 700 K to over 900 K. Furthermore, a kind of shield-

ing effect of the particles to the cavity wall can be observed, which is indicated by the

temperatures measured at the middle, at the rear and in the bottom of the cavity. These

temperatures show a slight decrease in the period when the particle feeding was active.

The degree of chemical conversion shows a rather steep increase with the start of the

particle feeding. Additionally, the progression of the chemical conversion follows the

temperature in the gas outlet stream.

In campaign 2 the effect of temperature, amount of particles and methane concentra-

tion on the chemical conversion was studied. The aim was to examine the kinetics of

the decomposition reaction (see chap. 7) but no attempt was undertaken to maximize

the chemical conversion.

In order to obtain meaningful results in campaign 2, an experimental reactor con-

figuration had to be found which allowed conducting reproducible results with low

error.

The major problem was preventing the quartz window from being covered with

dust (coal particles) which immediately led to damage of the quartz window. Several

attempts were undertaken to extend the duration of an experiment, so that significant

results at approximately steady-state conditions could be obtained. Table 6-3 lists the

parameters, which could be varied easily, whether they had a positive effect on keeping

the quartz window clean and on achieving reasonable reaction temperatures.

Radiation power - The higher the radiation power was, the higher temperatures in

the reactor cavity and in the gas stream were obtained. The quartz window absorbed a

significant part of the re-radiated energy which is why a higher radiation power

Table 6-3: Parameters variation and their qualitative effect on preventing the quartz window from
being covered with dust and on achieving higher temperatures in the gas stream.

Parameter Quartz window Temperature

Increasing solar power input - +

Increasing gas flow + -

Increasing particle mass flow - +
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6 Solar Experiments
increased the risk of the quartz window becoming damaged. Furthermore, when the

quartz window started getting covered with dust, as more energy had to be transmitted

through the quartz window, the more energy was absorbed and the faster the window

started melting.

Gas flow - Originally, the solar reactor used was constructed following CFD studies

of the flow pattern of gas-particles mixtures in the reactor geometry shown in Figure 5-

1. From these studies, a ratio of the gas flow at the tangential nozzle to the gas flow at

the aperture of 3:1, and a ratio of the gas flow at the aperture to the tangential convey-

ing gas flow (inlet) of 1.5:1 were found to be the optimum for keeping the window

clean and clear of particles and condensable gases [83]. In campaign 2, these ratios had

to be switched to about 1:6 and 4:1, respectively. These ratios were found to be optimal

by qualitative observations of the particle cloud in the cavity. Moreover, it was detected

that a better flow pattern was obtained when the tangential nozzle inlet and the tangen-

tial conveying inlet were in opposite directions. When they were in the same direction,

an augmentation of the whirl towards the quartz window was observed. It must be

mentioned that the qualitative observations could only be made with a pre-heated reac-

tor. The flow pattern was not observable in the runs at the solar simulator due to geo-

metrical constraints that hindered optical access. For this reason even if an optimal flow

pattern was found with the pre-heated reactor, the flow pattern may have looked differ-

ent with concentrated radiation entering the reactor.

6.4.3 Campaign 3

In the set-up of campaign 3 the solar simulator at ETH was used to heat up the verti-

cally mounted reactor. The reactants, pre-mixed with particles of type 2, were fed tan-

gentially at the front of the reactor’s cavity. The auxiliary gas was introduced through 2

tangential and 2 radial nozzles close to the quartz window. An open graphite cylinder

was installed for the last 3 experiments of campaign 3 (see Table 5-1).

Campaign 3 could be called the “optimization” campaign. The goal was to reach

higher temperatures in the reactor and in the gas stream and as a consequence a higher

degree of chemical conversion. A graphite cylinder protecting the steel alloy cavity was

introduced in the second part of this campaign with the effect of higher temperatures.

Due to the higher temperatures the problem with keeping the quartz window clean

became more serious in this campaign, which is indicated in Table 6-1 by the time span
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6.4 Some Remarks About the Different Experimental Campaigns
when the particle feeding was active. This time period decreased from over 10 minutes

to just 3 minutes with increasing solar power. In campaign 3 the particle mass flow and

the solar power input were varied to investigate their effect on the temperatures inside

the reactor and on the degree of chemical conversion.

Figure 6-4 shows the effect of the particle mass flow and the solar power on the temper-

ature of the cavity and in the gas outlet stream. It is clear that with increasing solar

power input higher temperatures are obtained in the cavity as well as in the gas outlet

stream. By all accounts, the effect of a larger solar power input on the temperature in

the cavity is more pronounced than the effect on the temperature in the gas outlet

stream. The result of increasing the particle mass flow rate on the temperatures cannot

be unambiguously stated. As mentioned in chap. 6.4.2, the problem with keeping the

quartz window clean became worse as particle mass flow was increased. Together with

higher solar power input, the duration of one experiment was shortened by more than

half. As a consequence the experiments in campaign 3 are only conditionally compara-

Fig. 6-4: Temperatures in the cavity (grey bars) and in the gas outlet stream (black bars) of the ex-
periments in campaign 3 in connection with varying particle mass flow and solar power
(The numbers above the bars indicate the experiment number in Table 6-2).
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6 Solar Experiments
ble. It cannot be stated to what extent a steady-state was reached in any given experi-

ment. Figure 6-5 shows the effect of the particle mass flow and the solar power on the

degree of chemical conversion in the decomposition reaction.

6.4.4 Campaign 4

Campaign 4 was conducted again at PSI with the reactor mounted horizontally. The

open graphite cylinder was installed for the whole campaign. The reactants were pre-

mixed with particles of type 2 and fed tangentially at the front of the reactor’s cavity.

The auxiliary gas was introduced through 2 tangential and 2 radial nozzles close to the

quartz window (see Table 5-1).

Compared to the previous campaigns, the majority of the experiments of

campaign 4 were run with significantly higher concentrations of CH4. As can be seen

in Table 6-2, in an attempt to reach higher temperatures, the period when the particle

feeding was active was decreased from 12 to 3 minutes. During the experiments the

particle cloud was clearly directly observable and through the CCD camera. As consis-

Fig. 6-5: Degree of chemical conversion of the experiments in campaign 3 in connection with vary-
ing particle mass flow and solar power (The numbers above the bars indicate the experi-
ment number in Table 6-2).

 1.2  1.4  1.6  1.8  2.0  2.2  3.4
 4.0

 4.6
 5.2

 0

 2

 4

 6

 8

 10

0
2

4

6

8

10

1617

19

15

18

24

23
21

20

22

C
he

m
ic

al
co

nv
er

sio
n 

(%
)

Particle mass flow (g·min-1) So
lar

 po
wer 

(kW
)

72



6.4 Some Remarks About the Different Experimental Campaigns
tently measured with all experiments of this campaign, the temperature measured at

the graphite cylinder wall increased immediately by about 100 K with the start of the

particle feeding. Obviously, this considerable increase in temperature caused drastic

changes in the flow pattern within the cavity and also within the funnel towards the

quartz window. As a consequence, it was difficult to achieve an experimental duration

which was sufficiently long to reach steady-state conditions.

Figure 6-6 illustrates the progression of temperatures and chemical conversion of

experiment #27 (Table 6-2) which was the most successful experiment of campaign 4

with regards to the degree of chemical conversion. Experiment #27 is only partially

comparable to the experiment #10 (shown in Figure 6-3) although some similarities are

obvious. The temperatures measured close to the aperture (Tfront and Tcavity wall) show a

similar progression in experiment #10 and #27 while the particle feeding is active,

whereas the decrease with the start of the particle feeding is more pronounced in the

experiment #27. Furthermore, both experiments show a prominent increase in the out-

let temperature. It is worth mentioning that the particle feeding was more stable in the

experiment #27 which is indicated by a more steadily increasing temperature than in

Fig. 6-6: Progression of temperatures and chemical conversion during experiment #27 (Table 6-2).
The arrow marks the time when the particle feeding started. The increase of the cavity wall
temperature after 5 minutes resulted from a raise in the solar power input to the reactor.
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6 Solar Experiments
the experiment #10. In both cases, an increase in the temperature of the outlet stream

of about 150 K resulted from the particle feeding although the particles were fed dur-

ing 18 minutes in the experiment #10 and only 7 minutes in the experiment #27. In

contrast, experiment #27 was run with a higher solar power input (5.1 kW) than

experiment #10 (3.8 kW). The higher solar power input further explains the higher

cavity temperature in the experiment #27.

Lower degrees of chemical conversion were measured with an increased CH4 con-

centration (experiments #26 and 28-30) but since the H2 production rate could be

doubled at the same time, higher thermal efficiencies were obtained.

6.5 Scanning Electron Micrographs (SEM)

SEM photos of several samples were taken with a magnification of up to 50,000 (the

corresponding particle size distributions can be found in Figure 6-11). Figure 6-7

shows the SEM photos of particles (type 1, see Table 5-2) fed together with CH4 in the

experiment #1 of Table 6-1. These particles are characterized by their polydispersity

and irregular shape, as observed in the left photo of Figure 6-7, and by their smooth

and flat surfaces, as observed in the right photo of Figure 6-7.

Fig. 6-7: SEM pictures of particles type 1 (see Table 5-2) fed together with CH4 in experiment #1.

1 µm4 µm
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6.5 Scanning Electron Micrographs (SEM)
Figure 6-8 shows SEM photos of a sample of particles taken from the sediment

inside the reactor’s cavity after experiment #1. These sediment particles are larger than

the fed particles as a result of carbon nucleation on their surface. The photo on the left

of Figure 6-8 shows the beginning of the carbon growth process, with the initial incep-

tion of carbon derived from CH4-decomposition on the surface of the fed particles

while the photo on the right of Figure 6-8 shows a more advanced stage of the carbon

growth process with the formation of filaments and whiskers.

Figure 6-9 shows SEM photos of particles collected in the filter downstream. Fila-

ments of about 50 nm diameter and several microns length grown during the cracking

of CH4, were carried by the vortex flow, and finally collected downstream. The fila-

ments are randomly interlaced and, as revealed by transmission electron micrographs

(TEM), solid tubes (non-hollow). Comparison between the left and the right photo in

Figure 6-9 reveals that some carbon particles have more active sites for fiber growth

than others, resulting in numerous but thinner fibers. The filament growth mechanism

appears to be by surface growth: a carbon particle or cluster of about 50 nm diameter

serves as the nucleation site for the next carbon particle or cluster layer of same size.

The fed carbon contains impurities such as metals (<1%) that may catalyze the growth

of filamentous carbon.

Fig. 6-8: SEM photos of particles taken from the sediment inside the reactor after experiment #1 of
Table 6-1. The photo on the left shows the beginning of the carbon growth process, with
the initial inception of carbon derived from CH4-decomposition on the surface of the fed
particles while the photo on the right shows a more advanced stage of the carbon growth
process with the formation of filaments and whiskers.

2 µm1 µm
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6 Solar Experiments
Figure 6-10 shows SEM photos of particles collected in the cooler (left) and in the filter

(right) downstream. These pictures have similarity with those of Figure 6-8, which

show the beginning of the carbon growth process and a more advanced stage of the

growth process with the formation of whiskers.

Fig. 6-9: SEM photos of particles collected in the filter downstream. Filaments of about 50 nm in
diameter and several microns length are randomly interlaced. Comparison between the
photo on the left and the photo on the right reveals that some carbon particles appear to
have more active sites for fiber growth than others, resulting in numerous but thinner fi-
bers. The filament growth mechanism appears to be by surface growth: a carbon particle
or cluster of about 50 nm diameter serves as the nucleation site for the next carbon particle
or cluster layer of same size.

Fig. 6-10: SEM photos of particles collected in the condenser (left) and filter (right) downstream.
These pictures have similarity with the photos in Figure 6-8, which show the beginning
of the carbon growth process and a more advanced stage of the growth process with the
formation of whiskers.

0.2 µm0.2 µm

0.5 µm1 µm
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6.6 Particle Size Distributions
6.6 Particle Size Distributions

The particle size distributions of samples of the fed carbon particles, particles sediment

in the reactor, particles from the cooler, and particles from the filter downstream are

shown in Figure 6-11. 

These distributions support the comments made on the SEM photos. In particular,

the particle size distribution of the particles sediment in the reactor shifted from

smaller diameters of the fed particles (d50=18 µm) to bigger diameters (d50=21 µm).

This corresponds with the assumption that the fed particles have active sites where fila-

ments and whiskers start growing with the run of the decomposition reaction. As a

Fig. 6-11: Particle size and cumulative distributions in µm, for experiment # 1 of Table 6-1: (a) fed
carbon particles type 1 (see Table 5-2) with d50

a=18 µm; (b) particles sediment inside the
reactor with d50=21 µm; (c) particles that remained in the cooler with d50=12 µm; and
(d) particles collected in filter downstream with d50=7 µm.

a d50 is the diameter where 50% of the sample’s particles are smaller than d50 and 50% are bigger than d50.
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6 Solar Experiments
consequence, particles with bigger diameter resulted from this growth process. On the

one hand, bigger particles were found in the samples collected in the cooler, while the

mean (d50) for this sample decreased to 12 µm. On the other hand, more smaller parti-

cles were found in the sample collected in the filter downstream (d50=7 µm). Another

explanation for the different particle size distributions in Figure 6-11 is that a kind of

size separation process presumably occurred with the result that the mean diameter

(d50) decreased from the sample collected in the reactor’s cavity to the sample collected

in the filter.

6.7 Summary and Conclusions

Generally, the quartz window remained clean for a certain amount of time that allowed

data to be collected under approximately steady-state conditions where the nominal

reactor temperature remained constant within 5%. However, true steady-state could

not be claimed in any experiment. Thus, a comparison between particular experiments

is only partially possible.

Regarding the chemical conversion, the best experimental run (run #1) yielded

67%. The maximum temperatures measured by thermocouples in the reactor cavity

and in the outlet stream were 1372 K (run #27) and 1091 K (run #21), respectively.

The highest thermal efficiencies were obtained with methane concentrations up to

80%, and yielded 15.2% without sensible heat and 16.2% accounting for the sensible

heat of the inert gas (run #28). The best hydrogen production rate of 5.24 lN·min-1 was

achieved in run #29.

Particle size distribution measurements indicated a growth process of the particles

by the chemical reaction. SEM analyses showed the formation of nano-filaments and

whiskers, and TEM analyses revealed that these structures were non-hollow.
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7Kinetics1

7.1 Introduction

Studying the kinetics of a chemical reaction is essential in order to find out how basic

parameters, in particular the temperature, influence the reaction rate and as a conse-

quence the system performance as a whole.

This chapter describes the examination of the kinetics of the thermal decomposi-

tion of methane using the solar reactor described in chap. 5.2.

7.1.1 Microscopic Model (Chemical Reaction)

On a microscopic level, the chemical reaction (decomposition of CH4) is assumed to

pass through two steps: (1) an adsorption step, where the CH4 molecules adsorb on the

surface of the carbon particles (k1), and (2) a reaction step, where CH4 decomposes to

H2 and C (k2). The overall reaction mechanism leads to a Langmuir-type relation of

the reaction rate:

(7.1)

With regards to the surface coverage, which is proportional to the gas phase concentra-

tions, two limiting cases are considered: First, the case of low CH4 concentrations

where Eq. 7.1 is approximated as:

(7.2)

1 This chapter contains material obtained within the framework of the Diplomarbeit of Dominic Trommer [83]. The
kinetic study was the result of a joint group effort at the ETH’s Professorship of Renewable Energy Carriers.
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7 Kinetics
Second, the case of high CH4 concentrations where the surface coverage is saturated

and no longer dependent on the gas phase. Thus, Eq. 7.1 is simplified as follows:

(7.3)

The temperature dependence of the rate constant k can be described by the Arrhenius

law:

(7.4)

7.1.2 Macroscopic Model (Chemical Reactor)

On a macroscopic level two models can be applied that represent the limiting cases of a

non-ideal chemical reactor: the mixed flow reactor (MFR) and the plug flow reactor

(PFR) [42].

Mixed flow reactor (MFR) - The MFR model, for which concentration and temper-

ature are assumed to be uniform, can be described by its design equation [42]:

(7.5)

Solving Eq. 7.5 for a 1st-order decay and a volume expansion factor ε  unequal to zero

leads to:

(7.6)

Plug flow reactor (PFR) - The PFR model, for which concentration and temperature are

assumed to vary along the flow, can be described by its design equation [42]:

(7.7)

Solving Eq. 7.7 for a 1st-order decay and a volume expansion factor ε  unequal to zero

leads to:

(7.8)
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7.2 Results
7.2 Results

Figure 7-1 shows the degree of chemical conversion as a function of temperature for

two regimes: (1) Ttop<900 K without carbon feeding and (2) Ttop>900 K with carbon

feeding. Note that it was not possible to reach steady-state temperatures higher than

900 K for the 1st regime due to heat transfer limitations. For the 1st regime only CH4 is

introduced into the reactor. The decomposition reaction takes place at the surface of

the hot cavity walls and a chemical conversion results between 0 and 3.2%. For the 2nd

regime carbon particles are introduced together with CH4 into the reactor. The reac-

tion mainly takes place at the surface of the hot particles and the chemical conversion

increases up to 46% at a temperature of 1040 K. The lines in Figure 7-1 mark the con-

version as a function of temperature for the MFR and PFR model calculated with

Eq. 7.6 and Eq. 7.8, respectively. These applied models show that they are almost iden-

tical in the temperature range of the experiment while they start diverging above a tem-

perature of 1050 K.

The Arrhenius plots for the 1st regime, assuming either a MFR or a PFR model, are

shown in Figure 7-2. Figure 7-3 shows the analogous plots for the 2nd regime. The acti-

vation energy Ea and the frequency factor k0 are determined by linear regression. The

resultant values, for the MFR and the PFR model, are listed in Table 7-1.

The introduction of carbon particles has a substantial effect on the reaction rate

indicated by higher values of the reaction rate constant. The faster reaction is a result of

the larger surface (more reaction sites are available) and of the more efficient radiation

heat transfer to the reaction site. The unexpected lower values of the activation energy

for the 1st regime are attributed in part to the catalytic effect of the metallic reactor

walls. However, since the total available surface area for the 1st regime is significantly

smaller than that for the 2nd regime, the rate constant for the 1st regime is smaller than

for the 2nd regime for T>900 K.

The dependence of the reaction rate on the CH4 concentration is shown in

Figure 7-4. The circles mark the data from separate experiments measured at

Ttop=900 K shortly after the beginning of the particle feeding. The dashed line shows a

fit model calculated according to Eq. 7.1. Noticeable is the linear progression of the fit

model in the range between 0 and 10% CH4 concentration which indicates that the

linear approximation made by Eq. 7.2 is accurate. The agreement between Langmuir

model and measured data is good and within the experimental error (see error bars in
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7 Kinetics
Figure 7-4) caused by unsteady particle loading conditions. The reaction rate tendency

with increasing CH4 concentration indicates a saturation behavior typical for heteroge-

neous surface reactions as a result of limited active sites. With increasing CH4 concen-

tration the reaction rate reaches a maximum value asymptotically.

Fig. 7-1: Chemical conversion as a function of temperature (data from experiments #4, 7 and 12,
see Table 6-1). Two regimes are considered: (1) for Ttop<900 K without carbon feeding
and (2) for Ttop>900 K with carbon feeding. The conversion is also shown as a function
of temperature for the PFR (solid curve) and MFR (dashed curve) model calculated with
Eq. 7.6 and Eq. 7.8, respectively.

Table 7-1: Resultant activation energy Ea and frequency factor k0 for the two experimental re-
gimes. Either a MFR or a PFR model is assumed for a 1st order decay rate law.

Regime Model Ea (kJ·mol-1) k0 (s
-1)

Ttop<900 K, without carbon feeding
MFR 60.5 6.98

PFR 60.3 6.76

Ttop>900 K, with carbon feeding
MFR 162 7.54·106

PFR 147 1.07·106
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7.2 Results
Fig. 7-2: Arrhenius plot for Ttop<900 K without carbon feeding (data from experiments #4, 7 and
12, see Table 6-1). The symbols mark the experimental values and the lines mark the cor-
responding linear regression (R2(MFR)=0.9716, R2(PFR)=0.9716).

Fig. 7-3: Arrhenius plot for Ttop>900 K with carbon feeding (data from experiments #4, 7 and 12,
see Table 6-1). The symbols mark the experimental values and the lines mark the corre-
sponding linear regression (R2(MFR)=0.9265, R2(PFR)=0.9341).
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7 Kinetics
The residence times required for obtaining 50 and 90% conversion are plotted as a

function of temperature, for both PFR (solid curves) and MFR (dashed curves) mod-

els, in Figure 7-5. The residence time decreases logarithmically with temperature. On

the one hand, residence times of at least 1.5 and 7 seconds are required for obtaining

50 and 90% chemical conversion at 1200 K, respectively, when based on the PFR

model. On the other hand, these residence times are reduced to 0.1 and 0.3 seconds at

1500 K. The MFR model predicts slightly longer residence times for 90% chemical

conversion, while the predicted residence times for obtaining 50% conversion become

shorter (compared to the PFR model) for temperatures higher than 1150 K.

Figure 7-6 is a cross-plot of Figure 7-5 and shows the predicted degree of chemical

conversion as a function of temperature, assuming either PFR (solid curves) or MFR

(dashed curves) models, varying the residence time. The measured experimental data

for τ =9 seconds are also shown. The calculated models allow some interesting conclu-

sions. Obviously, for a given conversion, the residence time has to be increased signifi-

cantly with decreasing temperature. For conversions above 60%, the PFR model always

leads to a higher conversion than the MFR model at a given temperature. At tempera-

tures above 1400 K conversions of 85% and higher are achieved with a residence time

Fig. 7-4: Reaction rate as a function of the CH4 concentration at 900 K and ambient pressure. The
circles mark the data from separate experiments measured at Ttop = 900 K shortly after the
beginning of the particle feeding. The error bars indicate 20% relative error. The dashed
line shows a fit model calculated according to Eq. 7.1.
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7.2 Results
of only 1 second. This points out how useful the plot in Figure 7-6 is in solar reactor

design because it establishes the temperature and residence time required for achieving

a desired chemical conversion.

Sensitivity analyses were performed to elucidate the influence of the reactor model

(PFR or MFR), residence time and order of reaction on the kinetic parameters activa-

tion energy (EA) and pre-exponential factor (k0). The reactor model becomes relevant

only at high chemical conversions. The values for EA differ only by 10% whereas the

values of k0 differ by an order of magnitude when applying either PFR or MFR mod-

els. The residence time has no influence on EA but a considerable effect on k0, e.g. k0

increases by a factor of 7 when τ  is reduced from 40 to 6 seconds. Assuming a 2nd order

reaction EA increases by 10% and k0 by three orders of magnitude. Note that these pre-

dictions have not been experimentally validated because the vortex-flow reactor used in

this study did not allow for stable operation with variable mass flow rates. Moreover,

Figure 7-6 may become invalid at very short residence times and very high tempera-

tures, when heat and mass transport limitations cause resistance to the reaction and

change the rate controlling mechanism.

Fig. 7-5: Theoretically required residence time for 50 and 90% chemical conversion as a function
of temperature, assuming either PFR (solid curve) or MFR (dashed curve) models.
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7.3 Summary and Conclusions

The kinetics of the thermal decomposition of CH4 under direct irradiation were inves-

tigated for two regimes: (1) for Ttop<900 K and using a vortex-flow of CH4 without

particle loading and (2) for Ttop>900 K and using a vortex-flow of CH4 laden with car-

bon particles. Higher chemical conversions were obtained for the 2nd regime resulting

from the larger specific surface and the more efficient radiation absorption by the reac-

tion site. The temperature dependence of the reaction rate constant can be described by

an Arrhenius-type law with EA=60 kJ·mol-1 for the first regime and EA=147-162

kJ·mol-1 for the second regime, assuming a 1st order decay rate law. The values

obtained for EA are lower than the values reported in literature ([15],[55]) which are in

the order of 200 kJ·mol-1. The experiments reported in literature were run under sig-

nificantly different conditions, e.g. much smaller residence times. However, the values

of activation energy still allow a comparison. Whereas the pre-exponential factors differ

from the obtained values in the order of several magnitudes, the activation energy var-

ies only by 10% when applying either a PFR or a MFR model, or by assuming a 2nd

order decay rate law.

Fig. 7-6: Predicted chemical conversion as a function of temperature, assuming either PFR (solid
curves) or MFR (dashed curves) models varying the residence time τ (s). The measured ex-
perimental data (τ =9 s) are also shown (experiments #4, 7 and 12, see Table 6-1).

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

800 900 1000 1100 1200 1300 1400 1500

C
on

ve
rs

io
n 

(-
)

Temperature (K)

PFR
MFR

Experiment

40 20 9

0.5

5 2.5 1
0.25

0.1

τ (s)
86



8

8Modeling

8.1 Introduction

This chapter deals with the modeling of a non-gray, non-isothermal, absorbing, emit-

ting and scattering gas-particle vortex-flow in a cavity reactor exposed to concentrated

solar radiation. The major aspect is the radiation heat transfer modeled with the Monte

Carlo method. Further aspects are the heat exchange by convection, the chemical reac-

tion and conduction heat losses. The work described in this chapter follows in some

instances the derivations of Mischler et. al. ([49], [50]).

8.2 Monte Carlo Method

Siegel and Howell [72] quote a definition of the Monte Carlo (MC) method, according

to which this method is mentioned for the first time in connection with gambling:

“The expected score of a player in any reasonable game can in principle be estimated by

averaging the results of a large number of plays of the game. Such an estimation can be

rendered more efficient by various devices which replace the game with another known

to have the same expected score. (...)”

8.2.1 Principle

The principle of the MC method is simulating a system by a large number of parallel

and sequent events. The behavior of the total system is described by the frequency of

occurrence of the events considered.



8 Modeling
The principle is described according to the problems of thermal radiation heat

transfer. A certain amount of emitted radiation energy is divided into a large number of

energy bundles. The random path of each bundle through the system is then tracked

and recorded. Typical events in radiation heat transfer are absorption, scattering and

reflection. The average behavior of the bundles provides the radiative performance of

the system. On their path through the system the bundles behave independently which

means that the probability of a subsequent event is independent of the preceding event.

At each event, a so-called frequency function f(x) exists for a variable x. By means of

this frequency function a decision is made on the process of a bundle. The cumulative

distribution function F(x) is calculated from the integral of the frequency function.

F(x) is a strictly monotonic increasing function and the following relationship is valid:

(8.1)

For each particular event the value x is given by a random number , which is arbi-

trarily chosen from equally distributed numbers in the interval [0,1].

The correlation between  and x is of an implicit form as follows:

(8.2)

The values of x are determined for a very large number of random numbers . Their

distribution corresponds to the original frequency function f(x).

8.2.2 Advantages and Disadvantages

Advantages of the MC method are its generality (wide range of applications) and the

possibility to model even three-dimensional geometries and complex problems involv-

ing directional and wavelength dependent optical properties. It further allows a modu-

lar approach to the solution by dividing the system into its basic physical processes of

radiation heat transfer.

A drawback might be that the MC method is of statistical nature. Therefore, it is

essential to choose a number of events for a simulation which is sufficiently large for
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8.2 Monte Carlo Method
the problem. A large number of events is a synonym for a large number of arithmetic

operations. Thus, the larger the number of events, the higher the computing time

required. Due to statistical fluctuations in the MC method between iteration steps, it

can happen that the result values fluctuate or even diverge. In the case of heat transfer,

problems converge rather quickly if radiation dominates, whereas, if convection domi-

nates the heat transfer, the solution reacts weakly to the fluctuations of the MC

method.

8.2.3 Applications

Fishman [20] gives a clear introduction to the MC method, its concepts, algorithms

and applications. Most of the examples in Fishman’s book are drawn from topics

within operations research and statistics. Due to the simplicity of MC, this method

finds application in a wide variety of subjects.

The following examples show the variety of the different problems that can be

treated with the MC method. A very common application in numerical computation is

the evaluation of integrals and the solving of systems of equations [24]. Heritage and

Rogers described an application in the field of assets and investors [30]. Another appli-

cation, this time in chemistry, was published by Kraft and Wagner [41], who studied

the simulation of complex combustion processes. Numerical aspects of the MC

method and applications in the field of statistical physics were studied by Binder [7].

An early application of the MC method in the field of radiation heat transfer was

described by Howell and Perlmutter ([31], [32]) who applied the method to the prob-

lem of radiative heat transfer to a non-isothermal absorbing and emitting gray gas

between gray walls. Steward and Cannon [89] performed calculations of radiative heat

flux in a cylindrical furnace using the MC method accounting for various flow pat-

terns. Campbell [10] reported on the MC method for the numerical solution of non-

linear, wavelength-dependent, radiative transfer problems. Gupta et al. [26] used the

MC method to predict radiative heat transfer in a slab and cylindrical furnace enclo-

sures including isotropic and anisotropic scattering by fly ash. Palmer et al. [61] devel-

oped a MC method using cell-to-cell photon transport to simulate monochromatic

radiation impinging on an array of fixed discrete elements. Marakis et al. [44] applied

the MC method in cylindrical coal-fired furnaces including the evaluation of isotropic

and neglecting of scattering against anisotropic scattering. Tessé et al. [91] used recipro-
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8 Modeling
cal and forward MC methods to study 1D benchmark cases involving gray media or

actual gas-mixtures, and different optical thicknesses and thermal conditions.

8.2.4 Random Numbers

Gentle [24] gives a detailed overview of various possibilities of generating pseudoran-

dom numbers with appropriate computing algorithms. For the model presented, the

pseudorandom numbers were generated with the algorithm “ran2” of Numerical Reci-

pes [65], which is a rather fast and commonly employed random number generator.

8.3 Model

8.3.1 Geometry

The basic shape used in the numerical simulation is a cylinder as shown in Figure 8-1.

The cylinder is divided into disks, rings ( ), and segments. All

volume elements have the same height, the same cross area and, as a consequence, the

same volume. The gas particle-mixture flows through each of these elements on a pre-

defined path which will be explained in chap. 8.4. The concentrated solar radiation

enters the cylinder through the aperture with radius rap. The z-axis of the Cartesian

coordinates system coincides with the longitudinal axis of the cylinder.

8.3.2 Assumptions

One simulates the path of a large number of energy bundles which come from the radi-

ation source outside the cylinder or from emission by particles, gas, and reactor walls

inside the cylinder. These bundles are absorbed by the particles, by the gas or by the

cylinder walls (top, lateral and bottom). The bundles are then scattered by the particles

and reflected by the cylinder walls. The path of an energy bundle is traced until absorp-

tion occurs or when the bundle leaves the cylinder through the aperture and is lost.

rm = m nring⁄ rcavity⋅
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8.3 Model
Radiation - The spectrum of radiation coming from the sun is approached by

Planck’s spectral distribution of a blackbody at a temperature T=5780 K. The hemi-

spherical spectral emissive power of a blackbody at temperature T is [72]:

(8.3)

Radiation emitted by the reactor walls is assumed to have Planck’s spectral distribution

at the wall temperature. Figure 8-2 shows the hemispherical spectral emissive power of

a blackbody at different temperatures.

Particles - The particles are assumed to be homogeneously distributed in the gas

stream. The particles are non-gray (spectral properties), opaque (no transmission), iso-

therm (infinite thermal conductivity) and mono-disperse (uniform in size and shape).

An important characteristic of the particles is the size parameter ξ ,  which describes

the ratio between the particle diameter dp and the wavelength λ of radiation interacting

with the particle:

(8.4)

Fig. 8-1: The cylinder geometry of the model (not to scale), as an example with 11 disks, 4 rings
and 8 segments. The radiation enters the cylinder through an aperture with radius rap.
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The scattering by the particles independently occurs which means that the scattering of

a bundle by a particle is not influenced by an adjacent particle. Independent scattering

is justified with particle volume fractions in the order of 5·10-5 for any particle size

parameter as can be seen in Figure 8-3.

Gas - Absorption by the gas happens only through methane. Argon (inert gas) is

assumed to be completely transparent. Therefore absorption by methane is directly

proportional to its concentration in the gas stream. As methane is assumed the only

gaseous component that absorbs energy, it is the only component in the gas stream that

emits energy.

Cavity walls - All cavity walls are assumed to be diffuse-gray surfaces. Thus, emit-

ted and reflected radiation intensity is uniform in all directions and the emissivity and

absorptivity are wavelength independent. Although emissivity and absorptivity can be

dependent on temperature, they are assumed not to be so.

8.3.3 Optical Parameters

In scattering theory one distinguishes between isotropic and anisotropic scattering. Iso-

tropic scattering means that scattering in any direction is equally likely. For the deter-

Fig. 8-2: Hemispherical spectral emissive power of a blackbody at T=1000, 2000 and 5780 K.
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8.3 Model
mination of anisotropic scattering, different theories were developed, each of which

was applied in a certain range of the size parameter ξ : Rayleigh-scattering (ξ <0.3),

Mie-scattering (0.3<ξ <5) and geometrical optics (ξ >5) [72]. Since the application

range of Mie-scattering can be extended to any particle size, Mie-scattering constitutes

the basis for the calculation of anisotropic scattering in this study work [9]. The scatter-

ing by a particle is illustrated in Figure 8-4.

The phase function defines the ratio between the scattered intensity in one direction to

the scattered intensity in the same direction by isotropic scattering. Thus, for isotropic

scattering the phase function Φλ equals 1. The phase function for anisotropic scattering

is calculated with the computer routine BHMIE from Bohren and Huffmann [9].

BHMIE is a computer program for calculating scattering by a homogeneous sphere.

This routine computes amplitude scattering matrix elements and efficiencies. The

amplitude scattering matrix elements are needed to calculate the phase function.

Fig. 8-3: Regimes of independent and dependent scattering as a function of particle size parameter
and volume fraction (taken from [72]) where C is the clearance distance between particles,
and λ is the wavelength in the medium.
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8 Modeling
Besides the size parameter, this routine also needs the complex refraction index  of the

particles as input data:

(8.5)

As an approximation for the complex refraction index in the following calculations the

values for acetylene soot are taken (see Table 8-1) because it has a similar carbon con-

tent (about 94%) as the charcoal particles used. In order to save computing time the

optical parameters are not calculated for each particular wavelength during the simula-

Fig. 8-4: Scattering by a particle with cone angle ϕ´ and polar angle θ´ in a local coordinates system
(x´y´z´). n is the direction before scattering and u the direction after.

Table 8-1: Real and imaginary part of the complex refraction index  for acetylene soot taken
from [16].

Wavelength 

(µm)
Real part of 

Imaginary part 

of 

Wavelength 

(µm)
Real part of 

Imaginary part 

of 
0.4358 1.56 0.46 4.0 2.74 1.64

0.4500 1.56 0.48 5.0 2.88 1.82

0.5500 1.56 0.46 6.0 3.22 1.84

0.6500 1.57 0.44 7.0 3.49 2.17

0.8065 1.57 0.46 8.5 4.22 3.46

2.5 2.31 1.26 10.0 4.80 3.82

3.0 2.62 1.62
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8.3 Model
tion but are rather calculated and memorized for appropriate wavelength intervals at

the beginning of the simulation (discretization).

The calculated extinction, scattering and absorption efficiencies from BHMIE are

shown in Figure 8-5 for a particle diameter of 1 µm and in Figure 8-6 for a particle

diameter of 35 µm. For wavelengths up to 4 µm extinction by the smaller particles is

Fig. 8-5: Extinction, scattering and absorption efficiencies from BHMIE for a particle diameter of
1 µm.

Fig. 8-6: Extinction, scattering and absorption efficiencies from BHMIE for a particle diameter of
35 µm.
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8 Modeling
stronger than for the larger particles. While extinction by particles with 1 µm diameter

decreases quickly at wavelengths larger than 4 µm, it still increases for particles with 35

µm diameter at larger wavelengths.

The albedo is displayed for two different particle diameters in Figure 8-7. The

albedo is defined as the ratio of the scattering coefficient to the extinction coefficient.

Statistically, it indicates the probability that a bundle is scattered by the particles. For a

particle diameter of 35 µm scattering and absorption occur for all wavelengths with a

probability of about 60% and 40%, respectively. Particles with a diameter of 1 µm

show a significantly different extinction behavior. The probability of scattering

decreases from 50% for wavelengths smaller than 3 µm to less than 10% for wave-

lengths of 10 µm.

8.3.4 Heat Transfer and Energy Balances

This model does not consider the efficiencies of the concentrating facilities. It is

assumed that the reactor’s cavity (cylinder) intercepts a known amount of solar power

qsolar through the aperture.

The volume elements in the simulation model, as described in Figure 8-1, are

divided in the subsystems particles, gas and wall (top, lateral, and bottom walls).

Fig. 8-7: Calculated albedo for particle diameters of 1 and 35 µm.
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8.3 Model
Between these subsystems energy is exchanged by radiation (incoming and emitted), by

convection and by conduction.

Particles - The particles absorb radiation (qabs,pa), emit energy due to the tempera-

ture (qem,pa) and lose energy to the gas by convection (qconv,pa-ga). A portion of energy is

consumed by the endothermic chemical reaction (qrc):

(8.6)

This energy balance (∆qpa) leads to an enthalpy change ∆hpa in the particles with mass

flow  and heat capacity cpa which enter a given volume element at temperature

Tpa,in and leave the same volume element at temperature Tpa,out:

(8.7)

Under steady-state and thermal equilibrium ∆hpa equals ∆qpa. Thus:

(8.8)

Gas - The gas is a mixture of reacting methane, argon and hydrogen produced by the

chemical reaction. Only methane is considered as a participating medium absorbing

and emitting radiation because it is the only gaseous component in the system with sig-

nificant absorption bands in the important wavelength range (see Figure 8-8). Thus,

some energy is absorbed (qabs,ga) and emitted (qem,ga) by the gas phase. Furthermore,

the gas is heated by convection from the particles (qconv,pa-ga) and from the lateral walls

(qconv,wa-ga):

(8.9)

This energy balance (∆qga) leads to an enthalpy change ∆hga in the gas stream with

mass flow  and heat capacity cga which enters a given volume element at tempera-

ture Tga,in and leaves the same volume element a temperature Tga,out:

(8.10)

∆qpa qabs pa, qem pa,– qconv pa ga–, qrc––=

m· pa

∆hpa m· pacpa∆Tpa m· pacpa Tpa out, Tpa in,–( )= =

qabs pa, qem pa,– qconv pa ga–, qrc– m· pacpa Tpa out, Tpa in,–( )–– 0=

∆qga qabs ga, qem,ga– qconv pa ga–, qconv wa ga–,+ +=

m· ga

∆hga m· gacga∆Tga m· gacga Tga out, Tga in,–( )= =
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8 Modeling
In steady-state ∆hga equals ∆qga, thus:

(8.11)

Cavity walls - The cavity walls absorb radiation (qab,wa) and lose energy by emission

(qem,wa), by convection to the gas (qconv,wa-ga) and by conduction through the insulation

(qcond,wa):

(8.12)

8.4 Computer Simulation

The simulation is the computer program where the model is implemented. The main

element in the simulation is the MC tracing of the rays through the aperture (primary

rays) and of the emitted rays (secondary rays). MC is used as the basis to calculate the

Fig. 8-8: Absorption bands for methane, partial pressure of 0.8 atm and path length through gas of
0.388 m (taken from [72]).
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8.4 Computer Simulation
different energy terms which are required in the energy balances for the particles, the

gas and the cavity walls (see chap. 8.3.4). Finally, the temperatures for the particles, the

gas and the cavity walls are calculated iteratively. The simulation is conducted for the

steady-state case exclusively; an extension to transient heat transfer is possible but

beyond the scope of this investigation. Figure 8-9 presents the procedure of the simula-

tion where all steps in one iteration loop are shown. For a clearer illustration, the MC

simulation is explained separately in Figure 8-10.

Procedure

The radiation source (solar simulator at ETH) is simulated in a separate program mod-

ule called VeGaS1. VeGaS is run with 10 millions bundles of which 1.1 million enter

the cavity through the aperture. The result of this program is a first matrix with hit

points (x0,y0,z0) of a certain number of rays Nb (primary rays) on a disk identical to the

aperture of the cavity. In a second matrix the corresponding direction u0 of each ray is

computed and stored. The tracing of these primary rays is the first step in the simula-

tion (see Figure 8-9). The energy amounts qabs1,pa=w·npa, qabs1,ga=w·nga and

qabs1,wa=w·nwa are obtained from this simulation. w is the power assigned to one bun-

dle and its determination is described by Eq. 8.13. npa, nga and nwa are the numbers of

bundles absorbed by the particles, gas and walls, respectively. In the first iteration the

simulation needs initial values for Tpa, Tga and Twa. Convergence is reached more

quickly if the initial temperatures are chosen close to the final solution. In the next

steps in the simulation all energy loss terms and the emitted energies are calculated as a

function of temperatures. The number of rays to be emitted from each particular loca-

tion is determined. At this point the MC simulation of the secondary rays (from emis-

sion) is conducted of which qabs2,pa, qabs2,ga and qabs2,wa are obtained. From applying the

energy balances for the particles, the gas and the cavity walls (see chap. 8.3.4) the corre-

sponding temperatures for the next iteration loop are calculated.

Monte Carlo Simulation

At the start of the Monte Carlo simulation (see Figure 8-10) an origin point (x0, y0, z0),

a direction u0 and a wavelength λ0 are assigned to each bundle. The origin point and

direction are either obtained from VeGaS (simulation of the radiation source) or from

1 VeGaS is a general MC simulation program developed at the Professorship of Renewable Energy Carriers, ETHZ [63].
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8 Modeling
Fig. 8-9: Procedure of the simulation for calculating the temperatures of the particles, the gas and
the cavity (MC = simulation using the Monte Carlo method).
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8.4 Computer Simulation
emission. In the next step the extinction coefficient Kλ,i and the albedo Ωλ,i of the par-

ticles and the gas are calculated. The extinction coefficient of the gas-particle mixture

determines the path length L between the origin and the extinction point. Subse-

quently, a check is made to find out whether the bundle hits the cavity walls (top, later-

als, bottom) or is lost through the aperture before extinction occurs. If the bundle

escapes through the aperture, it is counted as one lost ray. If the bundle hits the cavity

walls, it is either reflected (with angles ϕ and θ) or absorbed. If the bundle remains

within the cavity, extinction by the particles or by methane occurs. If extinction by the

particles occurs, the bundle is either scattered (with angles ϕ’ and θ’) or absorbed. In

the case that the ray is absorbed by methane (nga=nga+1), by the particles (npa=npa+1)

or by the cavity walls (nwa=nwa+1) a new bundle is started. Otherwise, reflection or

scattering takes place, the bundle’s path is followed, and a new extinction length L is

calculated. This procedure is repeated for a large sample of bundles to obtain statisti-

cally meaningful results.

Power Assigned to One Bundle

The primary rays carry a certain power qsolar. In addition, radiation is emitted from the

particles, the gas (methane) and the cavity walls. By this means, the power, w, carried

by one ray is calculated as follows:

(8.13)

where Nbundles is the number of primary ray bundles.

This means that the same energy is assigned to each bundle either coming from the

radiation source or being emitted. It is important in the MC simulation to leave the

number of bundles unchanged because it is a measure of accuracy of the simulation.

Thus, the energy carried by one bundle varies between iterations because the emitted

energies vary (as a function of temperature) until convergence is complete.

w

qsolar qem,i
i

∑+

Nbundles

-----------------------------------=
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8 Modeling
Fig. 8-10: Procedure of the MC simulation within the total simulation (see Figure 8-9), where the
absorbed rays by the particles (npa), by the gas (methane) (nga) and by the cavity walls (nwa)
are counted (  = Pseudorandom number generation).
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8.4 Computer Simulation
Wavelength Assigned to a Bundle

Some events during the simulation are dependent on spectral properties. Therefore, a

defined wavelength as a function of temperature is assigned to each bundle. To calcu-

late the wavelength of a primary ray, which is coming from the solar concentrator, the

temperature of the sun (T=5780 K) is used (see chap. 8.3.2). Similarly, to obtain the

wavelength of a secondary ray the temperature of the location where the emission

occurs is used. The wavelength, λ, is calculated numerically with the distribution of the

hemispherical spectral emissive power of a blackbody, where  is an independently

chosen random number:

(8.14)

Extinction by Methane or by the Particles

Extinction occurs by two different media, namely by methane and by the particles.

Extinction by methane is equal to absorption by methane, whereas extinction by the

particles is composed of absorption and scattering.

The spectral absorption coefficients of methane are calculated by approximation

from absorptance bands of methane found in [72] and shown in Figure 8-8.

The spectral absorption coefficients aλ,i and the spectral scattering coefficients sλ,i

of the particles are calculated from the spectral absorption efficiency Qaλ and the spec-

tral extinction efficiency QKλ obtained by the computer routine BHMIE [9]:

(8.15)

(8.16)

where fv,pa is the volume fraction of the particles and dpa the diameter of a particle.

ℜ

ℜ
eλb λ T,( ) λd

0

λ

∫
eλb λ T,( ) λd

0

∞

∫
---------------------------------------- 1

σT4
--------- eλb λ T,( ) λd

0

λ

∫= =

aλ pa,
3Qaλfv pa,

2dpa

-----------------------=

sλ pa,
3 QKλ Qaλ–( )fv pa,

2dpa

--------------------------------------------=
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8 Modeling
The extinction coefficient Kλ,i of a component i is the sum of the absorption and

scattering coefficient:

(8.17)

The distance L between the origin and the extinction point is calculated as follows:

(8.18)

During the MC ray tracing, when extinction by the gas-particle phase occurs, two deci-

sions have to be made: (1) whether extinction happens by the gas (methane) or by the

particles and (2) in case of extinction by the particles, whether absorption or scattering

occurs.

The first criterion is defined as follows:

(8.19)

The second criterion is described by the albedo, Ωλ,  which is the ratio between the

scattering coefficient to the extinction coefficient:

(8.20)

(8.21)

Kλ i, aλ i, s+= λ i,

L 1
Kext,pa Kext,ga+
------------------------------------ ℜln–=

Extinction by the particles:  ℜ  
Kext pa,

Kext pa, Kext ga,+
---------------------------------------≤

Extinction by methane:        ℜ
Kext ga,

Kext pa, Kext ga,+
--------------------------------------->

Ωλ ga,
sλ ga,

Kλ ga,

------------- 0= =

Ωλ pa,
sλ pa,

Kλ pa,

-------------=

Absorption:   ℜ Ωλ>

Scattering:     ℜ  Ωλ≤
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8.4 Computer Simulation
The polar angle θ´ of the direction ϕ´,θ´ (in the local coordinates system) of the bun-

dle scattered by the particles is obtained numerically from the phase function Φλ as fol-

lows:

(8.22)

where:

(8.23)

The direction u in the local coordinates system of the scattered ray is then:

(8.24)

where n is the direction of the incoming ray. The unit vectors n, t1 and t2 build the

local coordinates system. t1 and t2 are both orthogonal to n and orthogonal to each

other.

Finally, the direction u is inserted into the global coordinates system to get the

direction v of the scattered ray in the global coordinates system:

(8.25)

Absorption or Reflection by the Cavity Walls

The criterion whether absorption or reflection by the cavity walls occurs is defined

as follows:

(8.26)

where αwa is the absorptivity of the cavity walls and is assumed to be equal 0.8 in the

simulation.

In case of reflection the direction of the reflected ray is calculated in a similar way

to the calculation of the direction of a scattered ray by the particles (see Eq. 8.24). In

ℜ 1
2
--- Φλ ϕ′ θ′,( ) θ′( )sin θ′d

0

θ′

∫=

ϕ′ 2πℜ=

u θ′( )ncos θ′( ) ϕ′( )t1cos ϕ′( )t2sin+( )sin+=

vx ux ϕ′( ) θ′( )coscos uy ϕ′( )sin uz ϕ′( ) θ′( )sincos+–=

vy ux ϕ′( )sin θ′( )cos uy ϕ′( )cos uz ϕ′( )sin θ′( )sin+ +=

vz ux θ′( )sin– uz θ′( )cos+=

Absorption: ℜ  αwa≤

Reflection: ℜ αwa>
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8 Modeling
this case n is the normal unit vector to the reflecting surface. The cone angle ϕ and the

polar angle θ are chosen as follows:

(8.27)

(8.28)

Emission from a Volume

The emitted energy qem,v from a volume element ∆V at a temperature T is calculated as

follows:

(8.29)

where ap,i is the Planck mean absorption coefficient of the component i calculated in

the following way:

(8.30)

The cone angle ϕ and the polar angle θ for the direction of emission in the volume are

randomly chosen as follows:

(8.31)

(8.32)

Thus, the direction vector of an emitted ray is calculated as follows:

(8.33)

ϕ 2πℜ=

θ sin 1– ℜ( )=

qem v, 4 VapσT
4∆=

ap i,

aλ i, λ( )eλb λ T,( ) λd
0

∞

∫
eλb λ T,( ) λd

0

∞

∫
---------------------------------------------------------

1

σT
4

--------- aλ i, λ( )eλb λ T,( ) λd
0

∞

∫= =

ϕ 2πℜ=

θ cos 1– 1 2ℜ–( )=

ux θ( ) ϕ( )cossin=

uy θ( ) ϕ( )sinsin=

uz θ( )cos=
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Emission from a Surface

The emitted energy qem,wa from a differential surface ∆A of emissivity ε  is calculated in

the following way:

(8.34)

The direction of emission from a surface is determined similarly to the direction of a

ray that is reflected by a surface (see above).

Convection

Convection at the particles - The convection qconv,pa-ga from the particles with a surface

Apa at temperature Tpa to the gas at temperature Tga is calculated as:

(8.35)

The heat transfer coefficient, hpa-ga, is available from various correlations between Nu,

Re and Pr numbers. For this simulation the classical theoretical value of the Nusselt

number for the heat transfer from a sphere to a gas in stagnant flow is used [8]:

(8.36)

Convection at the lateral walls - Calculating the heat transfer coefficient hwa-ga for the

convection between the lateral walls and the gas, the following correlation is used:

(8.37)

The above correlation was obtained from the investigation of the heat transfer in a

cyclone [90]. It is reasonable to use this approximation in the modeling of a vortex-

flow reactor. In order to calculate Re=υ d/ν and Pr=νcρ/ κ for a gas mixture the phys-

qem wa, ∆Aε σT
4

=

qconv pa ga–, hpa ga– Apa Tpa Tga–( )=

Nu 2.0=

hpa ga–
kgaNu

dpa

---------------=

Nu 0.042Re0.8=

hwa ga–
kgaNu

dwa

---------------=
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8 Modeling
ical properties are averaged according to their composition [96]. The mean value of the

velocity of the gas stream (0.5 m·s-1) was estimated by CFD calculations. This value

corresponds to about 13 times the cross-sectional velocity for the given flow rate

(18.4 l·min-1). Figure 8-11 shows the z-component (m·s-1) of a velocity profile that was

calculated with a CFD program (CFX, version 4.4 [3]) within the framework of a

semester work1.

Fig. 8-11: Velocity profile (z-component) obtained from CFD calculations (units: m·s-1, interval be-
tween lines: 0.1 m·s-1). The major characteristics of the performed CFD calculations are:
- Hybrid differencing scheme
- Turbulent flow (low Reynolds number k-ε model)
- Incompressible gases
- 3-dimensional and isothermal (T=298 K)

1 This semester work was conducted by Thomas Kaelin at the Professorship of Renewable Energy Carriers, ETHZ.
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8.4 Computer Simulation
Conduction

Conduction through one layer of insulating material of thermal conductivity kis and

thickness dis is calculated as:

(8.38)

kis is assumed to be 0.4 W·m-1·K-1 for the used insulating material (50% Al2O3/49%

SiO2) by Rath company and dis is 0.05 m.

Chemical Reaction

The plug flow reactor (PFR) model is applied (see chap. 7.1.2). Thus, all volume ele-

ments are considered as PFR separately. In general the following design equation

describes the behavior of a PFR:

(8.39)

Due to a small concentration of CH4 ( ) and a low chemical conversion in each

volume element, the reaction rate  is assumed to be constant in a particular vol-

ume element. In order to account for the chemical reaction taking place on the surface

of the carbon particles, the rate constant k is related to the experimental particle flow

rate by . Therefore the chemical conversion Xel is calculated separately in each

element as follows:

(8.40)

where Vel is the volume of one element,  and  are the initial values to a

particular volume element,  is the particle flow rate in the simulation,  is the

experimental particle flow rate (2.1 g·min-1), and k is calculated according to the

Arrhenius law with the values of k0 and Ea obtained from the kinetic studies (see

chap. 7):

qcond wa,
kisAwa Twa Tenv–( )
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-----------------------------------------------=

V
n· CH4,in
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rCH4

–
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X
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cCH4

rCH4

w/
·

w· exp

Xel 1

Vel– w·

w· exp
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n· CH4,in
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⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

exp–=
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w· w· exp
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8 Modeling
(8.41)

with k0=1.07·106 s-1 and Ea= 147 kJ·mol-1.

Path through the volume elements of the cavity

Figure 8-12 illustrates the path of the gas-particle mixture through the elements of the

cavity model geometry. The gas-particle stream flows from one segment to the next

starting in the first ring (1). When this ring is finished, the stream flows through the

next ring (2) until the last ring of the same disk (4) is reached. Afterwards the stream

moves down to the central ring of the next disk. This computing path approximates

the helical path of the gas-particle flow.

8.5 Results

The following results were obtained from running a self-written program using

Fortran 90 [11].

Fig. 8-12: Path of the gas-particle mixture through the volume elements of the cavity model geome-
try. The gas-particle stream flows from one segment to the next starting in the first ring
(1). When this ring is finished, the stream flows through the next ring (2) until the last
ring of the same disk (4) is reached. Afterwards the stream moves down to the central ring
of the next disk.
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8.5 Results
8.5.1 Ideal Cavity

Simulating the radiation heat transfer within a solar cavity-receiver without gas and

without particles gives an indication as to how closely the reactor’s cylindrical geometry

approaches an ideal blackbody cavity. For an ideal cavity, both absorptivity αap and

emissivity ε ap are assumed to be equal 1 and heat losses by conduction and convection

are neglected. In such a case, radiation that enters the reactor is absorbed by the cavity

walls and re-emitted entirely. Therefore the cavity emits the intercepted radiation

energy qsolar through the aperture with a cross-sectional area Aap at a stagnation temper-

ature TS,theoretical:

(8.42)

The value of TS,theoretical is then calculated by solving Eq. 8.42.

Figure 8-13 shows the temperature profile in the longitudinal axis of a cylindrical

cavity computed with the model. It shows the same qualitative progression compared

to the simulation of Kraeupl [38]. The mean value differs approximately 2% from the

calculated temperature TS,theoretical. As expected, the temperature decreases slightly from

the temperature of the front disk to a minimum in the region where the fewest rays hit

the cavity wall. This minimum can be explained by the fact that the region of the cavity

walls directly behind the aperture is less irradiated than the other regions of the cavity

due to shadowing effects as a result of the incoming radiation being confined to a cone

of rim angle 45°. Thereafter, the temperature increases to a fairly constant value. An

explanation for the fluctuating temperature in the simulation is that the number of

disks is fairly large. Therefore, the number of bundles that hit each particular disk is

rather small compared to the total number of bundles, which leads to temperatures

varying around a mean value. If the cavity wall temperatures are calculated for one disk

(whole cylinder), almost the exact theoretical value (less than 1‰ deviation) results

from the simulation.

qsolar qreradiation Aapε apσTS, theortical
4

= =
111



8 Modeling
8.5.2 Comparison with Experiments

Table 8-2 lists the input parameters to the simulation. The run numbers will be

referred to in the following sections.

Fig. 8-13: Temperature profile in the longitudinal axis of an ideal cylindrical cavity (qsolar=3.8 kW,
rap=0.03 m, rwa=0.05 m, lwa=0.23 m), simulated using the Monte Carlo method
(Nbundles=1.1·106, Nsegm=1, Nring=1, Ndisk=1000). 

Table 8-2: Input parameters to the simulation. Baseline parameters: number of disks: 100, num-
ber of rings: 3, number of segments: 5, cylinder cavity inner diameter: 0.05 m, cylinder
cavity length lwa: 0.229 m, argon flow: 15.2 lN·min-1, methane flow: 3.2 lN·min-1.

Run # 1 2 3 4 5 6 7 8 9 10

Particle flow (g·min-1) 0.6 0.6 0.6 0.6 0.6 1.2 1.2 1.2 1.2 1.2

Solar power input (kW) 3.0 3.8 4.2 4.6 5.4 3.0 3.8 4.2 4.6 5.4

Run # 11 12 13 14 15 16 17 18 19 20

Particle flow (g·min-1) 2.1 2.1 2.1 2.1 2.1 3.0 3.0 3.0 3.0 3.0

Solar power input (kW) 3.0 3.8 4.2 4.6 5.4 3.0 3.8 4.2 4.6 5.4
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8.5 Results
Energy balances and chemical conversion

Detailed energy balances on the simulation runs are listed in Table 8-3. The lost energy

by reradiation is significant in all runs, and increases with higher solar power inputs

and higher particle mass flow rates. As expected, the absorbed energy by the particles

increases with the concentration of the particles in the gas stream. Higher particle mass

flow rates lead to denser particle clouds which shield the cavity walls from radiation.

Thus, less energy is absorbed by the cavity walls and less energy is lost by conduction

through the walls. Smaller particle mass flow rates lead to higher particle and gas tem-

peratures and, as a consequence, to a higher chemical conversion.

Figure 8-14 shows the chemical conversion as a function of temperature (at the

end of the cavity) for different particle mass flow rates (solid curves) and solar power

inputs (dashed curves). The symbols mark the maximum outlet gas temperatures mea-

sured in the experiments with particle mass flow rates ranging from 1.2 to 2.1 g·min-1.

Fig. 8-14: Chemical conversion as a function of the gas temperature (at the end of the cavity) for dif-
ferent particle mass flow rates (solid curves) and solar power inputs (dashed curves) (runs
#1-#20, interpolated curves). The symbols mark the maximum outlet gas temperatures
measured in the experiments with particle mass flow rates ranging from 1.2 to 2.1 g·min-1.
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8 Modeling
Table 8-3: Energy balances on simulation runs (fractions in percent) and chemical conversion
(%). Baseline parameters: number of disks: 100, number of rings: 3, number of seg-
ments: 5, cylinder cavity inner diameter: 0.05 m, cylinder cavity length lwa: 0.229 m,
argon flow: 15.2 lN·min-1, methane flow: 3.2 lN·min-1. Assumption: the quartz window
absorbs 9% of the solar power input. Input parameters are given in Table 8-2.

Run # 1 2 3 4 5 6 7 8 9 10

Absorptiona by gas 0.1 0.0

Absorptiona by particles 36.3 56.3

Absorptiona by laterals 56.8 39.0

Absorptiona by bottom 4.4 1.6

Reradiationb 38.9 44.1 48.0 48.6 53.2 44.8 48.9 51.4 51.8 54.7

Conduction (top) 4.4 4.0 3.8 3.6 3.4 4.2 3.7 3.5 3.3 3.0

Conduction (laterals) 34.9 31.0 29.7 28.0 25.9 31.8 28.1 26.9 25.3 23.1

Conduction (bottom) 7.0 6.3 6.1 5.8 5.4 5.9 5.3 5.3 5.0 4.6

Sensible heatc (particles) 0.3 0.2 0.2 0.3 0.3 0.5 0.4 0.4 0.4 0.4

Sensible heatc (gas) 9.1 8.0 7.6 6.9 6.0 7.6 6.8 6.7 6.2 5.6

Chemical reaction 1.4 2.5 3.0 3.1 3.5 1.5 2.5 3.1 3.2 3.4

Chemical conversion 20.0 51.6 78.1 97.1 100.0 20.8 51.9 77.9 97.2 100.0

Run # 11 12 13 14 15 16 17 18 19 20

Absorptiona by gas 0.0 0.0

Absorptiona by particles 72.4 80.7

Absorptiona by laterals 23.1 14.3

Absorptiona by bottom 0.3 0.1

Reradiationb 53.2 56.5 58.2 58.5 60.0 59.4 62.5 62.5 63.7 65.9

Conduction (top) 4.0 3.5 3.3 3.1 2.8 3.8 3.4 3.2 3.0 2.7

Conduction (laterals) 28.2 24.9 23.9 22.6 20.6 25.1 22.1 20.7 19.9 18.1

Conduction (bottom) 4.5 4.2 4.2 4.1 3.8 3.3 3.1 2.9 3.0 2.9

Sensible heatc (particles) 0.6 0.6 0.6 0.6 0.5 0.7 0.6 0.6 0.6 0.6

Sensible heatc (gas) 5.8 5.4 5.5 5.2 4.8 4.4 4.0 3.8 3.9 3.7

Chemical reaction 1.3 2.1 2.6 2.9 3.1 1.1 1.9 2.2 2.4 2.6

Chemical conversion 18.4 42.5 64.0 80.9 100.0 15.6 36.9 48.6 63.4 95.7
aAbsorption of primary rays (rays entering the cavity through the aperture)
bEnergy lost by reradiation through the aperture
c  In the outlet stream
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8.5 Results
Particle mass flow rate

Figure 8-15 shows the cavity temperature profiles along the longitudinal axis of the

cavity varying the particle mass flow rate. The curves show the results obtained from

the simulation (runs #2, #7, #12 and #17), and the symbols mark the maximum tem-

peratures measured in the experiments with particle mass flow rates ranging from 1.2

to 2.1 g·min-1. Regardless of the particle mass flow rate, the cavity temperature reaches

a maximum at about a third of the cylinder length. Thereafter the cavity temperature

decreases more steeply the larger the particle mass flow is. The maximum temperatures

at the middle and at the rear position of the cavity cylinder measured in the experi-

ments are comparable with the temperatures obtained from the modeling with

2.1g·min-1. At both positions the temperature difference between model and experi-

ments is about 100 K (8%). As resulted for an ideal cavity, the region directly behind

the aperture is the least irradiated by direct solar radiation. Thus, this region is heated

by a larger fraction of radiation which is scattered or emitted by the particles. The tem-

peratures at the front obtained from the simulation significantly differ from the mea-

sured values. Part of the reason for the discrepancy lies in the fact that the temperatures

obtained from the modeling represent a steady-state whereas the experiments did not

reach true steady-state. Furthermore, Figure 8-15 shows that varying the particle mass

flow rate has a much greater effect in the modeling than in the experiments (see also

Figure 6-4).

The corresponding gas temperatures along the path through the volume elements

of the cavity obtained from the simulation and the measured temperatures in the

experiments are shown in Figure 8-16. For any particle mass flow rate, the gas temper-

ature increases quickly within the first 5% of the path length and reaches the highest

values close to the aperture. For 0.6 g·min-1 and 1.2 g·min-1, the gas temperature only

slightly decreases on the path through the cavity. For higher mass flow rates, the gas

temperature significantly decreases in the rear half of the cavity because the denser the

particle cloud is the less radiation reaches the rear cavity walls. The simulated tempera-

tures in the rear region fit well with the experimental temperatures. Incidentally, the

temperature of the particles is only slightly above the gas temperature at all times.
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8 Modeling
Fig. 8-15: Cavity wall temperature profiles along the longitudinal axis of the cavity (z) varying the
particle mass flow rate. The curves show the results obtained from the simulation (runs
#2, #7, #12 and #17), and the symbols mark the maximum temperatures measured in the
experiments with particle mass flow rates ranging from 1.2 to 2.1 g·min-1.

Fig. 8-16: Gas temperatures along the path through the volume elements of the cavity varying the
particle mass flow rate. The curves show the results obtained from the simulation (runs
#2, #7, #12 and #17), and the symbols mark the maximum temperatures measured in the
experiments with particle mass flow rates ranging from 1.2 to 2.1 g·min-1. The fluctua-
tions result from the division into volume elements.
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8.5 Results
Solar power input

Figure 8-17 shows the cavity temperature profiles along the longitudinal axis of the

cavity varying the solar power input. The cavity temperature profile remains

unchanged with increasing solar power input but is shifted to higher temperatures. The

temperature increase in the simulation due to a higher solar power input is of the same

order as in the experiments.

Fig. 8-17: Cavity temperature profiles along the longitudinal axis of the cavity (z) varying the solar
power input. The curves show the results obtained from the simulation (runs #11-#15).

Fig. 8-18: Gas temperatures along the path through the volume elements of the cavity varying the
solar power input. The curves show the results obtained from the simulation (runs #11-
#15). The fluctuations result from the division into volume elements.
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8 Modeling
Figure 8-18 shows the gas temperature along the path through the volume ele-

ments of the cavity. The effect of increasing the solar power input on the gas tempera-

ture is similar to the effect of decreasing the particle mass flow rate. However, signifi-

cantly less energy is reradiated with 0.6 g·min-1 and 3.0 kW (38.9%) than with 3.0

g·min-1 and 5.4 kW (65.9%).

8.6 Summary and Conclusions

The Monte Carlo method proved to be a powerful tool to simulate radiative heat trans-

fer phenomena coupled to convection, conduction and chemical reaction in a non-

gray, non-isothermal, absorbing, emitting and scattering gas-particle flow. The accu-

racy of the simulation is determined primarily by the number of ray bundles. As a

drawback, the computing time is directly proportional to the number of bundles. Bet-

ter knowledge of the fluid dynamics of the vortex-flow and more accurate data on the

particle and gas optical properties are necessary, e.g. complex refraction index and

absorptivity of materials, because these properties have a significant influence on the

absorption behavior of the particles.

Compared to the experiments, similar cavity and gas temperature profiles were

obtained. Regarding the cavity temperature, the simulation results were 8-25% above

the experimental values. The gas temperatures in the rear region of the cavity fit well

with the experimental values. Discrepancies occurred with regard to the cavity temper-

ature in the front region and when the particle mass flow rate was decreased.

This simulation gave important information on the temperature profiles within

the cavity. Furthermore, the magnitude of major heat losses was determined. Finally,

the effect of the most important experimental parameters was evaluated. The modeling

may be expanded to simulate transient behavior of the solar chemical reactor.
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9Summary & Outlook

The decarbonization of natural gas using concentrated solar energy for high-temperature
process heat is proposed as a transition path to a sustainable energy system. By conduct-
ing this solar process where fossil fuels are exclusively used as chemical reactants, fossil
energy carriers are conserved and the emission of pollutants is reduced drastically. Co-
products are hydrogen and carbon. If the latter is further sequestered, no CO2 emissions
are released from the complete cycle for electricity generation.

A 2nd-law analysis was applied for examining several technically viable routes for
extracting power from the chemical products of the CH4 decomposition reaction, when
performed in a solar cavity-receiver operating at 1500 K and under a mean solar flux
concentration ratio of 1000. If carbon is sequestered and H2 is used in a 70%-efficient
fuel cell, the exergy efficiency amounts to 30%. This route offers zero CO2 emissions as
a result of carbon sequestration. However, the energy penalty for completely avoiding
CO2 reaches 30% of the electrical output, vis-à-vis the direct use of natural gas for fuel-
ing a 55%-efficient Brayton-Rankine cycle. Exergy efficiencies exceeding 65% are
obtained when the carbon is either steam-gasified to syngas in a solar gasification process
and the syngas further processed to H2, or used as a reducing agent of ZnO in a solar
carbothermal process for producing Zn and CO that are further converted via water-
splitting and water/gas-shifting to H2. Any of these two alternative solar processes yields
two additional moles of H2 per mole carbon and offers a net gain of 40% in the electri-
cal output and, consequently, an equal percent reduction in the corresponding specific
CO2 emissions, as compared to the conventional combined cycle power generation.
Thus, CO2 emissions are reduced and natural gas is conserved.

A proven solar reactor concept for performing the thermal decomposition of meth-
ane featured a vortex-flow laden with carbon particles. In the solar experiments, the best
chemical conversion obtained was 67%. Thermocouples measured maximum tempera-
tures of 1372 K in the reactor cavity and 1091 K in the outlet stream while the highest
reactor temperature of 1600 K was measured by a solar-blind pyrometer. Thermal effi-
ciencies ranged from 0.3-15.2% without sensible heat and from 5.6-16.2% accounting



9 Summary & Outlook
for the sensible heat of the inert gas. H2 production rates up to 5.24 lN·min-1 were
achieved. The carbon produced was of nano-filamentary nature.

Although promising experimental results were obtained, some difficulties remained
to be overcome. For example, one of the major problems was to handle the gas-particle
mixture without damaging the quartz window due to dust coverage. There is still room
for optimization. Higher chemical conversion may be obtained by using smaller parti-
cles, adapting the particle feeding to allow efficient dosage of carbon, using larger tube
widths in the inlet and outlet port to allow a higher gas throughput, and employing
high-temperature resistant construction materials to allow higher operating tempera-
tures for increasing reaction rates.

Some experimental results were evaluated in order to obtain the kinetic parameters.
A mixed flow (MFR) and a plug flow (PFR) reactor model were distinguished, and the
influence of temperature, CH4 concentration and residence time on the chemical con-
version was examined. Hence, an activation energy of 162 and 147 kJ·mol-1, and a fre-
quency factor of 7.54·106 and 1.07·106 were obtained for the MFR and the PFR,
respectively. Despite the limited validity of the results, they corresponded rather well
with values reported in literature. According to the obtained kinetic parameters, a tem-
perature of 1500 K is necessary to reach complete conversion at residence times smaller
than 1 second.

A model was developed using the Monte Carlo method in order to understand and
predict the heat transfer phenomena in a vortex-flow laden with particles flowing
through a cylindrical cavity. The model was focused on the radiation heat transfer. In
addition, the heat exchange by convection and conduction, and the energy consumption
by the chemical reaction were implemented. Furthermore, the helical movement of the
gas-particle mixture in a vortex-flow was approached in a simple manner. The tempera-
ture profiles in the cavity obtained from the simulation showed acceptable agreement
with experiments. While the cavity temperatures in the simulation were 8-25% above
the experimental values, the simulated gas temperatures in the rear region of the cavity
fit well with the experimental temperatures. The model allowed the identification of the
major heat losses. Thus, in any simulation run at least 47% of the solar power input was
reradiated through the aperture and only 0.1-3.7% was converted by the chemical reac-
tion. Better knowledge of the fluid dynamics of the vortex-flow and more accurate data
on the particle and gas optical properties will help to better simulate the real behavior of
the solar reactor.

The various findings obtained from the theoretical and experimental investigations pre-
sented herein contribute to the advancement of the chemical engineering sciences for
producing solar fuels.
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