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Abstract

As an intermediate step towards sustainable energy systems, the solar ther-
mal decarbonization of methane for co-producing hydrogen and carbon

black is investigated. The calorific value of the initial reactant is upgraded,
storing thus solar energy under chemical form. The produced carbon par-

ticles can be sequestrated or used as material commodity under less severe
CO2 restraints.

A transient heat transfer model is developed for a reacting flow of CH4

laden with carbon particles directly exposed to concentrated radiation (ei-

ther solar or emitted by hot reactor walls), undergoing thermal decompo-
sition into carbon and hydrogen. The unsteady mass and energy conserva-

tion equations, coupling convective heat and mass transfer, radiative heat
transfer, and chemical kinetics for a two-phase solid-gas flow, are formu-

lated and solved numerically for both phases by Monte Carlo and finite
volume methods using the explicit Euler time integration scheme. A para-
metric study is performed with respect to the initial particle diameter, vol-

ume fraction, gas composition, and velocity. Smaller particles and/or high
volume fractions increase the optical thickness of the medium, its radia-

tive absorption and extinction coefficients, and lead to higher steady-state
temperatures, reaction rates, and consequently, higher extents of chemical

conversion.

An experimental investigation of the process was carried out using an

improved version of a 5 kW particle-flow solar chemical reactor. It featured
a continuous flow of CH4 laden with µm-sized carbon particles, confined

to a cavity receiver and directly exposed to concentrated radiation up to
1,720 suns. The reactor was tested both in a solar simulator and a solar

furnace in the 1,100-1,600 K range. Its performance was examined for
varying operational parameters, namely solar power input, seed particle
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volume fraction and type, as well as gas volume flow rate and composition.
Methane conversions and hydrogen yields exceeding 95 % were obtained at

residence times of less than 2.0 s. A solar-to-chemical energy conversion
efficiency of 16 % was experimentally reached, and a maximum value of 31

% was numerically predicted for a pure CH4 flow. SEM images revealed
the formation of filamentous agglomerations on the surface of the seed

particles, reducing their active specific surface area.

To assess the performance of a commercial scale reactor, a complete reac-
tor model is formulated by coupling radiation/convection/conduction heat
transfer, including the above-mentioned numerical model, and chemical ki-

netics for the two-phase reacting flow within an array of tubular absorbers
contained in a solar cavity-receiver. Experimental validation was accom-

plished by comparison with data obtained from a 10 kW prototype reactor
tested in a solar furnace. Design optimization and performance analysis

was carried out for a 10 MW commercial-scale reactor mounted on a solar
tower system configuration. Complete chemical conversion is achieved for
a maximum CH4 mass flow rate of 0.75 kg s−1 and a desired outlet temper-

ature of 1,870 K, yielding a solar-to-chemical energy conversion efficiency
of 42 %.

The same model is then applied to the steam-gasification process of

carbonaceous material. Experimental validation, accomplished for biochar
gasification with a 3 kW prototype reactor subjected to high-flux thermal

irradiation, proved the versatility of the developed modeling approach. Ap-
plication to the 10 MW industrial-scale reactor yielded a solar-to-chemical

energy efficiency of 32 % for a desired output temperature of 1,500 K and
an inlet concentration of 1,500 suns. It is shown that for an optimized reac-
tor geometry a solar-to-chemical energy conversion of 37 % can be obtained

under the same conditions.

The radiative heat transfer model for the cavity-receiver is used to study
the influence of the window material on reactor performance by comparing

quartz and sapphire. Due to its relatively high reflectance in the visible
spectrum, the sapphire window requires higher solar inlet radiative flux

than that for the quartz window to obtain the same reactor temperature
and energy efficiency.

This thesis contributes to the development of the solar reactor technol-
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ogy for producing clean, sustainable fuels.
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Sintesi

Quale passo intermedio verso un sistema energetico sostenibile, è investi-
gato il processo termosolare di decarbonizzazione del metano per la copro-

duzione di idrogeno e nero di carbone. Il contenuto calorifico del reagente
è aumentato, immagazzinando quindi energia solare sotto forma chimica.

Il particolato carbonioso prodotto può essere sequestrato oppure utilizzato
come merce industriale sotto restrizioni meno severe per ciò che riguarda

il CO2.

Un modello transiente di trasmissione calorica è stato sviluppato per un

flusso reagente di CH4 carico di particelle carboniose, direttamente esposto
a radiazione concentrata (sia solare sia emessa dalla parete calda di un reat-

tore), in decomposizione termica in carbone ed idrogeno. Le equazioni non-
stazionarie di conservazione di massa e di energia, che uniscono trasporto

convettivo di massa e calore, trasferimento radiativo e cinetica chimica, per
un flusso solido-gas a due fasi, sono formulate e risolte numericamente per
entrambe le fasi con i metodi Monte Carlo e dei Volumi Finiti, utilizzando

il metodo di Eulero esplicito per l’integrazione in funzione del tempo. Uno
studio di parametri è svolto riguardo al diametro iniziale delle particelle, la

loro frazione volumetrica, la composizione iniziale del gas e la sua velocità.
Particelle di diametro minore e/o frazioni volumetriche alte aumentano la

densità ottica del mezzo, i suoi coefficienti di assorbimento e di estinzione
radiativi e portano a temperature, velocità di reazione e, di conseguenza,

conversioni chimiche più alte.

Un’ investigazione sperimentale del processo è stata eseguita utilizzando

una versione perfezionata di un reattore solarchimico a flusso di particolato
da 5 kW che presenta un flusso continuo di CH4 carico di particolato carbo-

nioso di dimensioni micrometriche, confinato entro un ricevitore a cavità
ed esposto direttamente ad un flusso concentrato di radiazione solare di
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intensità fino a 1’720 soli. Il reattore è stato collaudato sia in un simula-
tore solare sia in una fornace solare a temperature tra i 1’100 ed i 1’600

K. Il suo rendimento è stato esaminato per parametri di operazione vari-
abili quali la potenza solare introdotta, la frazione volumetrica ed il tipo

di particolato iniettati oltre che la portata volumetrica e la composizione
del gas. Conversioni di metano e rese di idrogeno superiori a 95 % sono

state ottenute con tempi di residenza inferiori ai 2 s. Un rendimento en-
ergetico solare-chimico di 16 % è stato raggiunto sperimentalmente ed un
valore massimo di 31 % prognosticato tramite una simulazione numerica

per un flusso puro di CH4. Immagini di microscopia elettronica a scansione
hanno rivelato la formazione di agglomerazioni filamentose sulla superficie

del particolato iniettato ed una riduzione della sua superficie specifica at-
tiva è stata constatata.

Per valutare il rendimento di un reattore in scala commerciale, un mod-
ello completo è formulato unendo trasferimento radiativo/convettivo/con-

duttivo, includendo il modello numerico sopraccitato, con la cinetica chim-
ica per il flusso reagente a due fasi confinato in un sistema di assorbitori
tubulari contenuti in un ricevitore solare a cavità. La validazione sper-

imentale è stata compiuta comparando i dati ottenuti con quelli regis-
trati collaudando un prototipo di reattore da 10 kW in una fornace solare.

L’ottimizzazione della costruzione e l’analisi del rendimento sono state es-
eguite per un reattore in scala commerciale da 10 MW montato su un

sistema di concentrazione solare a torre. Conversione chimica completa è
osservata per una portata massica di CH4 massimale di 0.75 kg s−1 ed una

temperatura d’uscita desiderata di 1’870 K, risultando in un’ efficienza di
conversione energetica da solare a chimica del 42 %.

Lo stesso modello è in seguito applicato al processo di gassificazione
con vapore di materiale carbonioso. La validazione sperimentale, compi-
uta per la gassificazione di carbone vegetale impiegando un prototipo di

reattore da 3 kW soggetto ad irradiazione termica altamente concentrata,
ha dimostrato la versatilità dell’ approccio di modellatura sviluppato. Ap-

plicandolo ad un reattore in scala commerciale da 10 MW è stato calcolato
un rendimento energetico solare-chimico del 32 % per una temperatura

d’uscita desiderata di 1’500 K ed una concentrazione d’ingresso di 1’500
soli. E’ mostrato che per una geometria del reattore ottimizzata è possibile
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ottenere un rendimento solare-chimico del 37 % sotto le stesse condizioni.

Il modello di trasferimento radiativo per il ricevitore a cavità è inoltre

utilizzato per studiare l’influsso del materiale della finestra sul rendimento
del reattore, confrontando i due materiali quarzo e zaffiro. A causa della

sua riflettanza più alta nello spettro visibile, la finestra di zaffiro richiede
un flusso radiativo d’ingresso maggiore che quella di quarzo per ottenere
uguale temperatura all’interno del reattore e rendimento energetico.

Questa tesi contribuisce allo sviluppo della tecnologia di reattori solari
per la produzione di combustibili puliti e sostenibili.
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Chapter 1

Introduction

1.1 Solar thermal cracking of natural gas

The prosperity of modern human society relies strongly on the availability

of energy in easily storable and recallable forms, in order to perform the
necessary tasks, such as the production and transportation of economical

goods, the provision of services, and personal mobility. This demand, cur-
rently at ca. 16 TW (value for 2007), is expected to increase by 40 % until
2030 [59], due to world population growth and advancing industrialization

of emerging markets. Presently, ca. 85 % of global primary energy demand
is satisfied through fossil (hydrocarbonaceous) energy carriers [21], whose

combustion leads to the emission of pollutants and of the greenhouse gas
CO2, the excessive presence of which in the atmosphere is deemed to exert

a negative influence on the health and the quality of life of the population
as well as on the environment [63]. Secondly, since the rate of consump-

tion of fossil fuels highly exceeds their formation rate, the global resources
of coal, oil, and gas will inescapably continue shrinking. These facts re-
quire the substitution of fossil fuels with primary energy sources of smaller

environmental impact and higher availability.

Solar energy, being virtually unlimited, freely available, and free of the

above-mentioned negative ecological implications, presents itself as an at-
tractive replacement for fossil sources. Its drawbacks: high dilution, inter-

mittency, and unequal distribution over the globe require however to be
overcome by concentrating the incoming solar radiation and transforming

its energy into an easily storable and transportable form, in order to enable
it to compete with traditional energy sources for covering any remarkable
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share of global energy consumption [149].

An interesting and auspicious way of increasing the energy density,
storability, and transportability solar energy is its conversion in chemical

form stored in energy carriers (solar fuels), such as hydrogen, produced in
high-temperature thermochemical processes driven by concentrated solar

radiation [43]. Such processes comprise production of H2 from H2O split-
ting, by applying two-step thermochemical cycles based on metal/metal

oxide redox reactions such as Zn/ZnO [138] or ceria [25]. However, the
complete replacement of fossil fuels with solar ones remains a long-term
goal since the required technologies are not estimated to be ready for com-

mercial applications in short-mid time terms.

A promising intermediate route for production of solar fuels is repre-
sented by hybrid solar-fossil thermochemical processes making use of con-

centrated solar radiation as the energy source of high-temperature process
[43, 66, 139]. Industrially relevant examples include the thermal gasifica-

tion of carbonaceous materials [78, 90, 152], the thermal cracking of natural
gas [2, 4, 53], the thermal reforming of natural gas [31, 68, 159], and the
carbothermal reduction of metal oxides [48, 140], for producing synthetic

fluid fuels with upgraded calorific value. These hybrid solar-driven pro-
cesses offer viable and efficient routes for fossil fuel decarbonization and

CO2 avoidance, and further create a transition path towards solar hydro-
gen.

The focus of this thesis lies on thermal cracking of natural gas (NG)
which has been in past applied for the production of carbon-rich hydrocar-

bons and carbon black [9, 57, 156]. More recent studies have considered
this process for H2 production as an alternative route to steam-reforming

[12, 34, 44, 45, 102, 107, 112, 136], using metallic [8, 27, 39, 70, 76, 97, 104,
111, 128, 142, 150, 167] or carbonaceous catalysts [10, 13, 37, 38, 64, 75, 77,
89, 96, 101, 127], as well as autocatalysis [119]. If the process heat required

(170 kJ mol(CH4)) for heating up to 1,500 K and driving the chemical re-
action [148]) is delivered by a renewable energy source, in this case solar

energy, the process can be realized free of combustion byproducts. Car-
bon produced can either be sequestered or used as a material commodity

or metallurgical reducing agent under less severe CO2 restraints. If it is
sequestered, no CO2 emission will result from the complete process chain
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to electricity generation.

Solar reactor concepts proposed for this process include directly-irra-

diated solar reactors with reactants directly exposed to the concentrated
solar irradiation [55, 69, 88] -, and indirectly-irradiated solar reactors - with
graphite/ceramic tubes or other opaque surfaces serving as absorbers and

heat conductors [3, 4, 29, 30, 115, 116]. Solar cavity-receivers containing
one or more absorber tubes through which the reactants flow have been

applied for the previously mentioned thermochemical processes: reduction
of metal oxides [92], steam-gasification of carbonaceous materials [91], and

steam reforming of methane [81]. In particular, radiative heat transfer has
been analyzed for this type of configuration [93, 116].

1.2 Thesis outline

This thesis was carried out in the framework of the SOLHYCARB EU-

Project, funded by the European Commission under contract No. SESCT
2006-19770. Final goal of the project was the development and testing of so-

lar reactor prototypes of size up to 50 kW, the development and validation
of a numerical model able to predict the performance of a commercial-scale
(10 MWth) scale-up reactor in order to assess the economical feasibility of

the process. A previous PhD thesis, carried out by D. Hirsch [52], compris-
ing a thermodynamical analysis of the process, experimental campaigns,

and a radiative heat transfer model, served as starting point for the work
presented herein.

The first part of this thesis (Chap. 2) focuses on the development of a

transient radiation-convection numerical heat transfer model for a reactive
two-phase system composed of a CH4 flow laden with C particles, whose

thermal and optical properties vary as the decomposition reaction pro-
gresses. It is then applied to study the behavior of the two-phase medium

when subjected to high-flux thermal radiation.

Chapter 3 presents the results obtained from experimental testing of
an improved reactor prototype that evolved from the previous design [55],

aimed to elucidate the effect of the operational parameters, namely solar
inlet power, seed particle volume fraction, total gas volume flow, and CH4
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concentration on the reactor’s thermal performance.

A numerical model is formulated in Chap. 4 to simulate the behavior of

an indirectly-irradiated solar reactor consisting of a receiver cavity, contain-
ing an array of absorber tubes through which the reacting medium flows.

The model couples radiative transfer into and within the cavity-receiver to
heat transfer, fluid flow, and chemical kinetics inside the absorber tubes,
applying the radiation heat transfer model presented in Chap. 2. Experi-

mental validation is accomplished with a testing data of a 10 kW reactor
prototype, obtained at the 1 MW solar furnace of PROMES-CNRS [116].

The reactor model is then used to optimize the design for maximum en-
ergy conversion efficiency, and to simulate the performance of a 10 MW

commercial-scale reactor for a solar tower system.

To give an additional proof of the validity of the numerical model, and to
illustrate its versatility for different solar chemical processes, it is applied,

in Chap. 5, to steam-gasification of carbonaceous materials. Validation
is done with experimental data obtained at ETH’s high-flux solar simula-

tor [91], and the model is used to predict the performance of the process
when run on the 10 MW commercial-scale reactor presented in the previous

chapter.

Chapter 6 gives a summary of the conducted work and addresses chal-
lenges: either encountered during the work presented herein, or potential

future ones, providing suggestions for possible improvements.

Finally, Appx. A presents an application of the radiative heat transfer

model for the cavity-receiver used in Chaps. 4 and 5 to predict the tem-
perature of the window of a directly-irradiated solar cavity reactor. Two

different window materials, quartz and sapphire, are compared for the ef-
fect of their optical properties on their own and the cavity’s temperatures,
as well as on the energy efficiency performance of the reactor. Additional

appendix chapters are provided to explain more detailedly procedures and
literature data used, as well as to include unpublished contributions to this

thesis from other sources.



Chapter 2

Radiation heat transfer model1

2.1 Introduction

Chemical reactors based on the concept of direct irradiation require match-
ing the rate of radiative heat transfer to the rate of the chemical reaction.
Modeling such an interaction is needed for anticipating the consequences

of a given design decision on the reactor’s performance, and for optimiz-
ing the reactor design for maximum solar-to-chemical energy conversion

efficiency.

Previous pertinent studies of transient radiative heat transfer in solar-
driven solid-gas reactions include models for suspensions of coal particles
undergoing steam gasification [84, 85], packed beds of CaCO3 particles

undergoing thermal decomposition [83], and of ZnO particles undergoing
thermal and carbothermal reduction [98, 36, 106]. Steady-state radiative

transfer analysis of solar reactions was applied for the thermal decompo-
sition of CH4 [54], solar combined CH4-reforming and ZnO-reduction [72],

gasification of coal [151, 15] and petroleum coke [166]. Examples of analyses
of non-solar reactors involving heterogeneous chemical systems include coal
gasification in packed beds [16], fluidized beds [120], and entrained gasi-

fiers [154], combustion in porous burners [94, 145], and biomass pyrolysis
[33]. Further examples of radiative heat transfer analyses include studies

on direct absorption of concentrated solar radiation by particle suspensions
[5, 40, 65]. In this chapter, a transient radiation-convection heat transfer

1Material from this chapter has been published in: G. Maag, W. Lipiński, and A.
Steinfeld. Particle-gas reacting flow under concentrated solar irradiation. Int. J. Heat
Mass Transfer, 52:4997-5004, 2009.
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model is developed for a reactive two-phase system composed of a CH4

flow laden with C particles, whose thermal and optical properties vary as

the decomposition reaction progresses. Temperatures and gas composition
are computed for boundary and initial conditions (initial/inlet particle di-

ameter, particle volume fraction, gas phase composition, inlet gas velocity,
and incident solar radiative flux) anticipated for a solar reactor. Emphasis

is placed on the detailed investigation of the wavelength and directional
depended radiative exchange within the particle suspension.

2.2 Problem statement

The two-phase system domain is depicted schematically in Fig. 2.1. It con-

sists of a 1D slab containing µ-sized C particles suspended in a CH4-H2-Ar
gas mixture. The gas-particle flow is directly exposed to an external source

of concentrated solar radiation, assumed to have Planck’s spectral distri-
bution of a blackbody at 5,780 K. Each phase is modeled as a non-uniform
and non-gray absorbing-emitting-scattering medium. The boundaries are

modeled as black plane walls at Tsurr = 0 K (non-participating surround-
ings). The composition of each phase and its thermal and optical properties

vary with time due to the heterogeneous endothermic reaction occurring
at above about 1,500 K.

Each particle is assumed isothermal, as justified by the Biot number
Bi ≪ 1 for the considered size range of the particles. For an opaque

particle at temperature Tp suspended in gas flow at Tg < Tp, surrounded
by cold walls and irradiated by an external flux qe, Bi is here defined as

the ratio of the internal conduction heat transfer resistance to the external
radiation-convection heat transfer resistance,

Bir =
dp

{

ε
[

qe

Tp−Tg
− σ (Tp + Tg)

(
T 2

p + T 2
g

)]

− α
}

kc
. (2.1)

Each phase is modeled as a quasi-continuous medium using its effective

volumetric transport properties [7, 62]. The C particles are modeled as
absorbing, emitting, and anisotropically scattering, while scattering is ne-

glected for the gas phase. The flow is assumed to be laminar in the di-
rection perpendicular to the boundaries. Radiative and convective heat is
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ǫsurr = 1

Tsurr = 0 K Tsurr = 0 K

ǫsurr = 1

C, CH4, H2, Ar

L

z

outletinlet

qe @ Te

Figure 2.1: Scheme of the 1D system domain consisting of a particle-gas
mixture exposed to an external source of concentrated solar radiation and

undergoing heterogeneous thermochemical reaction.

exchanged between particles and gas. Mass and heat diffusion are omitted

from consideration, thus significantly simplifying the flow analysis [108].
The kinetics of CH4-decomposition,

CH4 (g) → C (s) + H2 (g) (2.2)

was previously modeled for non-solar [64, 100] and solar-driven [114, 148]

reactors. In this study, a simplified first-order Arrhenius type rate law was
applied for a flow of CH4 laden with µ-sized carbon particles, given by:

r̄ = ρ̄−1
C,expk0 exp

(
Ea

R̄T

)

ρ̄CH4
(2.3)

where k0 = 1.07 · 106 s−1, ρ̄C,exp = 8.84 mol m−3, and Ea = 147 kJ mol−1

were determined experimentally in a solar reactor prototype tested under

concentrated solar irradiation [148]. This simplified rate law can reason-
ably describe the reaction rate for the CH4-particle flow conditions existing

in the solar reactor (Fig. 3.1), but may not be applied to the catalytic
decomposition reaction using other catalysts or to reactors with different
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mass/heat transfer characteristics. The carbon produced is assumed to
deposit on the surface of existing laden particles, resulting in their growth

with time and affecting their radiative characteristics. It is assumed that
the particle growth does not affect the reaction rate.

2.3 Radiative heat transfer analysis

Variation of the radiative intensity Iλ (r, s) along path ŝ in a two-phase

medium, where the phases are at thermal non-equilibrium to each other, is
described by the equation of radiative transfer in its extended form [7, 95],

ŝ · ∇Iλ (z, ŝ) = Sλ (z, ŝ) − [βλ,p (z, ŝ) + (1 − fV )κλ,g (z, ŝ)] Iλ (z, ŝ) , (2.4)

where Sλ (z, ŝ) is the radiative source function,

Sλ (z, ŝ) =κλ,p (z) Ib,λ [Tp (z)] + (1 − fV ) κλ,g (z) Ib,λ [Tg (z)]

+
σsca,λ,p (z)

4π

∫

4π

Iλ (z, ŝinc)Φλ,p (z, ŝinc, ŝ) dΩinc,
(2.5)

and βλ,p, κλ,p, σsca,λ,p are the spectral extinction, absorption, and scattering

coefficients of the solid phase, respectively, κλ,g is the spectral absorption
coefficient of the gas phase, and Φλ,p (ŝi, ŝ) is the scattering phase function
of the solid phase from ŝi into ŝ. The corresponding boundary conditions

for (2.4) are� for collimated incident solar flux at z = 0,

Iλ (z = 0, ŝ) =
qe
σT 4

e

πIb,λ (Tp) δ
(

ŝ − k̂
)

for ŝ · k̂ > 0, (2.6)� for diffuse incident solar flux at z = 0,

Iλ (z = 0, ŝ) =
qe
σT 4

e

πIb,λ (Te) for ŝ · k̂ > 0, (2.7)� for the boundary at z = L,

Iλ (z = L, ŝ) = 0 for ŝ · k̂ < 0. (2.8)
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Radiative properties of C particles are calculated by assuming indepen-
dent scattering and the refractive index of the gas phase to be equal to

unity [144]. The absorption and scattering coefficients are computed by
using the monodisperse approximation [35, 95],

{κλ,p, σsca,λ,p, βλ,p} = π

∞∫

0

{Eabs,λ,p, Esca,λ,p, Eext,λ,p} r
2f (r) dr

≈
3fV

2d32
{Eabs,λ,p, Esca,λ,p, Eext,λ,p} .

(2.9)

In Eq. (2.9), f (d) ddp is the number of spherical particles of diameter
between dp and dp+ddp per unit volume and d32 is the Sauter mean particle
diameter [35]. The absorption, scattering, and extinction efficiency factors

and the scattering phase function are obtained by applying the Mie theory
[19], based on the particle size parameter ξ = πd/λ in the range 10−2-102

and the complex refractive index of the particle n̄ = n− ik approximated
by that of propane soot [20, 32]. The absorption coefficient of the gas

phase κλ,g is computed by applying the line-by-line model to the molecular
spectroscopic database HITRAN-2004 for CH4 [122, 123, 143], to calculate
the high-resolution (∆η = ∆λ/λ2 = 9.9m−1) spectral absorption coefficient

κ∗λ,g in the wavelength range 10−7-10−5 m, which in turn is used to calculate
the low-resolution absorption coefficient of the gas mixture by the box

model [95],

κη,g (pCH4
, p0, Tg) =

1

∆ηbox

∫

∆ηbox

κ∗λ,g (pCH4
, p0, Tg) dη. (2.10)

H2 and Ar are assumed to be radiatively non-participating. The path

length Monte Carlo method with ray redirection is applied to compute
radiative flux divergence in the gas and solid phases [41],

∂qr,g
∂z

=

∞∫

0

(1 − fV ) κλ,g

κλ,p + (1 − fV )κλ,g

∂qr,λ
∂z

dλ

≈ (1 − fV )



4κP,gσT
4
g −

∑

k

qray,kκλ,gdsk

dz



 ,

(2.11)
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∂qr,p
∂z

=

∞∫

0

κλ,p

κλ,p + (1 − fV ) κλ,g

∂qr,λ
∂z

dλ ≈ 4κP,pσT
4
p −

∑

k

qray,kκλ,pdsk

dz
,

(2.12)

where k designates a generic stochastic ray traversing in 3D the path length
dsk within sub-layer of thickness dz and carrying a portion of radiative flux

qray,k =

[

qe + 4σ
L∫

0

(

(1 − fV )κP,gT 4
g

+ κP,pT
4
p

)

dz

]

N−1
rays. The path length

to a scattering event is

ln Rs = −

s∫

0

σsca,λ,p (s∗) ds∗, (2.13)

where Rs is a random number chosen from a uniform distribution set be-

tween 0 and 1. The corresponding probabilistic cumulative distribution
functions for the wavelength and direction of emission of each phase, and

direction of scattering by particles are equivalent to those employed in the
classic collision-based MC for two-phase media [162].

2.4 Conservation equations

2.4.1 Mass conservation

Transient 1D mass conservation equations are formulated separately for

the solid and the gas phases. The molar concentration and molar flux of
the gas component i (i = CH4, H2, Ar) are obtained from:

∂ρ̄g

∂t
= −

∂ṅg

∂z
+ ρ̄pr̄

∑

i

νi, ρ̄g (t, 0 6 z 6 L) =
(1 − fV ) p0

R̄Tg
, (2.14)

∂ρ̄gx̄i

∂t
= −

∂ṅgx̄i

∂z
+ ρ̄pνir̄,

∑

i

x̄i = 1,

x̄i (t = 0, 0 6 z 6 L) = x̄i (t > 0, z = 0) = x̄i,0,

(2.15)

where x̄i is the stoichiometric coefficient of the gas component i in Eq.
(2.2); νCH4

= −1, νH2
= 2, and νAr = 0. The molar concentration of carbon
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and the number of particles are obtained from:

∂ρ̄p

∂t
= −

∂ṅp

∂z
+ ρ̄pνCr̄, ρ̄p =

ρCfV

M̄C
, ṅp (t > 0, z = 0) (2.16)

∂Γp

∂t
= −

∂γ̇p

∂z
, γ̇p =

6m̄Cṅp

ρCπd3
p

, Γ =
6fV

πd3
p

, (2.17)

fV (t = 0, 0 6 z 6 L) = fV (t > 0, z = 0) = fV,0,

dp (t = 0, 0 6 z 6 L) = dp (t > 0, z = 0) = dp,0,
(2.18)

where fV,0 and dp,0 are the inlet and initial particle volume fraction and
diameter, respectively. The particle density of carbon is taken as ρC =

2, 270 kg m−3. Furthermore, the carbon molar flux and mean particle di-
ameter satisfy the following conditions,

ṅp =

{

ṅp,0, for z = 0,
∂ρ̄p

∂ρ̄g
ṅg, for z > 0,

(2.19)

dp =







dp,0, for t = 0,
(

6fV

πΓ

)1
3

, for t > 0,
(2.20)

where the particles are assumed to be suspended in the flow, thus no rela-
tive movement between gas and particles is considered. Eqs. (2.14)-(2.18)

are derived by assuming no accumulation of gaseous components, no cre-
ation of new particles, and negligible effect of the gas volume change due
to the particle growth.

2.4.2 Energy conservation

Transient 1D energy conservation equations are formulated separately for
the solid and gas phases. For the gas phase at constant pressure,

c̄p,gρ̄g
∂Tg

∂t
= − c̄p,gṅg

∂Tg

∂z
−
∂qr,g
∂z

+ Γπd2
pα (Tp − Tg)

+ ρ̄pνH2
r̄
[
h̄H2

(Tp) − h̄H2
(Tg)

]
,

(2.21)

Tg (t = 0, 0 6 z 6 L) = Tg (t > 0, z = 0) = Tg,0. (2.22)
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For the solid phase,

c̄p,pρ̄p
∂Tp

∂t
= − c̄p,pṅp

∂Tp

∂z
−
∂qr,p
∂z

− Γπd2
pα (Tp − Tg)

− ρ̄pr̄

(
∑

i

νih̄i + h̄C

)

,
(2.23)

Tp (t = 0, 0 6 z 6 L) = Tp (t > 0, z = 0) = Tp,0. (2.24)

where h̄CH4
= h̄CH4

(Tg), h̄H2
= h̄H2

(Tp), and h̄C = h̄C (Tp). The limiting

sphere model [65] is employed to compute the partial heat transfer coef-
ficient αi between a particle and gaseous component i. The overall heat

transfer coefficient is then α =
∑

i

x̄iαi, assuming independence from the

inter-phase mass transfer and cross-interactions between molecules of differ-
ent gaseous components. The finite volume method is applied to discretize
Eqs. (2.11)-(2.24) in space [42, 51, 108]. Time integration is performed by

applying the explicit Euler scheme [42, 51, 108]. Note that MC needs to be
run at each time step due to time-variation of the radiative characteristics

of each phase as the chemical reaction progresses.

2.5 Numerical results

The baseline simulation parameters are summarized in Tab. 2.1 and are

used in all simulation runs unless stated otherwise. Absorption and extinc-
tion efficiency factors of C particles are plotted in Fig. 2.2 as a function of

radiation wavelength for selected particle diameters dp = 1, 2.5, 5, and 10µm.
As expected for geometric optics, Eext,λ,p approaches the value of 2 and

Eabs,λ,p the value of 1 for short wavelengths. Thus, refraction and reflec-
tion at short wavelengths is negligible while scattering is due to diffraction.
Figures 2.3 and 2.4 show the scattering phase functions for two particle

diameters, dp = 1 and 10 µm, and two radiation wavelengths λ = 0.5 and 2µm, corresponding to the peak for solar radiation and for Planck’s emissive

power at 1,450 K (above which CH4-decomposition proceeds at reasonable
rates), respectively. For d = 10 µm, the forward scattering is highly pre-

dominant at both wavelengths, but this effect diminishes for dp = 1 µm
particles, especially at λ = 2 µm. Temperature response of the C particles
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Parameter Value Unit

L 0.1 m
L/∆z 50 -

Nrays 106 -
p0, pin 101,325 Pa

qe 1.5 · 106 W m−2

Te 5,780 K

Tg,0, Tg,in 300 K
Tp,0, Tp,in 300 K
Tsurr 0 K

εsurr 1 -

Table 2.1: Baseline parameters.

at z = L/2 is shown in Fig. 2.5 for selected initial and inlet particle diame-
ters dp,0 = 1, 2.5, 5, and 10 µm. Both the heating rate and the steady-state

temperature increase with decreasing particle size. For dp,0 = 1 µm, 1,500
K is reached in approximately 0.1 s, and steady-state temperature of 1,740

K is reached in less than 0.2 s, demonstrating the capability of extreme
heating rates in directly-irradiated solar reactors. Even for dp,0 = 10 µm,

steady state is still attained in less than 0.6 s. Higher temperatures and
heating rates with smaller particles are due to augmented extinction of

incident solar radiation, both by absorption and scattering, and due to the
lower values of the ”cut-off” wavelength that limit the particles’ ability to
emit radiation (see also Fig. 2.3 and 2.4).

Fig. 2.6 shows the variation of the spectral absorption and extinction
coefficients with time at z = L/2 for fV,0 = 10−5 and λ = 0.5 µm, and

for two initial particle diameters dp,0 = 1 and 10 µm. The initial κλ,p for
dp,0 = 1 µm is larger by one order of magnitude than that for dp,0 = 10 µm.
The rapid decrease of both κλ,p and βλ,p in the initial 150 ms is explained

by the decrease of fV as a result of gas thermal expansion during the
rapid heating phase. This effect is more pronounced for smaller particles

as they reach higher steady-state temperatures. Thereafter, the radiation
coefficients undergo a slight but steady increase because of increasing fV

caused by particle growth during CH4-decomposition. The latter effect
cannot be observed for the larger 10 µm-particles because of their lower
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Figure 2.2: Spectral extinction and scattering efficiency factors of carbon

particles for selected particle diameters dp = 1, 2.5, 5, and 10 µm
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Figure 2.3: Scattering phase function of the particles for selected particle
diameters dp = 1 and 10 µm, at radiation wavelength of λ = 0.5 µm.
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Figure 2.4: Scattering phase function of the particles for selected particle
diameters dp = 1 and 10 µm, at radiation wavelength of λ = 2 µm.
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Figure 2.5: Transient particle temperature at z = L/2 as a function of time

for selected inlet/initial particle diameters dp,0 = 1, 2.5, 5, and 10 µm.
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Figure 2.6: Transient spectral absorption and extinction coefficients at
z = L/2 for fV,0 = 10−5, λ = 0.5 µm, and for inlet/initial particle diameters
dp,0 = 1 and 10 µm.

steady-state temperatures, as observed in Fig. 2.5, and hence a significantly
lower rate of CH4-decomposition and particle growth.

Fig. 2.7 shows the cumulative fraction of the incident solar radiation
being absorbed directly or after single or multiple scattering along the slab

at steady state for d0 = 1, 2.5, 5, and 10 µm. It is defined as:

A (z) =

z∫

0

∂qabs

∂z∗
dz∗

qe
. (2.25)

The total amount of absorbed solar radiation increases dramatically when
the initial particle size is reduced: from about 12 % for dp,0 = 10 µm to
over 65 % for dp,0 = 1 µm.

Figs. 2.8-2.10 show the variation of the steady-state temperature profiles

across the slab with particle diameter (Fig. 2.8), particle volume fraction
(Fig. 2.9), and CH4 molar concentration (Fig. 2.10). Increasing fV,0 at
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Figure 2.7: Steady-state cumulative absorbed fraction of external radiation
along the slab for selected inlet/initial particle diameters dp,0 = 1, 2.5, 5,

and 10 µm.
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Figure 2.8: Steady-state particle temperature profile along the slab for
selected inlet/initial particle diameters dp,0 = 1, 2.5, 5, and 10 µm.

constant dp,0 or decreasing dp,0 at constant fV,0 lead to elevated steady-

state temperatures as compared to those for the baseline case because of
higher κλ,p and βλ,p and consequently effective extinction. In contrast, an
increase in CH4 concentration lowers the temperatures of both phases in

spite of increasing κλ,p as a result of the 2-5 times higher c̄p of CH4 than
that of Ar in the relevant temperature range.

The computations revealed that for the range of particle sizes, vol-
ume fractions, and methane molar fractions considered, the difference be-

tween the particle and gas temperatures at steady state is insignificant and
reached a maximum of 53 K for dp,0 = 10 µm, fV,0 = 10−5, x̄CH4

= 0.5,

and z/L = 0.01. External thermal radiation is predominantly absorbed by
the particles. For example, in the latter case, particles absorb about 100

times more effectively than the gas. Heat transfer between the solid and
gas phases is predominantly by convection and by gas IR emission.
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Figure 2.9: Steady-state particle temperature profile along the slab for

selected inlet/initial particle volume fractions fV,0 = 0.5 · 10−5, 1 · 10−5, 5 ·
10−5.

x̄CH4,0 = 1.0
x̄CH4,0 = 0.5
x̄CH4,0 = 0.1

z (m)

T
p

(K
)

0.10.080.060.040.020

1800

1600

1400

1200

1000

800

600

400

Figure 2.10: Steady-state particle temperature profile along the slab for
selected inlet/initial CH4 molar fractions x̄CH4,0 = 0.1, 0.5, and 1.
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2.6 Summary

A numerical model was developed to compute temperature and chemi-
cal composition of a reacting two-phase solid-gas flow initially composed

of CH4 laden with carbon particles, and directly exposed to concentrated
solar radiation. Maximum (steady-state) temperatures in the range of
1,700−1,800 K were obtained for initial carbon particles of 1 − 10 µm di-

ameter and initial volume fraction in the range 5 ·10−6−5 ·10−5. The max-
imum CH4 conversion in steady-state was 46.5 % for the inlet and initial

volume fraction and particle diameter of fV,0 = 5 · 10−5 and dp,0 = 2.5 µm,
corresponding to maximum particle temperatures of 1,780 K. Validation

was accomplished by comparing the computed steady-state temperatures
and reaction extents with those obtained experimentally using a particle-

flow solar reactor prototype subjected to concentrated solar radiation. The
model is applied, in Chap. 4, to estimate the net radiative heat flux from
a hot absorber tube wall to a two-phase medium flowing inside the tube

using cylindrical boundary conditions.



Chapter 3

Experimental work1,2

3.1 Introduction

The use of concentrated solar radiation as the energy source of high-

temperature process heat has been experimentally demonstrated using
directly-irradiated solar reactors - with reactants directly exposed to the
concentrated solar irradiation [55, 69] - and indirectly-irradiated solar re-

actors - with graphite/ceramic tubes or other opaque surfaces serving as
absorbers and heat conductors [3, 4, 29, 30, 116]. In a previous study [55],

design and testing of a directly-irradiated solar reactor were described. The
reactor featured a flow of CH4 laden with carbon particles that served the

functions of radiant absorbers and nucleation sites for the heterogeneous
reaction, enhancing the chemical kinetics. This and previous experimental

studies have pointed to the efficient means of heat transfer by the direct
solar irradiation of particle suspensions [17, 71]. This chapter describes

1Material from this chapter has been published in: G. Maag, F. J. Gutiérrez, W.
Lipiński, and A. Steinfeld. Thermal dissociation of CH4 using a particle-flow chemical
reactor exposed to concentrated solar radiation. In Proceedings of the 2008 ASME In-
ternational Mechanical Engineers Congress and Exhibition (IMECE), Boston, MA, USA,
Oct-Nov 2008.
G. Maag, G. Zanganeh, and A. Steinfeld. Solar thermal cracking of methane in a particle-
flow reactor for the co-production of hydrogen and carbon. Int. J. Hydrogen Energy,
34:7676-7685, 2009.

2The experimental campaigns were performed by a team led by the author that included
M. Brülhart, D. Brunner (at ETH, semester thesis), G. Zanganeh (at PSI, bachelor thesis),
Dr. F. J. Gutiérrez, Dr. P. Loutzenhiser (at PSI), with the assistance of technical staff
members P. Haueter (at ETH), K. Cuche, B. Jäggi, P. Schaller, S. Wepf, and D. Wuillemin
(at PSI).
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an improved reactor prototype that evolved from the previous design [55]
and was employed in an experimental investigation aimed to elucidate the

effect of the operational parameters, namely solar inlet power, seed parti-
cle volume fraction, total gas volume flow, and CH4 concentration on the

reactor’s thermal performance.

3.2 Solar reactor configuration

The 5 kW solar chemical reactor, described previously in detail [55], was
modified to obtain a laminar axial particle flow through the cavity. The

main modifications comprise the substitution of the tangential in- and out-
let ports with four radial-axial CH4 inlet nozzles and a conical axial outlet
to prevent deposition of carbonaceous material inside the cavity. Fig. 3.1

shows the reactor’s new configuration. It consists of a 200 mm-length
100 mm-diameter cylindrical cavity receiver containing a 60 mm-diameter

circular aperture to let in concentrated solar radiation. Because of mul-
tiple internal radiant reflections, the cavity-type geometry approaches a

blackbody absorber that efficiently captures incoming solar radiation, as
verified by Monte-Carlo ray tracing simulations [54]. The cavity is made
from 10 mm-thick steel alloy, with inner walls lined with two 3 mm-thick

ZrO2 layers to provide thermal insulation. A 240 mm-diameter, 3 mm-
thick fused quartz window is mounted 80 mm in front of the aperture on a

water-cooled conical copper funnel, where solar radiative fluxes are approx-
imately 15 times lower than those obtained at the aperture plane. To cool

and purge the window, Ar is injected through 4 nozzles at the front cone.
A secondary Ar flow is injected through a ring gap at the aperture forming

an aerodynamic gas curtain that prevents the particle flow from reaching
the quartz window. CH4 laden with carbon black (CB) particles is injected
through 4 inlet nozzles, positioned 30mm behind the aperture, right into

the high radiative flux zone where the particles are rapidly heated to the
desired temperature above 1,500 K at heating rates exceeding 5,000 K s−1.

These are directly exposed to the incoming solar irradiation, and act as
radiant absorbers and nucleation surfaces for the heterogeneous cracking

reaction. As the reaction occurs, the hot gas-particle flow progresses to-
ward the rear part of cavity, where the products exit through a conical
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Figure 3.1: Scheme of the 5 KW particle-flow solar chemical reactor pro-
totype.

steel funnel converging into an outlet tube leading to the cooler.

3.3 Experimental setup

Experimentation was carried out at ETH’s high-flux solar simulator and at
PSI’s high-flux solar furnace. ETH’s high-flux solar simulator consists of

a high-pressure Argon arc enclosed in a 27 mm-diameter, 200 mm-length
water-cooled quartz envelope and close-coupled to a precision optical re-

flector to produce an intense beam of concentrated thermal radiation, that
approaches the heat transfer characteristics of highly concentrating solar

systems [56]. PSI’s high-flux solar furnace is made of a sun-tracking flat
heliostat on-axis with an 8.5 m-diameter paraboloidal concentrator that
provides 40 kW solar power with a peak solar concentration ratio3 exceed-

ing 5000 suns [49]. The experimental setup is shown schematically in Fig.

3The solar concentration ratio C is defined as C = Qsolar/ (IA), where Qsolar is the solar
radiative power intercepted by the aperture of area A. C is often expressed in units of
”suns” when normalized to I = 1 kW m−2.
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3.2. The reactor was positioned with its aperture at the focal plane of the
lamp (ETH) or the solar concentrator (PSI). Three inlet gas flows, one for

CH4 and two for Ar, were controlled using Bronkhorst HI-TEC electronic
flow controllers. Active carbon (AC) or carbon black (CB) particles were

fed upstream into the conveying CH4 stream by a rotating brush. Parti-
cle properties are given in Tab. 3.3. Their feeding rate was controlled by

the speed of a piston delivering them to the brush, calibrated prior to the
experimental runs. The inlet particle volume fraction was calculated as:

fV ,in =
V̇p,in

V̇in

=

ṁp,in

ρp
(

V̇Ar,in + V̇CH4,in

)
Tin

TN
+

ṁp,in

ρp

. (3.1)

The reactants’ inlet temperature Tin was 298 K. Type-K thermocouples
(TCs) were installed: twelve TCs on the outer cylinder shell and two TCs

between the two layers of ZrO2 inner liner. The average inner reactor wall
temperature Twall was then calculated by applying Fourier’s Law. Pressure

inside the cavity was monitored using pressure transducers. A slight over-
pressure was maintained inside the reactor, with a safety valve to prevent
excessive pressure build-up on the quartz window due to plugging of the

exit tube or thermal expansion of gas. Downstream, outlet products were
cooled and the particles filtered. Gaseous products were then analyzed on-

line by gas chromatography (GC, Agilent High Speed Micro G2890A, de-
tection limit: 10 ppm, sampling rate: 0.01 Hz), supplemented by IR-based

detectors for CH4, CO and CO2 (Siemens Ultramat 23, detection limit: 0.2
%, sampling rate: 1 Hz), and a thermal conductivity based detector for

H2 (Siemens Calomat 6, detection limit: 50 ppm, sampling rate: 1 Hz). A
constant flow of N2, at a mass flow rate of V̇N2

= 1 lN min−1, was added to
the gaseous products in the outlet line to allow for the determination of

the total molar outlet gas flow rate:

ṅg,out (t) = ṅN2,in
1

x̄N2,out (t)
, (3.2)

where x̄N2,out denotes the molar fraction of N2 in the outlet gas, as measured
by GC. The molar outlet flow rate of each component i = {CH4, H2, CO,

CO2, O2} is then
ṅi,out = ṅg,outx̄i,out. (3.3)
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Figure 3.2: Schematic of the solar experimental setup at both facilities.

The average CH4 conversion over the time lapse t2 − t1 is defined as

XCH4
= 1 −

t2∫

t1

ṅCH4,outdt

t2∫

t1

ṅCH4,indt

. (3.4)

The average H2 yield between t1 and t2 is defined as

YH2
=

t2∫

t1

ṅH2,outdt

2
t2∫

t1

ṅCH4,indt

. (3.5)

XCH4
and YH2

are based on C-balance and H-balance, respectively, and
were determined independently. Since the predicted concentrations of pos-

sible intermediate byproducts such as benzene (C6H6), ethane (C2H4), and
acetylene (C2H2) are negligible for the temperature and residence time
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ranges explored in this study [57], no significant difference between XCH4

and YH2
was expected. GC analysis of the outlet gas confirmed the ab-

sence of significant amounts of other hydrocarbons. Assuming ideal gas,
plug flow, and accounting for thermal gas expansion and gas formation by

the chemical reaction, the residence time of the flow inside the cavity can
be expressed as [80]:

τ =
pVcavity

R̄Twall,i

[

ṅAr + ṅCH4

(

2 +
YH2

ln(1−YH2)

)] . (3.6)

The power consumed by the chemical reaction is

Qchemical = XCH4
ṅCH4,in∆h̄R (Twall,i) , (3.7)

with ∆h̄R (Twall,i) =
∑

i νih̄i (Twall,i) for i = {CH4,C,H2}, being the en-

thalpy change of the reaction at reactor temperature per mole of CH4.
The power required for heating the reactants and the inert gas flow is

Qthermal =
∑

i

ṅi,in

∫ Twall,i

Tin

c̄p,i (T ) dT. (3.8)

with i = {CH4,C,Ar}. Equations (3.7) and (3.8) are based on the assump-

tion that the reaction occurs at Twall,i, as the particle heating time is one
order of magnitude smaller than the residence time τ . Qconduction is the

conduction heat loss through the cavity insulation, the rear steel flange,
and the frontal cone. Qreradiation is the re-radiation through the aperture,

composed of radiation reflected/emitted by the window and transmitted
from the cavity [164]. The solar-to-thermal energy conversion efficiency is
defined as the ratio of the net power absorbed by heating the reactants to

Twall,i and by driving the chemical reaction to the solar power input through
the reactor’s aperture,

ηthermal =
Qthermal +Qchemical

Qsolar
. (3.9)
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3.4 Experimental results

3.4.1 Solar simulator

A list of the main parameters and operational data of 29 solar experi-

mental runs at ETH’s solar simulator is given in Tab. 3.1. The values
were obtained under approximate steady-state conditions. The following

types of active carbon (AC) particles were fed: Fluka 05100, Fluka 05120,
CarboTech PAK 800, and Merck Active Carbon. Particle properties are

given in Tab. 3.3. The investigated operational parameters, in addition
to the particle type, were: carbon particle mass flow rate (varied in the
range 0.66-4.08 g min−1), Ar volume flow rate (varied in the range 5.9-12.3

lN min−1), CH4 mass flow rate (varied in the range 1.7-4.0 lN min−1), and
solar input flux (varied in the range 0.788−1.584 MW m−2). Typically, the

reactor was heated to the desired operation temperature that was limited
by material constraints, in this case the m.p. of the steel alloy cavity walls,

1,350 K (the ZrO2 insulation layer not having been used for solar simulator
experiments). It was then kept isothermally under an Ar flow by regulating

the incoming radiative power via the solar simulator’s arc current. After-
wards, CH4 was fed until it was detected by the gas analysis downstream.
Usually, a certain amount of H2 was already produced in this phase due

to cracking on the hot cavity walls. As soon as the CH4 concentration at
the outlet became steady, the particle feeder was switched on. It followed

an immediate increase of the reactor wall temperature by about 10-20 K
as a result of higher radiative absorption by the particle suspension. An

associated increase of the H2 concentration in the product gas indicated
reaction in progress. Negligible quantities of CO and CO2 were registered
as well, presumably originating from pyrolysis of the carbon particles fed

and/or from their combustion with some residual fraction of O2 present in-
side the reactor cavity. The feeding was continued until steady state of the

exhaust gas species’ concentrations was established. For each run, average
values from a 3-min interval under approximate steady state conditions

were recorded.

Figure 3.3 shows the chemical conversion efficiencies for all experimental

runs at ETH’s solar simulator. A maximum XCH4
of 21.6 % (run #16)

and YH2
of 20.1 % (run #4) were achieved. Generally, the two values
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Figure 3.3: CH4 conversion and H2 yield obtained for all solar experimental
runs at ETH’s high-flux solar simulator, grouped according to the laden

carbon particles.

were in good agreement. YH2
> XCH4

because of the release of volatiles
derived from the laden particles that further underwent in-situ thermal

decomposition to generate additional H2. Discrepancies are attributed to
the accuracy of the inlet mass flow rate measurement. Figures 3.4-3.6 show

YH2
as a function of the main operational parameters: injected particle

volume fraction (Fig. 3.4), solar power input (Fig. 3.5), and particle type

(Fig. 3.6). As expected, the reaction extent increases with increasing
particle feeding rate (and thus fV ,in), because of the enhanced kinetics and

augmented radiative absorption by an optically thicker medium. Similarly,
a positive effect is attained by increasing the solar power input (and thus
the radiative flux incident on the gas-particle flow), leading obviously to

higher temperatures and reaction rates. YH2
obtained using Merck AC

(see Fig. 3.6) is generally lower than that obtained with other activated

carbons (> 10 %) because of the relatively larger particle diameter (hand-
milled from mm-sized particles) and, consequently, lower specific surface

area. Typical residence time of reactants inside the cavity, considering
thermal gas expansion and doubling of moles, was about 1.3 seconds.
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Figure 3.6: Hydrogen yield YH2
in function of inlet particle mass flow rate

ṁp,in and different laden particle types.

3.4.2 Solar furnace

Radiative flux at the focal plane of the solar concentrator was measured
optically prior to each experimental run using a calibrated CCD camera

focused on a water-cooled, Al2O3- plasma-coated Lambertian (diffusely-
reflecting) target. Numerical integration over the aperture area yielded

the solar power input Qsolar,in with an accuracy of ±9
13 % [164]. Assum-

ing a linear dependence of Qsolar on the solar irradiation I and the beam

transmission by the solar furnace’s venetian-type shutter ψ, the solar power
input to the reactor at any time was given by

Qsolar (t) = Qsolar,0
I (t)

I0

ψ (t)

ψ0
, (3.10)

where the index 0 indicates the time the flux measurement is taken. The
particles used were Cabot Black Pearls 2000 (CB), whose properties are

listed in Table 3.3. The main operational parameters and results under
approximate steady-state conditions are listed in Tab. 3.2 for 20 solar

experimental runs. The investigation was carried out on the following pa-
rameters: carbon particle volume fraction in the range 0 − 7.2·10−5, gas
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inlet volume flow rate in the range 8.615.6 lN min−1 4, CH4 inlet molar frac-
tion in the range 0.03 − 0.30, and average incoming solar radiation flux

in the range 0.98 − 1.72 MW m−2 (equivalent to an average solar concen-
tration ratio in the range 980-1,720 suns). Calculated residence times of

the reacting medium (Eq. (3.6)) inside the cavity were in the range 1.1-
2.4 s. Maximum incoming solar power through the aperture was 4.87 kW.

Prior to each experimental run, the reactor was purged using a constant Ar
stream and heated to the desired temperature. To avoid overheating over
maximum inner reactor wall (ZrO2 insulation) temperatures of 1,650 K, the

solar power input was regulated by controlling the furnace shutter trans-
mission ψ (t). Having reached the desired steady-state temperature, the

injection of CH4 laden with CB particles was started, which was followed
by an immediate drop of the inner wall temperature by about 50 K due

to the energy sink for heating the reactants and for driving the chemical
reaction, as well as due to shadowing of incoming radiation created by the
particle cloud. An associated increase of the measured H2 concentration

in the product gas indicated reaction in progress. Byproducts such as CO
and CO2 were registered in negligible quantities, presumably originating

from pyrolysis of the fed CB particles or their combustion with residual O2

present in the cavity. Once the outlet gas concentrations reached steady

values, these conditions were kept for at least 200 s to allow for a minimum
of three GC measurement cycles.

Fig. 3.7 shows the extent of reaction in terms of the CH4 conversion and
H2 yield for experiments ordered by increasing Twall,i. Peak values achieved
were XCH4

= 98.8 % and YH2
= 99.1 %. The difference between XCH4

and

YH2
is attributed to the accuracy of the inlet gas flow rate measurements

of ±15 %, entailing significant uncertainties in the determination of YH2

of up to ±20 % when approaching full conversion. No clear correlation
is observable between Twall,i and the extent of reaction. A more indica-

tive temperature of the reaction is the particle temperature, which can be
calculated by radiative exchange between the reactor walls and the partic-
ipating medium (see Chap. 2 and is estimated to be about 200 K higher

than Twall,i. The particle temperature strongly depends on the particle
suspension’s optical properties, especially its extinction coefficient,which

4lN means liters at normal conditions; mass flow rates are calculated at 273 K and 1 bar.
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Figure 3.7: Methane conversion and hydrogen yield (see Eqs. (3.4) and
(3.5)) for all 20 solar experimental runs at PSI’s high-flux solar furnace,

ordered by increasing inner reactor wall temperature Twall,i.

in turn is a function of the particle volume fraction and determines the
penetration and absorption of concentrated solar radiation. In fact, runs
with high fV ,in (> 0.95·10−5) resulted in chemical conversions above 50

% in spite of the relatively low Twall,i (< 1350 K). Higher particle loading
implies higher attenuation and, consequently, a more efficient absorption,

resulting in the gas/particle flow being hotter than the reactor walls, as the
optically-thicker particle cloud serves as a radiation shield [54]. It further

augments the reaction rate due to a larger specific surface area available for
the heterogeneous reaction. The opposite is true for the runs with low fV ,in,

resulting in Twall,i > 1600 K. For the computation of fV , ρCB = 1.8 kg m−3,
given by the manufacturer, was used. To avoid overestimating the ener-
getic performance of the reactor, Eqs. (3.6)-(3.8) use Twall,i. Figures 3.8-

3.11 show XCH4
and YH2

as function of the main operational parameters:
injected particle volume fraction fV ,in for qsolar = 0.98 − 1.41 MW m−2,

V̇g,in = 10.4 lN min−1, x̄CH4,in = 0.077 (Fig. 3.8), incoming solar radia-
tive flux qsolar for fV ,in = 8.3 − 9.7 · 10−6, V̇g,in = 10.4 − 12.0 lN min−1,

x̄CH4,in = 0.067 − 0.091 (Fig. 3.9), injected gas volume flow rate V̇g,in for
fV ,in = 6.3− 9.7 · 10−6, qsolar = 0.99− 1.45 MW m−2, x̄CH4,in = 0.070− 0.077
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Figure 3.8: Variation of the methane conversion and hydrogen yield as a
function of the inlet particle volume fraction fV ,in.

(Fig. 3.10), and CH4 inlet molar ratio x̄CH4,in for fV ,in = 0.67− 1.60 · 10−5,

qsolar = 1.17−1.35MW m−2, V̇g,in = 10.1−12.0lN min−1 (Fig. 3.11). As the
particle feeding rate was increased, the reaction extent increased as a re-

sult of the higher extinction/absorption of incoming solar radiation by the
higher fV within the cavity, which led to more elevated temperatures and,
consequently, faster chemical kinetics. A similar effect was obtained by

increasing qsolar through the aperture, also producing higher temperatures,
faster kinetics, and higher conversions. If V̇g,in is reduced, higher conver-

sions are expected for longer residence times. In practice, the effect of V̇g,in

was relatively weak, as its variation was limited by the need of cooling and

purging the quartz window. Finally, the effect of higher inlet x̄CH4,in was
that of increasing the specific heat of the medium, leading to lower reac-

tion temperatures and, consequently, lower XCH4
and YH2

. Generally, the
observations qualitatively confirm those of Sec. 3.4.1.

An energy balance indicated an average ηthermal = 9.1 %, with a maxi-
mum value of 16.1 % for fV ,in = 2.40 · 10−5, V̇g,in = 10.1 lN min−1, x̄CH4,in =
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Figure 3.9: Variation of the methane conversion and hydrogen yield as a

function of the incoming solar radiative flux qsolar.

0.297, and qsolar = 1.061 MW m−2. The main source of heat losses, approx-
imately 80 % of Qsolar, occurred by conduction through the cavity walls.

Here, a significant potential for improvement is present. Re-radiation losses
were in the range 6-20 % of Qsolar, and - as expected - increasing with

Twall,i. These losses can, to some extent be reduced by incorporating a sec-
ondary concentrator (e.g. CPC, [155]) at the reactor’s aperture to reduce

its size while boosting C and keeping Qsolar constant. Typically, Qchemical

and Qheating represented 20 and 80 % of the net power absorbed.

Figs. 3.12-3.15 show ηthermal as a function of fV ,in, qsolar, V̇g,in, and x̄CH4,in,
respectively, for the experimental runs and parameter variations as those
of Figs. 3.8-3.11. XCH4

and YH2
increased with fV ,in (as seen in Figs. 3.8-

3.11), but ηthermal remained at a constant level because of the increasing re-
radiation and back-scattering losses caused by denser particle clouds close

to the aperture. The influence of qsolar was small as both the numerator
and denominator of Eq. (3.9) increase with it. Augmenting V̇g,in had a

positive effect on the overall energetic performance since a higher rate of
material was heated and reacted. The same observation is true for x̄CH4,in,



3.4. Experimental results 37

YH2

XCH4

V̇g,in (lN min−1)

X
C

H
4
,Y

H
2

(%
)

161412108

100

80

60

40

Figure 3.10: Variation of the methane conversion and hydrogen yield as a

function of the inlet gas volume flow V̇g,in.
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Figure 3.11: Variation of the methane conversion and hydrogen yield as a

function of the inlet CH4 volume fraction x̄CH4,in.

in this case due to the higher specific heat of CH4 compared to Ar. In

fact, Fig. 3.15 indicates that the fraction of incoming solar power used
to heat the reactants and to drive the reaction was strongly dependent

on the dilution of CH4 with the carrier gas Ar, which was limited in this
study because of facility constraints. To examine the full potential of the
reactor in a commercial application, the use of pure CH4 as a reactant

(i.e. x̄∗CH4,in
= 1) was numerically simulated by applying the heat/mass

transfer model shown in Chap. 2. In such a case, the solar-to-thermal

energy conversion efficiency is formulated as:

η∗thermal =
Q∗

heating +Q∗
chemical

Q∗
solar

, (3.11)

where

Q∗
chemical = XCH4

ṅ∗CH4,in
∆h̄R (Twall,i) , (3.12)
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Figure 3.12: Variation of the solar-to-chemical energy conversion efficiency,

experimentally obtained (ηthermal, •) and numerically computed assuming
x̄CH4,in = 1 (η∗thermal, ◦), as a function of the inlet particle volume fraction

fV ,in.

and

Q∗
heating =

∑

i

ṅ∗i,in

Twall,i∫

Tin

c̄p,i (T ) dT. (3.13)

The inlet molar flows are ṅ∗CH4,in
= ṅCH4,in/x̄CH4,in, and n∗Ar,in = 0. The

model simulation assumes that the reactor temperatures and CH4 conver-
sions are equal to those experimentally measured, i.e. T ∗

wall,i = Twall,i and

X∗
CH4

= XCH4
, and that Qsolar is adjusted to account for the higher spe-

cific heat of CH4 relative to Ar. The calculated η∗thermal is shown in Fig.

3.12-3.14 as a function of fV ,in, qsolar, and V̇g,in, respectively, and reaches an
average value of 24.5 % and a maximum of 30.7 %.
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Figure 3.13: Variation of the solar-to-chemical energy conversion efficiency,

experimentally obtained (ηthermal, •) and numerically computed assuming
x̄CH4,in = 1 (η∗thermal, ◦), as a function of the incoming solar radiative flux

qsolar.
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Figure 3.14: Variation of the solar-to-chemical energy conversion efficiency,

experimentally obtained (ηthermal, •) and numerically computed assuming
x̄CH4,in = 1 (η∗thermal, ◦), as a function of the inlet gas volume flow V̇g,in.
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Figure 3.15: Variation of the experimentally obtained solar-to-chemical

energy conversion efficiency as a function of the inlet CH4 volume fraction
x̄CH4,in.
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Carbon type dp,90,laden dp,90,filtered Sactive,BET Vmicroporesµm µm m2 g−1 cm3 g−1

Fluka 05100 AC 116a 26 (run #10)b 840.2a 0.22b

Fluka 05120 AC 89a 17 (run #16)b 951.8a 0.28b

PAK 800 AC 152a 22 (run #22)b 816.3a 0.18b

Merck AC AC 777b 300 (run #29)b 1,140.0a 0.48b

BP 2000 CB 88b 101 (run #44)b 1,513.6a 0.24b

a Specified by the manufacturer.
b Determined experimentally.

Table 3.3: Properties of seed (upstream) and filtered (downstream) active

carbon (AC) and carbon black (CB) particles.

3.5 Product characterization

Table 3.3 lists the properties of the AC and CB particles both fed (up-
stream) and filtered (downstream) for selected . They were character-

ized in terms of particle size distributions (HORIBA LA-950 analyzer),
N2-adsorption (Micromeritics 3000), and scanning electron micrography
(SEM). Bigger particle sizes negatively affected chemical conversion as a

result of the lower specific surface area, as observed in previous studies
[101, 124, 79], and of the lower radiation absorption [54, 86]. Measured

specific surface area (Tab. 3.3 ) was in the range 815-1,514 m2 g−1 for all
carbon samples. Microporosity was in the range 0.18-0.48 m2 g−1.

3.5.1 Active carbon

Figure 3.16 shows the SEMs of particle samples collected in the filter down-
stream for each type of carbon particles laden upstream. For Fluka 05100
(a), an advanced stage of carbon growth process is noticed through the

formation of spherical agglomerations of carbon generated by CH4 decom-
position on the surface of the fed particles, especially on edges and defects

that serve as active nucleation sites. In contrast, for Fluka 05120 (b), some
spheres have formed on its surface but spherical agglomeration did not oc-

cur, presumably because of the larger particle surface available. Similarly,
for PAK 800 (c), only a small quantity of deposited carbon is recognized.



44 Chapter 3. Experimental work

Figure 3.16: SEM of filtered solid products, using laden carbon particles

of type: (a) Fluka 05100; (b) Fluka 05120; and (c) PAK 800.

3.5.2 Carbon black

Particles resulting from experiments using BP 2000 particles were collected
from the filter after experimental runs. Fig. 3.17 shows the probability

density vd and cumulative Vd distributions for the seed CB particles (Cabot
Black Pearls 2000, see properties in Tab. 3.3) and filtered products after

run #44. The seed particles had a bimodal distribution with peaks at 6 and
200 mm due to the presence of particle agglomerates. After the reaction, a

shift of both peaks toward higher diameters can be noticed due to particle
growth when produced carbon was deposited on the seed particles’ surface.
Additionally, an increase of the amount of particles having diameter smaller

than 2 µm is observed, presumable formed by smaller particles detaching
from the bigger agglomerates during their way through the reactor and

downstream system. SEM images show that the initially smooth surface
of the seed CB particles (Fig. 3.18) was entirely covered by a filamentous

agglomerates after the reaction (Fig. 3.19), consisting of primary spherical
particles having diameters in the 50-500 nm range (Fig. 3.20). The covering
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Figure 3.17: Particle volume distribution (probability density vd and cu-

mulative Vd) for the reacting particles (Cabot Black Pearls 2000 carbon
black) and filtered products after run #44.

of the surfaces of the seed CB particles led to blocking of pores and active

sites, as indicated by a reduction in the BET specific surface area by 2
orders of magnitude, which impedes particle recirculation. For the BP
2000 sample, the entire raw surface is covered by the deposited carbon

generated from CH4 decomposition, since the number of active sites and
the specific surface area are higher than those for the other particle types.

In this case, surface growth progresses in a spherical manner, producing
particles of diameters up to 100 mm with spherical agglomerations and

protruding ridges, as already observed in previous studies [64].

3.6 Summary

An improved design of a 5 kW solar chemical reactor for co-producing H2

and C by thermal cracking of CH4 was experimentally investigated in a

solar simulator and a solar furnace. The seeding of carbon black particles
to a continuous flow of CH4 proved to enhance the radiative heat trans-

fer and the reaction kinetics. Maximum methane conversion of 98.8 %
and hydrogen yield of 99.1 % were reached. The peak solar-to-chemical
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Figure 3.18: SEM images of seed Cabot Black Pearl 2000 carbon black
particles.

Figure 3.19: SEM images of filtered carbonaceous product after run #44.
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Figure 3.20: SEM images of filtered carbonaceous product after run #44.

energy conversion efficiency was 16.1 %, with an average value of 9.1 %.

The parametric study showed an increase of the chemical conversion with
particle volume fraction and incoming solar radiative flux as a result of

the enhanced radiative absorption by the participating medium. The in-
fluence of the injected gas volume flow rate was weak in the considered
parametric range, while an increase of CH4 molar concentration proved to

be counterproductive for the reaction extent due to the higher specific heat
of CH4. In contrast, the solar-to-chemical energy conversion efficiency was

positively influenced by an increase in the gas volume flow rate and CH4

concentration because of the increased rate of heated material in the first

case and the higher specific heat of CH4 in the second. The SEM images
showed deposition of filamentous agglomerates of spherical particles sized
50-500 nm, which covered the porous structure of the seed particles, reduc-

ing their BET active surface. Model simulations indicated the possibility
of reaching significantly higher energy conversion efficiencies (by a factor

2-4) for the same operational parameters when employing pure CH4.
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Chapter 4

Scale-up reactor model1

4.1 Introduction

In this chapter, a numerical model is formulated to simulate the behav-
ior of an indirectly-irradiated solar reactor consisting of a receiver cavity,

containing an array of absorber tubes through which the reacting medium
flows. Indirectly-irradiated solar reactor concepts proposed for methane

cracking feature graphite/ceramic tubes or other opaque surfaces serving
as absorbers and heat conductors [3, 4, 29, 30, 115, 116]. Also, solar cavity

receivers of this type have been applied for other thermochemical processes,
among which are the reduction of metal oxides [92], steam-gasification of

carbonaceous materials [91], and steam reforming of methane [81]. In par-
ticular, radiative heat transfer has been analyzed for this type of configu-
ration [81, 116].

The presented model couples radiative transfer into and within the
cavity-receiver to heat transfer, fluid flow, and chemical kinetics inside
the absorber tubes, applying the radiation heat transfer model presented

in Chap. 2. Experimental validation is accomplished with a 10 kW reac-
tor prototype. The reactor model is then used to optimize the design for

maximum energy conversion efficiency, and to simulate the performance of
a 10 MW commercial-scale reactor for a solar tower system.

1Material from this chapter has been published in: G. Maag, S. Rodat, G. Flamant,
and A. Steinfeld. Heat transfer model and scale-up of an entrained-flow solar reactor for
the thermal decomposition of methane. Int. J. Hydrogen Energy, 35:13232-13241, 2010.
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4.2 Problem statement

The solar reactor prototype for 10 kW solar power input has been pre-
viously described [116]. Its configuration is shown schematically in Fig.

4.1. It consists of a thermally insulated graphite cavity of inner dimensions
W = H = D = 0.2m, containing an array of four aligned graphite absorber

tubes of outer diameter dabsorber = 0.024 m and length Labsorber = 0.36 m,
0.16 m of which are inside the cavity, while the rest assumed perfectly in-

sulated (adiabatic). The front face of the cavity has a circular aperture
of diameter daperture = 0.09 m, covered by a single-layer quartz window.
The distance between the front plane and the array of absorbers is 0.13

m. Concentrated solar radiation enters the cavity through the windowed
aperture, irradiates the absorber tubes and the cavity walls, and undergoes

multiple reflections/absorptions. Thermal energy is either absorbed by the
medium flowing through the absorber tubes, lost by conduction through

the cavity walls, or lost by re-radiated through the aperture. CH4, diluted
in Ar at a ratio x̄CH4

, is injected into the inner tubes at Tin and pin. Figure

4.2 shows the coaxial counter-flow absorber tube.

4.3 Heat transfer modeling

Two coupled models are built for the cavity-receiver and for the absorber
tubes. The cavity-receiver model considers the incoming solar power Qsolar

and the net heat sink Qabsorber,j on each absorber tube, and computes the

outer surface temperatures Tabsorber,j of each absorber tube. These serve
as input for the tube model which, given the inlet conditions (Tin, pin)

and composition (x̄CH4,in) of the gas mixture, is used to compute the net
absorbed process heat by the fluid in each tube, Q∗

absorber,j. The matching

combinations of Qabsorber,j and Tabsorber,j are obtained by iteration with
convergence criterion

∣
∣1 −Q∗

absorber,j (Tabsorber,j , Tin, pin, x̄i,in) /Qabsorber,j

∣
∣ 6 0.001, (4.1)

for each surface j.
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Figure 4.1: Schematic of the solar cavity receiver configuration. 1 = win-

dow, 2 = cavity, 3-6 = absorber tubes.
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4.3.1 Cavity receiver

Band-approximated spectral optical properties for the quartz window and
graphite are shown in Appx. B.1. For graphite, a constant value of E =

0.88 is chosen for the emittance [132]. Qsolar is assumed to have Plancks
spectral distribution of a blackbody source at Tsource = 5, 780 K. Net

absorbed process heat is modeled as a heat sink on the absorber surface,
whereas the net heat sink on the cavity walls represents conductive losses
Qconduction,wall. Further assumptions are: diffuse window, opaque-diffuse

cavity walls, uniform radiative heat flux, temperature, and properties on
both surfaces, as well as no conductive or convective heat transfer between

window, cavity, and absorbers. The radiosity method (enclosure theory) for
semi-transparent enclosures [132] is applied to obtain a spectral-dependent

system of equations in terms of the steady-state temperatures and net
radiative fluxes on each surface:

6∑

j=1

1

Eλj,i
(δkj −Rλj,iFk−j)

[
dqλj

dλ
− Eλj,oeλb (Tj) + (1 −Rλj,o)

dqλe,j

dλ

]

=

6∑

j=1

(

eλb (Tj) +
Vλj,o

Eλj,i

dqλj

dλ

)

[δkj − (1 − Vλj,i)Fk−j]

(4.2)

for 1 6 k 6 6, (1 = window, 2 = cavity, 3 − 6 = absorber tubes, see
Fig. 4.1). where qe,1 = Qsolar/Awindow, qe,2 = qe,3 = qe,4 = qe,5 = qe,6 = 0,

q2 = −Qconduction,wall/Awall, and qj = −Qabsorber,j/Aabsorber,j , for 3 6 j 6 6.
Subscripts i and o denote inner and outer properties of the boundary walls,

respectively. Neglecting external emission at the walls and absorber tubes,
{E1,o;R1,o; V1,o} = {E1,i;R1,i; V1,i}, and Ej,o = Rj,o = Vj,o = Vj,i = 0,

for 2 6 j 6 6. The view factor matrix F between the faces is obtained
by Monte Carlo ray-tracing code. The system of equations (4.2) is inte-
grated over the windows three spectral bands l to yield a system of 6 × 3

spectrally-independent equations for totally 6×(3 + 1) unknowns (qjl, Tjl).

The remaining six equations are obtained from the relationship qj =
3∑

l=1

qjl,

for 1 6 j 6 6. The incoming radiation heat flux per spectral band l for each
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face is qe,jl =
qe,j

σT 4
sun

λ2,l∫

λ1,l

ebλ (λ, Tsun) dλ. Since the total (spectrally-integrated)

optical properties of the window and the walls are influenced by their tem-

peratures Tj, their value has to be determined iteratively. Conductive losses
through the cavity walls are approximated by applying Fouriers Law:

q2 =
Qconduction,wall

Awall
=

(UA)insulation

Awall
(Twall − Tambient) , (4.3)

where Tambient = 298.15 K and (UA)insulation is the overall heat transfer

coefficient between the inner cavity wall and the surroundings. For the 10
kW prototype, (UA)insulation = 1.14 · 10−3 W K−1 ± 11 %.

4.3.2 Absorber tubes

All three heat transfer modes between and through tube walls and gas-

particle flows are considered. For conduction,

qconduction,j (z) =
2πkabsorber [Tj,o − Tj,i (z)]

ln (dj,o/dj,i)
(4.4)

where j = {1, 2} denotes the inner and outer graphite tube, respectively.
A typical value for graphite kabsorber = 50 W m−1 K−1 was chosen [1], which

results in a difference between inner and outer surface temperature lower
than 10 K. For the outer tube, Tabsorber,o is assumed to be constant over

the entire surface. Convective heat transfer in the inner tube is given by
[58]: for laminar flow:

Nu1 (z) = 3.66, (4.5)

for turbulent flow:

Nu1 (z) = 0.023Re1 (z)0.8 Pr (z)0.4 , (4.6)

with Re1 (z) = [ρ1 (z)w1 (z) d1] /µ1 (z), Pr1 (z) = [c̄p,1 (z)µ1 (z)] /k1 (z),
and Nu1 (z) = [α1 (z) d1 (z)] /k1 (z). For transitional flow (2, 300 6 Re 6

10, 000), Nu is obtained by linear interpolation between the two cases. In
the outer annular gap, both convection from the outer tube to the fluid

as well as from the fluid to the inner tube are considered. Laminar-flow
Nu numbers for constant surface temperatures were shown to be function
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of the diameter ratio d̃ = d2,i/d2,o [129] of the annulus. Convective heat

transfer coefficients are then:� for the inner annulus wall:

α2,i (z) =
Nu2,ik2 (z)

d2,h
, (4.7)� for the outer annulus wall:

α2,o (z) =
Nu2,ok2 (z)

d2,h
, (4.8)

with the hydrodynamic diameter d2,h = d2,o − d2,i. For the considered

parameter range, no turbulence is achieved in the annulus. The convective
heat fluxes are then:� for the inner tube:

q1,convection (z) = α1 (z) [T1 (z) − T1,bulk (z)] , (4.9)� for the inner annulus wall:

q2,i,convection (z) = α2,i (z) [T2,bulk (z) − T2,i (z)] , (4.10)� for the outer annulus wall:

q2,o,convection (z) = α2,o (z) [T2,o (z) − T2,bulk (z)] , (4.11)

Determination of thermochemical properties of the gas mixture (Ar, CH4,
H2) is described in Appx. C.

Radiative heat exchange between the tube walls and the carbon particles
in the reacting flow is treated by the collision-based Monte Carlo model

presented in Sec. 2, applying cylindrical boundary conditions to simulate
absorber tube walls. The contribution of the gas phase is neglected since

accounts for less than 5 % of the total radiative heat flux, as shown by
applying the line-by-line model to the molecular spectroscopic database

HITRAN-2004 [122] and in [24]. The radiative flux divergence is given by
[41]

∂Qr,λ

∂V
dλ = ∇ · qr,λdλ = 4κPσT

4

∑

k

Qray,kκλdsk

2πrdrdz
, (4.12)
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where k designates a generic stochastic ray traversing in 3D the path length
within sub-element of volume dV and carrying a portion of radiative flux

Qray,k =



Qe + 4σ

Labsorber∫

0

rabsorber,i∫

0

κPT
42πrdrdz



N−1
rays. (4.13)

The path length s to a scattering event is calculated from:

ln Rs = −

s∫

0

σsca,λ (s) ds, (4.14)

where Rs is a random number chosen from a uniform distribution set
between 0 and 1, and the right hand side of Eq. (4.14) represents the

probabilistic cumulative distribution function for scattering by particles.
Similarly, the wavelength and direction of emission and direction of scat-

tering can be calculated using the corresponding cumulative distribution
functions. Radiative properties of the biochar particles are calculated by

assuming independent scattering and the refractive index of the gas phase
to be equal to unity [144]. The absorption, scattering, and extinction coef-

ficients and the scattering phase function are obtained by applying the Mie
theory [19] for an expected d32 = 50 nm based on the complex refractive
index of the particle approximated by that of propane soot [20, 32]. For a

given d32, simulation results for the radiative heat flux between the inner
tube wall and the medium could be reasonably well approximated in the

range of interest by:

qradiation =
(
af 2

V + bfV + c
) (
T 4

wall − T 4
bulk

)
, (4.15)

where the parameters (a, b, c) are obtained by least-square fitting to the
data points produced using the MC model (Sec. 2). This procedure was

carried out for each radiative heat flux: q1,radiation, q2,i,radiation, q2,o,radiation,
and q2,radiation to obtain the parameters listed in Tab. 4.1 for all geometrical
absorber tube arrangements used in the experiments.

The steady-state 1D mass conservation equation is formulated for each
component i:

∂ρ̄i

∂t
= 0 = −

∂

∂z
(ρ̄iw) + r̄i. (4.16)
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a b c
W m−2 K−4 W m−2 K−4 W m−2 K−4

d1 = 4 mm -4.23 6.61 · 10−4 0
q1,radiation d1 = 7 mm -8.41 1.03 · 10−3 0

d1 = 8 mm -10.67 1.23 · 10−3 0

d2o − d2i = 6 mm -3.69 5.17 · 10−4 0

q2i,radiation d2o − d2i = 8 mm -4.20 5.37 · 10−4 0
d2o − d2i = 9 mm -2.97 6.23 · 10−4 0

d2o − d2i = 6 mm 2.76 −4.46 · 10−4 3.07 · 10−8

q2,radiation d2o − d2i = 8 mm 3.13 −4.44 · 10−4 2.53 · 10−8

d2o − d2i = 9 mm 3.12 −4.33 · 10−4 2.31 · 10−8

d2o − d2i = 6 mm -9.21 1.07 · 10−3 0
q2o,radiation d2o − d2i = 8 mm -12.23 1.28 · 10−3 0

d2o − d2i = 9 mm -13.07 1.29 · 10−3 0

Table 4.1: Coefficients a, b, and c determined by least-square fitting of

a second-order polynomial function to simulated radiative heat transfer
rates, obtained with MC for the inner absorber tube geometries used during
experimentation.
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with w being the flow velocity in the axial direction. The boundary con-
dition at inlet with no particle feeding is ρ̄1,i (z = 0) = x̄in,ipin/R̄Tin. The

particle volume fraction, necessary for the determination of the radiative
transfer rates, is given by fV = ρ̄pM̄C/ρcb. For the particle density, a typical

value for carbon black, ρCB = 1, 800kg m−3, is chosen. The reaction kinetic
model is explained in Appx. D. Assuming plug flow and ideal gas while

neglecting the volume of the solid phase (fV < 5 · 10−5) and the pressure
drop (< 1% across the entire system), V̇g = wA = ṅgR̄Tbulk/p. Deriving
with respect to axial distance z yields the infinitesimal flow velocity change:

dw

dz
=
R̄Tbulk

p

∑

j

∑

i

νijrj +
w

Tbulk

dTbulk

dz
. (4.17)

The first right-hand term accounts for gas moles being produced by all
chemical reactions while the second term considers thermal gas expansion.

Boundary condition at inlet is w (z = 0) = win = V̇g,in/A. The steady-state
1D energy conservation equation is formulated for the inner tube,

∂

∂t

(∑(
ρ̄ih̄i

))

=
∂

∂z

(
ρ̄iwh̄i

)
+
∂q1,conduction

∂z
+
∑

j

νreactant,j r̄j∆h̄R,j, (4.18)

and the outer annulus

∂

∂t

(∑(
ρ̄ih̄i

))

=
∂

∂z

(
ρ̄iwh̄i

)
+

∂

∂z
(q2,conduction − q1,conduction) +

∑

j

νreactant,j r̄j∆h̄R,j,
(4.19)

with q1,conduction and q2,conduction denoting heat conducted through the in-

ner and outer tube wall, respectively. The initial condition is: T1 (z = 0) =
Tin = Tambient. For each variable φ = {ṅi;Tbulk}, the relationship φ2 (Labsorber)

= φ1 (Labsorber) is valid. Equations (4.16), and (4.17)-(4.19) are discretized
in space and solved using the finite volume method [42].

4.4 Experimental validation

The model is validated by comparing its results to those obtained experi-
mentally using a 10 kWth solar reactor prototype tested in the 1-MW solar
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Figure 4.3: Experimentally measured and model simulated outer absorber
tube temperature for 65 solar experimental runs with the 10 kW solar

reactor prototype (ordered by increasing Tabsorber,o.

furnace of the CNRS-PROMES laboratory [147]. Figure 4.3 shows the ex-

perimentally measured (by pyrometry) and model simulated outer absorber
tube temperature for all experimental runs in order of increasing Tabsorber,o.

The relative error distribution shows a standard deviation of 1.7 %. The
sources of uncertainty are thermal transients in the cavity insulation and

the natural unsteadiness of solar power input Qsolar. To account for these,
an uncertainty of ±2% for Qconduction,wall and of ±5% for Qsolar are assumed.
Figure 4.4 shows the measured (by gas chromatography) and model simu-

lated H2 concentration in the off gas, using a CH4-Ar mixture as reactants.
The standard deviation of relative errors is 29.1 %. The uncertainty of the

simulated values stems principally from variations in system pressure and
tube diameter due to carbon depositions. For example, the residence time

can vary by up to 40 % and the system pressure can vary by up to 2.5 %
for a 1-mm-thick carbon deposition in the tube inner walls.
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Figure 4.4: Experimentally measured and model simulated H2 concentra-

tion at the outlet for 65 solar experimental runs with the 10 kW solar
reactor prototype (ordered by increasing x̄CH4,out.

4.5 Scale-up to 10 MWth

An industrial-scale solar reactor mounted on a solar tower system is con-
sidered. A schematic of the optimized cavity-receiver shape is shown in

Fig. 4.5. Cavity optimization is more detailedly explained in Appendix
E. It has seven apertures and contains an array of 26 (central receiver) or

20 (lateral receiver) tubular absorbers. Viewed from the top, the cavity
has the shape of a circular section having chord length W and height D.

Each absorber tube of diameter dabsorber,o is positioned at a 1 cm gap to
the adjacent one and to the wall. Secondary concentrators (CPC [155])
are incorporated at the apertures to obtain radiative flux intensities above

3 MW m−2 (3,000 suns). Due to the limited acceptance angle of the CPCs,
a system of three cavity-receivers is considered, each one facing a dedi-

cated part of the heliostat field as shown in Fig. 4.6. Dimensions resulting
from the cavity optimization for a total Qsolar = 10 MW are listed in Tab.

4.2 and differ for the central (North) and the two lateral (East/West) solar
cavity-receivers due to the different incident solar heat fluxes. The absorber
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dimension unit cavity

North East/West

D m 2.0 1.2

H m 4.0 4.0
W m 4.0 3.0

Nabsorbers 26 20
dabsorber,o m 0.14 0.14

dabsorber,i m 0.08 0.08
δ m 0.15 0.15

Table 4.2: Optimized dimensions of the scale-up cavity-receivers.

tube geometry is simplified by removing the inner tube for a single-pass
configuration.

Two performance indicators of the system are applied. The thermal
energy conversion efficiency is defined as:

ηthermal =
Qthermal +Qchemical

Qsolar
, (4.20)

The chemical energy conversion efficiency is defined as:

ηchemical =
Qchemical

Qsolar
, (4.21)

with Qthermal =
∑

i

Tout∫

Tin

ṅi,inc̄p,i (T ) dT being the power supplied for heating

up the injected gases i and Qchemical =
∑

i

ṅi,outh̄i (Tout) −
∑

i

ṅi,inh̄i (Tout)

the sum of reaction enthalpies for all four considered chemical reactions,

assuming all transformations happen at Tout. The performance of the three
cavity-receivers is simulated over the relevant range of operational condi-
tions, assuming pure CH4 inlet flow pre-heated to 1,173 K. Figure 4.7 shows

the outlet gas temperature Tout as a function of inlet CH4 mass flow rate
ṁCH4,in and the incoming solar radiative flux through the apertures qsolar

for the North (Fig. 4.7a) and the East/West (Fig. 4.7b) cavity-receivers.
At design point (equinox, noon), Qsolar,North = 3, 946 kW, Qsolar,East =

3, 544kW, Qsolar,West = 3, 544kW, and the desired Tout = 1, 870K is reached
for ṁCH4,in,North = 0.254kg s−1 and ṁCH4,in,East = ṁCH4,in,West = 0.221kg s−1,
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Figure 4.5: Front and top view of the 10 MW solar reactor, consisting
of a cavity-receiver with seven apertures, each having a hexagonal CPC,
and containing an array of 26 (North) or 20 (East/West) tubular absorbers

(dimensions in mm).
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Figure 4.6: Top view of the three cavity-receivers, each one facing its ded-
icated portion of the heliostat field (North, East, and West), positioned at

an angle of 60◦ from each other to allow efficient capturing of the incoming
concentrated solar radiation by the CPCs.
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totaling 0.696 kg s−1. At this outlet temperature, over 99 % conversion of
CH4 is achieved. Figures 4.8 and 4.9 show ηthermal and ηchemical, respec-

tively, as a function of ṁCH4,in and qsolar for the North (a) and East/West
(b) scale-up cavity-receivers. While the operating conditions at design

point are close to the optimum value for ηthermal, only about 2/3 of the
optimum value can be reached for ηchemical. Higher ηchemical is possible by

means of an increase in ṁCH4,in. However, this would result in a lower
Tout and, consequently, in a significantly reduced chemical conversion. To
avoid the latter, Labsorber can be increased for longer residence times but

at the expense of higher conduction losses through the cavity walls. Fi-
nally, Figure 4.10 shows ηchemical as a function of Tout for the North scale-up

cavity-receiver. The parameters are qsolar = 0.6, 1.2, 1.8, 2.4, 3.0, and 3.6
MW m−2, and ṁCH4,in = 0.08, 0.14, 0.20, and 0.26 kg s−1. ηchemical increases

from 43 % to over 60 %, and ηthermal from 75 % to over 80 %, when Tout

is reduced from 1,870 K to 1,600 K, but at the expense of an inferior CB
quality and incomplete CH4 conversion.

4.6 Summary

A heat transfer model was developed to simulate a solar chemical reac-

tor for thermally cracking natural gas. The model couples radiative heat
transfer within the cavity-receiver with radiation/convection/conduction
heat transfer for a reacting flow inside the absorber tubes. Experimentally

validation was carried out with a 10 kW solar reactor prototype. For 65
solar experimental runs, the standard deviation of relative errors between

measured and simulated outer absorber tube temperatures was 1.7 % and
the one between measured and simulated H2 concentrations at the outlet

was 29.1 %. The validated model was applied to optimize the design and
estimate the performance of a 10 MW scale-up reactor for a solar tower

system. At design point, a maximum methane mass flow of approximately
0.75 kg s−1 can be completely reacted for a desired outlet temperature of
1,870 K, yielding a solar-to-chemical energy conversion efficiency of 42 %.

If lowered to 1,600 K, the reacted mass flow rate doubles and the efficiency
rises to more than 60 %, but at the expense of an inferior carbon black

quality.
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ṁCH4,in (kg s−1)

T
o
u
t,

e
a
st

/
w

e
st

(K
)

0.250.20.150.10.050

2400

2200

2000

1800

1600

1400

1200

3.6

3.0

2.4

1.8

1.2

qsolar = 0.6 MW·m−2

(a)
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Figure 4.7: Variation of the outlet gas temperature Tout with inlet CH4

mass flow rate ṁCH4,in for the North (a) and East/West (b) scale-up cavity-

receivers. The parameter is the solar radiative flux through the reactor
aperture qsolar = 0.6, 1.2, 1.8, 2.4, 3.0, and 3.6 MW m−2.
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Figure 4.8: Variation of the thermal energy conversion efficiency ηthermal

as a function of the inlet CH4 mass flow rate ṁCH4,in for the North (a)
and East/West (b) scale-up cavity-receivers. The parameter is the solar

radiative flux through the reactor aperture qsolar = 0.6, 1.2, 1.8, 2.4, 3.0,
and 3.6 MW m−2.
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ṁCH4,in (kg s−1)

η c
h
e
m

ic
a
l,
n
o
rt

h

0.20.10

0.6

0.4

0.2

0

Figure 4.9: Variation of the thermal energy conversion efficiency ηchemical

as a function of the inlet CH4 mass flow rate ṁCH4,in for the North (a)
and East/West (b) scale-up cavity-receivers. The parameter is the solar

radiative flux through the reactor aperture qsolar = 0.6, 1.2, 1.8, 2.4, 3.0,
and 3.6 MW m−2.
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Figure 4.10: Variation of the chemical energy conversion efficiency ηchemical

as a function of outlet gas temperature Tout for the North scale-up cavity-

receivers. The parameter are the solar radiative flux through the reactor
aperture qsolar = 1.2, 1.8, 2.4, 3.0, and 3.6 MW m−2, and the inlet CH4

mass flow ṁCH4,in = 0.08, 0.14, 0.20, and 0.26 kg s−1.



Chapter 5

Biochar gasification1

5.1 Introduction

To prove the validity of the numerical model presented in Chap. 4 and to
demonstrate its versatility for different types of solar chemical processes, in

this chapter it is applied to steam-gasification of carbonaceous materials.
The reaction product is synthesis gas (syngas), a mixture of mainly H2

and CO that can be used for power generation in efficient combined cycles

and fuel cells [135, 160], or further processed to liquid fuels via Fischer-
Tropsch or other catalytic reforming processes [121, 158]. The simplified

net reaction can be represented by:

CHzOy (s) + (1 − y) H2O (g) →
(z

2
+ 1 − y

)

H2 (g) + CO (g) . (5.1)

Mineral matter, intrinsic water content, and other impurities contained in
the feedstock are omitted from consideration in Eq. (5.1). Their presence

may have an effect on the kinetics and final product composition, but their
exclusion does not affect the main conclusions of this analysis. Autother-

mal gasification requires approximately 35 % of the injected feedstock to
be combusted to supply the high-temperature process heat required to

drive the endothermic reaction (5.1) [109], which results inherently in low
feedstock utilization, the necessity of an air-separation unit for pure O2

stream, and the contamination of the off-gas with combustion byproducts.
The use of concentrated solar energy as the source of high-temperature

1Material from this chapter has been published in: G. Maag, and A. Steinfeld. Design of
a 10 MW particle-flow reactor for syngas production by steam-gasification of carbonaceous
feedstock using concentrated solar energy. Energy Fuels, 24:6540-6547, 2010.
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process heat can eliminate these drawbacks [152]. It produces high-quality
syngas with higher output per unit of feedstock. It further upgrades the

calorific value of the feedstock by an amount equal to the enthalpy change
of reaction, theoretically, by up to 45 % resulting in a significant reduc-

tion of CO2 emissions vis-a-vis conventional autothermal gasifiers [67]. A
2nd-Law (exergy) analysis indicates that combined Brayton-Rankine power

cycles running on solar-made syngas from coal can double the specific elec-
tric output per unit mass of coal and, consequently achieve specific CO2

intensities of 0.49-0.56 kg(CO2) kWh−1
el approximately half that of conven-

tional coal-fired generation plants [152]. CO2 neutrality can be achieved
if biomass is used as feedstock. Ultimately, solar-driven gasification is a

means of storing intermittent solar energy in a transportable and dispatch-
able chemical form.

Solar-driven pyrolysis and gasification was investigated in earlier stud-

ies [14, 46, 47, 78, 103]. More recently, solar thermal gasification was
successfully applied to various carbonaceous materials (among which coal,

petroleum coke, vacuum residue, and charcoal) using directly irradiated
fluidized-bed [67, 151], molten-salt pool [6], and vortex-flow reactors [163],
as well as indirectly-irradiated packed-bed [110], and particle-flow [91] re-

actors with graphite/ceramic tubes or other opaque surfaces serving as
absorbers and heat conductors. Of special interest is the latter reactor

concept, schematically shown in Fig. 5.1. It consists of a cylindrical solar
cavity-receiver with a windowless slab (rectangular) aperture containing an

array of tubular absorbers, through which a reacting mixture of steam and
carbonaceous particles flow. A trough compound parabolic concentrator

(CPC) [155] is incorporated at the aperture to further augment the inci-
dent solar flux, reduce the aperture size, and minimize re-radiation losses.
Concentrated solar energy entering through the aperture is transferred by

combined radiation/conduction/convection to the reacting flow. In the
following sections, the numerical reactor model developed in Chap. 4 is

modified accordingly. Its experimental validation is accomplished with a
3 kW reactor prototype tested for the steam-gasification of biochar. The

reactor model is then applied to optimize the design and simulate the per-
formance of a 10 MW reactor for a solar tower system.
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Figure 5.1: Solar reactor configuration consisting of a cavity-receiver with a

windowless slab aperture containing an array of tubular absorbers, through
which a reacting mixture of steam and carbonaceous particles flow. A 2D-

CPC is incorporated at the aperture.
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5.2 Problem statement

The solar reactor prototype for 3 kW solar power input has been pre-

viously described [91]. The radiative exchange between the cavity and
absorber tube has been modeled in a previous study [87]. Thus, the outer

absorber tube surface is taken as domain boundary. The model domain is
shown schematically in Fig. 5.2. It consists of a reaction-bonded silicon-
infiltrated silicon carbide absorber tube (SiSiC, HALSIC-I: 88-92 vol% SiC,

12-8 vol% metallic Si [153]) of outer diameter dabsorber,o = 2.5 cm, inner di-
ameter dabsorber,i = 1.8 cm, and length Labsorber = 0.15 m. Water vapor

(ṁH2O,in = 0.79 g min−1), and Ar (V̇Ar,in = 4.5 lN min−1), resulting in an
inlet gas H2O molar fraction x̄H2O,in = 0.18, are injected into the tube at

Tin = 473 K and pin = 101, 325 Pa. Beech charcoal particles (Fluka 03866,
ρbiochar = 450 kg m−3 [22], mean particle size= 7.2 µm, elemental composi-

tion is CH0.418O0.117S0.003N0.006, ash content 5 %), of BET specific surface
area 180 m2 g−1, as determined by N2 adsorption at 77 K (Micromerit-
ics TriStar 3000), are used as the carbonaceous feedstock. The particle

size distribution functions, as measured by laser scattering (HORIBA LA-
950), are shown in Fig. 5.3. Plotted are the number (fd) and volume (vd)

distribution probability densities of the beech charcoal feedstock. Elemen-
tal composition was determined with Leco CHN-900 (C-, H-, N-detection),

Leco RO-478 (O-detection, and Leco CHNS-932 (S-detection) instruments.

Biochar particles are fed into the gas stream using a rotating brush
feeder at a rate of 0.35 g min−1, resulting in a particle volume fraction

fV = 8.2 · 10−5 at inlet. Heat is transferred by conduction through the
tube wall and by combined radiation, convection, and conduction into the
axially-flowing, reacting medium. For conduction,

qconduction (z) =
2πkSiC (Tabsorber,o − Tabsorber,i (z))

ln (dabsorber,o/dabsorber,i)
. (5.2)

A value of kSiC = 45.2 W m−1 K−1 at 1,073 K is given by the manufacturer

[153], which results in a difference between inner and outer surface temper-
ature lower than 10 K. Over the reaction zone, a constant outer absorber

temperature Tabsorber,o is assumed. Convective heat transfer in the inner
tube is given by [58]:
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Figure 5.2: Longitudinal section view of an absorber tube.� for laminar flow:

Nu (z) = 3.66, (5.3)� and for turbulent flow:

Nu (z) = 0.023Re (z)0.8 Pr (z)0.4 . (5.4)

with Re (z) = ρ (z)w (z) dabsorber,i/µ (z), Pr (z) = c̄p (z)µ (z) /k (z), and
Nu (z) = α (z) dabsorber,i (z) /k (z). For transitional flow (2, 300 6 Re 6

10, 000), Nu is obtained by linear interpolation between the two cases. The
heat conductivity k and the dynamic viscosity µ of the gas mixture (Ar,

H2O, H2, CO) are calculated from the kinetic gas theory [133], whereas
polynomial approximations are used for specific heat c̄p [18] (see Appx. C.

The first two properties are computed for the gas phase by a weighted sum
for all species using their molar concentration as weight function. Radia-
tive heat exchange between the tube walls and the carbon particles in the

reacting flow is treated by a collision-based Monte Carlo model [162] (see
Sec. 4.3.2). Application of the line-by-line model to the molecular spectro-

scopic database HITRAN-2004 [122] for similar fV of particles indicated
that the contribution of the gas phase is less than 5 % of the total radiative

flux, and therefore negligible [86]. The absorption, scattering, and extinc-
tion coefficients and the scattering phase function are obtained by applying



74 Chapter 5. Biochar gasification

Qnominal dabsorber,i a b c

kW m W m−2 K−4 W m−2 K−4 W m−2 K−4

3 0.018 -3.56 1.88 · 10−4 0

10,000 0.08 -3.37 7.02 · 10−4 0

Table 5.1: Coefficients a, b, and c determined by least-square fitting of a

second-order polynomial function to radiative heat transfer rates obtained
by MC for the 3 KW and the 10 MW reactor design.

the Mie theory [19] for 11 size intervals of the particle size distribution of

Fig. 5.3, based on the particle size parameter ξ = πdparticle/λ in the range
10−1 − 102 and the complex refractive index of the particle approximated

by that of propane soot [20, 32]. For a given particle size distribution,
simulation results for the radiative heat flux between the inner tube wall

and the medium could be reasonably well approximated in the range of
interest by:

qradiation =
(
af 2

V + bfV + c
) (
T 4

wall − T 4
bulk

)
, (5.5)

, where the parameters (a, b, c) are obtained by least-square fitting to the

data points generated by MC. The parameters are listed in Tab. 5.1 for
the 3 kW and the 10 MW reactor design.

The steady-state 1D mass conservation equation is formulated for each
component i:

∂ρ̄i

∂t
= 0 = −

∂

∂z
(ρ̄iw) + r̄i. (5.6)

with w being the flow velocity in the axial direction. No velocity differ-

ence between the particles and the gas mixture is assumed. The boundary
condition at inlet is ρ̄1,i (z = 0) = x̄in,ipin/R̄Tin for each inlet gaseous com-
ponent i = (H2O,Ar), and ρ̄j (z = 0) = x̄jfV ,inρbiochar/

[
M̄biochar (1 + fV ,in)

]

for each solid component of biochar j = (C,H,O): N and S are neglected,
with .

The reaction kinetics were determined by thermogravimetry [109]. Ap-

plication of the shrinking spherical particle model for an unreacted spher-
ical core [80] yields an expression for the reaction rate of each component
i

r̄i =
dρ̄i (z)

dt
= νiρ̄

1/3
C,ink (z) ρ̄

2/3
C (z) . (5.7)
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Figure 5.3: Particle number (fd) and volume (vd) distribution probability
densities of the beech charcoal feedstock and the 11 discrete size intervals
used for computation of the radiative properties of the particle suspension.

νi is the stoichiometric coefficient of each species of Eq. (5.1). The rate con-
stant is assumed to obey the Arrhenius law, k (z) = k0 exp

(
−Ea/R̄Tbulk (z)

)
,

with an apparent activation energy Ea = 43, 154 J mol−1 and a pre-expo-
nential factor k0 = 120.6s−1, the latter being adjusted for the experimental
validation of the reactor model, and in good agreement with the one ob-

tained by applying a 2D steady-state reactor model with uniform reaction
zone temperature (k0 = 124.6 s−1)[91].

Assuming plug flow and ideal gas while neglecting the volume of the
solid phase (fV < 10−4) and the pressure drop (below 1 % across the

entire system), V̇g (z) = ṅg (z) R̄Tbulk (z) /pin. Deriving with respect to
axial distance z yields the infinitesimal flow velocity change:

dw

dz
=
R̄Tbulk (z)

p

∑

i

r̄′′′i (z) +
w (z)

Tbulk (z)

dTbulk (z)

dz
. (5.8)

The first right-hand term accounts for gas moles being produced by the
chemical reaction while the second term considers thermal gas expansion.
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Boundary condition at inlet is w (z = 0) = win = V̇g,in/Aabsorber,i. Aabsorber,i

is the inner cross-section area of the tube.

The steady-state 1D energy conservation equation is formulated assum-
ing infinitely fast thermal exchange between the particle suspension and

the gas:

∂

∂t

(∑(
ρ̄i (z) h̄i (z)

))

=
∂

∂z

(
ρ̄i (z)w (z) h̄i (z)

)
+

+
∂qconduction (z)

∂z
− r̄C (z) ∆h̄R (z) ,

(5.9)

with the initial condition T (z = 0) = Tin = 473 K, where ∆h̄R (z) =
∑

i

νih̄i (Tbulk (z)) is the enthalpy change over the reaction per reacted num-

ber of C moles. Since charcoal has no reference enthalpy, all enthalpy
changes were calculated by assigning to charcoal the reference enthalpy of

its elemental composition at 300 K, and further adjusting for the small
offset between the heating value of charcoal (473.9 kJ mol(C)−1, calculated

from elemental composition [105]) and the enthalpy change of the combus-
tion reaction at 300 K given by

C +
z

2
H2 +

y

2
O2

︸ ︷︷ ︸

CHzOy

+
(

1 +
z

4
−
y

2

)

O2 →
z

2
H2O + CO2. (5.10)

Eqs. (5.6), (5.8), and (5.9) are discretized in space and solved using the
finite volume method [42].

5.3 Experimental validation

The reactor model is validated by comparing its results to those obtained

experimentally using a 3 kW solar reactor prototype tested at ETHs high-
flux solar simulator [56]. The extent of chemical reaction is obtained

through a C-balance:

XC =
ṅCO,out + ṅCO2,out + ṅCH4,out

ṅC,in
. (5.11)

Inlet biochar mass flow was determined by experimental calibration of the

brush feeder. Outlet gas flows were measured on-line by gas chromatogra-
phy. For the temperature measurement on the outer absorber tube wall a
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Figure 5.4: Averaged experimentally measured (18 runs at 9 differ-
ent Tabsorber,o and theoretically calculated reaction extent in function of

Tabsorber,o for the 3 kW reactor prototype.

shielded thermocouple was employed. Error bars result from inaccuracies
in the measurement and feeding devices (temperature ±2 % of reading, gas

flow controllers ±0.8 % of reading plus ±0.2 % of scale, water flow con-
troller ±1 % of reading, outlet gas concentrations ±0.005 vol%, biochar

feeding rate ±0.05 g min−1) [91]. Figure 5.4 shows the numerically calcu-
lated (curve) and averaged experimentally measured (data points) reaction
extent as function of Tabsorber,o. The agreement between calculated and the

averages of 18 experimentally obtained values lies within 18.8 % ± 23.7 %
(mean difference ± standard deviation). The very efficient heat transfer

from the inner wall to the reacting flow is mainly due to the radiation ab-
sorbed by the particles (30−50 % of total tube-to-bulk heat transfer rate),

leading to a fast (0.030 s, τ ≈ 0.077 s, for Tabsorber,o = 1600 K) convergence
of the medium temperature Tbulk (z) within 95 % of Tabsorber,i (z).
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5.4 Scale-up to 10 MW solar power input

The industrial-scale solar reactor presented in Sec. 4.5, mounted on a
solar tower system is considered. A description of the optimized cavity-

receiver shape is given in Appendix E. Band-approximated spectral optical
properties for the quartz window and SiC absorber tubes and walls are

given in Appendix B. For SiC, a constant value of E = 0.9 is chosen
as the properties do not vary significantly over the considered wavelength
range [146]. Qsolar is assumed to have Plancks spectral distribution of

a blackbody source at Tsource = 5, 780 K. Net absorbed process heat is
modeled as a heat sink on the absorber surface. Further assumptions are:

diffuse window, opaque-diffuse cavity walls, uniform radiative heat flux,
temperature, and properties on both surfaces, as well as no conductive or

convective heat transfer between window, cavity, and absorbers. Equation
(4.2) applying the radiosity method (enclosure theory) for semi-transparent
enclosures [132] is modified to account for the different number of surfaces,

yielding a spectral-dependent system of equations in terms of the steady-
state temperatures and net radiative fluxes on each surface:

Nabsorbers+8∑

j=1

1

Eλj,i
(δkj − Rλj,iFk−j)

[
dqλj

dλ
− Eλj,oeλb (Tj) + (1 −Rλj,o)

dqλe,j

dλ

]

=

=

Nabsorbers+8∑

j=1

(

eλb (Tj) +
Vλj,o

Eλj,i

dqλj

dλ

)

[δkj − (1 − Vλj,i)Fk−j]

(5.12)

for 1 6 k 6 (Nabsorbers + 8), (1−7 = windows, 8 = cavity, 9−(Nabsorbers + 8) =
absorber tubes, see Fig. 4.6, where qe,j = Qsolar/Awindow (for 1 6 j 6 7),
qe,j = 0 (for 8 6 j 6 (Nabsorbers + 8)), and qj = −Qabsorber,j/Aabsorber,j, for

9 6 j 6 (Nabsorbers + 8). Subscripts i and o denote inner and outer proper-
ties of the boundary walls, respectively. Neglecting external emission at the

walls and absorber tubes,
{Ej,o;Rj,o; Vj,o} = {Ej,i;Rj,i; Vj,i}, for 1 6 j 6 7, and Ej,o = Rj,o =

Vj,o = Vj,i for 8 6 j 6 (Nabsorbers + 8). The view factor matrix between the
faces is obtained by Monte Carlo ray-tracing code. The system of equa-
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tions (5.12) is integrated over the windows three spectral bands l to yield
a system of (Nabsorbers + 8)×3 spectrally-independent equations for totally

(Nabsorbers + 8) × (3 + 1) unknowns (qjl, Tj). The remaining equations are

obtained from the relationship qj =
3∑

l=1

qjl, for 1 6 j 6 (Nabsorbers + 8).

The incoming radiation heat flux per spectral band l for each face is

qe,jl =
qe,j

σT 4
sun

λl,2∫

λl,1

eλb (λ, Tsun) dλ. Since the total (spectrally-integrated) op-

tical properties of the windows are influenced by their temperatures Tj,
their value has to be determined iteratively.

This cavity-receiver model is coupled to the absorber tube model pre-

sented in Sec. 5.2. The cavity-receiver model considers the incoming solar
power Qsolar and the net heat sink Qabsorber,j on each absorber tube, and

computes the outer surface temperatures Tabsorber,j of each absorber tube.
These serve as input for the tube model which, given the inlet conditions

(Tin, pin), the composition (x̄in,i) of the gas mixture, and the inlet parti-
cle volume fraction (fV ,in), is used to compute the net absorbed process
heat by the fluid in each tube, Q∗

absorber,j. The matching combinations of

Qabsorber,j and Tabsorber,o,j are obtained by iteration with convergence cri-
terion |1 −Qabsorber,j (Tabsorber,o,j, Tin, pin, x̄in,i) /Qabsorber,j| 6 0.001, for each

surface j. Two energetic performance indicators of the system are applied.
The thermal energy conversion efficiency is defined as:

ηthermal =
Qthermal +Qchemical

Qsolar
, (5.13)

The chemical energy conversion efficiency is defined as:

ηchemical =
Qchemical

Qsolar
, (5.14)

with Qthermal =
∑

i

Tout∫

Tin

ṅin,ic̄p,i (T ) dT being the power supplied for heating

up the injected gases i and

Qchemical =
Labsorber∫

0

r̄C (z) ∆h̄R (Tbulk)Aabsorber,idz the enthalpy difference be-

tween reactants and products at reaction temperature. The performance
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of the three cavity-receivers is simulated over the relevant range of opera-
tional conditions, assuming pure H2O inlet flow, laden with particles at a

H2O:C ratio of 2.0, pre-heated to 473 K. Figure 5.5 shows the outlet gas
temperature Tout as a function of inlet H2O mass flow rate ṁH2O,in and the

incoming solar radiative flux through the apertures qsolar for the North (a)
and the East/West (b) cavity-receivers. Since Tout > 1, 400 K is required

for minimizing the CO2:CO ration in the outlet gas [99], Tout = 1, 500 K
is set for the present analysis. For qsolar = 3.5 MW m−2, such an out-
let temperature is obtained with ṁH2O,in = 2.21 kg s−1, while for lower

qsolar = 1.5 MW m−2, only 0.61 kg s−1 can be processed. Figure 5.6 shows
the extent of chemical reaction XC as a function of ṁH2O,in and qsolar for

the North (a) and the East/West (b) cavity-receivers. XC drops rapidly
with increasing ṁH2O,in, due to insufficient residence times. For exam-

ple, XC = 31 % for qsolar = 3.5 MW m−2 at higher mass flow) rate, but
XC = 67 % for qsolar = 1.5 MW m−2 at lower mass flow rate. Also, the
bigger quantity of processed mass barely compensates for the higher solar

concentrations necessary for heating it up and reaching the desired Tout.
This is corroborated in Fig. 5.7, which shoes the thermal energy conver-

sion efficiency ηthermal as a function of ṁH2O,in and qsolar for the North (a)
and the East/West (b) cavity-receivers. An optimum qsolar = 1.5 MW m−2

results in maximum ηchemical (32 %), as shown in Fig. 5.8, while for
qsolar = 3.5 MW m−2 a relatively low ηchemical of 18 % is reached. Since

XC decreases with increasing ṁH2O,in the maximal attainable values for
ηchemical decrease with higher qsolar. Assuming XC = 1 yields a value of
41 % for qsolar = 3.5 MW m−2, thus pointing out the significant solar-to-

chemical efficiency gain potential through cavity shape and absorber tube
size optimization at highly concentrated solar inlet flux.

5.5 Summary

In this chapter, the heat transfer model presented in Chap. 4 was modified

to simulate a solar chemical reactor for steam gasification of carbonaceous
particles. The model couples radiative heat transfer within the cavity-

receiver with radiation / convection / conduction heat transfer for a react-
ing flow inside the absorber tubes. Experimental validation of the absorber
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Figure 5.5: Variation of the outlet gas temperatures Tout with inlet H2O

mass flow rate ṁH2O,in for the North (a) and East/West (b) scale-up cavity-
receivers. The parameter is the solar radiative flux through the reactor

aperture qsolar = 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 MW m−2 and the inlet
H2O:C ratio is 2.0.
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Figure 5.6: Variation of the extent of chemical reaction XC with inlet
H2O mass flow rate ṁH2O,in for the North (a) and East/West (b) scale-

up cavity-receivers. The parameter is the solar radiative flux through the
reactor aperture qsolar = 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 MW m−2 and the

inlet H2O:C ratio is 2.0.
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Figure 5.7: Variation of the thermal energy conversion efficiency ηthermal

with inlet H2O mass flow rate ṁH2O,in for the North (a) and East/West (b)
scale-up cavity-receivers. The parameter is the solar radiative flux through

the reactor aperture qsolar = 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 MW m−2 and
the inlet H2O:C ratio is 2.0.
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Figure 5.8: Variation of the chemical energy conversion efficiency ηchemical

with inlet H2O mass flow rate ṁH2O,in for the North (a) and East/West (b)
scale-up cavity-receivers. The parameter is the solar radiative flux through

the reactor aperture qsolar = 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 MW m−2 and
the inlet H2O:C ratio is 2.0.
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tube model was carried out with a 3 kW solar reactor prototype. The agree-
ment between the calculated curve for XC in function of Tabsorber,o and the

19 experimentally obtained values lies within 18.8 %±23.6 % (mean differ-
ence ± standard deviation). The validated model was applied to estimate

the performance of a 10 MW scale-up reactor for a solar tower system. For
a desired outlet temperature of 1,500 K, low radiative inlet concentrations

(1,500 suns) show a higher solar-to-chemical energy conversion efficiency
(32 %) than higher ones (18 % at 3,500 suns) due to the higher mass flow
and consequently lower residence times and extents of chemical reaction of

the latter case. An estimation of the improvement potential for the solar-
to-chemical energy conversion efficiency shows values up to 41 % at 3,500

suns to be obtainable by optimization of the cavity and absorber tube sizes
for full reaction of the fed biochar.
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Chapter 6

Conclusion

This thesis was performed in the framework of the EU-project SOLHY-

CARB. Final goal of the project was the development and testing of solar
reactor prototypes of size up to 50 kW, the development and validation of

a numerical model to predict the performance of a commercial-scale (10
MWth) scale-up reactor in order to assess the economical feasibility of the
process. ETH and PSI’s work package included the following tasks:

1. experimental testing of a laboratory-scale solar thermal reactor pro-
totype for thermal cracking of CH4,

2. development and validation of a numerical model to simulate radia-
tive heat transfer within a reacting cloud of carbonaceous particles
suspended in a CH4 flow,

3. development and validation of a numerical model to simulate a solar
thermal reactor according to the design chosen for the scale-up: an

indirectly-irradiated type of reactor consisting of a receiver-cavity con-
taining an array of absorber tubes through which the reacting medium

flows,

4. application of the model to design a 10 MWth commercial-scale reactor
and predict its performance.

The work carried out for these tasks constitutes the backbone of this thesis
and accounts for Chapters 2 (task 2), 3 (task 1), and 4 (tasks 3 and 4).

Additional elements of the thesis are the application of the 10 MWth scale-
up model to the process of steam-gasification of carbonaceous material in
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order to prove the validity and versatility of the chosen modeling approach.
As a byproduct of the formulated model for radiative heat exchange within

a solar cavity-receiver, a study comparing the thermal behavior of cavities
featuring windows made from quartz and sapphire was performed (Appx.

A).

6.1 Experimental work

An improved design of a 5 kW solar chemical reactor for co-producing H2

and C by thermal cracking of CH4 was experimentally investigated in a

solar simulator and a solar furnace. A total of 49 valid experiments was
performed. Modifications applied to the original reactor design (conical
product outlet and additional insulation layer) showed to avoid deposition

of particles inside the cavity and allowed to increase the operation tem-
perature. Calculated inner reactor wall temperatures range between 1,130

and 1,610 K. The seeding of carbon black particles to a continuous flow of
CH4 proved to enhance the radiative heat transfer and the reaction kinet-

ics. Maximum methane conversion of 98.8 % and hydrogen yield of 99.1 %
were reached. The peak solar-to-chemical energy conversion efficiency was
16.1 %, with an average value of 9.1 %. The parametric study showed an

increase of the chemical conversion with particle volume fraction and in-
coming solar radiative flux as a result of the enhanced radiative absorption

by the participating medium. The influence of the injected gas volume flow
rate was weak in the considered parametric range, while an increase of CH4

molar concentration proved to be counterproductive for the reaction extent
due to the higher specific heat of CH4. In contrast, the solar-to-chemical

energy conversion efficiency was positively influenced by an increase in the
gas volume flow rate and CH4 concentration because of the increased rate
of heated material in the first case and the higher specific heat of CH4 in

the second. The SEM images showed deposition of filamentous agglom-
erates of spherical particles sized 50-500 nm, which covered the porous

structure of the seed particles, reducing their BET active surface. Model
simulations indicated the possibility of reaching significantly higher energy

conversion efficiencies (by a factor 2-4) for the same operational parameters
when employing pure CH4.
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6.2 Modeling

The modeling work was substantially divided into two distinct parts: at
first, the simulation of heat and mass transfer within a two phase medium;

secondly a complete reactor model.

The heat and mass transfer model was developed to compute temper-

ature and chemical composition of a reacting two-phase solid-gas flow ini-
tially composed of CH4 laden with carbon particles, and directly exposed to

concentrated solar radiation. Optical properties of the particles were com-
puted from literature data using Mie theory, while those of CH4 were ob-
tained from the HITRAN database and approximated using a band model.

For the simulation of radiation heat transfer into and within the medium,
the path length Monte Carlo method with ray redirection was applied.

Maximum (steady-state) temperatures in the range of 1, 700 − 1, 800 K
were obtained for initial carbon particles of 1− 10 µm diameter and initial

volume fraction in the range 5 ·10−6−5 ·10−5. The maximum CH4 conver-
sion in steady-state was 46.5 % for the inlet and initial volume fraction and
particle diameter of fV,0 = 5 ·10−5 and d0 = 2.5 µm, corresponding to max-

imum particle temperatures of 1,780 K. Validation was accomplished by
comparing the computed steady-state temperatures and reaction extents

with those obtained experimentally using a particle-flow solar reactor pro-
totype subjected to concentrated solar radiation.

To simulate a complete solar chemical reactor, a second model, coupling
radiative heat transfer within the cavity-receiver with radiation/convec-

tion/conduction heat transfer for a reacting flow inside the absorber tubes,
was built. Radiative heat transfer inside the absorber tubes was approxi-

mated using a simplified correlation based on simulated data points using
the first model. Experimental validation was carried out with a 10 kW
solar reactor prototype. For 65 solar experimental runs, the standard de-

viation of relative errors between measured and simulated outer absorber
tube temperatures was 1.7 % and the one between measured and simu-

lated H2 concentrations at the outlet was 29.1 %. The validated model was
applied to optimize the design and estimate the performance of a 10 MW

scale-up reactor for a solar tower system. At design point, a maximum
methane mass flow of approximately 0.75 kg s−1 can be completely reacted
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for a desired outlet temperature of 1,870 K, yielding a solar-to-chemical
energy conversion efficiency of 42 %. If lowered to 1,600 K, the reacted

mass flow rate doubles and the efficiency rises to more than 60 %, but at
the expense of an inferior carbon black quality.

The final scale-up model was additionally validated by applying it to the

process of steam-gasification of biomass using experimental results obtained
using a 3 kW particle-flow reactor prototype. The validated model was

applied to estimate the performance of a 10 MW scale-up reactor for a solar
tower system. For a desired outlet temperature of 1,500 K, low radiative
inlet concentrations (1,500 suns) show a higher solar-to-chemical energy

conversion efficiency (32 %) than higher ones (18 % at 3,500 suns) due to
the higher mass flow and consequently lower residence times and extents

of chemical reaction of the latter case. An estimation of the improvement
potential for the solar-to-chemical energy conversion efficiency shows values

up to 41 % at 3500 suns to be obtainable by optimization of the cavity and
absorber tube sizes for full reaction of the fed biochar.

6.3 Outlook

Based on the performance predictions for the 10 MWth scale-up reactor pre-
sented in Chapter 4, the economic potential of the process will be assessed.

It has been shown that the product quality increases with process tempera-
ture in the relevant operating range. This is valid for both the purity of the

gaseous product (higher hydrogen yield) and the carbon particles, which
reduces the need for gas separation equipment for the first and increases
the expected market price for the second. On the other hand, the neces-

sity of high process temperatures (up to 2,100 K) require a more complex
concentrating system, able to deliver average concentrations up to 4,000

suns, with higher spillage losses. To find the optimum operating point, a
trade-off between these two opposing effects has to be determined. The

production of a model able to directly relate the operating temperature of
the reactor to carbon black quality and thus price would have been a task

beyond the scope of this thesis, but could greatly favor future assessments.

The detailed heat and mass transfer model presented in Chap. 2 re-
sulted to be too computationally intensive to be used directly in the scale-
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up model of Chap. 4. The search for a simplified model to be used led
to the utilization of a polynomial equation for net heat transfer between

absorber tube wall and the reacting medium. Parameters are the parti-
cle phase volume fraction and the temperature difference between the wall

and the bulk of the reacting flow. Thus, this simplification can only be
guaranteed to maintain its validity for the very same particle size, or size

distribution, and temperature ranges for which the parameters of the poly-
nomial approximation were determined. An application of the radiative
heat transfer model to generate a larger number of data points in order

to derive a more general relationship would represent a very useful evolu-
tion of the work presented in this thesis. For the radiative heat transfer

model itself, very simple fluid flow conditions were assumed. The coupling
of the very detailed radiative heat transfer model with a common 3D CFD

full-featured solver would provide an useful, though probably very heavy,
tool to increase the precision of the numerical predictions. Finally, the val-
idation of the models could be enhanced by an increased accuracy of the

input parameter ṁC,in which determines the particle phase volume fraction
fV and thus has, as shown in Chapter 2 a significant effect on radiative

properties of the medium.
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Appendix A

Temperature of a quartz/sapphire
window in a solar cavity-receiver1

A.1 Introduction

Solar receivers and reactors for highly concentrated solar applications usu-

ally feature the use of a cavity-type configuration, i.e. a well insulated
enclosure designed to effectively capture incident solar radiation entering

through a small opening - the aperture. Because of multiple internal reflec-
tions, the cavitys apparent absorptance2 exceeds the inner surface absorp-

tivity and, consequently, increases its ability to absorb incoming irradia-
tion. The apparent absorptance has been calculated for cylindrical, conical,
and spherical geometries having diffuse and specularly reflecting inner walls

[82, 131, 137]. The larger the ratio of cavity area to aperture area, the closer
the cavity-receiver approaches a blackbody absorber, but at the expense of

higher conduction losses through the insulated cavity walls. Smaller aper-
tures reduce re-radiation losses but intercept less sunlight. Consequently,

the optimum aperture size becomes a compromise between maximizing ra-
diation capture and minimizing radiation losses [141]. To some extent, the

aperture size may be reduced with the help of non-imaging secondary con-
centrators, e.g. CPC, placed at the receivers aperture in tandem with the
primary concentrating system [155].

1Material from this chapter has been published in: G. Maag, C. Falter, and A. Steinfeld.
Temperature of a quartz/sapphire window in a solar cavity-receiver. J. Sol. Energy Eng.,
133:014501, 2011.

2Fraction of energy flux emitted by a blackbody surface stretched across the cavity
opening that is absorbed by the cavity walls [131]
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Examples of relevant studies include a cavity containing an array of
tubular absorbers [92] and two cavities in series [157, 165]. Some config-

urations of solar receivers and reactors are based on the direct irradiation
of volumetric absorbers to provide efficient heat transfer directly to the

absorbing materials (e.g. ceramic fins [61] and foams [23, 60]) and/or at
the reaction site (e.g. packed-beds [126] and particle flows [164]). However,

a major drawback when working with reducing or inert atmospheres is the
requirement for a transparent window, which is a critical and troublesome
component in high-pressure and severe environments, since it must be rel-

atively thin for minimum radiation attenuation, yet strong and durable
at high temperatures and pressures. Quartz windows (SiO2 m.p. 1,980

K) have an upper limiting operating temperature of about 1,000 ◦C while
sapphire windows (Al2O3 m.p. 2,290 K) allow for higher operating tem-

peratures. Conical shapes [73], IR coatings [118], and active cooling [117]
have been applied to improve window performance. In this appendix,
the governing equations for radiative exchange within a generic windowed

cavity-receiver are formulated for spectrally-selective quartz and sapphire
windows. The calculated temperatures of window and cavity are plotted

as a function of the incoming radiative flux and solar energy absorption
efficiency.

A.2 Analysis

The solar cavity-receiver is schematically depicted in Fig. A.1. The aper-

ture is covered by a single-layer quartz/sapphire window, whose approx-
imated optical properties are given in Appendix B for both materials.

The window is exposed to concentrated solar thermal power Qsolar, as-
sumed to have Plancks spectral distribution of a blackbody source at
Tsource = 5, 780 K. Net absorbed process heat is modeled as a heat sink on

the cavity walls Qcavity, whereas the net heat sink on the window Qwindow

represents convective losses. Further assumptions are: diffuse window,

opaque-gray-diffuse cavity walls, uniform radiative heat flux, temperature,
and properties on both surfaces, no conductive and convective heat trans-

fer between window and cavity, and perfectly insulated cavity walls. The
radiosity method (enclosure theory) for semi-transparent enclosures [130]
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Figure A.1: Schematic of the solar cavity receiver configuration.

is applied to obtain a spectral-dependent system of equations for steady-
state temperatures and net heat fluxes of the semi-transparent window and

the opaque cavity (w=window, c=cavity):

−
Rλ,c

Eλ,c

dqc
dλ

+
1

Eλ,w

dqw
dλ

= −eλb (Tc) + 2eλb (Tw) −
dqe,w
dλ

, (A.1)

1

Eλ,c
(1 − Rλ,cFc−c)

dqc
dλ

−
Rλ,w

Eλ,w
Fc−w

dqw
dλ

=

= (1 − Fc−c) eλb (Tc) − (1 + Rλ,w − Vλ,w)Fc−weλb (Tw) +

Rλ,w (1 −Rλ,w) − Vλ,w (1 − Vλ,w)

Eλ,w
Fc−w

dqe,w
dλ

,

(A.2)

where qe,w = Qsolar/Aw, qw = −Qconvection,w/Aw, and qc = −Qc/Ac.

The baseline case considers a cylindrical-shaped cavity with daperture =
0.03 m, dc = 0.062 m, Lc = 0.124 m, Ac = 41.6Aw. The present analysis

is valid for any generic cavity shape containing a flat aperture with same
aspect ratios. Equation system (A.1)-(A.2) is integrated over the windows
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three spectral bands l to yield a system of 2 × 3 spectrally-independent
equations for totally 2×(3 + 1) unknowns (qw,l, qc,l, Tw, Tc). The remaining

two equations are obtained from the relationship qj =
3∑

l=1

qj,l, for j = {w, c}.

The incoming radiation heat flux per spectral band for each phase is

qe,w,l =
qe,w
σT 4

sun

λ2,l∫

λ1,l

eλb (λ, Tsun) dλ. (A.3)

Since the overall total (spectrally-integrated) optical properties of the win-
dow are influenced by the temperature Tw, the problem is solved iteratively.

Natural convective losses at the outer face of the window are calculated us-
ing a Nusselt correlation [26]

N̄ud = 0.825 +







0.387Ra
1/6
d

[

1 + (0.492/Pr)9/16
]8/27







2

, (A.4)

with Rad = gβ (Tw − T∞) d3
aperture and Pr = ν/α. α = k/ (ρcp) is the

thermal diffusivity. The thermophysical properties of air: k, cp, and ν, are
computed using polynomial approximations obtained by least-square fitting

of tabulated data [58], evaluated at film temperature Tfilm = (Tw + T∞) /2.
β = 1/T is the expansion coefficient [58]. Thus,

qw =
Qconvection,w

Aw
h̄ (Tw − T∞) =

N̄udk

daperture
(Tw − T∞) . (A.5)

Tambient is assumed to be 298.15 K. Re-radiation losses are obtained by

summing:

Qemitted,w = AwEw (Tw) σT 4
w, (A.6)

Qreflected,w = RwEw (Tsource)Qsolar, (A.7)

and

Qtransmitted,w = AcFc−wVw (Tcavity)Ec (Tc)σT
4
c , (A.8)

for emission, reflection, and transmission losses, respectively. E (T ), R (T ),
and V (T ) are the overall total emittance, reflectance, and transmittance
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of the window for radiation originating from a blackbody at temperature
T. Energy balance yields:

Qconvection,w +Qemitted,w +Qreflected,w +Qtransmitted,w = (1 − η)Qsolar. (A.9)

A.3 Results

The equation system (A.1)-(A.2) was solved iteratively using the band

approximation with fractional functions. Iterative steps were performed
by adapting Tw and Tc until the convergence criterion

∣
∣1 − q∗j (Tw, Tc) /qj

∣
∣

was satisfied for both surfaces (window and cavity), with q∗j and qj being
the solutions in consecutive iterations. The overall spectral emittance E,

reflectance R, and transmittance V are listed in Tabs. B.1 and B.1, ap-
proximated as constants over three spectral bands for quartz and sapphire

single-layer windows, based on manufacturer data. The inner cavity sur-
face is taken as black (Ec = 1) and no active cooling of the inner window
is considered. The solar energy absorption efficiency is defined as the ratio

of net power absorbed to the incoming solar radiative power:

η =
Qc

Qsolar
. (A.10)

The temperature of the window is shown in Fig. A.2, and that of the cavity
wall in Fig. A.3, as a function of the incoming solar radiative flux qsolar.

The parameter is the solar energy absorption efficiency, η = 0, 0.4, 0.6,
and 0.8. For validation purposes, the windowless case is included. For the

present steady-state case with black walls, radiative equilibrium yields

Tc|no window

4

√

(1 − η) qsolar

σ
(A.11)

The stagnation temperature curves for η = 0 of the two windowed cases

slightly exceed the windowless case, due to a slight greenhouse effect (IR
radiation trap) as a result of the higher absorptance in the far IR than

in the visible and near IR. As expected, Tw increases with qsolar, reach-
ing maximum values (obviously for η = 0) in the range 1,270 to 1,530 K

for the qsolar range between 2 and 4 MW m−2. The window temperature
decreases for higher η because of the lower equilibrium temperature and,



98 Chapter A. Temperature of a quartz/sapphire window

sapphire window
quartz window

0.8

0.6

0.4

η = 0

qsolar (MW m−2)

T
w

(K
)

4.03.02.01.00.0

1600

1400

1200

1000

800

600

400

Figure A.2: Temperature of the window as a function of incoming solar

radiative flux qsolar. The parameter is the solar energy absorption efficiency,
η = 0, 0.4, 0.6, and 0.8, for both window types and the windowless case.
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Figure A.3: Temperature of the cavity as a function of incoming solar

radiative flux qsolar. The parameter is the solar energy absorption efficiency,
η = 0, 0.4, 0.6, and 0.8, for both window types and the windowless case.
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consequently, reduced emission by the cavity. No significant difference in
Tw is observed for the two materials at η = 0. However, the temperature

gap increases with , with the sapphire windows temperature becoming sig-
nificantly lower than that of the quartz window, for example about 20 %

for qsolar = 3.0 MW m−2 and η = 0.8. Since for Tc resulting in the consid-
ered qsolar range, only a minimal fraction of radiative power is emitted at

wavelengths longer than 5 µm, the lower temperature of sapphire is not a
consequence of its different spectral selectivity, but rather of its higher re-
flection of incoming radiation. Figure A.4 shows the fraction of total losses

by emission, reflection, transmission, and natural convection as a function
of window temperature for both window types with qsolar = 3.0 MW m−2.

The contribution of reflection of incoming radiation to the total losses is
higher for the sapphire window due to its higher reflectance in the visible

spectrum. The lower transmittance towards the outside of radiation emit-
ted by the cavity does not compensate for these losses, as seen in Fig. A.3.
Emission and convection losses by the hot window do not significantly in-

fluence the balance. For a given η, a higher qsolar is needed with a sapphire
window to obtain the same Tc and compensate for reflection losses. For

example, for Tc ≈ 2, 000 K and η = 0.6, qsolar ≈ 2.5 MW m−2 is required
for quartz, but qsolar ≈ 3.0 MW m−2 is required for sapphire, resulting in

Tw ≈ 1, 125 K for both window materials.

A.4 Summary

Radiative transfer within a high-temperature solar cavity-receiver contain-

ing a spectrally-selective quartz/sapphire window was analyzed. Results
are presented in the form of the calculated temperatures of window and

cavity which increase with the incoming radiative flux and decrease with
the solar energy absorption efficiency. Both window and cavity tempera-

tures are lower for the sapphire window because of its higher reflectance.
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Figure A.4: Fraction of total losses by emission, reflection, transmission,
and natural convection on the window as a function of window temperature

for both window types with qsolar = 3.0 MW m−2.
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Appendix B

Optical properties of utilized
materials

B.1 Surfaces

Optical properties for opaque and partially transparent surfaces are ob-
tained from literature or manufacturer data sheets. For computation, the

values are approximated as constant over spectral bands.

Several materials’ optical properties were used in the present work.
Their band-approximated overall spectral emittance Eλ, reflectance Rλ,

and transmittance Vλ, are given for quartz (Tab. B.1), sapphire (Tab.
B.1), graphite (Tab. B.1), and silicon carbide (Tab. B.1).

B.2 Gas

Figure B.1 shows the spectral absorption coefficient of methane in function
of wavenumber at a temperature of 300 K and partial pressure of 101,325
Pa. It can be noticed that four major absorption bands are present in the

Spectral band Eλ Rλ Vλ

0 − 0.1 µm 0.90 0.10 0.00

0.1 − 5 µm 0.00 0.06 0.94
5 −∞ µm 0.90 0.10 0.00

Table B.1: Band-approximated overall spectral emittance Eλ, reflectance
Rλ, and transmittance Vλ of the quartz window [50, 113, 165].
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Spectral band Eλ Rλ Vλ

0 − 0.1 µm 0.90 0.10 0.00
0.1 − 6 µm 0.00 0.15 0.85

6 −∞ µm 0.90 0.10 0.00

Table B.2: Band-approximated overall spectral emittance Eλ, reflectance

Rλ, and transmittance Vλ of the sapphire window [125].

Spectral band Eλ Rλ Vλ

0 − 0.1 µm 0.99 0.01 0.00
0.1 − 5 µm 0.90 0.10 0.00

5 −∞ µm 0.80 0.20 0.00

Table B.3: Band-approximated overall spectral emittance Eλ, reflectance
Rλ, and transmittance Vλ of a graphite plate [132].

Spectral band Eλ Rλ Vλ

0 − 10.8 µm 0.90 0.10 0.00
10.8 − 14.8 µm 0.60 0.40 0.00
14.8 −∞ µm 0.85 0.15 0.00

Table B.4: Band-approximated overall spectral emittance Eλ, reflectance
Rλ, and transmittance Vλ of silicon carbide [91, 146].
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Figure B.1: Spectral absorption coefficient κλ,CH4 in function of wavenum-
ber η at T = 300 K and a methane partial pressure of 1 atm.

infrared wavelength range, namely at about 1.65 µm, 2.30 µm, 3.50 µm,

and 7.40 µm. The two smaller bands at 1.10 µm, and 1.40 µm are less
relevant since their peak values barely exceed 1. The gas absorbs thus

predominantly infrared radiation emitted by the medium, whereas the ab-
sorption of visible solar solar radiation is practically null.

Since molecular gases absorb photons in discrete energy bands, their

absorption coefficient varies strongly and rapidly across the wavelength
spectrum [95]. To maintain a good precision, models for the absorption co-

efficient of the gas phase must thus be evaluated at a great number of points
across the wavelength spectrum. In this case, as data source, supplied tab-

ulated values for CH4 at different partial pressures and temperatures, which
were calculated from the HITRAN 2004 spectroscopic database [122], for
10 discrete methane partial pressures between 0.1 and 1.0 atm and 7 tem-

peratures between 300 and 1500 K, are used. Each one of these data sets
contains the values of κη,CH4

(η) in function of 106 discrete wave numbers

η = 1/λ between 105 and 107 m−1.

To reduce the quantity of discrete wave numbers (or wavelengths) from

106 to a value more suitable for numerical computations, a box model [95]
is applied, subdividing the relevant wavelength spectrum in bands j with
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Figure B.2: Illustration of the box model for the spectral absorption coef-
ficient of the gas phase for a selected wavenumber range.

constant absorption coefficient:

κ̄η,CH4
=

1

ηj+1 − ηj

∫ ηj+1

ηj

κη,CH4
(η) dη, (B.1)

The box model is illustrated in figure B.2 over a small wavenumber,
which also permits to perceive the great unsteadiness of the spectral dis-

tribution of the gas absorption coefficient. Since the values for κη,CH4
(η)

are given only at discrete intervals ∆η, an analytical solution of the in-
tegral in equation B.1 is not possible, requiring a numerical integration

method to be applied. In this case, the Simpson Rule is used to approxi-
mate the integral by building a quadratic polynomial function over three

contiguous values of the spectral absorption coefficient (κη,CH4,i−1, κη,CH4,i,
κη,CH4,i+1). If a chosen box interval ∆ηbox,j = ηj+1 − ηj contains more than

three wavenumber intervals ∆η, which applies in this case, the composite
Simpson rule is used, which leads to the following approximation for the
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average absorption coefficient in the interval ∆ηbox,j:

κ̄η,CH4,j =
1

∆ηbox,j

ηj+1∫

ηj

κη,CH4
(η) dη ≈

1

∆ηbox,j
·

∆η

3
·



κη,CH4
(ηj) + 2

n/2−1
∑

i=1

κη,CH4
(η2i) +

4

n/2
∑

i=1

κη,CH4
(η2i−1) + κη,CH4

(ηj+1)



 .

(B.2)

The suffix i denotes the discrete wave numbers in the original data set,

whereas j stands for the bands in which the spectrum is subdivided when
building the box model. Nηband is the number of wavenumber intervals in

one band:

Nηband =
∆ηbox,j

∆η
. (B.3)

Since the application of the Simpson rule requires n to be an even number,
if equation B.3 yields an odd value, the Simpson rule is used for n − 1
intervals, and the integration over the last ∆η is approximated by the

trapezoidal rule. To obtain the same values in function of the wavelength
λ, the relationship λ = η−1 has to be applied. It has to be noticed that

since the ∆η in the original data set are constant over the given spectrum,
the corresponding wavelength intervals do vary according to the following

relationship:

∆λi =
1

η2
i

∆η = λ2
i ∆η. (B.4)

As a consequence of this, the density of data points diminishes for increas-
ing wavelengths, leading thus to the fact that, if constant wavelength bands
instead of constant wavenumber bands for the box model are chosen, the

precision of the approximation decreases for longer wavelengths.

To find the necessary number of discrete wavenumber/wavelength ranges
to obtain an acceptable model, the net radiative power fluxes into each sub-

layer for increasingly precise gas models are compared. The precision of
the model is improved until the calculated radiative power fluxes start to



108 Chapter B. Optical properties of utilized materials

27000

9000

5005

2000

z (m)

q r
(W

)

0.10.080.060.040.020

2000

1500

1000

500

0

Figure B.3: Comparison of net radiative power qr into each sublayer for gas

models with 2,000, 9,000, 27,000, and 5,005 discrete wavenumber intervals.

converge, meaning that the precision gain in the results does not longer
justify an improvement of the gas model. Radiative power fluxes are com-

puted at Tg = 300 K and pCH4
= 1 atm since the absorption coefficient

is highest at low temperatures and high pressures. Figure B.3 shows the

spatial distribution of the net radiative power flux q̇′′′r . Since κλ,CH4
does

not exceed the value of 10−5 for 106 m−1 < η < 107 m−1, it is assumed

constant over this range. The remaining range (105 m−1 < η < 106 m−1) is
then subdivided in 2,000, 9,000, or 27,000 equal wavenumber intervals. It

can be noticed that from 9,000 subdivisions upward, a good convergence of
qr is reached. To further reduce the number of necessary subdivisions, con-
stant values for κλ,CH4

are assumed also between the four major absorption

bands, allowing thus to increase the subdivision density within each band,
leading to totally 5,005 discrete wavelength intervals, distributed as shown

in table B.5. These ranges are dimensioned to contain the four absorption
bands for each temperature and pressure distribution of κλ,CH4

. This model

allows thus for the same box sizes ∆η as the one with 27,000 subdivisions
in the relevant wavenumber intervals, but reduces their total number more
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than five times while conserving a good accuracy, as can be seen in figure
B.3.
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ηlow (m−1) ηup (m−1) subdivisions

100,000 110,000 1
110,000 160,000 1,010

160,000 240,000 1
240,000 330,000 1,818
330,000 400,000 1

400,000 470,000 1,414
470,000 580,000 1

580,000 620,000 808
620,000 10,000,000 1

Table B.5: Characteristics of the box model for the spectral absorption
coefficient of the gas phase.



Appendix C

Thermochemical properties of
utilized materials

The computations presented in this piece of work require several, mostly
temperature-dependent, thermochemical properties of the employed gaseous

and solid species. They are:� specific heat c̄p,� specific enthalpy h̄,� heat conductivity k, and� dynamic viscosity µ.

As most of the values are required over a wide range of temperatures (usu-

ally 300− 2, 000 K ca.), approximate polynomial expressions in function of
T , collected from various sources, are used. In this appendix, the employed

functions, together with their sources, are presented.

C.1 Specific heat

For c̄p, the polynomial expression

c̄p ≈ a1 + a2T + a3T
−2 + a4T

2 (C.1)

is used. Parameters a1, a2, a3, and a4 are listed in Tab. C.1. Source is [18]
unless stated otherwise.
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species a1 a2 a3 a4

J mol−1 K−1 J mol−1 K−2 J K mol−1 J mol−1 K−3

Ar 20.785 0 0 0

C (graphite)1 14.58 9.957·10−3 -8.50·105 2.40·10−6

CH4 11.93 7.765·10−2 1.4·105 -1.841·10−5

C2H2 43.63 3.165·10−2 -7.5·105 -6.31·10−6

C2H4 39.29 5.713·10−2 -1.3·106 0

C2H6 28.19 1.226·10−1 -9.1·105 -2.784·10−5

CO 30.96 2.44·10−3 -2.8·105 0
CO2 51.13 4.37·10−3 -1.47·106 0

H2 26.88 3.59·10−3 1.1·105 0
H2O 34.38 7.84·10−3 -4.2·105 0

Table C.1: Parameters for the polynomial approximation for specific heat
c̄p. Source is [18].

C.2 Specific enthalpy

For h̄p, the polynomial expression for c̄p (Eqn. (C.1)) is integrated over T

to yield:

h̄ (T ) ≈h̄f
Tref

+ a1 (T − Tref) +
a2

2

(
T 2 − T 2

ref

)
− a3

(
1

T
−

1

Tref

)

+

a4

3

(
T 3 − T 3

ref

)
.

(C.2)

The formation enthalpies h̄f
Tref

at reference temperature Tref = 298 K are

given in Tab. C.2. Source is [18] unless stated otherwise.

C.3 Thermal conductivity and viscosity

For k and µ, values are computed based on kinetic theory [133], assuming
ideal gases of hard spherical particles:

k =
25πc̄V
32NA

(
kBT

πma

)1/2
1

πς2
, (C.3)

µ =
5π

16

(
kBT

πma

)1/2
ma

πς2
, (C.4)
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species h̄f
Tref

J mol−1 K−1

Ar 0

C (graphite)2 0
CH4 -74,900

C2H2 226,700
C2H4 52,500

C2H6 -84,700
CO -110,500

CO2 -393,500
H2 0
H2O -241,800

Table C.2: Specific enthalpies of formation at Tref = 298 K. Source is [18].

where ma = is the atomic mass of the considered species, kB is the Boltz-

mann constant, NA the Avogadro number, and ς is the collision diameter,
listed in Tab. C.3 for all relevant gaseous species. Constant-volume heat
capacity is obtained from the relationship cV =

(
c̄p − R̄

)
/M̄ , with c̄p deter-

mined as shown in Sec. C.1. If several gaseous components are present in
relevant quantities, the values are computed for the gas phase by a weighted

sum for all species using their molar concentration as weight function.
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species ς
Å

Ar 3.542
CH4 3.758

C2H2 4.033
C2H4 4.163

C2H6 4.443
CO 3.690

CO2 3.941
H2 2.827

H2O 2.641

Table C.3: Collision diameters used for the determination of k and µ for

all relevant gaseous species [28].
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Chemical reaction model

The reaction kinetic model for thermal cracking of CH4, determined by
DLR [161], considers four reactions:

1. 2CH4 (g) → C2H6 (g) + H2 (g) (D.1a)

2. C2H6 (g) → C2H4 (g) + H2 (g) (D.1b)

3. C2H4 (g) → C2H2 (g) + H2 (g) (D.1c)

4. C2H2 (g) → 2C (s) + H2 (g). (D.1d)

The corresponding reaction rates are given by

r̄j =
1

νreactant,j

dnreactant,j

dt
= k0,j

√

Tbulk exp

(

−
Ea,j

R̄T

)

ρ̄
mj

reactant,j , (D.2)

for each reaction 1 6 j 6 4. Experimentally determined values for activa-
tion energy Ea, pre-exponential factor k0, and reaction order m are given

in Tab. D.

reaction Ea log k0 m

kJ mol−1 log[s−1 K−0.5 (mol m−3)](1−m)

1 397.1 12.59 1.280
2 135.6 8.856 1.101

3 68.18 5.452 1.126
4 31.38 1.513 1.970

Table D.1: Experimentally determined kinetic parameters for the rate law
(Eq. D.2).
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Appendix E

Scale-up reactor design

E.1 Introduction

Design of the scale-up reactor using the numerical model presented in Sec.

4.3 was a task of the SOLHYCARB project and was carried out jointly
between the involved project partners CNRS-PROMES (determination of

material and geometrical constraints based on experience with reactor pro-
totypes), DLR (chemical kinetics, see also Appendix D), WIS (dimension-

ing of the concentrating system), and ETH (building of simulation and
numerical calculations). Several iterative steps were necessary to reach the
final design, used in Chapters 4 and 5. This appendix chapter cannot show

the entire process leading to the final result, but is aimed at explain the
conclusive choice more detailedly and to give some indications for possible

further improvements.

E.2 Heliostat field1

Considering a direct insolation of 0.85 kW m−2, a realistic cosφ = 0.90, he-

liostat reflectivity 0.92, blocking, shadowing and attenuation 0.05, possible
spillage around the CPCs 0.03, optical efficiency of the CPCs cluster 0.94,
a value of about 16,500 m2 of collector reflective surface is needed, which

means about 18,000 m2 total heliostat surface. This calculus is valuable
for ideal heliostats (without tracking and surface errors). In fact the total

heliostat surface must be significant large with big losses by spillage around

1This section summarizes the main results of the heliostat field and secondary concentrator (CPC)
design performed by Dr. A. Segal from WIS [134]
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Figure E.1: Schematic top view of the heliostat field (image by WIS).

the CPC entrance. Three fields of heliostats were built so that the accep-

tance angle of the CPCs is no more than 30◦, based on heliostats having
an area of 25 m2. Various heliostat dimensions (100 m2, 50 m2 and 25 m2)

were simulated, the 25 m2 ones giving the best results. The field obtained
in this concept, for a tower with 80 m height, has the rear row at about

205 m distant. But at this distance even an ideal heliostat gives quite large
image on the target. A schematic of the heliostat field is given in Fig. E.1.
The spillage is considerable if the aim power of 10 MW is preserved, but

this value can be attained at least at the design point (Equinox, Noon),
see Tab E.4. The lateral fields will have a different behavior in the morn-

ing or afternoon e.g. the West field will be advantaged at the beginning
of the day, and the East field will be advantaged afternoon (see Tab E.4,

calculated for the hour 9:00, where the insolation has been preserved at the
same value in order to illustrate the influence of the Sun position only).
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E.3 Reactor geometry

E.3.1 Absorber tube diameter

For stability reasons, based on suggestions by the tube manufacturer, min-
imum tube diameters of 14 cm (outer) and 8 cm (inner) were considered.
Thinner tubes would be desirable as they allow for more efficient heat

transfer reaching an optimum for dabsorber,o ≈ 6 cm, increasing the amount
of totally reacted per unit of occupied section area inside the reactor. Lower

diameters prove to be counterproductive as the ratio of wall volume to inner
volume increases.

E.3.2 Reactor height

For the reactor height, which is at the same time the absorber tube length,
the main constraint is given by the stability of the employed graphite tubes.

However, it was deemed possible to connect several tubes in series in order
to reduce thermal stress on the components. For this reason, no upper limit

for the cavity height is assumed. On the other hand it is desirable to have
absorber tubes long enough to reach flow velocities generating turbulent

conditions in order to enhance heat transfer into the medium.

E.3.3 Aperture design

While the absorber tubes require a homogeneous distribution of the radi-

ation inside the receiver cavity, the size of the concentrated radiation spot
makes it necessary to position the apertures as close as possible to each

other to avoid spillage losses between them. These two objectives clearly
are in contrast. The main difficulty is given by the high solar concentra-
tions needed and thus the usage of CPCs, whose acceptance angle (in this

case 30◦), requires their positioning towards different azimuthal angles in
order to cover the entire heliostat field. The first possibility is that of hav-

ing adjacent apertures/CPCs, but positioned on a curved, rather than a
flat, surface. However, this would significantly reduce the available space

inside the cavity.

Considering that radiation is usable only if directed towards the CPCs
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Figure E.2: Arrangement of a single CPC array.

oriented in the right direction, the fact of having all CPCs closely packed
in one single group in order to reduce spillage losses, becomes unimpor-

tant. A good solution seems to be using several arrays of most densely
possible packed apertures and CPCs. These arrays can be positioned fac-

ing different azimuthal angles. To obtain close to regular shapes of these
in order to reduce spillage losses, the total number of apertures needs to

be increased and thus their size reduced. For the receiver, 3 arrays of 7
apertures (daperture = 45 cm, to maintain the nominal power of 10 MWth

through the apertures) each, arranged in a flower shape (see Fig. E.2), are

proposed. The CPC axes of each array are positioned at 60◦ from those of
the adjacent one.

E.3.4 Single or multiple cavity

Based on the aperture design, two different concepts were taken in consid-
eration: a single and a multiple (three) cavity design. Simulation results for

the two different cavity types showed the differences in performance (pro-
cess temperature, chemical conversion, and energy efficiency) to be mini-

mal. This reduced the choice between the two concepts to a constructional
issue. The choice fell thus on the multiple cavity design which allows better
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adaptation of the aperture position to the concentrating system. Further-
more, the variation of the radiative flux coming from each dedicated field

part, depending on the time of day, can be better accounted for by varying
the mass flow.

E.3.5 Cavity width and number of absorber tubes

To account for the different energy fluxes entering the receiver at the center
and those at the sides, the possibility of having differently sized cavities is
considered. A generic design of the cavity is shown in Fig. 4.5. The cavity

height H already being determined by the length of the absorber tubes,
the cavity width W was optimized for performance. Once defined W , the

depth D is chosen in order to minimize the temperature difference between
the absorber tubes. For the chosen configurations, ∆T between the hottest

and the coldest tube is < 10 K at the design point. Viewed from the top
the cavity assumes the shape of a circular section having chord length W

and height D. Each absorber tube is positioned leaving a gap of 1 cm to
the adjacent one and to the wall. The array of absorber is then positioned
as close as possible towards the centerline of the cavity. Dimensions of the

center and lateral cavities are listed in Tab. 4.2. A schematic view of the
positioning of the three absorber cavities on a tower receiver is shown in

Fig. 4.6. The perpendicular of each face forms an angle of 60◦ with that
of the adjacent faces. Except for those constraints, the positioning (e.g.,

the tilt angle, here 55◦) of the cavities is adaptable to constructional issues
and to the concentrating field.

E.4 Reactor performance

The computed reactor performance, using the model presented in Chapter
4 for the operating points provided by WIS in Sec. E.2 (assuming product

inlet and outlet temperatures of 1173 and 1873 K), are given in Tab. E.4
and E.4.
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North East West total

Values computed by WIS

Nheliostats 286 273 273 832
power to target kW 4,862 4,338 4,326 13,526

spillage kW 650 610 598 1,858
into CPCs kW 4,151 3,728 3,728 11,607
CPC losses kW 205 184 184 573

into receiver kW 3,946 3,544 3,544 11,034
average flux MW m−2 3.54 3.18 3.18 3.30

Values computed during this thesis

ṁCH4,in kg s−1 0.254 0.221 0.221 0.696
ṁH2,out kg s−1 0.063 0.055 0.053 0.173

ṁC,out kg s−1 0.182 0.157 0.157 0.494
XCH4

1.000 1.000 1.000 1.000

YH2
0.990 0.988 0.998 0.994

Qthermal kW 3,006 2,621 2,622 8,249
Qchemical kW 1,683 1,473 1,473 4,629

ηthermal 0.762 0.740 0.740 0.748
ηchemical 0.427 0.417 0.417 0.420

Table E.1: Reactor performance at design point, Tout = 1, 870 K.



E.4. Reactor performance 123

North East West total

Values computed by WIS

Nheliostats 286 273 273 832

power to target kW 4,448 3,272 4,414 12,134
spillage kW 656 925 616 2,197

into CPCs kW 3,791 2,347 3,798 9,936
CPC losses kW 188 115 188 491

into receiver kW 3,603 2,232 3,610 9,445

Values computed during this thesis

ṁCH4,in kg s−1 0.227 0.117 0.227 0.571

ṁH2,out kg s−1 0.057 0.029 0.056 0.142
ṁC,out kg s−1 0.164 0.086 0.161 0.411
XCH4

1.000 1.000 1.000 1.000

YH2
0.991 0.995 0.987 0.995

Qthermal kW 2,687 1,393 2,685 6,765

Qchemical kW 1,497 764 1,521 3,782
ηthermal 0.746 0.624 0.744 0.716

ηchemical 0.416 0.342 0.422 0.400

Table E.2: Reactor performance at equinox, 9:00, Tout = 1, 870 K
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E.5 Conclusions

Design and optimization of the cavity shape and dimensions yielded a rea-
sonable reactor concept which was useful for the task of estimate the perfor-

mance of the 10 MW scale-up process for solar thermal cracking of methane.
However, this design can only serve as a starting point for a real reactor.
A principal issue which needs a solution is that of the very high concen-

trations needed, which require small aperture areas and, therefore, high
spillage losses. The fact of using 3D CPCs additionally contributes to the

problem, since the total aperture area needs to be divided among the parts
of the heliostat field due to the acceptance angle of the CPCs. While one

solution could be the employment of concentrating heliostats, another one
could be given by using, instead of three aperture clusters with 3D CPCs,

a single, bigger one, having rectangular apertures and using 2D CPCs or
asymmetric concentrators with their axis horizontally to the ground in or-
der to avoid the acceptance angle issue, as proposed by [74]. On the other

hand, it would have to be proven the desired concentrations are attainable
with such a design. Additionally, very elongate windows would be required,

which could be a constructional issue.
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[85] W. Lipiński, A. Zgraggen, and A. Steinfeld. Transient radiation

heat transfer within a nongray nonisothermal absorbing-emitting-
scattering suspension of reacting particles undergoing shrinkage. Nu-

mer. Heat Transfer, Part B, 47:443–475, 2005.
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of methane decomposition in a tubular solar reactor. Chem. Eng. J.,
146:120–127, 2009.

[115] S. Rodat, S. Abanades, and G. Flamant. Experimental evaluation of

indirect heating tubular reactors for solar methane pyrolysis. Int. J.
Chem. Reactor Eng., 8:A25, 2010.

[116] S. Rodat, S. Abanades, J.-L. Sans, and G. Flamant. Hydrogen pro-
duction from solar thermal dissociation of natural gas: development

of a 10 kw solar chemical reactor prototype. Sol. Energy, 83:1599–
1610, 2009.
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G. Maag, W. Lipiński, and A. Steinfeld. Particle-gas reacting flow under
concentrated solar irradiation. Int. J. Heat Mass Transfer, 52:4997-5004,

2009.

A. Z’Graggen, P. Haueter, G. Maag, M. Romero, and A. Steinfeld. Hydro-
gen production by steam-gasification of petroleum coke using concentrated

solar power - IV Reactor experimentation with vacuum residue. Int. J.
Hydrogen Energy, 33:679-684, 2008.

A. Z’Graggen, P. Haueter, G. Maag, A. Vidal, M. Romero, and A. Stein-

feld. Hydrogen production by steam-gasification of petroleum coke using
concentrated solar power - III Reactor experimentation with slurry feeding.

Int. J. Hydrogen Energy, 32:992-996, 2007.



Curriculum vitae 153

Refereed conference proceedings papers

G. Maag, F. J. Gutiérrez, and A. Steinfeld. Effect of laden particles on
the thermal decomposition of methane using a particle-flow solar reactor.
In Proceedings of the 14th biennial CSP SolarPaces conference, Las Vegas,

NV, USA, Mar 2008.
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