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a b s t r a c t

Gasification of carbonaceous materials using concentrated solar radiation can be an effi-

cient and cost-effective way of supporting the endothermic reactions. To understand the

effect of concentrated solar energy on the gasification process, we applied a multiphysics

constant-volume well-stirred reactor model. The model considers detailed gas-phase

chemistry, devolatilization kinetics, particle-phase reactions, film diffusion, pore evolu-

tion, as well as full coupling between the two phases at multiple scales for mass, species,

and energy exchange. Numerical simulations were conducted using an in-house code to

understand the effects of concentrated solar energy flux on conversion time, syngas yield,

solar-to-fuel conversion efficiency, and solar-to-chemical enthalpy conversion percentage.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction surface reactions are simulated using the film diffusion-
Fuel synthesis through gasification of carbonaceous materials

(e.g. coal, coke, and biomass) using concentrated solar energy

can potentially provide a solution to the problem of ever-

increasing demand for energy and transportation fuels. An

improved understanding of the complex chemical processes

in gasification through experimental and computational

means has generated increasing interest over recent years. In

previous work [1], we have developed amultiphysics model to

simulate the gasification processes in a well-stirred reactor

containing uniformly distributed carbon particles. This model

considers gas-phase and particle-phase reactions, as well as

coupling between the two phases at various scales for mass,

species, and energy exchange. The gas-phase reactions are

described with detailed chemistry and variable thermody-

namic and transport properties. The rates of heterogeneous
0.
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kinetic model. Results of numerical simulations are utilized

to understand the effects of pressure, O2 concentration, and

H2 addition on the gasification process.

Gasification reactions are generally endothermic and

external energy input is required to maintain the high-

temperature environment of gasifiers. External energy input

can be provided by one or more means such as electric heat-

ing, partial oxidation of coal, or oxidation of an auxiliary fuel

such as natural gas. Solar-driven gasification, which uses

concentrated solar energy as an external source, has been

recommended as an efficient and cost-effective way for coal

and biomass gasification [2e4]. The biggest advantage of

solar-driven gasification is the storage of a significant fraction

of solar energy as chemical energy of the synthesized fuel

molecules, and the construct can reduce the net CO2 emis-

sions to the environment and conserve fossil fuels [5].
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

Ap particle surface area, cm2

Cp;g mean specific heat capacity ofmixture, erg g�1 K�1

Cp,p specific heat capacity of carbon particle,

erg g�1 K�1

dp particle diameter, cm

fRPM factor accounts for the pore surface evolution

because of carbon conversion

hi specific enthalpy of species i, erg g�1

J solar energy flux, W m�2

Kk surface reaction rate constant, g s�1 cm�2 atm�n

m mass, g
_mC surface reaction rate, g s�1

_mD devolatilization rate, g s�1

mfO mass fraction of oxygen

Np particle-number density, cm�3

n order of the surface reaction (1 for reactions A and

B, and 2 for reaction C)

P pressure, dynes cm�2

_QC heat of surface reaction, erg s�1

_Qcon convective heat transfer between a particle and

the bulk gases, erg s�1

_QD heat of devolatilization, erg s�1

_Qh c enthalpy transferred from a particle to the bulk

gases as a result of mass transfer because of

surface reactions, erg s�1

_Qh d enthalpy transferred from a particle to the bulk

gases as a result of mass transfer because of

devolatilization, erg s�1

_Qrad radiation energy flux, erg s�1

T temperature, K

t time, s

Dt coal conversion time, s

U energetic upgrade factor

Wi molecular weight of species i, g mol�1

wi production rate of species i because of

devolatilization and heterogeneous surface

reactions, mol cm�3 s�1

Xk,s mole fraction of the species k at particle surface

x carbon conversion ratio

Y percentage of the chemical enthalpy in the syngas

coming from solar energy

Yi mass fraction of species i in the gas mixture

Greek letters

r density, g cm�3

ui species i generation rate resulting from gas-phase

reactions, mol cm�3 s�1

J0 pore structure parameter

h solar-to-fuel energy conversion efficiency

Subscripts

g gas phase

i the number of species

k the number of surface reactions

p particle phase
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Gregg et al. [2] first demonstrated solar gasification of sub-

bituminous coal, activated carbon, coke, and a mixture of coal

and biomass in a fixed bed using a 23-kW solar furnace. The

sunlight was focused directly on the bed through a quartz

window. More than 40% of the energy of the sunlight arriving

at the focus was chemically stored in the product gases.

Taylor et al. [6] investigated solar gasification of carbonaceous

materials in a packed-bed gasifier using a 2-kW vertical-beam

solar furnace. Kodama et al. [7] constructed a laboratory-scale

windowed fluidized-bed reactor to study CO2 gasification of

coal and coke with a sun-simulator used to provide concen-

trated light in the visible range. Z’Graggen et al. [8] exposed a

gas-particle flow in a 5-kW experimental reactor to high flux

in a solar concentrator furnace.

Thesedemonstrationprojectshave shownsolar gasification

to be a promising concept. Modeling and simulation studies

emphasize fundamental understanding of the complex energy

conversion processes in solar gasification. Among these

studies, Zedtwitz et al. [9] developed a heat transfer model to

simulate steam gasification of coal in a quartz tubular reactor

directly exposed to concentrated thermal radiation. Thismodel

solves steady-state mass and energy conservation equations

that link the heat transfer to the chemical kinetics. Z’Graggen

etal. [10] developeda two-phasemodel for steamgasificationof

carbonaceousmaterials. Thegoverningmass,momentum, and

energy conservation equations were solved by applying Monte

Carlo, two-flux, and finite-volume techniques. For gas-phase
reactions, the kinetic rates of the main species (H2O, H2, CO,

and CO2) were formulated with LangmuireHinshelwood ex-

pressions for regime-based balancing of the formation and

consumption processes. The important insights about solar

gasification provided by thesemodels can be further deepened

by including the effects of devolatilizationkinetics, porous char

structure, diffusion processes, and coupling between the two

phases. Finite rates of detailed gas-phase reactions need to be

examined to ensure that these do not impact the overall solar

gasification times.

The present paper is one of the first theoretical studies on

solar-driven gasification that include details of finite rate gas-

phase andheterogeneous chemistry and transport. The goal of

the present work is to understand the solar-driven coal gasifi-

cation processes and to determine the optimal parameters

through detailed modeling of the production, consumption

anddiffusion terms. This approach and the resultsmay also be

applied to solar-driven gasification of other carbonaceous

materials such as biomass. Coal was chosen here because its

physical properties and chemical kinetics are better defined

than those of biomass. The model considers porous structure

evolution, as well as full coupling between the gas and solid

phases including species, mass and energy exchange. Of

particular interest is the impact of solar energy flux and other

operating conditions on the gasification performance,

including the solar-to-fuel conversion efficiency, syngas yield,

and the percentage of solar energy stored in the syngas.
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2. Model description

A multiphysics model was developed to simulate coal gasifi-

cation processes in a constant-volume well-stirred quartz

reactor under direct solar irradiation. Fig. 1 shows a schematic

of the reactor. The reactor is closed after H2O and coal parti-

cles are fed into the reactor. Concentrated solar radiation

passes through the transparent reactor wall, which provides

energy needed for the endothermic gasification reactions.

Coal particles are uniformly distributed inside the reactor

together with gaseous species. Intense mixing occurs inside

the reactor so that all gas-phase properties are uniform or

spatially independent, with the exception of the thin diffusion

films surrounding the particles. Within the diffusion films,

there are mass, species and energy exchanges between indi-

vidual particles and the surrounding gases, causing local

gradients. The model developed for a single particle, which

includes multiple processes such as devolatilization, surface

heterogeneous reactions, diffusion onto particle surface, and

heat and mass transfer between the particle and the sur-

rounding gases, statistically represents all particles inside the

reactor. For the gas-phase reactions, detailed kinetics and

variable thermodynamic and transport properties are

considered. The governing equations of mass, species, and

energy conservation for the two phases are coupled to account

for exchange between the two phases. The transient gasifi-

cation process is computed until 99% (by total mass) of the

coal particle is gasified.

The solar energy provided to the system is represented by a

uniform intense radiation flux on the reactor wall. The goal is

to theoretically understand how heating through thermal ra-

diation affects the complex coal gasification process, espe-

cially on syngas production and conversion efficiency.

Consistent with the spectral energy content of solar radiation

and transmission properties of full spectrum quartz, we as-

sume that more than 90% of the solar energy is absorbed by

the coal particles in the reactor [2]. The radiative heat transfer

between particles was neglected as a first step because they
Fig. 1 e Coal gasification in a constant-volume well-stirred

quartz reactor with direct solar radiation.
have identical temperatures. The energy absorbed by the

particles is convectively transferred to the gas phase. Radia-

tion absorption by gases is neglected as it is much smaller

than that between the particles.

2.1. Gas-phase equations

Similar to Ref. [11], the conservation of the mass, species and

energy for the gas phase are expressed in the form as below:

dmg

dt
�mg

rg

X
wiWi ¼ 0 (1)

rg
dYi

dt
þ Yi

XK

k¼1
wkWk � ðui þwiÞWi ¼ 0 (2)

rgCp;g
dTg

dt
þ
X
i

hiðuiþwiÞWi �Np

�
_Qh cþ _Qh dþ _Qcon

�
�dP
dt

¼0 (3)

In Eq. (1), mg and rg are the mass and density of the gas-phase

mixture;wi is themolar production rate of species i because of

devolatilization and surface heterogeneous reactions; Wi is

the molecular weight of species i. In Eq. (2), Yi is the mass

fraction of species i; ui is themolar production rate of species i

because of gas-phase reactions. In Eq. (3), Tg and P are the

temperature and pressure of the gas-phase; Np is the particle-

number density; hi is the enthalpy of species i; _Qh d and _Qh c

represent volumetric energy transfer resulting from mass

transfer because of devolatilization and surface reactions,

respectively; _Qcon is the volumetric convection heat transfer

between a particle and its surrounding gases, which was

calculated based on a Nusselt number of 2 [1].

A detailed gas-phase reactionmechanism, GRI-Mech 1.2, is

incorporated into the model, which includes 177 elementary

reactions and 32 species. Other mechanisms were also used

and the results are similar. Variable transport and thermo-

dynamic properties were adopted based on Chemkin format.

2.2. Particle-phase equations

The particle phase is described by five variables: the particle

mass mp, density rp, diameter dp, number density Np, and

temperature Tp. The Carbon Burnout Kinetics (CBK), a kinetics

package that describes char conversion developed by Sandia

National Laboratories [12], was used to describe the variation

of particle diameter, density, number density during gasifi-

cation. Within this model, a constant external diameter

dp¼ dp,0 and a linear relationship between particle density and

mass (Eq. (4)) are prescribed. The particle-number density

Np ¼ Np,0 remains constant for the present reactor. The gov-

erning equations for rp, mp, and Tp are:

rp ¼ rp;0mp=mp;0 (4)

dmp

dt
¼ _mC þ _mD (5)

mpCp;p
dTp

dt
�
�
_QC þ _QD þ _Qcon þ _Qrad

�
¼ 0 (6)

where rp,0, mp,0, dp,0, and Np,0 are the initial density, mass,

diameter, and number density of each particle at t ¼ 0 s. _mC

http://dx.doi.org/10.1016/j.ijhydene.2013.03.103
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Table 1 e Reaction rate constants and heat of reaction.

Reaction
and references

Kk ¼ Bkexp(�Ek/Tp) _Q (107 erg g�1)

Bk
(g s�1 cm�2 atm�n)

Ek (K)

Devolatilization [14] 1 � 105 12,000 979.52

Surface

reaction A [19,20]

247 21,060 9908

Surface

reaction B [19,20]

247 21,060 13310

Surface

reaction C [20,21]

0.12 17,921 �7283
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and _mD are the coal consumption rates because of heteroge-

neous surface reactions and devolatilization, respectively. Cp,p

is the heat capacity of particles. _QC and _QD are the heat release

or absorption because of surface reactions and devolatiliza-

tion, respectively. Their values are shown in Table 1. _Qcon (in

Eqs. (3) and (6)) is the convective heat transfer between the

particle and the bulk gases. Solar energy in the amount _Qrad

per unit volume is absorbed by each of the Np particles and is

the key drive for the gasification process.
2.3. Devolatilization model

The volatile yield and composition are influenced by a number

of factors, especially coal type [13]. The volatiles usually

consist of a mixture of combustible gases, CO2, water vapor,

soot, tar, HCN, NH3, H2S, and a small amount of phenols and

other compounds [14]. In the present study, Gascoigne wood

coal is chosen as an example and its proximate and ultimate

analyses are listed in Table 2. Similar to Ref. [11], Bradley

et al.’s one-step global devolatilization model [14] was used to

estimate the pyrolysis rate. It has a first-order Arrhenius

expression, as shown in Table 1.

Devolatilization for Gascoigne wood coal is considered as a

two-step process. In the first step, the coal yields tar, primary

gaseousvolatiles (CH4,HCN,H2,CO,CO2, andH2O), andresidual

char. In the second step, the tar yields secondary gaseous vol-

atiles (CH4, HCN, H2, and CO) and residual soot. Themethod of

Merrick [15] was adopted to calculate themass fractions of the

eight species (carbonchar,CH4,HCN,H2,CO,CO2,H2O, and tar).

Concentrations of five of the species are found using ultimate

(C,H,O, andN)andproximate (char) analysesof thecoal shown

in Table 2. Concentrations of the remaining three species are

found using empirical findings of Xu and Tomita [16] summa-

rized in Eqs. (7)e(9). The dry-ash-free mass fraction of CO and
Table 2 e Specification of Gascoigne wood coal, wt%.

Proximate analysis Ultimate analysis

Dry Dry ash
free (Daf)

Daf without sulfur

Fixed carbon 49.38 C 84.5 85.42

Volatile matter 29.42 H 4.9 4.95

Ash 21.20 O 7.7 7.78

N 1.83 1.85

S 1.07
H2Ovary linearlywith themass fraction ofO and that there is a

reasonable correlation between the dry-ash-freemass fraction

of tar and the proximate volatile matter [VM]f. The concen-

trations of species resulting from tar secondary devolatiliza-

tion (soot, CH4, HCN, H2, and CO) were obtained using

elemental balance for C, H, O, and N and an assumption of

equality of the ratios ofH2 to CH4 in the primary and secondary

volatiles. Following this procedure leads to the mass fractions

of the six gaseous volatiles, the char, the ash and the soot (8.1%

CH4, 0.7% HCN, 1.6% H2, 3.7% CO, 3.1% CO2, 2.0% H2O, 49.4%

Char, 21.2% Ash, and 10.2% Soot).

16
18

½CO�f ¼ 0:1657mfO (7)

16
18

½H2O�f ¼ 0:2933mfO (8)

½tar�f ¼ 0:48½VM�f (9)

HCN was neglected because of its relative small content.

Soot was assumed to be predominantly carbon, and ash was

assumed to remain on the char during gasification.

2.4. Porosity model

Gasification reactions in the coal are highly dependent on its

internal porous structure. And the porous structure evolves

during gasification. To consider the effect of the coal porosity,

the Random Pore Model (RPM) developed by Bhatia and Perl-

mutter [17] was adopted in the present work. In this model,

cylindrical pores of uneven diameter are assumed to enlarge

as their internal surfaces recede with the progress of reaction

and eventually merge together. A multiplying factor fRPM,

which accounts for the pore surface area evolution because of

carbon conversion, was included in the gasification rate [12].

fRPM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�J0lnð1� xÞ

q
(10)

where x is the conversion fraction, J0 is a dimensionless

parameter indicating the initial pore structure. Its value has a

range of 2.2e7.7 for most coals [12]. As suggested in Ref. [12], a

value of J0 ¼ 4.6 is used in this work.

2.5. Char surface reactions

Three heterogeneous unidirectional reactions at the surface of

each of the particles are considered in the model:

C þ H2O / CO þ H2 (A)

C þ CO2 / 2CO (B)

C þ 2H2 / CH4 (C)

The global rate of each reaction is simulated using the

diffusion-kinetic model [18], and can be written as:

_mC;k ¼ �ApKkðPXk;sÞn (11)

http://dx.doi.org/10.1016/j.ijhydene.2013.03.103
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In above equation, subscript k denotes reactions A, B, or C. Kk

is surface reaction rate constant, which is expressed in an

Arrhenius form. Their values and the references from which

they are obtained are listed in Table 1. n is the order of the

reaction, which is of the first order for reactions A, and B, and

of the second order for reaction C. Xk,s is the mole fraction of

the gaseous reactant at the particle surface. They were ob-

tained by solving the mass transport equations in the diffu-

sion film between the particle surface and the ambient bulk-

gas, similar to the method used in Ref. [1].

2.6. Heating by intense radiation

The radiation source term _Qrad is the key driver of the gasifi-

cation process described above. While the products of gasifi-

cation as well as the bulk gases supplied to typical gasifiers

contain radiative participating media, the radiation energy

absorption and emission by the gases are typically an order of

magnitude lower than that by the particles even for the lowest

particle loadings of interest. Further there is a regime of in-

terest in the operating parameter space and during the gasi-

fication process in which the contributions of scattering to the

local energy transfer are minimal. In particular, for homoge-

neous reactor described here, the in scattering and out scat-

tering terms often cancel each other yielding a relatively

simple expression for the volumetric solar energy absorbed by

the gasifying particles.

_Qrad ¼ JApNp (12)

where J is the solar energy flux, Ap is the surface area of each

particle.

Numerical simulations were conducted to gain a funda-

mental understanding of solar-driven coal gasification in a

well-stirred reactor. Gascoigne wood coal with chemical

analysis, volatile composition and devolatilization kinetics as

summarized inSection2.3 (Tables1 and2)wasconsidered.The

initial conditions for the simulationare summarized inTable 3.

A typical value of the solar flux J ¼ J0 ¼ 5 � 105 W m�2 was

chosen. The incident solar flux depends on the location on

earth, time of the day, angle of incidence, gain presented by a

solar concentrator, geometric design and transmittance of the

reactor windows. The selection of the baseline J was based on

the values reported in the literature. For example, the

concentratedsolarfluxhadamaximumof106Wm�2 inRef. [2];

the solar energy flux varied in the range of 4w8� 105 Wm�2 in

Ref. [8]. Values of J ¼ 2J0 and 1/2J0 were also considered to un-

derstand the effects of this important parameter.
Table 3 e Initial conditions for gasification of Gascoigne
wood coal.

Initial gas

temperature

Tg ¼ 1000 K Initial particle

temperature

Tp ¼ 1000 K

Gas pressure P ¼ 1 atm Density

of particles

rp ¼ 1.3 g cm�3

Initial water

concentration

XH2O ¼ 1:0 Initial particle

diameter

dp ¼ 100 mm

Initial H2O/C

molar ratio

H2O/C ¼ 2 Solar energy

flux

J0 ¼ 5 � 105 W m�2
To evaluate how well the radiation energy is converted

into the chemical energy of the syngas produced, three pa-

rameters are typically defined [18]: (1) h is the solar-to-fuel

energy conversion efficiency defined by Eq. (13); (2) U is the

energetic upgrade factor defined by Eq. (14), which repre-

sents the enhancement of the heating value from the feed-

stock to the syngas; (3) Y is the percentage of the chemical

enthalpy in the syngas coming from radiation energy defined

by Eq. (15).

h ¼ msyngasLHVsyngas

Q solar þmfeedstockLHVfeedstock
(13)

U ¼ msyngasLHVsyngas

mfeedstockLHVfeedstock
(14)

Y ¼ Q rad

msysngasLHVsyngas
¼ 1=h� 1=U (15)

where Qrad is the total radiation energy delivered over the

duration of the gasification process (Qrad ¼ JApNpDt); mfeedstock

and msyngas are the mass of the gasified feedstock and the

syngas, respectively. LHV is the lower heating value based on

the individual components at 298 K. Note we followed the

method by Piatkowski et al. [18] to define solar-to-fuel con-

version efficiency, for which the lower heating value (LHV) of

the fuel at 298 K was used. Also note only the enthalpies of CO

and H2 (syngas) in the products are counted; the heat ab-

sorption and enthalpies of other species are neglected when

calculating the solar conversion efficiency. This is because CO

and H2 are the major products (their concentrations are much

higher than other species).
3. Results and discussions

3.1. Solar gasification of coal

Fig. 2 shows the profiles of the gas temperature (Tg) and the

particle temperature (Tp) as a function of time at the three

different solar energy fluxes. For all cases, Tp initially
Fig. 2 e Profiles of the gas & particle temperatures as a

function of time at various solar energy fluxes,

dp [ 100 mm.

http://dx.doi.org/10.1016/j.ijhydene.2013.03.103
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increases with time to a peak value because of the contin-

uous solar energy addition. The gas temperature Tg increases

because of diffusion energy transfer from the radiation

heated particles. The endothermic surface gasification re-

actions first balance the radiative heating at the peak particle

temperature and then cause a decrease in the surface tem-

perature toward the end of the particle lifetime. The gas

temperature Tg is higher than the particle temperature Tp for

a period following the peak indicating the effects of the

exothermic gas-phase reactions. The peak Tg and Tp at the

highest solar flux of 2J0 are about 100 K higher than those at

the solar flux of J0 and the peak Tg and Tp at the lowest solar

flux of 0.5J0 are 100 K lower. The lower gasification temper-

atures cause a significant increase in the coal conversion

time from 0.25 s for the solar flux of 2J0 to 0.44 s for the solar

flux of J0 to 0.86 s for the solar flux of 0.5J0. Fig. 3(a) shows the

molar fractions of four major species (H2, H2O, CO, and CO2)

and the coal conversion rate as a function of time for the

solar energy fluxes of 0.5J0 and J0. The coal conversion rate is

defined as the ratio of the consumed coal mass to the original

coal mass. Note the simulation stops when 99% of the total
Fig. 3 e (a) Profiles of the species molar fractions and

conversion time as a function of time at two solar energy

fluxes; (b) profiles of the species molar fractions and gas

temperature as a function of coal conversion rate at two

solar energy fluxes. dp [ 100 mm.
coal mass is consumed. Initially, the coal conversion rate

increases at lower and higher rates corresponding to the

lower and higher values of the fluxes. As the surface tem-

perature reaches its peak value the coal conversion rate

stabilizes for an intermediate time prior to the onset of the

gas-phase reactions. The onset of the gas-phase reactions

leads a rapid increase in the conversion rate until complete

gasification. The steam concentrations decrease at a lower

rate first prior to the solar heating of the particles leading to

increased gasification and steam consumption rates.

Hydrogen and carbon monoxide are generated at rates cor-

responding to the gasification and steam depletion rates. As

expected significant gas-phase generation of CO2 is not

observed. With the increase of solar energy flux, the mole

fractions of H2O in the final products remain almost constant

around 46% and the mole fraction of H2 decreases slightly

from 34% to 33%; the mole fraction of CO increases from 14%

to 15%; and the mole fraction of CO2 decreases from 6% to 5%.

These results indicate that the product composition is almost

independent of the solar power, which is consistent with the

experimental results observed in Ref. [2]. The molar fraction

of the four major species and the gas temperature at the two

solar fluxes are also plotted as a function of the coal con-

version rate in Fig. 3(b). As we can see, at a certain coal

conversion rate, the molar fractions of the major species at

the two solar fluxes remain almost the same. To find the

reason for the almost identical gas compositions at different

solar flux, the equilibrium constant Kp of the wateregas-shift

reaction was calculated based on the present detailed

chemistry calculations. The Kp value for various solar flux

was then compared to the value calculated using the Equi-

librium module of Chemkin. The results for the final tem-

perature and pressure condition are shown in Table 4. The

nearly identical Kp from the two models indicates that the

wateregas-shift reaction is indeed at equilibrium. Therefore,

the final gas composition at high temperature is thermody-

namically controlled. The gas temperature reaches 1738 K for

J0 and 1646 K for 0.5J0, respectively. Also, the Kp values (0.274

vs. 0.301) differ only slightly at these two temperatures,

resulting in almost identical gas compositions at the end of

the gasification process for various solar flux.

Fig. 4 shows the coal consumption rates as a function of

time resulting from devolatilization and the three surface re-

actions respectively. In the first 0.16 s, the devolatilization rate

is much higher than the rates of the three surface reactions.

After 0.16 s when the release of volatiles has been completed,

the surface reactions become dominant in coal consumption.

Amongst the surface reactions, the steam gasification reac-

tion (C þ H2O / CO þ H2) is especially dominant with a rate

approximately 10 times faster than that of the CO2 reduction

reaction (C þ CO2 / 2CO), and about 1000 times faster than

methanation reaction (C þ 2H2 / CH4).

To understand how energy is converted during gasifica-

tion, we compared the source terms of the particle-phase

energy equation, which include heat releases from three

surface reactions, heat of devolatilization, convective heat

transfer between the two phases, and solar energy flux, all

based on a single particle. The results are shown in Fig. 5. For

convenience, all source terms were normalized by the solar

energy flux _Qsolar, which is a constant and provides the heat

http://dx.doi.org/10.1016/j.ijhydene.2013.03.103
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Table 4 e Equilibrium constant of wateregas-shift reaction from the model in the paper and from Chemkin Equilibrium
model at different solar flux.

Equilibrium constant
of wateregas-shift reaction

1.0J0 0.5J0

Model
in this paper

Chemkin
Equilibrium model

Model
in this paper

Chemkin
Equilibrium model

Kp 0.274 0.282 0.301 0.315
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needed for devolatilization and surface reactions. The results

in Fig. 5 show that the heat absorption by devolatilization

dominates that by surface reactions for the first 0.12 s.

Consistent with the highest contribution to the gasification

process, the reaction C þ H2O/ CO þ H2 converts the most of

the solar energy to chemical energy. Moreover, convective

heat transfer (from particles to gases) is especially intense at

the early stages and is effective throughout the gasification

process.

Fig. 6 shows h (syngas chemical energy as a fraction of the

feedstock energy plus solar energy), U (syngas chemical en-

ergy divided by biomass chemical energy) and Y (fraction of

solar energy in syngas) as a function of the solar energy flux

for the operating parameters shown in Table 3. The ratio of

chemical energy contents (U ) increases slightly (from 1.040 to

1.113) with an increase of the solar energy flux from 0.2J0 to 5J0,

and then decreases slightly to 1.110 at 10J0. The value of h first

decreases slightlywith increasing J and for J> 5J0 the value of h

increases slightly with J. Overall, h and U change only slightly

with J. The solar-to-fuel conversion efficiency h (about 77%)

represents the significant potential for improvement over the

values reported by previous experimental studies. More

importantly, Fig. 6 shows that significant percentage of solar

energy can be stored as chemical energy of syngas with Y

increasing from 33% to 42% when the solar energy density

changes from 0.2J0 to 5J0, and then stabilizing at 40% for 10J0.

The highest percentage of solar energy conversion to syngas,

Y, is 42% and occurs at a solar energy flux of 5J0 for the present

case. Y is mainly determined by the total solar energy deliv-

ered over the duration of the gasification process because the
Fig. 4 e Profiles of coal consumption rates as a function of

time because of devolatilization and three surface

reactions, respectively, dp [ 100 mm, J [ J0.
syngas production rate is relatively insensitive to solar power

as shown in Fig. 3. A higher solar flux leads to a shorter con-

version time because the temperatures are higher and the

reaction rates are faster. Therefore, a maximum Y results

from the product of the solar flux and the conversion time

being at its maximum.

3.2. Effect of particle size

The carbon conversion time significantly decreases with a

decrease of particle size as shown in Ref. [1]. The reason is that

the heat transfer by means of conduction and convection is

more effective in raising the temperature of smaller particles,

thus the gas and particle temperatures reach their peak values

more rapidly. The resulting rapid surface reaction rates lead to

shorter conversion times. In solar-driven gasification, radia-

tion absorption by particles, which depends on the optical

properties and size of the particles, is the main heat transfer

mechanism. The effects of this dependence on particle size on

syngas production and solar-to-fuel conversion efficiency are

examined in Figs. 7 and 8.

Fig. 7 compares the final product compositions obtained by

gasifying coal particles of various sizes in the range

50e200 mm. For all cases, a solar energy flux of 5J0 was used;

the total mass of coal particles was kept identical, resulting in

different particle-number densities but still within the inde-

pendent particle regime. Other initial conditions are as dis-

cussed in Table 3. The results show that although the coal
Fig. 5 e Profiles of the energy source terms as a function of

time including heat release from three surface reactions,

heat of devolatilization, convective heat transfer between a

particle and the bulk gases, and solar energy flux,

dp [ 100 mm, J [ J0.
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Fig. 6 e Profiles of the solar conversion efficiency (h), the

upgrade factor (U ) and the percentage of solar energy in

syngas (Y ) as a function of solar energy flux, dp [ 100 mm.

Fig. 7 e Profiles of the species molar fractions and coal

conversion time as a function of particle size, J [ 5J0.

Fig. 8 e Profiles of the solar conversion efficiency (h), the

upgrade factor (U ) and the percentage of solar energy in

syngas (Y ) as a function of particle size, J [ 5J0.
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conversion time is significantly reduced with a decrease in

particle size, the final compositions remains almost identical,

which include 33% H2, 46% H2O, 15% CO, and 5% CO2 (by

volume).

Fig. 8 shows h, U, and Y as a function of the particle size.

The results show h and U change slightly at different particle

size. h increases from 0.75 to 0.78 with increasing particle size,

while U decreases slightly from 1.12 to 1.10. Compared to the

changes in h and U with particle size, the changes in Y are

more significant. Y decreases from 0.44 for the 50 mmparticles

to 0.37 for the 200 mm particles. This indicates that smaller

particles result in higher percentage contribution of solar

energy to the chemical enthalpy in the syngas. The total

enthalpy of the syngas is independent of particle size within

the present range. Within the present range, particle size was

found to have little effect on the syngas composition. As a

result, Y is mainly determined by the total solar energy

absorbed by the particles during the gasification period.
4. Summary and conclusions

A multiphysics model was developed to simulate the solar

coal gasification processes in a constant-volume well-stirred

reactor. The model considers detailed gas-phase chemistry,

devolatilization kinetics, heterogeneous surface reactions,

porous structure evolution, as well as full coupling between

the two phases. The following conclusions can be reached:

1. Increasing solar energy flux increases gas and particle

temperatures, which in turn increase reaction rates and

reduce coal conversion time. The product composition,

however, is almost independent of solar power.

2. The gasification process can be divided into 2 stages: in the

first state devolatilization dominates mass loss of coal

particles as well as solar to chemical energy conversion; in

the second stage after volatile release has completed, sur-

face reactions become dominant, especially the reaction

C þ H2O / CO þ H2, which is much faster than the re-

actions C þ CO2 / 2CO and C þ 2H2 / CH4.

3. Convective heat transfer between the two phases is sig-

nificant throughout the process.

4. An optimum solar energy flux yields the highest percentage

of solar energy in the syngas. The present simulations show

that this percentage can be as high as 42%.

5. The solar-to-fuel conversion efficiency and the upgrade

factor change only slightly with solar energy flux.

6. While causing minimum impact on product composition,

decreasing particle size reduces the coal conversion time

and increases the percentage of the chemical enthalpy in

the syngas that originates in the solar energy.
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