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A B S T R A C T

A 1.5 kWth hybrid solar/autothermal steam gasifier was designed and tested for continuously producing
synthesis gas. Time-averaged responses to a series of inlet flow conditions were examined in a high-flux solar
simulator. The gasifier consisted of a SiC absorbing/emitting tube inside of a windowless Al2O3-SiC cavity
containing a fluidized bed indirectly irradiated by concentrated irradiation. Monte Carlo ray-tracing was per-
formed to examine heat flux distributions and determine optimal prototype geometry and lamp settings. An
experimental design with replicates was used to examine the effects of H2O:C, O2:C, and feedstock with two-way
analyses of variance. Carbon conversions of up to 0.79 were achieved, and maximum cold gas ratio and solar-to-
fuel efficiency were 1.16 and 22%, respectively. Introduction of O2 led to a significant increase in bed tem-
perature. Higher performance was observed using activated charcoal compared with lignite coal. The gasifier
results indicate that a hybrid solar/autothermal gasification process may be used to overcome disturbances due
to solar transients.

1. Introduction

Utilizing concentrated solar irradiation to drive thermochemical
processes affords a wide range of paths for producing sustainable fuels.
Previous work has examined the concept of coupling together auto-
thermal and solar-driven gasification processes within a single gasifier,
allowing for continuous, 24-h production of H2- and CO-rich synthesis
gas (syngas) for downstream fuel or chemical synthesis [1–4]. Fischer-
Tropsch (F-T) synthesis allows for the production of drop-in liquid
hydrocarbons for the transportation sector. Three modes of operation
were realized: (1) solar-driven allothermal gasification during periods
with abundant sunlight; (2) autothermal gasification at night or during
cloudy periods with the sun obscured; and (3) combined gasification
during periods of low to moderate sunlight. Kinetic analyses for the
relevant combustion and gasification reactions were performed with
activated charcoal, bituminous coal char, and miscanthus x giganteus
char as the carbonaceous feedstocks [2].

Solar-driven allothermal gasifiers transfer heat to the reactants
using two different configurations: (1) directly and (2) indirectly irra-
diated [5]. Indirectly-irradiated gasifiers avoid use of a quartz glass
window, which is prone to fouling at the expense of irreversibilities
resulting from conducting heat through an opaque absorber [6].

Previous indirectly-irradiated designs have implemented absorbing/
emitting tubes [7–12], plates [13–15], or cylindrical cavities [16,17] to
transfer heat to reactants. SiC is commonly used as an absorbing ma-
terial due to its favorable properties: high emissivity, high thermal
conductivity, inertness at high temperatures, and low coefficient of
thermal expansion.

Prominent solar-driven gasifier designs that have been examined in
literature have employed entrained flow [11,16,18], drop tubes
[7,8,10], packed beds [15,19,20], and fluidized beds [12,21–28]. En-
trained-flow and drop-tube gasifiers generally have very short residence
times while benefiting from enhanced heat and mass transfer. A few
studies have been able to achieve high carbon conversions despite these
limitations [7,16,18]. Packed beds are able to handle a wide variety of
feedstocks and particle sizes with long residence times, but face chal-
lenges with heat and mass transport. In addition, all previous packed-
bed investigations have operated in a batch-mode. An additional design
has explored the use of molten salt as a reaction and heat transfer
medium for gasification [17,29,30].

Fluidized beds are used in combustion and gasification applications,
as they allow for continuous operation, rapid adjustment of the reactant
inputs, high particle residence times, and high gas-solid contact with
efficient heat and mass transport. Directly-irradiated fluidized beds for
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solar gasification of coal, cokes, and cellulose have been explored in
literature [12,21–28]. One drawback of fluidized-bed designs compared
to packed beds is that small, relatively uniform feedstock particles are
required, translating to costlier feedstock preparation. The continuous
nature of fluidized beds where inputs can be adjusted in response to
disturbances (e.g., solar irradiance) makes the design applicable for a
hybrid solar/autothermal system. Experimental investigations of in-
directly-irradiated fluidized beds are lacking in literature [31], with
only one study that used steel for the emitter tube material [12].

In the present study, a novel 1.5 kWth hybrid solar/autothermal
gasifier was designed, fabricated, and tested in a 6 kWth high-flux solar
simulator (HFSS) [32]. The HFSS provides an external source of intense
thermal radiation, mostly in the visible and IR spectra, closely ap-
proximating the heat transfer characteristics of high solar concentrating
facilities. Monte Carlo (MC) ray-tracing analysis was performed to op-
timize the geometry of the gasifier for maximum absorption of con-
centrated irradiation. During testing, factors were varied at two levels:
(1) H2O:C ratio (1.1–2.32), feedstock type (activated charcoal and lig-
nite coal), and O2:C ratio (0–0.33). Time-averaged responses were
evaluated in terms of average bed temperature, carbon conversion, cold
gas (upgrade) ratio, solar-to-fuel efficiency, H2:CO ratio, and CO2 pro-
duction. Statistical analyses were performed using analysis of variance
(ANOVA) to identify significant effects and interactions on response
variables.

2. Experimental setup

Experimentation was performed in a novel hybrid solar/auto-
thermal gasifier designed to run continuously in both solar and com-
bined solar/autothermal gasification modes. A fluidized-bed design was
implemented, as it allowed for both modulation of feedstock inputs and
increased residence times for high conversions of feedstock to syngas.
An indirectly-irradiated gasifier was used to avoid the use of a window,
eliminating the possibility of failure or fouling during operation in
combined solar/autothermal gasification.

A schematic of the gasifier is given in Fig. 1a. The gasifier consisted
of a cavity that was constructed from Buster M-35 (Zircar Zirconia)
blocks, composed of Al2O3-SiO2 insulation with low thermal con-
ductivity, high operating temperature, and high reflectivity [33]. The
cavity was used to capture multiple reflections and emissions while
minimizing re-radiation losses to the environment and was held to-
gether with a stainless steel casing with dimensions of 210 × 215 ×
275 mm3. The front block contained a 40-mm diameter conical aper-
ture with an acceptance angle of 45°. An absorber tube made of pres-
sureless sintered SiC (Saint-Gobain Ceramics, Hexoloy SA) was posi-
tioned inside the cavity and had inner and outer diameters of 42 mm
and 52 mm, respectively, and length of 300 mm. SiC was used due to
durability at high temperatures, low coefficient of thermal expansion,
and high thermal conductivity. Its high strength and chemical inertness

Nomenclature

D distance traveled by ray
ê unit vector
h height
i surface indices
n moles

̂n unit normal vector
P P-value
Q heat
r energy bundle vector
r0 starting point vector
rs surface vector
R cold gas ratio
Re Reynolds number

̂s unit vector along the path of the energy bundle

t time
T temperature
u velocity
V volume
x distance (Cartesian)
X carbon conversion
y distance (Cartesian)
z distance (Cartesian)

Greek

ε emissivity, void fraction
η efficiency
λ wavelength
ρ density
υ surface parameter

Fig. 1. Hybrid solar/autothermal gasifier (a) schematic and (b) process flow diagram.
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make the material ideal for concentrated solar applications. The parti-
cular SiC used was a single phase composition with no free Si; the
formation of a protective SiO2 coating on the surface allowed it to re-
main stable at high temperatures [34]. The SiC tube was fabricated with
a 45° 16.7-mm diameter angled hole in the back to allow for a feedstock
delivery from a gravity-driven particle feeder (LAMBDA Instruments,
DOSER) through an Al2O3 tube. The emitter tube contained a bed of
Al2O3 granules (Micron Metals, 99.9% purity, 30–50 mesh) supported
by a 72-mesh stainless steel screen.

Sheathed K-type thermocouple probes (OMEGA) were placed at two
locations in the bed: (1) ∼30 mm below the focal point at the tube
center line (at the surface of the inert bed) and (2) ∼30 mm above the
focal point at the tube center line (in the region where particles would
be fluidized). Two more K-type thermocouples were positioned on the
outside of the emitter tube on the top and bottom. Continuous water
cooling using coiled copper tubing was employed to prevent over-
heating at the top and bottom of the emitter tube due to the high
thermal conductivity of SiC.

A process flow diagram of the gasifier setup is shown in Fig. 1b. Ar
and O2 flow rates were controlled using mass flow controllers (Bron-
khorst, EL-FLOW), and a pressurized tank and liquid flow controller
(Bronkhorst, Mini CORI-FLOW) was used to deliver H2O(l) to an eva-
porator (Bronkhorst, CEM), where it was mixed with the reacting gas
flow. The particle feeder was purged with Ar in the feedstock vessel and
just below the feeder at a constant rate of 2 LN/min to prevent backflow
of reacting gases. The feeder was calibrated with the purge Ar to a
feeding rate of∼60 g/h. Based on the series of 15-min calibration tests,
the feeding rates with 95% confidence intervals were 57.5 ± 2.7 and
62.3 ± 8.81 g/h for activated charcoal and lignite coal, respectively.
Lignite was more difficult to flow consistently due to a smaller average
particle size and greater cohesion between particles. A pressure gauge
below the bed was used to monitor the temporal pressure inside of the
gasifier. The gas stream leaving the gasifier passed through dry ice to
condense out the water vapor from the flow, and a particle filter was
installed to remove particles> 40 μm. Product gases were temporally
monitored with a combination of mass spectrometry (MS, OmniStar
ThermoStar GSD320 Gas Analysis System) and gas chromatography
(GC, Agilent 490 Micro GC equipped with Molsieve and PoraPLOT Q
columns). The GC was calibrated for H2, CO, CO2, CH4, and O2.

The feedstocks examined were granular activated charcoal derived
from peat (Sigma-Aldrich, untreated powder, 20–60 mesh) and North
Dakota lignite coal (40–60 mesh). Proximate and ultimate analyses
given in Table 1 indicated that feedstocks can be described by simpli-
fied chemical formulas of CH0.128O0.054 and CH0.754O0.370 for activated
charcoal and lignite coal, respectively. The pretreatment process for
activated charcoal left a carbon-rich material with low volatile and
moisture contents. Lignite coal had a much lower fixed carbon content
and much higher volatile matter with some ash present in both samples.
The LHV was calculated for both feedstocks based on correlations found
in literature [35,36]. In an industrial-scale application, the feedstock
would likely not be pre-pyrolyzed due to energy costs. For this reason,
the lignite coal was more representative of what would be used in a
scaled-up process.

Fused Al2O3 granules were used in the fluidized bed for support of
any unreacted particles and partially fluidized in the bed. The low
thermal conductivity of the Al2O3 granules also allowed the reacting
gases to be preheated before reaching the bed surface without trans-
ferring significant heat from the reaction zone to the supportive stain-
less steel mesh.

3. Modeling

3.1. Radiation modeling

MC ray-tracing analysis was used to model the radiative exchange
within the gasifier and optimize the geometry of the cavity. The

medium inside of the gasifier cavity, air, was considered to be non-
participating. The surfaces of the gasifier and cavity were considered to
be opaque with spectral properties that were independent of tempera-
ture.

Concentrated irradiation was partitioned into 64 million energy
packets (rays) with positional and directional vectors determined from
an in-house MC ray-tracing analysis of the HFSS to model all seven
xenon arc lamps mounted in truncated ellipsoidal reflectors [32]. The
path of the energy bundle was determined in vector form, given as:

̂= +r r Dso (1)

where r0 represents the starting point of the energy bundle; D represents
the distance traveled by an energy bundle; and ̂s is the unit vector
along the path of the energy bundle. Rigorous calorimetry coupled to
modeling was used to determine total incoming radiative flow of
6.132 kWth entering through the 40 mm diameter aperture [32]. The
spectral distribution of the radiation was determined according to
Planck’s spectral distribution of blackbody emissive power, assuming a
refractive index of unity. All of the surface within the gasifier exposed
to the concentrated irradiation, including the inner cavity and outer SiC
tube, were generically defined in vector form pointing from (0,0,0) on a
global coordinate system [37], given as:
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where υ1 and υ2 are two geometry-dependent parameters; xi are the (x,
y, z) coordinates of the surface point; and ̂ei are the unit vectors (î, ĵ, ̂k )
in the x, y, z directions, respectively. rs was chosen based on surface
orientation. rs was defined for the outer surface of the SiC tube as:
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1 2 cyl (3)

where rcyl and hcyl are the radius and height of the cylinder, respec-
tively. Coordinates (xcyl, ycyl, zcyl) define a point at the bottom, center of
the cylinder in the world coordinates. rs’s were defined for the re-
maining surfaces in the cavity, and all surfaces were divided up into a
number of subsurfaces. Intersections were determined for each in-
coming energy bundle to the nearest surface, and optical properties
were introduced to determine whether the energy bundle was reflected
or absorbed by the surface. For reflected energy bundles, a relative
orthogonal coordinate system was created at the intersection, and the
direction of the exiting energy bundle was determined assuming diffuse
surfaces along with the relative orthogonal coordinate system. The
choice of material had a significant effect on the captured radiation due
to spectrally-dependent surface properties. The material selected for the
gasifier cavity was M-35. The spectral properties of M-35 were assumed
to be the same as Al2O3 due to the high Al2O3 content in M-35. The

Table 1
Proximate and ultimate analyses of feedstocks (values in weight% unless otherwise
noted).

Activated Charcoal Lignite Coal

Carbon 84.01 55.60
Hydrogen 0.90 3.52
Nitrogen 0.37 0.75
Oxygen (BD) 6.09 27.37
Sulfur 0.25 1.54
Ash 8.38 11.22
Moisture 3.74 9.65
Volatile matter 4.94 37.88
Fixed carbon 82.94 41.25
H/C [mol/mol] 0.128 0.754
O/C [mol/mol] 0.054 0.370
LHV [MJ/kg] 29.3 19.4
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spectral hemispherical emissivity of Al2O3 as a function of wavelength
was obtained from experimentally-measured values [38]. A gray-band
approximation was used for the MC ray-tracing, with wavelength bands
of 0–5, 5–12 and 12-∞ μm. The lower emissivity at shorter wavelengths
(λ < 5 μm) allowed the walls to reflect a significant amount of the
incoming radiation, as> 98% of energy emitted by the sun falls in this
wavelength range. At longer wavelengths, Al2O3 exhibits an emissivity
close to unity. Experimental measurements for optical properties at
high temperatures (> 1000 K) showed that the spectral hemispherical
emissivity of SiC was almost constant over the wavelengths of interest
and generally varied between ελ = 0.90 and 0.96 [39]. For this reason,
the MC model used a total, hemispherical emissivity of ε= 0.93. A
diffuse-gray approximation for SiC emissivity was applied to MC ray-
tracing in a previous study [9]. The Al2O3 walls were rough and porous,
which led to highly-diffuse reflections, and the SiC tube also had a re-
latively rough, dull surface, causing diffuse reflections. For this reason,
reflection mode was set to diffuse for all surfaces in the gasifier. A series
of parametric studies were run to examine the effect of prototype
geometry and lamp configuration on heat flux distribution.

To determine the optimal lamp usage, three different configurations
of lamps were tested with the tube placed at the center of the cavity.
Symmetrical irradiation was desirable for enhanced heat transfer, so
use of one side lamp necessitated the use of the opposing side lamp (e.g.,
bottom-left and bottom-right lamps). Investigations focused on the use
of the center and bottom lamps. The three cases simulated were two
lamps (bottom and center), three lamps (bottom-left, bottom-right, and
center), and four lamps (bottom-left, bottom-right, bottom, and center).
The number of lamps had a clear effect on heat flux, creating absorbed
powers and heat fluxes that were almost twice as high for four lamps
compared to two. It was determined that using more than two lamps
would likely cause excessive temperatures and problematic thermal
stresses at the focus, so further simulations were run using only two
lamps. Furthermore, use of two lamps on the same vertical axis was
conducive to efficiently heating a vertical-tube configuration while
minimizing losses to the cavity walls.

Three different positions of the emitter tube, measured from the
center of the tube to the aperture: 35, 55, and 75 mm, were tested to
examine the effect of distance. The model predicted the incident ra-
diative flux and did not account for re-radiation losses (i.e., surface
emissions from the inside of the cavity), which would be significant at
high temperatures. The absorbed irradiation by the tube did not vary
significantly between the three cases, and slightly increased for the
distance furthest from the front of the cavity. This is potentially a result
of the reflected rays staying within the cavity due to the smaller view
factor between the tube and the aperture. The farthest tube distance
had significantly more diffuse irradiation and the largest heated area.
As the tube was moved closer to the aperture, the heat flux became
more circular and concentrated at the center of the tube. As with using
more lamps, positioning the tube closer to the aperture created highly
localized heat fluxes that could have caused steep temperature gra-
dients and thermal stresses. Therefore, a position halfway between the
center and far distances, 65 mm, was selected for the gasifier.

The final conditions used the center and top lamps, which shifted
the heated portion of the tube downward. Because the inside of the tube
contained gases flowing upward and a bed of inert and reacting parti-
cles at the bottom, heating a lower portion of the tube was favorable for
endothermic gasification reactions. Fig. 2 shows the calculated heat flux
distribution on the front of the tube using the center and top lamp. The
total radiative heat flow absorbed by the tube was 408 W. The peak and
average heat fluxes across a 40 × 40 mm2 area at the center of the tube
were 468 kW/m2 and 139 kW/m2 in this configuration, respectively.

3.2. Fluidized bed modeling

The fluidization properties for both the inert bed material and
feedstock were modeled using various assumptions and correlations. A

number of different fluidization regimes were considered, including
bubbling, turbulent, and fast regimes [40]. An analysis was performed
in order to put bounds on the conditions that would lead to particle
fluidization and entrainment. The Ergun correlation [41] was used to
calculate minimum fluidization velocity, umf.

Solid and bulk densities were measured and calculated using water
displacement or provided by the manufacturer. Particle sphericity was
estimated to be 0.70 for all materials based on values reported in lit-
erature for similar materials [42,43]. Fluid viscosity was estimated to
be 62.81 × 10−6 Pa s based on Ar at 1200 K and atmospheric pressure,
provided in literature [44]. The gases were assumed to behave ideally
at 1200 K and 1 bar, and plug flow was assumed for the fluid phase.
Void fraction at minimum fluidization, εmf, was calculated using the
correlation from Broadhurst and Becker [45]. Terminal velocity, ut, was
calculated using correlations from Kunii and Levenspiel [46]. From ut
and umf, corresponding volumetric flow rates for the tube geometry
were calculated.

The results from the fluidization calculations are shown in Table 2
for different ranges based on the minimum and maximum particle
diameter. Relatively low volumetric gas flows were necessary to begin
to fluidize the charcoal particles in the tube (< 5 L/min), while only
very high velocities would enable entrainment of the inert bed material,
20.72 L/min of Ar flow would entrain the smallest activated charcoal
particles out of the tube. The particle losses were mitigated by both the
larger diameter and lower temperatures downstream of the emitter
tube. However, particle feedstocks begin to shrink during the reaction
and were more likely to be entrained out of the tube. Therefore, the
experiments were designed to keep the total gas flow towards the lower
end of the volumetric flow rate ranges shown in Table 2.

4. Results

A HFSS was used to provide radiative heat fluxes similar to what can
be achieved in a heliostat field solar power tower configuration. A
Lambertian target along with a CCD camera were used to measure pixel
intensities that were correlated with spatial radiative heat fluxes [32].
Fig. 3 shows the measured radiative flux distribution at the aperture
during the last stage of HFSS operation, with heat fluxes given in kW/
m2. Total power entering the aperture was found to be
1371.2 ± 6.4 W. Average heat flux across the same area was
1091 kW/m2. Peak fluxes of ∼1400 kW/m2 were observed at the
center of the aperture area, with fluxes decreasing to between 600 and
1000 kW/m2 at the edges of the aperture area. Higher flux

Fig. 2. Calculated radiative heat flux distribution in kW/m2 on the front of the emitter
tube for a distance of 65 mm from the aperture and using the top and center lamps.
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concentrations were observed at the top of the aperture area, likely due
to the use of the top lamp. The radiation entering the aperture would be
more diffuse upon reaching the emitter tube.

Experimental conditions are provided in Table 3 for both activated
charcoal and lignite coal where the experimental design allowed for
two 22 statistical analyses. The first two-way ANOVA compared the
effects of H2O:C and O2:C (both for activated charcoal), and the second
two-way ANOVA compared the effects of H2O:C and feedstock (both at
the zero O2 condition). Two replicates of each experiment were run,
resulting in 12 total experiments. Feeder vessel purge Ar flow for each
experiment was 2 LN/min, but gasifier inlet flows of Ar were adjusted to
maintain a constant total volumetric flow rate consistent for given
feedstocks. The total Ar concentration was maintained at≥50% to keep
product gases relatively dilute. The total gas flow was 7.5 LN/min for
the activated charcoal experiments but was lowered to ∼5 LN/min for
the lignite coal experiments to adjust for smaller particles and asso-
ciated entrainment. A thermocouple was placed at the tube outlet
centerline measured an approximate steady-state temperature of
∼900 K prior to particle feeding. This led to entrainment of some of the
smaller charcoal particles, observed in the outlet flange after each ex-
periment in amounts of a few grams or less.

The H2O levels were chosen such that the average H2O:C ratio
would be greater than stoichiometrically required according to feed-
stock C content from the proximate and ultimate analyses. For the low
H2O experiments, the average H2O:C ratios were between 1.10 and
1.16, and for the high H2O experiments, the average H2O:C ratio were
between 2.20 and 2.32. The O2 levels were chosen to ensure only a
small portion of the feedstock was combusted; only 0.5 LN/min O2 was

introduced for the experiments with O2 (combined solar/autothermal).
This corresponded to an average O2:C ratio of 0.33, meaning that ap-
proximately one-third of the feedstock would be combusted. H2O con-
densed out of the product gas stream ranged between ∼10 and 30 ml
depending on experimental conditions.

Representative runs are shown in Figs. 4 and 5 for experiments
without and with O2 for activated charcoal, respectively. Fig. 4a shows
temporal temperatures, concentrated solar irradiation entering the
aperture, and Fig. 4b shows product gas molar flows for a high H2O run
without O2. Prior to lamp firing, Ar flow was initiated per the experi-
mental conditions. The evaporator was heated to 473 K, and the heat
tape around the gas line to the gasifier was turned on. Cooling water
flow was introduced to the top and bottom of the emitter tube. The
center lamp was turned on at t = 0, followed by the top lamp at
t = 10 min. At t∼20 min, the center lamp was increased to close to full
power. After the temperatures reached an approximate steady state at
t≈ 30 min, H2O(v) was introduced to the system at the desired level
depending on the experiment. The surface of the inert bed reached
∼1230 K prior to charcoal feeding. At t = 35 min, charcoal feeding
began at ∼57.5 g/h. Charcoal feeding proceeded for 15 min. After the
charcoal feeding commenced, the temperature at the surface of the bed
(Tbed,1) dropped to ∼1150 K, owing to the strongly-endothermic gasi-
fication reactions. The temperature ∼60 mm above the surface of the
bed (Tbed,2) stayed relatively constant at ∼1170 K, indicative of parti-
cles settling on the surface of the bed that were undergoing conversion.
After 15 min, H2O(v) and charcoal feeding were stopped and the lamps
were turned off. For the lignite experiments, particle feeding proceeded
for ∼25 min to allow for a greater period of time-averaging due to less
consistent flow. The gas temperature at the inlet of the gasifier
was ∼ 410 K during particle feeding. The pressure in the gasifier varied
between 0 and 20 kPa depending on the stage of the experiment.

The associated product gas molar flows from GC showed a rapid rise
in H2, CO, and CO2 after charcoal feeding began. Negligible CH4 was
observed, and no O2 was detected during any of the runs. Small
amounts of H2 and CO were generated prior to charcoal feeding, likely
due to residual charcoal particles in the bed. The gas composition began
to level off ∼7 min after charcoal feeding began. It was observed that
while the relative amounts of H2, CO, and CO2 were similar to those
predicted at chemical equilibrium, the relative amount of H2 was less
than what was predicted at chemical equilibrium. This observation
points to a potential kinetic or mass transfer limitation.

The representative run with O2 shown in Fig. 5 was performed at the
low H2O condition. Heat up showed conditions similar to those in
Fig. 4a, including the initial temperature drop after the introduction of
charcoal particles. For the experiments with O2 flow, 0.5 LN/min O2

was added after t = 2 min of charcoal feeding, which again proceeded
for 15 min. Once O2 was introduced, there was a marked increase in
Tbed,1 and Tbed,2. Prior to charcoal feeding, the Tbed,1 was at ∼1240 K,

Table 2
Results and related properties for the fluidization calculations for the particulate used in
the fluidized bed during experimentation in the hybrid solar/autothermal gasifier.

Granular Al2O3 Activated charcoal Lignite coal

Particle diameter (mm) 0.297–0.595 0.250–0.841 0.250–0.425
ρbulk (g/ml) 1.87 0.27 0.86
ρparticle (g/ml) 3.97 0.46 0.95
εmf (−) 0.51–0.55 0.56–0.62 0.57–0.60
umf (m/s) 0.064–0.200 0.009–0.064 0.016–0.037
Remf (-) 0.123–0.769 0.015–0.347 0.026–0.102
ut (m/s) 3.034–6.058 0.249–2.820 0.516–1.490
Vṁf (L/min) 5.31–16.61 0.75–5.31 1.31–3.09

Vṫ(L/min) 252.2–503.5 20.72–234.4 42.85–123.8

Fig. 3. Measured radiative heat flux map in kW/m2 for the aperture during the last stage
of high-flux solar simulator operation, with the aperture shape indicated by the black
circle.

Table 3
Experimental conditions for testing in the high-flux solar simulator (concentrations of
total gas flow including feeder purge are given in parentheses).

Low H2O High H2O

Without O2 (act.
char.)

84.3 g/h H2O (23.3%)
0 LN/min O2 (0%)
3.75 + 2 LN/min Ar
(76.7%)

168.6 g/h H2O (46.6%)
0 LN/min O2 (0%)
2 + 2 LN/min Ar (53.4%)

With O2 (act. char.) 84.3 g/h H2O (23.3%)
0.5 LN/min O2 (6.7%)
3.25 + 2 LN/min Ar
(70.0%)

168.6 g/h H2O (46.6%)
0.5 LN/min O2 (6.7%)
1.5 + 2 LN/min Ar
(46.7%)

Without O2 (lignite) 58.0 g/h H2O (24.5%)
0 LN/min O2 (0%)
1.7 + 2 LN/min Ar
(75.5%)

116.0 g/h H2O (49.0%)
0 LN/min O2 (0%)
0.5 + 2 LN/min Ar
(51.0%)
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but it reached temperatures of ∼1410 K after O2 was introduced. Tbed,2
did not show as drastic of an increase, but a temperature rise of∼100 K
was observed. As with the run without O2, this indicates that most of
the reactions were concentrated at the surface of the bed. Some ash
melting was observed on the surface of the bed during gasifier cleaning
in the runs with O2,

The associated product gas molar flows again showed a rapid rise in
H2, CO, and CO2 after charcoal feeding began. Negligible CH4 was
observed. After O2 was introduced, H2 and CO decreased, and then
slowly began to rise again. As expected from equilibrium compositions,
a larger amount of CO2 was observed as compared to the runs without
O2 and H2:CO ratio was less than unity. This could be a result of ki-
netically-rapid combustion reactions or the reverse water-gas shift re-
action taking place downstream of the reaction zone prior to product
gas sampling at lower temperatures.

An average bed temperature was calculated from Tbed,1 and Tbed,2.
Average carbon conversion is represented as:

=
+ +

X
n n n

n
̇ ̇ ̇

̇
CO CO CH

C

2 4

(4)

where n ̇i represents the time-averaged molar flow of product i. n ̇C was
calculated based on the known feedstock composition and mass flow
rate of the particle feeder. Average cold gas ratio, R , is represented as:

=R
n LHV
n LHV

̇
̇
products products

feedstock feedstock (5)

where the denominator represents energy content of the converted
feedstock, and LHV is the lower heating value of each gaseous com-
ponent on a molar basis. LHV of H2, CO, and CH4 are 120.0, 10.1, and
50.0 MJ/kg on a mass basis, respectively. Average solar-to-fuel effi-
ciency, ηsolar-to-fuel, is similarly represented as:

=
+− −η

n LHV
Q n LHV

̇
̇ ̇solar to fuel

products products

solar feedstock feedstock (6)

where Qṡolar is the concentrated irradiation power into the aperture
according to flux calibrations. The time averaged quantities are given in
Table 4. A constant output of syngas was not possible for all cases, as
steady conditions were not attained due to a buildup of the feedstock in
the bed. For these cases, the ηsolar-to-fuel was slightly lower than the
ηsolar-to-fuel determined at the end of the run due to more syngas pro-
duction.

Results showed good reproducibility between replicates and clear
effects of reacting gas composition on product gas composition, tem-
perature, conversion, cold gas ratio, and solar-to-fuel efficiency.
Significant CH4 was only observed in the experiments using lignite coal
as the feedstock, possibly due to the higher volatile content and CH4

being generated during pyrolysis. The highest =X 0.79, were observed
for the activated charcoal under the high H2O:C conditions with O2

where, presumably, full conversion did not occur due to entrainment of
the smaller particles that did not fully react as observed after experi-
mentation. The highest =R 1.16 was observed for the lignite coal low
H2O:C condition, which corresponded to the lowest =X 0.55. The

Fig. 4. Representative run for a condition without O2 (solar-only) using activated char-
coal. The run shown uses the high level of H2O with (a) temporal bottom (dashed-dotted)
and top (solid) bed temperatures and solar energy (dashed) entering aperture and (b)
temporal product gas molar flows measured with gas chromatography for H2 (solid), CO
(dashed), CO2 (dashed-dotted), and CH4 (circle marker).

Fig. 5. Representative run for a condition with O2 (combined solar/autothermal) using
activated charcoal. The run shown used the low level of H2O with (a) temporal bottom
(dashed-dotted) and top (solid) bed temperatures and solar energy (dashed) entering
aperture and (b) temporal product gas molar flows measured with gas chromatography
for H2 (solid), CO (dashed), CO2 (dashed-dotted), and CH4 (circle marker).
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highest =− −η 22.1%solar to fuel was observed using the high H2O:C condi-
tion with O2 for activated charcoal. In order to more closely examine
the main and interaction effects on each parameter, a series of ANOVA
were performed using R statistical computing software [47] and inter-
action plots [48] were created for response variable means with error
bars based on 95% confidence limits [49].

4.1. Two-way ANOVA for assessing effects of H2O:C and O2:C

The series of two-way ANOVA showed several significant effects and
interactions for the activated charcoal. The response variables were
Tbed,avg, X , H :CO2 , n ̇CO2, R , and ηsolar to fuel- - . Notably, O :C2 had a sig-
nificant effect on all response variables. Increased O2 was associated
with increased Tbed,avg (P < 0.01), X (P < 0.01), and n ̇CO2
(P < 0.0001). Fig. 6 shows an interaction plot of Tbed,avg means, which
illustrates that O2 tends to raise bed temperatures due to strongly-
exothermic combustion reactions. No interactions were observed for
Tbed,avg, and the parallel horizontal lines indicate that H O:C2 did not
have a significant effect onTbed,avg. Variances in Tbed,avg were possibly
due to highly localized temperature fluctuations resulting from en-
dothermic or exothermic reactions, as particles and reacting gases have
constantly-changing distributions in a fluidized bed.

Increased O2 was associated with decreased H :CO2 (P < 0.001), R
(P < 0.0001), and ηsolar-to-fuel (P < 0.0001). Introducing O2 reduced
energy content of the product gases and reduced utilization of solar
energy. For F-T synthesis, the optimal H2:CO ratio is 1.7–2.15 de-
pending on the type of catalyst used [50], which indicates that the
product gases would need to be water-gas shifted downstream in some
cases based on experimental H :CO2 .H O:C2 had significant effects on R
(P < 0.05), H :CO2 (P < 0.001), n ̇CO2 (P < 0.0001). There was a
slight decrease in R with increased H2O. The increased H :CO2 and n ̇CO2
with higher levels of H O:C2 likely due to increased water-gas shift re-
actions. Significant interactions were observed between O :C2 and H O:C2

for X (P < 0.01), n ̇CO2 (P < 0.05), and ηsolar-to-fuel (P < 0.01). Fig. 7
shows an interaction plot for X means. The plot shows the interaction
between CO :2 and H O:C2 , where introducing O2 increased conversion
for the low H O:C2 case, but not for the high H O:C2 case.

4.2. Two-way ANOVA for assessing effects of H2O:C and feedstock

A series of two-way ANOVA were also used to determine significant
effects and interactions for H O:C2 and feedstock, both at the low O :C2Ta
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Fig. 6. Mean bed temperature versus mean H2O to C ratio for mean O2 to C ratios of 0
(circles) and 0.33 (triangles) using activated charcoal. The included error bars represent
95% confidence limits.
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condition. Feedstock had a significant effect on all response variables:
Tbed,avg (P < 0.01), X (P < 0.05), H :CO2 (P < 0.01), n ̇CO2
(P < 0.01), R (P < 0.05), and ηsolar-to-fuel (P < 0.0001). It is im-
portant to note that other changes were associated with the feedstock
including particle size distribution and total gas flow rate. This changes
sensible heat absorbed by the reacting gas as well as the likelihood of
particle entrainment. Fig. 8 shows an interaction plot for ηsolar-to-fuel
means, which were notably higher for the activated charcoal experi-
ments. There was a slight but statistically significant effect from H O:C2

(P < 0.01), with higher H O:C2 leading to greater ηsolar-to-fuel. There
were also significant effects of H O:C2 on X (P < 0.05), H :CO2

(P < 0.01), R (P < 0.05), ηsolar-to-fuel (P < 0.0001).
There was only one significant interaction of feedstock and H O:C2 ,

which was for n ̇CO2 (P < 0.05). Fig. 9 shows an interaction plot for n ̇CO2
means. The higher n ̇CO2 for the activated charcoal was expected, as
more C was being fed into the gasifier. n ̇CO2 did not increase as

dramatically with H O:C2 for the lignite coal, as water gas shift reactions
were less prominent with less available CO and H2O. While reduced
CO2 generation is desirable in a gasification process, the lignite coal
experiments also had reduced syngas production, negatively affecting
process viability. These trade-offs would need to be weighed in an
optimized, scaled-up solar process.

5. Discussion

The results point to several notable effects from H2O:C, O2:C, and
feedstock for a solar-driven gasification system. To the authors’
knowledge, this is the first demonstration of a combined solar/auto-
thermal gasification process, as well as the first indirectly-irradiated
fluidized bed constructed out of SiC to be tested using concentrated
irradiation. The system successfully created syngas and demonstrated
temperature effects from the introduction of O2, but has room for op-
timization to improve performance. Carbon conversions were slightly
higher than those achieved by previous SiC drop-tube and entrained-
flow experiments [8,10,11], and slightly lower than those achieved by a
drop-tube fixed-bed gasifier [7]. Particle entrainment may have limited
carbon conversions, even when using the lower flow rate for lignite coal
experiments. Cold gas (upgrade) ratios and solar-to-fuel efficiencies
were very similar to those achieved by the drop-tube fixed-bed gasifier
[7]. These parameters could be improved by operating at higher tem-
peratures, reducing the formation of CO2, but that would come at the
expense of increased re-radiation losses.

The observation that the bed temperature was significantly affected
by O2:C was expected, but it is noteworthy in its implications for a
continuous hybrid solar/autothermal gasification process. The impact
of O2:C ratio on carbon conversion was also important, as it may allow
for more rapid conversion and tuning of the feedstock amount within
the gasifier due to fast combustion kinetics. The negative consequences
of combustion were equally significant, with O2:C reducing H2:CO ratio,
cold gas ratio, solar-to-fuel efficiency, and increasing CO2 production.
Therefore, O2 use in a hybrid operation should be minimized and used
only when required to maintain acceptable performance parameters.

Feedstock also significantly affected the response variables for solar-
only operation, with the lower fixed-carbon feedstock generally having
reduced performance. However, the cold gas ratio was slightly higher
for lignite coal, possibly due to more CH4 being generated with lower
conversions that were compensated for by the reduced syngas output in

Fig. 7. Mean carbon conversion as a function of the mean O2 to C ratio for the mean ratios
of H2O to C of 1.16 (circles) and 2.32 (triangles) with the error bars based on 95%
confidence limits.

Fig. 8. Mean solar-to-fuel efficiency versus the mean ratio of H2O to C for solar only
operation with activated charcoal (circles) and lignite coal (triangles) and error bars
based on 95% confidence limits.

Fig. 9. Mean molar flow of CO2 versus the mean ratio of H2O to C for solar only operation
with activated charcoal (circles) and lignite coal (triangles) and error bars based on 95%
confidence limits.
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the calculation. Nonetheless, the performance was acceptable using a
more realistic feedstock, and the system could be improved to reduce
particle entrainment. Ideally, a biomass feedstock would be used in a
gasification process instead of a fossil fuel to reduce life-cycle CO2

emissions, which would introduce additional challenges in terms of
particle feeding and material processing.

The effects of changing H2O level were less dramatic, but still im-
portant in the performance of a hybrid gasification process. The most
significant effect was tied to the water-gas shift reaction, affecting both
H2:CO and CO2 production. These effects were antagonistic: improved
H2:CO ratios for F-T synthesis comes at the expense of increased CO2

production. A far less notable impact was seen on cold gas ratio, with
slight decreases as H2O:C increased. The significant interactions for
carbon conversion, CO2 production, cold gas ratio, and solar-to-fuel
efficiency point to a complex interplay between reacting gases that
requires further analysis. For the purposes of process control, H2O re-
presents a tunable parameter in addition to O2 that can be adjusted per
solar resource availability or desired H2:CO ratio.

6. Conclusions

A novel 1.5 kWth scale hybrid solar/autothermal gasifier was de-
signed and tested in a high-flux solar simulator in solar and combined
solar/autothermal modes. Monte Carlo ray-tracing was performed to
evaluate resulting heat fluxes for various tube positions and lamp
configurations. A bench-scale indirectly-irradiated fluidized-bed gasi-
fier was designed and fabricated using materials suitable for solar
thermochemical applications. The design of the gasifier allowed for
long residence times, high gas-solid contact, continuous operation, and
adjustment of feedstock flow rate. Carbon conversions of up to 0.79
were observed, and maximum cold gas ratios and solar-to-fuel effi-
ciencies were 1.16 and 22.1%, respectively.

The experimental campaign demonstrated the ability to feed small
streams of pure O2 into a solar gasifier to increase temperatures. In this
way, transient deficits in solar energy that are inherent in solar gasifi-
cation may be overcome. Future work may focus on dynamically-con-
trolling inlet flows based on solar input to maintain high temperatures,
showing the possibility of continuous operation while still obtaining the
benefits of a solar-driven process.
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