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ARTICLE INFO ABSTRACT

Keywords: Solar-driven biomass gasification technology integrates two renewable energy sources in a complementary
Concentrated solar energy manner, enabling efficient solar energy storage and the clean, high-efficiency utilization of biomass. As an

g,amﬁcatwn emerging approach, it holds significant potential. In this study, the gasification of biomass pyrolysis semi-coke
10mass

(PC) driven by concentrated solar energy is investigated. The CO, gasification performance of biomass PC was
systematically studied using a self-developed solar-driven gasification-thermogravimetric experimental plat-
form. Key influencing factors, including pyrolysis temperature, biomass type, reactant gas flow rate, catalyst
type, and radiative power, were comprehensively examined. The results indicated that the maximum total
absorptance of bamboo PC reached 0.91, which was 0.58 higher than that of the raw bamboo. Furthermore, low-
ash biomass exhibited superior gas yields and energy conversion efficiency. K2CO3 and NapCOs3 catalyst were
proved to be effective, increasing the peak CO production rate by 54.5 % and 11.8 %, respectively. Kinetic
analysis revealed that the activation energy for the solar-driven gasification for bamboo PC was 96.00 kJ/mol,
with a pre-exponential factor of 9.399 s~1. Under a solar simulator with a power of 5.2 kW, the total yields of CO
and H; reached 143.8 mmol/g and 10.1 mmol/g, respectively. Correspondingly, the maximum energy upgrading
factor reached 1.41, and the Hy/CO ratio rose to 7.05 %. Collectively, these findings provide robust experimental
support for optimizing solar-driven biomass PC gasification technology and accelerating its application in the

Pyrolysis semi-coke
Energy upgrade factor
Kinetic analysis

field of renewable energy.

1. Introduction

To address the global climate issue [1], countries around the world
are actively exploring and developing renewable energy. Solar energy,
as a renewable and clean resource, holds great promise for solving the
energy and environment problems [2]. However, its intermittent and
instability remain a significant limitation [3]. Recently, due to growing
demand for sustainable energy [4], solar-driven energy conversion
technologies have attracted increasing attention [5]. On the other hand,
biomass, accounting for approximately 10 % of global energy con-
sumption [6], is a vital carbon-neutral energy source with a potential
availability exceeding 100 EJ/year [7]. Gasification technology enables
the conversion of biomass into syngas [8]. Nevertheless, conventional
gasification methods require the combustion of part of the biomass to
supply reaction energy [9], leading to relatively low energy efficiency
and failing to meet carbon neutrality goals.

Solar-driven biomass gasification offers significant advantages by
synergistically combining two renewable energy [10]. On the one hand,
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solar radiation provides the necessary thermal energy for the gasifica-
tion process [11], greatly improving its energy efficiency and reducing
carbon emissions. On the other hand, the conversion of solar energy into
chemical energy through gasification enables effective energy storage
[12]. Compared with conventional gasification, solar-driven biomass
gasification exhibits superior energy conversion efficiency, lower CO,
emissions, and improved syngas quality [13]. Consequently, it has broad
application prospects [14] and is increasingly attracting more a research
attention [15]. For example, Wu et al. [16] developed a thermochemical
energy system based on solar-driven biomass gasification, demon-
strating an energy-saving potential of 15.29 % and achieving a
maximum energy efficiency of 66.72 %. Similarly, Xu et al. [17] con-
ducted a comprehensive energy analysis of a concentrated solar gasifi-
cation system, revealing an energy efficiency of 72.86 %. These studies
collectively indicate the considerable potential of solar-driven gasifica-
tion in enhancing energy conversion efficiency [18].

Numerous experimental studies have been conducted on solar-driven
gasification, The solar reactor designs are broadly classified into indirect
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and direct irradiation configurations [19]. In the field of indirect radi-
ation, Miiller et al. [20] designed a 5 kW packed-bed solar reactor for
pyrolysis and steam gasification of waste biomass. The experiments
successfully produced high-quality syngas with a solar-to-fuel conver-
sion efficiency of 18 %. Similarly, Arriagada et al. [21] developed an
indirectly irradiated rotary hybrid porous media solar reactor and
investigated the steam gasification of char particles driven by solar en-
ergy. Their results indicated that increasing the temperature facilitated a
higher Hy/CO ratio. Compared with indirect radiation, direct radiation
offers lower thermal resistance in energy transfer and enables higher
operating temperatures [22], resulting in superior performance in terms
of energy efficiency, gasification characteristics, and economic viability.
For instance, Dai et al. [23] developed a solar gasification reactor
directly driven by radiation for coal gasification. Under various steam
flow rates and feed rates, the peak carbon conversion efficiency reached
70.89 %, with an energy upgrade factor of 1.18. Chuayboon et al. [24]
designed a continuously-fed solar reactor to study the effects of tem-
perature and feeding rate on solar-driven biomass steam gasification
performance. They reported a carbon conversion close to 97 %, a
maximum energy upgrade factor of 1.38, and a solar-to-fuel energy
conversion efficiency of 20 %. Wang et al. [25] conducted solar-driven
biomass steam gasification experiments and achieved an energy up-
grade factor of 1.15 at a radiative power of 3.35 kW, with hydrogen
accounting for 47.1 % of the product gas. Zhang et al. [26] developed a
solar-driven gasification thermogravimetric (TG) analysis system and
demonstrated that the system efficiency of direct radiation gasification
was 23.8 % higher than that of indirect radiation, along with enhanced
catalytic effects. Using a solar thermogravimetric setup, Zhong et al.
[27] explored the reaction mechanism of directly irradiated gasification
via the RPM model and determined that the apparent activation energy
for willow wood was 117.6 kJ/mol. In addition, Zhao et al. [28] were
the first to investigate non-thermal effects in concentrated solar coke
gasification, confirming that direct radiation yields greater economic
benefits than indirect radiation. In summary, direct radiation offers
significant advantages in terms of efficiency and reaction kinetics.
However, current experimental studies on direct solar-driven biomass
gasification remain limited, and existing mechanistic research often
focuses on narrow operating conditions. Therefore, future research
should be extended to encompass a wider range of experimental con-
ditions—including different catalysts, reactant gas compositions, and
biomass feedstocks—in order to gain a more comprehensive under-
standing of the energy conversion processes and reaction mechanisms in
solar-driven biomass gasification.

In the process of direct solar-driven biomass gasification, several
challenges persist. For example, biomass feedstocks typically have low
energy density and large volume, which creates difficulties in storage,

Heat transfer flow === CO, flow
=P Material flow =P Product flow

Chemical Engineering Journal 523 (2025) 168222

transportation, and utilization[29]. Moreover, tar produced during py-
rolysis can contaminate quartz windows, impairing reactor performance
[30]. Converting biomass into pyrolysis semi-coke (PC) before gasifi-
cation [31] helps mitigate these issues [32]. Therefore, inspired by the
integrated approach of coupling pyrolysis and gasification, a carbon-
neutral system for solar-driven biomass PC gasification can be con-
structed, as illustrated in Fig. 1. In this system, the energy required for
high-temperature gasification of biomass PC is supplied by concentrated
solar radiation, while the heat for pyrolysis and drying is recovered from
high-temperature product gases. This effectively utilizes the system's
temperature gradient and improves energy efficiency [33]. In addition,
the CO, gasifying agent used in this system is derived from carbon
capture and storage (CCS) technology [26], enabling both CO, reduction
and its resource utilization. Despite these advantages, systematic
experimental investigations on the reaction characteristics of biomass
PC gasification under concentrated solar radiation remain limited,
highlighting the urgent need for further in-depth research.

Given the above context, this study aims to investigate the energy
conversion processes and reaction mechanisms involved in solar-driven
biomass PC gasification. To achieve this, a solar-driven biomass PC
gasification experimental platform integrated with TG analysis was
constructed. A series of experiments were conducted to investigate the
influence of several critical parameters on the gasification process,
including pyrolysis temperature, biomass type, reactant gas flow rate,
catalyst type, and radiative power. The objective is to analyze how these
factors influence gasification performance, optimize operating condi-
tions, and enhance both gasification efficiency and the energy quality of
the products. Specifically, the research focuses on: (1) Measuring
biomass particle radiative properties to identify the optimal stage for
solar radiation absorption and assess the benefits of using biomass PC in
gasification, providing design insights for solar-driven systems. (2)
Conducting gasification experiments to explore the effects of key factors
on performance, which will inform biomass and catalyst selection and
optimize operating conditions. (3) Using isothermal kinetic analysis
based on the Random Pore Model (RPM) model to determine reaction
kinetics, including rate constants, activation energy, and pre-
exponential factors, thereby verifying non-thermal effects and
enhancing understanding of the process. This study provides both
experimental data and theoretical insights for optimizing solar-driven
biomass gasification technology.

2. Experiments and methods
2.1. Solar-driven gasification experimental platform

In this study, a solar-driven biomass PC gasification-TG experimental
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Fig. 1. A carbon-neutral solar-driven biomass PC gasification system
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platform was independently constructed, as shown in Fig. 2. The system
consisted of a simulated solar light source, a biomass gasification
reactor, a thermogravimetric analyzer, and an online flue gas analyzer.
The simulated light source was a single xenon lamp with adjustable
power (3.2-5.2 kW), used to simulate high-intensity concentrated solar
radiation. The spectrum of the light source is shown in Supplementary
Material, Fig. S-4. The gasification reactor was based on a T-shaped
quartz tube equipped with a convex quartz window and a gas curtain to
prevent tar deposition on the window. During experiments, the biomass
sample was placed in a circular alumina crucible, which was connected
to a high-precision TG analyzer via an alumina rod for real-time mass
measurement. A type-K thermocouple (TC1) was positioned at the
center of the sample upper surface to monitor its temperature precisely,
while three additional type-K thermocouples were placed on both sides
of the quartz tube. The reactant gas (CO2/No = 1) entered the reactor
from the left side and bottom of the T-shaped tube and exited from the
right side. After passing through multiple filters and dryers, the gas was
analyzed by an online flue gas analyzer (supplied by MRU, Germany) to
determine the composition.

2.2. Materials and radiation characteristic measurement

Agricultural and forestry waste is a major source of biomass,
commonly used in biomass gasification and pyrolysis projects [34]. This
study selected three representative biomass materials, namely wheat
straw, bamboo, and rice hull, as experimental feedstocks. After drying,
the raw materials were ground and sieved, with particle samples passing
through a 100-mesh screen selected for subsequent experimental anal-
ysis. Various biomass PC samples were prepared at different pyrolysis
temperature (Tp) using a self-constructed biomass chemical reaction
experimental platform. The proximate and ultimate analysis for these
materials is provided in Table 1.

The thermal radiation characteristics of biomass particles vary across
different stages of the reaction process [35]. These characteristics
significantly influence how the particles absorb and utilize solar energy
[36]. Therefore, it was crucial to measure the thermal radiation prop-
erties of the biomass samples prepared at various pyrolysis tempera-
tures. The sample preparation and reflectance measurement

experimental system were illustrated in Fig. 3. Prior to measurement,
the samples were compressed into 1 mm thick sheets. The reflectance of
bamboo samples at various reaction stages was measured across the
0.3-2.5 pm wavelength range using an ultraviolet-visible spectrometer
(AvaSpec-

(AvaSpec-2048XL) and a near-infrared spectrometer
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NIR256-2.5-HSC-EV0), both supplied by Avantes, Netherlands [37].
Assuming that the transmittance of the samples is zero (the validation
experiment and analysis of this assumption are provided in Supple-
mentary Material, Fig. S-2), the total solar radiation absorptance of the
samples was determined by integrating the spectral hemispherical
absorptance over the 0.3-2.5 pm range [38], and was calculated using
Eq. (1) as follows:

o= 02;:;'[ (1 - RA)Ssolar‘AMl.S (l)d/1

2.5um
0.3um Ssolar.am15 (4)dA

@

where, a represents the total absorptance, R, is the spectral hemi-
spherical reflectance at wavelength A, and Sg.15:(4) is the spectral solar
radiative power (AM1.5).

2.3. Performance indicators

Two indicators are used to quantitatively analyze the performance of
solar-driven PC gasification, including the carbon conversion ratio and
energy upgrade factor. To ensure consistency with related studies and
facilitate comparative analysis [23,39], the average carbon conversion
ratio is defined as the ratio of the increment of carbon in the product gas
to the total carbon content in the raw material [26], and is calculated
using Eq. (2) as follows:

- Jncodt + [Tico,dt + [rigu,dt — [nco,, dt

X = (2)
Npc

where rico, fico, and ricy, represent the molar flow rates of CO, CO2, and
CH, at the outlet, respectively. rico,,, denotes the molar flow rate of CO,
at the inlet, and npc refers to the total molar amount of carbon in the
biomass PC sample within the crucible.

The energy upgrade factor is an important index for evaluating the
performance of solar gasification [15]. This study primarily focuses on
the energy processes of solar-driven gasification, with a brief energy
analysis of the entire system provided in Supplementary Material, Fig. S-
10. It is defined as the ratio of the lower heating value of the product gas
to that of the gasification feedstock (in this study, biomass PC prepared
from under various pyrolysis temperatures) [39], and is calculated using
Eq. (3) as follows:
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Fig. 2. Schematic diagram of the solar-driven biomass PC gasification-TG experimental platform
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Table 1

Proximate analysis and ultimate analysis results of biomass samples".
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Material Proximate analysis Ultimate analysis
M% A% V% FC% QG/9 C% H% N% S$% 0%

Raw bamboo (Tp = 30 °C) 9.08 0.84 75.41 14.67 17,393 44.36 5.21 0.35 0.58 39.58
Raw rice hull (T = 30 °C) 9.27 14.12 61.18 15.43 15,356 38.14 4.43 0.41 0.26 33.37
Raw wheat straw (Tp = 30 °C) 9.93 29.4 48.9 11.73 12,262 30.01 3.53 0.87 0.14 26.12
Bamboo PC (Tp = 600 °C) 5.37 4.14 11.8 78.69 30,631 86.24 2.45 0.51 0.49 0.8
Bamboo PC (Tp = 400 °C) 3.31 3.77 26.3 66.62 27,905 68.62 3.62 0.46 0.27 19.95
Bamboo PC (Tp = 800 °C) 2.68 5.33 4.58 87.41 30,049 89.43 0.8 0.71 0.36 0.69
Rice hull PC (Tp = 600 °C) 3.67 40.44 5.5 50.39 19,049 53.17 1.48 0.44 0.13 0.67
Wheat straw PC (Tp = 600 °C) 2.94 64.3 4.22 28.54 10,756 30.42 1.08 0.78 0.14 0.34

4 M-Moisture, Ag,—Ash, V-Volatiles, FC-Fixed carbon, Q,~Heating quantity of bomb cylinder, C-Carbon, H-Hydrogen, N-Nitrogen, O-Oxygen, S—Sulfur.
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Fig. 3. Schematic diagram of the sample preparation and spectral reflectance measurement experimental system

where ri, represents the molar flow rate of the product gas, LHVp is the
lower heating value of the product gas, mpc refers to the total mass of
biomass PC placed in the crucible, and LHVp( is the lower heating value
of the biomass PC.

2.4. Kinetic models

In this study, a typical isothermal kinetic analysis method was
employed to investigate the solar biomass PC gasification process. The
Random Pore Model (RPM) accounts for the overlapping effects of pores,
the growth of pores during the initial stage of gasification, and the
destruction of pores caused by the coalescence of adjacent pores [40].
Therefore, it can predict the maximum reactivity during the reaction
process. Compared to the volume and shrinking core models, the RPM is
more suitable for biomass PC gasification reactions [41]. In this work,
the RPM was used for the kinetic analysis of solar biomass PC gasifica-
tion, and the reaction rate expression was given as follows:

dx
T kepm(1 —X)v/1 — yin(1 - X) €]
X = (mo —m,) 5)

(mO - moo)

kepyr = Age /KT (6)
where, X represents the sample gasification conversion rate, calculated
using Eq. (5). krpym is the apparent gasification reaction rate constant,
which is temperature-dependent and determined using the Arrhenius
equation (Eq. (6)). mo denotes the initial mass of the sample at the start
of gasification, while m; represents the sample mass at time t. m,, refers
to the mass of ash remaining in the PC after complete reaction. The
parameter y is used to represent the pore structure of the unreacted
sample. Its measurement and determination are provided in Supple-
mentary Material, Tables S-1 and S-2 [42]. Ap. E and R are the pre-
exponential factor, activation energy, and universal gas constant,
respectively.

In the actual calculation, Eq. (4) needs to be linearized, as follows:

/)| - yin(1 = X)) = 1] = keeut %)

The experimental data obtained from the isothermal thermogravi-
metric analysis were used to calculate the apparent gasification reaction
rate constant kgpy. Subsequently, the activation energy E and pre-
exponential factor Ay were determined using the Arrhenius plot
(Inkgpy vs 1/T), based on Eq. (6).



J. Yu et al.

3. Results and discussion
3.1. Effect of pyrolysis temperature

3.1.1. Biomass PC radiation characteristic

A schematic diagram of the solar radiation absorption process by
biomass particles is provided in Supplementary Material Fig. S-1. During
solar-driven biomass gasification, solar radiation directly irradiates the
particle ensemble, where absorption, reflection, and transmission occur.
A higher total absorptance of the particle ensemble indicates a greater
proportion of solar radiation being absorbed and utilized, thereby
reducing both reflection and transmission losses. Fig. 4 presented the
reflectance measurement results of bamboo PC at various pyrolysis
temperatures (Tp = 30-800 °C). The results indicated that as Tp
increased, the reflectance of the bamboo sample decreases continuously,
particularly between 30 °C (raw biomass) and 500 °C (biomass PC),
where the decline was most significant. This behavior was attributed to
the biomass pyrolysis process primarily occurring between 200 °C and
500 °C [43], coupled with the high volatile content of bamboo PC, which
led to the rapid removal of volatiles as Tp increased. This resulted in a
shift of the sample's main composition to char, significantly enhancing
its absorption properties. As Tp increased from 30 °C to 600 °C, the total
absorptance of the bamboo increased sharply from 0.33 to 0.91. How-
ever, between Tp = 600 °C and 800 °C, the total absorptance remained
nearly constant. Therefore, the removal of volatiles contributed to
improving the sample absorption characteristics and helped address the
issue of tar contamination during the volatile removal process [30].
Furthermore, biomass PC offered advantages such as high energy den-
sity, excellent absorption characteristics, and small particle size [44],
which enhanced heat transfer between particles. Thus, PC with Tp of
600 °C was a suitable choice for solar-driven biomass gasification, and
was used in subsequent experiments.

3.1.2. Biomass PC gasification performance

In solar-driven biomass PC gasification, the preparation temperature
of PC samples and the size of the focal spot significantly affected the
gasification process. In the experiments, two focal spot sizes (C1:D = 21
mm, C2:D = 26 mm) and three preparation temperatures (Tp = 400 °C,
600 °C, and 800 °C) were selected to investigate the effects of Tp and
focal spot sizes on gasification performance. The experimental condi-
tions were provided in Supplementary Material Table S-3.

Fig. 5 illustrated the CO, Hy, and CH4 generation rates and total gas
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yield during the gasification of bamboo PC under different Tp and focal
spot sizes. It was evident that as Tp increased, the CO generation rate
significantly increased. Specifically, at Tp = 800 °C, the CO generation
rate exceeded 3290 pmol/min, which is significantly higher than the
rate at Tp = 400 °C, but only slightly greater than at Tp = 600 °C. This
indicated that higher Tp enhanced the biomass PC absorption charac-
teristics, thus promoting CO generation. At Tp = 600 °C, the total CO
yield reached 123.3 mmol/g, which was much higher than the 93.2
mmol/g at Tp = 400 °C, and slightly higher than the 120.4 mmol/g at Tp
= 800 °C. This showed that CO yield first increased and then decreased
as the Tp rose. This trend was attributed to the reduction in volatile
matter, which increased the proportion of fixed carbon, while the in-
crease in ash content at higher temperatures caused a decrease in the
total CO yield at Tp = 800 °C. In contrast, the generation rates of Hy and
CH4 decreased with increasing Tp, and their total gas yields significantly
declined. This was because CH4 and Hjy mainly originated from the
volatile matter and moisture in the PC, and higher Tp led to a substantial
reduction in both, thereby inhibiting their generation. Regarding the
different focal spot sizes, under the same sample mass, the larger focal
spot (D = 26 mm) resulted in faster reaction rates, with higher maximum
reaction rates for CO and Hj. The reaction rate was positively correlated
with the reaction area. However, the total gas yield at D = 26 mm was
lower, as the larger focal spot weakened the radiation intensity at the
sample edges, thereby reducing the overall carbon conversion ratio.
Overall, selecting an appropriate Tp, and focal spot size can effectively
enhanced product gas generation during the gasification process.

Fig. 6 showed the relative weight variation and the calculated krpym
of bamboo PC at different Tp and focal spot sizes. At Tp = 800 °C, the
krpy Was 8.53 x 1074571, significantly higher than the 5.44 x 1074571
at Tp = 400 °C, and only slightly greater than the 7.76 x 10™*s ! at Tp
= 600 °C. This suggested that higher Tp accelerated the gasification
reaction. The higher Tp enhanced the thermal radiation absorption
properties of bamboo PC, thereby increasing the reaction rate. As dis-
cussed, Tp played a crucial role in the gasification process. A higher
preparation temperature (Tp = 600 °C) not only increased the reaction
rate but also improved the generation rates of CO and Hy, boosted total
gas yield, and enhanced energy conversion and carbon utilization effi-
ciency. Additionally, focal spot size impacted the gasification process. A
larger focal spot size increased the reaction area, leading to more effi-
cient gasification.

Fig. 7 showed the energy upgrade factor, carbon conversion ratio,
and Hy/CO ratio under different Tp and focal spot sizes. As Tp increased,
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both the energy upgrade factor and carbon conversion ratio first
increased and then decreased. At Tp = 600 °C, the energy upgrade factor
reached 1.16, and the carbon conversion ratio was 85.8 %, which was
higher than the values at Tp = 400 °C (1.01 and 83.0 %) and Tp = 800 °C
(1.15 and 80.8 %). This indicates that a suitable Tp enhanced the gasi-
fication performance, improving energy conversion and carbon utiliza-
tion efficiency. Regarding the focal spot size, the energy upgrade factor
and carbon conversion ratio were highest at D = 21 mm, with values of
1.23 and 90.9 %, respectively, which were higher than those at D = 26

mm. This suggests that a larger focal spot reduces overall gasification
performance. The Hy/CO ratio decreased with Tp increasing. Specif-
ically, the ratio dropped from 4.02 % at 400 °C to 1.32 % at 800 °C,
primarily due to the reduction of volatile components in the sample. The
Hj/CO ratio showed minimal variation under different focal spot sizes,
indicating that the focal spot size had little effect on the Hy/CO ratio.
Overall, for solar-driven biomass PC gasification, higher Tp and an
appropriate reaction area were recommended to significantly enhance
the solar gasification performance of biomass PC.
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3.2. Effect of biomass type on gasification performance

The generation rates of CO and H; during the gasification process are
closely related to the biomass carbon content, volatile components, and
microstructure [25]. Fig. 8 showed the variation in the primary products
(CO, Hy, and CHy) during the gasification of three biomass PCs (bamboo,
rice hull and wheat straw), with experimental conditions provided in
Supplementary Material Table S-4. As shown, there were significant
differences in both the product generation rates and total gas yields
among the three biomass PCs. Bamboo PC demonstrated the highest
reactivity, with a peak CO generation rate of 1663 pmol/min,
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substantially exceeding those of rice husk (189 pmol/min) and wheat
straw (166 pmol/min). Similarly, bamboo PC also exhibited superior Hy
production. The total gas yield from bamboo was significantly higher
than that from rice hull and wheat straw, especially for CO. The total CO
yield from bamboo PC was 130.7 mmol/g, while those from rice hull and
wheat straw were 19.7 mmol/g and 10.9 mmol/g, respectively, indi-
cating a large disparity. In general, the CO content in the product gas
was high for all three biomass PCs, with values of 97.85 %, 98.90 %, and
99.85 %, respectively. In contrast, both the generation rates and total
yields of CH4 were relatively low, confirming that CO and Hy were the
primary products of the gasification process. An analysis of biomass
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Fig. 8. Effect of biomass types on the product gas generation during solar-driven bamboo PC gasification: (a) CO, (b) Ha, (c) CHy, (d) total gas yield.
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composition revealed that bamboo PC contained 86.24 % carbon and
only 4.14 % ash, enhancing its effectiveness in promoting the Bou-
douard reaction and thereby increasing CO output. Additionally, its
higher volatile and moisture contents further contributed to elevated
hydrogen production.

Fig. 9 presented the relative weight variation and krpy for PCs
derived from three different biomass types. Fig. 9 (a) showed that the
relative weight of bamboo PC decreased rapidly during gasification
process, followed by rice hull and wheat straw. The RPM model, due to
its consideration of changes in pore structure, effectively fits the gasi-
fication experimental data [41]. Fig. 9(b) showed that the kgpy value for
bamboo PC was 4.24 x 10~* s71, significantly higher than that of rice
hull (1.50 x 10~* s™1) and wheat straw (8.26 x 10~* s’l), indicating
that bamboo underwent a faster gasification reaction. The variation in
krpm values reflected the differences in gasification rates, and the higher
value for bamboo PC further confirmed its superior reactivity. Fig. 10
displayed the SEM images of the microstructures of PCs derived from the
three biomass types. As shown, bamboo PC, due to its lower ash content,
underwent more complete fiber disintegration during volatile matter
removal, resulting in finer carbon particles that promoted gasification.
In contrast, rice hull and wheat straw samples exhibited large crystalline
silica particles, formed by the encapsulation of carbon with a silica layer
[45]1, which significantly hindered the gasification process.

Fig. 11 illustrated the energy upgrade factor, carbon conversion
ratio, and Hy/CO ratio of PCs derived from three different types of
biomasses. The results showed that the energy upgrade factor of bamboo
PC reached 1.23, while those of rice hull and wheat straw PCs were 0.34
and 0.33, respectively. This indicates that bamboo PC was highly
effective in converting solar energy and storing it for utilization during
solar gasification. In terms of carbon conversion, bamboo achieved a
rate of 90.9 %, significantly higher than that of rice husk (25.5 %) and
wheat straw (24.8 %). This difference can be attributed to the much
higher ash content in rice husk and wheat straw compared with bamboo
char, as excessive ash hinders the gasification reaction [46]. According
to the compositional analysis of the three types of biomass ash presented
in Table 2, the ash of rice husk and wheat straw is predominantly
composed of silica, which severely obstructs mass and heat transfer
between CO: and the biomass char. In contrast, the ash of bamboo
contains high proportions of catalytically active elements such as po-
tassium, magnesium, and sodium, which promote the gasification re-
action. These findings suggest that bamboo PC not only enabled efficient
energy conversion but also facilitated more complete carbon
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transformation, thereby enhancing both gas yield and overall gasifica-
tion performance. This further underscored the superiority of bamboo
PC as a feedstock for solar-driven gasification. Overall, due to its high
carbon content and low ash content, bamboo PC exhibits significantly
better gasification performance than rice hull and wheat straw, as re-
flected in its higher energy upgrade factor and carbon conversion ratio.
Therefore, biomass PCs with high carbon and low ash content are more
suitable for solar gasification, leading to the production of higher-
quality gaseous products.

3.3. Effect of reactant gas flow on gasification performance

In solar-driven gasification of biomass PC, the flow rate of the re-
action gas played a critical role in determining the yield of gaseous
products [25]. In this study, the input gas mixture had a N»:CO ratio of
1:1, and the effect of five different reactant gas flow rates (Qspm =
0.1-0.5 L/min) on gasification performance was investigated. The
experimental conditions were detailed in Supplementary Material
Table S-5. Fig. 12 illustrated the generation rates and total yields of CO,
Hp, and CH4 during the gasification of bamboo PC under different Qgjpm.
As the Qgpm increased to 0.4 L/min, the peak generation rates of CO and
H; increased significantly. At 0.1 L/min, the peak rate of CO was 1075
pmol/min, which increased to 2323 pmol/min at 0.4 L/min, more than
double the former, and slightly decreased to 1962 pmol/min at 0.5 L/
min. This suggested that higher Qsjpm promoted the forward progression
of Boudouard reactions, enhancing the gasification reaction rate, while
excessively high Qspm may have inhibited the reaction.

In contrast, the Hy generation rate decreased sharply at higher Qsjpm,
particularly at Qgpm = 0.5 L/min, where it dropped to 46 pmol/min, less
than half the rate at 0.1 L/min (112 pmol/min). The total yields of CO
and CH4 both increased significantly with increasing Qsipm. At Qsipm =
0.5 L/min, the total CO yield reached 131.4 mmol/g, more than twice
the 65.1 mmol/g observed at Qspm = 0.1 L/min. This indicated that
higher Qqpm accelerated the gasification reaction and promoted the
formation of CO and CH4. However, the total yield of Hy declined as
Qqpm increased, with a maximum of 3187.2 pmol/g at 0.1 L/min,
dropping to 1882.1 pmol/g at 0.5 L/min. Overall, increasing Qsipm
significantly enhanced the generation of CO and CH4 but inhibited the
production of Ha.

Fig. 13 illustrated the relative weight variation and kgrpy of bamboo
PC under varying Qspm. As the Qgpn, increased, the relative weight of the
bamboo PC decreased at an accelerated rate, with the most rapid weight
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Fig. 9. Apparent gasification reaction rate constants of PCs derived from three different biomass types, calculated using the RPM model: (a) relative weight loss over

time; (b) fitting results of kgrpy.
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Fig. 10. SEM images comparing the microstructures of PCs derived from different biomass types. (a) Bamboo PC (T» = 600 °C), (b) Rice hull PC (Tp = 600 °C), (c)

Wheat straw PC (Tp = 600 °C).
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Fig. 11. Effect of biomass types on the performance of solar-driven gasification of bamboo PC: (a) carbon conversion ratio, (b) energy upgrade factor, and Hy/

CO ratio.
Table 2
Measured ash composition of three types of biomass
SiOy Al,03 Fe,03 CaO MgO K20 NaO
Bamboo ash 15.08 1.23 0.82 5.74 6.71 35.79 1.05
Wheat straw ash 87.96 1.57 1.76 0.44 2.32 2.19 0.59
Rice hull ash 92.05 0.5 0 0.15 1.27 3.27 1.61

loss observed at Qsipm = 0.4 L/min. As shown in Fig. 13b, the correlation
coefficients (R) across different Qsjpm conditions ranged from 0.977 to
0.998, indicating that the RPM is well-suited for describing solar-driven
gasification of biomass PC. The kgpy value increased with Qgpr, initially,
reaching a peak of 5.85 x 10 s~ at 0.4 L/min, which was significantly
higher than the 1.97 x 10™* s™! observed at 0.1 L/min. This trend
suggested that moderate increases in Qg enhanced the gasification
reaction, while excessively high flow rates have inhibited it.

Fig. 14 showed the impact of Qspm on the performance of solar-
driven gasification of bamboo PC. As Qgpm increased, both the energy
upgrade factor and carbon conversion ratio improved markedly. At 0.1
L/min, the energy upgrade factor was only 0.63, and the carbon con-
version ratio was 45.3 %. When Qg Was increased to 0.2 L/min, the
energy upgrade factor increased sharply to 1.22, and the carbon con-
version ratio reached 90.1 %. Further increasing Qspm to 0.5 L/min
resulted in only marginal improvements, with values reaching 1.23 and
91.5 %, respectively. These results indicate that a moderate increase in
Qspm enhanced gasification efficiency by promoting higher energy
conversion and carbon utilization, while excessively high flow rates
offered limited additional benefit.

As shown in Fig. 14b, the Hy/CO ratio decreased with increasing
Qsipm- At 0.1 L/min, the ratio was 4.89 %, dropping to 1.43 % at 0.5 L/

min. This result suggests that at higher Qgpm, the increased CO, con-
centration in the reaction zone promotes CO formation while sup-
pressing Hy production, thereby reducing the Hy/CO ratio. The molar
concentrations of CO2 and CO are shown in Supplementary Material
Fig. S-9. The higher CO5 flow enhances its molar concentration, which
drives the reverse water gas shift reaction (CO, + Hy — CO + H30).
Consequently, Hy production decreases while CO generation increases,
ultimately leading to a lower H,/CO ratio. Overall, higher Qgpm accel-
erated the gasification reaction rate, boosted CO and CH4 production
rates, and improved the total gas yield, energy upgrade factor, and
carbon conversion ratio. However, high Qqpn also inhibited Hy pro-
duction and can led to greater sensible heat losses, which reduced both
the reaction rate and the proportion of combustible gases in the output,
ultimately hindering the overall efficiency of solar-driven biomass PC
gasification.

3.4. Effect of catalysts on the gasification performance

K5CO3 [47], NapCO3 [48], and CaCO3 [49] are commonly used cat-
alysts in conventional biomass gasification and have strong catalytic
effects on the gasification reaction. However, their performance under
solar-driven gasification conditions remains insufficiently explored. In
this study, bamboo PC samples (Tp = 600 °C) contained a relatively low
ash content (4.14 %), which helped minimize the influence of inherent
catalysts on the experimental investigation. Therefore, the bamboo PC
was mixed with each of the three catalysts at a 10:1 ratio for experi-
mental evaluation, as detailed in Supplementary Material Table S-6.
Fig. 15 showed the generation rates and total yields of the main gaseous
products (CO, Hy, and CHy) during the solar-driven gasification of four
blended samples: Bamboo-None, Bamboo-K;COs, Bamboo-NaCOs, and
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over time; (b) fitting results of krpy

Bamboo-CaCOs. The results showed that catalyst addition significantly
influenced the generation rates and total yields of gas products. The

peak CO generation rates for Bamboo-K;COs

and Bamboo-NayCOs3

reached 2568.8 pmol/min and 1859.4 pmol/min, respectively, which
was an increase of 54.5 % and 11.8 % compared to the Bamboo-None
sample. This indicated that K;CO3 most effectively promoted the Bou-
douard reaction under solar-driven conditions, thereby enhancing CO

production.
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Additionally, the samples with K;CO3 and NayCO3 showed better Hy
production, particularly during the early stages of gasification. The total
gas yield from the Bamboo-K>CO3 and Bamboo-Nay;CO3 were also sub-
stantially higher than those of Bamboo-None, with total CO yields of
142.5 mmol/g and 138.0 mmol/g, and total H; yields of 3385.8 pmol/g
and 3074.4 umol/g, respectively. In contrast, the Bamboo-CaCO3 sample
inhibited the overall gasification process, producing only 127.4 mmol/g
of CO and 2195.1 pmol/g of Hy. The CH4 generation rate is relatively

10
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low and showed little variation among the four samples, indicating that
CH4 was not a primary product during the gasification process. Overall,
for solar-driven biomass gasification, KoCO3 proved to be the most
effective catalyst, significantly lowering the activation energy of the
Boudouard reaction, and greatly enhancing the CO and Hy production.
In contrast, CaCOs3 exhibited no catalytic effect and even inhibited the
solar-driven gasification of bamboo PC.

Fig. 16 presented the relative weight variation and kgpy of four
blended samples during the gasification process. The Bamboo-K;CO3
exhibited the fastest mass loss, followed by the Bamboo-NayCOs, both

11

exceeding that of Bamboo-None. In contrast, Bamboo-CaCOj3 exhibited
the slowest mass loss. Fig. 16(b) further showed the kgpy of the four
blended samples, calculated using the RPM model. The kgrpy value for
the Bamboo-K,CO3 was 8.27 x 10~*s7!, significantly higher than those
of the other samples, indicating the fastest gasification reaction rate. The
krpym values for the Bamboo-Nay;CO3 and Bamboo-None samples were
4.90 x 10°*s ! and 4.24 x 107*s7}, respectively, while the Bamboo-
CaCOs sample had the lowest kgpy value of only 3.78 x 10~ s™. These
results suggested that KoCO3 and NayCOj effectively enhanced the
gasification reaction kinetics by lowering the activation energy, thereby
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significantly accelerating the reaction rate, and improving overall
gasification performance.

Fig. 17 illustrated the impact of different catalysts on the perfor-
mance of solar-driven biomass PC gasification. Among the four samples,
the Bamboo-KyCO3 sample exhibited the highest energy upgrade factor
of 1.34 and a carbon conversion ratio of 99.1 %, significantly out-
performing the other three samples. The energy upgrade factors for the
Bamboo-NapCO3 and Bamboo-CaCO3 samples were 1.34 and 1.19, with
corresponding carbon conversion ratios of 96.0 % and 88.7 %, respec-
tively. These results indicated that Ky;COs not only significantly
enhanced the gasification reaction rate but also effectively promoted
solar energy conversion and efficient carbon utilization. NapCO3 also
demonstrated good catalytic effects, improving gas yield to some extent.
In contrast, CaCO3 showed inhibitory effects on both the energy upgrade
factor and carbon conversion ratio, making it less suitable as a catalyst.
Notably, the addition of K;COs3 increased the Hy/CO ratio from 2.18 % to
2.38 %, indicating that KoCO3 promoted hydrogen production. Overall,
KoCO3 demonstrated the most superior gasification performance.
Additionally, the potassium carbonate catalyst is extremely cost-
effective, with a recovery rate exceeding 90 % [13], making it an
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ideal catalyst for solar-driven biomass PC gasification.

3.5. Effect of radiative power on gasification performance

Solar energy is inherently intermittent and variable [50], leading to
fluctuations in radiative power during actual operations. Consequently,
it was essential to experimentally investigate the impact of radiative
power on solar-driven biomass PC gasification. Measurements of radi-
ative power at different electrical power inputs (Pg) were provided in the
Supplementary Material (Fig. S-3 and Fig. S-5), with experimental pa-
rameters detailed in Table S-7. In this study, when Pg was 3.2 kW, the
radiative power was 154.3 W; at Pg = 5.2 kW, it reached a maximum of
314.2 W, with a quartz window transmittance of 95.8 %. Fig. 18 showed
the generation rates and total yields of CO, Hp, and CH4 during the
bamboo PC gasification process at various Pg levels (3.2-5.2 kW). As
shown, increasing Pg significantly enhanced the generation rates of CO,
Hpy, and CHg. Specifically, at Pz = 5.2 kW, the CO generation rate peaked
at 3520 pmol/min, with a total CO yield of 143.8 mmol/g, compared to
1663 pmol/min and 130.7 mmol/g at PE = 3.2 kW. This indicates that
increasing Pg significantly enhanced the gasification reaction rate and
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Fig. 17. Effect of different catalysts on the performance of solar-driven gasification of bamboo PC: (a) carbon conversion ratio, (b) energy upgrade factor, and Hy/
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gas yield. For Hy, the generation rate gradually increased with rising Pg,
reaching 618 pmol/min at Pg = 5.2 kW, clearly higher than the 64 pmol/
min at Pg = 3.2 kW. In contrast, the CH4 generation rate remained
consistently low with minimal variation, suggesting that CH4 was not a
primary product. Overall, as Pg increased from 3.2 kW to 5.2 kW, the
radiative power increase caused the average reaction temperature (Tg)
to rise from 1170 K to 1299 K, thereby promoting the gasification
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reaction. Therefore, increasing radiative power significantly enhanced
the generation of CO and Hj and thus boosting the efficiency of solar-
driven biomass PC gasification.

Fig. 19 presented the relative weight variation and kgpy of bamboo
PC under different Pg conditions. As shown in the Fig. 19(a), the relative
weight loss of the samples increased more rapidly with higher Pg, which
was attributed to the rise in reaction temperature, thereby accelerating
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Fig. 19. Apparent gasification reaction rate constants of bamboo PC under different P, calculated using the RPM model: (a) relative weight loss over time; (b) fitting

results of kgpy.
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the reaction rate. During the transition from Pg = 3.2 kW to 4.0 kW, the
krpm of the bamboo PC sample increased rapidly from 4.24 x 107*s ' to
8.97 x 10~* s~L. However, when Py was further raised to 5.2 kW, the
rate of increase slowed, with kgpy reaching 1.20 x 1073 sfl, indicating a
diminishing return in reaction rate acceleration. Fig. 20 displayed the
Arrhenius plot of kgpy versus 1/Tr for bamboo PC under different Pg
conditions. A linear fit yielded the activation energy (E) and pre-
exponential factor (Ag), with a correlation coefficient (R) of 0.961.
The calculated values of E and Ay were 96.00 kJ/mol and 9.399 s’l,
respectively. Furthermore, thermogravimetric experiments of conven-
tional gasification for bamboo char were conducted, and the kinetic
parameters were obtained using a non-isothermal analysis method,
yielding an activation energy of 332.2 kJ/mol. The detailed experi-
mental results and calculation procedures are provided in the Supple-
mentary Material. Compared with the conventional case, the activation
energy for direct radiative gasification decreased by 236.2 kJ/mol,
confirming the existence of a non-thermal effect in solar-driven gasifi-
cation. This finding suggests a relatively low energy barrier for the solar-
driven gasification of bamboo char, where increasing radiative power
effectively promotes the reaction.

Fig. 21 illustrated the influence of radiative power on the solar-
driven gasification performance of bamboo PC. Both the energy up-
grade factor and carbon conversion ratio increased substantially as Pg
rose. Specifically, when Pg increased from 3.2 kW to 4.4 kW, the energy
upgrade factor increased from 1.23 to 1.40, while the carbon conversion
ratio improved from 90.9 % to 99.8 %. Beyond 4.4 kW, further increases
in Pg yielded only marginal improvements in both indicators. This trend
suggested a strong correlation between energy upgrade factor and car-
bon conversion ratio, and implied that while higher radiative power
enhanced energy efficiency and carbon utilization, the energy upgrade
factor plateaued as carbon conversion approached 100 %.

Additionally, the Hy/CO ratio increased markedly from 2.18 % to
7.05 % as Pg rose from 3.2 kW to 5.2 kW, indicating that elevated
radiative power significantly promoted Hy production and improved
product gas quality. This effect is not solely attributed to thermal phe-
nomena but also involves non-thermal contributions. For example, Zhao
et al. [28] reported that under high radiation intensity, graphite carbon
exhibits self-catalytic activity that promotes the pyrolysis of biomass
carbon, leading to the formation of highly active carbon-chain struc-
tures. Such non-thermal effects enhance Hy generation while suppress-
ing CO production, thereby increasing the H,/CO ratio, which is
consistent with the findings of this study. Overall, the increasing radi-
ative power had a substantial impact on the solar-driven gasification
performance of bamboo PC. It enhanced the generation rates and total
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Fig. 20. Arrhenius plots for the RPM models of Bamboo PC.
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yields of CO and Hy, raised the energy upgrade factor and carbon con-
version ratio, and optimized energy conversion efficiency. The calcu-
lated values of kgpy;, E and Ag confirmed that bamboo PC possessed a
low energy barrier for solar-driven gasification. Therefore, increasing
radiative power significantly accelerated the gasification reaction rate
and improved overall system efficiency. These findings offered an
experimental foundation for optimizing radiative power configuration
and reaction conditions in solar-driven gasification systems.

4. Conclusion

This study measured the radiative characteristics of different
biomass PC samples and conducted a series of experimental in-
vestigations using a self-constructed solar-driven biomass gasification-
TG experimental platform. The study primarily focused on the effects
of Tp, biomass type, Qspm, different catalysts, and radiative power on
gasification performance, providing an in-depth analysis of the dynamic
reaction process and energy conversion in solar-driven biomass PC
gasification. Furthermore, kinetic analysis of bamboo PC was performed
based on the RPM model, revealing the E and Ay factor for the solar-
driven gasification of bamboo PC. The main conclusions were as follows:

(1) Volatile removal significantly enhanced the sample absorption
characteristics. As the Tp increased to 600 °C, the total absorp-
tance of bamboo PC increased rapidly from 0.33 to 0.91. This
suggests that, compared to the original biomass, the biomass PC
exhibits a significant advantage in absorbing solar radiation. An
optimal Tp improved the energy upgrade factor and energy effi-
ciency of solar-driven biomass PC gasification. At Tp = 600 °C,
the energy upgrade factor and carbon conversion ratio were 0.16
and 2.8 % higher, respectively, compared to samples with Tp =
400 °C.

Biomass with high carbon content and low ash content was more
suitable for solar-driven biomass PC gasification. The analysis of
ash composition reveals that the silica content in the ash signif-
icantly inhibits heat and mass transfer during the gasification
process, thereby reducing the overall gasification performance.
The CO yield of bamboo PC, with an ash content of only 4.14 %,
was 111.0 mmol/g and 119.8 mmol/g higher than that of wheat
(ash = 64.3 %) and rice husk (ash = 40.44 %) samples, respec-
tively. The energy upgrade factor was 0.93 and 0.94 higher, and
the carbon conversion ratio was 65.4 % and 66.1 % higher,
respectively.

Increasing the Qspm enhanced gas generation rate. As Qspm
increased from 0.1 L/min to 0.4 L/min, the peak CO generation
rate rose from 1075 pmol/min to 2323 pmol/min. The energy
upgrade factor increased by 0.6, and the carbon conversion ratio
improved by 46 %. Increasing Qspm elevated the CO2 concen-
tration in the reaction zone and reduced the CO concentration,
thereby accelerating the Boudouard reaction and optimizing en-
ergy conversion and carbon utilization efficiency. However, this
also inhibited the water-gas shift reaction, which suppressed Hj
production, while the higher CO5 concentration in the outlet gas
led to increased sensible heat loss and reduced product gas
heating value.

Catalysts KoCO3 and NayCOs significantly enhanced solar-driven
biomass PC gasification. At a 10 % blended ratio, the peak CO
generation rate increased by 54.5 % and 11.8 %, respectively.
The energy upgrade factor improved by 0.11 and 0.07, and the
carbon conversion ratio increased by 8.2 % and 5.1 %. Due to its
excellent catalytic performance, low cost, and ease of recovery,
K2CO3 shows substantial application potential. In contrast,
CaCOg3 acted as a gasification inhibitor.

The activation energy for solar-driven bamboo PC gasification
was significantly lower than that for conventional gasification,
obtained to be 96.00 kJ/mol, and the pre-exponential factor was
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Fig. 21. Effect of P on the performance of solar-driven gasification of bamboo PC: (a) carbon conversion ratio, (b) energy upgrade factor, and H,/CO ratio.

9.399 s~1. This supports the non-thermal effects of directly irra-
diated gasification. Under Pg = 5.2 kW (Tg = 1299 K), the peak
CO and Hy generation rates reached 7040 pmol/(min-g) and
1236 pmol/(min-g), respectively. The total yields of CO and Hj
were 143.8 mmol/g and 10.1 mmol/g, with the highest energy
upgrade factor of 1.41 and an Hy/CO ratio of 7.05 %. These re-
sults confirmed that increasing radiative power significantly
enhanced the energy efficiency and product gas generation of
solar-driven biomass PC gasification.
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