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A B S T R A C T

Solar-driven biomass gasification uses solar radiation to produce syngas, enabling efficient solar energy storage 
and integrated biomass energy conversion. The thermal radiation properties of biomass powders are crucial for 
heat transfer performance, gasification efficiency, and product quality. Therefore, the influence of these prop
erties during the reaction stages requires further investigation. In this study, biomass samples from different 
reaction stages were prepared, and their transmittance characteristics within the solar radiation spectrum (0.4- 
2.5 μm) were experimentally measured. The changes in radiation absorption at various gasification stages were 
analyzed. By combining Kramers-Kronig dispersion relations with Mie theory, the refractive index and extinction 
coefficient of the materials were accurately determined. The effects of wavelength, reaction stage, and ash 
content on the optical parameters of biomass were summarized. Based on experimental data, a 6th-order optical 
constants model for biomass concentrated radiation gasification was developed, with a prediction error as low as 
3.81×10− 5. The radiation case results showed that considering the variation in optical parameters during the 
reaction stages significantly affects radiative heat flux and radiation source term distribution in the reactor. Near 
the wall, the changes in forward heat flux and radiation source term reached 96% and 21.36%, respectively. This 
study reveals the mechanisms by which the reaction stage influences radiation heat transfer in solar-driven 
biomass gasification, establishing a general optical constants model. It provides crucial experimental data and 
a solid theoretical foundation for heat transfer performance and energy balance calculations in solar-driven 
biomass gasification processes.

1. Introduction

Global energy consumption has surged by over 60% in the past 30 
years, with fossil fuels still making up more than 80% of the total [1]. 
This has caused annual carbon emissions to exceed 36 billion tons [2], 
contributing to severe environmental pollution [3]. As a result, the 
development of renewable and negative-carbon energy technologies 
[4], and negative-carbon energy technologies (BECCS) based on the 
synergy of biomass energy and solar energy hold great potential. 
Biomass resources are abundant and vast, with the current global po
tential for biomass energy use exceeding 100 EJ/yr [5]. As a clean, 
renewable, and carbon-neutral resource [6], biomass is gaining more 
attention [7]. Besides, solar energy is a vast and clean energy source, it 
also faces challenges such as intermittency and variability [8].

Solar-driven thermochemical technology is a method that uses solar 
energy to provide the required heat for chemical reactions, enabling 
efficient solar energy conversion. Gasification, a typical endothermic 

reaction, can convert biomass energy into high-quality syngas [9]. For 
example, entrained flow gasification of biomass is considered one of the 
most promising technologies [10]. However, it requires burning a 
portion of the biomass (20-30%) to supply the necessary energy for 
the reaction [11]. Solar-driven biomass gasification enables 
non-combustion gasification of biomass [12], achieving complementary 
coupling of two renewable energy sources and representing an impor
tant low-carbon and sustainable technological route [13].

Solar-driven gasification technology enables the storage of solar 
energy in the form of chemical energy and is an important pathway for 
solar fuel synthesis. It is gaining widespread attention [14]. Direct 
concentrated radiation-driven gasification efficiently utilizes the full 
solar spectrum, offering significant advantages such as low raw material 
combustion losses, high energy conversion efficiency, and high-quality 
product gas [15]. Zhang et al. [16] independently designed and built a 
solar thermochemical reaction system to perform solar radiation-driven 
carbon-containing material gasification experiments, discovering that 
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the energy efficiency of the solar-driven catalytic gasification system 
was 23.8% higher than that of conventional radiation gasification. 
Chuayboon et al. [4] used solar energy to drive steam gasification of 
empty fruit bunch biomass, achieving an energy conversion efficiency of 
over 20%. Xu et al. [17] conducted solar-driven biomass cyclic gasifi
cation experiments using Fe3O4 as an oxygen carrier, with a carbon 
conversion ratio of 0.69 and an energy upgrade factor of 0.71 under 
optimal conditions. Wang et al. [18] designed a direct radiation solar 
gasification reactor, where under the radiation of a 9 kW solar simulator, 
the peak radiation flux reached 4426.3 kW/m2, with H2 accounting for 
47.1% of the syngas and an energy upgrade factor of 1.15. Xin et al. [19] 
proposed a solar-biomass hybrid gasification system, with energy con
version efficiency and carbon efficiency of 73.06% and 66.81%, 
respectively, increasing by 10.45% and 54.25% compared to traditional 
gasification systems. Xu et al. [20] investigated the effect of solar con
centration and reaction conditions on the system energy characteristics, 
finding that at 1000℃, the energy efficiency and exergy efficiency are 
72.86% and 68.82%, respectively. Overall, solar-driven biomass gasifi
cation technology operates at higher reaction temperatures, offering 
higher energy upgrade factors and system energy conversion efficiency 
compared to conventional gasification and other solar thermochemical 
technologies, making it a promising renewable energy synergy 
technology.

The process of biomass particle absorption of solar radiation in solar- 
driven gasification is shown in Fig. 1. In the solar-driven gasification 
process [21], the thermal radiation properties of biomass particles 
directly affect their absorption of solar radiation [22], which in turn has 
a significant impact on the system heat transfer performance, gasifica
tion efficiency, and product quality. Therefore, thermal radiation 
properties are key parameters in numerical simulations for heat transfer 
and energy calculations in solar gasification. Dai et al. [23] conducted a 
numerical study on solar-driven gasification, determining the absorp
tion and scattering coefficients of particles to be 0.9 and 1.1, respec
tively. Bellan et al. [24] performed CFD-DEM studies based on solar 
carbon particle gasification reactions, with the scattering factor set to 
0.9 and emissivity set to 1. Boujjat et al. [25] developed a CFD model for 
a direct solar radiation jet bed biomass gasifier, assuming the particle 
emissivity to be 0.9, and used the weighted-sum-of-gray-gases model to 
calculate the absorption coefficients of the gas. Pozzobon et al. [26] 
modeled biomass gasification under high solar flux, assuming both 
biomass and char to be gray and diffuse materials, with absorptivity set 
to 0.37 and 0.88, respectively, and neglecting gas radiation. Ma et al. 
[27] conducted a detailed numerical simulation of a solar biomass steam 
gasification system, constructing a heat transfer model under a parabolic 
concentrator, but did not consider the impact of reactions on the 

biomass particle radiation properties. Guo et al. [28] simulated steam 
gasification of individual biomass char particles, assuming a constant 
emissivity of 0.75 for the biomass char particles. Liu et al. [29] deter
mined the emissivity of beech char in solar-driven biomass gasification 
simulations to be 0.94. Yu et al. [30] investigated the thermal radiation 
properties of nine raw biomass pellet samples, specifically for solar 
gasification applications. Gerhardter et al. [31] conducted both nu
merical and experimental studies on the heat transfer characteristics of 
non-spherical coal slag particles, assuming a constant emissivity of 0.83 
for the particles. In current studies on the thermal radiation properties of 
char particles during solar-driven gasification, the thermal radiation 
model is typically simplified to gray body absorption, with the absorp
tion, and scattering coefficients treated as constants that do not vary 
with radiation spectra or gasification stages, neglecting the significant 
effect of the gasification process on the particle radiation properties.

During the gasification reaction, the physical and chemical proper
ties of particles change, altering their absorption, scattering, and other 
thermal radiation properties, which directly affects the radiation heat 
transfer and energy calculations in the solar gasification process. Some 
studies have focused on the radiation properties of coal particles in 
combustion processes. Gronarz et al. [32] proposed a method for 
calculating the scattering and absorption characteristics of coal particles 
during gasification based on their burnout state, and studied the effects 
of particle size distribution, incident radiation, and optical constants on 
scattering and absorption characteristics. They selected both constant 
and wavelength-dependent optical constants, but did not consider the 
impact of reactions on optical parameters. Schiemann et al. [33] sum
marized studies on the emissivity of char particles, using Mie theory to 
investigate the relationship between char emissivity and temperature, 
and found that emissivity decreases with increasing temperature. 
Graeser et al. [34] found that in the 1.25-5.5 μm spectral range, the 
emissivity of coal particles decreases from 0.6 to 0.24 as the temperature 
increases from 1952 K to 2582 K. Zhong et al. [35] studied the evolution 
of surface reflectance of willow particles during solar pyrolysis, finding 
that reflectance first reached a minimum of 7.3%, then rebounded to 
15.3%. Research on particle radiation properties has mainly focused on 
coal combustion, with limited attention to biomass gasification. Most 
studies have explored absorption, emission, and scattering characteris
tics, but few have examined how reaction stages affect biomass radiation 
properties. Changes in the physical and chemical properties of biomass 
particles during gasification alter their optical parameters, and assuming 
constant optical parameters in existing models hinders accurate pre
diction of particle radiation heat transfer in solar gasification. Therefore, 
further investigation in this area is critical.

Based on the above background, this paper conducts experimental 

Fig. 1. Schematic of solar-driven biomass gasification.

J. Yu et al.                                                                                                                                                                                                                                       International Journal of Heat and Mass Transfer 253 (2025) 127540 

2 



and theoretical research on the thermal radiation properties of biomass 
particles during solar gasification and develops an optical constant 
model for biomass particles to fill the research gap in this field. The 
innovative work of this paper is mainly reflected in the following as
pects: (1) The transmittance characteristics of three typical biomass 
material samples at different reaction stages were measured; (2) By 
combining the Kramers-Kronig relationship and Mie theory, the refrac
tive index (n) and extinction coefficient (k) of samples at different re
action stages were inverted; (3) Based on the particle gasification 
process, a universal optical constant model for biomass particles was 
developed; (4) Heat transfer case analysis was performed to evaluate the 
effect of reaction stages on radiation heat transfer during biomass 
gasification. This study provides important experimental data and 
theoretical support for the thermal radiation properties of particles in 
solar biomass gasification, contributing to the application of this 
technology.

2. Experiments and method

2.1. Material and pretreatment

Agricultural and forestry waste is the main raw material utilized in 
commercial biomass gasification projects worldwide [36]. In this study, 
three typical biomass materials, namely wheat straw, bamboo, and rice 
hull, are selected as raw materials. The proximate and ultimate analyses 
of these raw materials are presented in Table 1.

A biomass chemical reaction experimental platform is used to pre
pare samples at different reaction stages of biomass gasification, as 
shown in Fig. 2. The semi-coke samples are heated at a constant rate of 
20 K/min until reaching the target temperature, after which they are 
quickly cooled and removed through the sampling device. Samples from 
different gasification stages are prepared by gasifying semi-coke samples 
(600℃) for a certain period of time at 900℃ and then rapidly cooling 
them. Six sets of samples from different reaction stages are prepared in 
this study, as detailed in Table 2. The ash composition of wheat straw 
and rice hull is shown in Table 3.

2.2. Experiments of biomass materials

Before conducting the transmittance measurement, the samples must 
be carefully pretreated, and their density and particle size are measured. 
The particles should be processed to a uniform size of approximately 1 
micron, with the assumption in the inverse calculation that they have 
identical diameters. Detailed procedures and results are provided in the 
Supplementary materials. Based on the experimental system designed to 
measure material transmittance across the ultraviolet-visible-near- 
infrared spectral range (Fig. 3), the transmittance of samples obtained 
at different reaction stages was measured [37]. In this experimental 
system, the tungsten halogen lamp serves as the light source. The 
collimating lens ensures alignment of the light between the receiving 
and emitting ends. The ultraviolet-visible spectrometer (AvaS
pec-2048XL) and the near-infrared spectrometer (AvaS
pec-NIR256-2.5-HSC-EV0) are used to capture transmitted light and 

analyze the spectral properties of the materials. Computer software re
cords the data to measure spectral transmittance characteristics over the 
0.4 to 2.5 μm spectral waveband. A light shield is used to prevent 
external light sources from affecting the transmittance measurement 
results. In this experiment, the samples are prepared using the tableting 
method and placed in a supporting structure, with the detailed trans
mittance measurement procedure described in the Supplementary 
materials.

2.3. Radiative characteristics theory

The optical characteristics of biomass directly affect its ability to 
absorb and utilize solar energy, significantly influencing heat transfer in 
the solar-driven gasification process. Mie scattering theory, based on the 
Maxwell’s equations, is widely used to calculate the radiative charac
teristics of particles. Using the transmittance data, the Kramers-Kronig 
dispersion relation and Mie scattering theory can be combined to 
invert the optical constants of particles. The following sections will 
provide a detailed elaboration of these theories.

2.3.1. Mie theory
The Mie scattering formula describes the far-field solution of Max

well’s equations for an unpolarized plane electromagnetic wave incident 
on a homogeneous spherical particle. When a monochromatic plane 
electromagnetic wave with a wavelength λ interacts with an isotropic 
homogeneous spherical particle, the attenuation, scattering, and ab
sorption of the particle can be expressed by the Mie theory. 

Qext(m, χ) = 2
χ2

∑∞

n=1
(2n+1)Re{an + bn} =

4
χ2 Re{S0} (1) 

Qsca(m, χ) = 2
χ2

∑∞

n=1
(2n+1)

[⃒
⃒an|

2
+
⃒
⃒bn|

2
]

(2) 

Qabs(m, χ) = Qext(m, χ) − Qsca(m, χ) (3) 

Where Re represents the real part of the complex number. The size 
parameter χ is given by χ = πD

λ , where D is the particle diameter and λ is 
the wavelength. S0 is the forward scattering amplitude function, and an 
and bn are the Mie scattering coefficients, calculated using the following 
formula: 

an =
Ψ

ʹ
n(mχ)Ψn(χ) − mΨn(mχ)Ψʹ

n(χ)
Ψʹ

n(mχ)ξn(χ) − mΨn(mχ)ξʹ
n(χ)

(4) 

bn =
mΨ

ʹ
n(mχ)Ψn(χ) − Ψn(mχ)Ψʹ

n(χ)
mΨʹ

n(mχ)ξn(χ) − Ψn(mχ)ξʹ
n(χ)

(5) 

ξn = Ψn − iηn (6) 

Where m=n+ik is the complex refractive index of the particle relative 
to the surrounding medium. Ψn and ηn are the Ricatti-Bessel functions, 
satisfying the following recursive relationship: 

Table 1 
Proximate analysis and ultimate analysis results of biomass feedstocks.

Material Proximate Analysis Ultimate Analysis

M% A% V% FC% QS (j/g) C% H% N% S% O%

Wheat straw 9.93 29.44 48.9 11.73 12262 30.01 3.53 0.87 0.14 26.12
Rice hull 9.27 14.12 61.18 15.43 15356 38.14 4.43 0.41 0.26 33.37
Bamboo 9.08 0.84 75.41 14.67 17393 44.36 5.21 0.35 0.58 39.58
Wheat straw semi-coke (Tp=600℃) 2.94 64.3 4.22 28.54 10756 30.42 1.08 0.78 0.14 0.34
Rice hull semi-coke (Tp=600℃) 3.67 40.44 5.5 50.39 19049 53.17 1.48 0.44 0.13 0.67
Bamboo semi-coke (Tp=600℃) 5.37 4.14 11.8 78.69 30631 86.24 2.45 0.51 0.49 0.8

*M, Moisture; A, Ash; V, Volatiles; FC, Fixed carbon; QS, Heating quantity of bomb cylinder; C, Carbon; H, Hydrogen; N, Nitrogen; O, Oxygen; S, Sulfur.
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Ψn+1(z) =
2n + 1

z
Ψn(z) − Ψn− 1(z) (7) 

ηn+1(z) =
2n + 1

z
ηn(z) − ηn− 1(z) (8) 

Where: Ψ− 1(z) = cosz, Ψ0(z) = sinz, η− 1(z) = − sinz, η0(z) = cosz.
According to Beer’s law, when a beam of parallel light passes 

through a one-dimensional particle system, and the influence of multiple 
scattering is ignored, the spectral transmittance γ corresponding to a 
specific incident wavelength λ can be calculated by the following 
formula: 

γλ = exp
(
− βλsp

)
= exp

[

− sp⋅N0

∫ Dmax

Dmin

π
4
D2P(D)Qext,λ(m, χ)dD

]

(9) 

Where sp is the path length of the particle system. N0 is the total particle 
number. P(D) is the particle size distribution density function. There
fore, when P(D) size parameter χ and other geometric parameters are 
known, the complex refractive index m of the particle is directly related 
to the transmittance of the particle system.

2.3.2. Inversion method for determining optical constants
Since the complex refractive index m consists of both the refractive 

index n and the extinction coefficient k, additional conditions are 
required for its determination. A viable approach for inverting the op
tical constants of a material is to combine the experimentally obtained 
transmittance spectrum with the Kramers-Kronig dispersion relation and 
Mie theory. The Kramers-Kronig relation (Eq. (10) and Eq. (11)) estab
lish a connection between the real part n(λ) and the imaginary part k(λ)
of the causal function through an integral over the entire frequency 

Fig. 2. Experimental platform for biomass thermochemical reaction.

Table 2 
Working conditions of six sets of samples at different reaction stages.

Case Sample Pyrolysis 
temperature Tp/ 
℃

Gasification 
temperature/℃

Gasification 
time/min

1 Wheat straw 30, 300, 400, 
500, 600

— —

2 Rice hull 30, 300, 400, 
500, 600

— —

3 Bamboo 30, 300, 400, 
500, 600

— —

4 Wheat straw 
semi-coke

600 900 10, 20, 
40, 120

5 Rice hull 
semi-coke

600 900 20, 40, 
80, 120

6 Bamboo 
semi-coke

600 900 10, 20, 
40, 120

Table 3 
Ash composition of wheat straw and rice hull.

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O

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

Fig. 3. Experimental equipment for measuring transmittance across the ultraviolet-visible-near-infrared spectral range.
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range. This can then be combined with the particle system transmittance 
data to invert and calculate the complex refractive index m of the 
particle. 

n(λ) = 1 +
2λ2

π P
∫ ∞

0

k(λ0)

λ0
(
λ2 − λ2

0

)dλ0 (10) 

k(λ) =
2λ
π P

∫ ∞

0

n(λ0) − 1
λ2 − λ2

0
dλ0 (11) 

A particle system composed of particles with the same size is termed 
a homogeneous system. At a specific incident frequency ν, the single- 
frequency transmittance γν of the particle system and the single- 
frequency attenuation factor Qe,υ of a single particle are connected by 
the following relationship. 

γν = exp
(

−
1
4

πD2Qext,νN0⋅sp

)

(12) 

For a certain homogeneous particle system, the transmittance is 
equivalent to the attenuation factor, so the attenuation factor can be 
used as a simulation parameter. The complex function A(v) is con
structed that satisfies the Kramers-Kronig dispersion relation. 

A(ν) = i⋅χ− 3S0 = Ar(ν) + i⋅Ai(ν) (13) 

Where: 

Ai(ν) = Im[A(ν)] = Re(S0)χ− 3 (14) 

Ar(ν) = Re[A(ν)] = − Im(S0)χ− 3 (15) 

The attenuation factor Qext,ν is related to the forward amplitude 
function by Eq. (1). By comparing Eq. (13) and Eq. (1), it follows that 
Ai(ν) = Qext,ν/(4χ). According to the Kramers-Kronig relation, the 
following formula is obtained: 

Ar(ν) = 2
π P
∫ ∞

0

ΩAi(Ω)

Ω2 − ν2
dΩ (16) 

Therefore, through the transmittance experiment and the Kramers- 
Kronig relation, the complex function A(ν) can be calculated. Assume 
that the function yν has the following form: 

yν = Ar(ν) + i⋅Ai(ν) − i⋅χ− 3S0 = f1(χ,m, ν) = 0 (17) 

Corresponding to a certain frequency ν, when χ is known, the 
equation is simplified to a complex equation with the complex refractive 

index m is the variable, which is solvable. For each frequency ν, a similar 
equation can be obtained, and the spectral distribution of the complex 
refractive index m is determined.

Although directly using Mie theory to calculate the forward ampli
tude function S0 is highly accurate, it is difficult to express it as an 
explicit equation for the complex refractive index m. Therefore, an 
approximate value m0 must first be calculated, and then a complex 
equation (Eq. (17)) is solved using the chord method. The inversion 
calculation process is shown in Fig. 4, and further specific inversion 
process details are provided in the Supplementary materials. The 
explicit equation for the forward scattering amplitude function S0 is 
calculated using the Rayleigh approximate scattering theory [38]: 

S0 = − iχ3
(

m2 − 1
m2 + 2

)

(18) 

Based on this method to create a numerical program, the refractive 
index and extinction coefficient of the material in the full spectrum at 
different reaction stages can be obtained. It provides an important 
reference for the energy balance and heat transfer calculations in the 
solar-driven biomass gasification process.

2.4. Radiation transfer case analysis method

In this study, a one-dimensional radiation transfer model is set up for 
studying medium radiation heat transfer characteristics [39]. This 
model is employed to analyze the impact of the radiation characteristics 
of biomass at different reaction stages on the radiative heat transfer and 
radiation source term of the system, and to verify the importance of 
particle radiation characteristics.

2.4.1. Radiative transfer equation
The radiative transfer equation (RTE) is used in this study to solve 

the radiation heat transfer process of gas and particle media. The RTE 
describes the variation of radiation intensity along the propagation di
rection, as well as the effects of gas and particle absorption, emission and 
scattering on radiation intensity [40]. 

∂I(s, s→→)

∂s
= −

(
κg + κp + σp

)
I(s, s→→) +

(
κg + κp

)
Ib(s)

+
σp

4π

∫

Ωi=4π
I(s, s→→)Φ(s, s→→)dΩi (19) 

Where I(s, s→→) is the radiation intensity at position s in the direction 
s→→. κg is the absorption coefficient of the gas mixture. κp is the 

Fig. 4. Flowchart of optical parameter inversion.
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absorption coefficient of the particles. σp is the scattering coefficient of 
the particles. Ib(s) is the blackbody radiation intensity at position s. 
Φ(s, s→→) is the scattering phase function, representing the energy 
fraction scattered from the incident direction to the exit direction. Ωi is 
the solid angle.

The discrete ordinate method (DOM) is used to calculate the RTE 
[41] and the radiation heat transfer characteristics. In the process of 
solving RTE, the particle radiation characteristics are calculated using 
the material properties obtained in this study combined with Mie theory, 
while radiation characteristics of the gas medium are calculated using 
the SNB model [42]. The SNB model has been shown to produce results 
that closely match those derived from the LBL method based on the 
HITEMP2010 database [43]. The SNB model divides the spectrum into 
narrow bands with a width of 25 cm− 1. The isothermal isotropic average 
gas transmittance in the band is expressed as: 

τv = exp

[

−
2γ
δ

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
XPLkδ

γ

√

− 1

)]

(20) 

Where the parameters k and δ are obtained from the EM2C database 
[42].

In the radiation case analyzed in this study, both the variation in 
biomass particle size across reaction stages and the particle size distri
bution are considered. The biomass particle size at each reaction stage is 
determined using the following equation: 

DBiomass =

(
6mBiomass

πρBiomass

)1
3

(21) 

Where DBiomass is the diameter of sample particle. mBiomass is the mass of 
the sample particles. ρBiomass is the density of sample.

The particle size distribution is assumed to follow the Rosin- 
Rammler distribution, with the particle size distribution at each reac
tion stage expressed as: 

P(D) =
sd

Dm
⋅
(

D
Dm

)(sd − 1)

exp
[

−

(
D
Dm

)sd
]

(22) 

Where P(D) is the probability density of particle size D. Dm is the 
maximum particle diameter. sd is the diffusion factor, which describes 
the width of the particle size distribution. In this study, the diffusion 
parameter sd=3.7955 is determined based on previous studies [32].

2.4.2. Radiation transfer cases
A one-dimensional radiation transfer model is used to simulate the 

temperature field inside an axisymmetric cylindrical reactor. It is 

assumed that the temperature distribution along the radial direction is a 
cosine function distribution (Eq. (23)) with an average temperature of 
1200 K [44], and cases 1-5 are designed accordingly. This distribution 
can model the temperature profile in gasifiers, such as the entrained 
flow gasifier [45]. Building upon the cosine temperature distribution, 
the typical temperature characteristics of solar gasifiers are also 
considered. An axial asymmetric temperature distribution (Eq. (24)) is 
further selected [46], and cases 6, 7 and 8 are designed. The two tem
perature distributions are as follows: 

T1(x) = 1200 − 300cos
(

2πx
L

)

(23) 

T2(x) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

− 60000 ×
(x

L
− 0.1

)2
+ 1500, 0 ≤

x
L
≤ 0.1

−
10000

27
×
(x

L
− 0.1

)2
+ 1500, 0.1 ≤

x
L
≤ 1

(24) 

The radial length of the reactor is set to 1 meter, where L=0 and L=1 
correspond to the two reactor walls. The positive direction of radiation 
transfer is defined in Fig. 5. The gas molar ratio (M=XH2O/XCO2) is 
selected as M=0.25 [47], and the CO fraction is set to 0.5. Eight cases are 
considered: two conventional gasification cases and six solar-driven 
gasification cases, as shown in Table 4. The primary distinction among 
the six solar gasification cases lies in the radiation characteristics of the 

Fig. 5. (a) Radial temperature field and (b) reaction stage distribution of a symmetrical cylindrical reactor.

Table 4 
Information of eight radiation transfer cases.

Case Temperature 
distribution

Gasification 
type

Reaction 
stage

Sources of radiation 
characteristic 
parameters

Case 
1

T1(x), Eq. (23) Conventional 
gasification

Ignored Qabs=0.9, Qsca=1.1 
[23]

Case 
2

T1(x), Eq. (23) Solar 
gasification

Ignored Qabs=0.9, Qsca=1.1 
[23]

Case 
3

T1(x), Eq. (23) Solar 
gasification

XD=0.5, 
XG=0

The proposed model

Case 
4

T1(x), Eq. (23) Solar 
gasification

XD=1, 
XG=0.5

The proposed model

Case 
5

T1(x), Eq. (23) Solar 
gasification

Custom The proposed model

Case 
6

T2(x), Eq. (24) Conventional 
gasification

Ignored Qabs=0.9, Qsca=1.1 
[23]

Case 
7

T2(x), Eq. (24) Solar 
gasification

Ignored Qabs=0.9, Qsca=1.1 
[23]

Case 
8

T2(x), Eq. (24) Solar 
gasification

Custom The proposed model
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biomass particles. These radiation characteristics vary across different 
reaction stages, influencing their absorption of solar energy and the heat 
transfer performance within the reactor. In Case 5 and 8, it is assumed 
that the reaction stages (XD and XG) vary radially, reflecting the fact that 
biomass particles undergo different reaction stages along the radial di
rection of the reactor, as shown below: 

XD =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.5 +
2x
L
, 0 ≤

x
L
≤ 0.25

1, 0.25 ≤
x
L
≤ 0.75

2 −
2x
L
, 0.75 ≤

x
L
≤ 1

(25) 

XG =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, 0 ≤
x
L
≤ 0.25

2x
L

− 0.5, 0.25 ≤
x
L
≤ 0.5

1.5 −
2x
L
, 0.5 ≤

x
L
≤ 0.75

0, 0.75 ≤
x
L
≤ 1

(26) 

XD represents the relative removal ratio of volatiles, which refers to the 
proportion of volatiles removed at different stages relative to the sample 
heated to 600℃. XG denotes the semi-coke gasification conversion ratio, 
which is defined as the ratio of gasifiable substances in the semi-coke, 
excluding ash.

3. Results and discussion

3.1. Transmittance measurement results for biomass samples

This study measures the spectral transmittance of wheat straw, 
during four devolatilization stages, and through four gasification stages. 
Fig. 6(a) presents the transmittance measurement results for wheat 
straw samples across the five devolatilization stages. The results indicate 
that as the pyrolysis temperature (Tp) increases from 300℃ to 600℃, 
the relative removal ratio of volatiles are 23.3%, 80.5%, 94.5%, and 
100%, respectively. By using the relative removal ratio to track the 
progress of biomass devolatilization, the reaction processes of various 
biomass samples can be unified, facilitating subsequent modeling of 
optical constants at different reaction stages.

As the pyrolysis temperature increases, the transmittance of wheat 

straw decreases, while its absorption characteristics strengthen. The 
devolatilization process has a more significant impact on transmittance 
at shorter wavelengths. At 500 nm, the spectral transmittance drops 
sharply from 89.45% (Tp=30℃) to 3.19% (Tp=600℃), while at 2400 
nm, it decreases from 92.78% to 79.95%. This indicates that the devo
latilization process more strongly affects spectral transmittance in 
shorter wavelengths, enhancing the sample absorption in this 
waveband.

Fig. 6(b) presents the transmittance measurement results of wheat 
straw samples at five gasification stages. The gasification conversion 
ratios of the wheat straw semi-coke samples are 0%, 32.1%, 44.8%, 
69.4%, and 100%, respectively. Unlike the devolatilization process, 
transmittance during gasification decreases and then increases with the 
conversion ratio, suggesting that absorption characteristics strengthen 
initially and later weaken. At 500 nm, spectral transmittance remains 
stable between 1.04% and 5.48% during gasification, indicating strong 
absorption in the short-waveband. After complete gasification, the 
spectral transmittance of ash increases to 59.68% at 500 nm. At 2400 
nm, spectral transmittance decreases from 79.95% to 11.26% and then 
increases to 81.28%, indicating that gasification mainly affects radiation 
characteristics at longer wavelengths.

Overall, during devolatilization and gasification processes, the ab
sorption characteristics of wheat straw first increase and then decrease. 
This trend aligns with Zhong et al.’s findings on willow pellets [35]. The 
increase in carbon proportion enhances absorption during devolatili
zation, while the reduction in carbon and increase in ash during gasifi
cation weakens absorption. Thus, semi-coke with a higher carbon ratio is 
more suitable for receiving solar radiation in solar-driven biomass 
gasification systems, improving overall efficiency.

To study the effect of biomass composition on radiative properties, 
three biomass samples, wheat straw, bamboo, and rice hull, were 
selected, with ash contents of 29.4%, 0.84%, and 14.12%, respectively. 
Fig. 7(a), (b), and (c) illustrate the transmittance variation of these 
samples at pyrolysis temperatures of 30℃, 400℃, and 600℃. When 
Tp=30℃, wheat straw and rice hull exhibited high transmittance, 
around 90%. The microstructures of these samples (Fig. 8(a) and (d)) are 
composed of large, block-like structures with fewer voids, resulting in 
weak absorption. When Tp is 400℃ or 600℃, transmittance decreased 
significantly, especially at 600℃, where the spectral transmittance of all 
three samples in the 400-500 nm range fell below 5%. This reduction is 
due to the removal of volatiles at high pyrolysis temperatures, which 
increases the carbon and ash content of the semi-coke to 82.83-92.84%, 
forming abundant microscopic pores (Fig. 8(b) and (e)), which enhance 
radiation absorption.

Transmittance reduction correlates negatively with ash content. 

Fig. 6. Transmittance measurement results of wheat straw at different reaction stages. (a) Pyrolysis stage. (b) Gasification stage.
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Wheat straw, with the highest ash content (64.3%), has the lowest 
transmittance at 600℃. The spectral transmittance reduction is more 
pronounced in the short-wavelength range (400-1000 nm) than in the 
long-wavelength range (2000-2500 nm). The average reduction in 
transmittance for wheat straw, bamboo, and rice hull in the short- 
wavelength range is 80.7%, 58.2%, and 86.3%, respectively, 

compared to 14.4%, 50.0%, and 24.2% in the long-wavelength range, 
indicating that volatile removal has a more significant impact on short- 
wavelength radiation. Additionally, higher ash content results in smaller 
transmittance reductions in the long-wavelength range.

During gasification (XG=23.8%-82.5%), bamboo and rice hull 
maintain low transmittance, with bamboo exhibiting the lowest, and 

Fig. 7. Transmittance measurement results of three biomasses at different reaction stages. (a) Raw biomass at Tp=30℃. (b) Pyrolysis stage at Tp=400℃. (c) Pyrolysis 
stage at Tp=600℃. (d) Gasification stage at XG=23.8%-32.1%. (e) Gasification stage at XG=69.4%-82.5%. (f) Gasification stage at XG=100%.

Fig. 8. SEM measurement results: (a) wheat straw, (b) wheat straw semi-coke (Tp=600℃), (c) wheat straw ash, (d) rice hull, (e) rice hull semi-coke (Tp =600℃), (f) 
rice hull ash.
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wheat straw the highest. This is related to ash content: higher ash in 
wheat straw leads to higher transmittance, while lower ash in bamboo 
enhances radiation absorption. Fig. 7(f) shows the transmittance of the 
ash of the three biomass samples after complete gasification. Wheat 
straw ash has higher spectral transmittance in 400-1500 nm than 
bamboo, while bamboo ash has higher spectral transmittance in 1500- 
2478 nm. Rice hull ash has the lowest transmittance across the entire 
spectrum, indicating stronger radiation absorption capacity. SEM anal
ysis (Fig. 8(c) and (f)) shows that wheat straw ash has small pores and a 
rough surface, which enhances radiation absorption. In contrast, rice 
hull ash, with a smooth surface and high silica content, hinders gasifi
cation, thus resulting in greater residual char and enhanced radiation 
absorption. Therefore, to improve the radiative absorption characteris
tics of the sample in solar-driven biomass gasification, biomass raw 
materials with lower ash content and microstructures conducive to ra
diation absorption should be preferred.

3.2. Optical constant calculation results for biomass samples

Fig. 9(a) and (b) show the refractive index n and extinction coeffi
cient k of wheat straw at different stages of devolatilization. As volatile 
matter is removed, the refractive index increases, rising from 1.017 to 
1.19 at 1500 nm. The refractive index increases with wavelength when 
pyrolysis temperature is less than 400℃, ranging from 1.013 to 1.021 at 
wavelength of 400 nm, and from 1.0234 to 1.0659 at wavelength of 
2478 nm. When Tp is 500℃ or 600℃, the refractive index initially in
creases and then decreases, with peaks of 1.125 at wavelength of 703 nm 
and 1.209 at wavelength of 675 nm, respectively. The extinction coef
ficient also generally increases with volatiles removal. For the sample 
with Tp=30℃, the extinction coefficient rises with wavelength, reaching 
2.2×10− 3 at 500 nm and 9.04×10− 3 at 2478 nm. When Tp reaches 
300℃ and 400℃, the extinction coefficient peaks at 485 nm and 530 
nm, respectively, before decreasing. When Tp reaches 500℃ and 600℃, 
it shows higher extinction coefficients in the 400-1000 nm waveband, 
with a sharp decline as wavelength increases. In the 1000-2478 nm 

waveband, the extinction coefficient stabilizes around 0.02. Overall, 
both the n and k exhibit significant changes during the devolatilization 
process. As shown in Fig. 6(a), both the n and k generally increase with a 
corresponding decrease in transmittance.

Fig. 9(c) and (d) show the refractive index n and extinction coeffi
cient k of wheat straw samples at different gasification stages. As the 
semi-coke gasification conversion ratio increases, the refractive index 
generally decreases. Additionally, the n at each gasification stage in
creases with wavelength. The k exhibits a clear wavelength dependence. 
In the range of 400-892 nm, the k increases with the gasification con
version ratios of semi-coke (32.1%, 44.8%, and 69.4%). However, in the 
892-2478 nm waveband, the k decreases as the conversion ratio. For ash 
sample of wheat straw, the n ranges from 1.023 to 1.077, and the k 
ranges from 0.019 to 0.046, with overall optical properties stabilizing. In 
summary, during the volatile matter removal and gasification process of 
wheat straw, both n and k initially increase and then decrease, showing a 
negative correlation with transmittance. This trend suggests that as the 
gasification degree increases, the optical properties of the biomass 
particles undergo significant changes, particularly affecting the radia
tive properties at specific wavelengths.

Fig. 10 shows the trends in refractive index n for three biomass 
samples at different reaction stages. For samples that have not yet 
reacted, the n of rice hull is similar to that of wheat straw, with both 
increasing from 1.013 to 1.023 as the wavelength increases. The n of the 
bamboo sample is slightly higher, rising from 1.022 to 1.045 with 
increasing wavelength. In the pyrolysis (TP = 400℃ and 600℃) and 
gasification (XG = 23.8%-83.5%) stages, the n of rice hull samples lies 
between those of bamboo and wheat straw. Based on the proximate 
analysis data for the three biomass samples (Table 1), this phenomenon 
may be related to the ash content. As pyrolysis temperature increases, 
volatile matter is gradually released, and the main components of the 
sample transform into ash and char, with a lower n for ash. Since the ash 
content of rice hull is intermediate between that of bamboo and wheat 
straw, its n index remains between those of bamboo and wheat straw at 
all reaction stages. The n negatively correlates with the ash content of 

Fig. 9. Optical constants of wheat straw at different reaction stages. (a) n for the pyrolysis stages. (b) k for the pyrolysis stages. (c) n for the gasification stages. (d) k 
for the gasification stages.
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the sample. From a spectrum perspective, the n of all three samples in
creases with wavelength. Notably, at the gasification stage (XG=23.8%- 
83.5%), the increase in n is more pronounced, indicating that wave
length has a positive correlation with n across all reaction stages, with 

this trend being more significant during gasification. Overall, the n of 
bamboo and rice hull increases and then decreases during volatile 
matter removal and gasification, a trend similar to that observed in 
wheat straw samples, confirming the applicability of these patterns to 

Fig. 10. Refractive index n of three biomass samples at different reaction stages. (a) Raw biomass at Tp=30℃. (b) Pyrolysis stage at Tp =400℃. (c) Pyrolysis stage at 
Tp =600℃. (d) Gasification stage at XG=23.8%-32.1%. (e) Gasification stage at XG=69.4%-82.5%. (f) Gasification stage at XG=100%.

Fig. 11. Extinction coefficient k of three biomass samples at different reaction stages. (a) Raw biomass at Tp=30℃. (b) Pyrolysis stage at Tp=400℃. (c) Pyrolysis 
stage at Tp=600℃. (d) Gasification stage at XG=23.8%-32.1%. (e) Gasification stage at XG=69.4%-82.5%. (f) Gasification stage at XG=100%.
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different biomass types.
Fig. 11 shows the changes in extinction coefficient k for three 

biomass samples at different reaction stages. For samples that have not 
yet reacted, the k of rice hull is similar to that of wheat straw, increasing 
gradually from 0 to 0.01 as the wavelength increases. In contrast, the k 
of the bamboo sample ranges from 0.01 to 0.016. When Tp is 400℃ and 
600℃, the k of rice hull is comparable to that of wheat straw, whereas 
that of bamboo is relatively higher. At the gasification stage (XG=23.8%- 
83.5%), the k of both rice hull and bamboo samples is higher than that of 
wheat straw. This may be due to the higher ash content of wheat straw, 
which causes a decrease in its k during gasification, weakening its ab
sorption characteristics. Further analysis of the k of ash samples (Fig. 11 
(f)) indicates that, within the waveband of 400-2500 nm, the k of all 
three ash samples range from 0.02 to 0.06, with the rice hull ash sample 
having the highest k. Combined with the transmittance measurements of 
rice hull ash in Fig. 7(f), which show the lowest transmittance, it sug
gests that the extinction coefficient plays a dominant role in the ab
sorption characteristics of the sample.

3.3. Construction of the biomass optical constants model

This section will develop a model for the optical constants of 
biomass. For the biomass devolatilization process, the relative removal 
ratio of volatiles, the sample ash content and the wavelength are chosen 
as independent variables to establish an optical constants model for the 
devolatilization process (Eq. (27)). To describe the change in optical 
constants with spectrum for biomass samples, a polynomial model 
∑N

i=1aiλi− 1 is used. In the devolatilization stage, where optical constants 
are influenced by both the relative removal ratio of volatiles matter and 
wavelength, a combined polynomial and exponential model 
∑N

i=1biλi− 1Xf1
D is used to characterize the changes. Furthermore, 

considering that the optical constants differences between different 
biomass samples are mainly determined by the ash content, an addi
tional model 

∑N
i=1ciλi− 1(0.31 − Ash)

g1 ⋅
(
diXi− 1

D
)

is built to reflect the 
impact of ash content on the optical constants, with the ash content 
ranging from 0 to 0.31. During the model prediction process, when only 
the three models mentioned above are used, the prediction error for the 
early devolatilization stage is relatively high. Therefore, a combined 
polynomial and exponential model 

∑N
i=1eiλi− 1(1 − XD)

f2 ⋅Ash
g2 is intro

duced to optimize the prediction accuracy for optical constants at 
different stages.

For the semi-coke gasification process, semi-coke gasification con
version ratio, sample ash content, and wavelength are used as inde
pendent variables to establish an optical constants model for the 
gasification process (Eq. (28)). Since the effect of the gasification stage 
on the optical constants differs from the devolatilization stage and shows 
an initial rapid increase followed by a decrease, a double-exponential 

model 
∑N

i=1biλi− 1 ×
(

1 − (1 − XG)
h1 +h2Xh3

G

)
is used to describe the 

variation in optical constants during the gasification process. The rest of 
the model remains the same as in the devolatilization stage. 

f(λ,Xd,Ash) =
∑N

i=1

(
aiλi− 1 + biλi− 1Xf1

D + ciλi− 1(0.31 − Ash)
g1 ⋅
(
diXi− 1

D
)

+ eiλi− 1(1 − XD)
f2 ⋅Ash

g2
)

(27) 

f
(
λ,Xg,Ash

)
=
∑N

i=1

(
aiλi− 1 + biλi− 1⋅

(
1 − (1 − XG)

h1 + h2Xh3
G

)

+ciλi− 1(0.31 − Ash)
g1 ⋅
(
diXG

i− 1)+ eiλi− 1(1 − XG)
h4 ⋅Ash

g2
)

(28) 

In the model, N represents the order of the model, λ is the wave
length, and Ash represents the ash content of the sample (Tp=30℃). The 
parameters ai, bi, ci, di and ei are the coefficients of the polynomial model 

for the i-th group. f1 and f2 are the exponential model parameters 
describing the influence of the relative removal ratio of volatiles, g1 and 
g2 are the exponential model parameters for the effect of ash content, 
and h1 to h4 are the parameters for the effect of the semi-coke gasifica
tion conversion ratio.

The model parameters are fitted using the least squares method. The 
fitting error is less than 1×10− 4, which is calculated using the following 
formula: 

RSquared ≡

∑M
j=1[fmea − fmodel(λ,XD,XG,Ash)]

2

M
(29) 

The RSquared represents the fitting error, fmea is the measured value of 
the parameters to be fitted, fmodel is the model-calculated value of the 
parameters, and M is the total number of fitting points.

Fig. 12(a) and 12(b) show the optical constants predictive results for 
wheat straw samples at different devolatilization stages. The solid line 
represents the model-calculated values, while the different marker 
points represent the measured values. The solid lines match marker 
points well, indicating that the model effectively describes the optical 
constants characteristics. Additionally, the predictive results for two 
other types of biomass are provided in the Supplementary materials. 
Fig. 13(a) further shows the prediction errors of optical constants during 
the devolatilization stage for models of different orders (from 2nd to 6th 
order). As the order N increases from 2 to 6, the average prediction error 
for the refractive index n decreases from 2.21×10− 4 to 1.11×10− 4, 
while the prediction error for the extinction coefficient k drops from 
1.15×10− 4 to 3.81×10− 5. Overall, the prediction error for k is signifi
cantly smaller than that for n, indicating better performance of the 
model in describing the extinction coefficient. This difference may be 
due to the fact that the extinction coefficient k of biomass samples 
during the devolatilization stage is inherently small, which results in a 
relatively lower prediction error.

Fig. 12(c) and 12(d) show the optical constants prediction results for 
wheat straw samples at different gasification stages. Fig. 13(b) compares 
the prediction errors of models from 2nd to 6th order for the refractive 
index n and extinction coefficient k. The results indicate that, as the 
order increases, the average prediction error gradually decreases. The 
error for the refractive index n decreases from 5.25×10− 4 to 1.92×10− 4, 
while the error for the extinction coefficient k decreases from 9.68×10− 4 

to 3.06×10− 4. Compared to the devolatilization stage, the model pre
diction errors for the gasification process are generally larger, mainly 
due to the larger variations in optical constants during gasification, 
especially at the initial and final stages of gasification. During these 
stages, optical constants undergo rapid increases or decreases, making 
the model prediction more challenging and enhancing the error. Overall, 
the 6th-order model effectively models the optical constants of different 
biomass types, with an overall prediction error less than 3.1×10− 4, 
demonstrating the applicability and accuracy of this method for pre
dicting the biomass optical constants during the gasification process. All 
specific parameters of the 6th-order model are provided in the Supple
mentary materials.

Furthermore, Mie theory is applied to calculate the absorption and 
scattering factors of individual biomass particles. By comparing the re
sults obtained from optical constants models and experimental mea
surements, the accuracy of the model can be verified. Fig. 14(a) and (b) 
show the calculated absorption factors Qabs for three biomass samples. 
The scatter marker points represent the absorption factors obtained 
experimentally, while the solid lines represent the values calculated 
using the proposed model. It can be seen quite high agreement between 
the two sets of data. During the devolatilization process, the Qabs of the 
biomass particles gradually increases, enhancing their absorption abil
ity. In the gasification process, the Qabs first increase and then decrease, 
with a high absorption observed when the semi-coke gasification con
version ratio is between 0.2 and 0.8. Regarding different biomass, wheat 
straw with high ash content exhibits lower absorption characteristics, 
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while bamboo with low ash content shows greater absorption ability.
Fig. 14(c) and (d) presents a comparison of the average scattering 

factors Qsca obtained from both the model and experimental data. From 
the figure, it can be seen that model calculated scattering factors align 
well with the experimental data. During the devolatilization process, the 
average scattering factor of the biomass samples increases with the XD, 
with a more rapid increase observed in the XD range from 0.8 to 1. In the 
gasification process, the scattering factors show an initial rapid increase 
followed by a gradual decrease. Overall, the differences in the average 
scattering factors between the three biomasses are small, indicating that 
biomass type has a significant impact on the absorption factor, but only a 
minor effect on the scattering factor.

3.4. Analysis of radiation heat transfer cases

Fig. 15(a) shows the calculated radiative heat flux under five 
different operating conditions. For conventional gasification (Case 1), 
the radiative heat flux inside the reactor primarily transfers from the 
central region toward the side walls, as defined by the positive direction 
in Fig. 5(a). In contrast, under solar-driven gasification conditions, the 
high-intensity solar concentrated radiation introduced from the side 
walls causes a significant change in the direction of the radiative heat 
flux near the wall regions. In the x/L range of 0-0.5, the radiative heat 
flux is transmitted from the wall (x/L=0) and the reactor axis (x/L=0.5) 
toward the heat flux equilibrium point. For different solar-driven gasi
fication conditions, the heat flux equilibrium points are as follows, Case 
3: x/L=0.149, Case 4: x/L=0.182, Case 5: x/L=0.327, indicating that 

Fig. 12. Comparison of model-derived and measured optical constants (wheat straw). (a) n for the pyrolysis stages. (b) k for the pyrolysis stages. (c) n for the 
gasification stages. (d) k for the gasification stages.

Fig. 13. Prediction errors for biomass optical constants in 2nd to 6th order models. (a) Pyrolysis stage. (b) Gasification stage.
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both the heat flux distribution and transfer path change with the oper
ating conditions.

Fig. 15(b) further compares the heat flux distribution at x/L=0.1-0.4 
for different operating conditions. Compared to the reference Case 2, the 
forward heat flux along x/L=0.1-0.4 calculated using the proposed 
model (Case 3, Case 4, and Case 5) is larger. Particularly at x/L=0.1, the 
forward heat flux in Case 3, Case 4, and Case 5 is increased by 46.25 kW/ 
m², 189.54 kW/m², and 56.65 kW/m² (78%, 320%, and 96%) compared 
to Case 2. This suggests that the radiation parameters in the reference 
may have overestimated the absorption characteristics of biomass par
ticles. The results further demonstrate that the radiative properties of 

biomass particles play a critical role in the radiative heat transfer inside 
a solar-driven gasification reactor. In particular, optimizing the selection 
of optical parameters for different reaction stages is crucial for accu
rately simulating the heat transfer during the solar-driven gasification 
process.

Fig. 16(a) illustrates the calculated radiation source terms for five 
different operating conditions. The radiation source term represents the 
radiative energy absorbed by a micro-unit, with positive values indi
cating that the absorbed radiation exceeds the emitted radiation. For 
conventional gasification (Case 1), the radiation source term is negative, 
reaching its lowest value at the reactor center (-2421 kW/m³). This 

Fig. 14. Comparison of average absorption and scattering factors calculated from model (solid lines) and experimental data (scatter points). (a) Qabs for the pyrolysis 
stages. (b) Qabs for the pyrolysis stages. (c) Qsca for the gasification stages. (d) Qsca for the gasification stages.

Fig. 15. Effect of bamboo radiation characteristics on radiative heat flux during the path-length: (a) calculated radiative heat flux under five different operating 
conditions; (b) comparison of the radiative heat flux distribution at x/L = 0.1-0.4 for various operating conditions.
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occurs because the highest temperature is at the center, causing the 
medium to emit the most radiation energy toward the side walls. In 
solar-driven gasification, the radiation source term near the side walls 
increases significantly, becoming positive for the micro-units. As the 
distance from the wall decreases, the radiation source term rises due to 
high-intensity solar radiation, which causes the medium near the walls 
to absorb more energy, increasing the radiation source term. Around the 
reactor axis (L=0.4-0.6 m), the radiation source term remains negative, 
similar to conventional gasification conditions, indicating that solar 
radiation primarily affects heat transfer near the wall region but has a 
weaker effect near the axis.

Fig. 16(b) compares the radiation source term along x/L=0-0.4 for 
different operating conditions. At x/L=0, the radiation source term for 
Case 2 reaches 8295 kW/m³, while for Cases 3, 4, and 5, the values are 
6355 kW/m³, 2879 kW/m³, and 6322 kW/m³, respectively—lower than 
for Case 2. Along x/L = 0.1-0.4, the radiation source terms for Cases 3, 4, 
and 5 are higher. For example, at x/L = 0.1, the values for Cases 3, 4, and 
5 are 21.36%, 12.82%, and 14.60% higher than for Case 2, respectively, 
indicating that these conditions absorb more energy. This confirms that 
the radiative properties of biomass samples significantly influence ra
diation transfer within the reactor. At x/L=0.1, the radiation source 
term curve for Case 4 intersects those for Cases 2, 5, and 3, as Case 4 has 
lower absorption near the side-wall region (x/L=0-0.1), allowing more 
concentrated radiation to reach the reactor axis (x/L=0.5), resulting in a 

higher radiation source term in the x/L=0.1-0.4 range. Fig. 17 shows the 
radiative transfer characteristics for cases 6, 7 and 8 under the tem
perature distribution T2(x). At x/L=0.1, the radiative transfer fluxes for 
Case 6, 7, and 8 are -73.56 kW/m2, 6.74 kW/m2, and 63.65 kW/m2, 
respectively, while the radiation source terms are -3130.6 kW/m3, 
-1521.79 kW/m3, and -1360.24 kW/m3, respectively. These results 
indicate that solar radiation significantly affects heat transfer near the 
window, and the differing thermal radiation characteristics of the par
ticles result in a discrepancy of over 56.91 kW/m2 in the radiative 
transfer flux. Therefore, the thermal radiation characteristics of biomass 
particles are essential for optimizing radiation transfer and energy bal
ance in solar-driven gasification processes.

4. Conclusion

This study investigates the thermal radiation characteristics of par
ticles during solar-driven biomass gasification, focusing particularly on 
the impact of the reaction stage and biomass composition. Biomass 
samples at different reaction stages were experimentally prepared, and 
their transmittance in the solar radiation spectrum (400-2500 nm) was 
measured. Based on the spectral transmittance data, the optical con
stants n(ω) and k(ω) were retrieved, and a universal biomass optical 
constants model suitable for solar-driven gasification processes was 
developed. An analysis of eight radiation heat transfer cases examined 

Fig. 16. Effect of bamboo radiation characteristics on radiation source term during path-length: (a) calculated radiation source term under five different operating 
conditions; (b) comparison of the radiation source term distribution at x/L = 0-0.4 for various operating conditions.

Fig. 17. Effect of bamboo radiation characteristics on radiative heat transfer during path-length with temperature distribution T2(x): (a) radiative heat flux, (b) 
radiation source term.
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the effect of particle radiation properties on radiative heat transfer. The 
main conclusions are as follows: 

(1) Radiation characteristics of biomass particles vary significantly 
with the reaction stage. During the devolatilization process, as 
the pyrolysis temperature increases from 30℃ to 600℃, volatile 
components are removed, the carbon proportion increases, and 
numerous micro-pores form, enhancing radiation absorption. For 
wheat straw samples, the spectral transmittance at short wave
lengths (500 nm) dropped from 89.45% to 3.19%, indicating a 
significant increase in absorption. During the gasification pro
cess, the spectral transmittance first decreases and then increases, 
particularly at longer wavelengths (2400 nm), where trans
mittance decreased from 79.95% to 11.26% and then recovered 
to 81.28%. This suggests that absorption properties are enhanced 
in the early gasification stage, while the increased ash content in 
the later stage reduces absorption. Semi-coke with a higher car
bon proportion has higher absorption efficiency, making it more 
suitable for solar-driven biomass gasification.

(2) Ash content is a key factor influencing the biomass radiative 
properties. Among the investigated biomass, bamboo has the 
highest absorption capability, followed by rice hull, while wheat 
straw has the lowest. This is inversely correlated with their ash 
content (bamboo: 0.84%, rice hull: 14.12%, wheat straw: 29.4%). 
The variation in spectral transmittance across wavelengths shows 
that wheat straw experiences a reduction of 80.7% in the short 
wavelength range (400-1000 nm), which is larger than the 14.4% 
reduction observed in the long wavelength range (2000-2500 
nm). This suggests that volatiles removal more strongly affects 
short-wavelength radiation, and that higher ash content weakens 
the absorption in the longer-waveband. Wheat straw ash has the 
highest transmittance at 68.6% across the entire spectrum, which 
is 16.2% higher than rice hull ash. This is due to its more porous 
structures that facilitate gasification process. Biomass with low 
ash content and a microstructure conducive to radiation ab
sorption can improve gasification efficiency.

(3) Reaction stage, ash content, and wavelength are the key factors 
affecting biomass thermal radiation characteristics. Both the 
refractive index n and extinction coefficient k increased with 
devolatilization progress. The n of wheat straw increased from 
1.017 to 1.19 at 1500 nm, and k increased significantly in the 
short-wavelength range (400-1000 nm). In the gasification stage, 
the n decreased with the increase in semi-coke gasification con
version ratio, while the k increased in the short-waveband (400- 
892 nm) and decreased in the longer-waveband (892-2478 nm), 
indicating that the effects of gasification on optical constants are 
wavelength-dependent. Ash samples showed stable n (ranging 
from 1.023 to 1.077) and k (ranging from 0.019 to 0.046). 
Overall, ash content negatively correlates with refractive index, 
and low-ash biomass exhibits greater absorption properties dur
ing gasification.

(4) The 6th-order biomass optical constants model developed from 
experimental data shows high accuracy. A biomass optical con
stants model for solar-driven gasification processes was con
structed using a combination of polynomial and exponential 
functions, with key variables including reaction stage (XD and 
XG), wavelength, and ash content. This model effectively de
scribes the changes in optical constants. The prediction errors for 
n and k in the devolatilization stage were as low as 1.11×10− 4 

and 3.81×10− 5, respectively, while in the gasification stage, the 
prediction errors were 1.92×10− 4 and 3.06×10− 4, indicating 
high accuracy. Mie theory validation showed that the absorption 
and scattering factors calculated by the model closely match 
experimental data, with prediction errors of 2.4×10− 4 and 
3.7×10− 4, respectively. This model provides a reliable tool for 

predicting the optical characteristics of biomass particles in solar- 
driven gasification processes.

(5) Particle radiation characteristics significantly affect radiation 
heat transfer within the gasification reactor. The results of the 
radiation heat transfer case analysis show that considering the 
variation in optical parameters with the reaction stage can 
significantly impact the distribution of radiation heat flux within 
the reactor. Under solar-driven gasification conditions, high- 
intensity solar radiation causes a significant change in the di
rection of heat flux near the reactor walls, with the heat flux 
balance point shifting as the operating conditions. The model- 
based Cases indicate a significant increase in forward heat flux 
at x/L=0.1 compared to Case2. Specifically, Case 5 exhibited a 
96% increase, suggesting that previous studies may have over
estimated the absorption characteristics of the particles. It also 
shows a significant increase in radiation source terms near the 
wall region, while the central axis region is less affected by solar 
radiation. The radiation source terms calculated for Case3, 4 and 
5 were 12.82%-21.36% higher than Case2 for x/L=0.1-0.4, 
further validating the importance of biomass radiation properties 
in heat transfer.
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