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Abstract
Although biomass gasification using concentrated solar energy is an attractive technology for the production of storable renew-
able energy and CO2 reduction, several challenges have stalled its deployment over the last decades: high temperature and/or
large reactor volume required for complete fuel (char) conversion, the achievement of a steady syngas generation independent of
solar radiation variation, and accomplishing effective heat supply at high temperature in large-scale reactors. An alternative
approach overcoming these technical challenges is analyzed in this paper. It is based on conducting the gasification of biomass
with steam in a fluidized bed using solid particles that are separately heated in a solid particle receiver using concentrating solar
energy. The present study includes the thermodynamic and kinetic analysis of solar steam gasification in a completely allothermal
single fluidized bed gasifier as well as in a partially allothermal dual fluidized bed gasification system. A theoretical analysis of
the reactor performance and its integration with the solar receiver is examined and the state of the art of the most important aspects
for developing the proposed technology is reviewed.
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1 Introduction

The use of solar energy as external heat source for steam
reforming of fuels has been recognized as highly attractive
method for increasing the share of renewable energy and re-
duction of CO2 emissions. The generation of energy vectors
carrying the energy from the sun and the biomass is an en-
couraging concept towards full renewable energy production
and energy storage. Solar steam gasification of biomass is one

of the most attractive technologies considered for the achieve-
ment of such objectives [1].

Steam gasification of biomass proposed until now is either
autothermal (the heat is supplied by partial burning of the fuel)
or just laboratory studies where the heat is supplied by elec-
trical heaters [2, 3]. Providing the gasifier with external heat
would allow maximizing the chemical energy of the syngas
(instead of burning part of the fuel to provide the heat), hence
improving the syngas yield and composition and the overall
energy efficiency of the process. However, it is yet to be
determined how to supply the solar heat to industrial-scale
reactors.

Due to the great interest of hybridizing steam biomass gas-
ification with solar energy, a lot of prototypes of solar gasifiers
have been developed during the last three decades [4, 5].
However, there are still several critical issues that have hindered
the deployment of the technology. The main challenges are
related to the high rate at which the external heat has to be
transferred to the reactor, the high temperature required for
the solar source, the large reactor volumes needed to convert
the fuel (char) completely, and the difficulties of producing a
steady syngas independent of solar radiation variation [6].

The objective of this paper is to examine the possibilities of
hybridization of steam gasification of biomass fuels with
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concentrated solar energy and to present the potential of car-
rying out the process using solids particles in dual fluidized
beds. The new system overcomes the mentioned critical issues
by using solid particles as a thermal energy carrier and thermal
energy storage, enabling continuous syngas generation with
high thermal integration.

2 Background

In order to identify the hybridization possibilities of steam
gasification and solar energy, the state of the art of solar and
non-solar steam gasification, as well as key aspects of concen-
trating solar thermal energy for high-temperature applications
based on solid particle receivers are reviewed in this section.

2.1 Steam gasification of biomass

The steam gasification of biomass with general formula
CH1.44O0.66 to yield syngas (H2/CO) or (H2/CO2) can be rep-
resented by [7]:

CH1:44O0:66 þ 0:34H2O→1:06 H2 þ CO ðR1Þ
CH1:44O0:66 þ 1:34H2O→2:06 H2 þ CO2 ðR2Þ

The standard heat of reaction at 298 K of R1 and R2 is,
respectively, 102.5 kJ/molbio (4.27 MJ/kgbio) and 61.3 kJ/molbio
(2.55 MJ/kg

bio
). Therefore, gasification is an endothermal pro-

cess, requiring significant heat to drive the reactions. In addition,
because of equilibrium and kinetic reasons, the process must be
conducted at high temperature, in the range of 750–1000 °C,
depending on the fuel and reactor type.

Gasification technologies include allothermal steam gasifi-
cation, using heat from an external source to drive the process,
and autothermal gasification, in which part of the fuel is burnt
to generate the necessary heat to maintain the process, using
pure oxygen or air. Figure 1 shows schematically different

gasification options that have been suggested for solid fuels:
allothermal steam gasification, heated by an external source
(Fig. 1a), and autothermal gasification, in which part of the
fuel is burnt to generate the necessary heat (Fig. 1b), whether
using pure oxygen (Fig. 1b.1) or air (Fig. 1b.2). In autothermal
gasification using pure oxygen (Fig. 1b) for the production of
nitrogen-free syngas, an air separation unit (ASU) is needed,
being energy-intensive and costly. In order to produce a sim-
ilar syngas quality using air, a dual fluidized bed (DFB) reac-
tor systemmust be used (Fig. 1b.2), hence trading the cost and
energy penalty of an ASU for a more complex gasification.
Since in autothermal gasification part of the fuel is consumed
to provide thermal heat, the cold gasification efficiency is
lower than in allothermal gasification.

In allothermal gasification (Fig. 1a), a heat source at the
gasification temperature or higher, in the range of 800–
1000 °C depending on the fuel and reactor type, must be
available to support the endothermic reactions. The external
heat source would ideally make it possible to transfer all the
energy available in the fuel into the produced syngas, instead
of burning some to provide the heat, hence raising the yield
significantly and improving the overall energy efficiency of
the process. In turn, steam gasification transforms heat into
chemical energy in the syngas with higher exergy and thus
acts as a chemical heat pump. On the other hand, allothermal
gasification can be seen as a method of water reduction
(splitting) using the carbon in the fuel as reducing agent, gen-
erating additional hydrogen from the fuel during its reforming
(so H2 comes from water and fuel).

Despite the fact that a great number of allothermal steam
gasifiers have been developed at laboratory or bench scale [8],
none has been scaled up or commercialized due to practical
problems derived from the difficulty of producing a steady
syngas in spite of solar radiation variation, as well as imple-
mentation of heat transfer at large scale. Therefore, steam
(non-solar) gasification has been implemented at scale by
the use of indirect air-steam dual fluidized bed gasifiers
(DFBG) [2], i.e., by autothermal gasification using air. In this
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Fig. 1 Gasification options: a Allothermal gasification (using only steam as gasification agent and solar energy as heating source); b1 Autothermal
gasification using O2/steam as gasification agent and b2 autothermal gasification using air/steam as gasification agent
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arrangement, the biomass is devolatilized in a bubbling FBG
where volatiles are released, and char is partially gasified (≈
5–30% depending on the fuel) with large excess of steam. The
process is thermally driven by burning the char in the com-
bustor and, if necessary, additional fuel. The heat from com-
bustion is conveyed to the gasifier by sensible heat of the
circulating solid material. The gasification unit is allothermal
since the heat comes from the combustor unit (external to the
gasifier), although the “gasification system” as a whole (gasifier
+ combustor) is autothermal (in the case of no addition of addi-
tional fuel). As a result, only about 70% of the energy (and 2/3 of
the carbon) from the fuel is stored as chemical energy in the
syngas. This is the usual way to operate the existing DFBGs as
developed by TUV, ECN, or some universities/research centers
and commercialized by companies like Repotec or Dahlman.
Sometimes these DFBGs are operated burning also natural gas
to elevate the combustion temperature [2, 3].

In Fig. 2, the possibilities of the classical air-steam DFBG
are extended by considering that the system can be thermally
balanced by some external heat or additional fuel. For obvious
reasons, the most attractive case is when all external energy
supplied to the gasifier is renewable (i.e., solar) and the fuel is
biomass. In this case, solar energy is transferred to the bio-
syngas and all carbon from the biomass is converted to fuel
volatiles. In turn, it produces a syngas containing not only all
the energy of the biomass (in the form of chemical and sensi-
ble energy) but also an additional share of solar energy em-
bodied within the chemical energy of the syngas. Despite the
great advantage of this operational mode, sustaining the gas-
ifier with external heat only is difficult and is still to be devel-
oped. The approach proposed later in the present paper is to
convert the existing conventional design of DFBG to admit
external solar heat, maximizing the solar share in the syngas.

2.2 Solar gasifiers

Solar gasifiers can be classified according to the gas-solid
contact (packed bed, fluidized bed, and entrained flow gas-
ifiers) or by the way in which solar radiation contacts the
reactants (directly irradiated, where the solid carbonaceous
reactants are directly exposed to radiation, and indirectly

irradiated, where the radiation strokes an intermediate material
(like an opaque wall or thermal energy carrier). A variety of
combinations of gas-solid and solar radiation-reactant contact
reactors have been proposed, and some prototypes have been
tested at a laboratory scale [1, 4–6, 9].

Regarding the gas-solid contact, packed bed gasifiers are sim-
pler and robust and can accommodate a wide range of feedstock
sizes, making them cost-effective, but they suffer from mass and
heat transfer limitations, ash build-up, and energy losses.
Entrained flow gasifiers exhibit more efficient transport, increas-
ing the syngas throughput significantly, but imposing strict re-
quirements on the feedstock size. Fluidized bed reactors achieve
high mass and heat transfer rates, overcoming the transport lim-
itations of packed bed and the particle size needs of entrained
flow reactors. Both directly and indirectly irradiated have been
developed for all gas-solid contacts [4]. Due to the high rate of
heat transfer in fluidized bed designs, solar FBGs have been
considered those with the highest scaling-up potential, although
some issues remain to be resolved as discussed below and also in
[6, 10].

Direct irradiation offers superior heat transfer characteris-
tics and energy efficiency, but the reactor must have a trans-
parent window, which can be fouled by operation. A particu-
lar effort has been made to develop directly heated solar FBG
and many devices have been tested at lab-scale in transparent
devices (silica glass or quartz tubes) for the gasification of
carbonaceous fuels. Taylor et al. [11] gasified charcoal with
CO2 under direct downward irradiation of vertical silica glass
FB reactor of 5 cm diameter located at the focus of a 2-kW
solar furnace. Murray and Fletcher [12] investigated the steam
gasification of cellulose in a quartz tube FB reactor and a solar
furnace. Kodama’s group studied the performance of CO2

gasification of bituminous coal in a conventional (bubbling)
FB gasifier comprising a steel tube with a glass window irra-
diated with solar furnace whose concentrated visible light
reached a maximum power of 3 kWth [6, 13]. In the earlier
design, poor performance was detected and was attributed to
the large temperature gradient between the irradiated bed sur-
face and inside the bed reaction zone, as a result of the narrow
internal diameter of the bed (63 mm ID). An improved FB
concept based on internally circulating fluidized bed reactor
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Fig. 2 Steam gasification in a dual fluidized bed (DFB) using external heat or fuel
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was proposed, resulting in more uniform bed temperature dis-
tribution, higher fuel conversion, and reduction in fluidization
agent compared with a conventional fluidized bed. In addi-
tion, two modes of operation were investigated: coal-only flu-
idized and mixtures of coal and quartz sand, the latter improv-
ing the conversion ratios indicating promising results for
scale-up. Despite the improvement in reactor performance,
achieving more uniform bed temperature, the performance
was questionable and scaling-up remains unsolved. Some
lab-scale prototypes have been recently proposed by hybrid-
izing directly irradiated reactors with combustion process,
providing some benefits related to carrying out both processes
in the same device [14, 15].

Indirect irradiation, in which an intermediate medium is
heated by solar radiation and transported to the gasifier, has
less favorable heat transfer but avoids the difficulties with
direct irradiation design [1]. Three approaches have been pro-
posed to indirectly supply the concentrated solar radiation to
the reactor: (i) irradiating the reactor external sidewalls [8]; (ii)
using a two-cavity reactor [16]; and (iii) using solid particles
as a heat transfer carrier [17, 18].

The superior heat transfer characteristics of FBs would al-
low the solar heat transfer fluid to be introduced into a jacket
around the vessel, and also through tubes inside the bed. An
intermediate storage also smooths out the intermittent supply
of solar energy. Three configurations have been proposed [1].
Flamant et al. [8] proposed the use of dense suspension of
upward particles circulating inside vertical tubes externally
exposed to the concentrated solar energy. The suspension acts
as a heat transfer fluid (HTF) with a heat capacity similar to a
liquid HTF but only limited in temperature by the working
temperature limit of the receiver tubes. Gordillo and Belghit
[16] developed a FB model to simulate the gasification of
biochar in a two-cavity reactor where the emitter plate heats
the solids in the upper side of a FB. Large thermal gradients
throughout the bed were predicted concluding that to improve
the gas production, the source of solar radiation should have
been directed to the bottom of the reactor to heat the steam at
that point. In [17], a hypothetical hybridized DFB gasifier to
theoretically assess the production of Fischer-Tropsch liquid
from coal was tentatively considered. In [1], a lift pipe as part
of a fluidized bed was proposed where the bed material and
char are heated by externally irradiated heat pipes. The gasi-
fication proposed in [17] is not completely allothermal since
the char and some auxiliary fuels are burnt, decreasing signif-
icantly the solar share in the syngas and the syngas yield per
unit of fuel input. In addition, no experimental support for this
concept has been published.

To sum up, none of the aforementioned directly irradiated
gasifiers can be implemented at scale and, in the best cases,
only lab-scale devices have been tested to understand the pro-
cess limits of gasification subjected to solar radiation. The
only existing FB solar gasifier reaching the lab-scale is

directly irradiated, but the performance is poor and cannot
be implemented in large-scale applications. The use of solid
particles as an energy carrier for gasification has been theoret-
ically proposed in two earlier works, but it has neither been
experimentally tested nor theoretical analyzed from the reactor
engineering perspective, but its performance has been as-
sumed for the economic analysis of a biomass-to-liquid
system.

2.3 Solid particle solar receivers

Solid particles were proposed as heat transfer and thermal
storage medium in the early 1980s [19, 20] because of their
ability to withstand high temperatures and the straightforward
integration of solar energy collection and Thermal Energy
Storage (TES), but the technology plummeted very quickly.
Only in recent years, driven by the need of achieving higher
temperatures together with efficient and cheap TES, solid par-
ticle technology has been the subject of new research interest
[13, 21].

Previous designs of particle receiver include free-falling, cen-
trifugal, flow in tubes, with or without fluidization, multi-pass
recirculation, and face-down configurations. The solid particle
receiver may be either directly or indirectly irradiated. Directly
heated particle receivers have the main advantage of higher
heating efficiency, but particle loss may be a problem in open
cavities with significant wind effects. Obstructed or impeded
flow receivers, rotary kiln, and fluidized bed receivers have been
proposed to increase the residence time of the particles. Indirect
particle receivers have the advantage of particle containment and
no particle losses, but additional heat transfer resistance between
the irradiated surface and the particles is a challenge. Indirect
designs include flow-in-tube receivers. Fluidizing the particles
within tubes has been shown to enhance the heat transfer with
respect to fixed bed or free-falling designs. Some technical chal-
lenges, mainly associated with the flow and heat transfer charac-
teristics of solid particles in the receiver, must be solved for
commercial viability of solid particle technologies [21, 22]. For
large-scale applications, significant particle mass flow rates are
required and gravity-driven flow (free-falling or with
obstructions) appears to be themost promising [21].Most current
studies on particle receivers are focused on the solar tower system
for high-efficiency power plants. The key problems using solid
particles are the heat absorption and storage medium require-
ments in solar tower, the heat transfer characteristics of solid
particles as the heat transfer medium in heat exchangers, wear
of solid particles in the circulation process and metal wall, and
other issues such as the regulation and operation optimization of
the receiver [22].

The integration of solar energy conveying by solid particles
coming from the hot storage (storing hot particles from the
central receiver) is usually conducted by a heat exchanger to
produce steam or to heat an additional HTF. New solid
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particle receivers are under development towards more effi-
cient thermodynamic cycles based on gas turbines (Brayton
cycle). No thermochemical applications have been considered
so far under this operational mode, except for the theoretical
study mentioned [17].

2.4 Main conclusions from literature review

From the critical review the following conclusions can be
made:

& Allothermal steam gasification of biomass has been wide-
ly investigated at lab-scale with heat from an external
electrical oven. Scale-up has only been achieved using
DFBG with partial combustion of the fuel (char). Dual
FBG can be operated with air, still producing high-
quality syngas without N2 and high content of H2.
Although the process is not allothermal (about 20–40%
of the fuel is burned), it is the most flexible technological
development and it is the only one that has reached com-
mercial status using biomass.

& Allothermal gasification with external heat from concen-
trated solar radiation is the most interesting choice for
steam gasification of biomass since the syngas produced
contains all the energy from the biomass and a significant
solar share. In addition, it maximizes the carbon of the
biomass into the syngas as combustible species. In spite
of this, solar steam gasification has been tested only with
indoor devices using a high-flux solar simulator up to 1–
10 kWth, which provides an artificial source of concentrat-
ed solar spectral distribution of energy mimicking the so-
lar radiation. For a pilot-scale demonstration, the solar
furnaces are used with solar input of 10–1000 kW at the
reactor aperture but this step has not been achieved for
solar gasification.

& The only practical development on steam gasification (no-
solar) is the air-steam indirect DFBG. In this technology,
the gasifier is heated by burning part of the fuel (char) and
providing this gasifier with external heat has not been
considered. As a result, there is not a solar version of the
technology.

& Most of the solar gasifiers developed up to date are direct-
ly irradiated. They are more thermally efficient than indi-
rectly irradiated gasifiers but scaling-up remains a chal-
lenge. As a result, only laboratory devices have been test-
ed. Indirect irradiation to the reactor could overcome
many problems allowing application at large scale in the
short/medium term.

& New technology of solid particle receivers (without reac-
tion) reaching temperatures between 700 and 900 °C has
been developed in the last 5 years. Moreover, research
under development promises good future perspectives to
come up with scalable prototypes reaching 1000 °C. The

directly irradiated solar particle, tower-mounted, falling
particle cavity receiver is the best choice developed to date
and can achieve the thermal requirements of the biomass
gasification (800–950 °C).

& The solids receiver and the gasifier can be uncoupled using
solid particles as an energy carrier and storage material.
However, it may result in excessive storage volume and
complications in conveying great amount of solid particles.

3 Theoretical analysis

3.1 Process layout

The proposed conceptual integration of the solar gasification
system and particle receiver is presented in Fig. 3a. The solid
particles act as a thermal energy carrier, circulating cyclically
between the solid particle receiver and the gasifier. Two tanks
are used to store the particles heated by the receiver and the
particle cooled in the gasifier allowing for temporary thermal
storage of solar energy. The use of solid particles as an energy
carrier is attractive since they are an excellent thermal energy
storage medium, operating at high temperature and low cost. A
more detailed scheme of the DFBG using solar-heated solid
particles (SDFBG) is presented in Fig. 3b. In this system, there
are two types of solids circulations: internal solids circulation
(between gasifier and combustor) and external circulation (be-
tween the DFBG and the solar receiver passing through the
thermal energy storage). In a SDFBG, there are different pos-
sibilities for introducing/extracting the solids in the system as
shown in Fig. 4, and the internal circulation from the gasifier to
the combustor can be different from that from the combustor to
the gasifier.

To sum up, the use of DFBG with thermal storage offers
some practical advantages in that the gasifier and downstream
processes can operate as a conventional (no-solar) DFBG,
with sensible heat provided to the process from hot bed mate-
rial that is heated either in a solar receiver or a fluidized bed
combustor. This gasifier provides the systemwith the required
flexibility, improving significantly the rigidity and disadvan-
tages of intermittent time-variation typical of directly irradiat-
ed process. Although the analysis in [17] is interesting because
it proposes uncoupling the gasification process from solar
radiation, it is based on coal that needs higher temperatures
(1000–1200 °C) and the process is not completely allothermal
since a significant part of the char and some auxiliary fuel are
burnt, decreasing significantly the solar share and thus the
gasification efficiency. In addition, in [17], it is neither ana-
lyzed the potential idea of increasing the allothermal character
of the process nor the way in which the DFBG has to be
adapted to solar-mode operation. Our aim in the following
sections is to analyze the DFBG processing biomass from
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the chemical reactor engineering perspective, coming up with
optimal reactor design and coupling with the solar field. This
contrasts with [17] where a global analysis of coal-to-liquid is
made without analyzing the DFBG performance.

3.2 Modeling

3.2.1 Model approach

The steam gasification of 1 mol of biomass can be
represented by the stoichiometry of reactions R1 and
R2, establishing the amount of reactants involved (steam
biomass ratio, SBR) and products (H2 and CO/CO2)
generated provided the reactions are complete. This is
just an ideal reference case and not the actual situation
when using FBG, in which thermodynamic and kinetic
limitations result in a more complex product distribution
[23] as indicated in R3, [23].

CH1:44O0:66 þ λH2O H2O→nH2H2 þ nCOCO

þ nCO2CO2 þ nCH4CH4 þ nC2H4C2H4 þ nC Sð ÞC sð Þ

þ nH2OH2Oþ nC10H8C10H8 ðR3Þ

where besides CO and H2, other components are present in the
product gas, such as hydrocarbons (mainly CH4, and other
light compounds, lumped into C2H4) and tars (lumped into
naphthalene C10H8) as well as solid carbon (char, i.e., C(s)).
In addition, there is always unconverted steam even when
feeding the stoichiometric steam according to R1.

Calculating the distribution of the syngas and char for dif-
ferent operating conditions in a FBG is complex and several
models can be applied. Three approaches can be applied to
model steam gasification in an FBG [24]: (i) the assumption of
equilibrium (EM); (ii) the application of kinetic models (KM),
taking into account chemical and fluid-dynamic rate consid-
erations; (iii) the combined approach, sometimes called
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pseudo-equilibrium (PEM). EM is the most universal way to
close the calculations but fails in predicting real gas composi-
tion and fuel utilization (char conversion). KM gives better
representation of the process for a specified system (geometry,
type of biomass, etc.) but a great deal of inputs are required,
and the conclusions are system-dependent. PEM is based on
equilibrium relations together with semiempirical inputs to
take into account kinetic and flow rate limitations. It is a rea-
sonable compromise between EM and KM using some com-
prehensive models supported by empirical closures.

3.2.2 Model of the SDFBG

The model of the DFBG considers the gasification and com-
bustion units and the solids stream coming from the solid
particle receiver. In the gasification unit devolatilization, sec-
ondary reforming of gas and tar and steam gasification of char
takes place, summarized by R3. The PEM developed in [23] is
adopted here to model the gasification unit. The process is
simplified by decoupling primary and secondary conversion.
The primary yields of fuel devolatilization are methane, eth-
ylene, tar, and char. Then, the char is gasified, the light hydro-
carbons reformed with steam, and the tar is converted by
reforming/cracking. The composition of the outlet gas is ob-
tained by applying the equilibrium of the water-gas-shift reac-
tion to the compounds released after devolatilization, and con-
sidering the overall atomic mass and heat balance over the
entire gasifier while taking into account the unconverted frac-
tion of hydrocarbons, tar, and char. Other assumptions for
modeling the gasification reactor are as follows: (i) conversion
of gaseous species assuming perfect mixing of gases both, in
the bed and freeboard, and first-order kinetics, with an average
gas residence time of 1 s (the actual geometry of the reactor is
not considered); (ii) char is removed from the gasifier with the
solids circulating to the combustor (neither elutriation nor me-
chanical removal of bottom ash is considered); and (iii) the
char is converted by steam gasification considering that the
particles are perfectly mixed in the reactor and following the
uniform conversion model (see Section 3.2.3).

The unconverted char from the gasifier is conveyed to the
combustion unit together with inert material and catalyst (if
any) and is considered to be completely burnt with air accord-
ing to reaction R4. Finally, the heat balance between the gas-
ifier and combustor is made to close the overall heat balance
of the system. More details of the model are presented in [25].

nC sð ÞC sð Þ þ λO2O2 þ 3:76λO2 N2→nCO2;cCO2 þ 3:76λO2 N2

ðR4Þ

Given the gasification and combustion temperature, the
steam to biomass in the gasifier, the excess of oxygen in the
combustor, and the temperature at which gasification agent

and air are fed to the system, the model gives the yields and
composition of the syngas and flue gas for any specified ex-
ternal heat. The solids circulation rate (per unit of kgbio,daf) is
calculated to balance the heat between the two units since the
overall system is autothermal. For the autothermal (no-solar)
case, the external heat is zero and the amount of char burnt in
the combustor is the maximum one. For the allothermal case,
all the char is converted in the gasifier and the combustor is
idle, being maximum the external heat to the system.

3.2.3 Model of char conversion in an FBG

The conversion of the char is the rate-controlling process in
FBG gasifiers and must be carefully modeled to analyze the
performance of both stand-alone and DFBG. In a convention-
al DFBG, only a limited fraction of the char generated after
fuel devolatilization is converted with steam, while the rest is
driven to the combustor. In a solar DFBG, however, high char
conversion could be achieved if the proper rate of external
heat transfer is provided to the gasifier.

In general, it is difficult to fully convert the solid carbon in
a single FBG, both in a stand-alone FBG and in the gasifica-
tion unit of a DFBG. Even in units operating with high tem-
perature and reactor volumes, or when an external catalyst is
used, the backmixing of solid particles makes complete char
conversion difficult in one single unit. The extent of char
conversion in the gasifier depends on the carbon-steam gasi-
fication rate of the char particles (CO2-carbon rate is much
slower) and their residence time in it. On the one hand, the
rate of reaction depends on the temperature, the species con-
centration (mainly steam, but hydrogen can be also important
as it inhibits the carbon-steam reaction rate), the intrinsic re-
activity of the char (fuel type and form of char generation),
and the quality/extent of gas-solid contact. On the other hand,
the residence time of the char particles depends on the rate of
solids removal that can be unintentionally happen by gas-solid
elutriation from the bed and/or, in the case of DFBG, by re-
moving the solids to carry them to the combustor.
Theoretically, in a FBG without any kind of char removal,
i.e., in an ideal stand-alone FBG processing an ash-free bio-
mass without elutriation, the residence time of char could be
infinite, and consequently, the char conversion could be com-
plete, provided the reactor volume is high enough. In practice,
due to kinetic limitations and ash-related issues, there is a
throughput of char flow rate (i.e., kg m−2 s−1) that can be
converted in a gasifier with a given solid inventory.

The model of char conversion developed in [23] is applied
here to analyze the char residence time required to achieve the
desired conversion in the gasification unit of a DFBG (con-
ventional and solar). In this model, the average conversion in
the gasifier is calculated by considering a population balance
of char particles, each one following a uniform conversion
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model with kinetics control, and perfect mixing of gas and
char in the fluidized bed gasifier.

As discussed above, the required char conversion in a
DFBG depends on the heat balance of the system: in a con-
ventional autothermal DFBG, the char conversion in the gas-
ifier is very limited because a significant fraction of the char
has to be burnt in the combustor to thermally maintain the
system. In a solar DFBG, the higher the external solar heat
provided, the higher the char conversion in the gasifier and the
lower in the combustor. As we discuss below, the char con-
version and residence time in the gasifier is strongly related to
the required gasifier mass inventory and solids circulation
flowrate between the gasifier and combustor and must be
carefully analyzed to properly design a SDFBG.

3.2.4 Equilibrium model of a completely allothermal gasifier

As a useful reference, the results from a model considering
equilibrium in a completely allothermal gasifier, where all the
biomass is converted with steam (in absence of air) giving the
maximum amount of external heat to the gasifier will be used.
This is the limiting case of an SDFBG without a combustion
unit and with an infinite residence time of the char. This ideal
case will be shown to be very useful as it results in the syngas
with the maximum solar share for a specified gasification
temperature.

3.3 Performance indicators

To quantify the contribution of external solar energy to the
system, the following parameters are defined:

& Specific external heat (SEH) defined as the solar heat sup-
plied to the system per unit of dry-and-ash-free biomass
(MJ/kgbio,daf).

& Solar share (SS), defined as the ratio between the solar
heat supplied to the system and the lower heating value of
the syngas (expressed in percentage).

4 Results and discussion

4.1 Analysis of the allothermal gasification

Figure 5a shows the equilibriummolar yields (mol of species i
per mol of dry ash-free biomass) of the main gases and solid
carbon at 1 bar of pressure as a function of temperature for a
steam equivalence ratio, ERH2O = 1 (ERH2O, steam fed/
stoichiometric steam to produce syngas according to R1).
According to equilibrium predictions, at low temperatures,
solid carbon (C(s)) and CH4 are present in the product gas,
but both disappear by reforming as the temperature is

increased. The carbon boundary point (disappearance of solid
carbon) is about 1200 K for ERH2O = 1, decreasing with
ERH2O (for instance, although not shown in the figure, it is
about 900 K for ERH2O = 4.33). CH4 virtually disappears at
1200 K and the CO and H2 increase with temperature as they
are the main products of carbon and methane reforming. The
increase is very significant as long as there is solid carbon in
the system (lower temperatures) whereas the increase slows
down beyond intermediate temperature, once the solid carbon
is reformed. For ERH2O = 1 and T > 1200 K, the syngas is
practically H2 and CO as given by the stoichiometry of reac-
tion R1.

The corresponding heat required for gasification (the heat of
reaction R3 assuming the equilibrium is achieved) as a function
of temperature (Tgas) is presented in Fig. 5b for various fuels
(biomass, coal, char, and pure carbon). It is shown that the heat
for gasification increases with temperature up to 1200 K
(923 °C) for practically all the fuels, i.e., up to the point where
the fuel is practically converted into CO and H2 as shown in
Fig. 5a. For biomass with LHV of approximately 18–18.5 MJ/
kgbio,daf at around 1000–1200 K (727–927 °C), the heat of
gasification ranges between 3.5 and 5.5 MJ/kgbio,daf (80–
130 kJ/molbio,daf). The region of biomass in the figure (region
marked in green in Fig. 5b) is well below that for char from
wood (blue) and pure carbon (represented as C in black).
Obviously, the higher the carbon to hydrogen ratio, the larger
the heat necessary and the more water is split. However, on the
basis of the heating value of the fuel, the ratio to be supplied to
the gasifier (MJ/kgfuel,daf) is of the same order for all fuels, in the
order of 25–35% of the LHV of the fuel. For instance, for pure
carbon, the maximum heat of gasification is around 11.5 MJ/
kgfuel,daf while LHV is roughly 33 MJ/kgfuel,daf, so the ratio is
approximately 35%.

To understand the effect of kinetic limitations, usually pre-
vailing in a real FBG, the effect of steam equivalence ratio
over syngas composition is presented in Fig. 6 over a wide
range of ERH2O for 850 °C, calculated with the pseudo-
equilibriummodel (graph a), while in graph b, the equilibrium
predictions are plotted for comparison. In the PEM, the char
conversion model is calculated using the reactivity of a typical
wood char as input and the average residence time of the char
is fixed at 20 min. In fact, the residence time of the char has to
be calculated case-by-case by considering entrainment and
elutriation and then the geometrical factor has to be defined
[23]. That is the reason why a typical value of 20 min is taken
as a reference for the simulations of Fig.6a. This value is
justified below after analysis of Fig. 9.

It is seen in Fig.6 that due to kinetic limitations, at 850 °C
and ERH2O = 1, the syngas is 80% CO and H2 with H2/CO
molar ratio of about 1, whereas all the syngas is made of CO
and H2 according to equilibrium predictions. This is explained
by the reforming of CH4 and hydrocarbons as well as char
gasification, which are complete according to equilibrium but
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only partially achieved in a FBG due to kinetic limitations.
The kinetic limitations are seen to occur at 850 °C at any
ERH2O since the quantitative predictions of kinetics and equi-
librium differ significantly, although the variation trends of
gas species concentration with ERH2O are similar for both
models.

An important issue for the present work is that the heat to be
supplied to the gasifier is much higher if an equilibrium is
attained, as the reforming of hydrocarbons and the gasification
of char (highly endothermic reactions) are almost completed,
releasing more H2 species. This effect is quantified in Fig. 7a
where the heat required in the gasifier (normalized by the low
heating value of the biomass, which is 18.6 MJ/kgbio,daf) is
plotted as a function of the gasification temperature. Although
the trends are similar (the heat supplied is higher at higher
temperature and steam to biomass ratio), the EM predicts 2–3
times more heat than PEM. This is because as the gasifier is

limited by kinetics factors, a great deal of carbon, methane, and
hydrocarbons are not reformed and the heat required is much
lower. In effect, at 850 °C, for instance, around 0.14 LHV of the
energy is necessary in the gasifier according to PEM, whereas
about 0.25 LHV is predicted by EM. The figure also shows that
the hydrogen benefits from increasing the gasification temper-
ature, especially if the process is kinetically limited (EM pre-
dicts a maximum H2 yield and gasification efficiency at high
ERH2O and intermediate temperature of around 750 °C). The
conclusion is that the more complete the ideal reaction (R1) to
syngas (CO and H2), the higher the heat storage in the product
gas. This is an important information for the design of the solar
gasifier discussed below.

Figure 8 shows the heat balance over a system with heat
recovery from the syngas according to equilibrium predictions
for ERH2O = 1. It is concluded that if equilibrium conversion is
attained, about 105 kJ/molbio,daf (4.25 MJ/kgbio,daf) is
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Fig. 5 The effect of temperature in allothermal steam gasification on a the
molar gas yields of the main species for steam gasification of biomass
according to R1 (tars and other light hydrocarbons are not depicted since
their concentrations are very low compared with the rest of species
included in the figure); b specific heat of steam gasification at

temperature T according to R1 (per kg of dry-and-ash-free fuel) for
different fuels: carbon, char, and biomass (the hatched region in the
figure corresponds to a typical biomass). Simulation corresponds to
equilibrium predictions with ERH2O = 1

Fig. 6 Effect on steam equivalence ratio in allothermal steam gasification on syngas composition (water and solid carbon are referred to wet gas, the rest to
dry syngas) at gasification temperature 850 °C. Graph a for PEM, i.e., taking into account kinetic factors, and b for EM, i.e., thermodynamic predictions

151Biomass Conv. Bioref. (2021) 11:143–158



necessary to be supplied to the gasifier even if the system is
energetically integrated (i.e., steam is produced from water
and superheated at 700 °C by heat exchange with the syngas).
This means that 20.68 kJ/molbio,daf is employed in water va-
porization and steam superheating for the gasification process
(typically 5 times less than the heat required in the gasifier,
i.e., 105 kJ/molbio,daf). This is an important consideration be-
cause the heat in the gasifier has to be provided at high tem-
perature (at a significantly higher temperature than 823 °C, so
typically in the range of 900–950 °C) whereas steam genera-
tion and superheating can be obtained with a lower tempera-
ture heat source (in the figure by the sensible heat of the
syngas). For higher steam to biomass ratio, for instance for
operation at ERH2O = 4.33 (SBR = 0.95 kgH2O/kgbio,daf), the
heat required to vaporize 1.3 mol of water and superheat the
steam up to 700 ºC is about 90 kJ/molbio,daf which is of the
order of the 113 kJ/molbio,daf that is needed in the gasifier at
823 °C for that ERH2O = 4.33). Nevertheless, operation with
such high steam to biomass ratio is not practical and it is only

applied in lab-scale studies. Therefore, the conclusion is that
for practical ERH2O (1–2), most of the heat for gasification
(60–80%) has to be supplied from a high-temperature external
heat source (> 900 °C).

As discussed above, simulation of char conversion in the
gasifier is a key step to predict the performance of steam
allothermal stand-alone gasification (Fig. 1a) since the main
effort must be concentrated to fully convert the carbon with
steam, for instance by operating at high temperature, high
solid residence times or by catalytic addition. In DFBG, in
contrast, the char generated after fuel devolatilization is barely
converted, but it is directed to the char combustor. Even in this
case, it is necessary to calculate the char available for com-
bustion since the gasifier heat needs must be satisfied by the
combustion heat, and the amount of char converted in the
gasifier establishes the additional fuel needed to be supplied
in the combustor to energetically balance the system.

The results from the char conversion model for a generic
FBG (so useful to examine the performance of a stand-alone
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Fig. 8 Heat integration into allothermal steam gasifier operating at 823 °C and ERH2O = 1 (SBR = 0.22 kg/kgbio,daf) according to equilibrium predictions,
with indication of main temperatures of streams and heat ratios needed

Fig. 7 Effect of gasification temperature on the heat to be supplied to the
gasifier (normalized by the heating value of the biomass, 18.6 MJ/
kgbio,daf) (a) and H2 molar yield (b) in an allothermal FBG, as a

function of gasification temperature for two steam equivalence ratios
ERH2O = 1 (black lines) and ERH2O = 3 (blue lines), using EM (solid
lines) and PEM (broken lines)
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FBG or a gasification unit of a DFBG) are shown in Fig. 9.
Graph a shows the residence time of the char particle needed
to attain 50% char conversion as a function of gasifier tem-
perature using steam-char reactivities for two different bio-
mass species, assuming average steam partial pressures of
0.20 and 0.60 bar. It is seen that at 800 °C, the char particle
needs to stay in the reactor between 10 and 30 min to achieve
half conversion (so that the yield of this biomass would be
0.06 kgchar/kgbio,daf at the gasifier exit, assuming an initial char
yield of about 0.12 kgchar/kgbio,daf), whereas at 900 °C, the
residence time required to achieve the same 50% conversion
is reduced about an order of magnitude (to 1–3 min). Graph b
shows how the char conversion is increased with temperature
and residence time for a fixed char (from wood) and steam
concentration in the gasifier. For instance, to increase the char

conversion from 0.5 to 0.8 at 850 °C, it is necessary to increase
the residence time from 10 to 40 min. For a given gasifier
design and inventory, the residence time does not change much
within reasonable fluid-dynamic conditions, so the conversion is
more affected by temperature and gas composition effects and
these effects are well captured by the model. Overall, this infor-
mation is of great relevance to know for instance howmuch char
will circulate with the sand from the gasifier to the combustor
with different biomass species and operating conditions (temper-
ature and residence time) in a DFBG.

4.2 Analysis of the conventional (non-solar) DFBG

In Fig. 10a, the solids circulation rate (per unit of kgbio,daf)
required to maintain the system autothermal (providing neither

Fig. 9 aResidence time of char for reaching 50% average conversion in a
FBG as a function of gasification temperature for various biomass chars
and steam partial pressures; b Residence time of char particles in the

gasifier as a function of average char conversion for various gasification
temperatures for wood char and steam partial pressure of 0.2 bar

(a) (b)

950 905

950
855

805

950

Fig. 10 a Solids circulation ratio (flow rate of solids/flow rate of biomass)
as a function of combustion temperature for three gasification temperatures.
b Corresponding char residence time as a function of char conversion (the

numbers indicated below the lines are the two extreme combustion
temperatures simulated for each gasification temperature). Char after
devolatilization 0.12 kg/kgbio,daf, ERH2O = 2 (SBR = 0.44 kg/kgbio,daf)
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ancillary fuel nor external heat) is plotted as a function of com-
bustion temperature for three gasification temperatures. For a
fixed gasification temperature, the solids circulation rate de-
creases rapidly with combustion temperature (i.e., higher differ-
ence of temperature between the two reactors, ΔT). It is con-
cluded that for keeping solids circulation rates under reasonable
values, ΔT should be in the order of 50 °C and above. In Fig.
10b, the corresponding conversion as a function of the resi-
dence time of the char in the gasifier is presented for the same
three gasification temperatures of Fig. 10a. As shown, the res-
idence time of the char in the gasifier decreases (so it does the
char conversion) with gasification temperature, since more char
yield has to be produced in the gasifier to be burned in the
combustor. Note that although the char reactivity is higher as
gasification temperature is increased, the char conversion in the
gasifier decreases because of the significant reduction in the
char residence time. It is observed in Fig. 10b that, for a given
gasification temperature, the higher the combustion tempera-
ture, the lower the degree of char conversion, especially at
lower gasification temperatures. The reason is that more sensi-
ble energy escaped with the flue gas when the combustor is
operated at a higher temperature, so a slightly more char is
necessary to be burnt in the combustor for equal gasification
temperature. Although not shown in the figure, the correspond-
ing cold gasification efficiency (chemical energy in the product
gas/chemical energy in the biomass) for the simulations made
in Fig. 10 decreases slightly with temperature, from to 71
(800 °C) to 68 (950 °C), and the lower heating value of the
dry syngas ranges between 12.8 and 13 MJ/Nm3.

Figure 11 presents the performance of a standard (non-
solar) DFBG at different gasification temperatures for fixed
combustion temperature, steam equivalence ratio ERH2O, and
inlet steam temperature. It is shown that the solids circulation
increases as the gasifier operates at a higher temperature.
Consequently, lower char residence time is required and lower

char conversion is attained in the gasifier (Fig. 11a). The
yields of syngas and H2 (Fig. 11b) decrease with gasification
temperature as a result of the lower char conversion in the
gasifier.

4.3 Analysis of solar DFBG

Figure 12 shows the performance of an SDFBG operating at
fixed gasification temperature with solid addition/removal to/
from the gasifier (Conf1, according to Fig. 4), as a function of
the specific external heat supplied to the system, SEH. The
internal solids circulation decreases significantly with SEH,
whereas the biomass space time, defined as the ratio between
themass inventory of the gasification unit and themass flowrate
of biomass, increases as seen in Fig. 12a (note that larger bio-
mass space time means larger mass inventory or reactor size for
a given biomass flowrate). Logically, no circulation is necessary
when all the heat required to the gasifier is externally supplied
(SEH= 3 MJ/kgbio,daf). Significant char conversion is reached
for reasonable residence time (80% of char conversion is
attained in the gasifier with a residence time of 28 min) but
higher char conversion requires excessive long residence time
and thus reactor volumes (see biomass space time in Fig. 12a).
The syngas produced is improved considerably (Fig. 12c) as a
result of higher steam-char conversion. Figure 12d shows that,
for SEH = 3 MJ/kgbio,daf, 15% of the chemical energy in the
syngas comes from the sun; besides, under this operation, the
syngas embodies all the energy of the biomass (in the form of
chemical and sensible energy).

Figure 13 shows the external solids circulation (that circu-
lating through the solar loop) as a function of the SEH for the
four configurations presented in Fig. 4. Configurations with
the solid removal in the same unit (Confs 2 and 4 and Confs 1
and 3) present the same value of external solids circulation, as
this results from the driving potential of temperature between
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the hot particles and the removal point. Therefore, since the
driving potential is lower, the external solids circulation is
higher in Confs 2 and 4.

Figure 14 compares the internal circulation for the four
configurations in Fig. 4. Conf 1 requires the lowest internal
solids circulation for equal SEH, whereas Conf 4 demands the
highest one. Confs 2 and 3 present different internal circula-
tions depending on the direction of the solids flow. Moreover,
Confs 1 and 3 present the highest external solar heat absorp-
tion capacity (highest SEH), reaching a value of 3MJ/kgbio,daf,
corresponding to a solar share of 15%, as shown in Fig. 12d.
In Conf 1, the internal solids circulation in the two directions
is the same and decreases with SEH, while in Conf 3, the
solids circulation to the gasifier is higher than that to the com-
bustor, and the difference of the two solid flows increases with
SEH. The internal solids circulation in Conf 1 becomes zero
when the system reaches the maximum solar share, i.e., when
it becomes completely allothermal. In this case, all the exter-
nal solids pass through the gasifier only, full char conversion
is attained in it, and the combustor is out of service.

An operational point is identified in Conf 2where the system
cannot absorb further external solar heat, even if more external
hot solids were introduced in the gasifier. At that point (SEH ≈
1 MJ/kgbio,daf) part of the char is burnt and char conversion in
the gasifier is limited to 0.46 reaching amaximum solar share of
about 6%. The maximum SEH attainable in Conf 4 is around
2.3 MJ/kgbio,daf, lower than the maximum SEH in Confs 1 and
3 (3 MJ/kgbio,daf). This results from the difference between the
driving potentials of temperatures (hot particles, combustor
950–905 = 45 °C, and gasifier, combustor 905–850 = 55 °C).
Since the latter temperature driving potential is higher than the
former, some char is burnt in the combustor to heat up the solids
from the gasifier to combustor and the char conversion is lower
than unity in the gasifier, resulting in SEH lower than the max-
imum. For the same driving potentials, for instance, by taking
combustor temperature at 900 °C (the two driving potentials
would be 50 °C), full char conversion is attained in the gasifier
and SEH would reach 3 MJ/kgbio,daf.

It is concluded that Conf 1 is the most attractive option
from a gasification perspective. However, additional aspects
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from the solar receiver side need to be considered. Solid re-
moval from the gasifier (Confs 1 and 3) will result in reacting
particles in the solar loop, which in principle poses new prob-
lems (the solid particle receivers currently under development
are mainly based on “open” designs [12] leading to the loss of
active particles). On the other hand, the removal of solids from
the combustor (Confs 2 and 4) will make it more difficult the
operation of the solar receiver (solids reaching the receiver at
higher temperature require higher circulation for a given
SEH), although it has the advantage of allowing for the use
of open solid particles receivers.

5 Conclusions and future work

In order to understand the possibilities of hybridization of
steam gasification of biomass using solar energy, the thermo-
dynamic and kinetic analysis of allothermal steam gasification
of biomass carried out in fluidized bed conditions is analyzed.
For a typical biomass with a heating value of 18 MJ/kgbio,daf,
the equilibrium predictions establish that the maximum solar
energy than can be transferred to the syngas ranges from 3.5 to
5.5 MJ/kgbio,daf (80–130 kJ/molbio,daf) for temperatures be-
tween 727 and 927 °C. The higher the temperature, the more
complete the biomass is converted into pure syngas (CO and
H2) and then the higher the solar share in the syngas. For
practical steam equivalence ratios ERH2O (1–2) and gasifica-
tion temperature in FBG (800–900 °C), most of the heat for
gasification (60–80%) must be supplied from a high-
temperature external heat source (> 900 °C). To assess the
kinetic limitations for typical operation of FBG, a comparison
between thermodynamic and kinetic predictions shows that
kinetic factors limit the amount of solar energy that can be
transferred to the syngas. For instance, at 850 °C, the actual
external energy supplied to a stand-alone FBG (calculated
taken into account kinetic factors) was estimated in the order
of 2.4 MJ/kgbio,daf, which is significantly lower than the max-
imum one calculated by equilibrium, which is 4.5MJ/kgbio,daf.

An analysis of the performance of an alternative form of
integration of steam gasification of biomass in a dual fluidized
bed (DFBG) using solid particles to carry the solar energy
from the solid particle receiver to the reactor is presented.
Instead of directly exposing the reaction chamber or an inter-
mediate emitter material to the solar radiation, as it has been
most often applied up to now, in this process, the solid parti-
cles act as an energy carrier and energy storage material, en-
abling continuous syngas generation with high thermal inte-
gration. A theoretical analysis of the DFBG system (using a
kinetic model of the gasification unit) shows that, for a stan-
dard configuration (introducing and extracting the solids to/
from the gasifier), the process can be conducted efficiently in a
DFBG with char conversions of 80% in the gasifier corre-
sponding to an average char residence time of 28 min, which

is a reasonable figure for a bubbling gasification unit of a
conventional DFBG. This mode of operation requires
2.4 MJ/kgbio,daf of solar energy, resulting in a syngas with
12% of solar share, i.e., embodying approximately 12% of
solar energy in the form of chemical energy in the syngas
(other modes of operation yield different figures but similar
conclusions are obtained). The analysis of different configu-
rations integrating the solar receiver and the DFBG showed
that the addition and removal of solids from the gasifier unit is
the most attractive option but limits the operation to closed
solid particle receiver or enforces carrying out solids separa-
tion before sending them to the receiver. Nevertheless, addi-
tional aspects have to be considered like the operation of the
system under daily and seasonal weather variations through-
out the year coupled to a solar field using hourly data for
different locations [25], and the design and optimization of
the new gasifier considering operational flexibility, i.e., differ-
ent modes of daily and seasonal performance. Overall, the
analysis demonstrates the potential of adding solar thermal
energy to a DFBG to increase the chemical energy of the
syngas, providing first estimates for further analysis of the
system.
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