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Abstract: This paper reviews the most recent information about the main operations to produce
energy from carbonaceous materials, namely biomass and wastes through the integration of gasifi-
cation, syngas cleaning and solid oxide fuel cells (SOFCs), which have shown to be a good option
for combined heat and power (CHP) production, due to high efficiency and low environmental
impact. However, some challenges still need to be overcome, mainly when mixed feedstocks with
high contents of hazardous contaminants are used, thus syngas cleaning and conditioning is of major
importance. Another drawback is SOFC operation, hence new materials especially for the anode has
been proposed and tested. An overall process to produce CHP by gasification integration with SOFC
is proposed.

Keywords: gasification; syngas conditioning; solid oxide fuel cells (SOFC)

1. Introduction

The application of green technologies to produce energy creates possible ways for
sustainable development. A solid oxide fuel cell (SOFC) is an attractive candidate for
energy production from biomass generation that shows advantages in a variety of fuels,
quiet operation, low or zero emission and high efficiency. The integration of the biomass
gasification process (thermochemical system that converts carbonaceous materials into
gaseous products in the presence of gasifying agents such as air, oxygen and steam either
alone or in the mixture) with SOFCs shows that it is a positive route in using carbonaceous
wastes and/or bioproducts as feedstock. The produced syngas (mainly composed by H2,
CH4, CO and CO2) can be used as fuel for SOFCs to enrich the value of biomaterial as
a energy resource from biomass. So, it can be considered that SOFCs are in focus to be
integrated with biomass gasification technologies to have a single and highly efficient
system; combining the benefits of renewable energy sources and hydrogen energy systems.
However, an important aspect to take into account is that syngas needs to be cleaned to
meet the requirement of SOFCs. Additionally, the development of new materials for SOFCs,
more tolerant to contaminants, is a crucial point for the sustainability of the integrated
systems, because it will contribute to increase the performance and the life time of the
cell. This paper reviews the most promising gasification technologies for carbonaceous
materials conversion into a gaseous mixture (syngas) to be used in SOFCs. Some focus will
be given to novel and emerging gasification technologies. Syngas composition depends on
the feedstock used, gasifier type and operating conditions. Usually syngas composition
does not meet the requirements for SOFC use, thus downstream clean up and conditioning
is needed. Hot syngas conditioning processes for different impurities are reviewed, as hot
processes are the best option, because SOFCs operate at high-temperature. A suitable
overall process to produce syngas to be used in SOFCs is proposed.

The main purpose of this review article is to present the fundamentals to implement
biomass gasification integrated SOFC, for combined heat and power (CHP) generation.
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2. Biomass Gasification for Syngas Production

Gasification converts carbonaceous materials into a gaseous mixture, generally named
as syngas, which contains a mixture of CO, H2, CO2, CH4 and other gaseous hydrocarbons,
H2O, tar, sulphur and nitrogen compounds (mainly H2S and NH3) and other trace species.
Syngas composition depends on the feedstock used, gasification technology, operational
parameters, including gasification agent (steam, air, oxygen and CO2) and catalyst type.
Some solids are also obtained, consisting mainly of char and ash. Table 1 summarizes the
main reactions that occur during gasification.

Table 1. Main gasification reactions [1].

Reaction ∆H (kJ/mol)

Oxidation

C(s) + O2 � CO2 −392.5 (1)
C(s) + 1

2 O2 � CO −110.5 (2)
H + O2 � H2O −242.0 (3)
CH4 + 1

2 O2 � CO + 2H2 −35.7 (4)
CH4 + 2O2 � CO2 + 2H2O −802.3 (5)

Boudouard C(s) + CO2 � 2 CO 172.0 (6)

Water Gas: primary
secondary

C(s) + H2O � CO + H2 131.4 (7)

C(s) + 2 H2O � CO2 + 2 H2 90.4 (8)

Water–gas shift CO + H2O � CO2 + H2 −41.0 (9)

Steam Reforming

CH4 + H2O � CO + 3 H2 205.9 (10)
CH4 + 2 H2O � CO2 + 4 H2 164.7 (11)
CnHm + n H2O � n CO + (n + m/2) H2 210.1 (12)
CnHm + n/2 H2O � n/2 CO + (m-n) H2 + n/2 CH4 4.2 (13)

CO2 Reforming
CH4 + CO2 � 2 CO + 2 H2 247.0 (14)
CnHm + n CO2 � 2n CO + m/2 H2 292.4 (15)
CnHm + n/4 CO2 � n/2 CO + (m-3n/2) H2 + (3n/4) CH4 45.3 (16)

Methanation

C(s) + 2 H2 � CH4 −74.6 (17)
CO + 3 H2 � CH4 + H2O −205.9 (18)
2CO + 2 H2 � CH4 + CO2 −247.3 (19)
CO2 + 4 H2 � CH4 + 2H2O −164.9 (20)

Decompositions of tar/hydrocarbons pCxHy � qCnHm + rH2 (21)

CnHm � nC + m/2H2 (22)

2.1. Feedstock Composition and Gasification Operating Conditions

Feedstock composition, gasifier type and operating conditions are the main issues that
affect syngas yield and composition. Many researchers have studied gasification of many
types of feedstocks, mainly coal, biomass and wastes, either used alone or in mixtures and
a huge amount of publications may be found in the literature. Feedstock to be gasified
needs to have the right physical and chemical properties, as they affect syngas composition,
cleaning, upgrading and end-uses. Low moisture content is a key issue, as moisture reduces
gasification thermal efficiency, because of the energy spent on biomass drying inside the
gasifier and of gasifier temperature reduction, leading to the release of more tar. Feedstock
density is also important, as it affects transportation, gasifier feeding and performance [2].
In relation to chemical composition, Ren et al. [3] stated that usually the higher the ratio
(hemicellulose + cellulose)/lignin the higher syngas production, as wood, straw and plant
biomass present higher content of cellulose, whilst shells contain more lignin, generally the
latter produce less syngas. Feedstocks should also have high calorific value, low ash and
low contents of undesirable elements like chlorine and sulphur. High ash content causes
agglomeration, erosion and corrosion problems. High sulphur, nitrogen and chlorine
contents promote the formation of high H2S, NH3 and HCl contents. The use of mixtures of
different feedstocks in cogasification processes may be beneficial to decrease the contents
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of undesirable components, as stated by Pinto et al. [4] about cogasification of low grade
coals (with high ash and sulphur contents) blended with different types of biomass and
wastes. On the other hand, the use of polyethylene in the coal blends studied, favored the
formation of tar and gaseous hydrocarbons, which also increased syngas calorific value.

Gasifier operating conditions are also a key issue in syngas yield and composi-
tion. The most important parameters are: temperature, gasification agent and residence
time. Many researchers have investigated the effect of operating conditions, namely
Watson et al. [5] that reviewed the effect of gasification parameters and gasifier types. High
temperature favors gasification process and thus carbon conversion increases, while tar con-
tent in syngas decreases, enriching H2 and CO contents in syngas [6]. However, ash melting
point limits gasification temperature. The increase of residence times has a similar effect as
temperature. High residence times usually favors char reaction, and thus lower contents of
char are obtained, the release of S, N and Cl may be also favored, but the conversion of
these elements compounds and of tar may be also favored. Hence residence time affects
syngas composition, but its effect may act in opposite directions and thus it is not always
easy to predict [7].

The use of steam as a gasification agent usually increases hydrogen content in syngas,
while tar is reduced, as steam reforming reactions (12) and (13) are promoted. The rise
of oxygen content (and of the ER–equivalent ratio) in the gasification medium promotes
oxidation reactions (1) to (4) and thus the formation of H2O and CO2, while temperature
increases. ER is defined as the ratio between the amount of oxygen used and the stoichio-
metric oxygen needed for complete combustion of the feedstock. The use of high ER values
decreases syngas calorific value, hence ER in range of 0.2–0.4 are usually suitable to control
tar release and syngas calorific value [7].

Another important issue is the low energy content of syngas when air is used as a
gasification agent, due to the nitrogen diluting effect. To solve this problem pure oxygen
could substitute air, as proposed in some concepts. However, the cost of oxygen production
for the gasification installation would reduce its economic viability. Another option is the
use of enriched air, with oxygen amounts higher than that found in air, like enriched air with
40% (v/v) of oxygen, as the production of this mixture by membrane technology presents
a suitable price [8]. Nevertheless, the syngas obtained would contain some nitrogen and
lower heating value than that obtained with pure oxygen. A new option could be the
production of oxygen by water solar electrolysis and solid oxide electrolysis [9]. Oxygen
will be used instead of air and the hydrogen produced could be mixed with syngas.

Feedstocks pretreatment is another key issue, the most common is drying to ensure
moisture contents below 15% and may exclude gasification of some feedstocks, due to the
price of drying operation. Milling to reduce particle size is another common pretreatment,
but particle size depends on technology, fixed beds may process wastes up to 50 mm,
while entrained flows require much smaller particles usually below 500 µm and fluidized
beds in between (0.5–5 mm). On the contrary, some feedstocks require pelletization to
increase density prior to gasification, decrease moisture and pathogen contents, facilitate
inlet operation and improve uniformity and homogeneity inside the gasifier [10]. Torrefac-
tion has also been considered as a pretreatment operation, as it increases energy density
and feedstocks hydrophobic characteristics, thus allowing open air transportation and
storage. Torrefaction treats feedstocks at 200–300 ◦C under minor air conditions for around
30 min [10].

Several authors have studied the presence of catalysts in gasification of different types
of carbonaceous materials. The most tested catalysts were natural minerals, like: limestone,
dolomite, olivine, limonite, activated carbon and different metal-based catalyst like iron,
nickel, magnesium, etc. Ren et al. [3] compared the performance of different catalysts
tested for gasification of several types of biomass and stated that Ni-based catalysts favor
syngas production and promote tar cracking in presence of steam. Some additives (like
Ce, La, Mg, K, Mo, Zr and Mn) could improve the performance and stability of Ni-based
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catalyst, particularly Mo, Zr and Mn led to the highest activity and stability during biomass
gasification.

Due to the austere conditions inside the gasifier, low cost minerals are the best option.
Though the best results have been obtained with some metal-based catalysts, like nickel for
instance, the high cost and fast deactivation prohibits its use inside the gasifier and advises
its utilization for syngas conditioning.

2.2. Gasifier Type and Design

Another important issue is the gasifier design. Gasifiers may operate in two distinct
ways and syngas quality depends on the method used to provide the heat needed for
primary endothermic reactions. In direct or autothermal gasification, air or oxygen is
supplied to the gasifier to promote partial oxidation of the feedstock and supply the needed
heat to the process. When air is used, the produced gas has low heating values (in the
range of 4–7 MJ/Nm3), due to a nitrogen diluting effect. On the other hand, in indirect or
allothermal gasification, steam or CO2 or mixtures of both are used as gasifying agents,
the product gas is free of nitrogen, but an external source of heat is needed.

There are mainly three types of gasifiers: fixed bed, fluidized bed and entrained
flow. The first one is the original gasifier technology and the most used. Fixed beds are
simple and reliable, with well-known technology. As they have low and non-uniform
heat and mass transfer, high amounts of char, tar and particulates may be produced.
There are three types of fixed bed gasifiers: updraft (or counter-flow gasifier), downdraft
(or cocurrent) and crossdraft. These gasifiers are suitable for installation up to 10 MWe
and have proved perfect for power generation from biomass and in combination with
internal combustion engines for decentralized installations [11]. Updraft gasifiers have the
advantage of having high thermal efficiency and leading to lower char, but the disadvantage
of slagging, especially for feedstocks with high ash content. In the downdraft gasifier,
gas leaves at the bottom of the reactor at a higher temperature, thus with lower tar content.
However, downdraft gasifiers are also unsuitable for feedstocks with high ash content and
low ash fusion temperatures, as slagging and clinker formation may occur. In crossdraft
gasifiers gasification medium is introduced in the side of the gasifier near the bottom, as in
the down draft gasifiers, but gas leaves the reactor on the opposite side [1].

Fluidized bed gasifiers (bubbling and circulating) require biomass pretreatment to
reduce the particle size, but they have the advantages of uniform heat and mass transfer,
due to the use of hot inert bed materials, usually silica sand [1,3,5,11]. Thus, there are no
distinct zones as in fixed beds and all the processes occur almost simultaneously. Bubbling
fluidized beds are easy to design, to build, to operate and to control the temperature.
However, due to the lower operating temperatures, around 800–900 ◦C, the gasification gas
contains tar (10 g/Nm3), hydrocarbons and particulates and needs treating and upgrading.
These problems may be reduced by using a circulating fluidized bed, as solids leaving
the gasifier are collected in a cyclone and returned to the reactor, hence increasing carbon
conversion. Slagging from ash may also be a problem. Despite the advantages of circulating
fluidized beds, they are still less commonly used than bubbling fluidized bed, because they
are more difficult to operate and control and have higher cost [1,3,5,11].

Entrained flow gasification was developed for the coal industry. Feedstocks with very
small particle sizes are required, thus this type of gasifier is not suitable for some feedstocks,
due to the difficulty of grinding these materials. Feedstock and oxygen (generally used
instead of air) usually flow in cocurrent operation and the gasification reactions occur
without separate zones. Entrained flow gasifiers use high temperature up to 1300 ◦C, thus,
leaving syngas has low contents of tar and hydrocarbons [1,3,5,11]. Another benefit of
entrained flows is the removing of ash as a slag at a temperature above the ash fusion
one, which avoids bed agglomeration. Nevertheless, operation costs are higher than in
the other described reactor types and capital costs are also higher, due to the need of
expensive materials of construction and more complex fabrication. The need of using
pulverized feedstocks is an important drawback, as a great deal of energy is required.
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However, this disadvantage may be overtaken by pretreating the carbonaceous materials
prior to gasification, using torrefaction, slow pyrolysis, flash pyrolysis and prefluidized
bed gasification [1,3,5,11].

Plasma gasification is an emerging technology suitable for complex feedstocks like
MSW, capable of producing a clean syngas with high-energy content (12–15 MJ/Nm3) and
low amounts of solid are produced, converting ash into vitrified and inert slag. The main
drawback is the use of very high temperatures (up to 5500 ◦C), which require very high
electricity consumption to run the plasma and the use of expensive advanced building
material, thus this technology require high CAPEX and OPEX. New developments of
plasma gasifiers have focused on decreasing energy consumption and capital cost and on
increasing reliability and commercial availability [12].

Some developments of gasification technology include the two-stage gasifier of Tech-
nical University of Denmark (DTU) where oxidation and pyrolysis processes are separated.
Heat for pyrolysis is also obtained by biomass partial oxidation and the radiant heat from
the gasification region maintains the temperature in the pyrolysis region. Exhaust gases
are used for biomass drying and indirectly heat the pyrolysis step [9]. The main challenges
are ensuring low tar contents and increasing syngas heating value, cold gas efficiency and
carbon conversion.

The DFBG (dual fluidized bed gasifier) also uses two separate chambers, fluidized bed
acts as the gasification unit and the other as a combustion unit. The inert solids moving
from one reactor to the other, transfer heat from the combustion unit to the gasification
bed. Besides this, other advantages are the bed material can carry char from gasifier to
combustor and the bed material can be a carrier of catalytic species. The adaptation of
DFBG to the chemical looping system is expected to improve the performance, namely
by decreasing tar release, and to increase economic viability [13]. Transport gasifier is a
variation of fluidized bed gasifiers that integrates features of entrained-flow and fluidized
bed gasifiers. So far the performance of the DFBG has not yet been completely shown [14].

The most recent progress in gasification technology has focused on producing syngas
with minimum cleaning requirements. The main objective was to design single reactors
with multistage gasifiers. It has been developed an option that includes post gasification
tar reformers within the single reactor [11]. Investigation interest has also risen in plasma
gasification for both small scale and larger-scale operations. The Woodroll process uses
an entrained flow gasifier that operates at around 1100 ◦C and at atmospheric pressure.
The previously pyrolyzed char is gasified with steam and the gas obtained in the initial
pyrolysis process is used as a fuel for internal heating of the plant facilities [15].

There are several small-scale commercial gasifiers, Thomson et al. [11] presents a
list of manufacturers and the key gasifier technology for the production of syngas and
with output between 70 kWe and 3 MWe. In Table 2 some examples of manufacturers for
commercial available gasifiers technology are presented. Typical gasifier performance is
also listed by Thomson et al. [11].

For small-scale operation, the most recent developments have added some modifi-
cations to the classic designs of fixed bed gasifiers, namely the design of the throat, the
size of the hearth mantle and the location and shape of the air nozzles. One of the main
innovations has been the separation of reaction zones for fixed-bed gasification with the
aim of improving control and decreasing tar and particulates release [11]. However, this
concept increases the scale and the overall cost. Additional investigations have focus
on developing alternative concepts of segregated processing with more automation and
control and on creating modular systems to offer scale and operational flexibility [11].
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Table 2. Examples of manufacturers of key gasifier technology [11].

Gasifier Technology Manufacturers Reference

Downdraft gasifier

Aries Clean Energy [16]
Bioresidues Energy Technologies [17]

Holzenergie wegscheid [18]
Infinite Energy [19]

LiPRO Energy GmbH & Co. KG Germany [20]
URBAS [21]

Joos downdraft gasifier–Spanner Re2 [22]
Ronda Engineering Srl [23]

Xylowatt [24]
TARPO [25]

Community Power Corporation [26]
BIO&WATT Gasification s.r.l. [27]

Updraft gasifier

ReGaWatt GmbH [28]
Updraft co-current–Burkhardt Energie [29]

PRM Energy Systems [30]
Torbed [31]

Stratified combined
updraft/downdraft

A.H.T Pyrogas [32]
BR Energy Group [33]

Pyrox [34]
Terruzzi Fercalx Energy Group [35]

Chanderpur Works [36]

Fluidized bed gasifier Bubbling fluidised bed gasifier–EQTEC [37]
Aries Clean Energy [16]

Entrained flow gasifier MEVA Energy [38]
Woodroll® entrained flow gasifier–Cortus Energy [39]

Besides the type of gasifier technology, a key issue is installation scale [11]. Large-
scale gasification installations focus on obtaining syngas to be used in chemical synthesis
for fuels and chemicals production, to which gas cleaning and conditioning is of major
importance. While small-scale decentralized installations focus on electricity generation
and CHP systems, better overall system efficiency is usually achieved for smaller-scale
systems that only need cheaper localized feedstock transportation [11].

Indrawan et al. [12] presents a list of the main characteristics of advanced commercial
gasifiers with the design and the main features of each one. These authors also reviewed the
features of advanced gasifiers suitable for biomass and solid waste applications. Some of
these technologies are promising though they are still at the bench scale. Some designs
combine bubbling, fluidized and fixed bed concepts, like: Milena, LT- low temperature
circulating fluidized bed, two-stage fluidized catalytic and two-stage fluidized-entrained
flow. Another design has emphasis on tar cracking like internal cyclonic downdraft and
Viking gasifier. Supercritical water gasification is a new concept that has the advantage
of dealing with feedstocks with high moisture contents and operates at conditions above
those of water critical conditions. In Table 3 the main characteristics of some advanced
commercial gasifiers are presented.

The key indicators for selecting gasification technology are strictly related with gasifier
performance and the production of clean syngas with minor needs of upgrading. Several
authors have selected different parameters, but according to Thomson et al. [11] those
presented in Table 4 should be considered.

The challenges of biomass and wastes gasification include the development of tech-
nologies that allow the use of mixed feedstock with higher contents of moisture and
hazardous contaminants, like RDF (residual derived fuel) for instance, with minimization
of fouling and slagging. Another important issue is the operation at reduced temperatures,
for capital and operating costs reduction, or increasing the durability of building materi-
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als and refractories, but ensuring the production of cleaned syngas with minor needs of
conditioning and upgrading for application in solid oxide fuel cells.

Table 3. The main characteristics of some advanced commercial gasifiers [11,12].

Technology Main Characteristics Reference

UNIQUE
Integrates gasification, gas cleaning (catalytic filter candle in the

freeboard) and conditioning in one single unit. Air or steam/O2 are
used as gasification medium. Tar levels of 1 g/Nm3 are reported.

[40]

Milena

Pyrolysis (CFB) and combustion (i.e., BFB) are performed in two
separate, sequential reactors that are integrated in one refractory

lined container. Air is used as gasification medium. The dilution of
the syngas by N2 (from the air stream) and CO2 and H2O (from the

combustion section) is minimized.

[41,42]

Internal cyclonic downdraft

Deals with low-density biomass and MSW. Uses internal separate
combustion to generate high-temperature combustion flows. Air is

used as gasification medium to produce syngas with tar content
(300–400 mg/Nm3).

[43,44]

Multi-stage (Viking gasifier)
Combine pyrolysis and gasification. Air is used to produce syngas
with low tar content (<15 mg/Nm3). Cold gas efficiency (CGE) of

93% and electrical efficiency of 25% are obtained.
[45]

Güssing fluidized bed
Dual fluidized bed reactors and nickel-based catalytic filters are

inserted in the gasifier freeboard, using air/steam as gasifying agent,
produces low tar (2–5 g/Nm3) and particulate matter.

[46,47]

LT-Circulating Fluidized Bed (CFB)

Suitable to deal with difficult biomass (straw, manure fibers, sewage
sludge). Consists of two gasification stages. In the first one is used

CFB at 630 ◦C and the second one uses BFB at 730 ◦C. CGE from 87%
to 93% is reported,

[46]

Two-Stage Fluidized Catalytic
In the first stage a fluidized bed with silica sand is used and in the
second stage a fix bed with catalyst for tar reforming is used. Tar

content of 60 mg/Nm3 was reported.
[48]

Two-Stage Fluidized-Entrained Flow
In the first stage the fluidized bed operates at 650 ◦C and in the

second stage the entrained reactor operates at 1300 ◦C. Syngas is
produced free of tar and a CGE up to 64% is obtained.

[49]

Drop through plasma Heliostorm™
gasifier

Ionic Gasification, very high temperature of 10,000 ◦C is obtained in
the core reaction zone. Carbon vaporizes at this temperature,

breaking down into gaseous carbon atoms. Feedstock breaks down to
individual atoms, leading to clean syngas without by-products, tar or

harmful components.

[50]

Floating bed gasifier

In conventional fixed bed reactors the force of gravity and the gas
flow act downwards and increases compression, while in the floating
fixed bed reactor from SYNCRAFT these two forces act in opposition.

Thus, feedstock inside the gasifier remains loosened and well
permeable. The innovative floating fixed bed technology, leads to the
highest degree of efficiency and allows the maximum raw material

flexibility with economic advantages.

[51]

Supercritical water
Deals with wet and high moisture content feedstocks, without the

need of pre-drying. Operates at conditions above those of
supercritical water (22 MPa and 374 ◦C).

[52,53]

Up to now no commercial gasifiers can produce syngas that meets the requirements
for use in fuel cells, namely SOFC, but generally downstream clean up and conditioning
is required.
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Table 4. Key indicators for selecting gasification technology [11].

Key Indicator

Tar before gas cleaning 5–50 mg/Nm3 of tar in producer gas leaving

Syngas heat content (LHV) Depends on gasification agent from 4–7 MJ/Nm3 (with air) to
10–12 MJ/Nm3 (with O2, steam, CO2)

Syngas quality Depends much on feedstock, technology and gasification conditions

Cold gas efficiency Usually in the range 75 to 90%.

Carbon conversion efficiency Usually > 90%

Biomass requirements (size and moisture content)

Usually moisture contents below 10–15%
Particle size depends on technology (much smaller for

entrained flows)
Other feedstocks pre-treatments: torrefaction and pelletization

Gasification temperature For fluidized bed gasifiers: 800–850 ◦C
For entrained flow gasifiers: 1100–1300 ◦C

Exit gas temperature Depends on technology usually >800 ◦C

Scalability and modularity For the minimum size units: 100–500 kWe Some units are scalable to
2 MWe or more.

Catalyst/bed systems Usually low cost minerals like: dolomite or olivine

Technical complexity
Technical complexity depends on the technology and increase CAPEX

and OPEX. General units have medium complexity and are semi
autonomous, except plasma gasifiers that are highly complex.

3. Syngas Cleaning and Conditioning
3.1. SOFC Requirements for Syngas Utilization

As mentioned before, syngas characteristics and quality is much dependent on feed-
stock composition. Gasification of wastes with considerable amounts of S, Cl and N is
expected to produce syngas with several undesirable impurities including: tar, particulate
matter, S, Cl and N compounds (mainly NH3, HCl and H2S). The formation of such unde-
sirable compounds needs to be controlled and reduced during gasification by adjusting
gasification operation conditions, like temperature and air (or oxygen) flow rate. However,
most of the time, it is not possible to produce syngas with the required characteristics for
its end-use, namely SOFC, thus syngas needs to be cleaned and conditioned. SOFC is a
good option to use syngas, as its requirements for syngas composition are less demanding
than those of other fuel cells (Table 5). Depending on initial syngas composition, expensive
cleaning and conditioning technologies may be needed. Thus, the optimization of wastes
gasification is a main issue to achieve the production of syngas with the minor contents of
undesirable contaminants to its utilization in SOFC.

After syngas production by gasification, it needs to be cleaned and conditioned. Syn-
gas clean-up usually means to remove undesirable compounds or contaminants like H2S
or NH3, for instance. Syngas conditioning generally means to change syngas composition
to achieve a suitable composition for a specific end-use, for instance by the promotion
of some of the reactions presented in Table 1. Several syngas cleaning and conditioning
processes will be analyzed with the aim of removing particulate dust, tar and S, Cl and
other undesirable compounds. Special attention will be given to hot syngas cleaning
technologies, including thermal catalytic reforming of tar, hydrocarbons abatement and
water gas shift reaction, due to their efficiency and novelty.

New syngas cleaning and conditioning processes are at different stages of deployment,
but some of them need further research and development, especially concerning the
development of new catalysts, supporting materials and sorbents to improve the efficiency
and selectivity of these syngas conditioning technologies.
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Syngas cleaning and conditioning processes are highly dependent on syngas end-use.
Fuel cells and chemical synthesis are more demanding towards syngas composition than
other utilizations. In Table 5 the main syngas requirements to be used in fuel cells are shown.
High temperature fuel cells, like SOFC and MCFC, are less sensitive than low temperature
fuel cells and they are better suited to use syngas. Values presented in Table 5 are the
average ones, as variations of specific fuel cells may present different requirements. SOFCs
may operate with syngas containing CH4 and other light hydrocarbons, but impurities
like sulphur, chlorine, siloxanes and tars are forbidden, because they will not only interact
with the Ni-anode of the SOFC, but also the performance of other components will be
affected by their presence, in particular the fuel reformer. Reformer is likely to act as a trap
for contaminants upstream of the SOFC depending on the type of catalyst used (either
Ni-based or with noble metal catalysts [54]). Thus, syngas conditioning is mandatory.

Table 5. Requirements for syngas utilizations in a solid oxide fuel cell (SOFC) and comparison with other fuel cells MCFC
(molten carbonate fuel cell), AFC (alkaline fuel cell), PEFC (polymer electrolyte fuel cell) and PAFC (phosphoric acid fuel
cell) [55].

Impurity Particulate Total
Sulphur Total Chlorine NH3 Tar Alkali Metals Others

SOFC 10–100 ppm <1 ppm <1 ppm - <2000 ppm <1 ppm -
MCFC 10–100 ppm <0.5–1 ppm 1 ppm 1–3% vol <2000 ppm <1 ppm
AFC <100 ppm Poison Poison - Poison Poison Poisons: CH4, CO, CO2
PEFC <100 ppm Poison <1 ppm <1 ppm Poison Poison CO < 10 ppm
PAFC <100 ppm <50 ppm Poison Poison Poison Poison CO < 500 ppm

Hofmann et al. [56] tested an SOFC with a nickel gadolinium-doped ceria anode (Ni-
GDC) for several hours at stable continuous performance, using gas with reduced tar levels
below 0.5 g/Nm3. Gas without prereforming of tar was also tested for 7 h (tar levels higher
than 10 g Nm3). These authors stated that the SOFC anode was not affected by carbon
deposition or other impurity accumulation even when syngas with the higher tar content
was tested, however, cell voltage output was slightly smaller. Nevertheless, these authors
advise further studies to clearly understand the effect of heavy tars on SOFC operation.

Din and Zainal [2] compared the requirements of SOFC anodes: Ni-YSZ (nickel yttria
stabilized Zirconia) and Ni-GDC and found that Ni-YSZ anodes are less tolerant to syngas
contaminants than Ni-GDC, especially for tar and H2S. Ni-YSZ requires H2S contents
below 1 ppmv, while 3 to few ppmv may be accepted by Ni-GDC. The latter tolerates few
hundreds ppmv or larger of tar, whilst, Ni-YSZ requires a few to few tens of ppmv.

Different approaches may be used for syngas cleaning: hot gas conditioning, wet
scrubbing or dry/wet–dry scrubbing. These processes were reviewed by Milne et al. [57],
some of them were used in demonstration plants, but some of them are not commonly
accepted due to technoeconomic evaluation.

Mondal et al. [58] stated that syngas cleaning has to include the separation of char/soot
particles (particulates) together with acid gasses. Char materials and ash could be removed
from syngas in a two-stage water wash, containing a quench pipe (carbon separator) and a
packed tower. For acid gas removal (including H2S, COS and CO2) several methods may be
used: solvent absorption (wet process), using different chemicals: (i) monoethanol amine
(MEA), (ii) di-ethanol amine (DEA), (iii) methyl-diethanol amine (MDEA) and (iv) FLEX-
SORB (hindered amines). MDEA, Rectisol and Selexol processes are largely used. Rectisol
has high selectivity for H2S over CO2 and also has more capacity to remove COS. These syn-
gas acid components may also be removed by adsorption (warm process), using adsorbents
like ZnO/CuO, Cr2O3, Al2O3, etc. As stated by these authors the amount of impurities
to be removed from syngas depends on syngas application, its use in chemical synthesis
requires a higher degree of cleaning in relation to its application in power generation.

Asadullah [59] reviewed cold syngas cleaning and hot syngas cleaning processes for
different applications. Cold gas cleaning methods can be divided into dry syngas cleaning
and wet syngas cleaning. In dry syngas cleaning are included: cyclone, rotating particle
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separators, electrostatic precipitators, bag filters, baffle filters, ceramic filters, fabric/tube
filters, sand bed filters, adsorbers, etc. In wet syngas cleaning may be included: spray
towers, packed column, scrubber (wash tower), impingement scrubbers, venture scrubbers,
wet electrostatic precipitators, wet cyclone sand, etc. Hot gas cleaning can be attained by
removing the impurities by physical filtration at hot conditions or by converting impurities,
namely tar to gas by thermal cracking or by thermal catalytic cracking processes. The steps
of the gas cleaning systems should be the minimum possible and depends much on initial
syngas composition and on syngas application.

Wet scrubbing is an option when syngas utilization is at atmospheric pressure and
at low temperature. Usually after the cyclone, syngas goes into cooling or scrubbing
towers for heavy tars condensation. Venturi scrubbers are usually used for second wet
scrubbing. Tar separation may also be achieved by using demisters, granular fillers and
wet electrostatic precipitators (ESPs). The latter are more expensive than other tar removal
systems. The main wet scrubbing drawbacks are tar disposal and the formation and
accumulation of wastewater with organics, inorganic acids, NH3 and metals [58,59].

Some factors should be taken into account before the selection of the most suitable
process, namely: required syngas purity for downstream application, syngas composition,
temperature and pressure, process complexity, utility requirements, solvent degradation
and loss and cost. A very important issue in the selection of the conditioning process is the
temperature at which syngas is used.

3.2. Hot Gas Cleaning and Conditioning Processes

If syngas utilization requires high temperature, hot gas cleaning processes are the best
option to achieve a good heat management, as cooling the gas in wet scrubbing units and
reheating it afterwards would result in lower energy efficiency and higher operational costs.
According to Asadullah [59] hot gas cleaning is more advantageous in terms of thermal
efficiency than cold gas cleaning processes.

SOFC operates at high-temperature, being a good option when energy systems are
designed via biomass gasification, due to similar high operational temperature of SOFC
and biomass gasification process. SOFC also produces byproducts like heat, which is
proper for cogeneration facilities [60].

Toonssen et al. [61] compared low temperature gas cleaning with high temperature
gas cleaning process and found that the latter has the highest electrical exergy efficiency
(49.9%) and led to a slightly higher performance. As hot syngas conditioning processes is
the most suitable option for syngas use in SOFCs it will be next analyzed with more detail.

The first steps of hot gas cleaning processes are separation devices (cyclones and filters)
for particulates removal in which the high temperature of the syngas can be partly main-
tained. Particulate may contain unconverted residual carbon and inorganic compounds,
in which are included alkali metals (Na and K), alkaline earth metals (Ca), silica (SiO2),
other metals such as Fe and Mg and also minor amounts of arsenic, selenium, antimony,
zinc and lead [62]. Moreover, bed materials and/or catalysts used in fluidized bed gasifiers
may also contribute to the particulate load [2]. Particulates size may vary from less than
1–100 µm.

Particulate conditioning processes needs to remove particles up to below specific limits
by keeping pressure drop within acceptable limits and should also attain reliable operation
(tensile strength, sealing system, thermal transient, corrosion and ash accumulation).

Cyclones are a good option, as they are easy to operate, commercially available at
relatively low prices and work at high temperatures, retaining the sensible heat in the
syngas. Cyclones are efficient for removing particulates above about 5 µm. They can also
remove some particulates in the range of 1–5 µm, but they are inadequate for submicron
particulates removal, thus other devices are needed after cyclones [2]. Some tars and
alkali material are also removed in cyclones by condensation, however, the vaporized
forms of those constituents remain in the outlet gas. Electrostatic precipitators (ESPs)
could be a good option for the removal of submicron particulates, as they operate at high
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temperature, but theirs high investment and operational costs are the main drawbacks.
Thus, the combination of different particulate removal devices is usually needed. Another
option is rigid filters (fabric, ceramic or metallic filters) as they operated up to 800 ◦C
and removes submicron particle sizes. Din and Zainal [2] stated that the combination of
cyclones with metallic or ceramic filters is a good choice for particulate removal when
syngas is used in SOFCs. However, when this combination is used, near-dry condensing
tar particles may cause filter plugging. Hence, these devices are usually combined with
catalytic reforming.

Alkali metals (mainly K and Na) may react with chlorine in feedstock to form KCl,
NaCl, ZnCl, etc. NaCO3 and KCO3 may also be formed. These compounds condense at
temperatures less than 600 ◦C and originate particles of sizes below 5 µm, which can be
removed by filtration. According to Din and Zainal [2], a possible option is to cool down
syngas until 400–350 ◦C to remove alkali compounds, as tar would be in the vapor phase,
it will not block the filters. However, this option would be at the expense of some heat
loss. Alternatively, for temperatures higher than 600 ◦C, sorbents like bauxite, kaolinite
and activated alumina have proven to be suitable for the removal of alkali compounds
below 1 ppm [2].

Tar is a complex mixture of condensable hydrocarbons, containing single and multiple
ring aromatic compounds, being some of them complex polycyclic aromatics. As mentioned
before tar removal is crucial, as tar condenses in pipes and form sticky deposits that may
block syngas gas flow and they may cause filter plugging. As scrubbing treatments are
economically unattractive and environmentally problematic, a good option is tar conversion
into gases, by catalytic cracking reactions (21) and (22), steam reforming reactions (12) and
(13) and CO2 reforming reactions (15) and (16), Table 1. Catalytic tar abatement is more
beneficial than thermal processes, because of the lower temperature range (500–900 ◦C) [2].

Different types of catalysts have been tested in these processes and they may be
grouped as: natural minerals, like limestone, dolomite or olivine, metal alkalis such as:
KOH, KHCO3 and K2CO3; stable metals such as: nickel oxide and noble metals based
compounds, which even if they have a higher efficiency, they have high costs. Din and
Zainal [2] reviewed catalysts for tar cracking. Natural minerals may be used for primary
tar reduction, but more effective catalysts, like metal based ones are needed afterwards.
Metallic catalysts include Ni, Pt, Co, Mo and Ru, most of them supported in silica, alumina
and zeolites. Ni based catalysts have shown good performance for tar abatement [4].
Most of catalysts are likely to deactivate because of poisoning, erosion, attrition (dolomite),
fouling, thermal degradation and phase transformation.

Asadullah [59] stated that catalytic hot gas cleaning is a good option, as it can provide
syngas with a high amount of combustible components with minimum tar and other
poisonous components. The use of a catalytic guard bed before a secondary tar reforming
catalyst reactor is advisable, as it improves the durability of the catalyst.

Dayton [63] studied tar destruction catalysts and also stated that the use of a guard
bed with calcined dolomite followed by a fixed bed Ni catalyst reforming reactor at
800 ◦C was a good option for effective tar removal. Ni based catalytic should be used
after HCl and H2S removal to avoid poisoning. Some authors, like Wang L. et al. [64]
studied catalysts prepared by the combination of stable metals such as: ruthenium or
nickel bimetallics and Rapagnà et al. [65] tested trimetallic and ternary oxide structures
catalysts for syngas methane reforming with steam and CO2. The best activity at 800 ◦C
was obtained with LaNi0.3Fe0.7O3, in the presence of hydrogen and with a large excess of
steam. CH4 conversion reached 90% and around 90% (by weight) of tar was also converted.
Research and development is still needed to find a new catalyst for tar abatement with
good effectiveness, longer lifetimes, better mechanical strength and low cost.

The main sulphur contaminant in gasification gas is hydrogen sulphide (H2S), car-
bonyl sulphide (COS) and sulphur dioxide (SO2) may also be formed, but only in very
small contents [7]. Chlorine is usually present in the form of alkali metal salts that vaporize
at high temperatures and combine with water vapor to form HCl. Sulphur and halogens
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based compounds in syngas are disadvantageous, because they lead to the formation
of pollutants like SOx and HCl in the exhaust gas, they originate corrosion in pipes and
equipment and they may also deactivate or poison catalysts used in thermal catalytic
processes for tar hydrocarbons and NH3 abatement [7]. Besides, some syngas end-uses
require very low sulphur and chlorine contents, chemical synthesis like Fischer–Tropsch
and methanol synthesis require sulphur and chlorine contents below 1 ppm. Most fuel
cells oblige sulphur and chlorine contents below 1 ppmv, because they cause electrode
degradation [51]. Some H2S may be removed inside the gasifier by using limestone or
dolomite, but as the low H2S contents required by SOFC cannot usually be achieved,
an external unit for further H2S reduction is required.

In hot gas cleaning processes syngas may go into a fixed bed reactor or guard bed with
natural minerals, like: limestone (CaO), dolomite (CaO•MgO) or olivine ((Mg, Fe)•2SiO4)
that are cheap and easy to find and that have shown to be appropriate to retain sulphur,
chlorine and other halogenides. The main problem of dolomite is its softness, which makes
it easy to break and erode. Prabhansu et al. [62] reported that chlorine compounds in
syngas may be removed by using solid slaked lime and limestone at temperatures in the
range of 500–600 ◦C, and that better materials used as sorbents at 600 ◦C could lead to the
removal of alkali metals. Zinc, copper and caesium oxides have shown to be suitable to
attain H2S contents below 1 ppm. Zinc and copper oxides that exist in nature in abundance
have the potential for 99% removal of sulphur compounds at above 300 ◦C, but volatilize at
temperatures in the range of 600–650 ◦C [62]. Din and Zainal [2] states that to prevent ZnO
reduction, the maximum operating temperature of ZnO sorbents is around 350–400 ◦C.
Alternatively, the combination with other metal oxides allows the increase of the operating
temperature. Zinc ferrites (ZnO.xFe2O3) and zinc titanates (ZnO.xTiO2) have shown to be
more strong sorbents for desulfurization. Some metal-based sorbents, such as zinc titanate
and copper and manganese oxides, have also been tested for H2S reduction, but besides
being expensive they lose much activity at a temperature below 550 ◦C [66–68]. When ZnO
sorbents are used, HCl removal needs to be done before H2S because Cl reacts with Zn [2].
HCl may be removed at high temperature by adsorption. Na and K sorbents are capable
of reducing HCl content until 1 ppm at around 500–600 ◦C, which allows syngas SOFC
utilization. According to Din and Zainal [2], NaHCO3 is a good option, as it reacts with
HCl and form NaCl, which has to be removed, because SOFCs require alkali metals content
below 1 ppm (Table 5).

Biomass wastes gasification may produce syngas with relatively high NH3 contents,
up to 6000 ppmv, and minor amounts of hydrogen cyanide (HCN) may also be found.
Most syngas utilizations require low NH3 contents, NH3 is converted into NOx, during
oxidation reactions, whose contents may reach values above the legally accepted limits.
Fuel cells usually imposed contents lower than 5000 ppm, while chemical synthesis only
accepted values around 1 ppmv, but SOFC did not limit NH3 content (Table 5). However,
NH3 may be removed from syngas by adsorption/desorption cycles using molecular sieves
made of highly porous aluminum silicates (zeolites). Another possibility is the catalytic
decomposition of NH3 into N2. Some authors have reported that metal based catalysts, like
nickel-based ones at temperature in the range of 700–800 ◦C that are efficient in tar reduction
are also suitable for NH3 abatement [69,70]. Wang W. et al. [71] found that NH3 removal
efficiency went down considerably in the presence of high contents of hydrocarbons when
Ni based catalysts were used, probably because NH3 was less competitive for catalyst
active sites than hydrocarbons. However, Pfeifer et al. [72] reported tar reduction around
98% and NH3 destruction of about 40% in the presence of the monolith type catalyst
made from nickel-based catalysts at temperatures around 850 ◦C. Some researchers have
studied the possibility of reducing nitrogen compounds together with tar or H2S, using
multifunctional catalysts. Gangwal et al. [73] studied several catalysts containing Ni, Co,
Mo and W with Al2O3, TiO2 and other oxides as supports, combined with a zinc titanate
sorbent at 725 ◦C and achieved H2S and NH3 reductions. Pinto et al. [6,7] also found that
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the G-90 B 5 catalyst (supplied by C & CS and containing 11% of Ni, 6–9% of CaO and
76–82% of Al2O3) was effective for tar, NH3 and H2S reductions.

During tar abatement processes gaseous hydrocarbons are converted into CO, CO2
and H2. However, after tar abatement, syngas may still contain significant amounts of
CH4, because CH4 conversion is usually more difficult to achieve. SOFCs operate at high
temperatures and are capable of internally reforming fuel gases (i.e., CH4 and other light
hydrocarbons) without the use of a reforming catalyst. Thus, the presence of CH4, and
other gaseous hydrocarbons is not a penalty for syngas use in SOFC, thus syngas may
contain H2, CO2, CH4 and other hydrocarbons (low sensitivity to CO) [74]. This SOFC
feature offers a significant cost reduction, high efficiencies and fast load response. Steam
reforming does not decrease the electric efficiency, as the hydrocarbon fuel is reformed
to carbon monoxide and hydrogen. However, using only internal reforming may lead
to several problems, due to the high content of carbon compounds able to promote the
carbon deposition phenomena. This problem can be avoided with partial prereforming
of syngas. During syngas hot treatment and conditioning, the conversion of CH4 and
other gaseous occurs, being favored by the use of suitable catalysts, through catalytic
steam reforming, according to reactions (10) and (11) and through CO2 dry reforming
by reaction (14). During syngas hot treatment and conditioning, water gas shift reaction
(9) occurs, which converts CO in presence of steam, producing additional hydrogen and
CO2. This reaction is promoted by several catalysts used in syngas hot treatment, namely
Ni-based catalysts (G-90 B 5) as reported by Pinto et al. [4].

Marcantonio et al. [75] developed a simulation model for a gasifier including gas
clean-up, using Aspen Plus, based on a quasi equilibrium approach through Gibbs free
energy minimization. A new hot gas cleaning process was tested, including a combination
of catalyst inside the gasification reactor (calcined dolomite), catalysts in the freeboard and
following sorbent reactors. The contaminants modeled were toluene, benzene, naphthalene,
H2S, HCl and NH3. As some contaminants may interfere in the adsorption of others,
different steps were considered. Syngas was proposed to go through catalytic filter candles
and next into a high temperature unit with metal oxide sorbent for H2S cleaning. In the
next step alkali-based sorbents (sodium and potassium compound) were studied for
HCl cleaning. The results obtained led to tar contents below 1 g/Nm3 and inorganic
contaminants under 1 ppm.

In Table 6 is summarized the main features of hot syngas cleaning and condition-
ing processes.

Although hot gas conditioning processes are more advantageous than cold gas clean-
ing in terms of thermal efficiency, gas conditioning steps needs to be reduced to a minimum
to diminish syngas thermal loss.

Figure 1 presents a suggestion for syngas cleaning process, which may be simplified
or complicated according to syngas initial composition, catalysts used in each process
and SOFC specific requirements for syngas. For common syngas compositions low cost
minerals may be selected for sulphur and halogens compounds abatement, but this unit
may need to be divided into two, depending on initial syngas overall composition and
the contents of these compounds. On the other hand, when syngas presents very low
contents of undesirable contaminants including tar, operations (3) and (4) (in Figure 1)
may be reduced to only one unit, using minerals, for instance dolomite or olivine as a
catalyst. When syngas presents higher contents of these adverse compounds, instead of
dolomite a more effective catalyst for tar reduction, like a nickel-based one, should be used.
If this catalyst is a multifunction one, for instance a nickel based catalysts with also CaO,
sulphur retention also occurs [4]. However, for high contents of sulphur and halogens,
syngas treatment with dolomite or other similar mineral, prior to the use of a more specific
catalyst, would be advisable, to ensure a longer life for the more specific catalyst. Thus,
a common process for syngas conditioning is proposed in Figure 1.
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Table 6. Hot syngas cleaning and conditioning processes [2,55,62].

Impurity Syngas Conditioning Processes

Particulate

Hot cyclone Up to 1000 ◦C—90–95%
Hot membrane—99%

Cyclones + sintered metal filter (up to 400 ◦C)
Cyclones + ceramic filter (up to 800 ◦C)

Alkali metals
Adsorption on solid sorbent, getter material. Above 500 ◦C, the calcium-based sorbents

starts decomposing

Alkali getters at ≥600 ◦C (activated alumina at 800 ◦C)

Tar

Hot catalytic/reforming (with Fe or Ni-based catalyst more effective then olivine or dolomite). Up to
1000 ◦C—80–95%

1st Step: catalytic cracking using dolomite at 900 ◦C in secondary bed or thermal cracking at 1200 ◦C.
2nd step: cracking using Ni based catalyst at 800 ◦C (after HCl and H2S removal)

Total sulphur

ZnO sorbent at 350–400 ◦C/Activated Carbon

Zn Titanate sorbent at ~600 ◦C

Physical and chemical adsorption, ZnO/FeO sorbents. Catalysts like CoMo for COS conversion,
Ni- and Fe-based catalysts. At 600–650 ◦C

Total chlorine Sorbents at high temperature
Activated carbon, alumina and common alkali oxides

NaHCO3/Na2CO3 up to 550–600 ◦C

NH3 Thermal catalytic decomposition of NH3 using Ni and Zeolite as catalysts at 700–800 ◦CProcesses 2021, 9, x FOR PEER REVIEW 15 of 27 
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Figure 1. Proposal diagram for hot syngas cleaning and conditioning to be used in SOFC.

Due to SOFC intolerance to some syngas impurities, syngas conditioning is required
and is still a challenge. However, recent developments in hot gas cleaning/upgrading
technologies would improve reliability and efficiency and lower the costs. In addition to the
technical aspects of syngas cleaning and conditioning procedures, cost and environmental
impact of these processes are of major importance, as they will affect, and may even
compromise, the viability of the overall process from syngas production by gasification up
to syngas end-use in SOFC. Further research and demonstration plants are still needed to
the overall reliability and costs decrease.
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4. Solid Oxide Fuel Cells (SOFCs) Combined Heat and Power (CHP) Production
4.1. Introduction

There have been an increasing number of studies, in the literature, on integrated
biomass gasification and SOFC systems for CHP production. These studies include biomass
gasification, gas cleaning system and high temperature FCs (fuel cells). The increased devel-
opment of the fuel cell-based cogeneration system has contributed to the rise of publications
and to the development of commercial products in the last years [76]. These publications
consider the FCs as the most promising cogeneration systems. In USA there is a program
that aims to advance SOFC gasification systems [77]. This program is focused on the design,
scale-up and integration of the SOFC technology into modules and systems, and in the
development and testing of progressively larger stacks/systems.

The FCs are one of the most suitable devices to generate electricity and heat in a
continuous mode [77]. FCs operate as energy conversion devices generating electricity,
thermodynamically and electrochemically, from the reactions between hydrogen and oxy-
gen. An important advantage of the FC is that, apart from electricity, it also generates heat,
water and lesser carbon per kWh energy produced when compared to conventional com-
bustion engines using hydrocarbons as fuel. Additionally, a high temperature FC system
fed with biogas can achieve higher efficiency than a conventional electricity-generation
system (gas turbines). For instance a 100 kW SOFC can achieve about 48.7% of efficiency
while a conventional electricity-generation system, based on gas turbines, typically presents
41.5% (thermal efficiency power based) [78].

The conventional CHP technologies using, as fuels, solid biomass have often shown
restricted fuel flexibility, limited electric efficiencies and high particulate matter emissions.
So, the integration of biomass gasification and FC seems to be a good option for producing
CHP using solid biomass, with high efficiency and reduced environmental impact [79],
however there are still challenges to be overcome. The main challenges include: (i) manage-
ment of biomass feedstock with the searching of the most abundant biomass type, storage,
transportation and size to be used in the gasifier; (ii) the optimization of gasification pro-
cess, namely operating parameters (temperature, type of gasifying agent, type of biomass,
equivalent ratio, etc.); (iii) gas cleaning systems to meet the gas purity requirement of FCs;
(iv) development of materials for FCs, especially anode development, in order to increase
the electrochemical performance, stability and, also, rise the tolerance to the presence of
H2S and carbon deposition and (v) application of the electricity and heat from FC based
CHP [80].

The three first points were already addressed in the previous chapters. This chapter
will be focused in the FC options available for the CHP production using syngas from
biomass gasification. The most studied FCs for this application are the high tempera-
tures ones, especially SOFC. However, some studies comparing the most developed types
of FC within the high temperature group (MCFC and SOFC) were performed [77,78].
Karvountzi et al. [81] concluded that both MCFC and SOFC could be successfully inte-
grated in a hybrid system achieving much higher efficiencies than the conventional power
plants. Additionally, Varbanov and Klemes [82] compared the integration of a SOFC +
GT (solid oxide fuel cell + gas turbine) and of a MCFC + ST (molten carbonate fuel cell
+ steam cycle) and concluded that in the SOFC + GT system, the components are more
firmly integrated, which leads to high efficiency, but also presents smaller driving forces,
which can increase the capital costs. For the MCFC + ST the driving forces are much larger,
which enables smaller capital costs for the heat recovery combination still maintaining high
efficiency. The main limitation of MCFCs is corrosion and complex handling, due to the
use of molten carbonate liquid as an electrolyte at high operating temperature, which limits
the options for construction materials. In the same way, the high temperature of operation
of SOFC also limits the choices of materials that can be thermally, catalytically and conduc-
tively stable at high temperatures [83]. However, in the majority of the studies SOFC seems
to be the most suitable FC to be employed in cogeneration systems due to high electrical
efficiency (40–60%) [84] and excess heat produced during the reaction that can be used for
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cogeneration [85]. This type of cells can provide an efficiency of about 90% in combined
heat and power (CHP) operation [80]. Additionally, unlike other types of FCs, SOFCs have
a wide adaptability to different fuels and are more tolerant to impurities. The SOFCs can
use, besides hydrogen, hydrocarbon gases (i.e., biogas), liquids (i.e., methanol) and even
solids as fuel. The use of natural gas or other hydrocarbons as fuels in the SOFC is possible
due to its internal reforming process (I.R.), which allows hydrogen production without the
need of an external reformer. Studies suggest that the efficiency of external reforming is 8%
lower than that of internal ones [80].

It is the catalytic activity of anode that allows the internal reforming of the fuel, that is,
the catalyst layer present at the anode acts as the reformer to convert hydrocarbon and
oxygen components to H2. In addition, more H2 and CO can be produced internally by
steam reforming of CH4. This reaction and the conversion of CO into CO2 and H2 takes
place at the anode–electrolyte interface and also in the anode, due to the presence of the
catalyst, which promotes the steam reforming and water gas shift reactions. In addition,
the water formed in the oxidation of the H2, by electrochemical activity in the FC, is useful
for the water gas shift or reforming reactions [2].

The characteristics of the SOFC, already mentioned, showed that this device is a
good candidate for the CHP production integrated with biomass gasification. The use of
syngas as fuel for SOFC has been studied by several researchers that concluded that the
integration of SOFC and gasification is suitable for the standalone applications system,
however, the electrochemical performance of the SOFC operating with biomass-derived
fuel is lower than the SOFC working with hydrogen. Nevertheless, this integration system
can still be the alternative for the use of biomass derived-fuel avoiding the high cost of
transportation and use of commercial hydrogen [80]. Additionally, when compared with
conventional power generation systems (combustion engines, gas turbines, gas motors
and diesel motors) SOFC has lower operating temperature and higher efficiency. A study
of the application of syngas produced from biomass gasification as fuel for a planar solid
oxide fuel cell (SOFC) was performed by Shi et al. [86]. In this study was used a simulated
syngas based on the composition of biomass gasification syngas without N2. The syngas
and the compressed air were introduced into the anode and cathode of SOFCs, respectively.
The steam reforming of this syngas was carried out at the anode of the SOFC to obtain a
hydrogen-rich fuel. The performance of the SOFCs by I–V polarization was investigated
and electrochemical impedance spectra characterizations and an excellent cell performance
was observed. Moreover, the operation of the SOFC using the simulated syngas showed
high stability [86]. However, there still remain some main barriers to be overcome before
the widespread use of the SOFC with real syngas. One of the major problems regarding
direct H/C fuel utilization is the Ni-based anode degradation, which is due, normally,
to the unfavorable reactions and poisoning from carbon and/or sulphur species [78].
Usually, in the fuels to be used in SOFC, the sulphur appears in the form of H2S and, even
after the desulfurization processes previous its feeding into the cell, the H2S remains in
critical concentrations (between 0.1 and 15 ppm) for the cell’s performance and lifetime [78].
So, the two main options are: remove completely sulphur from the fuel before feeding it
into the cell or develop sulphur tolerant anodes.

4.2. Development of New Materials

The recent research has been focused on the development of new materials for the
anode, electrolyte and cathode of the SOFC, especially for the anode to increase its tol-
erance to the sulphur and prevent carbon deposition, allowing higher energy efficiency
for the integrated system. The aim is to improve chemical stability and electrochemical
performance of the FC.

The SOFC conventionally employs the Ni added to yttria-stabilized zirconia (YSZ),
Gd-doped ceria (GDC) or ceria gadolinium oxide (CGO) as the anode. Scandia-stabilized-
zirconia (SSZ), YSZ or GDC is used to fabricate the electrolyte part, while lanthanum
strontium manganite (LSM) or lanthanum strontium cobaltite (LSC) is used as the cathode
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either alone or together with the electrolyte. The most common SOFC electrolyte is YSZ due
to its exceptional electrochemical properties but SSZ and GDC are also used. For the anode
Ni added to YSZ, GDC or CGO is used, but the most used is the NiO/YSZ anode [80,87].

Most of the research on the new materials developed is centralized on the anode
due to its important role in the catalytic activity in the electro-oxidation of the fuels, so,
alternatives to the Ni/YSZ are being studied [2,79,88]. Furthermore one critical challenge
of the implementation of fuel-flexible and cost-effective SOFC systems is the development
of anode materials more tolerant, especially to sulphur contaminates [2]. In SOFCs the
carbon formation and deposit occurs during the internal reforming and oxidation reactions
of the hydrocarbons and one of the main factors that influence its formation is the nature
of the catalyst/anode cermet [78].

Besides the high tolerance to contaminants, the anode has to fulfill other requirements,
especially to have excellent catalytic activity for electro-oxidation of the fuels. So, the main
requirements that an anode has to satisfy are: (i) appropriate porosity to allow the fuel
molecules to easily move toward and the removal of the reaction products; (ii) high elec-
tronic conductivity; (iii) high catalytic activity toward electro-oxidation of the possible
fuels; (iv) high tolerance to fuel contaminants and low propensity for carbon deposition;
(v) high surface to volume ratio; (vi) matching thermal expansion coefficient with elec-
trolyte; (vii) chemical compatibility with electrolyte and (viii) mechanical strength [78].
Moreover, to have the possibility to be implemented commercially, the anode has to be
robust and compatible with the other SOFC components, to have low cost and be simple to
manufacture [80].

The Ni-based anodes have better properties regarding the catalytic activity, electrical
conductivity, gas diffusivity and structural integrity so they are the most adequate to
be used in the SOFC. However, some problems with Ni based material were identified.
These main issues are: (i) in reducing conditions, Ni catalyzes the growth of carbon depo-
sition; (ii) the deposited carbon corrodes the Ni causing a decrease in conductivity and
structural damage of the anode; (iii) presents low tolerance to sulphur species and (iv) it
demonstrates poor redox stability. Consequently Ni-free anodes have been studied but the
materials tested showed lower catalytic or electrochemical activity, low electronic conduc-
tion and thermal stability. Additionally, more expensive materials with high processing
cost were used. Some of the materials tested were ruthenium (Ru), copper fluorite, tungsten
bronze, etc. [80], but, although some of the results, especially with Ru and rhodium (Rh),
were promising regarding carbon deposits formation, its high cost makes their use too
expensive for the SOFC applications [78]. So, the Ni-based materials are still considered
the most promising.

The Ni/YSZ anode is typically used but, unfortunately, it has low sulphur tolerance
and catalyzes the formation of carbon fibers by a mechanism involving carbon deposition
followed by dissolution in nickel particles [87].

One of the best candidates to the replacement of the Ni/YSZ is the Ni/GDC anodes
that seem to have higher tolerance to the contaminants and so less severe cleaning is re-
quired [2,78]. This promising behavior may be due to specific properties of GDC, especially
of CeO2, which plays a double role in both H/Cs reforming and H2S tolerance. It seems
that the CeO2 is not severely poisoned by H/C fuel mixtures containing up to 100 ppm of
H2S and so maintains its catalytic/reforming activity, allowing the production of H2 that is
further electrochemically oxidized for the power generation. These observations suggest
that the sulphur tolerance and carbon resistance can be improved by the preparation of
modified X–Ni/Ceria-based anodes, where X could be Au, Ag, Cu or Ru [78]. Anodes such
as Ni/ScSZ, Ni/rare earth, Ni/yttrium doped Ceria have already been studied but to a
lesser extent. The high catalytic activity of nickel, in electrochemical oxidation and internal
reforming reactions with H/C fuels, has placed it as good candidates for anode materials
for the SOFC to be used with syngas as fuel.

In Table 7 are presented the main advantages and disadvantages of the most studied
materials (Ni-YSZ and Ni-GDC).
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Table 7. Comparison between the Ni-YSZ and Ni-GDC anode [2,78,80].

Anode Used
Materials Ni-YSZ Ni-GDC

Advantages

• Relatively low cost cermet
• High porosity and electronic conductivity
• Ni acts as reforming catalyst
• Large anode-electrolyte interface
• Matching TEC with electrolyte
• Reasonably tolerant to HCl

• Cheap production processes
• Improved electrochemical oxidation
• Mixed ionic and electronic conductor
• Can control coke formation and so, it is more

resistant to carbon deposition
• Degradation in performance for the H2

oxidation reaction substantially smaller
• Catalytic behavior in steam reforming of

methane makes Ni/GDC a promising anode
in a CH4 fuel system

• Higher tolerance to tars (few hundreds ppmv
or larger)

• Higher tolerance to H2S (3 to few ppmv)

Disadvantages

• Easily poisoned by sulphur (short term
exposure to H2S in the ppm range always
causes severe voltage drop, which can be
reversible or not).

• Significant reduced sulphur tolerance in the
presence of carbon compounds and/or other
gas contaminants (e.g., As, P, Cl) in the fuel

• Prone to carbon deposition
• Possible cell cracking caused by cold spots

due to high steam reforming

• Limits operating temperature
• Replacing Ni with other dopants reduces

steam reforming activity
• Ni poisoned by sulphur
• Needs further studies on HCl influence.

These two anode materials have been investigated to its possible use in the SOFC
integrated with the biomass gasification and gas cleaning systems [2,61,78,80,86,88,89].
Some of these studies were more focused on the gasification process and gas cleaning in
order to meet the requirements of the SOFC for the CHP production, others on the SOFC
improvement with the aim of reducing the need of a severe syngas cleaning step. Other
researchers looked at the integrated system.

Looking in more detail at the integrated system, the several studies found in the
literature showed that the SOFC-CHP biomass fuelled systems seems, not only capable
of generating electricity and useful heat, but also can increase the power generation
efficiency and reduce the air pollutant emissions [90]. The combination between biomass
gasification with a SOFC to produce heat and electricity can potentially contribute to
increase the environmental benefits compared to this technologies working separately [79].
The developments in the gasification process, gas cleaning and SOFC allowed increasing
the possibility of success of combining all the systems with good results. The gasifier design
is a key parameter that affects the composition and quality of produced gas. Two main
types of reactor have been considered in the research studies, fluidized and fixed bed.
However, it was concluded that the fixed bed downdraft was the suitable gasifier type for
biomass gasification because it produces a relatively clean gas (low impurities and low tar
level), resulting in a less expensive gas cleaning system [80]. Regarding the gas cleaning
systems the authors refer that the hot gas cleaning systems are the most adequate [61,80].
A reasonable number of studies with the utilization of the syngas as fuel in a solid oxide
fuel cell system have been carried out and the effect of the presence of contaminants,
especially H2S was investigated [2,78].

4.3. CHP Technologies

The solid biofuel gasification was recently established as an important option for
power plants based on combined cycles, achieving efficiencies above 35% in the 20–40 MWe
range. Simultaneously, there has been important research effort to develop efficient small
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scale CHP systems that can use the syngas, produced in gasification processes, in inter-
nal combustion engines, microgas turbines or FCs. The conventional small-scale CHP
generation (100 kWe to 1 MWe size) based on lignocellulosic biomass consists of two
main pathways: biomass gasification or pyrolysis connected to an internal combustion
engine (ICE) and to a microgas turbine (MGT); direct combustion in grate or fluidized
bed boilers coupled with MGT, Stirling engines, steam turbines or organic Rankine cycle
(ORC) [89]. As stated before, currently, the research effort has been especially centralized
on the combination of biomass gasification and SOFCs.

The SOFC has been considered a suitable option for efficient integration with other
energy conversion technologies namely, gas turbine (GT), steam turbine (ST), organic
Rankine cycle (ORC), Stirling engine, etc. [60]. Most of the studies are based in modeling
results and present the combination SOFC–GT (gas turbine) as the main option to improve
system performance [61,80,84,90], however more complex solutions are also presented but
most of them including the GT [60,79,91].

Some studies comparing this conventional CHP with SOFC were performed. A recent
study presented by Moretti et al., 2020 [79], compared a biomass-fuelled ORC technology
with high-efficiency bio-based power (HBP) technology combining biomass fixed bed
gasification with a SOFC to produce heat and electricity. In the HBP, the biomass is
gasified and the syngas is submitted to a first tar reforming step and then purified in a
gas cleaning unit. Afterwards, the syngas is fed to the SOFC unit to generate electricity,
the heat recovery occurs by the burn of the off-gases from the SOFC unit in a catalytic
afterburner [79]. The authors stated that the HBP system showed a better performance
compared with ORCs, as higher exergy efficiencies and particulate emissions close to zero
were observed.

Bang-Møller et al. [92] investigated a CHP plant combining a two-stage gasification
process and SOFCs. In this two-stage gasification process is obtained a very clean syngas
so only a simple gas conditioning system is needed. The syngas is converted to electric
power and heat in the CHP producing block, which is composed by an SOFC stack and a
burner. An efficient power production from the syngas is assured by the SOFC, and the
SOFC off gases are sent to the burner to ensure complete oxidation of the residual fuel [93].

Three different CHP plant concepts based on biomass gasification were evaluated by
Bang-Møller and Rokni [94], using thermodynamic modeling combining zero-dimensional
component models. The syngas produced during the biomass gasification was used for
electricity production in (i) a microgas turbine (MGT) in the first system, (ii) in a SOFC
in the second system and (iii) in a combined SOFC–MGT in the third system. The results
showed that the most efficient system was the biomass gasification combined with the
SOFC–MGT, this was due the utilization of excess fuel and heat from the SOFC unit in the
MGT. In the combination SOFC and MGT, the unconverted syngas from the SOFC was
used to produce more power in the MGT, which improves the efficiency. Regarding the
other two configurations, the SOFC converted the syngas more efficiently than the MGT.

Toonssen et al. [61] investigated the influence of gasification, gas cleaning technology
and system scale on the performance of an integrated biomass gasification–SOFC/GT
system. The small scale systems showed lower efficiency than the large scale ones, due to
lower exergy losses. Efficiencies of about 60% (LHV) can be attainable for large scale
plants [92]. For small scale plants, efficiencies of about approximately 40% (LHV) were
presented by Fryda et al. [95], this value was achieved by the best performing coupling
system tested, using SOFC and MGT combined.

Fryda et al. [95] modeled, using the Aspen Plus™ process simulation software, a hy-
brid CHP system consisting of an autothermal gasifier (fluidized bed air blown gasifier)
and feeding of a microgas turbine (MGT), an SOFC or both combined. It assessed integrated
systems working near atmospheric and at elevated pressures combined with a microgas
turbine (MGT) expander. These authors compared three small scale combined heat and
power (CHP) configurations integrating the following technologies: (i) gasification at 4 bar
and MGT, (ii) near atmospheric gasification and SOFC and (iii) gasification at 4 bar and
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SOFC–MGT. The MGT system proved to be more efficient than the atmospheric SOFC,
but the SOFC–MGT showed the best performance reaching the highest exergetic electrical
efficiency. They also observed that the small difference between pressures did not have
significant effect on the product gas composition or on the exergetic efficiency of the gasifi-
cation process. However, at higher pressure the SOFC operation was greatly improved,
with the production of additional power from an MGT expander [94].

More recently Zhao et al. [84], also using the Aspen Plus™ software, proposed a
power generation system including two blocks: (1) separated-type biomass gasification
system composed by a pyrolyser, a tar reformer, a bio-char combustor, a volatiles combustor
and a syngas purifier and (2) electrical power generation process with a SOFC and a gas
turbine. In this process, the syngas produced in the gasification system, after purification,
compression and heating is fed to the SOFC and the unreacted syngas in SOFCs is converted
to electrical power by the gas turbine. Furthermore, the large amount of energy/exergy
in the form of heat, discharged from the gas turbine, can be reused for the preheating of
syngas and air before entering the SOFC [84].

Other solutions, more complex, but including GT were also tested and reported.
Borji et al. [93] performed a thermodynamic simulation of an integrated CHP plant com-
posed by a downdraft fixed bed gasifier, an SOFC (anode-supported co-flow single
intermediate-temperature planar cell), a MGT and a heat recovery steam generator (HRSG).
The CHP system comprises an autothermal gasification process and a CHP producing
section. The gas produced in the biomass gasification process is converted to electric power
and heat in the second part of the integrated plant. This part is composed of the SOFC
stack, the MGT, an afterburner and a HRSG. The electricity is produced by the SOFC using
the syngas. The unreacted gases and air streams from the SOFC are sent to an afterburner
producing heat, which is used to heat up the gas mixture. Additional power is produced
by the MGT using the residual fuel contained in the off gases of the SOFC. At the end,
a superheated steam is generated by the HRSG using the waste heat from the exhaust,
which can be used for heat production.

A HRSG was also included in the cogeneration system proposed by Roy et al. [60],
but an externally fired gas turbine (EFGT) was considered instead of the MGT. These au-
thors performed modeling and analysis of an integrated cogeneration system for heat and
power generation, which included a biomass gasifier, a SOFC module, an externally fired
gas turbine (EFGT) block and a HRSG. The EFGT block is composed by air compressor,
a heat exchanger and an air turbine unit. After being treated and conditioned the syngas is
preheated and supplied to the SOFC. The preheated compressed air is further expanded at
the AT (air turbine) unit, where additional power is obtained. The fuel not consumed in the
SOFC unit is completely burnt in the afterburner unit. Like in Borji et al. [93], in this system,
saturated steam is also generated by HRSG using the waste heat from the exhaust gases.
Exergetic and economic methods were used to evaluate the proposed system [60]. The same
authors had proposed, in another study, a single system combining a downdraft biomass
gasifier integrated with the gas cleaning unit, SOFC, EFGT and ORC [89,96]. The main
difference was the introduction of an ORC in order to recover the residual heat available in
the hot exhaust gas coming out from the secondary heat exchanger. Additionally, it was
introduced a heat recovery vapor heater (HRVH) to heat up the working fluid of ORC.
The HRSG was not considered.

Although the traditional GT, especially the MGT seems to be the choice of the most
performed studies, the EFGT technology has been, also proposed, as a solution for in-
creasing the biomass gasification-SOFC system performance. However, only a few studies
on the integration of EFGT technology with the biomass gasification process have been
performed [60]. Comparing with the traditional GT, the EFGT has the advantage of the
dirty flue gas not touching the turbine blades directly, so their lifetime increases. Therefore,
the integration of EFGT or indirectly heated GT with the SOFC technology has arisen as
another possible option for power production or waste heat recovery [60].



Processes 2021, 9, 254 21 of 26

A different combination was proposed by Wu et al., 2020 with the integration of the
SOFC with a HCCI engine instead of the GT. So, the main difference of this system is the
use of HCCI (homogeneous charge compression ignition) engine subsystems that uses the
SOFC off-gas for additional power generation, hence improving the energy conversion
efficiency of the system. This proposal includes also a biomass gasifier, a reformer SOFC
and a waste heat recovery (WHR) unit. Most of the power generation of the system comes
from the reformer of the SOFC subsystem that, also, produces the fuel for the downstream
engine by steam reforming and water gas shift reactions. WHR subsystem recycles the
waste heat of the SOFC and HCCI engine.

All the researcher studies in this field concluded that the SOFC is the most adequate
device to be used in the CHP production from biomass gasification. However, as stated
before, it is very important the development of new materials especially for the anode.
Actually, based on the published results Ni/GDC shows enhanced sulphur tolerance in
the presence of H/C-based fuels and so, they seem to be the most favorable to be used in
a biomass integrated gasification-SOFC systems. These anodes are able to operate with
fuels with a few hundred of ppm of tar. In this case catalytic cracking using dolomite in
secondary bed could be selected. However for long term continuous operation thermal
cracking could be considered. The utilization of the Ni/GDC instead of Ni/YSZ avoids the
additional tar removal using the Ni based catalyst, decreasing the costs associated with
the gas cleaning system. Additionally, as stated before, the Ni/GDC anode is relatively
more tolerant to biomass gasification tars and a stable cell performance is achieved for
extended periods of time without considerable problems in the presence of more H2S and
HCl content. Thus a careful selection of biomass feedstock with less S and Cl contents
should be done to avoid the cleaning units for tar, H2S and HCl. So, using the Ni/GDC
anode probably the gas cleaning chain could be shortened being the system reduced to
gasifier, particulate removal (ceramic filter) at 800 ◦C, alkali getters at 800 ◦C and SOFC [2].
Additionally, the best solution for the increasing of performance of the CHP production
from biomass gasification–SOFC systems has to be considered. This is an issue still in
development as many combinations can be tested. However, taking into account the
studies already performed, the SOFC–MGT combination with the integration of an HRSG
seems a good choice. The proposed combination is presented in Figure 2, which details the
energy generation unit shown in Figure 1.
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HRSG—heat recovery steam generator).

5. Conclusions

The combination of biomass gasification and high-temperature FC, like SOFC, com-
bined with heat and power offers a great potential as a future sustainable, green, power
generation system and thus has attracted a lot of attention from researchers in the last
years. These systems include three main integrated blocks, biomass gasification, gas condi-
tioning system and energy generation by SOFC and CHP. In this review paper, the main
achievement and challenges of each of these processes were assessed.
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The main challenges regarding biomass and wastes gasification is the applicability of
the process to mixed feedstock with higher contents of moisture and hazardous contami-
nants, with minimization of fouling and slagging. So, it is very important to develop new
gasification technologies with more fuel flexibility. Another important issue is to reduce
the capital and operating costs and to increase the durability of the building materials and
refractories, for that, processes allowing suitable operation temperatures but maintaining
the quality of the syngas produced. The production of clean syngas with minor needs
of conditioning and upgrading to achieve the requirements to be used in the SOFC is
imperative.

Up to now, usually syngas produced in existing commercial gasifiers cannot meet the
requirements to be used in SOFC, so generally downstream clean up and conditioning
are required. The syngas cleaning and condition is a crucial point in its application as
fuel in the SOFC, due to its intolerance to some syngas impurities, so syngas conditioning
is mandatory and is still a challenge. The overall system has still technical aspects to
overcome, but the cost and environmental impact of these processes will greatly affect,
and even compromise, the viability of the overall integrated process of gasification-SOFC-
CHP. However, recent developments in hot gas cleaning/upgrading technologies showed
that reliability and efficiency can be improved and the costs reduced.

All the researcher studies found in this field stated that among the more developed FC,
the high-temperature SOFC is the most suitable candidate for biomass power conversion
technologies, due to its fuel flexibility, tolerance to some fuel contaminants, high electricity
conversion efficiency and its operating temperature close to the biomass gasification process.
However, one of the crucial points of the implementation of fuel-flexible and cost-effective
SOFC systems is the development of new materials, especially for the anode to increase
its tolerance to sulphur and prevent carbon deposition and thus to improve the chemical
stability and electrochemical performance of SOFC. The most commonly used and more
developed anode material is Ni/YSZ, but its low tolerance to contaminants, especially H2S
and formation of carbon deposits, had led to the search of alternatives. The Ni/GDC anode
is relatively more tolerant to syngas contaminants, especially tars, H2S and HCl, so, using
this anode material, the gas cleaning chain could probably be shortened.

Further research is still needed as studies suggest that the sulphur tolerance and
carbon resistance can be further improved, for instance, using modified X–Ni/Ceria-based
anodes.

The most favorable CHP solutions involving the SOFC are still an issue in development
as many combinations were tested and still other can be assessed. However, taking into
account the studies already performed, the SOFC–MGT with the addition of a HRSG seems
a good choice, due to the MGT and HRSG being well established technologies already
implemented in combustion processes. The integrated biomass gasification and solid oxide
fuel cell systems for CHP production are proven to be an option for the conventional
technologies based on fossil fuels with high environmental benefits, but further research
and demonstration plants are still needed to prove the sustainability of these integrated
processes and to decrease the costs.
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