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Abstract: Biomass gasification for energy purposes has several advantages, such as the mitigation of
global warming and national energy independency. In the present work, the data from an innovative
and intensified steam/oxygen biomass gasification process, integrating a gas filtration step directly
inside the reactor, are presented. The produced gas at the outlet of the 1 MWth gasification pilot plant
was analysed in terms of its main gaseous products (hydrogen, carbon monoxide, carbon dioxide,
and methane) and contaminants. Experimental test sets were carried out at 0.25–0.28 Equivalence
Ratio (ER), 0.4–0.5 Steam/Biomass (S/B), and 780–850 ◦C gasification temperature. Almond shells
were selected as biomass feedstock and supplied to the reactor at approximately 120 and 150 kgdry/h.
Based on the collected data, the in-vessel filtration system showed a dust removal efficiency higher
than 99%-wt. A gas yield of 1.2 Nm3

dry/kgdaf and a producer gas with a dry composition of 27–33%v
H2, 23–29%v CO, 31–36%v CO2, 9–11%v CH4, and light hydrocarbons lower than 1%v were also
observed. Correspondingly, a Low Heating Value (LHV) of 10.3–10.9 MJ/Nm3

dry and a cold gas
efficiency (CGE) up to 75% were estimated. Overall, the collected data allowed for the assessment of
the preliminary performances of the intensified gasification process and provided the data to validate
a simulative model developed through Aspen Plus software.

Keywords: biomass gasification; steam-oxygen; producer gas; hydrogen; BFB gasifier; Aspen Plus;
equilibrium model

1. Introduction

With the Green Deal initiative, launched in December 2019, the European Commission
intend to meet very ambitious goals in the field of energy and the environment (i.e., the
achievement of climate neutrality by 2050 and economic growth decoupled from resource
use) [1,2].

In accordance with the relevant timeline, and through the subsequent specific pro-
grammes “Biodiversity Strategy by 2030” and “Strategies for Energy System Integration”,
the Commission recognized sustainable bio-energy as an important tool to combat climate
change, identifying it as a priority along with wind and solar energy. Biomass has also
been acknowledged as an enabler of carbon capture, storage, and use that can contribute to
the achievement of the no-net emissions of greenhouse gases (GHG) target.
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Being produced from CO2 present in the atmosphere through the process of pho-
tosynthesis, biomass is by its intrinsic nature a GHG-neutral fuel. Therefore, its use for
energy purposes (i.e., the production of bioenergy), if carried out in a sustainable way,
is well consistent with the EU targets foreseen by 2050 [3,4]. The advantages, as well as
the opportunity, of using biomass for energy production has also been considered by the
international science community and the United Nation’s Intergovernmental Panel on Cli-
mate Change (IPCC), which has recognized the value of sustainable forestry in addressing
climate change and of biomass as a renewable fuel. Thus, each IPCC scenario towards the
achievement of the climate-neutrality by 2050 includes biomass [5].

Biomass is the fourth most abundant source of energy in the whole world after oil,
coal, and natural gas. For this reason, biomass is a very attractive solution to replace
fossil fuel [6–8]. As is well known, the progressive abandonment of fossil fuels has several
advantages (e.g., the mitigation of global warming and climate change issues and the
improvement of national energy security and independency). Since the use of biomass
is a carbon-neutral process, it is important to fully investigate the potential for its use in
replacing fossil sources and the benefits that its use can bring with respect to the problems
of global warming and energy supply in each country or geographical area.

It is possible to convert biomass through different processes in order to develop
reliable, efficient, and low-cost renewable energy power plants. For this purpose, one
of the most effective processes is gasification (i.e., a thermo-chemical technology that
allows the conversion of biomass into a gaseous energy carrier). Gasification can be
implemented following different approaches and using reactors of different designs. The
most widely used gasifiers are the fixed bed and the fluidized bed. Fixed bed gasifiers are
commonly used in small size plants, and are characterized by simple construction and
operation, but they have very low flexibility to heterogeneous raw materials [9,10]. Many
authors have demonstrated that fluidized bed gasifiers can be scaled at larger size plants
and have a great mixing and gas-solid contact. Such features ensure high reaction rates
and conversion efficiencies and make these kind of reactors the most promising type of
gasifiers [11–13]. Biomass-gasification occurs at high temperature (800–1000 ◦C) with the
mixing of a gasifying agent (air, oxygen and/or steam) and transforms biomass into a
combustible gas mixture by partial oxidation. The gas obtained by the gasification process
is commonly called producer gas or syngas. This gas is prevalently composed by hydrogen,
carbon monoxide, carbon dioxide, methane, and steam, along with several contaminants.
Depending on the specific source of oxygen used (e.g., air, enriched air), some nitrogen can
also be present in the producer gas. Being an inert gas, its presence has an effect on the
quality of the produced gas in terms of heating values (i.e., LHV and HHV) and, hence, on
the possible use to which it can be addressed. Producer gas from steam and/or oxygen
gasification (that is, N2-free and, in turn medium heating value gas (e.g., 10–20 MJ/Nm3))
are suitable for conversion in high value products such as synthetic fuels for the transport
sector (e.g., road, aviation and maritime) and chemicals. On the other hand, when air is
used, the presence of N2 dilutes the produced gas significantly, resulting in a gas of low
calorific value (~5 MJ/Nm3) that typically finds application for power generation through
ICE [14–16].

Besides the gasifying medium, the ultimate composition of the syngas is affected by
various other factors such as operating temperature and pressure, gasifier design (including
heating mode (e.g., direct or indirect)), the addition of catalysts and/or sorbents, and the
feedstock composition used as fuel [17–22]. By purifying the syngas, it is possible to obtain
pure hydrogen, which is a promising energy vector. In fact, and differently from electricity,
hydrogen can respond to all of the energy needs and can be used in different technologies
such as the production of methanol and ammonia, in conventional internal combustion
engines, or in fuel cells for more effective exploitation. Moreover, hydrogen is “clean” and,
through gasification, distributed production from local resources could be achieved.

The first way to obtain more hydrogen in the syngas composition is to use steam
and oxygen as gasifying agents. Such a gasification medium in fact allows one to achieve
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gas with potentially zero N2, and a higher amount of H2 [23]. Then, before sending
the syngas to external gas cleaning and conditioning units, it is possible to increase its
purification directly inside the gasifier through catalytic cracking and steam reforming of
low and high molecular weight hydrocarbons. This approach allows one to gain several
advantages simultaneously (i.e., higher hydrogen concentration, thermal integrations with
the gasification process, high tar and light hydrocarbons conversion), with overall process
intensification. [24,25].

The good results in obtaining a cleaner gas fuel out of an intensified gasifier have
been confirmed at a significant scale with the UNIQUE concept [26]. Such an approach
combines the advantages of a process of steam/oxygen gasification with the integration to
a hot gas cleaning process into a single and compact fluidized-bed gasifier.

The activities presented in this paper are part of a more extensive programme of
experimental work aimed at producing H2 from biomass through gasification. To achieve
such a goal, a gasification plant characterized by some innovative items was coupled to an
integrated portable unit, referred to as a portable purification station (PPS). This unit was
equipped for gas conditioning and for H2 separation and production at a fuel cell vehicle
grade (i.e., grade 4, 99.99%-v of H2). For proper discussion of the achieved results, the
authors in the present work report only the gasification part (i.e., innovative gasification
housing the gas filtration directly in the reactor, quoting gas compositions, contaminants,
LHVs, yields, and cold gas efficiencies). Results concerning the second part, also involving
the operation of the PPS, with the achievement of 99.99%-v of H2 will be in a second paper
which is currently under preparation.

Moreover, in the present part, the experimental results gained at the integrated gasifi-
cation system are used as input to validate a process simulation model developed via the
commercial software Aspen Plus.

2. Materials and Methods
2.1. Experimental Set-Up

The pilot plant has been built at the ENEA Trisaia Research Centre, in the south of
Italy. It is based on an auto-thermal bubbling fluidized bed reactor of 1000 kW nominal
thermal input, operating at atmospheric pressure. The plant is equipped for continuous
monitoring of the main operative parameters such as flow rates, pressure, and temperature,
as well as with sampling points for online and offline gas analysis.

The main characteristic of this plant is the integration of a system for high temperature
(HT) gas filtration based on ceramic candles housed directly inside the freeboard of the
gasification reactor. The HT filtration elements, made with Al2O3 based ceramic foams,
were provided by Pall Filtersystems GmbH and tailored for the specific application. The
efficiency of the filtration system is maintained through a system of back pulsing operating
with N2. In the course of gasification, based on the pressure drop between the gas inside
the reactor and at the exit of the candles, short cycles of N2 pulsing removes the dust cake
growing on the candle walls.

The reactor with in-vessel gas filtration was designed with the purpose of achieving
both technical and economic advantages. Such a configuration can in fact give important
benefits to the quality of the producer gas in terms of a very low particulate content and
the possibility for a more effective use of the sensible heat, with a consequent improvement
of the overall energy efficiency of the process.

For a higher process intensification, the gasifying agent of reference is oxygen mixed
with steam in order to obtain a gas free of N2, the inert component which is instead present
in large amount in the case of air gasification. However, to gain a larger flexibility in process
performance assessments and the application of the producer gas, the pilot plant has been
designed to also operate with enriched air.

The test sets focused in this work were carried out at 0.25–0.28 ER, 0.4–0.5 S/B, and
780–850 ◦C gasification temperature. As explained in the introduction section, UNIQUE
concept pointed out a new gas cleaning technology for gas treatment within the gasifier.
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The way to demonstrate the efficacy of this approach is to analyse the product gas at the
outlet of the gasification reactor. Almond shells were used as biomass (a summary of the
their main physical and chemical characteristics is reported in Table 1 [27]) and supplied
to the reactor at feeding rates up to 150 kgdry/h. An unmodified olivine, commercially
known as Magnolithe GmbH [28], was used for the fluidized-bed inventory. The recall of
the main characteristics of the bed material are reported in Table 2.

Table 1. Physical and chemical characteristics of almond shells.

Bulk Density (kg/m3) Humidity (%wt)
450 10–12

Proximate Analysis (%wt, dry basis)
Ash Volatile Matter Fixed Carbon

1.2 80.6 18.2
Ultimate Analysis (%wt, dry basis)

C H N O Cl S

47.9 6.3 0.32 44.27 0.012 0.015
Heating values (MJ/kgdry)

HHV LHV

19.5 18.0

Table 2. Relevant characteristics of Magnolithe GmbH.

General Characteristics
Origin: Austria
Density 3400–3500 kg/m3

Bulk density 1900–2050 kg/m3

Mean diameter 344 µm
Fusion point 1750 ◦C

Therm. Expansion 1.3% (1100 ◦C)
Mohs hardness 6.5–7.0

Specific heat 0.95–1.05 kJ/(kg ◦C)
Composition (%wt)

SiO2 41.9
MgO 49.5
Fe2O3 7.1
Al2O3 1

Mineralogy (%wt)
Forsterite (Mg2SiO4) 94

Fayalite (Fe2SiO4) 6

2.2. Gasification Pilot Plant and Gasifier with Integrated Gas Filtration

The in-vessel gas filtration system was implemented to a bubbling fluidized bed
reactor, part of a pre-existing gasification plant designed for continuous operation. In
this plant, the biomass is fed in “in-bed” mode in order to have a better mixing of bed
material and supplied fuel, while the gasifying agents (steam and oxygen/enriched air)
are fed from the bottom of the reactor to ensure proper bed fluidization. Drawings of
the pre-existing plant and of the gasification reactor in the upgraded configuration are
presented in Figures 1 and 2, respectively. The details of the plant have been described in a
previous work [27].



Processes 2021, 9, 1104 5 of 14

Processes 2021, 9, x FOR PEER REVIEW 5 of 15 
 

 

and supplied fuel, while the gasifying agents (steam and oxygen/enriched air) are fed 

from the bottom of the reactor to ensure proper bed fluidization. Drawings of the pre-

existing plant and of the gasification reactor in the upgraded configuration are presented 

in Figures 1 and 2, respectively. The details of the plant have been described in a previous 

work [27]. 

 

Figure 1. Sketch of the pre-existing 1000 kWth bubbling fluidized bed pilot plant. 

 

Figure 2. Schematic of the bubbling fluidized bed gasifier with the ceramic candles housed in the 

freeboard. The positioning of the four main thermocouples for measuring the temperature inside 

the gasifier (i.e., T1, T2, T3, and T9) is shown. 

The HT filtration system consisted of sixty ceramic candles arranged in five clusters 

of twelve elements each. To monitor the temperature along the gasifier, several thermo-

couples were installed in the most relevant internal areas, as indicated in Figure 2. Specif-

ically, two thermocouples were located inside the bed inventory, one in the freeboard in 

contact to the fluidized bed material and another one in the upper part of the gasifier near 

the ceramic candles.  

Figure 1. Sketch of the pre-existing 1000 kWth bubbling fluidized bed pilot plant.

Processes 2021, 9, x FOR PEER REVIEW 5 of 15 
 

 

and supplied fuel, while the gasifying agents (steam and oxygen/enriched air) are fed 

from the bottom of the reactor to ensure proper bed fluidization. Drawings of the pre-

existing plant and of the gasification reactor in the upgraded configuration are presented 

in Figures 1 and 2, respectively. The details of the plant have been described in a previous 

work [27]. 

 

Figure 1. Sketch of the pre-existing 1000 kWth bubbling fluidized bed pilot plant. 

 

Figure 2. Schematic of the bubbling fluidized bed gasifier with the ceramic candles housed in the 

freeboard. The positioning of the four main thermocouples for measuring the temperature inside 

the gasifier (i.e., T1, T2, T3, and T9) is shown. 

The HT filtration system consisted of sixty ceramic candles arranged in five clusters 

of twelve elements each. To monitor the temperature along the gasifier, several thermo-

couples were installed in the most relevant internal areas, as indicated in Figure 2. Specif-

ically, two thermocouples were located inside the bed inventory, one in the freeboard in 

contact to the fluidized bed material and another one in the upper part of the gasifier near 

the ceramic candles.  

Figure 2. Schematic of the bubbling fluidized bed gasifier with the ceramic candles housed in the
freeboard. The positioning of the four main thermocouples for measuring the temperature inside the
gasifier (i.e., T1, T2, T3, and T9) is shown.

The HT filtration system consisted of sixty ceramic candles arranged in five clusters of
twelve elements each. To monitor the temperature along the gasifier, several thermocouples
were installed in the most relevant internal areas, as indicated in Figure 2. Specifically, two
thermocouples were located inside the bed inventory, one in the freeboard in contact to the
fluidized bed material and another one in the upper part of the gasifier near the ceramic
candles.

The head of the gasifier was arranged to allow the splitting of the producer gas
into two streams in order to ensure that the current flow rate was suitable to test the
experimental PPS designed for gas conditioning and H2 production. Given the size of the
station, the gas was split to direct only the outflow from two of the five filtration clusters to
the PPS. The remaining stream was instead directed to a flare for disposal by combustion.
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Experimental tests were carried out ranging the process parameters, mainly driven
on the basis of the values of biomass feeding rate, in order to confirm the capability of
the plant to elaborate different biomass feeding rates in similar conditions and, in doing
so, giving similar outputs. A summary of the most representative conditions adopted as
feeding conditions at the gasifier is presented in Table 3, corresponding to the lowest and
highest biomass feeding rate adopted in the experimental campaigns herein presented.

Table 3. Gasification operating conditions in test of low and high biomass feeding rate.

Operating Parameter Low Feeding High Feeding

Feeding rate (kgdry/h; kgar/h) (a) 122; 140 150; 170

O2 (kg/h) 44–46 58–61

Steam (kg/h) 48–50 70–80

Equivalence Ratio (ER) 0.25 0.28

Steam/Biomass (S/B) (b) 0.4 0.5
(a) ar, as received; humidity content, 12%-wt; (b) dry basis.

During the tests, parameters such as flow rates, temperature, and pressure were
monitored and the produced stream was sampled to acquire data on the permanent gas
composition, as well as on the organic and inorganic contaminant content.

The dry gas composition was monitored online by a µGC–TCD system (by Agilent
Technologies) equipped with MSieve5A and PoraplotQ narrow-bore columns. Argon
5.5 grade (99.9995%v) was used as carrier gas. The identification and quantification of each
component was based on a retention time parameter and multilevel external calibration,
respectively. The gas composition was monitored by acquisition carried out every 4 min.
To avoid leaks of the producer gas through the feeding screws, the feedstock supply during
the stage of gasification was carried out under a slight nitrogen current, therefore presence
of N2 in the produced gas was also detected. The detected percentage was typically lower
than 5%v.

Concerning the measurement of contaminant content, tar and particles were measured
according to the CEN/TS 15439 protocol; isopropanol (2-propanol) was used as solvent for
tar absorption. The final solution was then properly treated for gas chromatography mass
spectrometry (GCMS) analysis and gravimetric quantification. Chromatographic analyses
were carried out with a GCMS system by Agilent Technology, Mod. 5975 B, equipped with
an HP-5MS cross-linked 5% PhMe-siloxane 30 m × 0.25 mm × 0.25 µm film thickness
column. Helium 6.0 (99.9999%v) grade was used as gas carrier. A 4-level calibration curve
and multi standard solutions containing up to 24 molecules were used for tar molecule
quantification.

Inorganic vapours (i.e., HCl, H2S, and NH3) were measured by absorbing the pro-
duced gas with aqueous solutions. Specifically, 5%-wt NaOH solution was used for HCl
and H2S sampling, and 5%-wt H2SO4 solution was used for NH3. The collected solutions
were analysed via liquid chromatography at a DIONEX DX500 system for HPIC (High-
Pressure Ion Chromatography). If needed, before the analysis the solutions were diluted at
a suitable ratio.

To evaluate the performance of the in-vessel filtration system, the experimental data
acquired in the campaigns carried out with the ceramic candles were compared with those
from the tests conducted without them.

2.3. Gasifier Simulative Model

The gasifier model is based on Gibbs free energy minimisation through the quasi-
equilibrium approach and has been developed and validated by Aspen Plus software in
two previous works by the authors [29,30]. In Figure 3, the model flow sheet is shown.
After defining the non-conventional component biomass based on the proximate and
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ultimate analysis (refer to Table 1), a RYIELD reactor DECOMP was used to convert
biomass in conventional components (e.g., C, O2, H2, N2, Cl, S, according to the ultimate
analysis). Since the repartition of the products (gas, tar, and contaminants) is unknown,
a DECOMP was considered more suitable than a RYIELD, fixing the products based on
specific experimental conditions. Products exiting the DECOMP block were moved to
the RSTOIC block to simulate the production of H2S, HCl, and NH3 (N2, Cl, and S as
elemental components are known to produce mainly H2S, HCl, and NH3, and a fractional
conversion of 1 is quite in line with experimental data which represents the worst case of
maximum contaminants) [30]. Deriving stream S2 was moved to a separator SEP which
separates the stream into three sub-streams: volatile part VOLATILE, char part CHAR,
and a stream composed of inorganic contaminants (HCl and H2S) called INORG. Then,
VOLATILE stream was divided into two sub-streams: VOL and H2. The former, after
mixing with the oxidizing fluid, went into the gasifier, GASIF, and the latter was used to
simulate tar production in the RYield block TARPROD where tar is considered to be formed,
using experimental data of 18 g/Nm3 [30]. The considered tar amount was repartitioned
into 60% benzene, which does not condense (so it is not a “real” tar) but it is the most
present hydrocarbon in biomass gasification after methane, 20% toluene (as representative
of the fast tar) and 20% naphthalene (as representative of the slow tar) [30]. The gasifier,
considered as an autothermal fluidized-bed reactor, was modelled by a RGibbs reactor
(GASIF in Figure 3) and the bed material was sand. Within the reactor, the restricted
chemical equilibrium of the specified reactions was simulated in order to set the product
gas composition by specifying a temperature approach for each individual reaction. In
Figure 3, the stream’s steam (STEAM), oxygen (OXYG), and air (AIR) are all shown since
the model is able to work with all the combination of oxidizing agents. The mass flow
of the stream that was not used was set to zero. The stream S6 represents the global wet
output of the gasifier, which is in fact made by the union of GASRAW, INORG, and TAR
streams. The block H2OREMOV represents a dryer that removes all the water, so the
stream DRYSYNG is the dry output of the gasifier.
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The reactions considered in the gasification process are reported in Table 4.
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Table 4. Gasification reactions [23].

Reaction Reaction Name Heat of Reaction Reaction Number

Heterogeneous reaction
C + 0.5 O2 → CO Char partial combustion (−111 MJ kmol−1) (R1)
C + H2O↔ CO + H2 Water-gas (+172 MJ kmol−1) (R2)
Homogeneous reactions
H2 + 0.5 O2 → H2O H2 partial combustion (−283 MJ kmol−1) (R3)
CO + H2O↔ CO2 + H2 Water gas-shift (−41 MJ kmol−1) (R4)
CH4 + H2O→ CO + 3H2 Steam-methane reforming (+206 MJ kmol−1) (R5)

3. Results and Discussions
3.1. Process Performance

Two operating conditions were tested on the experimental plant. The first operating
condition was a biomass feeding rate of 122 kgdry/h, ER of 0.25, and S/B of 0.4; the second
one was a biomass feeding rate of 150 kgdry/h, ER of 0.28, and S/B of 0.5 (see Table 3).
These conditions were selected in order to evaluate the plant operability at a reduced
feeding rate, compared to the nominal one set at around 180–200 kgdry/h, depending
on the relevant characteristics (e.g., LHV, bulk density, humidity content) of the biomass
feedstock. Such a decision was taken in order to gradually evaluate the safe operation of
the plant after the upgrading of the pre-existing gasifier in the first-of-a-kind reactor with a
ceramic filtration system directly housed in its freeboard.

After the start-up phase, the process at each test sets and the plant achieved a stationary
condition characterized by stable temperatures and gas composition. In Figure 4, as an
example, the trend over time of the temperatures at the four measurement points when
operating the gasifier at a high biomass feeding rate is shown. The stable operating period
in which the bed inventory temperatures swing in the range of 780–850 ◦C is recognizable.
The temperatures indicated by T3 are lower since the related thermocouple was located
in the upper part of the reactor. The highest temperature, T9, is detected at the middle of
the bed where an intimate mixing of biomass feedstock, sand, and gasifying agents was
realized. The values indicated by T1 are reasonably lower that T9 and T2. In fact, T1 is
positioned at the lower part of the fluidized bed, where gasifying agents at relatively cold
temperature (350–400 ◦C) were addressed through the bottom of the reactor.
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The corresponding ranges of percentage composition of each component in the pro-
ducer gas are presented in Figure 5. Low Heating Values (LHV) of 10.3–10.9 MJ/Nm3

dry
were accordingly estimated.
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The data collected appear to be consistent with each other as a result of the closeness of
the operating conditions adopted (e.g., similar ER, S/B, and Tgasif.) and they are in line with
the literature on data of steam-oxygen gasification. In particular, there are few differences
in H2, CO, and CO2 compositions that can be ascribed to the temperature fluctuations and
S/B variations. Moreover, from the gas composition, the H2:CO ratio clearly indicates the
beneficial effect of the addition of steam in terms of H2 content in the producer gas. In both
cases, in fact, the H2:CO ratio was higher than one (i.e., 1.1 and 1.2, respectively) as well as
H2:CO2 between 0.8 and 1.0. These ratio result to be within the values that can be expected
in a gasification carried out with only air or oxygen and a gasification conducted with only
steam.

In fact, according to results available in the literature, under conditions similar to
those adopted in the present work, without steam, H2:CO ratios in the range 0.4–0.7, and
H2:CO2 in 0.4–0.9, were reported [31–38].

On the other hand, when using only steam, Pfeifer et al. [39] in their test of wood
pellets gasification (steam/fuel ~0.8), in the temperature range 770–850 ◦C estimated a
H2:CO ratio with values increasing from 1.2 up to 1.6 and H2:CO2 from 1.9 to 2.3. Michael
et al. [40] reported in the temperature range 815–860 ◦C, steam/biomass around 1, values
up to 1.9 and 2.0 for H2:CO and H2:CO2, respectively. Karatas et al. [32] in tests with cotton
stalk at steam/biomass 0.52 and temperature of 765 ◦C achieved a H2:CO of 1.5 and a
H2:CO2 of 2.6.

Finally, as examples of producer gas characteristics in the case of steam-oxygen/air
mixed gasification agent, Campoy et al. [41], in their tests of wood pellet gasification with
air at ER 0.27 and a bed temperature around 800 ◦C, found a H2:CO of 0.72. The ratio then
increased to 1.36 by steam addition up to S/B 0.45, and T bed ~755 ◦C. For the H2:CO2,
they found a value of roughly 0.9. Meng et al. [42] carried out steam-oxygen gasification
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campaigns with agrol, willow and DDGS in the temperature range 780–820 ◦C, ER 0.34–0.43
and S/B 0.8 ÷ 1.25. In accordance with their tests for process performance evaluations,
trends in H2 enrichment and CO2 increase were observed, as expected by increasing the
S/B and the ER ratios, respectively. Specifically in the case of willow, the tests carried out
at 780 ◦C and 820 ◦C provided a producer gas composition with an H2:CO increasing from
1.2 to 1.4 and H2:CO2 in the range 0.6–0.7.

Overall, based on the flow rates of the produced gas and the dry gas compositions
observed, in the experimental gasification campaigns here presented, values in the ranges
of 1.0–1.2 Nm3

dry/kgdaf and 63–75% for gas yield and cold gas efficiency were, respectively,
estimated.

3.2. Contaminants: Organic, Inorganic, and Particulate Load

A summary of the average contents regarding tar and particulates, determined in accor-
dance with the technical specification TS 15439, is presented in Table 5. The corresponding
GCMS analyses showing the distributions of the most representative tar molecules are
presented in Figure 6. These data were collected by sampling the producer gas at both
available plant streams (i.e., the one prepared to be addressed to the PPS unit (sampled
twice, referred to as PPS (I) and PPS (II)) and the one to the flare).

Table 5. Particulate and tar contents in the producer gas.

Contaminant Measurement Gas stream to the Flare Gas Stream to the PPS (I) Gas Stream to the PPS (II)

Particulate (mg/Nm3
dry) N.A. (a) 96 26

Gravimetric Tar (g/Nm3
dry) 4.7 14.2 3.2

Tot Chromatographic tar (g/Nm3
dry) 7.1 21.8 12.9

Tot Chromatographic tar (g/Nm3
dry,

no Benzene) (b) 4.6 14.8 6.9

(a) N.A., not available; (b) In this evaluation the benzene content was not included since, according to the commonly accepted definition,
“tars” are considered all aromatic compounds with a molecular weight higher than benzene.
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Comparing the tar content in the producer gas obtained in the three samplings, at first
glance the figures seem to show a rather significant differences in terms of both gravimetric
and chromatographic data. These differences can however be justified by the temperature
values reached in the gasifier during the respective tar sampling. Specifically, the gasifier
was in fact operating at a temperature around 830–840 ◦C during the gas sampling on the
stream to the flare, at around 800–820 ◦C and 840–850 ◦C during the two gas samplings
carried out on the stream addressed to the portable purification station, PPS (I) and PPS
(II), respectively. Thus, the tar values from flare and PPS (II) are similar to each other,
and have a lower content with respect to PPS (I). Since these values come from a plant of
significant size, it is not the difference in values that is relevant, but rather the fact that
overall the tar content was at most a few tens of grams per unit of dry gas (i.e., around
20 g/Nm3

dry). Such value can therefore be considered as the one representative of the
gasifier performance under the considered operating conditions.

The collected data are moreover consistent with values available in the literature
under similar settings. Wolfesberger et al. [43] in their tests with wood chips found GCMS
tar values in the range 12–15 g/Nm3 at 810 ◦C and around 6 g/Nm3 at 850 ◦C with wood
pellets. Gil et al. in their test with pine wood chips, at Tbed 800–820 ◦C and ER 0.27, found
a tar content up to 21 g/Nm3

dry when using silica sand as a bed material.
In all measurements, benzene appeared to be the most abundant aromatic compound.

Together with toluene and xylenes, single-ring aromatics accounted for more than 45%-wt
of the total chromatographic tar. The next most abundant compound was naphthalene, a
result which is in accordance with the gasification temperatures involved in the reactor
and its design [43,44]. Together with 1 and 2-methylnaphthalene, the two-ring aromatic
compounds accounted for about 25%-wt of the total tar. Finally, the overall abundance of
non-polar single and double-ring compounds of known high volatility accounted for the
low gravimetric versus the chromatographic tar values.

Considering the data in Table 5, and in accordance with the comments on the rep-
resentative value of tar for the plant under development, a content not higher than
100 mg/Nm3

dry was considered representative of the dust remaining in the producer
gas at the exit of the ceramic candle filter. In measurements without ceramic candles,
values in the range of 12–16 g/Nm3

dry were instead observed. Therefore, by comparing
the corresponding representative values for the in-vessel gas filtration system, a removal
efficiency greater than 99% was assessed.

In accordance with the elemental analysis of the almond shells used in the tests
(Table 1) and considering a gas yield of 1.2 Nm3/kgdaf, the experimental results about
HCl and H2S in the producer gas (refer to Table 6) suggested that around 80%-wt of
the Cl and S amounts present in the feedstock were converted into the two sour gases.
These values were taken into account as feedback data for the preparation of the portable
purification station and, in particular, to properly configure the guard beds to preserve the
PPS unit from failure of the components provided for gas composition conditioning and
H2 separation. A detailed description and discussion of these aspects will be presented in
a more focused paper which is currently under preparation.

3.3. Experimental Results vs. Simulative Results

The comparison between the experimental results and the simulative ones predicted
by the model developed with the Aspen Plus software [29,30] has shown values in pretty
good agreement. Referring to Tables 6 and 7, hydrogen increased with the increase of the
S/B ratio because steam favours the water–gas reaction, resulting in an increase of H2
both in experimental and simulative data. Meanwhile, the simulative data, owing to the
thermodynamic model, overestimated the values (with a relative error within 11%). In the
simulative model, the variation of temperature was higher with respect to the variation
of S/B, such that the temperature had the main influence. This is the reason why in the
simulative results the CO concentration increased due to the endothermic reactions R2
(water–gas) and R5 (steam methane reforming) (see Table 4). For the same reason of the
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main influence of temperature, in the simulative model, the CO2 concentration decrease
depends on reaction R4 (water–gas shift) which is exothermic and, therefore, was favoured
at low temperatures. The difference in under or over production of methane in simulative
modelling is an ordinary issue due to the neglecting of tar in the equilibrium models [30].
The higher results of H2S and HCl in the simulation are due to the assumption in the model
of a fractional conversion for S and C equal to 1, whereas the experimental results (see
Table 6) show that only 80%-wt of the Cl and S amounts present in the feedstock were
converted into the two sour gases.

Table 6. Comparison between the experimental and the Aspen Plus simulation results.

Experimental Results Simulative Results

Low Feeding
Rate

High Feeding
Rate

Gasification temperature (◦C) 780–850 780–850 780 850
Gasification pressure (bar) 1 1 1 1
S/B 0.4 0.5 0.4 0.5
ER 0.25 0.28 0.25 0.28
H2 (%v, dry) 28.5 30.3 30.8 33.7
CO (%v, dry) 26.3 25.3 27.6 30.9
CO2 (%v, dry) 34.3 31.2 27.2 25.0
CH4 (%v, dry) 10.0 10.0 7.8 6.8
H2S (ppmvdry basis) 60–90 60–90 270 280
HCl (ppmvdry basis) 40–50 40–50 100 110
Tar (g/Nm3

dry) 4.6 4.6 5.5 5.5
Gas yield (Nm3/kg) 1.2 1.2 1.2 1.2

Table 7. Relative error between the experimental and simulative results.

Relative Error (%) at Feeding Low Rate Relative Error (%) at Feeding High Rate

H2 8.0% 11.2%
CO 4.9% 22.1%
CO2 21.0% 19.8%
CH4 22.0% 32.0%

A comparison in the relative error between the experimental and simulative results
for the producer gas composition under low and high feeding rate conditions is reported
in Table 7.

4. Conclusions

This work reported the results of experimental campaigns carried out at a 1000 kWth,
nominal power gasification pilot plant, based on an innovative bubbling fluidized bed
reactor. The innovation concerns the integration directly in the reactor freeboard of a
bundle of ceramic candles for high temperature gas filtration. The plant, within different
biomass feeding rates, using ER in the range of 0.25–0.28 and an S/B ratio in the range of
0.4–0.5, was operated in a temperature range of 780–850 ◦C, obtaining a syngas with stable
composition and low contaminants levels. The results provided evidence of its reliability
in the upgraded configuration.

By using the in-vessel high temperature ceramic filter system, an efficiency dust re-
moval rate higher than 99%-wt was proven to be achievable. Overall, for the LHV, CGE,
and gas yield of the producer gas, values up to 10.9 MJ/Nm3

dry, 75% and 1.2 Nm3/kgdaf
were, respectively, estimated. The experimental results were compared against the simula-
tive results coming from a thermodynamic model based on quasi-equilibrium approach.
The comparison resulted in a good agreement, showing the affordability of the model.
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Finally, using the experimental values of the H2S and HCl fractional conversion, it was
found that the model could be improved for further applications.
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