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Abstract: The present paper presents a study of biomass waste to energy conversion using gasification
and internal combustion engine for power generation. The biomass waste analyzed is the most
produced on Italian soil, chosen for suitable properties in the gasification process. Good quality
syngas with up to 16.1% CO–4.3% CH4–23.1% H2 can be produced. The syngas lower heating value
may vary from 1.86 MJ/ Nm3 to 4.5 MJ/Nm3 in the gasification with air and from 5.2 MJ/ Nm3

to 7.5 MJ/Nm3 in the gasification with steam. The cold gas efficiency may vary from 16% to 41%
in the gasification with air and from 37% to 60% in the gasification with steam, depending on the
different biomass waste utilized in the process and the different operating conditions. Based on the
sensitivity studies carried out in the paper and paying attention to the cold gas efficiency and to the
LHV, we have selected the best configuration process for the best syngas composition to feed the
internal combustion engine. The influence of syngas fuel properties on the engine is studied through
the electrical efficiency and the cogeneration efficiency.

Keywords: biomass waste; gasification; power generation; internal combustion engine; CHP;
Aspen Plus

1. Introduction

Sustainability and environmental issues regarding energy are becoming of more and more concern
in this present age, and proper policies can determine the future low-carbon profile of the global
system [1,2]. In Europe, every year, a large quantity of biomass waste is produced. This biomass is
mostly vegetable waste from the agri-food chain (pruning of vines, olives, fruit trees, shells, etc.) and
from wood [3,4].

The reuse of biomass waste is essential for a circular economy and sustainability [5,6]; in fact,
biomass is considered one of the most important renewable energy sources as it can increase global
energy sustainability and reduce greenhouse gas emissions [7,8].

There are many technologies by which to convert biomass into energy [9–11]. The two most
important methods of conversion are conversion to power and to biofuel [12]. For the former, one of
the most feasible and productive ways is thermochemical conversion [13]. Among the thermochemical
processes, gasification is one of the most effective and studied methods to produce energy and
fuels from biomass due to its capacity to handle different biomass feedstock [13–16]. Gasification,
through the partial oxidation of the biomass at high temperature in the range of 800–1000 ◦C [17,18],
with air, oxygen, and/or steam as a gasifying agent, allows for the production of a final product called
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syngas [19]. The application of biomass gasification to power generation has shown many important
environmental benefits [20]. Syngas is mainly made up of CO, H2, and CH4; the remaining part
consists of the non-combustible gases N2 and CO2 [21,22]. Obviously, depending on the quality of the
biomass, particle size, gasifier type, operating conditions, and gasification agents, there are different
compositions of the resulting syngas [23,24]. High-quality syngas is often characterized by low N2

content, high H2 content, low tar levels [25], and a high heating value [26].
Many studies have focused on the use of syngas produced from biomass gasification as an

alternative fuel in engines in order to substitute fossil fuels with clean energy [27,28] and on the
response of rapid compression machines to the composition of different fuels [29,30]. A gasification
process combined with the cogeneration of heat and power has been considered more and more
important, especially as a consequence of the growing interest toward small sizes plant [31]. In recent
years, a considerable number of syngas-powered engines [32,33] have been developed, but the majority
of them are based on a spark-ignition (SI) combustion system and studies have demonstrated that this
engine is not suitable for this kind of fuel because the fluctuation of the syngas components makes it
difficult to achieve stable combustion [21,34,35]. Therefore, the best approach seems to be the high
pressure ratio [27,36].

Roy et al. [37] studied the effect of hydrogen content in syngas produced from biomass on the
performance of a fuel engine and demonstrated that the engine power with a high H2 content was
greater than that obtained with low H2. Akansu et al. [25] experimentally investigated the combustion
and emissions characteristics of internal combustion engines fueled by natural gas/hydrogen
blends and concluded that NOx emissions generally increased with increased hydrogen content.
Pilatau et al. [23] studied the ICE behavior with syngas from different biomass sources in a system
where the exhausted ICE gases fed the gasifier and provided a method for selecting the type of main
fuel used for the engine based on the chemical composition of the syngas and taking into account the
engine operating parameters.

The first aim of this paper was to investigate the most available biomass waste on Italian soil in
order to choose those with the best features to be gasified. Next, we proposed a simulation plant using
Aspen Plus software that considered both the gasification system and the ICE. The type of gasifier
analyzed was a bubbling fluidized bed gasifier, which has a lot of benefits for biomass conversion
due to the good heat and mass transfer between the gas and solid phase, the high fuel flexibility
and uniformity, and the easier to control temperature [38]. The gasification model was based on the
restricted chemical equilibrium. The ICE was simulated with a gas turbine [39,40], fixing the pressure
drop corresponding to the chosen engine. Gasification is very sensitive to some operation parameters
often considered in the performance analysis such as the steam to biomass ratio, air equivalent ratio, or
stoichiometric ratio [41,42]. The sensitivity analysis conducted in the simulation varied the gasification
temperature, the air equivalent ratio (ER), and the steam to biomass ratio (S/B), thus allowing us
to determine the best syngas composition to feed the ICE. Then, the ICE behavior was investigated
through the electrical efficiency and the cogeneration efficiency.

2. Materials and Methods

2.1. Biomass Waste

The biomass waste can be classified in four categories: shells (i.e., hazelnuts, walnuts, almonds);
pruning (i.e., of olives, vines, hazelnuts), straws (i.e., of wheat, corn, barley); and agro-industrial
residues (i.e., exhausted olives). The chemical and physical characteristics of these biomass wastes are
shown in Table 1.
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Table 1. Preliminary and definitive biomass waste properties [13].

Biomass
Waste

Moisture
(wt %)

Bulk
Density
(kg/m3)

Ash
(wt %)

VM
(wt %)

FC
(wt %)

C
(%)

H
(%)

N
(%)

O
(%)

Cl
(%)

S
(%)

LHV
(MJ/kgdry)

Shells 11–14 300–500 1–2 74–78 20–25 48–51 6 0.2–05 41–44 0.02–0.03 0.01–0.03 18–20
Pruning 7–25 200–300 0.5–4 70–85 12–20 45–49 5–6 0.1–08 36–44 0.01–0.08 0.01–0.08 16–18

Straw 7–12 20–140 5–15 67–76 16–18 41–47 5–6 0.3–6 36–44 0.03–0.4 0.04–0.2 15–18
Exhausted

olive 9 350 4 77 19 51 6 0.3 38 0.02 0.02 20

To select the biomass waste to be used in the gasification process, the first criterion to be considered
was the feedstock availability on a significant scale (t/year). Then, the second criterion was the LHV,
which has to be high, so biomass waste with a lower humidity is preferable. Another aspect to pay
attention to is the density of the biomass waste as it significantly affects the storage and, in a fluidized
bed gasifier, should be comparable with that of the bed. The size and shape of the biomass waste
are also important, in fact, the waste must be processed to a uniform size or shape to feed into the
gasifier to ensure homogeneous and efficient gasification. Chemical composition is another important
characteristic that must be considered, especially the content of sulfur, chlorine, and ash [14].

To sum up, the following characteristics have to be taken into account during the choice of biomass
waste for the gasification process:

1. Availability;
2. LHV;
3. Bulk density;
4. Cutting and shape;
5. Elemental composition, volatile substances, and ash.

From the research published by Enama [43], which referred to Italy, we selected the most suitable
biomass with the characteristics listed above and report them in Table 2 [18,44,45].

Table 2. Biomass waste most available on Italian soil.

Biomass
Availability
(tdry/year)

LHV
(MJ/kgdry)

HHV
(MJ/kgdry)

Bulk Density
(kg/m3)

Moisture
(wt %)

Olive pomace 3,246,000 20 23.50 350 9
Wheat 3,050,556 18.90 20.10 42 9.5

Olive pruning 1,548,711 19.90 21.20 200 20
Corn 1,269,980 17.60 18.60 58 8.50

Vine pruning 1,123,372 18.60 19.90 260 17.60
Barley 687,733 18.60 19.70 80 8

Hazelnut pruning 67,904 17.90 19 230 15
Hazelnut shells 58,000 18.85 20.20 319.14 12.45

Table 3 [44,46,47] shows the proximate and ultimate analysis of the various biomass waste types
used in this study.

Table 3. Biomass proximate and ultimate analysis.

Biomass Proximate Analysis (wt %, Dry Basis) Ultimate Analysis (wt %, Dry Basis)

Ash Volatile
Matter

Fixed
Carbon C H N O Cl S

Hazelnut shells 0.77 62.70 24.08 46.76 5.76 0.22 45.83 0.76 0.67
Olive pruning 3.67 82.35 13.98 47.50 6.00 1.06 43.66 1.74 0.04
Vine pruning 2.62 80.84 16.54 50.84 5.82 0.88 40.08 1.87 0.05

Hazelnut pruning 3.20 79.60 17.20 47.40 5.23 0.70 43.50 3.14 0.03
Olive pomace 4 77 19 51 6 0.30 38 0.02 0.02

Corn 7 69.5 15 47.30 5.50 0.90 45.3 0.5 0.5
Wheat 11 66.3 21.4 48.86 6.80 0.59 43.4 0.15 0.2
Barley 7 65 19 46.88 7 0.60 44.70 0.70 0.12
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For the analysis presented in this paper, we selected four biomass waste sources from Table 2,
each of them belonging to one of the four categories of biomass waste reported in Table 1. The biomass
sources chosen, with consideration of the greatest availability and LHV within the categories, were:

1. Hazelnut shells, belonging to the shell category;
2. Olive pruning, belonging to the pruning category;
3. Olive pomace, belonging to the exhausted oil; and
4. Wheat, belonging to the straw category.

The diffusion of the biomass waste under examination on Italian soil is reported in Figure 1.
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2.2. Process Modeling

For the model developed in this study, the Aspen Plus process model simulator was used.
The following assumptions were considered for the simulation:

• The process is steady state and isothermal [48–50];
• Drying and pyrolysis take place instantaneously, and the volatile products mainly consist of

H2,CO, CO2, CH4, and H2O [25,46];
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• Char is 100% carbon [51]; and
• All gases behave ideally.

Equations (1)–(8) are the chemical reactions considered in this work for the gasification
process [17,26,52] and are listed in Table 4.

Table 4. Chemical reactions involved in the process.

Reaction Number Reaction Equation Reaction Name Heat of Reaction ∆H
(kJ/mol)

1 C + O2 → CO2 Carbon combustion −393.0
2 C + 0.5O2 → CO Carbon partial oxidation −112.0
3 C + H2O↔ CO + H2 Water gas reaction +131.0
4 CO + H2O↔ CO2 + H2 Water gas-shift reaction −41.0
5 H2 + 0.5O2 → H2O Hydrogen partial combustion −242.0
6 CH4 + H2O→ CO + 3H2 Steam reforming of methane +206.0
7 H2 + S→ H2S H2S formation −20.2
8 0.5N2 + 1.5H2 → NH3 NH3 formation −46.0
9 H2 + 2Cl→2 HCl HCl formation −92.31

The Boudouard reaction was not considered in this simulation as it does not achieve kinetic
equilibrium and causes destabilization in reactor behavior [53].

For the simulation, we analyzed two different configurations:

(1) Air was used as the only gasifying agent, and the relative Aspen Plus flowsheet is shown in
Figure 2;

(2) Steam was used as the gasifying agent, and the associate Aspen Plus flowsheet is shown in
Figure 3.
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The stream BIOMASS was specified as a non-conventional stream, as defined by its proximate and
ultimate analysis. The BIOMASS stream goes to the RYELD reactor used to simulate the decomposition
of the unconventional feed into its conventional components (carbon, hydrogen, oxygen, sulfur,
nitrogen, and ash by specifying the yield distribution according to the biomass ultimate analysis in
Table 3).

Off products from DECOMP moves in the RSTOIC block to simulate the production of HCl, NH3,
and H2S , through the reactions (7) and (8), by considering the fractional conversion for H2S and
HCl as equal to 1 and NH3 as equal to 0.5 [54], because, in order to have more realistic results, these
components cannot be modeled with a chemical equilibrium. The resulting stream S2 moves into a
separator SEP, which divides the stream into three sub-streams: volatile part VOLATILE, char part
CHAR, and a stream composed of NH3, HCl, and H2S , called H2SNH3. The VOLATILE stream, after
mixing with oxidizing fluid, goes in the gasifier GASIF. The CHAR stream is split into two sub-streams:
S3, which represents the un-reacted char, and S4, which represents the char that reacted in the gasifier.

To simulate the gasification process in Aspen Plus, we used a RGibbs reactor, called GASIF
in the flowsheets of Figures 2 and 3, modeled with the restricted chemical equilibrium, which
allowed us to describe the syngas composition more accurately than the equilibrium models.
Equations (1)–(6) of Table 4 are the chemical reactions considered in this work for the gasification
process. The restricted chemical equilibrium can be obtained by choosing the calculation option
“Restrict chemical equilibrium-specify temperature approach or reactions” in Aspen Plus and
specifying the zero temperature approach for each reaction in the gasifier model. In this way, the
RGibbs evaluates the chemical equilibrium constant for each reaction at the reactor temperature,
thereby giving the equilibrium gas composition [55,56]. In the present model, tar formation and
catalyst deactivation were not taken into account. The block CYCLONE represents the simulation
of gas cleaning, where solid parts are separated from gas. We only considered this step of cleaning
because an engine needs gas at low temperature to have low density, so this type of cleaning is sufficient
for our purposes. Therefore, the stream GAS2 goes into a cooler called COOLING in Figures 2 and 3
that represents the cooling of syngas before its entrance into the internal combustion engine, which
was simulated with a gas turbine and composed of the block COMPR and the block TURBINE. At the
end, the EXHAUST stream goes into a cooler UTIL to achieve the chosen utilization temperature.

The configuration presented in Figure 3 is the same as that of Figure 2 except for the utilization
of steam instead of air: the stream WATER goes into the cooler, called COOLING2, which is a
counter-current heat exchanger where syngas loses temperature and water is lifted up to the saturation
temperature that becomes the STEAM stream. Therefore, the following Tables 5 and 6 showing the
ASPEN units and the system operating conditions, are valid for the flowchart presented in Figure 2
and in Figure 3.

Table 5. Description of ASPEN Plus flowsheet unit operation presented in Figure 2.

ASPEN Plus Name Block ID Description

RYIELD DECOMP Yield reactor—converts the non-conventional stream “BIOMASS”
into its conventional components

RSTOIC RSTOIC Rstoic reactor—simulates the production of HCl, NH3 and H2S

SEP SEP Separator—separates the biomass in three streams: volatile, char
and a stream of NH3 and H2S

MIXER MIX Mixer—mixes oxidizing fluid with VOLATILE stream, that
represents combustible fluid

MIXER MIX2 Mixer—mixes the gas from gasifier with NH3, HCl and H2S

FSPLIT SPLIT Splitter—splits char unreacted (S3) from char to burn (S4)
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Table 5. Cont.

ASPEN Plus Name Block ID Description

RGIBBS GASIF

Gibbs free energy reactor—simulates drying, pyrolysis, partial
oxidation and gasification and restricts chemical equilibrium of

the specified reactions to set the syngas composition by specifying
a temperature approach for individual reactions

CYCLONE CYCLONE Cyclone—simulates gas-solid separation

HEATER COOLING Heater—lowers the temperature between GASIF and ICE

COMPR COMPR Compressor—used to simulate internal combustion engine

COMPR TURBINE Turbine—used to simulate internal combustion engine

RGIBBS BURN Combustion chamber—used to simulate gas turbine combustion

HEATER UTIL Heater—lowers the temperature of exhausted fumes to
utilization temperature

Table 6. System operating conditions.

Plant Unit Process Parameters Value

GASIF Temperature 800 ◦C
Pressure 1 bar

COOLING Temperature syngas (out) 30 ◦C
Pressure syngas (out) 1 bar

UTIL Temperature (out) 80 ◦C

3. Internal Combustion Engine Simulation

The ICE was simulated as a gas turbine in this paper. The process parameters are shown in Table 7
and discussed in Section 4.7 for the reference case of hazelnut shells and olive pruning feeding. The gas
turbine engine was fed with syngas at an ambient temperature (30 ◦C) that was compressed by up to
20 bar pressure before entering the turbine [39,40].

Table 7. Gas turbine’s cycle operating conditions.

Process Parameters Value

Temperature, syngas (in) 30 ◦C
Temperature, air (in, compressor) 20 ◦C

Equivalence ratio [35] 3
Isentropic expansion coefficient 90%

Isentropic compression coefficient 90%
Pressure, fumes (out, turbine) 1 bar

4. Results and Discussion

In this simulation, we considered 1 MWth as the input size and the HHV of each of the four
biomass wastes analyzed and the feed was fixed in this way: for the hazelnut shells, the input flow
settled at the constant flow rate of 180 kg/h; for the olive pruning, the input flow settled at the constant
flow rate of 170 kg/h; for the olive pomace, the input flow settled at the constant flow rate of 153 kg/h;
and for wheat straw, it was settled at the constant flow rate of 179 kg/h.

In the first configuration with air, the gasification agent considered was at the constant flow rate
of 159 kg/h at 25 ◦C and 1 bar.

Focusing on the syngas composition out of the gasifier, a sensitivity study was carried out
by varying:

• The gasifier operating temperature to verify the influence of gasification temperature on the
syngas composition, from 785 to 870 ◦C, in case of air as oxidant agent;
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• The ER, to analyze the system reaction changing the input flow of air by varying the equivalent
ratio from 0.2 to 0.6, but keeping the gasification temperature constant at 800 ◦C in order to
evaluate the decrease in the energy needed for the gasification reaction (thermal energy that has
to be added);

• The gasifier operating temperature and ER simultaneously to evaluate the LHV of the syngas and
the cold gas efficiency ηCG, which represents the fraction of energy in the biomass feed that can be
acquired as energy from the use of the produced syngas. The cold gas efficiency was calculating
using the following equation:

ηCG =
Msyn·LHVsyn

Mbiomass·LHVbiomass
, (1)

where Msyn and Mbiomass are the mass of the produced syngas and the original biomass,
respectively; LHVsyn and LHVbiomass are the LHV of the produced syngas and the original
biomass, respectively.

• The steam to biomass (S/B) ratio, in the configuration of Figure 3, to study the possible
improvements of the plant efficiency when more steam was delivered to the gasifier.

4.1. Syngas Composition

At the gasification temperature of 800 ◦C and with the input flow rate declared above,
with air as the gasifying agent, the simulation was conducted in Aspen Plus, as shown in Figure 2.
The compositions of the product syngas for each biomass waste analyzed are shown in Table 8.

Table 8. Composition of the syngas in %dry mole fraction.

Component
(%dry mole fraction) Hazelnut Shells Olive Pruning Olive Pomace Wheat Straw

H2 20.7 20.4 23.1 21.9
CO 14.8 14.6 16.1 15.1
CO2 13 12.7 10.1 11.7
H2O 19.6 18.6 14.3 18.5
CH4 2 2 4.3 2.7
HCl 0.17 0.38 0.05 0.03

4.2. Effect of Gasification Temperature

The syngas composition, in the stream GASRAW as defined in Figure 2, was obtained by varying
the gasification temperature between 785 and 870 ◦C. The sensitivity analysis conducted for the
hazelnut shells is shown in Figure 4a, for the olive pruning in Figure 4b, for olive pomace in Figure 4c,
and for wheat in Figure 4d.
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Figure 4. (a) Effect of gasification temperature on the syngas composition from hazelnut shells.
(b) Effect of gasification temperature on the syngas composition from olive pruning. (c) Effect of
gasification temperature on the syngas composition from olive pomace. (d) Effect of gasification
temperature on the syngas composition from wheat straw.

From Figure 4a–d, it can be observed that the concentrations of CO and H2O increased with
an increase in temperature, instead the concentrations of CO2 and CH4 decrease with increasing in
temperature. Similar trends were reported in [55]. The endothermic reactions (3) and (6) reported
in Table 4 favor their forward reaction with increasing gasification temperature and will result in an
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increase of the concentration of CO and H2 and a decrease of CO2 and CH4. However, the decrease
of CH4 is mostly determined by the effect of steam methane reforming, which is prevalent at
high temperature.

4.3. Effect of ER

The effect of ER on syngas composition was investigated. Figure 5a–d show the trend of syngas
composition by varying ER from 0.2 to 0.6 and maintaining the gasification temperature at 800 ◦C.
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The trend obtained showed good agreement with the results in the literature. With the increase in
ER, the yields of CO2 and H2O increased, and the yields of H2 and CO decreased. In order to evaluate
the thermodynamic balance into the gasifier, Figure 6 shows the gasifier heat required and the LHV
of the syngas produced (stream GASRAW), using olive pruning as an example because the others
showed a similar trend. The heat required and LHV decreased as the ER increased, as foreseen from
the previous figures and from the increase in the oxidant. The LHV varied between 5 and 4 MJ/Nm3,
while the heat demand Q varied between 257 and 185 MJ/h. In the example of olive pruning, given the
similar results for the other biomass wastes, the gas yield was 1.7 Nm3/kg and the biomass inlet was
170 kg/h, so the variation of 1 MJ/Nm3 of the LHV corresponded to a variation of 100 MJ/h while the
Q variation was 72 MJ/h. As the LHV decreased faster than Q with the increase of the ER and a loss of
LHV accounted for more than a decrease of heat demand, the optimum value was lowest at ER = 0.2,
when considering the overall energy balance. Indeed, at ER = 0.2, the corresponding values of Q and
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LHV were the highest (260 MJ/h and 5 MJ/Nm3, respectively), and with an increase in the ER, there
was a decrease in efficiency given that the lower LHV was not compensated for by the decrease in the
heat demand.
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As shown in Figure 7a–d, the cold gas efficiency and the LHV decreased as the ER increased;
according to Figure 6, they showed increasing behavior as the temperature rose, so higher values of
ER are not useful because the lower value of LHV means that lower heat can be generated through gas
combustion, which leads to lower net power from the turbines. The best combination of LHV and cold
gas efficiency for each biomass waste was:

- Hazelnut shells, ηCG = 42% and LHV = 4 MJ/Nm3 at 870 ◦C and ER = 0.2;
- Olive pruning, ηCG = 46.4% and LHV = 5 MJ/Nm3 at 870 ◦C and ER = 0.2;
- Olive pomace, ηCG = 26% and LHV = 2.2 MJ/Nm3 at 870 ◦C and ER = 0.2;
- Wheat straw, ηCG = 41% and LHV = 4 MJ/Nm3 at 870 ◦C and ER = 0.2.

However, the necessary ER calculated for the total combustion considered an excess of air of 10%,
which was equal to 0.27. Therefore, the best values of LHV and cold gas efficiency obtained by moving
the parametric line representing ER = 0.27 in Figure 7a–d are:

- Hazelnut shells, ηCG = 43.5% and LHV = 4.15 MJ/Nm3 at 870 ◦C and ER = 0.27;
- Olive pruning, ηCG = 45.5% and LHV = 4.9 MJ/Nm3 at 870 ◦C and ER = 0.27;
- Olive pomace, ηCG = 24.5% and LHV = 2.16 MJ/Nm3 at 870 ◦C and ER = 0.27;
- Wheat straw, ηCG = 41% and LHV = 4.16 MJ/Nm3 at 870 ◦C and ER = 0.27.
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4.5. Effect of Steam to Biomass (S/B) Ratio

Considering the configuration shown in Figure 3 where the oxidant was only steam, a sensitivity
analysis was carried out by varying the S/B parameter between 0.2 to 1.35. The S/B ratio is important to
identify the quantitative effects of the addition of steam on the performance of the gasifier. Figure 8a–d
show the effect of the S/B ratio on the syngas composition at a gasification temperature of 800 ◦C for
the biomass wastes analyzed.
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It was observed that the concentration of H2 increased with the increasing S/B ratio until it reached
a maximum; then the concentration decreased. The hydrogen peak was almost at the beginning, which
was due to the absence of air and the use of a variable external source of heat. In particular, Figure 8
shows that there was a lower regime of steam to biomass in order to reduce the heat demand, which,
as shown in Figure 8, increased with the increase of S/B.

In order to evaluate the thermodynamic balance into the gasifier, Figure 9 shows the gasifier heat
required and the LHV of the syngas produced (stream GASRAW). This has been shown only for the
example of hazelnut shells as the other sources showed a similar trend. The heat required Q and LHV
increased as the S/B increased, as foreseen from the previous figures and from the increase in the
oxidant. The LHV varied between 6.5 and 9 MJ/Nm3 while the heat demand Q varied between 550
and 1550 MJ/h. In the case of the hazelnut shells, which was similar to that of the other waste sources,
the gas yield was 1.56 Nm3/kg and the biomass inlet was 180 kg/h, so the variation of 1 MJ/Nm3

of the LHV corresponded to a variation of 350 MJ/h. Moreover, as shown in Figure 9, the curve
representing the LHV had a higher slope and was always stronger with respect to the heat demand Q.
For this reason, the optimum had the lowest value of S/B after the intersection point of the two curves.
Considering the overall energy balance, a good value of S/B could be 0.2. However, as S/B increased,
the LHV also increased. Therefore, each time, a careful evaluation is needed in order to determine the
aim of the research. If, for example, the goal was to improve the H2 production or the increment of the
LHV value, great heat required for the gasifier could be accepted.
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4.6. Cold Gas Efficiency and LHV vs. Gasifier Temperature and S/B

Referring to the configuration shown in Figure 3 where the gasifying agent is steam, the values of
the cold gas efficiency and the LHV obtained by varying the gasifier temperature corresponding to the
parametric curves representing the S/B are shown in Figure 10a–d.
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Figure 10. (a) Cold gas efficiency and LHV for hazelnut shells. (b) Cold gas efficiency and LHV for
olive pruning. (c) Cold gas efficiency and LHV for olive pomace. (d) Cold gas efficiency and LHV for
wheat straw.

Considering that the simulation was conducted assuming that S/B = 0.33 and that the increase of
S/B means an increase of the heat required, we chose to stay with a low value of steam to biomass.
Figure 10a–d show a decrease in the cold gas efficiency and the LHV with the increase in temperature
and decrease of the S/B ratio. A comparison between Figure 10a–d shows that the cold gas efficiency
was higher for hazelnut shells than for the othr biomass wastes and its maximum value was 58% at
870 ◦C with a S/B = 0.33. The highest value of LHV and cold gas efficiency for each biomass waste
type was:

- Hazelnut shells, ηCG = 58% and LHV = 6.9 MJ/Nm3 at 785 ◦C and S/B = 0.33;
- Olive pruning, ηCG = 55% and LHV = 6.9 MJ/Nm3 at 785 ◦C and S/B = 0.33
- Olive pomace, ηCG = 54% and LHV = 6.7 MJ/Nm3 at 785 ◦C and S/B = 0.33;
- Wheat straw, ηCG = 51% and LHV = 6.8 MJ/Nm3 at 785 ◦C and S/B = 0.33.
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4.7. Internal Combustion Engine Performance

As a result of the consideration explained in Sections 4.4 and 4.6 by taking into account the
highest value of LHV and cold gas efficiency, we chose to analyze the ICE behavior using the example
of olive pruning for the configuration of air gasification and the example of hazelnut shells for the
configuration of steam gasification. For the two cases under observation, the following Table 9 quotes
the electrical efficiency and the cogeneration efficiency, by bringing the exhaust fumes at the utilization
temperature of 80 ◦C and a pressure drop in the turbine of 10 kPa.

The cogeneration efficiency is defined as follows:

ηCHP =
NTURB + QEXCH + QEX

LHVBIOM·MBIOM + QINPUT
, (2)

where NTURB is the effective electrical power of the turbine, QEXCH is the heat of the exchangers, QEX
is the heat produced to bring the exhausted fumes to 80 ◦C, LHVBIOM is the lower heat value of the
biomass, MBIOM is the mass of the biomass and QINPUT is the heat associate to the Gibbs reactor.

The electrical efficiency is defined as:

ηel =
NTURB

LHVBIOM·MBIOM
. (3)

Table 9. Cold Gas, Electrical and Cogenerative efficiencies of the analyzed biomass waste.

Biomass Gasification
Agent

Gasification
Temperature

(◦C)

Gas Yield
(Nm3/kg)

LHV
(MJ/Nm3) ηCG (%) ηel (%) ηCHP (%)

Olive pruning Air, ER = 0.27 785 1.7 4.2 35 26 41
Hazelnut shells Steam, S/B = 0.4 785 1.56 7.25 60 30 64

5. Conclusions

An Aspen Plus model was developed for the gasification of biomass waste and for power
generation from syngas. The most available biomass wastes on Italian soil were investigated to select
those most suitable for the gasification process. The main parameters governing the gasification
process of biomass waste in a bubbling fluidized bed gasifier using air and steam as the oxidizing
agents were discussed. The effect of gasification temperature, ER, and S/B ratio was analyzed and the
results showed that it was more useful to work at high temperature, low ER, and with a S/B of around
0.33. The value of the cold gas efficiency and the LHV achieved for each biomass waste in different
configurations and operative conditions were studied. The best syngas compositions to feed the ICE
were:

• In the case of air gasification with olive pruning and an ER = 0.27, it had 26% electrical efficiency,
46.5% cold gas efficiency, and 41% cogeneration global efficiency;

• In the case of steam gasification with hazelnut shells and a S/B = 0.33, it had 30% electrical
efficiency, 58% cold gas efficiency, and 64% cogeneration global efficiency.

These results confirm that the gasifier/ICE is an attractive technique when considering the
environmental benefits and the electrical efficiency obtained.
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28. Marculescu, C.; Cenuşă, V.; Alexe, F. Analysis of Biomass and Waste Gasification Lean Syngases Combustion
for Power Generation Using Spark Ignition Engines. Waste Manag. 2016, 47, 133–140. [CrossRef] [PubMed]

29. Monteiro, E.; Sotton, J.; Bellenoue, M.; Moreira, N.A.; Malheiro, S. Experimental Study of Syngas Combustion
at Engine-like Conditions in a Rapid Compression Machine. Exp. Therm. Fluid Sci. 2011, 35, 1473–1479.
[CrossRef]

30. Liu, C.; Song, H.; Zhang, P.; Wang, Z.; Wooldridge, M.S.; He, X.; Suo, G. A Rapid Compression Machine
Study of Autoignition, Spark-Ignition and Flame Propagation Characteristics of H2/CH4/CO/Air Mixtures.
Combust. Flame 2018, 188, 150–161. [CrossRef]

31. Villarini, M.; Bocci, E.; Di Carlo, A.; Savuto, E.; Pallozzi, V. The Case Study of an Innovative Small Scale
Biomass Waste Gasification Heat and Power Plant Contextualized in a Farm. Energy Procedia 2015, 82,
335–342. [CrossRef]

32. Ando, Y.; Yoshikawa, K.; Beck, M.; Endo, H. Research and Development of a Low-BTU Gas-Driven Engine
for Waste Gasification and Power Generation. Energy 2005, 30, 2206e18. [CrossRef]

33. Pushp, M.; Mande, S. Development of 100% Producer Gas Engine and Field Testing with Pid Governor Mechanism
for Variable Load Operation; SAE Pap.; SAE: Warrendale, PA, USA, 2008.

34. Rakopoulos, C.D.; Michos, C.N.; Giakoumis, E.G. Availability Analysis of a Syngas Fueled Spark Ignition
Engine Using a Multi-Zone Combustion Model. Energy 2008, 33, 1378–1398. [CrossRef]

35. Martínez, J.D.; Mahkamov, K.; Andrade, R.V.; Silva Lora, E.E. Syngas Production in Downdraft Biomass
Gasifiers and Its Application Using Internal Combustion Engines. Renew. Energy 2012, 38, 1–9.

36. Boloy, R.A.M.; Silveira, J.L.; Tuna, C.E.; Coronado, C.R.; Antunes, J.S. Ecological Impacts from Syngas
Burning in Internal Combustion Engine: Technical and Economic Aspects. Renew. Sustain. Energy Rev. 2011,
15, 5194–5201. [CrossRef]

37. Mohon Roy, M.; Tomita, E.; Kawahara, N.; Harada, Y.; Sakane, A. Performance and Emission Comparison
of a Supercharged Dual-Fuel Engine Fueled by Producer Gases with Varying Hydrogen Content. Int. J.
Hydrog. Energy 2009, 34, 7811–7822. [CrossRef]

38. Warnecke, R. Gasification of Biomass: Comparison of Fixed Bed and Fluidized Bed Gasifier. Biomass Bioenergy
2000, 18, 489–497. [CrossRef]

39. Baratieri, M.; Baggio, P.; Bosio, B.; Grigiante, M.; Longo, G.A. The Use of Biomass Syngas in IC Engines and
CCGT Plants: A Comparative Analysis. Appl. Therm. Eng. 2009, 29, 3309–3318. [CrossRef]

40. Damartzis, Th.; Michailos, S.; Zabaniotou, A. Energetic Assessment of a Combined Heat and
Power Integrated Biomass Gasification–Internal Combustion Engine System by Using Aspen Plus®.
Fuel Process. Technol. 2012, 95, 37–44. [CrossRef]

41. Pallozzi, V.; Di Carlo, A.; Bocci, E.; Villarini, M.; Foscolo, P.U.; Carlini, M. Performance Evaluation at
Different Process Parameters of an Innovative Prototype of Biomass Gasification System Aimed to Hydrogen
Production. Energy Convers. Manag. 2016, 130, 34–43. [CrossRef]

42. González-Vázquez, M.P.; García, R.; Pevida, C.; Rubiera, F. Optimization of a Bubbling Fluidized Bed Plant
for Low-Temperature Gasification of Biomass. Energies 2017, 10, 306. [CrossRef]

http://dx.doi.org/10.1007/s40430-014-0166-7
http://dx.doi.org/10.1016/j.egypro.2013.07.068
http://dx.doi.org/10.3390/en10030349
http://dx.doi.org/10.1016/j.wasman.2015.06.043
http://www.ncbi.nlm.nih.gov/pubmed/26164851
http://dx.doi.org/10.1016/j.expthermflusci.2011.06.006
http://dx.doi.org/10.1016/j.combustflame.2017.09.031
http://dx.doi.org/10.1016/j.egypro.2015.11.790
http://dx.doi.org/10.1016/j.energy.2004.08.024
http://dx.doi.org/10.1016/j.energy.2008.05.007
http://dx.doi.org/10.1016/j.rser.2011.04.009
http://dx.doi.org/10.1016/j.ijhydene.2009.07.056
http://dx.doi.org/10.1016/S0961-9534(00)00009-X
http://dx.doi.org/10.1016/j.applthermaleng.2009.05.003
http://dx.doi.org/10.1016/j.fuproc.2011.11.010
http://dx.doi.org/10.1016/j.enconman.2016.10.039
http://dx.doi.org/10.3390/en10030306


Energies 2019, 12, 688 21 of 21

43. Castelli, S. Biomasse ed energia: Produzione, gestione e processi di trasformazione; Maggioli Editore: Milan, Italy,
2011; ISBN 8838765278/9788838765278.

44. Biagini, E.; Barontini, F.; Tognotti, L. Gasification of Agricultural Residues in a Demonstrative Plant: Vine
Pruning and Rice Husks. Bioresour. Technol. 2015, 194, 36–42. [CrossRef] [PubMed]

45. Colantoni, A.; Longo, L.; Gallucci, F.; Monarca, D. Pyro-Gasification of Hazelnut Pruning Using a Downdraft
Gasifier for Concurrent Production of Syngas and Biochar. Contemp. Eng. Sci. 2016, 9, 1339–1348. [CrossRef]

46. Lapuerta, M.; Hernández, J.J.; Pazo, A.; López, J. Gasification and Co-Gasification of Biomass Wastes: Effect
of the Biomass Origin and the Gasifier Operating Conditions. Fuel Process. Technol. 2008, 89, 828–837.
[CrossRef]

47. Nordin, A. Chemical Elemental Characteristics Fuels. Biomass Bioenergy 1994, 6, 339–347. [CrossRef]
48. Ye, G.; Xie, D.; Qiao, W.; Grace, J.R.; Lim, C.J. Modeling of Fluidized Bed Membrane Reactors for Hydrogen

Production from Steam Methane Reforming with Aspen Plus. Int. J. Hydrog. Energy 2009, 34, 4755–4762.
[CrossRef]

49. Lv, P.; Xiong, Z.; Chang, J.; Wu, C.; Chen, Y.; Zhu, J. An Experimental Study on Biomass Air–Steam
Gasification in a Fluidized Bed. Bioresour. Technol. 2004, 95, 95–101. [CrossRef] [PubMed]

50. Sadaka, S.S.; Ghaly, A.E.; Sabbah, M.A. Two Phase Biomass Air-Steam Gasification Model for Fluidized Bed
Reactors: Part I—Model Development. Biomass Bioenergy 2002, 22, 439–462. [CrossRef]
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