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Abstract

This work presents a numerical model developed to predict the behaviour of a real micro-
cogeneration biomass gasification system, based on a fixed-bed downdraft gasifier, coupled
with a spark-ignition internal combustion engine. The model developed by the authors takes
into account all the thermo-physical processes occurring in the whole system: gasification,
cleaning, combustion and heat recovery. The numerical model is based on the Gibbs free energy
minimization, applying the restricted equilibrium method. The model has been validated with
the experimental data collected during an extensive experimental campaign, and a good
agreement between measured data and predicted results is obtained. The present validated
model has proved to be a useful tool for analyzing the performance of real micro-CHP plants.
The global electrical and thermal efficiencies predicted by the model are 19.9% and 17.8%,
while the measured values are 19.5% and 21.7%, respectively. Some parametric analyses have
been carried out in order to assess the performance of the system as a function of the main
gasifier and engine parameters, and to predict the behaviour of the system.

Highlights

A numerical model is developed to predict the behaviour of a real micro-cogeneration system.
The model includes a downdraft gasifier coupled with an internal combustion engine.

The model takes into account gasification, cleaning, combustion and heat recovery.

The numerical model has been validated with the experimental data acquired on site.

The experimental data have been associated to their measurement uncertainties.

Keywords:

Combined Heat and Power; Experimental; Biomass; Gasification; Numerical model;
validation.

Nomenclature

Parameters

Cp water specific heat kJ/(kg K)
E primary power kW
HHV higher heating value MJ/kg
LHV lower heating value MJ/kg
m mass flow rate kg/s
m mass kg

p electric power kw

p pressure bar

Q thermal power kw

T temperature °C
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time
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Acronyms, abbreviations

A
ANN
BFB
BTDC
CFB
CFD
CGE
CHP
CMD
DTU
ECO20
EDR
EFB
ER
FICFB
ICE

k

max
MC
m-CHP
n

PHE
RDF
RES
r.v.
STHE

Chemical formula

C
CHqy
Cco
CO,
H
H2
H>0
N

mass percentage of ash on dry basis
artificial neural network

bubbling fluidized bed

before top dead centre

circulating fluidized bed
computational fluid dynamics

cold gas efficiency

combined heat and power
Costruzioni Motori Diesel company
technical University of Denmark
ECO20 system

exchanger design & rating

empty fruit bunch

equivalence ratio

fast internal circulating fluidized bed
internal combustion engine
coverage factor

maximum value

biomass moisture content
micro-CHP

number of detection

plate heat exchanger

refuse derived fuel

renewable energy sources

read value

shell & tube heat exchanger
expanded uncertainty

uncertainty

water content

Waste Heat Recovery
independent/measured variable
actual value of the of the independent/measured variable
dependent variable

actual value of the of the dependent/calculated variable

mass percentage of carbon on dry basis

volume percentage of methane in the syngas

volume percentage of carbon monoxide in the syngas
volume percentage of carbon dioxide in the syngas
mass percentage of hydrogen on dry basis

volume percentage of hydrogen in the syngas

volume percentage of water in the syngas

mass percentage of nitrogen on dry basis
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N2
@)
02
S

Greek letters

a
A

n
AT
At

Subscripts

A

al

a2

ar

B

b
cool
comb
dry
el

volume percentage of nitrogen in the syngas
mass percentage of oxygen on dry basis
volume percentage of oxygen in the syngas
mass percentage of sulphur on dry basis

air-fuel ratio
stoichiometric ratio
efficiency

difference of Temperature
period of time

A type uncertainty

air entering the reactor

air entering the ICE

as received

B type uncertainty

biomass

cooling

combustion

on dry basis

electric, electricity

exhaust gases

exhaust gases exiting the ICE
exhaust gases entering the STHE
exhaust gases exiting the STHE
gasifier

syngas exit

i-th variable

J-th variable

primary circuit water

primary circuit water entering the ICE
primary circuit water entering the PHE

primary circuit water entering the ICE Radiator

pyrolisis

reduction

secondary circuit water

secondary circuit water entering the PHE
secondary circuit water entering the STHE
secondary circuit water exiting the STHE
stoichiometric

syngas

syngas entering the cyclone

syngas entering the cooler

syngas entering the filter

syngas entering the ICE

whole system
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1. Introduction

The depletion of fossil fuel reserves and the Earth’s climate changes are serious problems that
involve the society nowadays. Among the causes of environmental problems, the combustion
of fossil fuels is the major contributor. Many international agreements have been promoted to
reduce greenhouse gas emissions using renewable and sustainable energy resources. The
European Council has adopted the “2030 Climate and Energy Framework™ [1] that sets three
key targets to 2030: reducing greenhouse gas emissions by 40.0% from 1990 levels, at least
32.0% of renewable energy sources and an improvement of 32.5% in energy efficiency. The
Conference of the Parties COP25, held in Madrid in December 2019, aimed at finalizing the
Paris Agreement, to limit the increase in global temperature to 1.50°C.

Renewable Energy Sources (RES) represent a reliable alternative to conventional fossil fuel
utilization for their minimal impacts on the environment. RES, such as solar and wind, have the
great limit of being intermittent and strongly dependent upon weather conditions, meaning that
their dispatch cannot always be assured on demand. Conversely, biomass, hydro and
geothermal energy can be stored and continuously used to have a predictable output not
dependent on weather conditions [2].

Among all the RES, biomass is a promising option to be used for heat and power production
for its flexibility, to be converted to several forms of energy; in fact, biomass is the only
renewable source that can be used in solid, liquid or gaseous form [3]. Biomass is mostly
referred to plant sources, such as wood from natural forests, waste from agricultural, food waste,
industrial waste and sewage sludge. The energy obtained from biomass is a form of renewable
energy and it does not add carbon dioxide (COz) to the environment [4].

The biomass conversion technologies can be divided into three basic categories: biological
conversion, chemical conversion and thermochemical conversion. Generally, the
thermochemical conversion of biomass, which can be divided into pyrolysis, gasification and
combustion, is more efficient than the other technologies, due to its short reaction time and high
conversion efficiency. Gasification is one of the most advanced thermochemical processes to
convert biomass into fuel. Biomass gasification is a clean technology allowing the removal of
particulates and heavy hydrocarbons compared to combustion or pyrolysis. The gasification
process has several advantages, among which its versatility and flexibility to be combined with
different secondary conversion technologies and the possibility of using biomass fuels at a
wider range of moisture content.

The gaseous mixture produced from biomass gasification, the syngas, mainly contains carbon
monoxide (CO), hydrogen (H2), CO2, and methane (CH4), when gasifying agents (air or
oxygen, steam, or CO2) and temperature larger than 700 °C are considered [5]. Gasification
includes drying, pyrolysis, oxidation, reduction, or gasification reactions. The efficiency of
conversion depends on biomass material, particle size, gas flow rate, and design of the gasifier.

1.1. Literature overview

Researchers have recorded three principal types of gasifiers, which include fluidized bed
gasifiers [6], entrained flow gasifiers [7] and fixed bed gasifiers [8].
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Fixed bed gasifiers can be categorized on the direction of gas flow as updraft, downdraft and
cross-draft. The downdraft gasifier is the most used for solid biomass, for its appropriate
conversion efficiency, lower production of tar and particulate matter [9] and more suitable for
small-scale applications [10].

Several experimental studies on biomass gasification have been carried out in the past. Di Blasi
et al. [11] designed a laboratory-scale fixed-bed gasification plant to compare the gasification
characteristics of several biomass materials, such as beechwood, nutshells, olive husks, and
grape residues. Zainal et al. [12] performed an experimental study on a downdraft biomass
gasifier using wood chips, and the effects of equivalence ratio (ER) on the gas composition,
calorific value and the gas production rate were reported. Dogru et al. [13] carried out
gasification studies using hazelnut shells as biomass, a full mass balance was reported,
including the tar production rate and the composition of the produced gas as a function of feed
rate.

Other authors performed experimental studies using biomass downdraft gasifiers to investigate
the parameters influencing the gasification process. Jayah et al. [14] studied a downdraft
biomass gasifier using rubberwood as biomass under various conditions and the factors
influencing the conversion efficiency were investigated. Hanaoka et al. [15] investigated the
role of the three main constituents of woody biomass (cellulose, xylan, and lignin) during
gasification using a downdraft fixed bed gasifier. Sheth and Babu [16] carried out experiments
using a downdraft biomass gasifier with the waste generated while making furniture. Sharma
et al. [17] carried out an experimental study on a 75 kW, downdraft (biomass) gasifier system
to determine temperature profile, gas composition, calorific value, and trends for pressure drop
across the system. Martinez et al. [18] used a downdraft gasifier with two-air supply stages to
reduce the tar content.

The approaches for mathematical modeling of the gasification process are classified into
thermodynamic equilibrium, kinetic, phenomenological, and Artificial Neural Network (ANN)
models. Thermodynamic equilibrium models are the simplest ones; such models allow
predicting the composition of produced syngas, assuming the reactions reach the equilibrium.
These models are independent of the gasifier design and can be used to analyze the influence
of fuel and process parameters. The equilibrium model may be described by equilibrium
constants (stoichiometric method) and minimization of the Gibbs free energy (non-
stoichiometric method). Equilibrium models have been used successfully by many researchers
[19]-[21] that proposed an equilibrium model for a downdraft gasifier to predict the product
gas composition and its calorific value. Vaezi et al. [22] developed a thermodynamic
equilibrium model to investigate the effect of the use of oxygen enrichment in the improvement
of gas quality. The authors have reported the range of variation of oxygen content for 55
different biomass materials. Barman et al. [23] presented a model for fixed-bed downdraft
biomass gasifiers incorporating tar in the global gasification reaction. Silva and Rouboa [24]
presented an equilibrium model that considered both homogeneous and heterogeneous
equilibrium. Costa et al. [25] considered char produced and added Boudouard reaction and tar
produced as a function of the gasification temperature.

The inadequacy of the equilibrium models to correlate the reactor design parameter with the
final product gas composition led to the development of kinetic models. Some authors
developed kinetic models, considering the kinetics of gasification reactions; these models are
more accurate and detailed but computationally intensive. Di Blasi [26] proposed a one-
dimensional unsteady-state model for biomass gasification in a stratified downdraft gasifier.
The effect of various parameters, such as the physicochemical properties of feedstock, the plant
size, single-particle effects, and char reactivity on the product gas compositions, was discussed.
Giltrap et al. [27] proposed a steady-state kinetic model for predicting the product gas
composition and temperature inside a downdraft biomass gasifier using the reaction kinetics

6


file:///C:/Users/Utente/Desktop/Articolo_%20Parametriche/Manuscript_Sdewes2020_modificato.docx%23_bookmark34

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

parameters. Jayah et al. [14] proposed a kinetic model that consists of two sub-models: pyrolysis
and gasification zones. Gordillo and Belghit [28] developed a numerical model of a solar
downdraft gasifier of biochar with steam, based on the kinetics model. Tinaut et al. [29]
developed a one-dimensional steady-state model for the gasification process in a fixed-bed
downdraft biomass gasifier. The model takes into account almost all the phenomena that occur
during the gasification process.

The different mass and energy interchanges between the gaseous phase, the solid phase and the
reactor wall are considered in the model development. Sharma [30] developed a 1-dimensional
steady-state kinetic model to predict the performance of a downdraft biomass gasifier. Five
separate zones described the thermochemical processes: preheating zone, drying, pyrolysis,
combustion and reduction. Simone et al. [31] proposed a mathematical model, based on the
literature kinetic, mass transfer and heat transfer sub-models. The model treats the gas and the
solid phase separately and the two phases are correlated by mass and energy fluxes.

The gasification process includes a set of phenomena, such as fluid flow, heat transfer, and
complex chemistry, that can be solved by applying governing mathematical equations, mostly
based on the conservation laws of mass, heat, and momentum. Computational Fluid Dynamics
(CFD) models constitute a valid option for gasification modeling, providing relevant
information on temperature and species concentration along the reactor. Gao et al. [32] used an
Euler-Lagrange approach, applying a standard k-epsilon model to the continuous and discrete
phases for the biomass particle model. Jakobs et al.[33] developed a CFD model of high
pressure, entrained flow gasifier. Janajreh et al. [34] investigated the conversion efficiency in a
small-scale biomass gasification unit using CFD to model the Lagrangian particle coupled
evolution.

ANN models refer to the system’s ability to learn from previous experiences and improving the
following outputs, mimicking some human features. Some authors used this approach to study
biomass gasification. Arnavat et al. [35] developed two ANN models for circulating fluidized
bed gasifiers (CFB) and for bubbling fluidized bed gasifiers (BFB), in order to determine the
producer gas composition and gas yield. Li et al.[36] developed an ANN model to simulate the
influence of two important hydrodynamic factors, heating rate and gasifier length, on hydrogen
yield and hydrogen efficiency. Xiao et al. [37] investigated five types of organic components
and, based on the experimental data, developed an ANN model to predict gasification
characteristics.

Aspen Plus software has been used in the literature to model gasifier systems and assess the
performance of the overall process of gasification. Mansaray et al. [38] developed and analyzed
a model for gasification of rice husks using a fluidized-bed gasifier. Ramzan et al. [39]
developed a steady gasification model of three different biomass feedstocks, i.e. food waste,
municipal solid waste, and poultry waste. The simulation model was validated with the
experimental data obtained by the authors from the gasification of three wastes in a lab-scale
hybrid gasifier. They have observed that the model results were in good agreement with the
experimental results. Kuo et al. [40] developed an Aspen Plus-based model to evaluate the
gasification potentials of raw bamboo using thermodynamic analysis. Gu et al.[41] developed
a model in Aspen Plus of biomass gasification with different gasifying agents. Tavares et al.
[42] implemented a model in Aspen Plus for Portuguese forest residues downdraft gasification
and performed a sensibility analysis.

The syngas produced by biomass gasification can be used in gas engines, turbines, or fuel cells
for Combined Heat and Power (CHP) production with an overall efficiency range between 60%
and 90% with a reduction of the global CO, emissions. Internal combustion engines (ICEs) are
best suited for small and medium-scale plants from 1 to 10 MW. Besides, the advantages of
ICEs include low cost, reliability, high operating efficiency, and flexibility. Many large-scale
biomass-based power generation plants have been built in the world. However, it is more
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feasible to utilize biomass energy directly in the biomass production areas such as villages and
rural areas with abundant biomass resources. Therefore, the small-scale gasification power
plants (<200 kWe) can be fully used.

China has an enormous amount of biomass resources utilized in small-size rice husk
gasification plants [40]. The biomass-based power plants in the U.S.A. have a total capacity of
23 MW; only two of them have a capacity below 1.00 MW: one is in Tennessee and one in
New Hampshire with a capacity of 125 kW and 40 kW respectively [43]. In Cuba there are two
plants founded by UNIDO, one located in La Melvis with an installed power in the range of
0.50-2.00 MW and one in Cocodrillo of 50 kW [44]. Biomass gasification technology has a
fairly good development in the European region. In Denmark, the company Martezo developed
a 135 kWe downdraft biomass gasifier at Hglgild, [45]. In Germany, Bio-Heizstoffwerk Berlin
GmbH provided biomass gasifiers of 10 - 500 kWei, Wamsler Umwelttechnik GmbH provided
a large-scale plant from 600 kW to 11.0 MW. A two-stage 75 kW gasifier named “Viking” was
developed by the Technical University of Denmark (DTU) using the woodchip as feedstock.
The CHP plant in Glssing (Austria) [46] is a Fast Internal Circulating Fluidized Bed (FICFB)
steam gasifier that converts wood chips to a product gas with a heating value of approximately
12.0 MJ/Nm? (dry basis). A gasification unit for decentralized CHP production in Greece is
designed and built within the framework of the SMARt-CHP LIFE+ project [47]. In Italy, about
biomass gasification power plants had been installed by 2018 with a total capacity of over 43.5
MWe, 83.0% of the power plants have capacities between 20 and 200 kWe and supply about
47.0% of the total power [48].

Numerical modeling can be an effective tool to evaluate thermal power plant performance in
different operating conditions, providing accurate results regarding plant operations. Baratieri
et al. [49] built a model of a biomass gasification unit coupled with ICE, in which syngas
production was modelled through a thermodynamic equilibrium approach. Trninic et al. [50]
presented a mathematical model of a small-scale CHP system, based on biomass waste
downdraft gasification and ICE, powered by corn cobs (as a form of waste biomass) using EES
software. Inayat et al. [51] developed a model for a heat integrated plant designed for hydrogen
production from oil palm empty fruit bunch (EFB) using MATLAB.

Several authors modelled and simulated CHP systems based on gasification with Aspen Plus
software. Villarini et al.[52] presented a paper where an ICE gasification system was simulated
and carried out a sensitivity analysis, paying attention to the cold gas efficiency and the Lower
Heating Value (LHV) of syngas. Nasner et al. [53] developed a model for a Refuse Derived
Fuel (RDF) gasification pilot plant using air as a gasification agent integrated with an Otto cycle
ICE. Formica et al. [54] developed a model of a full-scale woody biomass gasification plant
with a fixed-bed downdraft gasifier, including the technical characteristics of all the
components of the plant. Moreover, Emun et al. [55] and Madzivhandila et al.[56] presented a
model of the integrated gasification system using Aspen Plus. Lan et al. [57] developed a model
based on Aspen Plus for an integrated system power generation constituted by a biomass
gasifier and a gas turbine combustion system.

1.2. Motivation of the work

This work proposes a simulation model of a real micro-cogeneration (MCHP) system, based on
biomass gasification in a fixed bed downdraft gasifier, coupled with an ICE. The model,
developed in Aspen Plus software, is able to simulate the whole cogeneration system, including
biomass gasification, syngas cleaning, ICE and thermal recovery. The gasification model is
based on the restricted equilibrium model, the ICE is simulated with a turbine, a combustion
chamber and a compressor, and the heat exchangers of the heat recovery system are simulated

8
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by using the real geometrical data by means of Aspen Plus “EDR” (Exchanger Design & Rating)
tool.

The models available in the literature do not provide accurate predictions of all the outputs of a
whole CHP plant, while the present work aims at providing a more comprehensive analysis.

The model is calibrated on the basis of the detailed design parameters of a real mCHP plant,
i.e. CMD-ECO20x, consisting of a biomass gasifier coupled with an ICE, characterized by 20.0
kWei of nominal power output.

The system layout description is reported in the System layout section, while the Simulation
model section reports the description of the numerical code developed in Aspen Plus
environment.

The simulation model has been validated against the experimental data obtained during an
extensive experimental campaign, carried out on the real commercial mMCHP module, to assess
the reliability and robustness of the code. In the Postprocessing of the experimental data section,
the equations used for the calculation of the output operating parameters and the assessment of
the global performance are reported.

Some parametric analyses are carried out to investigate the effects of the most important
parameters on the gasification system.

Both the model validation and the results of the parametric analyses are discussed in detail in
the Results and Discussion section.

Summing up, the main motivations of the present work are: i) enriching the literature with
further validation of the Restricted Chemical Equilibrium method by experimental data; ii)
validation of the novel numerical model, properly developed for a real mCHP plant, by
comparison with the experimental data acquired on the whole system, and not on some
subsystems; iii) development of a metrological analysis on the experimental data acquired on
site.

2. Methods

In this section, the system layout used for the experimental campaign and the numerical
simulation model using Aspen Plus software are described. The proposed model is based on the
equilibrium correlations and Gibbs free energy minimizations. The extensive experimental
campaign allowed to acquire a large number of data, that have been employed to perform a
detailed validation of the model.

2.1. System layout

The 3D view and the system layout of the real mMCHP CMD-ECO20x are sketched in Figure 2
and Figure 2, respectively. The main mass flows are reported: the parameters in black colour
are directly measured during the experimental campaigns, while the red ones are obtained as
indirect measurements.

The CMD-ECO20x is a mCHP system powered with biomass, developed by the Italian
company Costruzioni Motori Diesel (CMD) S.p.A.. The unit integrates an Imbert downdraft
gasifier, syngas cleaning devices, a spark ignition reciprocating ICE and an electrical generator.
The Waste Heat Recovery (WHR) is composed by the heat exchangers installed in both the
engine cooling circuit and the exhaust gas line. The CMD-ECO20x is designed to process
woody material (in form of chips or briquettes) of residual materials from: wood industry (wood
dust, wood furniture factory waste, etc.); agro-industry such as the olive oil industry (exhausted
olive pomace mixed with sawdust, olive kernel); rice industry (rice husk), canning industry

9
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(chestnut shells and hazelnut shells); pruning of public green areas. The processed biomass is
characterized by G30 size (1.50-3.00 cm) with a maximum humidity of 20%.

The mCHPs is able to produce electrical and thermal power up to 20 kWe and 40 kWi,
respectively. The system is fully automated, electronically managed in every operation stage
from the automatic loading of biomass/residual material tank into to the parallel connection
with the national electrical grid.

The processed biomass (wood chips, represented as a green line in Figure 2), is moved from
the tank into the chamber of the reactor through the conveyor belt and a loading apparatus,
coupled with an auger placed on the top of the gasifier. The gasification reactions convert the
raw materials into syngas.

The whole syngas cleaning apparatus (which removes all the ash, char, tar, and water) consists
of a cyclone, a cooler and a filter; the cold side of the syngas cooler is water (dark blue line in
Figure 2), which is cooled down by a specific radiator (Radiator 1 — for the sake of simplicity,
the inlet and outlet air flows have been omitted). The syngas (light blue line in Figure 2) exiting
the cleaning section is mixed with fresh air and aspirated by the ICE.

The ICE, through the alternator, produces the electrical energy that can be delivered to the
national electric grid, while engine's exhaust gas passes in the thermal recovery section.

The jacket cooling water (red line in Figure 2), which represents the primary circuit of the
thermal recovery, is cooled down in two steps. In the first one, it is cooled through a Plate Heat
Exchanger (PHE), whose cold side is the water of the secondary circuit of thermal recovery
(orange line in Figure 2); in the second step, it is cooled through a specific radiator (ICE
Radiator - for the sake of simplicity, the inlet and outlet air flows have been omitted).

Then, the thermal recovery in the PHE represents the low-temperature thermal recovery of the
ICE.

The high-temperature thermal recovery is obtained in a Shell&Tube Heat Exchanger (STHE),
whose hot side is the exhaust gas exiting the ICE and whose cold side is the water of the
secondary circuit. The latter is sent to the thermal storage system installed outside the module
and then it is re-pumped to the CMD-ECQO20. In order to simulate a thermal load during the
experimental campaigns, a specific radiator was used. (Radiator 2 - for the sake of simplicity,
the inlet and outlet air flows have been omitted).

For the sake of completeness, Table 1 describes all the parameters reported in Figure 2,
including their units and specifying if the measurement procedure is direct or indirect.

a)
Figure 1 3D rendering of the ECO20x; a) reactor, cleaning section, ICE and WHR subsystems;
b) the whole ECO20x mCHP unit.
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468

Table 1 Operating parameters of the CMD-ECO20 system.

Parameter Description Unit Measurement
Biomass
To Temperature of biomass entering the system °C Direct
1y Mass flow rate of biomass entering the system kg/s Indirect
LHV, LHV of biomass MJ/kg Indirect
Air entering the reactor
Tal Temperature of the air entering the reactor °C Direct
a1 Mass flow rate of the air entering the reactor kg/s Direct
Pa1 Absolute pressure of air entering the reactor bar(a) Direct
Inside the gasifier
Toyr Temperature inside the reactor in the pyrolysis section °C Direct
Poyr Pressure inside the reactor in the pyrolysis section bar(g) Direct
Tcomb Temperature inside the reactor in the combustion section °C Direct
Peomb Pressure inside the reactor in the combustion section bar(g) Direct
Tred Temperature inside the reactor in the reduction section °C Direct
Pred Pressure inside the reactor in the reduction section bar(g) Direct
Tgexit Temperature at the bottom of the reactor — (Syngas exit) °C Direct
Pg.exit Pressure at the bottom of the reactor (Syngas exit) bar(g) Direct
Syngas
Teyn1 Temperature of syngas entering the cyclone °C Direct
Psynt Pressure of syngas entering the cyclone bar(g) Direct
hsyn Syngas mass flow rate ka/s Indirect
LHVgyn LHV of syngas Indirect
Teyn2 Temperature of syngas entering the cooler °C Direct
Psyn2 Pressure of syngas entering the cooler bar(g) Direct
Teyn3 Temperature of syngas entering the filter °C Direct
Psyns Pressure of syngas entering the filter bar(g) Direct
Tsyna Temperature of syngas entering the ICE °C Direct
Psyna Pressure of syngas entering the ICE bar(g) Direct
ICE
Ta2 Temperature of the air entering the ICE °C Direct
a2 Mass flow rate of the air entering the ICE kg/s Direct
Paz Absolute pressure of air entering the ICE bar(a) Direct
A Stoichiometric ratio - Direct
Pe Electric power output kw Direct
Mel,ICE ICE electric efficiency % Indirect
MNth,ICE ICE thermal efficiency % Indirect
MtotICE ICE total efficiency % Indirect
Water of primary circuit
Tot Temperature of primary circuit water entering the ICE °C Direct
Pp1 Pressure of primary circuit water entering the ICE bar(g) Direct
hp Primary circuit water mass flow rate ka/s Direct
T2 Temperature of primary circuit water entering the PHE °C Direct
To3 Temperature of primary circuit water entering the ICE Radiator °C Direct
Water of secondary circuit
Ta Temperature of secondary circuit water entering the PHE °C Direct
Pst Pressure of secondary circuit water entering the PHE bar(g) Direct
s Secondary circuit water mass flow rate kals Direct
Ts2 Temperature of secondary circuit water entering the STHE °C Direct
Tss Temperature of secondary circuit water exiting the STHE °C Direct
Exhaus gases
Tex Temperature of exhaust gases exiting the ICE °C Direct
Pext Pressure of exhaust gases exiting the ICE bar(g) Direct
Ihex Exhaust gases mass flow rate kg/s Indirect
Tex2 Temperature of exhaust gases entering the STHE °C Direct

12



Parameter Description Unit Measurement

Texa Temperature of exhaust gases exiting the STHE °C Direct
Heat exchangers

Qe Thermal power exchanged at the PHE kw Indirect
QsTHE Thermal power exchanged at the PHE kw Indirect
Global system

MNel, ECO20 Electric efficiency of the whole system % Indirect
Mth,ECO20 Thermal efficiency of the whole system % Indirect
MNtot,ECO20 Total efficiency of the whole system % Indirect
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2.2. Simulation model

A model for the cogeneration system, based on biomass gasification, has been implemented in
Aspen Plus. Aspen Plus is a commercial software developed by Aspentech [58] to design and
simulate many types of industrial processes, using unit operation blocks, such as heat
exchangers, separators, pumps, compressors, and reactors. It reproduces steady-state
conditions, based on mass and energy relations and phase equilibrium data. This software can
predict flow rates, compositions and properties of the streams. The simulation of a process in
Aspen Plus involves three main phases: the setting of the flow chart in which the block units
and their connections with the relative flows are indicated; the definition of the chemical
components of the simulation and the setting of the main parameters of all flows (temperature,
pressure, flow rate and composition); the definition of the operating conditions of each block.
The specification of the stream class is an important parameter. In this work, the MIXCINC
stream class has been chosen, because the process includes conventional gas and liquid
components, conventional solid components (such as solid carbon) and unconventional solid
components (such as biomass and ash). The biomass is considered as an unconventional solid,
whose chemical composition is defined by the ultimate and proximate analyses.

HCOALGEN and DCOALIGT algorithms were used for enthalpy and density calculation for
biomass and ash, using the data from proximate, ultimate and sulfur analyses.

The Peng-Robinson's equation of state with the Boston-Mathias modifications has been used to
estimate all physical properties of the conventional components in the gasification process.
The whole CHP model developed in Aspen Plus has been divided into several units: gasifier,
syngas cleaning system, ICE and heat recovery system. The flow chart of the system studied in
the present paper is reported in the Appendix (Figure A.1).

Table 2 shows the description of the Aspen operation units used for the whole system.

Table 2 Description of the Aspen Plus operation units.

Aspen Plus Name Block name Description

RYIELD DECOMP Models a reactor by specifying reaction yields of each component,
but the reaction stoichiometry and
kinetics are unknown.

RGIBBS GASIFIER Models a reactor in which equilibrium conditions are reached by
minimizing the Gibbs free energy.

SSPLIT CYCLON Used to separate solid and gas.

HEATER COOLER Used for heat exchangers in which is known the temperature of
HX the process.

FLASH 2 SEPARAT Used to perform calculations related to the liquid-vapor balance.

MIXER MIX Used to combine multiple flows of matter or energy.

COMPRESSOR COMPRESS Simulates a Compressor

TURBINE COMBUST Simulates a Turbine

13
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HEATX COOL Simulates Heat Exchanger
STHE Simulates Heat Exchanger
PHE Simulates Heat Exchanger

2.2.1.Gasifier

The gasification model has been developed in Aspen Plus using a combination of two blocks:
the biomass decomposition and the gasification of biomass with air as an oxidant agent. An
equilibrium zero-dimensional model is considered where the reactor is perfectly mixed and it
Is based on the Gibbs free energy minimization. The model is non-stoichiometric, considering
that reaction rates and residence times are long enough to reach equilibrium.

The biomass gasification model takes into account the following assumptions:

- steady-state and isothermal model,;

- zero-dimensional and Kinetic- free model;

- all the gases involved in the reactions are considered ideal gases;

- the char contains only carbon;

- S and N reactions are not considered,

- tar formation has been neglected:;

- instantaneous devolatilization of the biomass is considered,;

- volatile products considered are Hz, CO, CO2, CH4and water (H20);

- the chemical reactions in the gasifier are in an equilibrium state;

- the heat loss has been neglected.

Figure 3 shows the Aspen Plus flowsheet of the biomass gasification system.

T REATCOME |=-==27""""""""""1  GasFER

DECOMP

RAW-5YNG

BICMDEC

Figure 3 Flowsheet of Aspen Plus® biomass gasification system.

The gasification model consists of two phases: decomposition and gasification. In the biomass
decomposition phase, a RYIELD reactor (DECOMP) has been used to decompose the biomass
stream (BIOMASS) into its constituent elements, including carbon (C), hydrogen (H2), oxygen
(02), nitrogen (N2), sulfur (S) and ash, by specifying the yield distribution according to the
ultimate analysis of biomass, written by Fortran subroutine in a calculator block. The yield
distribution is a necessary procedure due to the inability of the RGibbs reactor to deal with non-
conventional components such as biomass.

The reaction heat associated with the decomposition of the biomass has been supplied in the
RGibbs reactor through a heat flow (QCOMB).

The gasification phase is performed in a RGibbs reactor (GASIFIER) that uses the Gibbs free
energy minimization as a model for the chemical equilibrium. This reactor calculates the
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composition of the produced gas by minimizing the Gibbs free energy and reaching a complete
chemical equilibrium. In this block, the air is introduced as a gasification agent, through the
AIR stream.

The reactions considered in the RGibbs reactor (R1-R4) are reported in Table 3. Table 4 reports
the main parameters of the gasifier, while Table 5 reports the results of the ultimate and
proximate analyses of the biomass used for the experimental campaign, and it is employed as
input data in the numerical model.

In the present work, the Restricted Chemical Equilibrium is employed to specify the chemical
reactions with different Temperatures approach (specifying a determined Temperature
approach for each reaction). The RGibbs reactor evaluates the chemical equilibrium constant at
T + ATapproach, where T is the real reactor temperature (specified in the settings) and
ATapproach is the Approach Temperature, which represents the difference between the
chemical equilibrium Temperature and the real reactor temperature. This method is used to
modify the chemical equilibrium, to properly simulate the non-equilibrium conditions of a real
gasifier, such as carried out by Gumz [59] and de Andrés [60].

Table 3 Gasification reactions.

Reaction Description
C+2H; — CHs4 Methanation R1
CO+H20 — CO2+ H2 CO shift R2
H>+ 0.5 O, — H>0 Hydrogen Combustion R3
C+H,0 — CO +H, Water gas shift R4

Table 4 Gasifier input parameters.

Parameter Value
Reactor Temperature 800 °C
Pressure 1.02 bar(a)
Air flow rate (rha) 8.07x10% kg/s
Biomass flow rate (1) 6.05 x107° kg/s

Table 5 Biomass proximate and ultimate analyses.

Wood chips
Proximate Analysis, % Ultimate Analysis, %
ash and moisture
dry basis free as received

Moisture 9.80 Carbon 43.6 43.7 39.4
Fixed Carbon 18.3 Hydrogen 5.20 5.20 4.70
Volatile
Matter 717 Nitrogen 0.200 0.200 0.200
Ash 0.200 Ash 0.200 0.200

Oxygen 50.8 50.9 45.8

Moisture - - 9.80

2.2.2.Syngas Cooling and Cleaning System

The syngas cooling and cleaning system has been developed in Aspen Plus using three blocks:
a separator SSPLIT type, a separator FLASH2 type and a heat exchanger HEATER type as
shown in Figure 4.
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The raw syngas (RAW-SYNG) is sent in a SSPLIT separator (CYCLON) in which solid parts
are separated from the gas. Indeed, the unreacted char and the ashes (ASH) fall to the bottom,
while the syngas comes out from above (SYNGAS). The separated syngas achieves a HEATER
block (COOLER) which simulates a water scrubber cooler of the real system, used to cool the
syngas, because the internal combustion engine needs gas at a lower temperature compared to
the one exiting the gasifier.

The cooled syngas is sent to a further separator Flash2 (SEPARAT) that ensures the separation
of the liquid and vapor phase. It is used to separate the syngas from tar (TAR), which is
considered composed only of water. Table 6 reports the operating conditions of the syngas
cooling and cleaning system.

? J}
%]
=

CYCLON COOLER

SEPARAT

RAW-SYNG

/

<] 9
Ik

Figure 4 Flowsheet of Aspen Plus® syngas cleaning system.

Table 6 Input parameters of the syngas cooling and cleaning system.

Block unit Parameter Value

COOLER Temperature (Tsyns) 53.3°C
Pressure 1.02 bar(g)

SEPARAT Temperature (Tsyna) 47.6°C
Pressure 1.02 bar(g)

2.2.3.Internal Combustion Engine

After the cleaning system, the syngas cleaned (SYNGCL) is mixed with air (AIRICE) in the
MIXER block (MI1X), then the mixture of air and syngas is aspirated by the ICE. In Aspen Plus
database unit block for ICE is not available. Therefore, to simulate the ICE, three blocks that
are present in Aspen library have been considered: a compressor, a reactor RGIBBS and a
turbine, as shown in Figure 5, representing the engine cycle.

The COMPRESSOR block is used to simulate the compression phase, the reactor RGIBBS is
used to simulate the combustion phase and the TURBINE block is used to simulate the
expansion phase.

The mixture of air and syngas is sent to the compressor (COMPRESS), ensuring an isentropic
process and defining a compression ratio of 9.45, equivalent to the compression ratio of the real
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engine. The gas after the compressor is sent to the RGibbs reactor (COMBUST) that simulates
the combustion chamber and where combustion reactions occur considering the equilibrium
reactions and Gibbs free energy minimization. The exhaust gases generated are sent to the
turbine (TURBINE) used to simulate the expansion process, where the power generation stage
takes place. For the Turbine block; it is always necessary to define an isentropic expansion and
to consider a discharge pressure equal to the atmospheric pressure.

Table 7 reports the input parameters of the ICE employed in the model.

MIX

* COMPRESS
o

COMBUST

TURBINE

MIXCOMPR

Figure 5 Flowsheet of Aspen Plus® Internal Combustion Engine.

Table 7 Input parameters of the Internal Combustion Engine.

Block unit Parameter Value

COMPRESSOR Isentropic Efficiency 0.85
Mechanical Efficiency 0.99
Compression ratio 9.45
TURBINE Isentropic Efficiency 0.87
Mechanical Efficiency 0.99

Pressure discharge 1.00 bar

RGIBBS Temperature 1430 °C

Pressure 20.0 bar

2.2.4.Heat Recovery System

The heat recovery system of the CHP plant consists of two heat exchangers: a PHE and a STHE.
The thermal energy is recovered from the enthalpy of the exhaust gases using the STHE and from
the engine cooling system using the PHE. The PHE is in counter-current configuration, in which
the “primary circuit” is referred to water flow of the engine cooling circuit (MICEIN); while in the
STHE, in counter-current configuration, flow the exhaust gases of the engine and the user water.
The circuit of the user water (MSEC) is named “‘secondary circuit”.

The plate and shell and tube heat exchangers of the heat recovery system have been modeled by
using an additional Aspen Plus "EDR™ tool, assuming the real geometries taken from the
manufacturer datasheets. The flowsheet of the heat recovery system modeled in Aspen Plus is
shown in Figure 6. The heat exchangers of the thermal recovery system created with EDR have
been modeled in Aspen Plus with two HEAT X blocks for the Shell and Tube Heat Exchanger and
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Plate Heat Exchanger. A third exchanger HEATX block (COOL) has been used to simulate the
cooling system of the engine using the water of the engine cooling jacket (MICEIN).

The user water (MSEC1) is first heated by the water of the engine cooling circuit (MICEOUT1)
in the plate exchanger, then, after exiting from the plate exchanger (MSEC?2), recovers other
thermal energy through the exhaust gases coming out from the engine (EXHAQOUT) in the STHE.
In the pilot system, during the experimental campaign, the user water is cooled by a radiator
(RADIAT1), able to dissipate the heat necessary to return to the initial temperature Ts1, while the
water of the primary circuit exiting the PHE (MICEOUT2) was cooled in the engine radiator
(RADIAT?2), reaching engine inlet Temperature Thpa.

In Table 8, the Heat Recovery System input parameters are reported. For the sake of clarity, all
the input data of the numerical model and all the outputs of every single subsystem are reported in
Table 9 and Table 10, respectively.

[ icEoLT |

MICEOUT2

.

I [ARRADOU |

RADIAT2

cooL
&
_/\/L
—{Exraust2 | o —] exraout
| ExausT2 | [ Extaour |
[ MSEC1
——
MSEC3
= AIR2
MICEOUTA
£
RADIAT1

AlR1

Figure 6 Flowsheet of Aspen Plus® Heat Recovery System.

Table 8 Input parameters of the Heat Recovery System.

Block unit Parameter Value
COOL Engine cooling water flow rate (rnp) 0.137 kg/s
Temperature of water at inlet the engine (Tp1) 49.1°C
PHE User water flow rate (rs) 0.344 kgls
Temperature of user water at inlet PHE (Ts1) 58.6 °C
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636
637
638 Table 9 Input data of the simulation model.
Parameter Description
Biomass
iy (kg/s) Mass flow rate of biomass entering the system
Ty (°C) Temperature of biomass entering the system
po (bar(a)) Absolute pressure of biomass entering the reactor
Proximate Analysis of biomass ( %)
Ultimate Analysis of biomass ( % )
Air entering the reactor
a1 (kg/s) Mass flow rate of the air entering the reactor
Ta1 (°C) Temperature of the air entering the reactor
Par (bar(a)) Absolute pressure of air entering the reactor
Gasifier
Tred (°C) Temperature inside the reactor in the reduction section
prea (bar(g)) Pressure inside the reactor in the reduction section
Syngas Cooling System
Tsynz (°C) Temperature of syngas entering the filter
psyns (bar(g)) Pressure of syngas entering the filter
Tsyna (°C) Temperature of syngas entering the ICE
Water of primary circuit
Tp1 (°C) Temperature of primary circuit water entering the ICE
pp1 (bar(g)) Pressure of primary circuit water entering the ICE
1y (ka/s) Primary circuit water mass flow rate
Water of secondary circuit
Ts1 (°C) Temperature of secondary circuit water entering the PHE
ps: (bar(g)) Pressure of secondary circuit water entering the PHE
s (kKg/s) Secondary circuit water mass flow rate
639
640
641 Table 10 Output data of the simulation model
Parameter Description
Syngas
Thsyngas (KG/S) Syngas mass flow rate
LHVgyn (MJ/kg) LHV of syngas
Syngas Composition mol (% ) Syngas Composition
ICE
Ta2 (°C) Temperature of the air entering the ICE
Paz (bar(a)) Absolute pressure of the air entering the ICE
Pe (kW) Electric power output
A Stoichiometric ratio
Primary and secondary circuit
Tp2 (°C) Temperature of primary circuit water entering the PHE
Tpz (°C) Temperature of primary circuit water entering the ICE Radiator
Ts2 (°C) Temperature of secondary circuit water entering the STHE

Ts3 (°C) Temperature of secondary circuit water exiting the STHE
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Parameter Description

Exhaust gases

Tex1 (°C) Temperature of exhaust gases exiting the ICE
Tex2 (°C) Temperature of exhaust gases entering the STHE
Iex Exhaust gases mass flow rate

Texs (°C) Temperature of exhaust gases exiting the STHE
Pexa (bar(g)) Pressure of exhaust gases exiting the ICE

Heat exchangers

Qpre (KW) Thermal power exchanged at the PHE

Qsthe (KW) Thermal power exchanged at the PHE

2.3. Settings of the experimental campaign

The results obtained from the simulation model have been validated against the real
experimental data collected during an experimental campaign aimed at characterizing the
performance of the ECO20 system.

In particular, three different operating parameters have been varied during the tests, as reported
in Table 11:

- the stoichiometric ratio, 4;

- the ignition timing, expressed in degrees before the top dead center (BTDC);

- the power of the pump of the thermal recovery secondary circuit.

The first and second parameters allowed to know the best operating conditions in terms of
maximum electric and global efficiency; the third parameter has been varied to characterize the
heat exchanger operations, focusing in particular on the cooling of the ICE.

Table 11 Test carried out during the experimental campaign.

BTDC [°] Al-] Pump power
1 34 1.010 maximum
2 29 1.010 maximum
3 24 1.010 maximum
4 24 1.110 maximum
5 29 1.110 maximum
6 34 1.110 maximum
7 34 1.050 maximum
8 29 1.050 maximum
9 24 1.050 maximum
10 29 1.010 medium
11 29 1.010 minimum

2.4. Postprocessing of the experimental data

Once all the data coming from the experimental campaigns have been collected, the
postprocessing has been carried out, in order to assess the operating values of the parameters
obtained using indirect measurements.

For the sake of brevity, only the main equations used for postprocessing are reported below.
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=My

At
where my is the total biomass rate, expressed in kg/s, processed during the experimental
campaign carried out during the period of time Az (expressed in s); such a relation can be
considered only valid under the simplifying assumption of constant feeding of the mCHP
module.

mp

kg/s Q)

Firstly, the overall primary power related to the biomass £y entering the system is obtained.
Ep = (rhy LHVp)-1000 kW 2)

Where LHV; is the Lower Heating Value of the biomass (“as received”) expressed in MJ/kg and
obtained as follow [61], [62]:

H (. W) W
LHVb = HHVr 2,433 8.936. —.[1-— |
° " ( 100( 100) 100} Mikg ()
HHVr = HHV -[1—ﬂJ Mikg  (4)
! Y " 100 g

HHVary =0.349-C + 1.1783-H + 0.1005-S — 0.1034-O — 0.0151-N —

0.0211-A MJfkg (%)

where the letters C, H, S, O, N, and A represent the mass percentages on a dry basis of carbon,
hydrogen, sulfur, oxygen, nitrogen and ash of the biomass, respectively; W is the water content.
The ER is a relevant gasification parameter affecting the syngas quality and it is defined as:

_ Actual Air  (Air/Fuel) (6)
Stoichiometric Air  (Air/Fuel)stoich

The primary power related to the syngas Esn entering the ICE is obtained as:
Esyn = (Ii’lsyn LHVsyn)lOOO kw (7)

Once the chemical composition of the syngas is known, as well as its specific stoichiometric
AirFuel ratio ag, it is possible to calculate both the LHVsyn and the mass flow rate rigyn.
The LHV is obtained as:

LHVsyn = Yiyi LHV MJ/kg (8)

where y; represents the mass fraction of the i"" syngas component and LHVi; its specific LHV
expressed in MJ/kg
The mass flow rate is obtained as:

) m
Msyn = 2 kg/ S (9)
1+hog
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where riex is the mass flow rate of the exhaust gases exiting the ICE, A is the operating
stoichiometric ratio (measured by the on board detection system) and asr is the stoichiometric air-
fuel ratio, which is calculated as:

A=) ¥, Oy, kgls (10)
i=1

where y; is the mass fraction of the it chemical species present in the syngas and asr, is its specific
air-fuel ratio.
The gasifier Cold Gas Efficiency (CGE) is obtained as:

Esyn
CGE = = (11)

b

Thermal power exchanged in the heat exchangers is obtained as follow (considering only the cold
side):

QpHe =11 * ¢p (T2 — Ts1) kw (12)
QSTHE =ms-Cp- (T3 — TsZ) kw (13)

Finally, all the efficiencies of the ICE (Eq. 13, 14, and 15) and ECO20 module (Eg. 16, 17, and
18) can be assessed:

— Ii’el 14
Tel,ICE Esyn (14)
"
e Qeve HQsrie (15)
Eqn
MNtotICE = Nel,ICE + Nth,ICE (16)
— el
IECO20= — 17
NelE £, 17)
v el
MNth,ECO20 = M (18)
E,
Mtot,ECO20 = Mel ICE T+ Mth,ICE (29)
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2.5. Metrological analysis

A metrological analysis has been carried out on the experimental data. Type A and Type B
uncertainties have been associated with the experimental measurements to calculate the
combined uncertainty [63], [64]. Then, a coverage factor equal to one has been used to obtain
the expanded combined uncertainty, corresponding to a confidence level of 68.3%, based on
Gauss distribution.

As regards the calculation of Type A uncertainty, the authors have considered the acquisition
of one measure per second, for intervals of 3 minutes, obtaining 180 data per interval.

I S .
ua(Xp) = \/n(n 0 JE}l(xj—x) (20)

As concerns the calculation of Type B uncertainty, this has been based on the specifications of
the instruments declared by the manufacturer, reported in Table 12.

Table 12 Technical specifications of the probes employed for the thermo-fluid
dynamic measurements

Measured quantity Instrument Measured range Accuracy
Air mass flow rate Hot-film 0 to 1080 kg/h +4.00% r.v.
Water mass flow rate Turbine flow meter 0 to 30 I/min +1.00% r.v
Temperature K-type thermocouple -40°C to +1200°C  max(1.50; 0.004xt)
Relative pressure Piezoresistive transducer  -25.0 to +25.0 kPa +5.00% r.v
Absolute pressure Piezoresistive transducer 15.0 to 115 kPa +1.50% r.v
Relative humidity range Hygrometer 0 to 100% +3.00% r.v.

Therefore, the combined uncertainty has been calculated as:

U (X;) =yU2(X)) +Ug?(X)) (21)

The combined uncertainty for indirect measurements has been obtained as:

2
_ N[ oY 2
uC(Y)—\/E(a—XJ u?(X;) (22)

Finally, the expanded combined uncertainty has been calculated as:

Uo(X) = k-ug(X) (23)

where k is the coverage factor, which, in this analysis, has been assumed equal to one,
corresponding to a confidence level of 68.3%.
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2.6. Sensitivity analyses

The sensitivity analyses have been carried out to investigate the influence of relevant parameters
on the biomass gasification process. In particular, the effects of gasification temperature,
equivalence ratio and moisture content of biomass on the gasification process have been
considered.

ER and gasification temperature have been varied to investigate the effects on the syngas molar
composition and LHV of the syngas. ER has been varied between 0.1 and 1, with a step of 0.1.
The gasification temperature has been varied between 760 °C and 970°C, with a step of 30.0 °C.
The biomass moisture content (MC) of biomass has been varied from 5.00% to 40.0%, with a step
of 2.50%. Moreover, to investigate the effects of MC on the syngas molar composition and syngas
LHYV, the effect of MC on the Electrical Power of the engine has been evaluated.

3. Results and Discussion

The numerical model has been validated against the experimental data collected during an
extensive experimental campaign. Sensitivity analyses have been performed with the aim of
investigating the influence of various parameters on the results.

3.1. Experimental campaign

The main measured parameters deriving from the experimental campaign are reported in Table
A.1 and Table A.2 of the Appendix. These parameters have been used to determine the system
efficiencies, reported in Table A.3 of the Appendix. The values reported in the Appendix are
expressed together with their expanded combined uncertainty, as described in section 2.5.

In particular, the on site tests have allowed to directly measure temperature and mass flow rate
values in all the relevant sections of the novel system under investigation, and the results are
reported in Table A.1. The description of the measured parameters is reported in Table 1.
Moreover, indirect measurements have been performed, and the corresponding results are
reported in Table A.2, showing the electric and thermal powers. Based on the values reported
in these tables, the system efficiencies have been obtained, as indirect measurements, as
reported in Table A.3.
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788  Figure 7 reports the main parameters used to analyze the performance of the system, as function

789  of BTDC and stoichiometric ratio A.
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792 Figure 7 System performance as function of the BTDC and stoichiometric ratio A: a) electric

793 power produced; b) thermal power recovered at the PHE, c) thermal power recovered at the
794 STHE; d) total thermal power recovered; e) global electric efficiency; f) global thermal
795 efficiency; g) global cogeneration efficiency.

796

797  3.2. Model validation

798
799  In order to validate the model developed in this work, the numerical results have been compared
800  with the experimental data.
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Table 13 and Table 14 report the parameters obtained as direct and indirect measurements,
respectively. All the values are reported with the corresponding expanded combined uncertainty,
calculated with 68.3% of confidence, i.e. k=1.

Table 13 Main directly measured operating parameters.

Parameter Value Parameter Value

Biomass ICE

To 36.2+1.5°C A 1.010 £ 0.007

1y (6.05 + 0.0080) x107 kg/s Pl 16.0 £ 0.60 kW

Air entering the reactor Syngas

Ta 342+15°C Tsynt 404+ 1.7°C

a1 (8.07 £ 0.14)x10° kg/s Tsyn2 307+15°C

Pat 1.02 £ 0.007 bar Tsyn3 533+15°C

Inside the gasifier Tsyna 476+15°C

Toyr 426+15°C Exhaust gases

Teomb 910+4.2°C Mex

Tred 805+3.3°C Tex1 338+x15°C

Ty exit 471+£19°C Texz 296+ 15°C
Texa 115+15°C

Water of primary circuit Water of secondary circuit

1y 0.137 £0.0024 kg/s s 0.344 £0.0020 kg/s

Tot 49.1+15°C Ts1 586+1.5°C

Tp2 748+15°C Ts2 644+15°C

Tps 579+15°C Tss 71.0+15°C

Table 14 Main indirectly measured operating parameters.

Parameter Value Parameter Value
LHV, 13.56 £0.016 MJ/kg QsTHe 9.42 + 3.2 kW
Ep 82.1+£0.22 kW TelIcE 281+11%
LHVgyn 3.29 +0.0000047 MJ/kg TNthIcE 31.3+76%
sy (16.2 £0.42) x10° kgls Ttot,ICE 59.4+7.7%
Esyn 57.0 £ 0.55 kW Nel.SYsT 195+0.71 %
CGE 65.6 £ 0.70 % MNth,SYST 21.7+£53%
QPHE 8.40 + 3.2 kW Ntot,SYST 412+53%

Table 15 shows the comparison of the numerical results with the experimental data for syngas
composition in molar fraction. The calculated and measured values of the syngas characteristics,
like LHV and mass flow rate of the syngas, are also reported. The Aspen Plus results obtained in
this work, using a Restricted Chemical Equilibrium Model, are in good agreement with
experimental results, also considering that the equilibrium model neglects the gasification issues,
such as kinetics and fluid dynamics. The comparison between numerical and experimental data
has a low percentage deviation for H, content (25%), CHa content (7%) and N2 content (23%).
The largest difference is found for CO and CO> content (percentage deviation is about 40%), for
which the Aspen model overestimates the molar fraction of CO and CO..

Table 15 Numerical and experimental results in terms of syngas molar composition.
Experimental Aspen Model

CO % mol 15.9 + (5.77 x10%) 22.5
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Experimental Aspen Model

H, % mol 12.2 + (5.77 x10%) 15.2
CHs % mol 1.24 + (5.77 x10%) 1.20
CO, % mol 9.16 + (5.77 x10%) 13.6
N, % mol 61.5 + (5.77 x10°) 475
LHVsyngas (MJ/m?) 3.77 £ (8.46x10°) 4.89
Tisyn (KQ/S) (16.2 + 0.42)x10°3 13.1x10°

The heat recovery system has been validated by comparing the temperature values calculated with
the model and those obtained through thermocouples on the real plant, as shown in Figure 8. A
very good agreement is observed. Moreover, Table 16 reports the calculated and measured values
of thermal powers and the main efficiencies of the system. The calculated differences should be
considered acceptable, also because the numerical values are within the uncertainty intervals for
eight parameters out of nine.

Temperatu res comparison m Experimental

= Aspen model
140
120
100
;G 80

60 ’
40
20
0
Tp2 Tp3 T82 Ts3 Tex3

Figure 8 Numerical and experimental results in terms of temperature values in different sections
of the system.

Table 16 Numerical and experimental results in terms of temperature values in different sections

of the system.
Experimental Aspen Model Difference
Q 840+ 3.2 kW 9.3 kW 11 %
PHE
Q 9.42 + 3.2 kW 5.3 kKW 44%
STHE
Q 17.8 kW + 3.2 kW 14.6 kW 18 %
TOT
Pel 16.0 + 0.60 kW 16.3 kW 1.8%
Nth_IcE 313+76% 26.6 % 15 %
MNel_ice 281+11% 29.7 % 5.8 %
n 59.4+7.7% 56.3 % 5.0 %
TOT_ICE
Ny sysT 21.7+53% 17.8 % 18 %
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Experimental Aspen Model Difference
19.5+0.71 % 19.9 % 1.9%

41.2+53% 37.7% 8.6 %

nel SYST

nTOT_ SYST

3.3. Sensitivity analyses on the gasification system

Sensitivity analyses have been performed to evaluate the response of the model with respect to the
changes of the operating conditions. In particular, the changes of the gasification temperature,
equivalence ratio and moisture content of biomass on the gasification process have been
considered in the following sections.

3.3.1. Effect of Equivalence Ratio

The amount of air entering the reactor is typically set in the range of ER=0.20 — 0.50 in order to
avoid complete combustion. Figure 9 shows the trend of the syngas molar compositions as a
function of the ER. For low ER, Hz and CO compositions increase, while CO2 and CHa decrease;
for higher values of ER, Hz and CO decrease, CH4 decreases until it reaches zero and CO; increases
because the oxygen supply was increased. As the ER increases the production of CH4 decreases
due to because the reagents of the methanation reaction (C and Hz) were consumed in the oxidation
reactions of hydrogen and carbon. An optimal value of ER, therefore, can be identified around
0.30.

Figure 9 shows the trend of syngas lower heating value LHV;p, 44 ON ER. When ER increases,
LHVgy, 445 decreases, due to the decrease of the amount of Hz, CO and CHa with ER. The higher
oxidation rate of the fuel leads to a greater conversion in the syngas, with a consequent higher
concentration of carbon dioxide and lower content of hydrocarbons, reducing LHV;yyg4s. ON
the other hand, for low ER values, biomass is not completely converted into volatiles and tar
production is higher.

0.30 6.00  =——H,
— O
0.25 5.00
o,
£ 0.20 4.00 CH,
s =
2 0.15 3.00 5
2 =
& Z
2 0.10 2,00~
=
0.05 1.00
0.00 0.00

0.10 020 030 040 050 060 070 080 090 1.00
ER
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Figure 9 Effect of ER on the syngas molar composition and LHV.

3.3.2. Effect of Gasification Temperature

In the present work, the gasification temperature has been varied between 760 °C and 970°C. The
gasification temperature affects the syngas molar composition, as shown in Figure 10, due to
endothermic chemical reactions occurring inside the gasifier. Higher temperatures promote the
products of endothermic reactions, according to the Le Chatelier Principle. A temperature increase
implies a syngas production with a higher Hz> and CO content and, consequently, a higher
LHVsyngas. On the other hand, however, the content of CH4and CO: follows the opposite trend.
A temperature increase also implies that CH4 decreases because the CH4 formation reaction is
exothermic.

0.30 5.00 ——H,
4.95 —_—C0
0.25
=" 4.90 —— CO,
) 485 .
% 0.20 = e ——— — C.H4
< 480 ]
2015 475 &
: S
";' 470 €
= 0.10 +— S
= 4.65
4.60
0.05
0.00 450
700 740 780 820 860 900 940 980

Gagification temperature T (°C)

Figure 10. Effect of the gasification temperature on the syngas molar composition and LHV.

LHVgy,,4qs increases with the gasification temperature, due to the significant influence of CO

and Ha. The latter is slightly influenced by LHV of CH4since the CH4 molar fraction decreases
when the temperature gasification increases.

3.3.3. Effect of Biomass Moisture

MC has been varied from 5.00% to 40.0 % in order to investigate its influence on the syngas molar
composition. Figure 11 shows the effect of the MC on the syngas molar composition. When MC
increases, CO; content increases, while CO, Hzand CHs contents decrease.

When MC increases from (Figure 12) LHV of syngas decreases, because more water is involved,
more energy for gasification is necessary for the water evaporation, and consequently also the
Electrical Power decreases.
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Figure 11 Effect of the MC on the syngas molar composition and LHV.
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Figure 12 Effect of the MC on the Syngas lower heating value and the Electric Power of the ICE.

4. Conclusions

A simulation model of a real mCHP plant, based on a biomass gasifier coupled with an ICE,
has been developed in Aspen Plus environment to predict the behaviour of the system. The
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gasification model is based on the thermo-chemical equilibrium, minimizing the Gibbs free
energy. The model reproduces the operation of the syngas cleaning unit, the ICE and the thermal
recovery system. In particular, the thermal recovery system has been reproduced by
implementing the detailed geometric features of the real heat exchangers of the mCHP with
Aspen EDR environment.

An extensive experimental campaign has been carried out on the plant and the measured values
have been associated with the corresponding expanded combined uncertainties. The model has
been validated against the experimental data, and a good agreement has been observed, in
particular for the syngas composition, the syngas LHV and the CGE.

Once assessed the predictiveness of the model, some parametric analyses have been carried out
to improve the system performance, by analyzing the effects of the gasification temperature,
the gasifier ER and the moisture content of biomass on the gasification process.

The parametric analyses of the gasification process have allowed to determine the optimal
values of the main parameters. The main findings can be reported as follows:

e asregards the output energy fluxes, a net electric power of 16.3 kW and a total recovered
thermal power of 14.6 kW have been calculated with the model, while the experimental
values are 16.0 + 0.60 kW and 17.8 £ 3.2 kW, respectively.

e the calculated values of the electrical and thermal efficiencies of the whole system are
19.9% and 17.8%, while the measured values are 19.5% + 0.71 % and 21.7% + 5.3 %,
respectively.

e an increase of the gasification temperature above the operating condition of 800 °C may
produce benefits regarding the LHVsyngas, Which increases with a temperature increase.

e the ER has been varied from 0.10 to 1.00. The optimal value of the equivalence ratio
has been found around 0.30, close to the real operative condition of ER (0.29).

o the effect of MC has also been considered and an optimal value of moisture content has
been found around 10.0 %.

The present validated model has revealed to be a useful tool to analyze the performance of real
mCHP plants. The future developments of the present work will include a detailed sensitivity
analysis of the geometrical parameters in order to optimize the efficiencies of the whole system,
such as the implementation of the model with different types of biomass.
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Appendix A

!nput GASIFIER
Biomass (Aspen Model)
Air
Y
/ Raw Syngas /
r
CLEANING SYSTEM
(Aspen Model)
/ Clean Syngas /
h
ICE —b/ Electrical Power /
(Aspen Model)
¥
/ Exhaust Gases /
Y
Input WHR
Primary circuit water —> (Aspen Model)
Secondary circuit water P

v

/ Thermal Power /

Figure A.1 Flow chart of the system.
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Results of the experimental campaign

Table A.1 Temperature and mass flow rate values obtained during the experimental campaign, used to define the system efficiencies.

BTDC A Ta [°C] Ts2 [°C] Ts3 [°C] Texz [°C] Texs [°C] Tt [°C] Tp2 [°C] ms [kg/s] mp [Kg/s]
1 34 1.01 58.6 +150 64.4 +150 71.0 *150 296.4 =151 1149 #150 49.1 #150 74.8 150 0.344 +1.99x10°  0.137 +1.19x10°
2 29 1.01 69.0 150 74.0 #150 81.5 *150 324.9 150 131.8 #150 56.0 #1.50 82.6 +150 0.363 =+2.10x10°  0.136 +1.12x10°
3 24 1.01 695 150 75.1 #150 82.4 150 327.2 *150 134.1 #150 57.4 #150 854 150 0.379 +2.19x10°  0.135 +1.21x10°
4 24 1.11 681 #150 73.1 #150 80.2 150 307.6 #150 128.0 +150 545 £150 82.6 +150 0.383 #2.21x10°  (0.136 +1.18x103
5 29 111 66.8 150 72.8 *150 80.1 +1.50 302.4 +150 126.8 *150 552 +150 839 #150 0.373 +2.15x10°  (0.081 +5.30x10%
6 34 1.11 66.9 #150 72.7 150 79.6 *150 300.2 #150 126.2 +150 552 #150 83.0 #150 0.370 #2.14x10%®  0.133 +1.08x10°
7 34 1.05 67.1 x150 73.0 %150 80.2 #150 304.7 *150 127.3 *150 54.6 *150 84.6 *150 0.376 =*217x10°  (0.136 =+1.10x10%
8 29 1.05 66.5 x150 727 *150 80.1 #150 310.1 150 128.6 *150 54.7 *150 84.0 *150 0.374 =#216x10°  0.134 =+1.19x10°%
9 24 1.05 68.1 %150 72.2 #150 80.6 *150 338.3 #150 1352 #150 56.7 #150 80.1 +150 0.380 +2.19x10°  0.136 +1.11x10°
10 29 1.01 67.8 %150 76.0 #150 85.0 *150 320.6 #150 134.1 #150 57.6 #150 86.9 150 0.331 =#1.91x10®  0.139 #+1.22x10°
11 29 1.01 58.6 #150 64.4 150 71.0 *150 296.4 =#151 1149 #150 49.1 #150 74.8 150 0.344 =+1.99x10°  0.137 +1.19x10°
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Table A.2 Electric and thermal powers used to define the system efficiencies.

BTDC & P Qpue Qsrie Qror
1 34 1.01 16.0 +0.580 8.42 +3.05 9.42 +3.05 17.8 432
2 29 1.01 16.0 +0.580 7.67 £323 11.4 +3.23 19.0 #4.56
3 24 1.01 16.0 +0.580 8.89 $3.37 11.7 337 20.6 +4.76
4 24 111 15.0 +0.580 7.91 +3.40 11.5 +3.40 19.4 481
5 29 111 15.0 +0.580 9.37 331 11.4 331 20.8 +4.68
6 34 111 15.8 +0.580 9.07 #3.29 10.7 +3.29 19.7 +4.65
7 34 1.05 16.0 +0.580 9.30 *3.34 11.3 +3.34 20.6 *4.72
8 29 1.05 16.0 +0.580 9.76 3.32 11.5 #332 21.3 470
9 24 1.05 14.7 +0.580 6.45 +3.38 13.4 338 19.9 #4717
10 29 1.01 16.0 =+0.580 11.4 +2.94 12,5 #2.94 23.9 #4.16
11 29 1.01 15.0 +0.580 11.1 224 13.6 224 24.7 +3.16
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Table A.3 System efficiencies calculated by using the experimental results.

BTDC A TelICE Tth,ICE NTOT,ICE Tel ECO20 Tth,ECO20 MTOT ECO20
1 34 1.01 28.1% +1.05% 31.3% +7.58% 59.3% +7.65% 19.5% =+0.710% 21.7% +5.26% 41.2% #5.31%
2 29 1.01 27.9% +1.06% 33.2% +7.97% 61.1% +8.04% 19.5% =+0.710% 23.2% +5.56% 42.7% #5.61%
3 24 1.01 27.9% +1.05% 35.9% +8.31% 63.8% +8.37% 19.5% +0.710% 25.1% +5.80% 44.6% +5.85%
4 24 1.11 26.7% +1.07% 34.4% +8.56% 61.1% +8.62% 18.3% =+0.710% 23.6% +5.86% 41.9% +£5.90%
5 29 1.11 26.8% +1.07% 37.0% +8.36% 63.8% +8.43% 18.0% =+0.690% 24.9% +5.62% 42.9% +5.66%
6 34 1.11 28.4% +1.08% 35.5% +8.36% 63.9% +8.43% 19.0% =+0.700% 23.7% +5.58% 42.7% +5.63%
7 34 1.05 28.1% +1.06% 36.1% +8.30% 64.2% +8.37% 19.2% +0.690% 24.7% +5.67% 43.9% +5.71%
8 29 1.05 28.2% +1.06% 37.5% +8.29% 65.7% +8.36% 19.2% +0.690% 25.6% +5.64% 44.8% +5.69%
9 24 1.05 25.9% +1.06% 35.0% +8.42% 60.9% +8.49% 17.6% +0.700% 23.8% +5.73% 41.5% +5.77%
10 29 1.01 27.6% +1.05% 41.3% +7.20% 68.9% +7.28% 19.2% +0.690% 28.7% +5.00% 47.9% £5.05%
11 29 1.01 25.7% +1.03% 42.2% +£5.44% 67.9% +553% 19.3% +0.740% 31.7% +4.06% 51.0% #4.13%
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