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This research work develops a comprehensive exergy and energy assessment of a cogeneration process using
Giant Reed as feedstock, which consists of a biomass dryer, a fluidized bed gasifier, an internal combustion
engine operating in a cogeneration mode (CHP), and two different users for the cogenerated heat. One process
layout uses cogenerated heat in a district heating network (CHP + DH layout). In the second process layout, the
cogenerated heat produces additional electricity through an Organic Rankine Cycle (CHP + ORC layout). In
addition to the performance of reed gasification (cold gas efficiency about 0.6), the results showed that the
highest rational efficiency was reached in the cogeneration unit, while the highest relative irreversibilities were
found in the gasifier and the dryer. The overall energy efficiencies are 0.46 and 0.22 for the CHP + DH and CHP
+ ORC layouts, respectively, while the overall exergy efficiencies are 0.21 and 0.20. The difference in the sus-
tainability index is just 2 %. The results and methods of this research work can be used to properly design Giant
Reed (or similar biomass) gasification plants and bioenergy systems for combined heat and power production,
and developing case-studies considering the sustainable use of this feedstock according to a thermodynamic

approach based on the second principle.

1. Introduction

On a global scale, there is a growing interest in exploring renewable
and sustainable energy sources to meet the increasing energy demand.
Renewable sources are gaining attention due to their abundance and
potential low environmental impact [1]. In recent years, electrification
has been one of the most promising pathways for decarbonizing
different economic sectors [2,3]. This will include, but is not limited to,
transportation [3] and domestic heating [4]. When direct electrification
is not feasible or convenient, industrial heating will move to indirect
electrification through the massive deployment of renewable hydrogen
[5] and other alternative fuels [6]. The above pathways for energy
transition involve the increase of electricity demand globally, which is
also driven by the economic growth of developing countries [7]. Under
this global energy context and perspective, renewable and sustainable
primary energy sources are paramount. However, most renewable en-
ergy resources, such as wind and sun radiation, are not continuous,
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while a stable source of clean energy is needed to stabilize the energy
grids [8]. Among the variety of options to reach this goal, biomass and
bioenergy have gained significant interest. Unlike fossil fuels that take a
long time to regenerate, biomass can be replenished relatively quickly.
When it burns, it releases carbon dioxide into the atmosphere, but this
biogenic CO; is not considered a contributor to global warming [9].
Consequently, biomass power production can be regarded as carbon
neutral if the supply chain is managed sustainably [10]. Biomass can be
converted into different products (solid, liquid, or gas fuels and chem-
icals) using various technologies depending on the chemical and phys-
ical characteristics of the feedstock and the desired main product [11].
Among the different technologies, thermochemical gasification allows
the conversion of biomass into bio-syngas that can feed an internal
combustion engine, a gas turbine, or a fuel cell to produce power [12].
From the micro (0.05-0.2 MW,) to the small-medium scale (0.2-2
MWS,), internal combustion engines are very often used for combined
heat and power production (CHP), also known as cogeneration. CHP
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units based on internal combustion engines can recover heat from the
intercooler, the lube oil, the engine’s jacket water, and the exhaust gas.
In the case of biomass gasification combined with a CHP unit, a certain
fraction of the cogenerated heat is expected to be used for drying the
feedstock, especially in the case of residual biomass [13]. Only a small
fraction of the cogenerated heat is used for drying when the feedstock is
a semi-dry biomass with low moisture content (20-30 % weight). This
energy stream should be exploited and delivered to a user to maximize
the sustainability of the whole process. If the gasification-CHP plant is
not installed within a specific factory or integrated with a particular
production process, two leading solutions exist for exploiting cogen-
erated heat. A system integration solution consists in district heating
[14], whose feasibility is influenced by the location’s climatic condi-
tions. Another option is converting the cogenerated heat to electricity
using an Organic Rankine Cycle (ORC) unit [15], which can be installed
in any location covered by the electrical grid. The drawback of this
process integration is that it has very low thermal-electrical efficiency,
ranging from 7 % to 12 % [15]. In several case studies, these two inte-
gration solutions for the exploitation of cogenerated heat compete with
each other, and the selection of one of the two should be based not only
on economic analysis but also on the sustainability of resource utiliza-
tion. Over the years, the concept of sustainability and resource depletion
has been extended to thermodynamic analysis [16]. Thermodynamic
analysis of energy systems based on exergy data can be used as a se-
lection tool when different process configurations are compared and for
process optimization [17].

Sigurjonsson and Clausen [18] introduced an innovative
biomass-based SOFC polygeneration system to address the issues arising
from intermittent energy sources like wind and solar energy. Through a
comprehensive techno-economic analysis, they highlighted the signifi-
cance of the district heating product for ensuring the economic viability
of the polygeneration plant. They did not explore the ORC technology as
an alternative to district heating.

Francois et al. [19] developed the energetic and exergetic analysis of
a biomass gasification CHP plant, where the effects of biomass and
bio-syngas pretreatment on the system’s performance were assessed. As
feedstock, it was used wood. The cogenerated heat was partially used for
drying the feedstock, while the residual heat was used for district
heating. The highest exergy efficiency was 30 % when feedstock was
first dried naturally and then subjected to forced thermal drying using
cogenerated heat [19]. However, the thermal loss of the hypothetical
hot water distribution network was not taken into account. They iden-
tified as the best process configuration, from the exergy efficiency point
of view, the case in which additional electricity production through
steam turbines is applied instead of district heating. Nevertheless,
heat-to-electricity conversion through steam turbines is not always an
option when the temperature of the heat source is relatively low, as in
the case of many CHP systems based on internal combustion engines or
in the case of small to medium-scale gasifiers where the bio-syngas flow
rates and temperature are not enough to justify the capital costs of the
integration with the steam power plant. Wu et al. [20] conducted an
exergy, exergoeconomic, and environmental analysis of a polygenera-
tion system based on biomass gasification. They underlined the role of
district heating in improving the exergy and environmental performance
of the system when low-temperature heat recovery is applied. Nguyen
and Gustavsson’s [6] results confirmed that cost-effective solutions for
more extensive district heating systems involve co-generating heat and
electricity. In their study, Kabalina et al. [21] showed the benefits of
retrofitting an existing district heating system by implementing a gasi-
fication unit for polygeneration. They carried out an exergy analysis of
the whole system for different scenarios but did not include a detailed
analysis of each stream and unit.

Yang et al. [22] developed a parametric optimization of a dual-loop
ORC system fed by waste heat from a gas engine. They optimized the
heat exchange area and the energy efficiency of the whole power pro-
duction system, reaching the energy efficiency of the ORC unit in the
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range of 8-10 %. Similarly, in the paper by Badescu et al. [23], the
authors dealt with waste heat recovery from internal combustion en-
gines at partial loads using an ORC cycle. In these studies [22,23], the
exergy analysis of the proposed processes was not taken into account.
Nevertheless, many other studies indicated the first and second principle
analysis of ORC systems fed by waste heat from power production units
based on biomass or waste gasification [24,25]. Most papers in which
gasification is the biomass conversion unit, do not have internal com-
bustion engines as the main power unit and do not consider the use and
conversion of cogenerated heat. Another aspect that has not been
exhaustively explored in literature is the possibility of consistently
comparing the ORC solution with other heat recovery options, such as
district heating. Furthermore, detailed thermodynamic analysis for each
stream and unit, aiming to provide fundamental data for the improve-
ment potentials and process replications and for building new case
studies of bioenergy systems, is lacking in the current literature.
Regarding the gasification of Arundo Donax, Manic et al. [26] carried
out a recent theoretical study on pyrolysis and gasification of this
feedstock. However, they did not present the syngas yield, a precise
composition, or an experimental validation of the simulations. The
process integration with a cogeneration unit is also missing. A relevant
number of research works are available in the literature regarding
Arundo Donax pyrolysis and, in some cases, pyrolysis combined with
gasification [27]. Hence, experimental data on direct gasification of this
feedstock in a continuous fluidized bed is missing in the literature.
Consequently, there is a lack of available data for developing detailed
case studies on bioenergy systems based on Arundo Donax gasification.

Indeed, in addition to the lack of comprehensive thermodynamic
comparison and analysis of the ORC and district heating solutions in-
tegrated with gasification and internal combustion CHP, to the best of
the authors’ knowledge, the existing literature lacks in the investigation
of Giant Reed (Arundo Donax) gasification coupled with a cogeneration
power plant, which also excludes the exergy analysis of such systems.
This limits the knowledge of the potential of such feedstock in
gasification-based cogenerative systems.

This paper addresses the aforementioned literature gaps by exam-
ining the integration of Arundo Donax gasification with a combined heat
and power (CHP) unit based on internal combustion technology. Two
distinct cogenerated heat recovery solutions are explored, each repre-
sented by a different process layout: one focused on heat integration
with a district heating network and the other utilizing a dual ORC for
converting heat into electricity. A rigorous comparative analysis of these
two process layouts is conducted using both first (energy) and second
(exergy) law approaches, leveraging data obtained from AVEVA PRO/1I
simulations and original experimental studies on Arundo Donax gasifi-
cation. The detailed exergy analysis covers all process streams and
components, identifying inefficiencies and irreversibilities. This level of
analysis enhances replicability for future research and enables targeted
improvements in system design and operation.

From the above, the motivation for this research is to fill the
following lack of literature works: i) exploring and unlocking the po-
tential of Arundo Donax (Giant Reed) in cogeneration systems based on
gasification of this feedstock in fluidized bed reactors; ii) comparing two
different layouts differing in the heat use of net cogenerated heat
starting from the same upstream conditions; iii) carrying out a
comparative and detailed thermodynamic analysis based on energy and
exergy data for the two investigated layouts aiming at assessing and
uncovering the thermodynamic sustainability of the two different pro-
cess integrations, while facilitating informed process selection, design,
and the development of future case studies of bioenergy systems base on
Arundo Donax gasification.
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2. Methods
2.1. Process overview

The cogenerative bioenergy system under investigation is based on
the experimental tests of giant reed gasification (Arundo Donax) and the
simulations of the upstream and downstream processes integrated with
this unit. The overview of the process integration is described in Fig. 1.
The feedstock entering the system is semi-dry giant reed (Around
Donax), directed to the drying unit where its water content is reduced
from 20 % to 10 % (in mass). In the gasifier, the feedstock is converted to
hot syngas (see the following sections for details on the feedstock and
the operating conditions of the gasifier), which is then cooled for sen-
sible heat recovery at the minimum temperature of 200 °C. This tem-
perature limitation is set to avoid massive tar condensation. Then, the
syngas at 200 °C passes through a scrubbing unit for tar abatment. Here
the syngas is cooled to 30 °C, which is a temperature compatible with
the internal combustion engine of the CHP unit. In this unit the cold
syngas runs an internal combustion engine operating in cogeneration
mode for the combined production of electricity and heat. A fraction of
the cogenerated heat is directed to the drying unit. Two different sce-
narios differentiate the process layout depending on the technology used
to exploit the net heat cogenerated in the CHP unit and the heat recovery
section (by cooling the hot syngas). In one process layout (CHP + ORC
layout), the cogenerated heat is converted into electricity by an Organic
Rankine Cycle, while in the other process layout (CHP + DH layout), the
cogenerated heat is used as low-temperature heat in a district heating
network.

The process layouts, excluding the gasification unit, were simulated
with the AVEVA PRO/II Simulation software (2022 version) at steady
state conditions. The thermodynamic method used is the SRK. The input
stream in the model is the syngas as it exits the reactor at 650 °C, whose
flow rate and composition used in this work are obtained experimen-
tally. The syngas flow rate is then scaled in the simulation model for a
biomass flow rate of 1 t/h (on a dry basis). Specific syngas yield and
compositions depend on the tested operating conditions, which are
shown and selected in section 3.

The following sections describe the feedstock characterization and
drying (section 2.2), the experimental gasification tests (section 2.3), the
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2.2. Giant reed characterization and drying

As mentioned above, in the presented bioenergy system Giant Reed
(Arundo Donax) is assumed with 20 % (mass) of water content as it is
delivered to the plant site. The ultimate and proximate analysis, on a dry
basis, are reported in Table 1:

In the drying unit, the semi-dry feedstock is dried to reach 10 %
water content before entering the gasification reactor (stream 1 in
Figs. 2 and 3) from the initial 20 % of the received feedstock. The energy
demand of the drying unit is calculated according to the following
equation:

(1 - xl) ® Cp biom ® AT + x2Ahev +Xx, 0 Cow ® AT) (1)

Quryer = Tthiom
nth‘dryer

Where x; and x, are the water mass fraction of feedstock at the entrance
of the dryer and the mass fraction of water that evaporates, respectively.
AT is the considered temperature interval (80 °C), Ah,, is the evapora-
tion enthalpy of water at 100 °C, and ¢, piom (1.5 kJ/kgK) [28] and ¢,
(4.2 kJ/kgK) are the specific heat of dry biomass and water (considering
them constant as the average value between 20 °C and 100 °C),
respectively. The theoretical enengy demand of the dryer is divided by
its thermal efficiency (1, gryer), Which is set to 0.84 [29].

The energy input of the drying unit is the exhaust gas from the
cogeneration unit, which is cooled down to the temperature range of
150-200 °C. In the simulation model, the drying unit is modeled by a
heat exchanger where the flue gas is cooled according to the heat duty
calculated in Equation (1), which is the input data of the block.

Table 1
Giant reed ultimate and proximate analysis.

Ultimate analysis, dry basis [%owt]
C H N S
46.30 5.80 % 0.60 % 0.19 %
%

42.10 %

Proximate analysis, dry basis [%wt] As received After drying

CHP unit (section 2.4), the two process layouts in detail (section 2.5), the Ash Volatiles HHV LHV Water content ~ Water content
calculations of process analysis (section 2.6). [MJ/kg] [MJ/kg] [Yow,w] [Yow/w]
5.6 74.1 18.8 17.5 20 10
Heat
Semi-dry Dry Hot Cold
biomass b biomass Gasifier Syngas Hea:‘ recovery Syngas Combined Electricity
ryer > and syngas
Y y. 8 Heat&Power
cleaning
Heat

CHP+ORC layout

CHP+DH layout

Double
Organic
Rankine Cycle

District
Heating

Electricity

Fig. 1. Overview of the bioenergy process considering two process layouts.



M. Prestipino et al.

Table 2

Main operational features of the CHP unit.
Parameter Value Units
Low-temperature thermal efficiency, excluding flue gas 0.196 [-]

(Menscrp)
Flue gas temperature 464 °C
Flue gas yield (per unit of syngas flow) 3.09 [kg/
Nm3]
Return/supply temperature low-T CHP heat recovery 70/ [°C]
80

Electrcial efficiency (nej,cup) 0.368 [-]
Syngas temperature at reactor’s exit 650 [°C]

2.3. Gasification and syngas cooling

Experimental activities on the gasification of Giant Reed were per-
formed in a lab-scale bubbling fluidized bed (BFB) reactor in the TNO
laboratories in Petten (Netherlands). In this work, the reactor temper-
ature of 850 °C and the air (as gasification medium) equivalence ratio of
0.3 are fixed process parameters for this study. The steam-to-biomass
ratio (S/B) varies from O to 0.75 to assess the effects of steam on the
gasification performance.

During the gasification tests, after passing through a hot filter, a
condenser, and a HEPA filter, the producer gas is sent to a Varian p-GC
CP4900 gas chromatograph to determine permanent gases sampled at 4-
min intervals. This device is equipped with four gas channels and a
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thermal conductivity detector (TCD). The bio-syngas flow rate is not
directly measured. Instead, it is calculated from the mass balance of
Neon, which is used as a tracer gas. A more detailed description of the
gasification facility at TNO is described in previous works [30]. The
performances of the gasifier were assessed by calculating the bio-syngas
lower heating value (LHV), the bio-syngas yield (Ysyn), and the cold gas
efficiency (CGE), as reported below.

Vin
Yon=—" 2)
o Mpiom
VynlHV,
CGE =Y~ "9m 3)
mbiomLH Vbiom

Where Vsyn and My, are the volumetric flow rate of bio-syngas at
normal conditions and the biomass flow rate. In particular, the bio-
syngas yield is reported per kilogram of biomass on a dry basis. The
CGE is used as the reference performance indicator to select the best-
performing S/B ratio. Once the operating condition is selected, the
corresponding syngas composition and yield are used to create the input
stream of the simulation model, which is the syngas at the reactor exit.

The study of the bio-syngas cleaning section is not the object of this
study, so the detailed analysis of the scrubbing unit is not carried out.
Indeed, several research works demonstrate how the tar content can be
drastically reduced within an oil scrubbing unit [31]. The scrubbing unit
is represented in the process layouts presented in this work because the
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Fig. 2. CHP + ORC layout.
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Fig. 3. CHP + DH layout.

temperature is reduced from 200 °C to 30 °C, without any heat recovery.
Hence, in the simulation model, this unit is described by a simple heat
exchanger reducing the bio-syngas temperature.

2.4. Combined heat and power (CHP) unit

Another main unit is the combined heat and power unit based on an
internal combustion engine. This unit is considered a black box whose
net electricity yield is based on the data provided by the constructor
(INNIO-Jenbacher). From a preliminary analysis of the possible ranges
of syngas yields and heating values, the selected cogeneration model for
1 t/h of feedstock was JMS 612 GS-S.L, which operates given the
selected syngas composition (Ha< 15 % (vol) and 1.4<LHV<1.6 MJ/
ng). In this unit, low-temperature heat (hot water at 80 °C) is recov-
ered from the intercooler (first stage), lube oil cooling loop, and the
jacket water. From the datasheet of the selected cogeneration model, the
thermal efficiency of the aforementioned low-temperature heat recovery
is 19.64 % (based on the LHV of the bio-syngas). The exhaust gas of the
cogeneration unit, which exits the unit at 464 °C, yields 3.09 kg per kg of
bio-syngas. A fraction of power generated in the CHP unit is considered
an internal consumption of the bioenergy system due to ancillary com-
ponents like screw feeders, pumps, actuators, and others minor equip-
ments, which is assumed to be 15 % of power production from the CHP
unit [32]. The main operational assumptions are reported in Table 2.

2.5. Description of the process layouts

As described in section 2.1, two different process layouts of the
proposed bioenergy system are analyzed in this work. Fig. 1 shows that
the common components are the dryer, the gasifier, and the CHP units,
described in the sections above. The two layouts differ in the use of the
recovered heat from the syngas cooling and the CHP unit.

At the exit of the gasification reactor, which is operated at 850 °C, the
temperature of bio-syngas is assumed to be 650 °C (after cyclone and the
passages along the pipeline to the first heat exchanger). The sensible
heat of hot bio-syngas is used at first to heat the gasification agents to
300 °C. After this step, further sensible heat recovery is carried out in a
second heat exchanger by reducing the bio-syngas to 200 °C. This
temperature is set as the minimum temperature of bio-syngas to avoid
massive tar condensation. From this heat exchanger, which is applied for
the second step of heat recovery (HE2 in Figs. 1 and 2), the two process
layouts start to differentiate, as described in the following subsections.

2.5.1. Layout CHP + ORC

Fig. 2 shows the process layout of the cogeneration plant according
to the CHP + ORC layout. As described above, the heat exchanger HE2
cools down the bio-syngas to 200 °C. In this heat exchanger and for this
layout, water from 70 °C to 800 kPa (stream W2) is heated to 170 °C as
saturated steam (stream W3). Stream W1, from which streams W2, W4,
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W5, and W7 derivate, is the return water of the ORC unit (set at 70 °C).
In HE3, sensible heat from the flue gas of the CHP unit (streams 8-9) is
transferred to water (streams W7-W8), which is heated at the same
conditions as W3. Streams W8 and W3 are then delivered to a manifold
that mixes the two streams. The manifold outlet (stream W9), is the
high-temperature energy input of the ORC unit as saturated steam at
170 °C. The low-temperature heat recovery in the CHP is obtained by
heating water from 70 °C (stream W5) to 80 °C (stream W6). This stream
is mixed with stream W10 in the mixing valve of the ORC section,
providing additional heat to the low-pressure turbine (LP-T).

The ORC unit considered in this work is a two-stage ORC (also known
as dual-loop ORC) to maximize the exploitation of the residual cogen-
erated heat. It consists of two expanders, two evaporators, and two
pumps. Consequently, the cycle works at two different pressure and
temperature levels. The organic fluid selected for this work is R-236fa
because it was the best-performing fluid modeled by Soffiato et al. [15]
in terms of thermal efficiency. The validation of the ORC unit is crucial
to guarantee the reliability and replicability of the performance of this
unit. The validation of the simulation model of the ORC unit is reported
in Table 3, comparing the results of the model developed in AVEVA
PRO/II Simulation software with the data of Soffiato et al. [15]. The
model of this unit was set by fixing the following according to the
reference work: I) the flow rates of the working fluid in the high and
low-temperature zones of the unit; II) the temperature of the fluid at the
exit of the high and low-temperature evaporators; III) the isoentropic
and mechanical efficiencies of turbines and pumps. The other parame-
ters reported in Table 3 are obtained by running the simulation and
compared for the model validation. The maximum difference between
this model and the data of Soffiato is observed in the output of the
high-temperature turbine, which is 4.3 %. However, the thermal effi-
ciency of the whole system is negligible (0.4 %).

The electrical/thermal efficiency of the ORC unit is calculated ac-
cording to Equation (4), where EH,T_M,EL,T,M, QH—Tgvap-, QL—T,evap refer
to the actual mechanic work flow of the high and low-temperature
turbines, and the heat flow of the high and low-temmperature evapo-
rators, respectively.

0 _ Eyrar+Erar
th,ORC — A X
QH—T,evap + QL—T.evap

4

After validating the two-stage ORC model based on Soffiato et al.
works [15,33], the model was run using the process parameters reported
in Table 4.

In the simulation model of the actual ORC unit working for the
proposed bioenergy system, the actual flow rate of the organic fluid was
calculated by a Controller block in the simulation software using the
desired temperature (140 °C) in stream R2 as the objective function. In
HE4, the hot side input is the saturated steam at 170 °C (stream W9),
which is condensed as saturated liquid (stream W10), while the cold
stream is heated and vaporized at 3766 kPa (stream R1, compressed
liquid) to 140 °C (stream R2, superheated vapor). In HP-T, the organic
fluid expands from 3766 kPa to 705 kPa. Stream W10 is mixed with
stream W6 (hot water at 80 °C and 800 kPa). This stream comes from the

Table 3
Validation of the ORC unit.
Soffiato et al. This work Difference

Heat evaporator low T [kW] 5414 5598 3.4%
Heat evaporator high T [kW] 4360 4523 3.7 %
Heat condenser [kW] 8840 9162 3.6 %
Low T Turbine inlet[°C] 63 64 1.3%
Work high T Turbine [kW] 395 414 4.3 %
Work low T Turbine [kW] 533 542 1.7 %
Work low P pump [kW] 26 26 0.0 %
Work high P pump [kW] 82 82 0.5 %
Electrical/Thermal Efficiency 8.39 % 8.38 % —0.4%
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Table 4

Assumptions for the ORC unit.
Parameter Value Units
Nis,pu1> Nis,PU2, 0.70 [—]
MNis,HP-T> Mis,LP-T 0.85 [-]
Nm,PU1> Nm,PU2> Nm,HP-T> Nm,LP-T 0.90 [-]
ORC Condensing temperature [°C] 30 [°C]

low-temperature heat recovery unit of the CHP. The mixed stream W11
is directed to HE6 to provide low-temperature heat to the organic fluid
(R9), which is heated to 57 °C (superheated vapor at 705 kPa). Stream
R10 and R3 (HP-T outlet) are at the same pressure (705 kPa) but at
different temperatures. They are mixed and directed to the low-pressure
turbine (LP-T). Here, the organic fluid expands from 705 kPa to 321 kPa
and then condenses at 30 °C in HE7. The ORC restarts by increasing the
pressure of the liquid to 705 kPa in PU1. A fraction of stream R7 is
directed to HE6. The flow rate of R9 is calculated to obtain W1 at 70 °C,
which is the minimum temperature of the return water into the cogen-
eration unit. Stream R8 feed pump PU2, which brings the organic fluid
to the high-pressure conditions of the cycle (3766 kPa).

2.5.2. Layout CHP + DH

Fig. 3 shows the process layout where the net cogenerated heat is
used in the district heating network (DH). In this layout, heat from bio-
syngas cooling is recovered as hot water at 93 °C and 300 kPa (W3). In
the CHP unit, a fraction of the return water from the DH is directed to the
low-temperature heat recovery, and then it receives heat from the flue
gas of the engine (at 464 °C) in the heat exchanger HE3 to reach the
same conditions of stream W3. As for the previous layout, the flue gas is
cooled in the range 150-170 °C. After this heat recovery step, W6 is
mixed with W3. Then, the mixed stream W7 represents the energy input
of the DH network. The global heat loss from the district heating is
assumed to be 20 % of the gross available heat (considering 93°C-70 °C
as the temperature variation of stream W7 [34]. The thermodynamic
parameters and the flow rates of each stream are listed in the results
section because most of them are the results of the simulation model.

2.6. Process analysis

The thermal (Yy;) and electrical (Y,;) energy yields are calculated for
both process layouts as the net electricity and net thermal energy, after
internal consumptions, per unit of biomass (MJ/kgqp)-

E,
Yg=—t— (5)
Mpiom_db
E,
Y=t (6)
Mpiom_db

The energy and the exergy analysis of the two layouts were carried
out for each main unit and at a global level by assessing the energy and
exergy efficiencies for the whole process.

For each stream of the of the two layouts, the exergy has been
calculated as the sum of physical (E”e,}}) and chemical exergy (Fe:),
ignoring the variations of kinetic and potential exergy.

Consequently, the exergy of a material stream is calculated as:

Eo. =B + ET @)

The physical exergy is defined according to the following equation
[17]:

Egil :n:l[hfhofTo(sto)] (8)
where the subscript “0” refers to thermodynamic variables at the

reference state (20 °C and 101 kPa in this work).
The chemical exergy of a stream is calculated as [17]:
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Where x; is the concentration of the i substance, e is the specific
chemical exergy of the i substance. The specific chemical exergy of each
substance involved in this work was obtained from Bakshi et al. [16].

The exergy exchange (E) due to a heat transfer Q; is calculated as it
follows:

T;
E2 =@ (1 fﬁ> (10)

Where T; is the temperature at the control surface where heat transfer is
taking place.

The chemical exergy of biomass is calculated according to the
following equation based on the high heating value on a dry basis
(HHde)[l2]

eh =1.047 e HHV,, an

‘x.biomass

The exergy/energy ratio of electricity is assumed as 1.
Energy and exergy efficiencies of the cogeneration plant are assessed
according to the following equations:

Eqcup + Eeore + Epu

Ebiom

”en_global (12)

_ Eex_eicup + Eex_etorc + Eex_pn
’7ex_global - .
Eex_biom

Where Eqcip, Eeore, Epn, and Ep,p, are the net electricity output from
the cogeneration unit, from the ORC unit (in the CHP + ORC layout), the
district heat (in the CHP + DH layout), and the chemical energy input
from biomass, respectively. The subscript ex refers to the exergy values
of the homologous energy streams mentioned above.

As described in the previous sections, electricity generation in the
CHP unit is modeled on the net electrical efficiency (17,;cpp, see Table 2)
of the selected cogeneration system designed for bio-syngas as input
fuel, the lower heating value (LHVyy,) and the mass flow rate (mg,) of
syngas, as expressed in the following equation:

Eecip = Necpp ® LH Viyn @ Titgyn as)

The net electricity output from the ORC unit (Egorc), which is indi-
cated in Equation (11), is calculated as the sum of the work produced by
the high (E wp_1) and low pressure (E ;p_r) turbines subtracted by input
work required by the high (Epy;) and low pressure (E py;) pumps, as
reported in Eq. (14).

Egorc = Enp_1 + Ep_r — Epon — E pu2 14)

The data on work for pumps and turbines are obtained from the
simulation model and are based on the assumed isentropic and me-
chanical efficiencies reported in Table 4.

Rational efficiency and irreversibility were used as performance
parameters to assess the exergy efficiency of each unit. Rational effi-
ciency is defined as the ratio between the exergy variation of the desired
output and the exergy variation of the necessary input [17]:

M _ Z AEex,out (15)
rational Z AEex_in

where AE,, i, and AE,,_o, are the exergy transfer making the input and

the output, respectively.

In the case of heat exchangers, the definition of the numerator and
denominator is almost straightforward. The desired output is the in-
crease or reduction of the temperature of the target stream we want to
heat up or cool down, while the input is the exergy variation of the other
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stream. In the case of the gasifier, the numerator is the difference be-
tween the bio-syngas exergy and gasifying agents as the desired process
output, while the input is the dry biomass. Contrarily to the equation of
rational efficiency proposed by Ptasinski for gasifiers [12], in this case,
the exergy of the solid residue is neglected. For the power generation
unit, the numerator of the rational efficiency consists of the gross power,
the increase in exergy content of water (from the return to the supply
water) after exchanging heat with hot exhaust gas, summed to the re-
sidual exergy of exhaust gas, which is cooled down to 160 °C to be used
in the dryer. The exergy variation of the input (denominator) consists of
the fuel exergy. From the above, it follows that in this work the rational
efficiency of the cogeneration unit includes the heat recovery from the
engine and the exhaust gas. The exploitation of the residual exergy of the
exhaust gas is computed in the exergy efficiency of the dryer. In gas
turbines, the rational efficiency is calculated using the exergy variation
of the working fluid as the denominator, while the numerator is the
power output. In addition to the rational efficiency of the single devices
constituting the ORC unit, the rational efficiency of the ORC as a whole
has been calculated. In this case, the desired output is the net power
production from the two turbines. At the same time, the necessary input
is represented by the exergy variation between the hot-water streams
considered as input, stream W6 and stream W9, and the exiting return
water stream (W1).

2.6.1. Considering the following exergy balance
> AEin=) AE ou+1 (16)

where I stands for the irreversibility of the process under examination, it
is possible to use the following equation calculate the irreversibility of
each main unit.

Ii = (l - ’/Irational,i) ° Z AEex;,,_,- (17)

The contribution of each component (I;) to the overall irreversibil-
ities (Ioyeran) Of @ process can be analyzed by calculating the relative
irreversibility (r):

I
r=—-— (18)

I overall

Loveran = Z I; (19)

The irreversibility indicated above includes both internal and
external irreversibilities. External irreversibility is defined as the lost
exergy, as in the case of exhaust gas, which exists at the system boundary
at a temperature higher than the reference state. This is also known as
exergy loss or avoidable irreversibility. Therefore, internal irrevers-
ibility is related to the nature of the process and the variation of entropy,
also called exergy destruction.

The sustainability index (SI) is the ratio of the fuel exergy to the
overall irreversibility [35]. The higher the exergy loss and the exergy
destruction, the lower the index’s sustainability when compared to the
amount of exergy introduced with the fuel. This index describes how a
resource (in this case, biomass) is used sustainably from a thermody-
namic point of view.

s = Fertul (20)

Iovemll

Another important exergy-based indicator is the exergy improve-
ment potential (EIP), which can be calculated for each process unit [36].
This indicator is directly proportional to the irreversibility. Conse-
quently, the process or unit with the highest irreversibility has the
maximum opportunity to improve the exergetic performance of the
system [35]. As it can be noted from the following equation of EIP, as the
rational efficiency increases, the potential for performance improve-
ment reduces.
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EIPl = (1 - nmtional.i) Ii (21)

3. Results and discussion

The simulation models were based on the experimental results of
reed gasification, as described in the methods section. Specifically, the
input stream of the model is a syngas stream with a composition and
flow rate that was selected according to the following results.

Fig. 4 shows the bio-syngas composition obtained at different steam-
to-biomass ratios (S/B), ranging from O to 0.75, fixed equivalence ratio
(ER = 0.3), and reactor temperature of 850 °C. As expected, the
hydrogen concentration increases as the steam flow increases. Similarly,
carbon dioxide increases with steam, while carbon monoxide decreases.
This behavior may be associated with the progress of the water-gas shift
reaction, favored by the increased water flow rate. Hydrocarbons
slightly reduce as the S/B increases due to steam-reforming reactions.

The reduction in hydrocarbons and carbon monoxide concentration
reduced the heating value of the bio-syngas, which is partially
compensated by the higher hydrogen formation. Fig. 5 shows the vari-
ation of bio-syngas heating value, yield, and cold gas efficiency with the
S/B parameter.

The bio-syngas yield shows minor variations (2.14-2.19 Nm®/kgap)
when the steam-to-biomass ratio varies from 0 to 0.5. When S/B is
increased to 0.75, the yield rises more clearly to 2.36 Nm®/kgqp. The
lower heating value (LHV) trend is very flat until S/B = 0.5 (4.92-4.91
MJ/Nm?) while at S/B = 0.75 a more evident reduction is observed
(4.54 MJ /ng). The reduction of the LHV with S/B is consistent with the
variation of the syngas composition where methane (LHV = 35.88 MJ/
Nm®) and carbon monoxide (LHV = 12.63 MJ/Nm>) decrease, while
hydrogen (LHV = 10.78 MJ/Nm?) and carbon dioxide increase with S/B.
It follows that the reduction of methane and carbon monoxide concen-
trations is not compensated by hydrogen in terms of LHV. This behavior
is attributed to the progression of the steam-carbon, water-gas shift, and
reforming reactions when the S/B increases, which also explains the
slight increase of the bio-syngas yield. Indeed, as the reactions
mentioned above are favored, the bio-syngas and hydrogen yields in-
crease. In terms of cold gas efficiency (CGE), the performance of the
gasification process is almost constant, showing a flat trend in the entire
range of S/B, varying from 0.60 to 0.61. This behavior is consistent with
the LHV decreasing while the bio-syngas yield increases. The negligible
impact of the steam-to-biomass ratio on the syngas yield should be
attributed to the presence of silica in the inorganic fraction of the
feedstock, which has an inhibition effect on the steam-char reaction
[37]. A possible solution to minimize this effect and increase the syngas
yield with the S/B is the use of Ca-based or K-based inorganic catalyst as
bed material of the reactor [37].

Due to the lack of comparable literature data on Arundo Donax
gasification, the CGE can be compared with a similar feedstock. Couto
et al. [38] analyzed the performance of Miscanthus gasification by using
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Fig. 4. Bio-syngas composition obtained by Arundo Donax gasification at
different S/B values.
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Fig. 5. Performance of Arundo Donax gasification.

a bubbling fluidized bed gasifier. They found out that the CGE of air and
air/steam gasification was between 0.58 and 0.63, as the S/B varies from
0 to 0.5, which is in the range of the results obtained for the Arundo
Donax in this work. As studied in this work, this feedstock shows a slight
influence from using steam as a gasification medium in terms of CGE.
Indeed, as reported by Ge et al. [39], Arundo Donax and Miscanthus are
considered competitive energy crops because both can lead to similar
energy yields per unit of dry feedstock.

Considering that the variation in the CGE is negligible, that the
heating value decreases as the steam flow increases, and that the bio-
syngas is delivered into an internal combustion engine, the gasifica-
tion condition selected in this work for the process simulation and
integration is S/B = 0. Hence, the only gasification agent used in this
work is air. Avoiding the use of steam involves an additional simplifi-
cation of the whole process.

As a result of the process simulation of the proposed process layouts,
the thermodynamic properties of the main streams for the layout CHP +
DH are reported in Table 5, in which the stream numbers are referred to
those in Fig. 3. The main energy and exergy output flows considered are
reported in Table 6. All results are referred to 1 t/h of biomass on a dry
basis. The latter table shows that the net electrical energy yield is 0.922
MWh/tgp (P1), while the net thermal energy yield (DH net) is 1.316
MWh/tgp. The difference between the gross (DH gross) and the net
thermal energy is the thermal energy loss in the district heating network
(DH loss), which is assumed to be 20 % of the DH gross. In Table 6, PO
and PO’ are the electrical power production from the cogeneration unit
and power consumption of the auxiliary units, respectively. Compared
to the output reported by Nguyen et Hermansen for energy production
from Miscanthus (a biomass of a similar origin and similar characteris-
tics of giant reed) [40], the electrical energy yield obtained in this work
is 40 % smaller. On the other side, confronting this work with the results
of Allesina et al. regarding Giant Reed gasification into a micro-scale
fixed bed gasifier [41], the electricity yield reported in this work is
about 150 % higher. However, Allesina et al. used a fixed bed gasifier
and a micro-scale internal combustion engine, which is affected by low
energy conversion efficiency [42]. Unfortunately, the literature review
revealed that there are no direct comparable data for power production
fed by the feedstock that is the object of this work, so literature data need
to be adapted for comparison. Although this aspect limits the possibility
of comparing the results of this work with the available literature, it
represents the main motivation of this work and underlines its relevance
and novelty. Aiming to compare the reported results with other tech-
nologies used for Arundo Donax energy conversion described in the
literature, Soleimani et al. [41] recently reported that the potential
biomethane yield from Arundo Donax in anaerobic digestion is about
0.174 Nm>/kg, which leads to potential power production in the range
0.63-0.65 MWh/t, assuming 36.8 % of electrical efficiency in the
cogeneration unit. This electricity yield is just 70 % of the net electricity
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Table 5
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Thermodynamic properties of the main streams for layout CHP + DH (1 t/h of biomass on a dry basis).

Stream Flow Rate [kg/s] Temperature [°C] Pressure [kPa] Specific Heat [kJ/kgK] Enthalpy [kJ/s] Entropy [kJ/sK] Exergy [MJ/s]
Evaporated water 0.039 90 101 4.187 11.69 0.04 0.085
Semi dry biom 0.347 20 101 2.000 NA NA 5.448
1 0.309 20 101 2.000 NA NA 5.456
2 0.718 650 101 1.378 630.43 6.17 3.231
3 0.307 20 120 1.016 -2.30 1.97 0.000
3 0.307 300 140 1.054 87.72 2.18 0.032
4 0.718 558 140 1.345 540.42 6.07 3.171
5 0.718 200 140 1.205 212.82 5.56 2.994
6 0.718 30 110 1.138 69.86 5.19 2.960
7 1.500 20 200 1.018 -3.93 9.43 0.000
8 2.218 464 140 1.155 1436.33 16.32 1.310
9 2.218 164 140 1.142 1331.73 16.17 1.248
10 2.218 120 140 1.060 593.43 14.79 0.916
w1 17.250 70 300 4.187 5058.32 16.47 1.144
w2 3.450 70 300 4.187 1011.66 3.29 0.229
W3 3.450 93 300 4.180 1339.26 4.22 0.286
w4 13.800 70 300 4.187 4046.66 13.18 0.915
W5 13.800 80 300 4.187 4625.66 14.84 1.007
W6 13.800 93 300 4.180 5363.95 16.89 1.144
w7 17.250 93 300 4.180 6703.21 21.11 1.429
Table 6 yield obtained in the cogeneration unit of this work. According to Ceotto

able

Main energy and exergy flows for layout CHP + DH (1 t/h of biomass on a dry
basis).

Stream PO PO’ P1 DH DH DH
gross net loss
Power/Heat flow 1.085 0.163 0.922 1.645 1.316 0.329
[MW]
Exergy Flows [MW] 1.085 0.163 0.922 0.285 0.228 0.057

Table 7

et al. [43] the anaerobic digestion of Arundo Donax leads to 0.45-0.74
MWh/t under the same engine’s electrical efficiency. The reason for the
larger energy yield of thermochemical gasification compared to anaer-
obic digestion lies in the nature of the two processes, thermochemical
and biochemical, respectively. In the first one, the carbon conversion is
very high thanks to the high temperature and the use of gasification
agents. At the same time, the digestate still has a considerable amount of
unconverted organic matter.

Table 7 and Table 8 show the primary material and energy streams
for the layout of CHP + ORC (see Fig. 2). This layout has no net available

Thermodynamic properties of the main streams for layout CHP + ORC (1 t/h of biomass on a dry basis).

Specific Heat [kJ/kgK] Enthalpy [kJ/s] Entropy [kJ/sK] Exergy [MJ/s]

Stream Flow Rate [kg/s] Temperature [°C] Pressure [kPa]
Evaporated water 0.039 90 101
Semi dry biom 0.347 20 101
1 0.309 20 101
2 0.718 650 101
3 0.307 20 101
3 0.307 300 140
4 0.718 558 140
5 0.718 200 140
6 0.718 30 110
7 1.500 20 101
8 2.218 464 140
9 2.218 167 140
10 2.218 122 140
w1 14.249 70 800
w2 0.130 70 800
w3 0.130 170 800
w4 14.124 70 800
W5 13.818 70 800
w6 13.818 80 800
w7 0.306 70 800
w8 0.306 170 800
w9 0.436 170 800
W10 0.436 170 800
W11 14.254 83 800
R1 4.418 33 3766
R2 4.418 140 3766
R3 4.418 75 705
R4 9.030 66 705
R5 9.030 48 321
R6 9.030 30 321
R7 9.030 30 705
R8 4.418 30 705
R9 4.611 30 705
R10 4.617 57 705

4.19 11.69 0.04 0.081
2.00 NA NA 5.448
2.00 NA NA 5.456
1.38 630.43 6.17 3.231
1.02 —2.30 1.97 0.000
1.05 87.72 218 0.032
1.35 540.42 6.07 3.171
1.20 212.82 5.56 2.994
1.14 69.86 5.19 2.960
1.02 -3.57 9.72 0.000
1.15 1436.33 16.32 1.310
1.14 1331.73 16.17 1.248
1.06 593.43 14.79 0.916
4.19 4184.00 13.60 0.952
4.19 38.87 0.13 0.009
2.60 366.47 0.88 0.115
4.19 4145.13 13.47 0.944
4.19 4057.52 13.19 0.923
4.19 4636.00 14.85 1.015
4.19 87.61 0.28 0.020
2.60 825.90 1.99 0.260
2.60 1192.37 2.87 0.375
4.37 311.54 0.88 0.076
4.20 4948.04 15.79 1.076
1.27 185.99 20.60 0.060
2.46 1066.82 23.00 0.238
0.96 977.50 23.05 0.135
0.96 1920.63 46.88 0.265
0.89 1823.71 46.93 0.152
1.29 346.98 42.08 0.097
1.29 350.68 42.08 0.100
1.29 171.59 20.59 0.049
1.29 179.09 21.49 0.051
0.95 943.13 23.83 0.138
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thermal energy because it is used for power production in an ORC unit.
Indeed, the residual heat from the ORC unit is discarded since it is a very
low-enthalpy heat flow. The net power yield from the cogeneration unit
is the same as in the other scenario. However, the global net electricity
yield is 1.069 MWh/tqp, 16 % higher than the CHP + DH layout.
Comparing the total net exergy output, the mentioned tables show that
layout CHP + DH is 1.151 MWh/tgp, while it is 1.069 MWh/tqp, in layout
CHP + ORC. In relative terms, the CHP + DH layout can generate about
8 % more net exergy output. This result shows that the low energy yield
of the ORC unit negatively compensates for the high-quality energy
output obtained from the conversion of heat into electricity.

From the research work of Alexopoulou et al. [44], it turns out that
the average giant reed yield as an energy crop is 15.6 t/ha, in a scenario
with scarce irrigation and no fertilization. By combining this data with
the availability of marginal lands in Sicily (Italy), which is 424,700 ha
(according to the results of the MAGIC h2020 European project [45]),
the additional renewable electrical energy production in the region
could be about 610-710 GWh/year (depending on the process layout) if
only 10 % of marginal lands in Sicily were exploited to cultivate giant
reed as an energy crop. The mentioned production equals about 10 % of
the region’s existing renewable electrical energy production. Consid-
ering the invasive nature of giant reed in the Mediterranean areas (it is
regarded as a weed in many places), the renewable energy production in
the region could be even higher if the availability of giant reed from land
management were quantified.

Fig. 6 shows the rational efficiencies of the main units of the two
process configurations. As from the equation of the rational efficiency
reported in section 2, this efficiency describes the capacity of the
analyzed process to convert the exergy variation of the necessary input
streams into the desired exergy variation as output.

For both process layouts, the highest rational efficiency is observed
for the cogeneration unit, which includes a partial heat recovery from
the engine and the exhausts (units CHP and H3 in Figs. 2 and 3).
Furthermore, the rational efficiency of the cogeneration unit includes
the residual heat of exhaust gas as an output. Without this contribution,
the rational efficiency would drop from 0.86 to 0.44. The way the exergy
of this residual stream is used is considered in the energy/exergy anal-
ysis of the drying unit since this is the unit where part of the residual
exergy of the flue gas is used. This unit shows the lowest rational effi-
ciency (0.01). Such a low efficiency is typical of those processes occur-
ring naturally, as described by Kotas [17]. Another reason for such low
exergy efficiency is the loss of exergy caused by the mixing of the re-
sidual exhaust gas with the environment. For the CHP + DH layout, the
district heating network (DH) has the second highest rational efficiency.
In this work, the DH is simulated as a heat exchanger where water is
cooled from 93 °C to 70 °C (return water temperature), 20 % of the heat
is lost [34], and the heat is exchanged at an average temperature of
81.5 °C. Consequently, the net available heat is the difference between
the gross heat and the heat loss. The exergy of this net heat flow is then
divided by the exergy variation of water from streams W7 and W1 (gross
heat). The rational efficiency of the gasification unit is 0.59 for both
process layouts since this process is the same in the two layouts. The
performance of the gasifier in this work could be improved by further
optimization of the process conditions since the rational efficiency is low
for this unit, which is in agreement with the research work by Prins et al.
[46]. This result is a consequence of the low cold gas efficiency
described above.

Regarding the whole ORC unit, the rational efficiency is 0.34, which
is in the range of the values presented by Sun et al. [47]. In terms of
energy efficiency, this unit showed a value of 0.09, in accordance with

Table 8

Main energy flows for layout CHP + ORC (1 t/h of biomass on a dry basis).
Stream PO PO’ P1 P2 P2 P3 P3
Power [MW] 1.085 0.163 0.922 0.064 0.016 0.083 0.004
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the simulation model of Soffiato et al. [15,33].

Fig. 7 presents the relative irreversibilities for the two process lay-
outs, considering the main components. As expected, the gasification
unit has the highest relative irreversibility, reaching about 50 % of the
total (53 % and 51 % in CHP + DH and CHP + ORC, respectively). This
can be explained considering that, in this unit, the main exergy input is
converted into another physical state, which involves the highest exergy
flow crossing a single unit. This result is comparable to those reported by
Ptasinski [12]. The second contribution to the irreversibility of the
whole process is the drying unit, which is a consequence of the very low
rational efficiency described above. The CHP unit covers about 9 % of
the relative irreversibility in layout CHP + DH, while this value reaches
about 7 % in layout CHP + ORC. It is important to note that the low
relative irreversibilities of the CHP unit are because the whole exergy
content of the flue gas is considered one of the outputs. If only the exergy
of the flue gas actually used were included in the CHP rational efficiency
instead of the total amount of its exergy, the relative irreversibility
would be in the range of 20-22 %. In this work, the actual exergy
variation of the flue gas is taken into account in the drying unit. Hence,
the quality of the conversion and use of this stream is considered
downstream and in the rational efficiency of the whole process, as
described below in this section.

The differences in the relative irreversibilities for the two layouts are
due to the additional irreversibilities introduced by the ORC process.
The contribution of the different units of the ORC section to the irre-
versibility of the whole process is about 2 %.

Regarding the district heating, the irreversibilities are mainly due to
external exergy loss due to the assumption that 20 % of the energy
content of the hot water stream is lost as heat transfer to the atmosphere
[34].

Fig. 8 shows the Exergy Improvement Potential (EIP), describing the
potential improvements that can be made for each process component.
For both scenarios, the most significant improvements can be made in
the dryer. The high EIP of the dryer is related to the significant exergy
loss at low temperatures and the very low rational efficiency, as
explained above. A possible approach to improve the EIP is the imple-
mentation of a low-temperature waste heat recovery system, which is
still an open challenge for efficiency improvement in the industrial
sector [48]. A second relevant source of EIP is the gasifier due to the high
irreversibility production, as reported by Sinha et al. [35]. In this work,
the large EIP, exergy loss, and irreversibility of the gasifier are also
consequences of the low cold gas efficiency reported for the gasification
of Arundo Donax in Fig. 5.

From the initial input of 5.45 MW (considering 1 t/h of feedstock on
a dry basis), the total irreversibility generated by the proposed process is
4.3 MW for CHP + DH and 4.4 MW for CHP + ORC, as reported in Fig. 9.
The same figure shows the Sustainability Index, which indicates how
much of the fuel’s exergy (biomass) is not lost as irreversibility. The
higher the sustainability index, the lower the amount of fuel’s exergy
converted into irreversibility. Since the fuel’s exergy input is the same
for the two process layouts, in this study, the sustainability index and the
irreversibility show the same differences between the two scenarios.
Indeed, the CHP + ORC layout generates just 2 % more irreversibility
and 2 % less sustainability index than the CHP + DH process layout.

This leads to a slightly higher exergy efficiency for the process layout
CHP + DH compared to the CHP + ORC, as shown in Fig. 10. This figure
shows that the energy efficiency of the two processes is very different,
with the CHP + DH layout performing 109 % better than the CHP + ORC
layout (46 % and 22.0 %). The significant difference in the global energy
efficiency between the two layouts is due to the very low energy effi-
ciency of the ORC cycle in converting heat into electricity. In this work,
the energy efficiency of the ORC cycle is 8.9 %. Regarding the electrical
efficiencies of the proposed layouts (19 % and 22 % for the CHP + DH
and CHP + ORC layouts, respectively), these are lower than those of the
well-renowned Gussing and Viking gasification-CHP plants, which are
about 25 % [49]. In terms of overall gross energy efficiency (i.e.,
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Fig. 10. Energy and exergy efficiencies of the whole process for the
two layouts.

including the cogenerated heat used in the drying unit and not consid-
ering the heat loss in the DH network), the CHP + DH layout shows 81 %
energy efficiency, which is comparable to those obtained in the
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above-mentioned plants [49]. However, Gussing and Viking CHP sys-
tems are fed by wood, which usually generates higher syngas yield than
other feedstocks. Furthermore, these two plants have gasification
reactor designs different from the one presented in this work. From the
point of view of global exergy efficiency, the differences between the
two investigated layouts are much less marked than in the case of energy
efficiency. Indeed, the CHP + DH layout shows exergy efficiency just 5
% higher than the CHP + ORC scenario. This reduced difference is due to
the higher energy quality of the energy product (electricity) in the case
of ORC. Hence, it is evident that the higher quality of energy output in
the CHP + ORC layout compensates for the low energy yield of this kind
of heat utilization. Consequently, the differences between the two pro-
cess layouts are minimal in terms of thermodynamic quality or ther-
modynamic sustainability of resource exploitation, especially regarding
irreversibility and sustainability index (2 %).

4. Conclusions

This research develops a comprehensive and comparative perfor-
mance assessment of a cogeneration/combined cycle process based on
Arundo Donax (Giant Reed) gasification analyzing two different process
layouts that differ in the use of the cogenerated heat. In one layout, the
cogenerated heat is used in a district heating network, while in the other
layout, heat powers an Organic Rankine Cycle (ORC). The bioenergy
system is based on Arundo Donax gasification’s original and new
experimental data presented in this work. Then, process simulations are
carried out. The primary outcomes determined for 1 t/h of feedstock
(dry basis) can be summarized as follows.

v In the scenario CHP + DH (with combined cogeneration and district
heating), the net power output is 0.922 MW, while the net heat
available to the district heating network users is 1.316 MW.

v In the scenario CHP + ORC (cogeneration and ORC), the net power
output is 1.069 MW.

v The highest rational efficiency is observed in the cogeneration unit
(which includes heat from the exhaust gas), while the highest
contribution to the relative irreversibilities is due at first to the
gasifier and secondly to the dryer. These results are valid for both
layouts.

v The global energy efficiencies are 0.46 and 0.22 for CHP + DH and
CHP + ORC layouts, respectively, while the exergy efficiencies are
minimal (0.21 vs 0.20).

v The amount of irreversibility generated in the CHP + ORC scenario is
2 % higher than the CHP + DH scenario, which leads to 2 % lower
irreversibility.

v Similarly, the Sustainability Index of the CHP + ORC scenario is 2 %
lower than the CHP + DH scenario.

4.1. Key points and implications

Despite the expected higher energy efficiency of the CHP + DH
layout (cogeneration and district heating), the results of the exergy ef-
ficiencies show that the differences between the two scenarios are much
less than those related to energy (5 % vs. 52 %). Along with the differ-
ences in the Sustainability Index (2 %), the main implication of these
results is that the two layouts show negligible differences in the sus-
tainable use of the resources according to a thermodynamic analysis
based on the second principle. This approach leads to conclusions
different from those drawn from process analysis based on energy data
instead of exergy. In conclusion, it can be stated that, from the ther-
modynamic point of view, the sustainability of the two processes is
comparable. It follows that the final decision to adopt one or the other
process layout should be based not only on the economic and environ-
mental analyses, which are affected by the specific context where the
system is integrated but also on the thermodynamic sustainability of the
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processes. The comparative economic and environmental analyses could
be the object of future studies based on the results of this research work.

From the analysis of the exergy improvement potential, this study
also suggests that efforts to improve the thermodynamic performance
should focus on the gasification and drying units, due to their high
exergy improvement potential. Regarding the gasification unit, it has
been discussed that there is room for improvement in the cold gas effi-
ciency, mainly when steam is used as a gasification medium mixed with
air.

The results obtained in this work revealed that the gasification of
giant reed and its integration with power generation or cogeneration
systems is valuable and deserves massive deployment in those regions
where the feedstock is available. Indeed, the impacts of energy pro-
duction from this feedstock can be relevant whether cultivated as an
energy crop or obtained from land management activities. Hence, an
important implication is that, thanks to the results of this research work,
case studies of local or regional bioenergy systems based on giant reed as
feedstock for the decarbonization of the electricity grid with a pro-
grammable and renewable energy source can be developed.

4.2. Limitations and future research directions

A limitation of the present study for the comparative analysis of the
two layouts is intentionally the absence of an economic analysis. The
authors’ goal is, indeed, to focus on the detailed thermodynamic anal-
ysis of the proposed layouts within the limitations of the manuscript
length. It follows that the next research step will be the economic and
thermoeconomic analysis of the proposed layouts, along with inte-
grating such processes in a real context for case-study development,
using the outcomes of the present study. Furthermore, considering the
uncovered promising potentials of Arundo Donax gasification, broader
operating conditions should be assessed on larger-scale reactors, aiming
at validating the presented data and optimizing the gasification unit by
improving the conversion efficiency and reducing the exergy loss. The
same approach should involve the drying unit, as evidenced by the po-
tential indicator of exergy improvement. The improvements of these
units will potentially lead to a significant enhancement of the whole
bioenergy process.

The detailed and comparative exergy analysis carried out in this
research work, the related results, and the methods applied can be
exploited by the scientific community for replicating the simulation
model and developing case studies and tools for decision-making.
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