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In this work, the techno-economic and exergy analyses of two gasification technologies
with integration into heat and power combined cycles are presented: i). Circulating fluidized
bed (CFB) and ii). Dual fluidized bed (DFB) systems. As feedstock, lignocellulosic biomass
(sugarcane bagasse, SCB) was considered. The gasification process of the fluidized-bed
systems (circulating and dual bed) and the syngas conversion were performed using
Aspen Plus

®
software. The process design includes biomass drying and gasification,

syngas cleaning, combustion, power generation, and heat recovery. The SCB-DFB
system has the lowest irreversibility rate and, as a result, the highest overall
performance and power generation (achieving 32% in the gasification system and 53%
of exergy efficiency when coupled with the combined cycle). From the techno-economic
assessment, the SCB-DFB system has the lowest total production costs per unit of
energy. Hence, the dual fluidized bed systems could be a more competitive technology for
the agro-industrial sector to generate power from lignocellulosic materials.

Keywords: lignocellulosic gasification, techno-economic analysis, exergy analysis, process integration, gasification
(biomass)

INTRODUCTION

Currently, the gasification process is one of the most studied thermochemical pathways to disrupt the
lignocellulosic biomass into molecules that produce liquid fuels and power at low and high
temperatures (Nogueira et al., 2011; Miranda et al., 2021). Thus, based on the broad availability
of processed lignocellulosic biomass (i.e., sugarcane bagasse and straw) in the ethanol and sugar
industry, including other agro-industrial activities, it represents a useful feedstock to be harnessed. In
this context and searching for sustainable bioenergy systems insights, there is growing attention to
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Abbreviations: DB, dry basis; B (MW), exergy flow rate; LHV (kJ/kg), lower heating value; HHV (kJ/kg), higher heating value;
Nm3, normal cubic meter; MWth, megawatt-hour thermal; MWe, megawatt electric; kWth, kilowatt-hour thermal; b kJ/kg,
specific flow exergy; WB, wet basis; CAPEX, capital expenditures or capital investment costs; CFB, circulating fluidized bed
gasifier; DFB, dual fluidized bed gasifier; EC, equipment costs; FT, Fischer–Tropsch; FCI, fixed capital investment; LCM,
lignocellulosic materials; NPC, net production costs; OPEX, operational expenditures; TEPET, techno-economic process
evaluation tool; SCB, sugarcane bagasse; STB ratio, steam-to-biomass.
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the simultaneous use of lignocellulosic materials for the liquid
biofuel production and power generation.

Recently, several comprehensive reviews have been published
on biomass gasification involving the description of processes,
trends, and technological issues. Asadullah (2014) reports on the
limitations of biomass steps for the electricity generation.
Furthermore, the author discusses the effects of operational
parameters in the supply chain management, pretreatment,
conversion, cleaning, and utilization steps using syngas for the
power generation. Damartzis and Zabaniotou (2011) present the
thermochemical conversion of biomass to second-generation
biofuels and indicate the emerging challenges and
opportunities for process integration schemes. Moreover,
Gómez-Barea and Leckner (2010) analyzed the technical
aspects of the biomass gasification modeling in fluidized bed
gasifiers (i.e., bubbling and circulating) and Hanchate et al. (2021)
offer a holistic view on the current research and developments of
dual fluidized bed gasification systems for the syngas production.
Safarian et al., 2019 collect and analyze statistics on the increasing
number of gasification modeling studies and techniques. An
extensive technical literature review of model adjustments has
been carried out to offer a better understanding of gasification
modeling for future research. For instance, Silva et al. (2019)
provide an updated review of the stoichiometric thermodynamic
equilibrium model for biomass gasification applications. Also,
Mehrpooya and Khalili, 2018 investigate 23 biomass sources
through the modeling and simulation of biomass gasification.
The process operating performance was analyzed
thermodynamically based on the Gibbs free energy
minimization and the restricted equilibrium method. Rupesh
et al. (2016) analyze the performance of several biomasses
during gasification through the energy and exergy analysis.
Thus, a quasi-equilibrium gasifier model was developed to
simulate and compare the feasibility of different biomass
sources. Hence, it is noted that the multi-reaction equilibrium
approach is a standard method for a gasifier modeling of biomass
and coal sources as reported in the literature (Worley and Yale
2012; Broer and Peterson 2019). For the particular case of
sugarcane bagasse gasification, a recent analysis has shown the
syngas evolution in terms of the global reaction mechanism,
taking into account a semi-batch reactor operated in a steady flow
of high-temperature steam at atmospheric pressure (Ahmed and
Gupta 2012).

Studies focusing on the economic assessment of biomass
gasification have also recently been published (Esmaili et al.,
2016; Ptasinski 2016; Rahimi et al., 2020). For example, Rahimi
et al. (2020) developed a comprehensive software program to
simulate biomass gasification, which utilized an experimental
setup to calibrate the simulation results with appropriate
modeling coefficients. Thus, the sensitivity analysis shows that
increasing the biomass moisture content will decrease carbon
monoxide (CO) and increase hydrogen (H2) and methane (CH4)
relative compositions in the produced gas. The authors proposed
a system that could save roughly 4 million Nm3 of natural gas per
year, and the period of return of the project investment report was
6 years. Shahabuddin et al. (2020) summarize the recent techno-
economic analyses for advanced configurations of the

thermochemical production of H2 from biomass and residual
wastes. This review finds that the thermal efficiency is near 50%.
Also, the authors found that the levelized cost of hydrogen
(LCOH) from biomass varies between 2.3 and 5.2 $Unites
States dollar2020/kgH2 at raw material processing scales of 10
MWth to 2.8–3.4 $Unites States dollar2020/kg H2 at scales over
250 MWth.

Hence, a preliminary LCOH estimation from residual wastes is
in the range of 1.4–4.8 $Unites States dollar2020/kgH2, depending
upon the wastegate fee and project scale (Shahabuddin et al.,
2020). Hannula (2016) explores the potential to increase the
biofuel output from a gasification-based biorefinery using an
external H2 supply. The author found that the biofuel output
could be increased by a factor of 2.6–3.1 for the gasoline (C8H18)
or methane (CH4) production over reference configurations,
respectively. The economic assessment shows that the average
cost of low-carbon hydrogen below 2.6–3.2 $Unites States
dollar2016/kg H2 becomes economically desirable over non-
enhanced designs, depending on the process configuration.
The study analyzed the use of multiple available wastes and
residues in the European Union (EU;197 Mt/year, 2016) and
its conversion to biofuels, which could replace up to 41–63% of
the EU’s road transport fuel market in 2030, depending on the
process design selected. AlNouss et al. (2019) propose a poly-
generation system that utilizes multiple feedstock sources to
produce high-quality urea, methanol, Fischer–Tropsch (FT)
liquids, and power to perform the economic, energy, and
environmental analyses. The results show that methanol
(CH3OH) processing is the most profitable process with a net
profit of about 0.03 USD2019/kgCH3OH of biomass input; when
considering the production capacity, the liquid fuel production
achieves net profits, roughly about 0.27 USD2019/kg of product. A
techno-economic study of forest biomass blends gasification for
small-scale power production facilities in the Azores (Portugal) is
presented by Sousa Cardoso et al. (2020). Experimental
gasification tests in a 250 kWth quasi-industrial biomass
gasifier in a pilot-scale fluidized bed reactor validated the
model. The results show the net present value (NPV), internal
rate of return (IRR), and payback period (PBP) followed by a
sensitivity analysis via Monte Carlo simulation for two distinct
application sizes (100 and 1,000 kW). The 1,000 kW unit showed
to be economically viable with an NPV of 486 k€2020, IRR of
17.44%, and PBP of 7.4 years. Heinze et al. (2019) carried out a
techno-economic assessment of polygeneration based on the
fluidized bed gasification. A 350 MWe combined cycle power
plant with a dryer, a fluidized bed gasifier, a gas purification unit,
a CO-Shift system, and a Rectisol acid gas removal is shown in
this process model. As a result, the model is being used to
investigate the specific CO2 emissions and efficiency output
for power and methanol production operation modes.
Weiland and White (2018) perform a techno-economic
analysis of an integrated gasification direct-fired supercritical
(sCO2) power cycle via a coal-fueled, oxy-fired direct sCO2

system, which is inherently amenable to carbon capture and
storage (CCS) processes. The conceptual designs included a
baseline sCO2 plant and an improved thermal integration
between the sCO2 cycle and the gasifier. The outcomes show a
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cost of electricity (COE) of 137.3 $USD2018/MWh and 122.7
$USD 2018//MWh for the baseline and thermally integrated
sCO2 plants, respectively.

Recent developments on the valorization of biomass to value-
added commodities provide insights into the multidimensional
drivers of biorefinery-derived platforms. For instance, Molino
et al. (2018) include an overview of the technologies for
converting biomass into syngas using gasification techniques
(i.e., fixed bed reactors, fluidized bed reactors, and entrained
flow reactors), the raw material characteristics, and the operating
parameters. Kim et al. (2020) propose an integrated biorefinery
strategy for coproducing liquid transportation fuels and high
value-added chemicals from lignocellulosic biofuels. Niu et al.
(2021) also proposed a novel biomass integrated gasification
combined cycle (BIGCC) configuration, which featured an
innovative two-stage enriched air gasification system coupling
a fluidized bed via the Aspen Plus model. On the other hand,
Patuzzi et al. (2021) compiled an extended set of data related to an
overview of the reference values for the ranges of operation of
small-scale biomass gasification systems available in the
European market. Pregger et al. (2020) give an overview of the
Future Fuels project lead by the German Aerospace Center (DLR)
on producing and using synthetic fuels for electricity, space,
transportation, and aviation sectors. However, although the
lignocellulosic feedstock is considered to be accessible at a
reduced cost, several technological options for their conversion
are still under development. Note that the demonstration and
commercial plants are still concentrated on power generation
even though today’s trend focuses on biofuels and high-value
products as given in technology readiness level (TRL) reports by
the International Renewable Energy Agency, IRENA
(International Renewable Energy Agency, 2016), and the
Delivering the United Kingdom’s Future Energy Technologies
(Energy Technologies Institute 2020), where Fischer–Tropsch
(FT), synthetic natural gas (SNG), circulating fluidized bed
(CFB), and bubbling fluidized bed (BFB) were identified as
promising and viable technologies.

It must be underlined that the gasification process is a
significantly flexible process regarding feedstocks (i.e.,
lignocellulosic biomass) use, particularly in tropical zones (e.g.,
Brazil), in which the biomass production occurs throughout the
entire season. Thus, these materials could be processed either to
produce biofuels or to cogenerate electricity and heat on demand.
Therefore, the flexibility aspects related to the gasification process
(i.e., feedstock, conversion, and final use) options drive research
and development opportunities for thermochemical pathways.
Hence, this work aims to analyze and compare the technical,
economic, and energy feasibility of two biomass gasification
systems for the power generation. In this context, a biomass
gasification model was developed to assess the technical,
economic, and energy feasibility for the power production.
Moreover, a performance-based comparison in terms of
economic indicators (i.e., CAPEX, OPEX, and NPC) and
technical metrics (i.e., exergy efficiency and irreversibilities
rate) of the fluidized bed gasification technologies, also with
the combined cycle integrated is carried out. The comparative
analysis of the lignocellulosic biomass gasification systems using

the exergy and techno-economic assessment as metrics is relevant
to support a diversification strategy for an energy matrix
development.

MATERIALS AND METHODS

First, the choice of suitable raw materials capable of producing
gaseous fuels is presented (feedstock section). Next, the conversion
technologies of the fluidized bed gasifiers are introduced. Later,
the models used for the techno-economic analysis and the exergy
assessment are provided.

Feedstock
The modeled thermochemical systems include agroforestry
residues feedstocks (Table 1) produced in Brazil. For instance,
the Brazilian sugarcane industry processed around 643 million
tons of cane in the 2019/2020 season (EPE 2019). Thus, after the
extraction of the juice (sucrose) from sugarcane stalks, the
sugarcane bagasse (SCB) is obtained. On an average, one
tonne of crushed cane generates about 250 kg of bagasse (50%
moisture). In this context, data for the autonomous distillery with
the processing of 4 million tons of sugarcane (TC) per season
were considered, which represent a typical crushing capacity in
the São Paulo State, Brazil. Thus, the biomass gasification process
simulation is explored and analyzed using the sugarcane bagasse
(SCB) available after cleaning and crushing the stalks, roughly
125 dry tonnes of biomass per hour.

Conversion Technologies
In this work, a promising thermochemical pathway was
considered in the technological assessment. Fluidized bed
gasifiers are known for their temperature consistency, larger
efficiency, and performance mixing. Thus, two fluidized bed
types were evaluated, circulating and dual bed systems.
Essentially, the fluidized bed technology comprises granular
solids (bed materials) that are kept semi-suspended (fluidized
condition) by injecting the gasifying medium through the solid
particles. This type of gasifier is relatively insensitive to the quality
of the fuel due to its excellent gas–solid mixing and large thermal
inertia of the fluidized bed (Basu 2018). The temperature
uniformity around this gasifier significantly decreases the
possibility of fuel agglomeration. This design has proven to be
beneficial for the biomass gasification. It produces tar at a rate
comparable to updraft configurations, roughly 50 g/Nm3 (Basu
2018).

Fluidized bed systems are known to achieve higher efficiencies
when compared to other types of gasifiers. Nevertheless, they are still
an immature technology for the electricity generation due to high
capital and operational costs, as well as maintenance costs and
expensive control systems, which limits their development
(Anukam et al., 2016). Facing these challenges, detailed
simulation models were carried out to determine the technical
performance and economic assessment of these fluidized bed
systems (CFB model and DFB model) based on a study by Nikoo
and Mahinpey (2008), Camacho-ardila et al., 2012, and Medeiros
et al. (2017). The synthesis of the performance conditions of the
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gasification processes can be found in Supplementary Tables S1, S2
(Supplemental material, SM).

Circulating Fluidized Bed (CFB Model)
Figure 1 shows the atmospheric circulating fluidized bed system
integrated with the combined cycle. The first phase is related to
the feed handling and preparation, and the modeled biomass
feedstock has an ultimate and proximate analysis shown in
Table 1. In this stage, a directly heated single-pass rotary
dryer is included in the system to deal with the moisture
content of the raw material. It allows hot gases to be in
contact with the biomass material inside a rotating drum
before feeding into the decomposition reactor. Next, biomass
decomposition occurs, which involves a yield reactor converting
biomass into its constituent components such as carbon,
hydrogen, oxygen, nitrogen, sulfur, chlorine, and ash. Later,
the resulting stream (Ryield block and decomposition) goes
through a combustion zone (bed); at this point, the pyrolysis
is followed by the gasification process (gasification zone). The
gasifying agent (air) is delivered at the next stage (char
gasification) to ensure optimal gasification operational
conditions. Besides, both the remaining carbon fraction and
ash make up the char particles produced by the
devolatilization process. Furthermore, at the riser outlet, the

cyclone model (cyclone unit) reflects the gas/solid separation
stage. All of the gases from the Gibbs reactor make up the top
outlet flow (syngas). Last, the output from the ashes is represented
by the bottom outlet solid stream (ash).

The assumptions adopted during the gasification process
simulation were i) steady-state and isothermal conditions; ii)
the devolatilization step is considered instantaneous and occurs at
the bottom of the bed (very short time required for volatile
combustion); iii) char and volatiles are formed in the pyrolysis
stage. Non-condensable volatiles (e.g., H2, CO, CO2, CH4, and
C2H2), condensable volatiles (tar), and water are among the
volatiles considered (Gómez-Barea and Leckner 2010); and iv)
only carbon and ash are found in char (Nikoo and Mahinpey
2008).

Dual Fluidized Bed (DFB Model)
The dual fluidized bed was modeled as indicated in Figure 2. The
model includes processing and drying of biomass feed, indirect
heating gasification in a dual-circulating fluidized bed, and
cyclone removal of particles. This type of gasifier consists of
two independent and interconnected beds through which the hot
bed material circulates and transfers heat between different
regions. In the gasification zone (RGibbs model), steam is
used as the only gasification agent. In contrast, in the

TABLE 1 | Feedstock composition.

Biomass type Sugarcane bagasse (SCB) Biomass input*

Proximate analysis (d.b.) Ultimate analysis (d.b.) Mass Flows (kg/h) 125,000 (w.b.)
Volatile Matter (%) 82.97 Carbon (%) 44.52 LHVbiomass (kJ/kg) 16,579
Fixed Carbon (%) 11.81 Hydrogen (%) 5.9 HHVbiomass (kJ/kg) 17,876
Ash (%) 5.22 Oxygen (%) 43.65 Bbiomass (MW) 325
Moisture content (%) 50 Nitrogen (%) 0.32 bbiomass (kJ/kg) 18,751

Sulfur (%) 0.1
Chlorine (%) 0.29

Reference:Camacho-ardila et al. (2012)

*Heating and exergy values were determined using the correlation given in abbreviations of the Supplementary Materials S5, S6.

FIGURE 1 | Circulating fluidized bed model.
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combustion zone (RStoic model), air is bubbled as a combustion
agent. Thus, a high-quality syngas can be produced with a higher
H2 concentration (Corella et al., 2007).

Since nonconventional components are excluded from the
phase and chemical equilibrium calculations, a decomposition
block (RYield reactor) breaks down biomass into its constituent
elements (C, H2, O2, N2, Cl, S, and H2O), allowing the subsequent
stages. Later, preheated air at 130°C is supplied into the
combustion zone, where char is burned to supply heat for the
endothermic process.

The separator, on the other hand, denotes the separation of the
char fraction utilized for combustion. At 2.5 bar (130°C), the
gasification zone is supplied with biomass and saturated steam,
which works as a gasifying agent. The steam-to-biomass (STB
ratio) adopted was 0.34 with lower value preference (typical STB
range between 0.2 and 2) as a consequence of lower energy
consumption (Silva and Rouboa, 2014). The gasification and the
combustion zone temperatures were 950°C and 1,000°C,
respectively, which is consistent with their operating
parameters (Worley and Yale 2012; Broer and Peterson 2019).
Afterward, the gas passes by a cyclone to remove particulates. It is
emphasized that the dual gasifier model assumes a multi-reaction
equilibrium approach.

Combined Cycle
The combined cycle comprises a gas turbine that simulates a
Brayton cycle and a steam turbine following a conventional
Rankine cycle. The simulation was carried out focusing on the
following assumptions: i). Steady-state operation; ii). isentropic
compression process, and iii). No heat losses in the combustion
chamber. It is essential to mention that the process flowsheets of
the gasification system integrated with the combined cycle are
given in Figures 1, 2, respectively. The inlet stream in the
combined cycle is the cleaned synthetic gas (syngas) produced
in the gasification process after being passed by the MC-SNG
compressor; this equipment represents a multistage compression

(centrifugal-rotary) with intercooling stages at 40°C and
condensation flash drums. On the other hand, the mass flow
rate of air is set to obtain a total outlet flow rate and compressed
according to the specified pressure ratio of 20 bar. Thus, the mass
flow rate of the air inlet to the gas turbine is calculated to achieve
an exiting temperature of 1,350°C in the outlet stream. A design
spec was used to vary the oxygen inlet until the combustion is
complete. After compression, the air is led into the combustion
chamber of the gas turbine (RStoic block). By combusting the
syngas, the flue gas, together with the excess air stream is heated
up to 1,350°C before entering the gas turbine (GT). The GT
operates with an outlet pressure of 1.1 bar and an isentropic
efficiency of 88%.

Next, the outlet gases from the GT enter into the heat recovery
steam generator (HRSG) section, in which it exchanges heat with
a steam cycle. The steam cycle consists of one high-pressure
steam turbine (ST) and one medium- to low-pressure steam
turbine. The steam enters the high-pressure steam turbine at
200 bar and 550°C and exits at 50 bar. After an intermediate
superheating step, the steam is led into the second ST and
expands until a pressure of 0.05 bar and a condensate fraction
of 5%. A heat exchanger is utilized to condense the water that is
recirculated. The synthesis of the parameters adopted in the
combined cycle can be seen in Supplementary Tables S3, S4.
More details of the technical performance of gas turbines using a
low heating value fuel can be found elsewhere (Silva et al., 2013;
Zornek et al., 2015).

Heat Integration
The heat integration was performed according to the pinch point
analysis. The flue gas stream of the gas turbine is primarily used to
generate steam for the steam turbines, while part of it is
preheating the required steam and air streams that lead into
the gasifier. Additionally, a part of the flue gas is used in a drying
unit. In the case of the DFB gasification concept, the flue gas exits
the last heat exchanger within the combined cycle loop at 291°C.

FIGURE 2 | Dual fluidized bed model.
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Its remaining sensible heat is utilized as follows: 3.2 MWth is used
for air preheating while 14.8 MWth is utilized for the gasification
steam generation. Finally, the drying unit consumes 36.1 MWth to
reduce the moisture content from 50 to 10 wt.%. To prevent
condensation, the flue gas exits the drying unit at 65°C. The
intercooling stages in between the syngas compression provide in
the case of DFB gasification a low-temperature heat of 7.5 MWth

which is used to preheat the water of the combined cycle loop
from 21 to 72°C.

Due to the much higher volume flow in the CFB gasification
system, the heat integration concept is slightly modified. The syngas
compression step requires 17.0MWth of cooling between 175 and
40°C, which cannot be fully provided by the combined cycle water
which is thereby heated from 21 to 150°C (12.9MWth). The available
intercooling heat is also used to preheat the air for the gasification
(2.1MWth), as well as to increase the water temperature for
gasification from 20 to 105°C (2.0MWth). The flue gas stream
exits the last heat exchanger of the combined cycle at 326°C even
though some of the required heat for air and steam preparation can
be provided by the intercooling sections. Exchanging the remaining
12.8MWth of heat to generate the steam for the gasifier, the flue gas
enters the drying unit at 266°C and exits it at 70°C due to its higher
partial pressure water.

Techno-Economic Evaluation
The TEPET (Techno-Economic Process Evaluation Tool)
methodology was used for estimating capital investment costs
or capital expenditures (CAPEX), operational expenditures
(OPEX), and net production costs (NPC). The cost estimation
is expected to have an accuracy of ±30% for well-known chemical
processes (Albrecht et al., 2017), according to classes three and
four of the classification system of the Association for the
Advancement of Cost Engineering (AACE International, 2011).

Fixed capital investment (FCI), which includes equipment
costs (EC) and additional capital requirements throughout the
building phase, is included in CAPEX. TEPET is used to
determine EC for all installed units based mainly on Peters
et al. (2003). Besides, the TEPET was used to create a database
with cost functions for chemical processes and fuel synthesis
equipment.

On the other hand, the OPEX could be broken down into costs
for feedstocks and utilities and additional indirect operational
costs (e.g., maintenance, labor, insurances, administration, and

taxes). Due to the difficulty of predicting exact prices,
conventional estimates based on historical data from the
chemical process sector are employed (Peters et al., 2003).

The TEPET methodology description is given in a study by
Albrecht et al. (2017). The equipment costs correlations used and
the expression to calculate the new sized equipment are displayed
in Materials and Methods-SI. In this study, an operating time of
the plant of 20 years, an interest rate of 7%, and an annual full
load of 8,000 h were considered. Another aspect to be highlighted
in the techno-economic analysis is the raw material logistic
(i.e., availability, transportation, cost production, and storage).
In this context, Brazil is characterized by seasonal availability and
low-cost biomass. Hence, a representative market price for the
season 2018–2019 was used, corresponding to 25 €/t biomass
(Watanabe et al., 2020).

Exergy Assessment
The value and usefulness of resources are related to their capacity
to do useful work. The second law of thermodynamics accounts
for the fact, even though under ideal conditions, heat cannot be
entirely converted into work. Thus, the concept of exergy
represents the maximum ability of a system to do work
concerning a reference state (Bakshi, 2019). The technological
scenarios are based on the calculation of the steady-state mass,
energy, and exergy balances, according to Eqs 1–3, respectively,
for each one of the control volumes.

∑
inlet

_mi � ∑
outlet

_me, (1)

∑
inlet

_mihi + _QCV � ∑
outlet

_mehe + _WCV, (2)

∑
inlet

_mibi + _QCVi
(1 − To

T
) � ∑

outlet

_mebe + _WCVe + _I, (3)

where ∑
inlet

_mibi represents the exergy of the process inputs
( _Binputs), ∑

outlet
_mebe the exergy of the process output ( _Bproducts),

and ( _I) the irreversibility (exergy losses). In this work, the
chemical (bCH) and physical (bPH) exergies are measured due
to the physicochemical processes involved. Thus, bPH was
determined according to Eq. 4.

_BPH � H −H0 − T0(S − S0), (4)

where H (in kW) is the enthalpy flow rate at P and T; S (in kW/K)
denotes the entropy rate/flow rate at P and T; To (in K) is the
temperature at the reference state;Ho (in kW) represents the enthalpy
flow rate at Po and To; and So (in kW/K) is the entropy rate evaluated
at Po and To. In particular, the most significant contribution of
natural resources, including lignocellulosic biomass, are included in
the bCH term (chemical exergy value) (Ofori-Boateng, 2013).
Conceptually, it estimates the value of a chemical substance in
comparison to a predetermined reference environment (Marais
et al., 2017). Eq. 5 defines the chemical exergy for a mixture:

_BCH � nmix
⎡⎣∑

i

xib
ch
i + RuT0 ∑

i

xilnYixi
⎤⎦, (5)

TABLE 2 | Comparison results of selected parameters.

Parameters Units SCB DFB SCB CFB

Higher heating value of Syngas
HHVsyngas kJ/kg 17,090 5,291

Syngas Composition
Hydrogen, H2 % vol 56.8 26.3
Carbon Monoxide, CO % vol 27.2 15.3
Carbon dioxide, CO2 % vol 13.4 15.5
Methane, CH4 % vol 2.4 2.3
Nitrogen, N2 % vol 0.2 40.6

Exergy of Syngas
Exergy flow rate MW 198.5 223.5
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where nmix is the total amount of moles of all constituents in a
mixture and xi is the mole fraction of component i. The influence of
Ὑ was evaluated for each compound, thereby allowing the
observation that it offers values close to 1 (as given in S6).
Consequently, Ὑ was assumed to be equal to 1, an ideal solution,
in mixtures for the bCH calculation (Silva Ortiz and de Oliveira,
2014). The bchi term denoted the standard chemical exergy. The
chemical exergies for conventional compounds are found in the
Szargut et al., 1988 and Kotas (1985). The correlation related to the
bCH calculations of the nonconventional components is given in
Supplementary Equation S6. Furthermore, the expressions to
calculate the lower heating value (LHV) and the higher heating
value (HHV) are presented in abbreviations-SM.

Performance Analysis of the Systems
A set of complementary performance indicators were selected
for the thermochemical pathways based on the
thermodynamic and techno-economic assessment. These
metrics are suitable for system comparisons and
identification of promising alternatives focus on the process
integration of the configurations. Initially, the exergy efficiency
and irreversibility rate were used as indexes to assess the
technical performance of the plants. Meanwhile, key
financial indicators were adopted to evaluate the techno-
economic parameters (i.e., the fixed capital investment-FCI,
the total capital investment-TCI, capital expense-CAPEX,
operating expense-OPEX, and net production costs-NPC),
as shown in Techno-economic analysis.

Exergy efficiency: It was determined by the ratio between the
exergy of the products and the exergy of the resources, as given in
Eq. 6.

ηB � ∑ _Bproducts∑ _Bresources

. (6)

Irreversibility rate: The irreversibility metric was obtained by
applying the exergy balance expression introduced in Eq. 3.

RESULTS AND DISCUSSION

Simulation Analysis
Initially, Table 2 presents the selected parameters of the biomass and
syngas composition for each configuration. These data were used to
determine the global performance assessment of the systems. In
general, the content of hydrocarbons in the syngas composition,
such as methane was minimum, which may be related to the full
cracking reaction under high-temperature conditions (Table. 2). This
tendency matched the experimental results for fluidized bed gasifiers
published byMolino et al. (2018) andCamacho-ardila., et al. (2012) for
a pilot-scale simple and two-stage enriched air gasification process.

The results of the combined cycle can be compared with various
previous studies. For example, Emun et al. (2010) analyzed different
operation strategies of an integrated gasification combined cycle
(IGCC) plant and obtained an exergy efficiency of η � 45%. Liu and
Karimi (2018) reported the efficiency in the combined cycle of 56.3%
using natural gas as a fuel. In the SCB-DFB system, an exergy
efficiency of η � 54% was achieved within the combined cycle
section. The synthesis of the results obtained in the combined cycle
performance is given in Supplementary Table S4.

Techno-Economic Analysis
Figure 3 shows the total production costs estimated for each
configuration. These graphical representations indicated the cost
contribution of the electricity generation in all scenarios by each
process step. For instance, the annualized capital cost represented
the highest participation in the production costs. This term was
calculated using the relation between the annuity factor, the fixed
capital investment (FCI), the total capital investment (TCI), and

FIGURE 3 | Total production costs of the systems.
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the interest rate, as indicated in a study by Albrecht et al. (2017),
using 2019 as the year of reference in the analysis. Figures 3A,B
present the techno-economic outcomes concerning the dual
fluidized bed (DFB) and the circulating fluidized-bed (CFB)
using sugarcane bagasse as a feedstock integrated into the
combined cycle, respectively.

In addition, Table 3 displays the economic analysis results for
each configuration obtained through the TEPET (Techno-
Economic Process Evaluation Tool) evaluation. Thus, a
breakdown of the investment and operational costs is given to
determine the global behavior of the system in light of the techno-
economic feasibility assessment. It must be underlined that the
TCI term represents the CAPEX (capital expenditures) of the
thermochemical routes. Besides, OPEX and NPC are specified in
this table.

According to Table 3, the SCB-CFB model represents the higher
total cost of investment when compared to the dual fluidized bed

systems, which is associated with the equipment costs and fixed
capital investment. It is emphasized that the specific net production
cost of the SCB-CFB system was the highest. In contrast, the SCB-
DFB model presents the most attractive product output per year
among the integrated gasification combined cycle.

In light of these results, the Lang factor was considered
individually for each system to reflect the other costs
contribution to plant cost. Lang factor is defined as the
ratio of total capital investment (TCI) to delivered-to-site
equipment cost (EC), given in Table 3. For all the systems,
the Lang Factor was calculated (SCB-DFB 2.7 and SCB-CFB
3.0), which is a typical value for mixed fluids–solids
processing plants (Peters et al., 2003). For instance, the
Lang Factor for the production costs of syngas from
lignocellulosic biomass in Brazil was determined as 3.8
through a biomass supply configuration focus on bulk
chemicals (Benalcázar et al., 2017).

TABLE 3 | Techno-economic assessment evaluation.

Model SCB-DFB SCB-CFB

Biomass type Sugarcane bagasse Sugarcane bagasse
Type of gasifier Fluidized bed Circulating
Equipment costs (EC) k€ 102,785 119,703
Direct capital costs (DCC) k€ 203,302 262,380
Indirect capital costs (ICC) k€ 37,661 49,371
Fixed capital investment (FCI) k€ 278,484 358,841
Total capital investment (TCI) k€ 309,427 398,712
Annuity (annualized CAPEX) k€/year 28,452 36,663
OPEX k€/year 50,874 56,295
Product output (PO) kWh/year 860,288 783,323
Net production costs (NPC) k€/year 79,327 92,958
Specific net production costs €2019/kWh 0.09 0.12

FIGURE 4 | NPC Breakdown of the system configurations.
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Moreover, the payback period, which denotes the amount of
time it takes to recover the investment cost, was determined for
each system (SCB-DFB 5.4 and SCB-CFB 7.6 years,
respectively). The results show that the SCB-DFB model
offers a shorter payback period. Thus, this configuration
could represent the more attractive investment under this
indicator and also could represent a lower risk of the
project. Furthermore, the specific net production cost of the
electricity via dual fluidized bed systems (SCB-DFB, 0.09 €2019/
kWh and SCB-CFB, 0.12 €2019/kWh) could be competitive
within the Brazilian market (Figure 4), and when compared
with the coal power plants (0.16 €2019/kWh) and nuclear
systems (0.25 €2019/kWh) (EPE, 2019).

Performance Assessment
To synthesize the impact of the coupled systems (gasification and
power generation) in terms of the performance indicators

In general, the heating value (LHV and HHV) of syngas is a
function of the equivalence ratio and their chemical

composition (Table 2). Thus, the gasification section is a
crucial issue related to optimizing the global biomass
integrated gasification combined cycle (BIGCC)
performance based on the process integration strategy
adopted.

Accordingly, the SCB-DFB model (dual fluidized bed using
bagasse) shows a higher exergetic efficiency as a consequence
of the lower irreversibilities of the overall systems, when
compared with the models integrated with the gasification
process and the combined cycle (Figure 5). Hence, the SCB-
DFB model represents the best operating conditions to
maximize the exergy efficiency of this system by
maximizing heat recovery. In general, the key factors
concerning the thermodynamic optimization of the systems
are focused on setting the optimal performance conditions,
such as the excess air fraction that exists in the combustion, the
air inlet temperature, the air–fuel ratio, and preheating the
combustion air. Last, the main stream parameters of the CFB
and DFB processes are specified in Table 4.

FIGURE 5 | System performance of the thermochemical routes.

TABLE 4 | Key stream parameters.

Parameters Mass flow (kg/hr) Temp. (C) Pressure (bar) Exergy (MW)

CFB process
Air-1 110,230 25 1 1.5
Air-2 529,467 20 1 7.1
Flow GT 698,793 1,350 20 264.2
Biomass 125,000 25 1 325.4
SYN Gas 196,553 900 1.25 223.4
DFB process
Air-1 168,001 25 1 2.3
Air-2 617,105 20 1 8.3
Flow GT 664,627 1,350 20 247.9
Biomass 125,000 25 1 325.4
SYN Gas 81,012 950 1.25 198.1
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Sensitivity Analysis
The impact of the operation time on the specific net
production costs (NPC, €/kWh) was explored in Figure 6
taking into account the full load hours per year for each
system. Furthermore, a sensitivity analysis for the best
configuration ranking based on the economic and exergy
results and the effects of varying the compressor pressure
ratio for the SCB-DFB case is given in References-SM
(Supplementary Figure S3 and Supplementary Table S9).

In addition, the exergy flows associated with each process
configuration (gasification system and combined cycle) are
presented in Grassmann diagrams (Supplementary Figures
S1, S2 in the Supplementary Material). Last, the energy
potential of the syngas conversion to synthetic fuels via the FT
synthesis was determined to analyze and compare this process
alternative with other promising technological pathways reported
by Albrecht et al. (2017). This comparison did not ignore the fact
that the H2/CO ratio in the syngas in the present study is lower
than that in the referred study. Furthermore, Albrecht et al.
(2017) considered that the overall hydrogen conversion was
90%, and the CO conversion was calculated accordingly. Since
25 wt.% of the FT products leave the reactor in the gaseous state,
the energy losses (difference between the energy of syngas and
energy of FT products) were 102 MW (SCB-DFB) and 56 MW
(SCB-CFB). These energy losses represent an increase in terms of
energy content related to the power output of each configuration
of 11% (SCB-DFB) and 32% (SCB-CFB).

CONCLUSION

The case study demonstrated the potential of the sugarcane
bagasse (SCB) in Brazil to be used as a feedstock in

thermochemical conversion systems for energy generation.
Since the Brazilian sugarcane industry generates large amounts
of SCB during the crop season. Among the thermochemical
systems, the fluidized bed gasifier was selected as a conversion
technology. It represents a promising system proven to be
beneficial for biomass gasification at achieving higher
efficiencies. However, it is still under development. In this
sense, the techno-economic assessment of the gasification
systems coupled with a combined cycle shows that the dual
fluidized bed configuration has the lowest total cost of
investment (TCI) in comparison with the circulating model.
Indeed, the lignocellulosic biomass gasification through the
SCB-DFB model has a reduction of 15% of the CAPEX
compared to the SCB-CFB system. Hence, the SCB-DFB
model presents a competitive advantage since the former
provides more product output (NPC) per year. Besides, this
investment cost could be viable in the Brazilian market
compared with typical NPC values for conventional power
systems (i.e., coal and nuclear plants). These favorable
conditions were obtained via heat integration, which allowed
savings in net productions costs related to steam consumption
(i.e., process integration between the gasifier unit and the
combined cycle).

From the exergetic analysis point of view, the SCB-DFB model
shows that the sugarcane bagasse offers a promising configuration
since it reported the lowest exergy destruction rate; as a consequence,
the highest exergy efficiency of the overall systems of all integrated
gasification systems and power generation scenarios investigated. In
this regard, it is noted that a sensitivity analysis focused on exploring
the effect of the operation time on the specific production costs was
carried out for each system. In addition, a sensitivity analysis for the
SCB-DFB case changing the compressor pressure ratio in the
combined cycle section and varying the key variables related to

FIGURE 6 | Effect of the operation time on the specific net production costs.
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the feedstock price and equipment assumptions adopted in the NPC
calculation was performed to determine the optimal parameters.
Hence, this configuration represents an application of value-added
from biomass supply chain residues. This fact could contribute to
determining the potential of lignocellulosic biomass toward energy
diversification.

Last, the conceptual development of the biomass supply chains
could be analyzed to explore other products and possibilities
including feedstock production and collection, gasification, syngas
conditioning, and downstream processing. For instance, the
valorization of the syngas and by-products could be covered in
future research through technological scenarios that assess the
syngas conversion into biofuel production (i.e., FT products
achieved an increase of 11 and 32% related to the power output
of SCB-CFB and SCB-DFB configurations), bulk-chemical/fuels, or
hybrid systems (chemical, fuels, and power generation).
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