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Abstract

This study evaluates performance-improvement and repowering strategies for an existing
sugarcane cogeneration plant in Espirito Santo, Brazil, using field data and thermodynamic
simulations performed with Thermoflex and EES software. The current operating condition
was adopted as the Base Case and compared with three progressively more intensive scenar-
ios. Increasing steam generation from 75 to 110 t/h raised net electrical power from 10.800 to
18.633 MW, while the simulated condenser steam flow reached 41.3 t/h, slightly exceeding
its 40 t/h nominal capacity. Operation at the nominal boiler capacity of 150 t/h increased
net electrical power to 32.560 MW and required additional condensation capacity. A re-
powering configuration at the same steam-generation rate, but with higher steam pressure
and temperature and reheating, further increased net electrical power to 38.304 MW and
net electrical efficiency from 23.12% to 27.44%. Exergetic efficiency increased from 23.50%
to 26.85%, while total combined exergy destruction and losses decreased from 147.698 to
140.554 MW. Specific direct CO, emissions decreased from 2.962 to 1.468 tCO,/MWh be-
tween the Base Case and Scenario 3. The revised incremental economic assessment, based
on 3300 operating hours per year, resulted in an NPV of US$6.88 million and a discounted
payback of 0.67 years for the transition to Scenario 2, whereas the repowering investment
resulted in an NPV of —US$27.44 million. The results distinguish capacity recovery from
technological repowering and show that higher thermodynamic performance does not
necessarily correspond to greater economic attractiveness.

Keywords: 4E; biomass; energy analysis; exergy analysis; environmental assessment;
sugarcane straw; CO, emission intensity

1. Introduction

Sugarcane processing plants are inherently integrated energy systems, since the indus-
trial production of sugar and ethanol requires substantial amounts of thermal and electrical
energy while simultaneously generating biomass residues with significant energy content.
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Bagasse, produced during sugarcane milling, has traditionally been burned in boilers to
supply process steam and electricity for internal consumption. As cogeneration systems
have evolved, electricity has become an additional product of the sugarcane industry, and
modern plants can export a significant fraction of their generation to the electrical grid [1-3].

The amount of electricity that can be produced from sugarcane biomass depends
strongly on the configuration of the steam cycle and on the thermal demand of the industrial
process. Conventional plants historically operated with relatively low steam pressures and
back-pressure turbines [4], in which electricity generation was closely coupled to process
steam consumption. The adoption of extraction-condensing steam turbines, together with
higher steam conditions and electrified mills, increased the flexibility of these systems
and enabled larger electricity surpluses [2,5]. Kamate and Gangavati [6], comparing
back-pressure and extraction-condensing configurations in a bagasse-fired sugar plant,
showed that steam conditions and turbine configuration have a direct influence on both
energy and exergy performance. Their analysis also identified the boiler as the main
source of thermodynamic irreversibility in the plant. Alves et al. [7] compared the same
technologies, while additionally assessing straw availability and its use for off-season power
generation to increase surplus electricity production. Other studies [8,9] have investigated
new architectures as alternative cogeneration configurations for the fermentation process in
ethanol production from sugarcane, highlighting the extraction-condensing configuration
as a more flexible option because it allows steam condensation and enables operation
throughout the year.

The modernization of sugarcane cogeneration has therefore been studied through
different approaches. Improvements based on higher steam parameters, reheating, regener-
ation, reduction in process steam demand and advanced power cycles have been proposed
to increase electricity production and biomass utilization. In the Brazilian sugarcane sector,
reheat and regenerative steam cycles have been evaluated as alternatives for increasing
cogeneration efficiency and generating additional surplus electricity [4]. Other studies have
examined more advanced options, including biomass integrated gasification combined
cycles and high-pressure or supercritical Rankine cycles, although the higher technological
complexity of these configurations remains an important limitation for retrofit applications
in existing plants [2,3,10-13].

An additional opportunity results from the progressive mechanization of sugarcane
harvesting. Besides avoiding the need for pre-harvest burning, mechanized harvesting
increases the amount of straw that can potentially be recovered and used as a supple-
mentary fuel [14,15]. Consequently, modern cogeneration systems may operate with mix-
tures of bagasse and straw, increasing the biomass energy available to the steam cycle.
Guerra et al. [16] evaluated ten sugarcane cogeneration scenarios combining different steam
pressures and straw recovery rates. Increasing the steam pressure from 20 to 100 bar in-
creased power generation by approximately 63%, while the simultaneous use of residual
straw further increased the potential for electricity export. Currently, some Brazilian sugar-
cane mills use mixtures of sugarcane bagasse and straw as boiler fuel, with straw accounting
for approximately 10% of the total mass, and this proportion is expected to increase to up
to 25% on a dry basis without significantly increasing deposit formation and corrosion
on heat-transfer surfaces [2,7]. In addition, sugarcane bagasse and straw exhibit similar
chemical and physicochemical characteristics, differing mainly in their moisture content,
with sugarcane straw typically presenting moisture contents in the range of 10-25% [15,17].

The technical potential of straw utilization, however, cannot be assessed independently
from the characteristics of the existing plant. Watanabe et al. [ 18] evaluated retrofit alter-
natives for electricity production from sugarcane straw in Brazilian mills and showed that
economic performance is strongly affected by the industrial operating period and the value
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of the electricity produced. These results reinforce the distinction between the theoretical
energy potential of additional biomass and the amount of this potential that can effectively
be converted into economically useful electricity in an existing industrial facility.

The operating conditions of the steam cycle are equally important. Modern Brazilian
cogeneration plants based on condensing-extraction steam turbines can operate at con-
siderably higher steam pressures and temperatures than conventional systems. Studies
representative of Brazilian mills have considered steam conditions in the range of approx-
imately 105-120 bar and temperatures above 520 °C for high-performance cogeneration
systems [2,3,19]. Under these conditions, increasing the thermodynamic quality of the
steam allows greater work production per unit of steam generated, which is particularly
relevant when the availability of biomass or the nominal steam-generation capacity limits
further increases in mass flow.

Energy analysis alone, however, is insufficient to identify the origin and magnitude of
the thermodynamic losses within these plants. Exergy analysis has consequently become
an important tool for assessing sugarcane cogeneration systems [20]. Several studies have
shown that combustion and steam generation generally account for the largest fraction of ex-
ergy destruction, while turbines present comparatively higher exergetic efficiencies [6,21,22].
More recent analyses using operating data from industrial sugarcane plants have confirmed
the predominance of boiler-related irreversibilities and have used exergy destruction to iden-
tify opportunities for plant improvement [23,24]. Another study demonstrated the potential
for improving the thermodynamic performance of a sugar mill through the integration of
waste-heat recovery technologies [25].

The environmental implications of increasing electricity generation from sugarcane
biomass have also received growing attention. The use of bagasse and straw can increase
renewable electricity production, but higher biomass consumption generally increases
the direct flow of CO, through the boiler. Therefore, the environmental interpretation
depends on the system boundary and on the indicator considered. Guerra et al. [16]
combined thermodynamic analysis with life-cycle environmental assessment and showed
that increased straw utilization and higher steam parameters can improve electricity-related
environmental performance, although additional impacts may arise outside the cogeneration
plant boundary. Other studies have combined energy, exergy and exergoenvironmental
methods to relate thermodynamic inefficiencies to the environmental burden associated
with sugarcane bagasse cogeneration [22].

Several strategies to reduce the environmental impacts of sugarcane cogeneration
have been investigated worldwide, highlighting that although cogeneration is generally
environmentally advantageous, it is not free from trade-offs and therefore requires a detailed
assessment [26]. For instance, in the Cuban sugar industry, the cogeneration stage accounted
for approximately 80% of the total environmental impact, with particulate emissions from
bagasse combustion identified as the main contributor [27]. Other studies have shown that
improvements in harvesting and agricultural management practices can substantially reduce
environmental impacts [28,29], while thermal cycle configurations and steam conditions
directly influence the environmental performance of cogeneration systems [30,31].

More recent work has expanded this analysis toward operational optimization and
integrated assessment. Lozano et al. [32] investigated optimal operating modes and product
cost allocation in sugarcane steam cogeneration plants, showing that electricity generation
and plant operation depend on the interaction among process energy demands, bagasse
availability and the market value of surplus electricity. Integrated exergy, economic and
environmental approaches have also been applied to sugarcane-based energy systems, con-
firming that thermodynamic improvement must be interpreted together with the economic
and environmental consequences of the proposed modifications [33,34].
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Despite this extensive literature, a substantial part of the published work evaluates
reference plants, optimized configurations or advanced cogeneration technologies under
prescribed design conditions. Comparatively fewer studies address the progressive recovery
of an existing industrial cogeneration system starting from its actual operating condition
and considering the constraints imposed by the installed equipment. This distinction is
relevant because an existing plant may operate significantly below its nominal capacity,
and the sequence of feasible improvements may be governed not only by boiler and turbine
performance but also by biomass availability, process steam demand and the capacity of
auxiliary and heat-rejection systems.

At the state level, the Government of Espirito Santo established the Plan for Decar-
bonization and GHG Neutralization [35,36] as part of its commitment to the United Nations’
Race to Zero and Race to Resilience campaigns. The plan establishes strategies and actions
to reduce greenhouse gas (GHG) emissions and support the achievement of environmental
targets toward 2050. This framework is particularly relevant to the energy and industrial
sectors, which together account for more than half of the state’s net CO, emissions, high-
lighting the importance of improving the efficiency and environmental performance of
existing energy-intensive industrial systems. In this context, the assessment of cogeneration
plants operating in Espirito Santo provides a relevant regional perspective on the poten-
tial contribution of thermodynamic improvements, biomass utilization and technological
retrofitting to broader decarbonization objectives. Recent studies conducted in the state
have also investigated industrial measures aligned with these objectives [37-39].

Against this background, the present study evaluates an existing sugarcane ethanol
plant located in Espirito Santo, southeastern Brazil, using actual operating data collected
directly from the industrial facility. Three progressively more intensive alternatives are in-
vestigated: (i) increased utilization of the existing steam-generation capacity, (ii) increased
biomass availability through the incorporation of sugarcane straw, and (iii) technological
repowering of the steam cycle through higher pressure and temperature and the introduc-
tion of reheating. Energy, exergy, economic and environmental analyses (4E) are combined
to quantify the effects of these alternatives on electricity generation, thermodynamic ef-
ficiency, component-level exergy destruction and losses and specific CO, emissions. A
complementary incremental economic assessment is also performed for the transition to full
boiler-capacity operation and for the subsequent technological repowering of the steam cy-
cle. By evaluating these alternatives under the constraints of an operating industrial facility,
the study distinguishes the potential benefits of recovering underutilized installed capacity
from those associated with more extensive steam-cycle repowering. The results provide an
integrated basis for assessing thermodynamic improvement and decarbonization-related
opportunities in existing sugarcane cogeneration systems.

2. Sugarcane Plant and Cogeneration System

The case study is an existing sugarcane ethanol plant located in northern region
of Espirito Santo State, southeastern Brazil. The industrial facility operates during the
sugarcane harvesting season, typically from April to November, and primarily produces
ethanol and carbon dioxide. Sugarcane harvesting is mechanized, which also allows part of
the residual straw to be recovered for energy purposes.

The plant has a nominal sugarcane processing capacity of approximately 600,000 t/year
and an average annual processing rate of approximately 550,000 t/year. During regular
operation, the average milling rate is approximately 4000 t/day, corresponding to 166.7 t/h.
The plant operating records indicate a bagasse production of approximately 28% of the
processed sugarcane on a mass basis [7,40], resulting in about 46.7 t/h of bagasse under
the average milling condition. This represents the maximum amount of bagasse produced
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and available for combustion, from which 5% is reserved for emergencies [41]. The milling
and cane-preparation systems are electrically driven.

The cogeneration system supplies both the thermal and electrical demands of the
industrial facility. Under the operating conditions recorded during the field survey, approx-
imately 75 t/h of steam was produced, while the industrial process required approximately
60 t/h at an extraction pressure of 2.5 bar. This corresponds to a specific process steam
consumption of approximately 360 kg of steam per tonne of processed sugarcane. The
remaining steam is split, with one portion continuing to expand through the low-pressure
section of the turbine and the other being directed to the deaerator.

Steam is generated in a biomass-fired boiler with a nominal capacity of 150 t/h. During
the technical survey, the boiler was operating at approximately half of its nominal steam-
generation capacity. Plant records indicate that approximately 110 t/h is the highest steam-
generation rate previously reached with the existing unit. The boiler design conditions are
approximately 62 bar and 520 °C, whereas the operational current steam conditions are
approximately 60 bar and 480 °C.

Electricity is generated by a single extraction-condensing steam turbine-generator set
with a nominal capacity of approximately 33 MW. The turbine receives high-pressure steam
from the boiler and supplies process steam through an extraction at approximately 2.5 bar.
The remaining steam expands through the low-pressure section toward the condenser.
Under the field operating condition, the condenser operates at approximately 0.06 bar
absolute. The turbine manufacturer specifies an exhaust pressure of 0.16 bar absolute at
the design condition, while the existing condenser has a nominal condensation capacity of
approximately 40 t/h. The distinction between the field and design exhaust pressures is
maintained throughout the analysis because the alternative scenarios do not necessarily
reproduce the current operating condition.

Under the field operating condition, the plant generates approximately 10.66 MW of
electricity. Approximately 5.66 MW is consumed internally by the industrial facility, whereas
approximately 5.0 MW is exported to the electrical grid. Therefore, the observed operating
point corresponds to approximately 32% of the nominal turbine-generator capacity. Based
on the measured steam flow and electrical generation, the specific steam consumption is
approximately 7.04 kg/kWh.

The main operating and design characteristics of the investigated plant are summarized
in Table 1. The data show that the current cogeneration system operates considerably below
the nominal capacity of its main equipment. Steam generation corresponds to 50% of the
nominal boiler capacity, while the steam flow to the condenser is approximately 15 t/h, well
below its nominal capacity of 40 t/h. This operating margin is relevant because additional
steam production can be directed through the condensing section of the turbine while the
industrial process steam demand remains approximately unchanged.

The simplified configuration of the existing cogeneration system under the current
operating condition is shown in Figure 1. High-pressure steam produced in the boiler
enters the extraction-condensing steam turbine, where approximately 60 t/h is extracted
to supply the industrial process and the deaerator. The remaining flow, approximately
15 t/h, continues through the low-pressure section and is directed to the condenser, which
operates at approximately 0.06 bar absolute under the field condition. The condensate
is subsequently returned through the feedwater system and deaerator, completing the
water-steam cycle.

The operating margin identified in Table 1 and illustrated in Figure 1 is central to
the definition of the scenarios investigated in this study. The current steam-generation
rate is substantially below the nominal boiler capacity, while the extraction-condensing
turbine configuration allows part of any additional steam production to be converted into
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additional electricity without increasing the process steam demand. As the boiler load
increases, however, the steam flow through the condensing section also increases and
progressively approaches the capacity of the existing heat-rejection system. This interaction
between underutilized installed capacity and equipment constraints provides the basis for
the performance-improvement and repowering scenarios defined in Section 3.2.

Table 1. Main operating and design characteristics of the existing sugarcane plant and
cogeneration system.

Parameter Value Unit
Nominal annual milling capacity 600,000 t/year
Average sugarcane milling rate 166.7 t/h
Estimated bagasse production 46.7 t/h
Current steam generation 75 t/h
Boiler nominal steam capacity 150 t/h
Boiler design steam pressure 62 bar
Boiler design steam temperature 520 °C
Boiler current steam pressure 60 bar
Boiler current steam temperature 480 °C
Process steam flow 60 t/h
Process steam pressure 25 bar
Condenser nominal capacity 40 t/h
Current condenser pressure 0.06 bar
Turbine design exhaust pressure 0.16 bar
Turbine-generator nominal capacity 33 MW
Current total electrical generation 10.66 MW
Internal electricity consumption 5.66 MW
Sl Extraction—-Condensing

Nominal capacity: 150 t/h
Design pressure: ~62 bar
Design temperature: 520 °C 75t/h

~60 bar, 480 °C |
o —rl — I

Steam Turbine

Generator

S — pfl =0 Installed i
S - ns capacity:
Bagasse e 33 MV\‘I) H
15 t/h
~45.7 th 0.06 bar (abs) |
(28% of cane) 60 t/h ’ | Current electrical generation:
2.5 bar (abs) | Total generation: 10.66 MW
E Internal consumption: 5.66 MW
i Exported to grid: 5.00 MW
[ Process steam Condenser
54 (Ethanol plant) = - Nominal capacity: 40 t/h
r 3 60 t/h, 2.5 bar (abs) { Current operating pressure:
! 0.06 bar (abs)
! Design exhaust pressure:
! 0.16 bar (abs)
Legend | (=58°C)
— i pressincistoanmir | [ Jp gl STRRAR A A e R aa i e AR oo e SR S e e S e
(main steam) 15 t/h
— Extraction steam (saturated liquid) . \
(process steam) ! Current Operating Condition !
a=jp Low-pressure steam / | Steam generation: 75 t/h
condensate / feedwater Fe:::ater Deaerator Co:ﬂ::sate | Process steam: 60.t/h (2.5 bar abs)
~--p Biomass fuel P P | Condenser flow: 15 t/h (0.06 bar abs) |
(bagasse) § Electricity generation: 10.66 MW :

Figure 1. Simplified flow diagram of the existing sugarcane cogeneration system under the current

operating condition.
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3. Methodology

The methodology adopted in this study consists of five main stages: (i) definition
of the current operating condition based on field data; (ii) development of alternative
performance-improvement and repowering scenarios; (iii) thermodynamic simulation of
all configurations; (iv) comparative assessment based on energy, exergy, environmental,
and economic indicators; and (v) sensitivity analysis of selected thermodynamic and
economic assumptions.

The current operating condition was adopted as the reference case. The alternative
scenarios were defined progressively, considering increased steam-generation rates, greater
use of available biomass resources, operation closer to the nominal capacity of the exist-
ing equipment, and, finally, an increase in the steam-cycle operating parameters. This
structure allows the effects of operational recovery and technological repowering to be
evaluated separately.

3.1. Current Plant Configuration

The reference configuration represents the current operating condition and was
adopted as the Base Case for the thermodynamic analysis. The model was constructed
from field measurements, plant operating records, equipment design data, and complemen-
tary information. The field data used for the Base Case were collected during a technical
visit conducted in August 2025, where average values were selected to represent a typical
operating day of the cogeneration plant.

Under the reference condition, the boiler produces approximately 75 t/h of steam at
about 60 bar and 480 °C. Sugarcane bagasse is used as the sole fuel, and a boiler thermal
efficiency of 80% is adopted to represent the partial-load operating condition, considering
the performance data reported by [42,43]. The generated steam enters the extraction-
condensing steam turbine, where approximately 60 t/h is extracted at 2.5 bar to satisfy the
industrial process demand. Most of the remaining steam expands through the low-pressure
section of the turbine and is directed to the condenser, while the smaller portion is directed
to the deaerator.

Under the field operating condition, approximately 15 t/h of steam reaches the con-
denser at an operating pressure of 0.06 bar absolute. This value differs from the turbine
design exhaust pressure of 0.16 bar absolute reported by the manufacturer. The field pres-
sure was therefore adopted in the Base Case to reproduce the current operating condition,
whereas the design pressure is considered in the definition of the higher-load scenarios
discussed in Section 3.2.

The condensate leaving the condenser is returned through the condensate pump, deaer-
ator, and feedwater pump to the boiler, completing the water-steam cycle. The deaerator
pressure in the Base Case is approximately 1.27 bar.

The plant generates approximately 10.66 MW of electrical power under the field condi-
tion. Of this amount, approximately 5.66 MW is consumed internally and about 5.0 MW is
exported to the electrical grid. These measured values characterize the actual operating
condition of the plant and are subsequently used as references for comparison with the
thermodynamic simulation.

The main input parameters adopted for the Base Case are summarized in Table 2. The
values correspond either to field measurements or to operating assumptions required to
reproduce the current plant condition.

As shown in Table 2, the Base Case represents a low-load operating condition relative
to the installed capacity of the cogeneration system. The boiler operates at approximately
half of its nominal steam-generation capacity, while the condenser receives substantially

https://doi.org/10.3390/en19215278


https://doi.org/10.3390/en19215278

Energies 2026, 19, 5278

8 of 40

Scenario 0
Base Case
(Current operating condition)

75th
60 bar, 480 °C

less steam than its nominal capacity. This operating margin forms the reference from which
the progressively higher-load and repowering scenarios were defined.

Table 2. Main input parameters adopted for the reference configuration.

Parameter Value Unit
Boiler steam flow rate 75 t/h
Boiler pressure 60 bar
Boiler outlet temperature 480 °C
Boiler efficiency 80 %
Fuel composition 100% bagasse —
Process steam flow rate 60 t/h
Process steam pressure 2.5 bar
Turbine extraction temperature 196.5 °C
Turbine exhaust temperature 55.91 °C
Condenser operating pressure 0.06 bar abs
Deaerator pressure 1.27 bar
Measured electrical generation 10.66 MW
Internal electrical consumption 5.66 MW
Electricity exported 5.0 MW

3.2. Improvement and Repowering Scenarios

Three operating configurations were defined to evaluate progressively more intensive
alternatives for improving the performance of the existing cogeneration system. The Base
Case represents the actual operating condition and is referred to as Scenario 0, while
Scenarios 1-3 progressively increase steam generation, biomass availability, and, in the final
configuration, the thermodynamic parameters of the steam cycle.

The scenarios were established from the technical characteristics of the existing equip-
ment, plant operating records, field measurements, and the potential recovery of sugarcane
straw associated with mechanized harvesting. Figure 2 illustrates the progressive modifi-
cations adopted in each configuration, while the corresponding operating parameters are
summarized in Table 3.

Scenario 1 Scenario 2 Scenario 3
Increased Steam Generation Full Capacity Repowering
(Use of Available Capacity) (Limited by Condenser) (Higher Steam Parameters and Reheating)
10 th 150 t/h 150th

110 bar, 520 °C

62 bar, 500 °C 62 bar, 500 °C

a8 N
» Bagasse 90% ; Bagasse 80%
0.06 hhlr (abs) Sl g8 \0. n‘ﬁ’l’a‘nv (abs) 0.16 bar (abs) Sy
) :
Steam generation: 75 t/h * Steam generation: 110 t/h « Steam generation: 150 t/h + Steam generation: 150 t/h
Boiler pressure: 60 bar « Boiler pressure: 62 bar » Boiler pressure: 62 bar = Boiler pressure: 110 bar
Steam temperature: 480 °C « Steam temperature: 500 °C » Steam temperature: 500 °C « Steam temperature: 520 °C (with reheating)
Fuel: 100% bagasse « Fuel: 90% bagasse + 10% straw « Fuel: 80% bagasse + 20% straw « Fuel: 80% bagasse + 20% straw
Condenser pressure: 0.06 bar (abs) « Condenser pressure: 0.06 bar (abs) + Condenser pressure: 0.16 bar (abs) « Condenser pressure: 0.16 bar (abs)
Total electricity generation: 10.66 MW « Total electricity generation: 18.30 MW « Total electricity generation: 33.20 MW + Total electricity generation: 39.02 MW
< 11 B
= Recovery of underutilized installed capacity > Technological repowering 4

Figure 2. Definition of the investigated performance-improvement and repowering scenarios.

As illustrated in Figure 2, the proposed configurations were not defined as indepen-
dent hypothetical plants, but as a progressive sequence of modifications starting from the
current industrial condition. Scenario 1 primarily increases the utilization of the existing
steam-generation capacity. Scenario 2 extends operation to the nominal boiler capacity
and introduces the need for additional condensation capacity. Scenario 3 maintains the
same nominal steam-generation rate as Scenario 2 but increases the steam pressure and
temperature and introduces reheating, thereby representing a more extensive technological
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repowering of the steam cycle. Table 3 summarizes the principal operating parameters and

modifications adopted for each configuration.

Table 3.

the investigated scenarios.

Main operating parameters and modifications adopted for the Base Case and

Parameter Base Case Scenario 1 Scenario 2 Scenario 3
Operating condition ngiecﬁiif;ild elzzicgfteiiss;ja;:zi(t)}fz Full boiler capacity Repowered configuration
Boiler steam flow rate (t/h) 75 110 150 150
Boiler pressure (bar) 60 62 62 110
Main steam temperature (°C) 480 500 500 520
Reheat steam temperature (°C) — — — 500
Boiler efficiency (%) 80 80 85 90
Bagasse share in fuel (%) 100 90 80 80
Sugarcane straw share in fuel (%) 0 10 20 20
Bagasse consumption (t/h) 35.92 42.18 43.95 43.56
Straw consumption (t/h) — 4.67 10.99 10.89
Process steam flow rate (t/h) 60 60 60 60
Deaerator pressure (bar) 1.27 2.5 2.5 2.5
Condenser pressure (bar abs) 0.06 0.06 0.16 0.16
Existing condenser capacity Sufficient Exceeds capacity Insufficient Insufficient

Straw recovery and Additional High-pressure boiler and

Main plant modification

modified turbine
configuration

None increased

boiler load condensation capacity

The Base Case represents the operating condition observed during the field survey and
was adopted as the reference for all subsequent comparisons. The boiler produces 75 t/h of
steam at approximately 60 bar and 480 °C using sugarcane bagasse as the sole fuel. The
process steam demand is maintained at approximately 60 t/h, while the remaining steam
expands through the low-pressure section of the turbine and is directed to the condenser
operating at approximately 0.06 bar absolute. A small fraction of the steam flow extracted
from the turbine is directed to the deaerator.

Scenario 1 represents an intermediate recovery of the installed cogeneration capacity.
The boiler steam-generation rate is increased from 75 to 110 t/h, corresponding to the highest
production level previously reached by the existing unit. The main steam conditions are
increased to approximately 62 bar and 500 °C, while the boiler efficiency is maintained
at 80%, due to the partial-load operating condition. Sugarcane straw is introduced as a
supplementary fuel, corresponding to approximately 10% of the total biomass consumption
on a mass basis.

The process steam demand remains approximately constant at 60 t/h. Consequently,
most of the additional steam generated in Scenario 1 expands through the condensing
section of the turbine. Under this condition, the simulated condenser steam flow reaches
approximately 41.3 t/h, exceeding the nominal capacity of the existing condenser (40 t/h) by
approximately 3.25%. Since the scenario was formulated without imposing the condenser
nominal capacity as an explicit operating constraint, this value should be interpreted as an
unconstrained simulation result rather than as a confirmed feasible operating condition.
Practical implementation of Scenario 1 would therefore require verification of the actual
allowable operating margin of the existing condenser or, alternatively, limitation of the steam
flow directed to the condensing section. Such a restriction would reduce the achievable
turbine power output and would consequently affect the corresponding energy and exergy
performance. Therefore, the reported results for Scenario 1 represent the thermodynamic
performance predicted by the model, while the practical feasibility of this operating point
remains dependent on the actual condenser operating limits.
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Scenario 2 considers operation at the nominal steam-generation capacity of the existing
boiler. The steam flow is increased to 150 t/h while the main steam conditions are main-
tained at approximately 62 bar and 500 °C. A boiler thermal efficiency of 85% was adopted
to represent operation near the design condition. This value is consistent with efficiencies
reported in the literature for sugarcane bagasse-fired boilers operating at comparable pres-
sure and temperature levels [6,16]. The fraction of sugarcane straw in the biomass mixture
is increased to 20%.

Since the industrial process steam demand remains at approximately 60 t/h, the addi-
tional steam is predominantly directed through the condensing section of the turbine. The
resulting condenser steam flow increases to approximately 77.4 t/h, substantially exceeding
the nominal capacity of the existing 40 t/h condenser. Therefore, operation at the nominal
boiler capacity requires additional condensation capacity. A second condensation unit with
approximately 40 t/h capacity is considered for this configuration, allowing the combined
heat-rejection system to accommodate the simulated low-pressure steam flow.

The turbine exhaust pressure adopted in Scenario 2 is 0.16 bar absolute, corresponding
to the design exhaust pressure specified by the manufacturer. This condition differs from
the 0.06 bar absolute measured under the current field operating condition and adopted in
the Base Case and Scenario 1.

Because Scenario 2 requires a specific modification to the existing plant infrastructure,
this configuration is also subjected to a complementary economic assessment. The analysis
focuses on the additional condensation capacity required to enable operation at the nominal
boiler steam-generation rate.

Scenario 3 represents the technological repowering of the steam cycle. The steam-
generation rate is maintained at 150 t/h, allowing the effect of increasing the steam-cycle
parameters to be evaluated without increasing the nominal steam flow relative to Scenario
2. The main steam pressure is increased from approximately 62 to 110 bar, the main steam
temperature is increased to 520 °C, and a reheating stage at 500 °C is introduced.

The biomass mixture is maintained at 80% bagasse and 20% sugarcane straw. Given
the higher steam pressure and temperature parameters adopted for the boiler in Scenario 3,
a thermal efficiency of 90% was assumed based on the studies by Kamate and Gangavati [6].
The condenser pressure remains at the design value of 0.16 bar absolute. The higher-
pressure configuration requires replacement or substantial modification of the existing
steam-generation and turbine systems and therefore represents a more extensive repowering
alternative than the previous scenarios.

The comparison between Scenarios 2 and 3 is particularly relevant because both con-
figurations operate with the same nominal steam-generation rate and the same biomass
composition. Consequently, differences in electrical and exergetic performance between
these two cases result from the combined effects of the higher steam pressure and tempera-
ture, reheating, the modified turbine configuration, and the assumed changes in boiler and
turbine performance.

This progressive definition allows the effects of recovering underutilized installed
capacity to be distinguished from those resulting from technological repowering. The Base
Case—Scenario 1 comparison mainly reflects increased utilization of the existing plant, the
transition to Scenario 2 identifies the consequences of operating at the nominal boiler capac-
ity and the associated condensation constraint, and the Scenario 2-Scenario 3 comparison
provides a controlled comparison of the overall high-pressure repowering strategy at the
same nominal steam-generation rate.
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3.3. Thermodynamic Modeling

The thermodynamic models of the Base Case and the three alternative scenarios
were developed using Thermoflex (Version 33) [44]. The simulations were constructed
from the physical configuration of the existing cogeneration system, field measurements,
equipment design data, manufacturer information, and the operating conditions defined
for each scenario.

All configurations were evaluated under steady-state conditions. Variations in kinetic
and potential energies were neglected. Under these assumptions, the mass balance applied
to each control volume is expressed by Equation (1).

Zmin = Zmout (1)

where 11 is the mass flow rate. Equation (1) was applied to the individual components of
the cogeneration system to ensure consistency between inlet and outlet mass flows.
The corresponding steady-state energy balance is given by Equation (2).

Z mmhin + Q - W = Z mouthout (2)

where 7 is the specific enthalpy, Q is the heat-transfer rate, and W is the power transferred
across the control-volume boundary. Equation (2) was used to determine the energy
interactions and thermodynamic states throughout the cogeneration system [45].

The main components represented in the simulations were the biomass-fired boiler,
extraction-condensing steam turbine, condenser, condensate and feedwater pumps, deaer-
ator, and the industrial process steam demand. Scenario 3 additionally includes a high-
pressure expansion section and steam reheating, according to the repowering configuration
defined in Section 3.2.

For the Base Case, the main boundary conditions were established from the field
operating data. Steam generation was fixed at 75 t/h, with main steam conditions of approx-
imately 60 bar and 480 °C. The process steam demand was maintained at approximately
60 t/h at 2.5 bar, while most of the remaining steam expanded through the low-pressure
turbine section toward the condenser. The condenser pressure was set to 0.06 bar absolute,
corresponding to the current operating condition.

The operating parameters were progressively modified for the alternative scenarios
according to Table 3. Scenario 1 retained a condenser pressure of 0.06 bar absolute, whereas
Scenarios 2 and 3 adopted 0.16 bar absolute, corresponding to the turbine design exhaust
pressure. The condenser pressure was therefore treated as a scenario-dependent operating
parameter rather than as a common assumption for all configurations.

The turbine isentropic efficiencies were defined according to the operating condition
and turbine arrangement represented in each model. For the Base Case, efficiencies of
approximately 68.4% and 43.7% were calculated for the successive expansion sections. In
Scenario 1, the corresponding efficiencies were approximately 72.3% and 43.7%. Scenario
2 adopted efficiencies of 85% and 80%, whereas Scenario 3 employed efficiencies of 85%,
85%, and 80% for the successive expansion sections of the reheated turbine configuration
and extraction and condensate sections of the existing turbine. These assumptions fall
within the range commonly adopted in thermodynamic models of sugarcane cogener-
ation systems [4,16]. Consequently, a single turbine efficiency was not imposed across
all scenarios.

The electrical consumption associated with pumps and other auxiliary equipment was
obtained directly from the Thermoflex models. The auxiliary power requirements therefore
varied according to the steam flow rate, pressure levels, and configuration represented in
each scenario rather than being determined from a single fixed pump efficiency.
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For the combustion calculations, sugarcane bagasse with a moisture content of 50%
on a mass basis was considered together with 30% excess air. Bagasse was used as the
sole fuel in the Base Case, whereas sugarcane straw was progressively incorporated in
Scenarios 1-3 according to the biomass fractions specified in Table 3.

The boiler efficiency was varied according to the technological conditions adopted for
each configuration. Values of 80%, 80%, 85%, and 90% were considered for the Base Case
and Scenarios 1, 2, and 3, respectively. These efficiencies were specified as model inputs and,
together with the required steam flow rate and steam conditions, determined the biomass
consumption calculated for each configuration.

Ambient conditions of 25 °C and 1.013 bar were adopted for all simulations, with a
relative humidity of 60% for the atmospheric air used in the combustion calculations. The
same temperature and pressure were subsequently adopted as the environmental reference
state for the exergy analysis.

Pressure losses along pipes and heat exchangers were neglected. Heat losses from in-
dividual components were also neglected, except for those implicitly accounted for through
the prescribed boiler efficiency. The principal assumptions adopted in the thermodynamic
models are summarized in Table 4.

Table 4. General assumptions adopted in the thermodynamic modeling.

Parameter or Assumption Adopted Value/Condition
Operating regime Steady state

Kinetic energy variation Neglected

Potential energy variation Neglected

Ambient temperature 25°C

Ambient pressure 1.013 bar

Relative humidity 60%

Bagasse moisture content 50%

Combustion excess air 30%

Working fluid Water/steam

Primary fuel Sugarcane bagasse
Additional biomass fuel Sugarcane straw

Pressure losses Neglected

Turbine isentropic efficiency Scenario-dependent

Pump and auxiliary power Obtained from Thermoflex
Thermodynamic simulation Thermoflex

As summarized in Table 4, the environmental conditions, biomass moisture content,
combustion excess air, and treatment of pressure losses were maintained across the in-
vestigated configurations. In contrast, the steam conditions, boiler efficiency, turbine per-
formance, biomass composition, and condenser pressure were modified according to the
characteristics of each scenario. These parameters therefore constitute part of the physical dif-
ferences among the investigated configurations rather than common modeling assumptions.

The Thermoflex modelling procedure was conducted using standard components
from the Water/Steam library and the software’s default thermodynamic property settings.
Bagasse and straw were modeled using the same dry-basis composition obtained from the
Thermoflex Profuel library, differing only in their moisture contents. Table 5 shows the
proximate and ultimate analysis, on a wet basis, for both fuels. For the simulations, the
main assumptions included a 30% excess air ratio in the boiler, negligible pressure drops
in the system and condenser, and zero Miscellaneous Auxiliary Power. The boiler model
was defined by the steam flow rate, thermal efficiency, and steam outlet conditions, while
the turbine model considered the inlet pressure as input data and a mechanical efficiency
of 99.75%. The generator efficiency was assumed 95%. The deaerator was modeled by
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specifying its operating pressure as an input, which determined the extraction steam flow
rate required for its operation. The main outputs obtained from the Thermoflex simulations
include the mass flow rates and thermodynamic properties of the water-steam streams,
biomass consumption, gross electrical power, auxiliary power consumption, net electrical
power, plant efficiencies, and CO, emissions. These results provide the basis for the energy,
exergy, and environmental assessments described in Sections 3.4-3.6.

Table 5. Proximate and ultimate analyses of sugarcane bagasse and straw used in the simulations.

Composition (wt.%, Wet Basis) Bagasse Straw
Proximate analysis

Moisture content 50.00 10.39
Ash content 1.222 2.19
Volatile matter 42.81 76.72
Fixed carbon 5.97 10.70
Heating values

LHV (KJ/kg) 7634 15,616
HHV (K] /kg) 9496 17,018
Ultimate analysis

Carbon (C) 24.32 43.59
Hydrogen (H) 2.935 5.26
Nitrogen (N) 0.0781 0.14
Oxygen (O) 21.42 38.39
Sulfur (S) 0.0223 0.04
Chlorine (Cl) 0.00 0.00

For the exergy analysis, the thermodynamic properties required for the water-steam
streams, particularly specific enthalpy and entropy, were evaluated using the Steam_IAPWS
thermodynamic properties formulation, available in Engineering Equation Solver (EES,
Professional V9.908) [46]. The thermodynamic states obtained from the plant simulations
were subsequently used in the exergy model to determine stream exergies and component-
level exergy destruction and losses relative to the environmental reference state. The
corresponding formulation is presented in Section 3.5.

Finally, the Base Case was compared with the operating data collected during the tech-
nical survey to assess the agreement between the modeled and actual plant conditions. The
comparison considered the main steam-flow variables and the electrical generation available
from the field measurements. The corresponding results are presented in Section 4.1.

3.4. Energy Analysis

The energy performance of the cogeneration system was evaluated from the thermo-
dynamic simulation results. The main indicators considered were gross electrical power,
auxiliary power consumption, net electrical power, net electrical efficiency, useful thermal
energy supplied to the industrial process, and overall cogeneration efficiency. The same
system boundaries and definitions were applied to all configurations to ensure a consistent
comparison among the Base Case and the three investigated scenarios.

The net electrical power generated by the cogeneration system was determined as the
difference between the gross electrical power produced by the turbine-generator set and
the electrical demand of the auxiliary equipment according to Equation (3).

Wopoes = W,

Wnet = WWoross aux (3)

where W,,, is the net electrical power, W, is the gross electrical power produced by the

‘ gross
turbine-generator set, and W,,, is the total auxiliary electrical consumption. The latter

https://doi.org/10.3390/en19215278


https://doi.org/10.3390/en19215278

Energies 2026, 19, 5278

14 of 40

includes the electrical demand associated with the equipment represented within the
cogeneration system boundary, including pumps and boiler auxiliaries.

The energy input associated with the biomass fuels was evaluated on a lower-heating-
value basis. For the configurations in which sugarcane bagasse and straw are simultaneously
used, the total fuel energy input was calculated by Equation (4).

quel = mbagLH Vbag + mstmeH Vstmw (4)

where iy, and 7itg,,, are the mass flow rates of bagasse and sugarcane straw, respectively,
and LHV,, and LHV y,, are their corresponding lower heating values, obtained directly
from the Thermoflex database. For the Base Case, in which bagasse is the sole biomass fuel,
the straw contribution in Equation (4) is zero.
The net electrical efficiency was defined as the ratio between net electrical power and
the total biomass energy input according to Equation (5).
o = ®)
quel

where 7,; represents the fraction of the chemical energy supplied by the biomass that is
converted into net electrical power. This indicator was used to assess the effect of increasing
steam generation and modifying the steam-cycle configuration on electricity production.
Because the investigated plant operates in cogeneration mode, the useful thermal
energy supplied to the ethanol production process was also quantified. The process thermal
demand was calculated from the enthalpy difference between the extracted steam sup-
plied to the process and the condensate returning to the cogeneration system according to
Equation (6).
Qprocess = 7;nprocess (hsteam - hreturn) (6)

where 7i1,,,.5s is the process steam mass flow rate, hg,,, is the specific enthalpy of the
steam supplied to the industrial process, and h,,,,,,, is the specific enthalpy of the returning
condensate. Equation (6) therefore represents the thermal energy effectively transferred to
the industrial process rather than the total enthalpy flow associated with the extracted steam.

The overall energy efficiency of the cogeneration system was then calculated by con-
sidering both useful electrical and thermal products—Equation (7).

Wnet + Q

process

(7)
quel

fcup =
where #cyp represents the fraction of the biomass energy input converted into useful net
electrical power and process heat. In contrast to the net electrical efficiency defined by
Equation (5), the overall cogeneration efficiency accounts for the dual-purpose operation of
the plant and provides a complementary measure of biomass energy utilization.

The indicators defined by Equations (3)—(7) were calculated with Thermoflex software
(Version 33), using the same methodological basis for all configurations. Since the industrial
process steam demand was maintained approximately constant at 60 t/h, changes in the en-
ergy indicators primarily reflect differences in biomass consumption, steam-generation rate,
auxiliary power requirements, condenser operating conditions, and steam-cycle parameters.
The resulting energy performance is presented and discussed in Section 4.2.

3.5. Exergy Analysis

The exergy analysis was performed to quantify the thermodynamic inefficiencies
associated with the main components of the cogeneration system and to evaluate how the
proposed improvement and repowering strategies affect the utilization of the available
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biomass resources. The same environmental reference state adopted in the thermodynamic
model was used, with Ty = 25 °C and py = 1.013 bar.

For the water-steam streams, kinetic and potential exergies were neglected. Since the
chemical composition of the working fluid does not change throughout the steam cycle, the
exergy variation in these streams was evaluated from their physical exergy, according to [45].
The specific physical exergy was calculated from the enthalpy and entropy differences
relative to the environmental reference state according to Equation (8).

e = (h—hy) = To(s — 5o) (8)

where e is the specific physical exergy, i and s are the specific enthalpy and entropy of
the stream, and h and s, are the corresponding properties evaluated at the reference state.
This formulation is consistent with the conventional treatment of water-steam streams in
exergy analysis, for which changes in chemical exergy are not considered when the chemical
composition remains unchanged.

The exergy rate associated with each water-steam stream was subsequently calculated
by Equation (9), where E™ is the physical exergy rate and ri is the corresponding mass
flow rate.

E™ = jigerH 9)

The exergy input associated with the biomass fuels was evaluated from their chemical
exergy. For solid biomass, the specific chemical exergy was estimated using the Szargut
and Styrylska formulation reported in [6,21,22], which relates the fuel chemical exergy
to its lower heating value and composition. The general expression adopted is stated in
Equation (10).

et = B,(LHV, + 2442 w; ) + 9682s; (10)

where ejCH is the specific chemical exergy of biomass fuel j, LHV is its lower heating value,
wj is the moisture mass fraction, s; is the sulfur mass fraction, and ,B]- is a dimensionless
coefficient determined from the elemental composition of the biomass. The subscript j
identifies either sugarcane bagasse or sugarcane straw.

For both sugarcane bagasse and straw, the adopted calculation basis uses § = 1.127 as it
depends on the biomass elemental composition on a dry basis [22]. Both fuels were modeled
using the same dry-basis composition obtained from the Thermoflex library, differing only in
their moisture contents. Therefore, the same coefficient value was applied to both fuels when
estimating their chemical exergy. This treatment avoids assuming that bagasse and straw
have the same thermodynamic quality. The use of the Szargut method for estimating the
specific exergy of sugarcane bagasse is consistent with previous thermoeconomic analyses
of sugarcane systems.

For configurations using both biomass fuels, the total chemical exergy input was

calculated as by Equation (11).

- CH
— CH ; CH
Efu@l - mbﬂgebgg + mstmwestmw (11)

where i1y, and 7itg,,, are the mass flow rates of bagasse and sugarcane straw, respectively,
and egg and e§L are their corresponding specific chemical exergies. For the Base Case, the
second term of Equation (11) is equal to zero because bagasse is the sole biomass fuel.
The exergy analysis of the cogeneration system was performed using a fuel-product
approach commonly adopted in thermoeconomic assessments, including those conducted
by Cavalcanti et al. [22,33]. Within this framework, each component is characterized by an
exergy fuel, representing the resources consumed to perform its function, and an exergy
product, representing the useful thermodynamic effect obtained. The exergetic efficiency of

each component is defined as the ratio of its exergy product to its exergy fuel. Considering
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both internal irreversibilities and exergy losses, the fuel-product exergy balance can be
expressed by Equation (12) [22].

EF,k - EP,k = El,k + EL,k = ED/L,k (12)

where Ep ; and Ep . are the exergy rates associated with the fuel and product of component
(k), respectively; E; , represents the exergy destroyed by internal irreversibilities; and E; ,
represents exergy losses that are not recovered as useful products, including exergy carried
by discarded material streams or transferred to the surroundings. Therefore, the portion of
the supplied fuel exergy that is not converted into the useful product corresponds to the
combined effect of internal irreversibilities and exergy losses. When these contributions are
not evaluated separately, their sum is represented by the combined exergy destruction and
losses, denoted in this study by Ep; ;. Accordingly, this term, as adopted in the present
analysis, represents the combined contribution of internal exergy destruction and exergy
losses, rather than internal irreversibilities alone.

For the turbine sections, the exergy product was defined as the mechanical power
generated, whereas the exergy fuel corresponds to the decrease in the physical exergy of the
steam between the inlet and outlet streams. For the pumps, the exergy fuel was defined as
the mechanical power consumed, while the exergy product corresponds to the increase in
the physical exergy of the working fluid. For the boiler, the chemical exergy of the biomass
was considered the exergy fuel, and the increase in the physical exergy of the water—steam
stream was defined as the useful exergy product. In the boiler analysis, the physical and
chemical exergies of the flue gases leaving the control volume were not calculated separately.
Consequently, the portion of the supplied fuel exergy that is not converted into the useful
product encompasses both internal irreversibilities and exergy losses, particularly those
associated with the exhaust gases. This treatment is consistent with the objective of the
present study, which focuses on comparing the thermodynamic performance of different
plant configurations rather than separately quantifying all exergy-loss mechanisms within
individual components.

The total exergy destruction and losses of the cogeneration plant were obtained by
summing the contributions of all components according to Equation (13).

ED/L,tot = Zk ED/L,k (13)

To evaluate the relative contribution of each component to the overall plant internal
irreversibilities and losses, the combined exergy destruction and loss ratio was calculated
by Equation (14).

EpLk

Yok = =
ED/L,tot

(14)
where yp, | , represents the fraction of the total plant exergy destruction and losses associated
with component k. This indicator allows changes in the distribution of irreversibilities and
losses to be compared among configurations with different biomass inputs and steam-
generation rates.

The useful exergy associated with the industrial process steam was determined from
the reduction in physical exergy between the extracted steam supplied to the process and

the returning condensate according to Equation (15).

Eprocess = mpmcess (eg‘gm - efelt—{:rn) (15)

where el and el are the specific physical exergies of the process steam and condensate
return, respectively. Equation (15) therefore represents the useful thermodynamic potential
transferred from the cogeneration system to the industrial process.
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The overall exergetic efficiency of the cogeneration system was defined by Equation (16)
considering both useful net electrical power and useful process-steam exergy [45].

_ Wnet + Eprocess

Mex = (16)

- CH
E ‘fuel

where 7, is the overall exergetic efficiency and Eﬁz is the total chemical exergy supplied by
the biomass. The use of net electrical power in Equation (16) maintains the same system
boundary adopted in the energy analysis and avoids overestimating the useful electrical
product by neglecting auxiliary consumption.

The exergy indicators defined by Equations (8)—(16) were applied consistently to
the Base Case and to all alternative scenarios. The analysis therefore allows the effects
of increased steam generation, biomass co-firing, changes in boiler efficiency, condenser
operating conditions, and higher steam-cycle parameters on both the magnitude and the
distribution of irreversibilities to be assessed on a common basis. The resulting component-
level exergy destruction and losses and overall exergetic efficiencies are presented and
discussed in Section 4.3.

3.6. Environmental Assessment

The environmental assessment was performed to evaluate how the proposed performance-
improvement and repowering strategies affect the CO, emissions associated with biomass
combustion. Two complementary indicators were considered: the total CO, emission rate
and the specific CO, emission per unit of net electricity generated. This distinction is neces-
sary because the investigated scenarios differ substantially in biomass consumption and
electrical output.

The total CO, emission rate, 71, was obtained directly from the combustion calcula-
tions performed in Thermoflex. The software determines the flue-gas composition from
the biomass flow rate, fuel characteristics, and combustion conditions adopted for each
scenario. Consequently, changes in bagasse and straw consumption directly affect the total
amount of CO, released by the cogeneration system.

Because the scenarios produce different amounts of electricity, the absolute CO, emis-
sion rate alone is not sufficient to compare their environmental performance. Therefore, the
specific CO, emission was calculated by Equation (17).

Mo,

€co, = W (17)
net

where ecp, is the specific CO, emission, 11, is the total CO, emission rate from biomass
combustion, and W,,; is the net electrical power generated by the cogeneration system.
When 710, is expressed in t/h and W,.; in MW, Equation (17) provides the emission
intensity directly in tCO,/MWh.

Equation (17) was adopted as the main environmental performance indicator because
it relates the amount of CO, released to the useful electrical output of the plant. A reduction
in ec(, therefore indicates that a larger amount of net electricity is generated per unit of CO,
emitted. This reduction may occur even when the absolute hourly CO, emission increases
as a consequence of higher biomass consumption.

To quantify the variation relative to the current plant condition, the percentage reduc-
tion in specific CO, emissions for each alternative scenario was calculated by Equation (18).

e —eco.
Reo . = COLBC ~ €O \ 19 (18)
¥ eco,,BC
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where R, ; is the percentage reduction in specific CO, emissions for scenario i, eco, pc is
the specific emission of the Base Case, and e, ; is the corresponding value for the evaluated
scenario. Equation (18) therefore expresses the reduction in CO, intensity relative to the
current operating condition.

The environmental indicators defined by Equations (17) and (18) were calculated
using net electrical power, consistently with the energy and exergy analyses. This common
basis allows the increase in electricity generation and the corresponding change in CO,
intensity to be evaluated simultaneously for all configurations.

The CO, emissions considered in this study correspond exclusively to the direct emis-
sions resulting from biomass combustion within the cogeneration plant boundary. Therefore,
the analysis does not constitute a life-cycle greenhouse-gas assessment. Emissions associ-
ated with sugarcane cultivation, harvesting, straw recovery, biomass transport, equipment
manufacturing, electricity transmission, and other upstream or downstream processes were
not included.

Biomass-derived CO, was reported as the physical amount of carbon dioxide released
during combustion and was not assigned a zero-emission factor. Accordingly, the envi-
ronmental results should be interpreted in terms of direct emission flow and specific CO,
intensity. A reduction in specific emissions does not necessarily imply a reduction in the
absolute quantity of CO, released by the plant.

The total and specific CO, emissions, together with their variations relative to the Base
Case, are presented and discussed in Section 4.4.

3.7. Economic Assessment

The economic assessment was based on the incremental net electrical power between
consecutive scenarios. Since the industrial electrical demand outside the cogeneration-
system boundary was assumed to remain unchanged among the investigated configurations,
this demand cancels in the incremental comparison. The scenario-specific auxiliary elec-
tricity consumption is already included in the simulated net electrical power. Accordingly,
the incremental powers considered in the economic assessment were 13.927 MW for the
transition from Scenario 1 to Scenario 2 and 5.744 MW for the transition from Scenario 2 to
Scenario 3.

A complementary incremental economic assessment was performed for Scenarios
2 and 3 to evaluate the economic implications of the two main levels of plant modification
identified in the thermodynamic analysis. The assessment was conducted sequentially.
Scenario 2 was evaluated relative to Scenario 1 to determine the economic performance of
the additional condensation capacity required to enable operation at the nominal boiler
steam-generation rate. Scenario 3 was subsequently evaluated relative to Scenario 2 to
assess whether the additional electrical output obtained through technological repowering
compensates for the investment required in the high-pressure boiler and turbine system.

The economic assessment was based on the incremental net electrical power between
consecutive scenarios. Since the industrial electrical demand outside the cogeneration-
system boundary was assumed to remain unchanged among the investigated configurations,
this demand cancels when the incremental electrical output is calculated. Therefore, no
additional subtraction of the plant internal electricity consumption was required in the
incremental comparison. The scenario-specific auxiliary electricity consumption of the
cogeneration system is already included in the simulated net electrical power. Accordingly,
the incremental powers considered in the economic assessment were 13.927 MW for the
transition from Scenario 1 to Scenario 2 and 5.744 MW for the transition from Scenario 2 to
Scenario 3.
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The incremental electrical power associated with each transition was determined by
Equation (19).

APg; = Pel,i - Pel,i—l (19)

eli

where AP, ; is the additional net electrical power generated in configuration i relative to the
preceding configuration.

The corresponding additional annual electricity generation was calculated from the
incremental electrical power and the annual operating time according to Equation (20).

Eadd = APel top (20)

where E,yq is the additional annual electricity generation and ¢, is the annual operating
time. A reference operating time of approximately 3300 h/year was adopted. This value was
calculated from the average annual sugarcane processing of approximately 550,000 t/year
and the average milling rate of 166.7 t/h.
The incremental annual gross revenue from electricity sales was calculated according
to Equation (21).
Radd = EaddPel (21)

where R, ;4 is the additional annual revenue and p,, is the electricity selling price. A reference
electricity price of 125.16 BRL/MWh was adopted [47]. An exchange rate of 5.55 BRL/US$
was used, corresponding to an electricity price of approximately 22.55 US$/MWh for the
economic calculations.

Annual operation and maintenance costs were estimated as a fixed fraction of the
incremental capital investment according to Equation (22) [48].

OPEXannual =fO&MCAPEX (22)

where f o is the annual operation and maintenance factor. A value of 6% of the cor-
responding incremental CAPEX was adopted. The reference electricity selling price of
125.16 BRL/MWh was adopted from the Brazilian electricity-sector source cited in this
section [47]. Since electricity prices are subject to market variation, this value was treated
as a reference assumption rather than as a guaranteed long-term selling price. The annual
O&M cost was estimated as 6% of the incremental CAPEX, consistent with the screening-
level methodology reported by Peters et al. [48] for maintenance and repair costs in process
industries. Because both parameters are subject to uncertainty, their influence was explicitly
evaluated in the economic sensitivity analysis presented in Section 4.6
The annual incremental net cash flow was subsequently calculated according to
Equation (23).
CF = Radd - OPEXannual (23)

where CF is the annual net cash flow associated with the evaluated modification.
For configurations presenting a positive annual cash flow, the simple payback period
was determined according to Equation (24) [49].

_ CAPEX
- CF

where PB is the simple payback period, expressed in years.

PB (24)

The net present value was determined by considering the time value of money over
the economic lifetime of the investment according to Equation (25) [49].

CF
NPV = ~CAPEX +Y T
n= 1

(25)

where CF,, is the net cash flow in year n, i is the annual discount rate, and N is the economic
lifetime of the investment. An annual discount rate of 12% and an economic lifetime of
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20 years were adopted as reference economic assumptions. The influence of the discount rate
was subsequently evaluated through the sensitivity analysis presented in Section 4.6, while
the financial indicators were calculated according to the conventional discounted-cash-flow
formulations presented in [49].

The internal rate of return was defined as the discount rate that makes the net present
value equal to zero according to Equation (26) [49].

N CF,

0 = —CAPEX + Zn:l (1—|—I—RR)n

(26)
where IRR is the internal rate of return. For configurations in which the incremental annual
cash flow remains negative throughout the project lifetime, neither a conventional positive
IRR nor a payback period can be obtained.

The discounted payback period was additionally determined from the cumulative
discounted cash flow. The discounted cash flow in year n was calculated according to
Equation (27) [49].

_ CF,
a4+

The discounted payback corresponds to the time required for the cumulative dis-

DCF, (27)

counted cash flows to recover the initial investment.

For the transition from Scenario 1 to Scenario 2, the incremental investment was
US$594,679.27, corresponding to the additional condensation capacity required to accommo-
date the increased low-pressure steam flow. For the transition from Scenario 2 to Scenario
3, the incremental investment was US$21,153,238.21, comprising US$18,173,621.72 for the
high-pressure boiler and US$2,979,616.49 for the turbine system [50]. The condenser invest-
ment was not included again in Scenario 3 because the additional condensation capacity
had already been incorporated in Scenario 2.

The economic assessment should be interpreted as a screening-level incremental anal-
ysis. The transition from Scenario 1 to Scenario 2 involves simultaneous changes in steam
generation, biomass consumption, straw participation, boiler efficiency, turbine perfor-
mance, and condenser operating conditions. Therefore, the additional electrical output
cannot be attributed exclusively to the condenser. The additional condensation capacity is
treated as an enabling investment required to remove the heat-rejection constraint and allow
operation of the integrated Scenario 2 configuration. Similarly, the economic performance of
Scenario 3 represents the incremental effect of the overall repowering configuration relative
to Scenario 2 rather than the isolated contribution of a single equipment modification.

Because the economic results depend on assumptions such as annual operating time,
electricity selling price, annual O&M cost, and discount rate, their influence was additionally
evaluated through the sensitivity analysis described in Section 3.8.

3.8. Sensitivity Analysis

A one-at-a-time sensitivity analysis was performed to quantify the individual influence
of selected thermodynamic and economic assumptions on the main results and to assess
the sensitivity of the conclusions within the investigated parameter ranges. Each parameter
was varied independently while the remaining operating conditions were maintained at
their corresponding reference values.

The thermodynamic sensitivity analysis was centered on Scenario 2 because the transi-
tion from Scenario 1 to Scenario 2 involves simultaneous changes in steam-generation rate,
boiler efficiency, condenser pressure, and turbine performance. Three parameters were
considered: boiler thermal efficiency, condenser pressure, and turbine isentropic efficiency.

Boiler thermal efficiency was varied from 80% to 90% around the reference value of
85% adopted for Scenario 2. Since the steam-generation rate and steam conditions were
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maintained at 150 t/h, 62 bar, and 500 °C, respectively, the variation in boiler efficiency
primarily affects the biomass flow required to supply the prescribed thermal duty and,
consequently, the fuel-based energy and exergy indicators. The turbine operating conditions
were maintained unchanged in this analysis.

The influence of condenser pressure was evaluated by varying the exhaust pressure
between 0.06 and 0.20 bar, including the reference value of 0.16 bar adopted in Scenario
2. The steam flow rate, turbine inlet and extraction conditions, and condensing-section
isentropic efficiency were maintained at their reference values. This procedure allows the
isolated influence of condenser pressure on low-pressure turbine expansion and electrical
power generation to be quantified.

The sensitivity to turbine performance was assessed by varying the isentropic effi-
ciencies of the extraction and condensing sections by +5 percentage points relative to the
Scenario 2 reference values of 85% and 80%, respectively. In addition, a first-order diag-
nostic calculation was performed using the lower isentropic efficiencies associated with
Scenario 1 while maintaining the Scenario 2 steam flow rates and thermodynamic boundary
conditions. This additional calculation was used to estimate the influence of the assumed
turbine-performance improvement on the difference in electrical generation between Scenar-
ios 1 and 2. Because turbine efficiency, extraction conditions, and low-pressure expansion
are thermodynamically coupled, this calculation was interpreted as a sensitivity indicator
rather than as a strict additive decomposition of the scenario-to-scenario power difference.

The thermodynamic sensitivity calculations were performed by post-processing the
Scenario 2 thermodynamic states using EES [46]. The EES representation reproduced
the Thermoflex gross and net electrical powers with deviations of approximately 0.11%,
providing a consistent basis for the parametric calculations. For Scenario 2, Thermoflex
predicted gross and net electrical powers of 33.130 and 32.560 MW, respectively, whereas
the corresponding EES results were 33.164 and 32.592 MW.

A complementary economic sensitivity analysis was also defined to evaluate the in-
fluence of the assumptions that most directly affect the incremental economic indicators.
The parameters considered were annual operating time, electricity selling price, annual
operation and maintenance factor, and discount rate. Each parameter was varied inde-
pendently around its reference value while the remaining economic assumptions were
held constant. The purpose of this analysis was to assess how individual variations in the
principal economic assumptions affect the conclusions obtained for the transitions from
Scenario 1 to Scenario 2 and from Scenario 2 to Scenario 3.

The sensitivity analysis was intended to quantify the individual influence of the prin-
cipal thermodynamic and economic assumptions rather than to define additional plant
configurations or optimized operating points. Since the parameters were varied indepen-
dently, potential interactions and combined effects were not evaluated. The corresponding
results are presented and discussed in Section 4.6.

4. Results and Discussion

The results obtained from the thermodynamic simulations are presented and discussed
in this section. The analysis is organized to first verify the ability of the Base Case model to
reproduce the actual operating condition of the plant and, subsequently, to compare the
performance of the improvement and repowering scenarios.

The discussion is structured according to the main evaluation criteria adopted in the
methodology. Section 4.1 presents the Base Case model verification through comparison
of simulated outputs with representative operating values obtained from the plant’s field
data. Sections 4.2 and 4.3 discuss the energy and exergy performance of the investigated
configurations, respectively. Section 4.4 evaluates the variation in total and specific CO,
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emissions, while Section 4.5 presents the incremental economic assessment. Section 4.6
presents the thermodynamic and economic sensitivity analyses, quantifying the influence
of the main modeling and economic assumptions. Finally, Section 4.7 provides an integrated
comparison among the investigated scenarios, highlighting the main trade-offs associated
with capacity recovery and steam-cycle repowering.

4.1. Base-Case Model Verification and Current Operation

The Base Case was developed to reproduce the operating condition observed during
the technical survey and to provide a consistent reference for the subsequent scenario
comparisons. Since the steam-generation rate, process steam demand, main steam condi-
tions, and condenser pressure were obtained from the plant and used as model boundary
conditions, these variables were not treated as independent validation quantities. Instead,
model verification focused on comparing simulated gross electrical generation and con-
denser steam flow rate with representative operating values obtained from the plant’s
field data. Additionally, the isentropic efficiencies of both turbine sections were calculated
by Thermoflex from the prescribed inlet and outlet thermodynamic conditions, includ-
ing the measured steam temperatures and pressures, rather than being assumed as input
parameters, as discussed in Section 3.3.

The main input variables and simulated results for the Base Case are summarized in
Table 6. Their respective roles are explicitly identified to distinguish prescribed inputs from
independently evaluated model outputs.

Table 6. Comparison between field data and Thermoflex results for the Base Case.

Parameter Field Data Thermoflex  Role in the Model
Boiler steam flow (t/h) 75.0 75.0 Boundary condition
Process steam flow (t/h) 60.0 60.0 Boundary condition
Condenser pressure (bar abs) 0.06 0.06 Boundary condition
Main steam temperature (°C) 480 480 Boundary condition
Condenser steam flow (t/h) 15.0 13.87 Model output
Total/gross electrical generation (MW) 10.66 11.07 Model output

Most of the quantities reported for the Base Case were prescribed as model input
variables and therefore do not constitute independent validation results. Model verification
was based on comparing two calculated outputs, gross electrical generation and condenser
steam flow rate, with representative operating values obtained from the plant’s field data.
Although these comparisons provide a basis for assessing model consistency, the limited
availability of additional independent measurements does not support comprehensive
experimental validation.

As shown in Table 6, the simulated steam-flow distribution is consistent with the
operating condition represented in Figure 1. Of the 75 t/h of steam generated by the boiler,
approximately 60 t/h is supplied to the industrial process, 13.87 t/h is directed to the
condenser, and the remaining 1.13 t/h is used for deaeration. The condenser steam flow
rate obtained from the plant’s operating data was approximately 15.0 t/h, corresponding
to a relative deviation of 7.5% from the simulated value. This comparison provides an
additional criterion for verifying the Base Case model.

Gross electrical generation provided the main reference for assessing the agreement
between the simulated performance and the plant’s operating data. The field records in-
dicate a total electrical generation of approximately 10.66 MW, whereas the Thermoflex
model predicts a gross turbine-generator output of approximately 11.07 MW. The corre-
sponding relative difference is approximately 3.8%. Considering that the model represents
the plant under steady-state conditions, while the field value reflects an actual industrial
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operating condition subject to temporal variations, equipment condition, and measurement
uncertainty, the agreement is considered adequate for the comparative purpose of the
present study.

It is important to distinguish the simulated gross and net electrical powers. The
Thermoflex model predicts approximately 11.07 MW of gross electrical power and approx-
imately 10.80 MW after accounting for about 0.27 MW of cogeneration-system auxiliary
consumption. The measured value of 10.66 MW corresponds to the total electrical gener-
ation reported by the plant and should therefore be compared with the simulated gross
generation rather than with the simulated net power. The plant internal electrical demand
of approximately 5.66 MW includes industrial consumers outside the auxiliary boundary
adopted in the thermodynamic model and is therefore not directly comparable with the
simulated auxiliary consumption.

The Base Case also confirms that the cogeneration system operates substantially below
the nominal capacity of its principal equipment. The boiler produces 75 t/h of steam, corre-
sponding to 50% of its nominal capacity of 150 t/h, while the turbine-generator produces
approximately one-third of its installed 33 MW capacity. The condenser receives approxi-
mately 15 t/h of steam, corresponding to less than 40% of its nominal condensation capacity
of 40 t/h. These operating margins confirm that the current limitation is not associated with
the nominal capacity of a single major component under the Base Case condition.

The thermodynamic model further indicates a bagasse consumption of approximately
35.92 t/h for the Base Case. This value is lower than the approximately 46.7 t/h of bagasse
estimated to be generated from the average sugarcane milling rate. The distinction is relevant:
the former represents the fuel requirement calculated for the boiler under the modeled
operating condition, whereas the latter represents the approximate biomass production
associated with cane processing. Therefore, these quantities should not be interpreted as
contradictory measurements.

The calculated performance indicators for the Base Case provide the reference against
which the alternative configurations are evaluated. The model yields a net electrical power
of approximately 10.80 MW, a net electrical efficiency of 14.19%, and an overall cogeneration
energy efficiency of 66.72%. The corresponding overall exergetic efficiency is approximately
20.80%. Direct CO, emissions from biomass combustion are approximately 31.99 t/h,
corresponding to a specific emission of approximately 2.96 tCO,/MWh of net electricity
generated. These indicators are examined comparatively in Sections 4.2—4.4 rather than
interpreted in isolation at this stage.

The Base Case therefore serves two purposes in the analysis. First, it reproduces the
principal operating characteristics of the existing plant, showing reasonable agreement
between simulated results and representative operating values for gross electrical generation
and condenser steam flow rate. Second, it establishes the thermodynamic reference from
which the effects of recovering underutilized installed capacity and subsequently repowering
the steam cycle can be quantified.

4.2. Energy Performance

The energy performance of the investigated configurations was evaluated from the
simulated steam-generation rate, gross electrical power, auxiliary power consumption,
net electrical power, net electrical efficiency, and overall cogeneration efficiency. Table 7
summarizes the updated energy indicators for the Base Case and Scenarios 1-3.

As shown in Table 7, the progressive increase in steam generation results in a substantial
increase in electrical output. The net power rises from 10.800 MW in the Base Case to
18.633 MW in Scenario 1, corresponding to an increase of approximately 72.5%. This gain
is mainly associated with greater utilization of the existing steam-generation and turbine
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capacities. Although the main steam pressure increases slightly from approximately 60 to
62 bar, the dominant effect in this transition is the increase in steam flow through the turbine
rather than a major modification of the thermodynamic quality of the steam cycle. However,
the simulated condenser steam flow in Scenario 1 reaches approximately 41.3 t/h, slightly
exceeding the nominal capacity of the existing condenser (40 t/h). Therefore, the reported
electrical output for Scenario 1 should be interpreted as an unconstrained thermodynamic
result. Its practical achievement would depend on verification of the actual condenser
operating margin or on restricting the steam flow to the condensing section, which would
reduce the corresponding power output.

Table 7. Energy performance of the Base Case and the investigated improvement and
repowering scenarios.

Parameter Base Case  Scenariol  Scenario2  Scenario 3
Steam generation (t/h) 75 110 150 150
Gross electrical power (MW) 11.070 19.051 33.130 39.325
Auxiliary power consumption (MW) 0.270 0.418 0.570 1.021
Net electrical power (MW) 10.800 18.633 32.560 38.304
Net electrical efficiency, LHV basis (%) 14.19 16.98 23.12 27.44
Overall cogeneration efficiency (%) 66.72 53.38 50.31 54.85

The transition from Scenario 1 to Scenario 2 produces a further increase in net electrical
power from 18.633 to 32.560 MW, corresponding to approximately 74.7%. In this configura-
tion, steam generation reaches the nominal boiler capacity of 150 t/h. Because the process
steam requirement remains approximately constant at 60 t/h, most of the additional steam
becomes available for further expansion through the condensing section of the turbine. The
increase in electricity generation therefore reflects the combined effect of the higher steam
flow, the higher assumed boiler efficiency, the increased use of straw, and the operating
conditions adopted for Scenario 2.

This transition also reveals an important plant constraint. Scenario 1 already brings the
existing condenser slightly exceeding the nominal capacity, whereas Scenario 2 requires a
substantially higher low-pressure steam flow. Consequently, the additional electrical output
of Scenario 2 cannot be achieved by increasing boiler load alone; additional condensation
capacity is required to sustain operation at the nominal boiler steam-generation rate. The
economic implications of this modification are addressed in Section 4.5. Therefore, the
reported electrical output for Scenario 1 should be interpreted as an unconstrained ther-
modynamic result. Its practical achievement would depend on verification of the actual
condenser operating margin or on restricting the steam flow to the condensing section

The comparison between Scenarios 2 and 3 is thermodynamically different from the
previous transitions. Both configurations operate at the same steam-generation rate of
150 t/h and with the same nominal bagasse-straw proportion. The increase in net electrical
power from 32.560 to 38.304 MW therefore occurs without an increase in nominal steam
production. The additional 5.744 MW corresponds to an increase of approximately 17.6%
relative to Scenario 2 and is mainly associated with the higher main steam pressure and tem-
perature, reheating, the improved boiler efficiency, and the modified turbine configuration
adopted in the repowering case.

The net electrical efficiency follows the same overall tendency. It increases from 14.19%
in the Base Case to 16.98% in Scenario 1 and to 23.12% in Scenario 2. Scenario 3 reaches
27.44%. The transition from Scenario 2 to Scenario 3 therefore increases the net electrical effi-
ciency by 4.32 percentage points, corresponding to a relative improvement of approximately
18.7%. This comparison is particularly relevant because the two scenarios operate with
the same nominal steam-generation rate. The increase therefore reflects a more effective
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conversion of the biomass energy input into electricity rather than a simple increase in
steam production.

The behavior of the overall cogeneration efficiency differs from that of the electrical
efficiency. The Base Case presents the highest value, 66.72%, followed by 53.38% in Scenario
1 and 50.31% in Scenario 2. Scenario 3 increases the overall cogeneration efficiency to 54.85%.
This behavior results from the approximately constant industrial process steam demand.
As steam generation increases from the Base Case to Scenarios 1 and 2, a larger fraction
of the biomass energy input is directed toward condensing power generation, while the
useful thermal product supplied to the ethanol process changes comparatively little. The
additional low-pressure expansion also increases the fraction of energy ultimately rejected
through the condenser. Consequently, the overall first-law efficiency decreases even though
electrical generation and electrical efficiency increase.

The increase from 50.31% in Scenario 2 to 54.85% in Scenario 3 has a different origin.
Since the steam-generation rate remains at 150 t/h, the higher-pressure and reheated cycle
produces more electrical work from a similar thermal-production requirement. Thus,
the repowering configuration partially recovers the overall cogeneration efficiency while
simultaneously increasing the net electrical efficiency.

Auxiliary power consumption of the cogeneration system also increases across the
scenarios, from 0.270 MW in the Base Case to 0.418 MW in Scenario 1, 0.570 MW in Scenario
2, and 1.021 MW in Scenario 3. The largest increase occurs in the repowered configuration
because the higher pressure level and more complex steam-cycle arrangement impose
additional pumping and auxiliary requirements. Nevertheless, the growth in gross electrical
generation is considerably larger than the corresponding increase in auxiliary consumption,
and the net electrical output therefore increases in every scenario.

Considering the full progression from the Base Case to Scenario 3, the net electrical
power increases from 10.800 to 38.304 MW, corresponding to an overall increase of ap-
proximately 254.7%. Accordingly, the surplus electricity generation increases from 30.83 to
195.83 kWh/t of sugarcane processed, reaching levels comparable to those reported by
Alves et al. [7]. This overall comparison should not, however, be interpreted as the effect
of a single modification. It combines the recovery of currently underutilized installed ca-
pacity, increased biomass utilization, changes in boiler efficiency and condenser operating
conditions, and, finally, technological repowering of the steam cycle. For this reason, the
Base Case-Scenario 2 progression is more representative of capacity recovery, whereas the
Scenario 2-Scenario 3 comparison provides the clearest indication of the additional effect of
repowering at a fixed nominal steam-generation rate.

The energy results therefore identify two distinct improvement mechanisms. The
first is the recovery of underutilized plant capacity, limited progressively by the existing
condensation system. The second is the increase in thermodynamic quality of the steam
cycle, which allows additional electricity generation without increasing the nominal steam-
generation rate. The thermodynamic origin of these differences is examined in greater
detail through the exergy analysis presented in Section 4.3.

4.3. Exergy Performance

The exergy analysis was used to identify how the progressive modifications in plant
configuration affect both the overall second-law performance and the distribution of ther-
modynamic irreversibilities and losses. Table 8 summarizes the main exergetic indicators
obtained for the Base Case and Scenarios 1-3.
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Table 8. Main exergy performance indicators for the investigated configurations.
Parameter Base Case  Scenario 1 Scenario 2 Scenario 3
Biomass chemical exergy input (MW) 101.746 143.273 180.290 178.784
Useful process exergy (MW) 10.343 10.322 9.781 9.781
Boiler combined exergy destruction and losses (MW) 74.648 103.253 125.717 117.572
Turbine-generator combined exergy destruction and losses (MW) 5.348 9.354 7.117 7.935
Condenser combined exergy destruction and losses (MW) 0.345 1.024 4.333 4.337
Total plant exergy destruction and losses (MW) 80.575 114.279 147.698 140.554
Overall exergetic efficiency (%) 20.80 20.24 23.50 26.85

As shown in Table 8, the Base Case presents an overall exergetic efficiency of 20.80%.
In Scenario 1, the value decreases slightly to 20.24%, despite the substantial increase in
electrical generation discussed in Section 4.2. This behavior results from the fact that
the increase in useful exergy output is accompanied by a proportionally larger increase
in the chemical exergy supplied by the additional biomass. The process exergy remains
practically unchanged, whereas the additional steam is predominantly directed through
the condensing power-generation path. Consequently, the increase in biomass exergy
input is not fully converted into useful electrical and process exergy in this intermediate
configuration. Kamate and Gangavati [ 6] reported exergetic efficiency values similar to those
obtained in the present scenarios, despite considering lower steam operating conditions
(31 bar and 388 °C), whereas Cavalcante et al. [22] reported an exergetic efficiency of 18.73%
for a sugarcane bagasse cogeneration system operating at similar steam conditions (67 bar
and 520 °C).

The total exergy destruction and losses increased from 80.575 MW in the Base Case to
114.279 MW in Scenario 1. This increase should not be interpreted by itself as a deterioration
of the system, because the plant is processing a substantially larger exergy input. Absolute
exergy destruction and exergy losses depend on the scale of the energy conversion process,
whereas the exergetic efficiency provides a normalized measure of how effectively the
available fuel exergy is converted into useful products.

The boiler is the dominant source of combined exergy destruction and losses in all
configurations, a similar behavior to those reported in [16]. Its combined exergy destruction
and losses increase from 74.648 MW in the Base Case to 103.253 MW in Scenario 1 and
125.717 MW in Scenario 2, before decreasing to 117.572 MW in Scenario 3. In relative terms,
the boiler accounts for approximately 92.6% of the total plant exergy destruction and losses
in the Base Case, 90.4% in Scenario 1, 85.1% in Scenario 2, and 83.7% in Scenario 3. The
reduction in this relative contribution as the system is upgraded indicates that the com-
bined irreversibilities and losses term become more distributed among the remaining plant
components, although steam generation remains by far the principal source of combined
exergy destruction and losses.

The transition from Scenario 1 to Scenario 2 produces an increase in total exergy
destruction and losses from 114.279 to 147.698 MW, mainly because the biomass exergy
input and steam-generation rate increase substantially. At the same time, however, the
exergetic efficiency rises from 20.24% to 23.50%. This indicates that the useful exergy
products increase more rapidly than the fuel exergy input. The higher boiler efficiency
and the increased electrical output therefore compensate, on a relative basis, for the larger
absolute irreversibilities and losses associated with the higher-capacity operating condition.

The condenser’s combined exergy destruction and losses also become more significant
as the condensing steam flow increases. They rise from only 0.345 MW in the Base Case
to 1.024 MW in Scenario 1 and approximately 4.33 MW in Scenarios 2 and 3. This trend is
physically consistent with the progressive increase in low-pressure steam flow discussed
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in Section 3.2. Although the condenser remains a secondary source of total plant exergy
destruction and losses compared with the boiler, its increasing contribution reflects the
greater amount of steam expanded below the process extraction pressure and subsequently
rejected to the environment.

The comparison between Scenarios 2 and 3 provides the clearest indication of the
thermodynamic effect of the repowering strategy. Both configurations operate with the same
nominal steam-generation rate of 150 t/h and the same nominal biomass composition, while
the repowered configuration employs higher steam pressure and temperature, reheating,
and a higher boiler efficiency. Under these conditions, the overall exergetic efficiency
increases from 23.50% to 26.85%, corresponding to an increase of 3.35 percentage points, or
approximately 14.3% in relative terms. These exergetic efficiency values are approximately
2.6 percentage points lower than those reported by Kamate and Gangavati [6] for the
corresponding steam pressure levels. This difference suggests that further opportunities
may exist to improve the exergetic performance of the cogeneration system.

At the same time, total exergy destruction and losses decreased from 147.698 MW in
Scenario 2 to 140.554 MW in Scenario 3, a reduction of approximately 4.8%. The chemical
exergy supplied by the biomass is also slightly lower in Scenario 3, despite the same nominal
steam-generation rate. These results show that the additional electrical power obtained in
the repowered configuration is not achieved through a larger exergy input, but through a
more effective use of the available fuel exergy.

The boiler accounts for most of this improvement. Its combined exergy destruction
and losses decrease by approximately 8.15 MW between Scenarios 2 and 3, from 125.717 to
117.572 MW. This reduction is consistent with the increase in boiler efficiency adopted for
the repowered configuration and with the higher thermodynamic quality of the generated
steam. In contrast, turbine-generator combined exergy destruction and losses increase
moderately from 7.117 to 7.935 MW. This increase is associated with the larger amount of
work produced and the more extensive expansion arrangement in Scenario 3 and therefore
does not offset the reduction achieved in the boiler.

The useful process exergy remains nearly constant across the investigated scenarios,
varying only from approximately 10.34 MW in the Base Case to 9.78 MW in Scenarios 2 and 3.
This behavior is expected because the process steam demand is maintained at approximately
60 t/h throughout the analysis. Consequently, the variation in overall exergetic efficiency is
governed predominantly by changes in electrical generation, biomass exergy input, and
the combined effects of internal irreversibilities and exergy losses associated with steam
generation and expansion.

The exergy results reinforce the distinction already identified in the energy analysis
between capacity recovery and technological repowering. Increasing steam generation
from the Base Case to Scenario 2 raises the absolute magnitude of the thermodynamic
losses because a larger amount of biomass is processed, but it also increases the fraction
of fuel exergy converted into useful products. The transition from Scenario 2 to Scenario
3 is more significant from a second-law perspective, because it simultaneously increases
useful electrical output, reduces total combined exergy destruction and losses, and increases
exergetic efficiency without increasing the nominal steam-generation rate.

These results confirm that the main thermodynamic improvement potential remains
associated with the steam-generation subsystem, while the repowering strategy improves
the overall utilization of the biomass exergy by reducing the combined exergy destruc-
tion and losses in the boiler and increasing the work obtained from the steam cycle. The
corresponding environmental consequences are examined in Section 4.4.
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4.4. Environmental Performance

The environmental performance of the investigated configurations was evaluated based
on direct CO, emissions from biomass combustion and the corresponding specific direct
CO, emissions per unit of net electricity generated. As defined in Section 3.6, the analysis is
restricted to the cogeneration plant boundary and therefore does not represent a life-cycle
greenhouse-gas assessment.

Table 9 summarizes the total direct CO, emission rate, the specific direct CO, emissions,
and the reduction in specific emission intensity relative to the Base Case. As shown in
Table 9, the absolute CO, emission rate increases as the plant processes larger amounts of
biomass. The Base Case releases approximately 31.99 t/h of CO,, whereas the emission
rate increases to 45.05 t/h in Scenario 1 and 56.69 t/h in Scenario 2. These increases are
consistent with the greater biomass consumption required to raise steam generation from
75 t/h in the Base Case to 110 and 150 t/h in Scenarios 1 and 2, respectively.

Table 9. Direct CO, emission rates, specific CO, emissions, and reductions in specific emissions for
the investigated configurations.

Parameter Base Case  Scenariol  Scenario2  Scenario 3
Direct CO, emission rate (t/h) 31.990 45.054 56.694 56.217
Net electrical power output (MW) 10.800 18.633 32.560 38.304
Specific CO, emissions (tCO,/MWh) 2.962 2.418 1.741 1.468

Reduction in specific CO, emission

relative to the Base Case (%) o 184 412 S04

The behavior of the specific direct CO, emission indicator is markedly different. The
specific CO, emission decreases from 2.962 tCO, /MWh in the Base Case to 2.418 tCO,/MWh
in Scenario 1, corresponding to a reduction of approximately 18.4%. Although Scenario
1 requires greater biomass consumption and consequently produces more CO, per hour,
the increase in net electrical generation is proportionally larger than the increase in the
direct emission rate.

A further reduction is obtained in Scenario 2. The specific emission decreases to
1.741 tCO,/MWh, approximately 41.2% below the Base Case value. This result reflects the
substantial increase in net electrical power achieved when the boiler operates at its nominal
steam-generation capacity. The absolute CO, emission, however, reaches its highest value in
this scenario, approximately 56.69 t/h. Therefore, the improvement observed in the specific
indicator should not be interpreted as a reduction in the total quantity of CO, physically
released by the plant.

Scenario 3 presents the lowest specific emission among the investigated configura-
tions, with 1.468 tCO,/MWHh. This value represents a reduction of approximately 50.4%
relative to the Base Case. At the same time, the absolute emission rate is approximately
56.22 t/h, which is slightly lower than the 56.69 t/h obtained for Scenario 2 despite the
higher electrical output.

The comparison between Scenarios 2 and 3 is particularly relevant because both operate
at the same nominal steam-generation rate of 150 t/h and with the same nominal biomass
composition. The net electrical power increases from 32.560 to 38.304 MW, whereas the
direct CO, emission rate decreases slightly from 56.694 to 56.217 t/h. Consequently, the
specific emission decreases from 1.741 to 1.468 tCO,/MWh, corresponding to an additional
reduction of approximately 15.7% relative to Scenario 2. This result is consistent with the
higher energy and exergetic efficiencies obtained for the repowered configuration.

The reduction in specific direct CO, emissions throughout the scenarios is therefore
mainly associated with the progressive increase in the amount of electricity produced
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from the biomass consumed. From the Base Case to Scenario 3, net electrical generation
increases by approximately 255%, whereas the direct CO, emission rate increases by ap-
proximately 75.7%. As a result, the amount of CO, released per unit of net electricity
decreases substantially.

This distinction between absolute and specific emissions is essential for interpreting
the environmental results. Increasing the utilization of biomass does not reduce the physical
flow of biogenic CO, released during combustion. Instead, the investigated improvements
increase the useful electrical output obtained for a given emission level. Accordingly,
the environmental advantage identified within the adopted system boundary refers to a
reduction in direct CO, emission intensity, rather than an absolute reduction in plant CO,
emissions or a demonstrated reduction in life-cycle greenhouse-gas emissions.

The present results should also be interpreted within the limitations of the adopted
environmental boundary. The analysis does not include greenhouse-gas emissions associ-
ated with sugarcane cultivation, straw recovery, harvesting, biomass transport, equipment
construction, or other upstream and downstream activities. In particular, the incorporation
of sugarcane straw in Scenarios 1-3 may introduce additional environmental effects outside
the cogeneration plant boundary that are not captured by the direct combustion indicator
used here. Therefore, the results should not be interpreted as demonstrating a correspond-
ing reduction in life-cycle greenhouse-gas emissions. A comprehensive life-cycle assessment
would be required to quantify the net greenhouse-gas implications of these configurations,
including the potential effects associated with the additional biomass supply chain.

Within the defined plant boundary, however, the results show a consistent relationship
between thermodynamic improvement and direct CO, emission intensity. The progressive
recovery of installed capacity reduces the specific emission from 2.962 to 1.741 tCO,/MWHh,
while technological repowering further reduces it to 1.468 tCO,/MWh. This behavior re-
inforces the energy and exergy results presented in Sections 4.2 and 4.3, showing that a
greater fraction of the available biomass resource is converted into useful electrical out-
put as the cogeneration system is progressively upgraded. These findings demonstrate
improved direct CO, emission intensity within the defined plant boundary, but should
not be interpreted as evidence of improved life-cycle greenhouse-gas performance without
further assessment.

4.5. Economic Implications

The incremental economic assessment revealed markedly different results for the
recovery of installed capacity and for the technological repowering of the steam cycle.
Scenario 2 was evaluated relative to Scenario 1, whereas Scenario 3 was evaluated relative
to Scenario 2. This sequential approach prevents economic benefits already obtained in a
preceding configuration from being attributed again to a subsequent investment. The main
economic indicators are summarized in Table 10.

As shown in Table 10, the transition from Scenario 1 to Scenario 2 requires an incre-
mental investment of approximately US$0.595 million in additional condensation capacity.
The incremental net electrical power between the two configurations is 13.927 MW. Con-
sidering the annual operating time of 3300 h/year, the corresponding additional electricity
generation is approximately 45.96 GWh/year.

At the adopted electricity price, this results in an incremental gross revenue of approx-
imately US$1.036 million/year. The annual operation and maintenance cost associated with
the additional condensation capacity is approximately US$35,681, resulting in an annual
incremental net cash flow of approximately US$1.00 million.

The corresponding simple payback period is approximately 0.59 years. When the
adopted annual discount rate of 12% is considered, the discounted payback is approximately
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0.67 years. The NPV over the 20-year economic lifetime is approximately US$6.88 million,
while the corresponding IRR is approximately 168%. Under the adopted operating and
economic assumptions, the transition from Scenario 1 to Scenario 2 therefore remains
economically attractive.

Table 10. Incremental economic performance of the investigated plant modifications.

Parameter Scenario 1 — Scenario 2 Scenario 2 — Scenario 3
Incremental CAPEX (US$) 594,679 21,153,238
Incremental net electrical power (MW) 13.927 5.744
Annual operating time (h/year) 3300 3300
Incremental electricity generation (MWh/year) 45,959 18,955
Incremental gross revenue (US$/year) 1,036,000 427,000
Annual O&M cost (US$/year) 35,681 1,269,194
Annual net cash flow (US$/year) 1,000,000 —842,000
Simple payback (years) 0.59 No payback
Discounted payback at 12% (years) 0.67 No payback
NPV at 12% and 20 years (US$) 6.88 million —27.44 million
IRR (%) 168 Not applicable

These results should not be interpreted as indicating that the condenser itself is respon-
sible for the additional electricity generation. Its function is to remove the heat-rejection
constraint that prevents the plant from operating at the Scenario 2 condition. The additional
electrical output results from the combined changes in steam-generation rate, turbine per-
formance, biomass utilization, boiler efficiency, and operating conditions. The condenser
should therefore be interpreted as an enabling investment required to make the integrated
Scenario 2 configuration technically possible.

The transition from Scenario 2 to Scenario 3 presents a substantially different economic
behavior. The incremental net electrical power is 5.744 MW, corresponding to approximately
18.96 GWh/year of additional electricity generation at 3300 operating hours per year.

The technological repowering requires an estimated incremental investment of approxi-
mately US$21.15 million. Approximately US$18.17 million corresponds to the high-pressure
boiler and US$2.98 million to the turbine system [50]. The condenser investment is not
included in this incremental comparison because the additional condensation capacity is
already incorporated in Scenario 2.

The additional electricity generated in Scenario 3 provides an incremental gross revenue
of approximately US$0.427 million/year. However, the annual O&M cost estimated from the
adopted 6% factor is approximately US$1.269 million/year. Consequently, the incremental
annual net cash flow is negative, at approximately —US$0.842 million/year.

Because the annual incremental cash flow remains negative, neither a simple nor
a discounted payback period is obtained, and no conventional positive IRR exists. The
NPV over 20 years at a 12% discount rate is approximately —US$27.44 million. Under the
adopted screening-level assumptions, the additional electrical generation provided by the
repowering configuration is therefore insufficient to recover the incremental investment
and associated annual O&M costs.

The economic results reinforce the distinction between recovery of underutilized
installed capacity and technological repowering. The former requires a comparatively small
enabling investment and remains economically attractive under the adopted assumptions,
whereas the latter provides higher thermodynamic performance but does not achieve
economic feasibility when evaluated solely from the incremental revenue associated with
electricity sales.
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4.6. Sensitivity Analysis Results

The sensitivity analysis was performed to quantify the individual influence of the
principal thermodynamic and economic assumptions on the results, providing additional
insight into the simultaneous modifications represented by the investigated scenarios.
Scenario 2 was adopted as the reference configuration for the thermodynamic sensitivity
analysis because the transition from Scenario 1 to Scenario 2 involves simultaneous changes
in steam-generation rate, boiler efficiency, condenser pressure, and turbine performance.
The main thermodynamic results are summarized in Table 11.

Table 11. Sensitivity of Scenario 2 to selected thermodynamic parameters.

Parameter Evaluated Condition Net Electrical Biomass Net Electrical
Power (MW) Consumption (t/h)  Efficiency (%)
80% 32.56 58.37 21.76
Boiler efficiency 85% (reference) 32.56 54.94 23.12
90% 32.56 51.89 24.48
0.06 bar ~34.6 — —
Condenser pressure 0.10 bar ~33.6 o o
0.16 bar (reference) 32.56 — —
0.20 bar ~32.1 — —
L : L 80%/75% ~30.6 —_ —
Z‘;fggfgji‘gfg;;ﬁlae“Cles’ 85%/80% (reference) 32.56 — —
& 90%/85% ~34.6 — —
Turbine isentropic efficiencies 72.26%/43.65% ~255 . L

corresponding to Scenario 1

The boiler-efficiency sensitivity demonstrates that this assumption primarily affects fuel
consumption rather than turbine power output when the steam-generation rate and steam
conditions are prescribed. In the reference Scenario 2, the boiler produces 150 t/h of steam at
approximately 62 bar and 500 °C with a thermal efficiency of 85%, requiring approximately
54.94 t/h of biomass. Reducing the boiler efficiency to 80%, while maintaining the same
steam production and steam conditions, increases the estimated biomass requirement to
approximately 58.37 t/h. Conversely, increasing the efficiency to 90% decreases the required
biomass flow to approximately 51.89 t/h.

Because the turbine inlet conditions and steam flow are maintained in this calculation,
net electrical power remains essentially unchanged at 32.56 MW. However, the variation in
fuel consumption directly affects the fuel-based performance indicators. The net electrical
efficiency decreases from 23.12% at the reference boiler efficiency of 85% to approximately
21.76% at 80%, whereas an increase in boiler efficiency to 90% raises the corresponding
value to approximately 24.48%. Therefore, the assumed improvement in boiler efficiency
between the scenarios should not be interpreted as the direct cause of the increase in
electrical generation; its principal effect is to reduce the biomass input required to produce
the prescribed steam conditions.

Condenser pressure has a different physical effect because it directly modifies the
available enthalpy drop in the low-pressure turbine section. At the Scenario 2 reference
condition, the condensing section receives approximately 21.51 kg/s of steam at 2.5 bar,
and the condenser pressure is 0.16 bar. The corresponding condensing-section isentropic
efficiency is approximately 80%. The sensitivity calculation indicates that reducing con-
denser pressure from 0.16 to 0.06 bar would increase the estimated net electrical power
from 32.56 to approximately 34.6 MW. Intermediate pressures of 0.10 bar and 0.20 bar result
in estimated net electrical powers of approximately 33.6 and 32.1 MW, respectively.
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This result is particularly relevant to the comparison between Scenarios 1 and 2. Sce-
nario 1 operates at a condenser pressure of 0.06 bar, whereas Scenario 2 adopts the turbine
design exhaust pressure of 0.16 bar. Therefore, the increase in condenser pressure does not
contribute positively to the higher electrical generation obtained in Scenario 2. Instead, it
imposes an estimated electrical-power penalty of approximately 2.0 MW relative to opera-
tion at 0.06 bar under otherwise unchanged Scenario 2 conditions. The increase in electrical
output between Scenarios 1 and 2 is therefore obtained despite, rather than because of, the
higher condenser pressure.

The assumed turbine isentropic efficiencies have a more pronounced influence on elec-
trical generation. The reference Scenario 2 employs isentropic efficiencies of approximately
85% and 80% for the extraction and condensing sections, respectively. Decreasing both
efficiencies by five percentage points, to 80% and 75%, reduces the estimated net electrical
power from 32.56 to approximately 30.6 MW. Conversely, increasing the efficiencies to 90%
and 85% increases the estimated net electrical power to approximately 34.6 MW. Thus,
a variation of 5 percentage points in the turbine efficiencies changes the predicted net
electrical output by approximately +2 MW, corresponding to about £6% relative to the
reference Scenario 2 value.

The difference between the turbine efficiencies adopted in Scenarios 1 and 2 is larger
than the 5 percentage-point range. Scenario 1 presents extraction- and condensing-section
isentropic efficiencies of approximately 72.26% and 43.65%, respectively, whereas Scenario
2 adopts approximately 85% and 80%. As an additional first-order diagnostic, the Scenario
2 steam flows and thermodynamic boundary conditions were maintained while the turbine
efficiencies were reduced to the values associated with Scenario 1. Under this approximation,
the estimated net electrical power decreases from 32.56 to approximately 25.5 MW.

This suggests that the assumed improvement in turbine performance contributes
substantially to the difference between Scenarios 1 and 2. However, the value should not be
interpreted as a strict additive decomposition of the scenario-to-scenario power increase
because turbine efficiency, extraction conditions, steam-flow distribution, and low-pressure
expansion are thermodynamically coupled. Rather, the calculation quantifies the sensitivity
of the Scenario 2 result to the turbine-performance assumption.

Opverall, the thermodynamic sensitivity analysis shows that the increase from Scenario
1 to Scenario 2 reflects multiple plant modifications rather than a single isolated change.
The increase in steam-generation rate provides a larger mass flow for expansion through the
turbine, while the higher assumed turbine efficiencies further increase electrical generation.
Boiler efficiency primarily affects the biomass requirement and the fuel-based efficiency
indicators. In contrast, the increase in condenser pressure from 0.06 to 0.16 bar acts against
the increase in electrical power. These results support the treatment of the investigated
scenarios as integrated plant configurations while quantifying the individual influence of
the principal thermodynamic assumptions.

A complementary sensitivity analysis was performed for the economic assessment. The
annual operating time of 3300 h/year was based on the average annual sugarcane processing
of approximately 550,000 t/year and the average milling rate of 166.7 t/h. This value
was adopted as the reference economic condition. Annual operating time and electricity
selling price were varied by +20%, the annual O&M factor was varied from 4% to 8% of
incremental CAPEX, and the discount rate was varied from 8% to 16%. Table 12 summarizes
the corresponding NPV results.

The annual operating time has a significant quantitative influence on the economic
indicators but does not alter the qualitative conclusions of the incremental assessment.
Using the reference value of 3300 h/year, the additional electricity generation associated
with the transition from Scenario 1 to Scenario 2 is approximately 45.96 GWh/year. At
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the reference electricity price of 125.16 BRL/MWh, the corresponding incremental gross
revenue is approximately US$1.04 million/year. After accounting for the annual O&M cost,
the incremental net cash flow remains approximately US$1.00 million/year. The resulting
simple payback period is approximately 0.59 years, the discounted payback is approximately
0.67 years, and the 20-year NPV at a 12% discount rate is approximately US$6.88 million.

Table 12. Sensitivity of the incremental economic results to the main economic assumptions.

Parameter Evaluated Value NPV, Scenario 1 — NPV, Scenario 2 —

Scenario 2 (US$ Million) Scenario 3 (US$ Million)
2640 h/year (—20%) 5.33 —28.08
Annual operating time 3300 h/year (reference) 6.88 —27.44
3960 h/year (+20%) 8.43 —26.80
100.13 BRL/MWh (—20%) 5.33 —28.08
Electricity price 125.16 BRL/MWh (reference) 6.88 —27.44
150.19 BRL/MWh (+20%) 8.43 —26.80
4% of CAPEX 6.97 —24.28
Annual O&M factor 6% of CAPEX (reference) 6.88 —27.44
8% of CAPEX 6.79 —30.60
8% 9.23 —29.42
Discount rate 12% (reference) 6.88 —27.44
16% 5.34 —26.14

The sensitivity to annual operating time was evaluated over a +20% range around the
revised reference condition. Reducing the annual operating time to 2640 h/year decreases
the NPV of the Scenario 1-Scenario 2 transition to approximately US$5.33 million, whereas
increasing it to 3960 h/year raises the NPV to approximately US$8.43 million. Therefore,
even under a substantially shorter annual operating period, the NPV remains positive.

A similar behavior is observed for the electricity selling price. A 20% reduction from
the reference value of 125.16 BRL/MWh decreases the NPV of the Scenario 1-Scenario
2 transition to approximately US$5.33 million, while a 20% increase raises it to approximately
US$8.43 million. The equal numerical influence of proportional changes in annual operating
time and electricity price results from their direct and linear contribution to annual electricity-
sales revenue.

Variations in the annual O&M factor have a comparatively smaller effect on the Scenario
1-Scenario 2 transition because the incremental CAPEX associated with the additional
condensation capacity is relatively low. Changing the O&M factor from the reference value
of 6% of CAPEX to 4% and 8% results in NPVs of approximately US$6.97 million and
US$6.79 million, respectively. The investment therefore remains economically attractive
throughout the investigated O&M range.

The discount rate also affects the magnitude of the economic return without changing
its sign. Reducing the discount rate from 12% to 8% increases the NPV of the Scenario
1-Scenario 2 transition from approximately US$6.88 million to US$9.23 million, whereas
increasing the discount rate to 16% reduces the NPV to approximately US$5.34 million.
Thus, the economic attractiveness of the transition to Scenario 2 remains robust over the
investigated range of discount rates.

The transition from Scenario 2 to Scenario 3 exhibits a fundamentally different economic
behavior. At the reference operating time of 3300 h/year, the additional net electricity gener-
ation is approximately 18.96 GWh/year, resulting in an incremental gross electricity revenue
of approximately US$0.43 million/year. This revenue remains below the annual O&M cost
of approximately US$1.27 million/year estimated from the adopted 6% factor. Consequently,
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the incremental annual net cash flow is negative, at approximately —US$0.84 million/year,
and the corresponding 20-year NPV is approximately —US$27.44 million.

Increasing the annual operating time improves the economic performance of the
repowering configuration but is insufficient to reverse this result. At 3960 h/year, the
NPV remains negative at approximately —US$26.80 million. Therefore, the variation in
the reference operating time changes the magnitude of the result but not the economic
interpretation of the repowering alternative.

The same conclusion is obtained for the other economic parameters. A 20% increase in
electricity price results in an NPV of approximately —US$26.80 million. Reducing the an-
nual O&M factor from 6% to 4% produces the largest improvement among the investigated
economic variations, but the NPV remains negative at approximately —US$24.28 million.
Changes in the discount rate between 8% and 16% also do not reverse the result. Accord-
ingly, none of the economic variations considered in the sensitivity analysis renders the
Scenario 2-Scenario 3 transition economically attractive under the adopted screening-level
cost structure.

Overall, the economic sensitivity analysis indicates that the contrasting economic
outcomes of recovering underutilized installed capacity and technological repowering
are maintained across the investigated individual parameter variations. The transition to
Scenario 2 remains economically attractive throughout the investigated ranges of annual
operating time, electricity price, O&M factor, and discount rate. In contrast, Scenario
3 remains economically unattractive when justified exclusively by incremental electricity
sales. These results also reinforce that the additional condenser should be interpreted as
an enabling modification that removes the heat-rejection constraint of Scenario 2 rather
than as the isolated cause of the additional electrical generation. Nevertheless, since the
sensitivity analysis varied one parameter at a time, the combined effects and interactions
among economic assumptions were not evaluated, and the conclusions are therefore limited
to the individual parameter ranges investigated.

4.7. Comparison Among Scenarios

The comparative assessment of the investigated configurations shows that the proposed
modifications affect plant performance through two distinct mechanisms: recovery of
underutilized installed capacity and technological repowering of the steam cycle. The first
mechanism is predominant from the Base Case to Scenario 2, whereas the second is isolated
more clearly by the comparison between Scenarios 2 and 3.

The Base Case represents the current low-load operating condition of the plant. Under
this condition, the cogeneration system generates 10.800 MW of net electrical power, with
a net electrical efficiency of 14.19%, an overall cogeneration efficiency of 66.72%, and an
exergetic efficiency of 20.80%. The direct specific CO, emission is 2.962 tCO,/MWh. These
results confirm that the plant operates with considerable unused capacity in the boiler,
turbine-generator set, and condenser.

Scenario 1 recovers part of this unused capacity by increasing steam generation from
75 t0 110 t/h. Net electrical power increases to 18.633 MW, approximately 72.5% above the
Base Case, while the net electrical efficiency rises to 16.98%. The specific CO, emission
decreases to 2.418 tCO,/MWh. However, the overall exergetic efficiency changes only
slightly, from 20.80% to 20.24%, and the condenser steam flow reaches approximately
41.3 t/h, slightly exceeding the nominal capacity of the existing unit (40 t/h). Scenario
1 therefore represents an intermediate operating condition in which additional electrical
generation can be obtained primarily through increased use of the existing plant, but the
predicted operating point exceeds the nominal condenser capacity and therefore requires
verification of the actual allowable operating margin.
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Scenario 2 extends the recovery strategy to the nominal boiler steam-generation capac-
ity of 150 t/h. The net electrical power reaches 32.560 MW, while the net electrical efficiency
increases to 23.12% and the overall exergetic efficiency to 23.50%. The direct specific CO,
emission decreases further to 1.741 tCO,/MWHh. These improvements are accompanied by
a substantial increase in the steam flow through the condensing section, reaching approxi-
mately 77.4 t/h. Consequently, the existing condenser is no longer sufficient, and additional
condensation capacity becomes necessary. This result identifies the heat-rejection system as
the principal equipment constraint preventing full utilization of the existing boiler capacity.

The transition from Scenario 2 to Scenario 3 differs fundamentally from the previous
modifications because the nominal steam-generation rate remains fixed at 150 t/h. The
improvement is instead obtained by increasing the main steam pressure and temperature,
introducing reheating, and improving the steam-generation subsystem. Net electrical power
increases from 32.560 to 38.304 MW, corresponding to an additional gain of approximately
17.6%, while net electrical efficiency increases from 23.12% to 27.44%.

The second-law indicators reinforce this result. The overall exergetic efficiency increases
from 23.50% in Scenario 2 to 26.85% in Scenario 3, while total combined exergy destruction
and losses decrease from 147.698 to 140.554 MW. The boiler combined exergy destruction
and losses decrease from 125.717 to 117.572 MW, indicating that a substantial part of the
improvement originates in the steam-generation subsystem. Thus, unlike the previous
scenarios, Scenario 3 increases electrical output while simultaneously reducing the total
thermodynamic irreversibility at the same nominal steam-generation rate.

The environmental indicator follows the same tendency. The specific CO, emission
decreases from 1.741 tCO,/MWh in Scenario 2 to 1.468 tCO,/MWh in Scenario 3, while
the absolute CO, emission rate remains practically unchanged, decreasing slightly from
56.694 to 56.217 t/h. This result shows that the reduction in specific emissions obtained
through repowering is associated with more effective conversion of the biomass input into
electricity rather than with lower biomass utilization.

Table 13 summarizes the principal performance indicators and highlights the progres-
sion from the current plant condition to the repowered configuration.

Table 13. Integrated comparison of the investigated configurations.

Indicator Base Case Scenario 1 Scenario 2 Scenario 3
Steam generation (t/h) 75 110 150 150
Net electrical power (MW) 10.800 18.633 32.560 38.304
Net electrical efficiency (%) 14.19 16.98 23.12 27.44
Overall cogeneration efficiency (%) 66.72 53.38 50.31 54.85
Exergetic efficiency (%) 20.80 20.24 23.50 26.85
Total exergy destruction and losses (MW) 80.575 114.279 147.698 140.554
Direct CO, emission rate (t/h) 31.990 45.054 56.694 56.217
Specific CO, emission (tCO,/MWh) 2.962 2418 1.741 1.468
Condenser steam flow (t/h) ~15.0 ~41.3 ~77.4 ~77.4
Main interpretation Currept Capacity Full—capgcity Technological

operation recovery operation repowering

The results summarized in Table 13 show that the largest increase in electrical genera-
tion is obtained through progressive recovery of the installed steam-generation capacity,
but this strategy eventually becomes constrained by the existing condenser. The transition
to Scenario 3 then demonstrates that further gains can be achieved without increasing the
nominal steam-generation rate, provided that the thermodynamic quality of the steam cycle
is improved.
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From a plant-development perspective, the investigated configurations therefore rep-
resent a sequence of increasing technical intervention. Scenario 1 requires comparatively
limited changes and primarily exploits existing installed capacity. Scenario 2 requires the
removal of a specific infrastructure constraint to enable operation at the boiler nominal
capacity. Scenario 3 requires a more extensive modification of the steam-generation and
turbine systems, but provides the highest electrical and exergetic efficiencies and the lowest
direct specific CO, emission among the investigated configurations.

This distinction is reinforced by the economic assessment. The transition from Scenario
1 to Scenario 2 requires a comparatively limited investment to remove the condensation
constraint and presents favorable economic indicators under the adopted assumptions. In
contrast, Scenario 3 provides the highest thermodynamic performance but requires a sub-
stantially larger investment in the boiler and turbine system, which is not recovered through
the additional electricity revenue under the reference economic conditions. Therefore, the
technically most efficient configuration is not necessarily the most economically attractive.

5. Conclusions

This study evaluated progressive performance-improvement and repowering strate-
gies for an existing sugarcane cogeneration plant using field operating data and ther-
modynamic simulations. The analysis distinguished improvements associated with re-
covery of underutilized installed capacity from those obtained through more extensive
technological repowering.

The Base Case confirmed that the plant operates substantially below the nominal
capacity of its main equipment. Increasing steam generation from 75 to 110 t/h in Scenario
1 raised net electrical power from 10.800 to 18.633 MW, corresponding to an increase of
approximately 72.5%. However, the simulated condenser steam flow reached approximately
41.3 t/h, slightly exceeding the nominal capacity of the existing condenser. Therefore, the
reported Scenario 1 performance represents an unconstrained thermodynamic result whose
practical implementation depends on the actual condenser operating margin or on limiting
the condensing steam flow.

Scenario 2 extended operation to the nominal boiler capacity of 150 t/h. Under this
condition, net electrical power increased to 32.560 MW and net electrical efficiency reached
23.12%. The required condenser steam flow substantially exceeded the existing condenser
capacity, demonstrating that additional condensation capacity is required to enable full-
capacity operation.

Scenario 3 maintained the same nominal steam-generation rate of 150 t/h but intro-
duced higher steam pressure and temperature, reheating, and a modified turbine configu-
ration. Net electrical power increased to 38.304 MW, approximately 17.6% above Scenario
2, while net electrical efficiency increased from 23.12% to 27.44%. The exergetic efficiency
increased from 23.50% to 26.85%, and total exergy destruction and losses decreased from
147.698 to 140.554 MW. These improvements result from the combined effect of the re-
powered steam-cycle configuration and the assumed improvements in boiler and turbine
performance, rather than from a single modification.

The boiler remained the dominant source of thermodynamic irreversibility and exergy
loss in all investigated configurations. In Scenario 3, boiler combined exergy destruction and
losses decreased from 125.717 to 117.572 MW relative to Scenario 2, indicating improved
thermodynamic performance of the steam-generation subsystem.

The environmental assessment showed that the direct CO, emission rate increased from
31.990 t/h in the Base Case to 56.217 t/h in Scenario 3 as biomass consumption increased.
Nevertheless, the specific direct CO, emission decreased from 2.962 to 1.468 tCO,/MWh,
corresponding to a reduction of approximately 50.4%. This reduction reflects an improve-
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ment in direct operational CO, emission intensity and should not be interpreted as evidence
of reduced absolute CO, emissions or lower life-cycle greenhouse-gas impacts, which were
not assessed in this study.

The incremental economic assessment, based on approximately 3300 operating hours
per year, showed that the transition from Scenario 1 to Scenario 2 remains economically
attractive under the adopted assumptions, with an NPV of approximately US$6.88 million
and a discounted payback of approximately 0.67 years. In contrast, the transition from
Scenario 2 to Scenario 3 resulted in an NPV of approximately —US$27.44 million and
no payback period. The sensitivity analysis indicated that these qualitative conclusions
remain unchanged under the individual variations in the economic parameters within the
investigated ranges.

Overall, the results show that recovery of underutilized installed capacity offers the
most favorable balance between technical improvement and economic performance for the
investigated plant. More extensive repowering can provide additional gains in electrical
and exergetic performance, but these gains do not necessarily translate into economic
attractiveness under the adopted investment and electricity-price assumptions.
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4E Energy, Exergy, Economic and Environmental
BRL  Brazilian currency

CH Chemical

CHP  Combined heat and power
GHG Greenhouse gas

Ex Exergetic

HP High pressure

IRR Internal Rate of Return
LHV  Low heat value

LpP Low pressure

NPV Net present value

PH Physical
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