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Abstract:
Objective: The ethanol production and CO₂ recovery plants at the byproduct company exhibit high energy consumption. 
This results in low economic performance of the processes and therefore necessitates the implementation of energy 
integration schemes using Pinch technology. Materials and methods: Two scenarios were analyzed: the ethanol production 
plant (Case A) and the combination of ethanol/CO₂ plants (Case B). Using the Aspen Energy Analyzer software, new 
configurations for the heat exchange networks were designed based on the minimum energy requirements of the process. 
Alternatives that utilize available energy resources to reduce auxiliary service consumption were evaluated. Results and 
discussion: The proposed alternatives represent savings ranging from 24% to 78% compared to current expenditures on 
auxiliary services. The replacement of the heating utility with stillage was identified as the most economically feasible option, 
with an estimated annual savings of $1,252,120 USD. Conclusion: The application of Pinch analysis enabled the proposal of 
three improvement strategies: the use of stillage as a heat source, the integration of hot and cold streams between processes, 
and the optimization of current auxiliary service usage. The designed alternatives are transferable to other industries facing 
similar energy efficiency challenges.
Keywords: Energy Integration, Pinch, Sugar Industry.

Resumen:

Objetivo: las plantas de producción de etanol y obtención de CO. en la empresa de derivados presentan altos consumos de 
energía. Esto implica un bajo rendimiento económico de los procesos, por lo que requiere aplicar esquemas de integración 
energética empleando la tecnología Pinch. Materiales y métodos: se analizaron dos escenarios: la planta de etanol (Caso A) y 
la combinación de plantas de etanol y CO₂ (Caso B). Utilizando Aspen Energy Analyzer, se diseñaron nuevas con
guraciones de redes de intercambio de calor basadas en los requerimientos mínimos de energía. Se evaluaron alternativas que 
aprovechan recursos energéticos disponibles para reducir el uso de servicios auxiliares. Resultados y discusión: las 
alternativas representan ahorros desde un 24 % hasta 78 % en relación con los gastos actuales de servicios auxiliares. La 
sustitución del servicio de calentamiento por vinaza resultó ser la opción más rentable, con un ahorro anual estimado de 1 
252 120 USD. Conclusión: la aplicación del análisis Pinch permitió proponer tres estrategias de mejora: uso de vinaza como 
fuente de calor, integración de corrientes calientes y frías entre procesos y optimización del uso actual de servicios auxiliares. 
Las alternativas diseñadas son transferibles a otras industrias que enfrentan desafíos similares de eciencia energética.
Palabras clave: integración energética, Pinch, industria azucarera.
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Introduction

e looming energy crisis, rising demand, and limited energy sources have attracted the attention of scientists 
and business leaders [1]. e uncertainty associated with future energy prices is alarming [2], making its 
efficient use an imperative to improve the competitiveness and protability of process industries [3].

Second-generation (2G) bioethanol production from lignocellulosic wastes, which are energy-intensive 
and have low yields, has found an economically promising solution in bioethanol bioreneries [4]. Biomasses 
such as corn stover, wheat straw, switchgrass, and eucalyptus residues were evaluated, but advanced 
technology and process integration are required [5, 6]

At present, the sugar industry intends to gradually increase sugar production and advance in the creation 
and exploitation of derivative and by-product plants. In this strategy, special attention is also given to the 
efficient management of water and energy in these processes, as these resources are being depleted more 
and more every day [2]. Sugar industry wastes present a challenge to sugar mills as their nal disposal leads 
to environmental and health problems, such as the presence of pests, bad odors, and the generation of 
greenhouse gases. For this reason, the industry is seeking solutions to convert its waste into by-products that 
can provide technical and economic benets, while simultaneously reducing environmental impact [7].

In recent years, signicant design techniques have been developed and applied in the chemical process 
industry to minimize mass and energy consumption through process integration. Energy integration has 
been incorporated into research that seeks the feasibility of second-generation bioethanol production using 
agroforestry residual biomass, namely eucalyptus residues and corn stover, obtaining positive results in 
reducing auxiliary service and production costs. [4]

e application of these techniques constitutes a solution to the challenges currently faced by the 
sugar industry. Process integration has resulted in considerable improvements in process efficiency, both 
technologically, economically, and environmentally. is tool is based on the use of intermediate process 
streams; in the case of material integration, to minimize the residual ow to be treated, and in the case of 
energy integration, to reduce the consumption of auxiliary services [1].

e energy integration of processes is based on the rst and second laws of thermodynamics and represents 
a fundamental stage in the design of a new plant or in the optimization of an existing one, emphasizing the 
efficient use of energy and the reduction of negative environmental impacts. Energy integration is achieved by 
increasing the efficiency of the system under study by maximizing the use of recovered energy and minimizing 
the use of energy carriers, using one of its two fundamental tools: Pinch Analysis (PA) and Mathematical 
Programming (MP) [8].

Pinch technology represents a simple methodology to systematically analyze chemical processes and their 
surrounding utility systems. is term was introduced by Linnhoff in 1977. It is based on thermodynamic 
methods to determine the minimum external energy necessary for the design of heat exchanger networks. 
Using this methodology, it is possible to achieve cost savings by better integrating heat transfer processes, 
maximizing heat recovery from process to process, and reducing external loads of auxiliary (thermal) services. 
In addition, energy costs are identied, the cost of the heat exchanger network is estimated, and the pinch 
point is determined. is analysis assumes that heat transfer will occur until a temperature difference 
between the streams equals the minimum temperature difference recommended for each type of process. 
Pinch technology is one of the most practical process integration tools of the last 20 years. It has been 
successfully applied in various industries such as petrochemical, food, paper, and others. e application of 
this technique improves the engineering design of the process and facilitates the optimization of the total 
energy consumption [8].
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e Pinch point is the critical point, where any thermal exchange between the streams passing through
it leads to additional consumption of hot and cold auxiliary services, violating the minimum expected
consumption of auxiliary services. erefore, the Pinch point divides the analysis into two thermally
independent parts, as there is no heat ow through it, forming a region above the Pinch point (exchanges
heat with heating streams) and below the Pinch point (exchanges heat with cooling streams) [7].

Aspen Energy Analyzer is an energy simulation tool used to model and analyze complex energy systems.
It is designed to analyze and improve the performance of heat exchanger networks (HENs). Aspen Energy
Analyzer’s focus is on network analysis from an operations and design perspective. HEN operation functions
are designed to provide the user with an understanding of current plant operation and related issues, such
as contamination. In addition, fouling mitigation strategies can be studied and simulated in the soware.
e designer can use Aspen Energy Analyzer to identify and compare options to improve performance and
reduce the gap between current and optimal thermodynamic operation. One of the most outstanding features
of Aspen Energy Analyzer is its ability to design and analyze systems in real time. It also allows sensitivity
analysis to identify key factors affecting system performance [10, 11].

ere are numerous research studies related to the application of the Pinch tool to improve efficiency in
the alcohol industry due to high auxiliary service consumption in the processes. To improve the efficiency of
the bioethanol and succinic acid production process from bread waste, Hafyan and coworkers [12] applied
the Pinch tool for the optimal design of the heat exchange networks of one of the four proposed alternatives.
is consisted of an energetically optimized integration of the fermentation of bread waste into bioethanol,
together with the cogeneration of heat and electricity from stillage, achieving a reduction in heating and
cooling consumptions.

Sanchez [13] carried out research with the objective of energetic integration and design of heat exchangers
for an industrial plant producing 100 t/h of methanol by the Lurgi process. As a result, it was obtained that
the energy costs of the plant aer integration are 7,725,140 $/year, which represents a reduction of 6,932,859
$/year of the initial energy consumption of the plant. Despite the high initial investment, the payback period
is 29 months.

Alio and coworkers [14] proposed the design of an integrated biorenery plant to convert various forest
wastes, such as sawdust, into bioethanol. For this purpose, they used several tools, including Pinch technology,
aimed at reducing the consumption of auxiliary services. e hot and cold energy demands were reduced
from 19.1 and 18.7 MW to 16.4 and 16.0 MW, respectively, which shows a low potential for energy recovery
due to limitations inherent to the energy process. To solve the problem, they decided to use unreacted sugars
and solids and fresh bark to generate the steam required for the process.

is article presents the results of a study of two cases of energy integration, carried out in the by-products
plants of an agroindustrial company; one case represents the ethanol plant, and the other represents the
combination of ethanol/CO. plants. e purpose of the study is to determine the savings generated by the
application of Pinch technology in the industrial processes.

Materials and Methods

Several steps are followed for thermal integration, which in this research have been summarized taking into
account the objectives of the study. ese steps were extracted from [15]. Figures 1 and 2 are schematic
representations of the process, indicating the main hot and cold streams considered in the analysis.
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FIGURE 1.
Molasses fermentation stage

Source: Authors’ own creation.

FIGURE 2.
CO2 plant

Source: Authors’ own creation.

Steps for the Energy Integration Analysis

1. Identication of hot, cold, and utility streams in the process (Table 1 lists the hot and cold streams
identied in the schemes under study).
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TABLE 1.
Process data

Source: Authors’ own creation.

e specic heat capacity values during the mash preparation and fermentation stages were calculated using
Equation (1), which applies to sugar-containing streams [16].

(1)

Where: Cp: specic heat capacity (kJ/kg °C): °Bx: degrees Brix (percentage of dissolved solids in a liquid,
in this case referring to the concentration of dissolved sugars)

e latent heat of condensation (λ) was determined based on literature data [17], taking into account the
operating pressures of the equipment, the mass fraction of each component in the mixture, and the boiling
temperature of the pure components.

In the ethanol production plant, 12 streams were identied, ve corresponding to the broth preparation
and fermentation stages (four hot and one cold), and six corresponding to the distillation stage (ve hot and
one cold).

In the CO2plant, four hot streams were identied, two belonging to the CO2 production process and two
belonging to the ammonia refrigeration cycle.

2. Extraction of thermal data for the process streams and for general use.
From the ow diagram and the mass and energy balances [18, 19], for each identied stream, the following

thermal data are extracted: Inlet temperature Te (°C): temperature at which the stream is available. Outlet
temperature Ts (°C): temperature at which the stream is to be carried. Mass ow heat capacity CP (kJ/kg°C)
is the product of the mass ow m (kg/h) and the specic heat Cp (kJ/ kg°C). Enthalpy change ΔH (kJ/h):
associated with a stream passing through the heat exchanger. Latent heat of condensation λ, (kJ/kg).

Table 2 presents the heating and cooling demands for cases A and B in the current scheme.
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TABLE 2.
Utility demand

Source: Authors’ own creation.

Table 3 shows the characteristics of the available auxiliary streams. Inlet temperature, outlet temperature,
heat transfer coefficient (HTC), and cost index are shown.

TABLE 3.
Utility Streams

Source: Authors’ own creation.

3. Estimation of the optimum ΔT
For this process, the study was started assuming a minimum value of ΔT=10 ºC. An optimal ΔTmin

value was determined, for which the total costs become minimum. is value is determined by plotting the
annualized total cost for different values of ΔTmin [20]. e Total Annualized Cost (TAC) is determined
using equation (2) [21].

(2)

Where:
A: annualization factor (1/year)
CC: capital cost (USD)
OC: operating costs (USD/year)
e annualization factor represents the depreciation of the capital cost in the plant. It must be considered

since capital costs and operating costs of a heat exchanger network do not share the same units of
measurement [21].

Equation 3 is used to calculate the annualization factor:

(3)

Where: ROR: rate of return (% of capital): PL: plant life in years.
Operating costs associated with energy expenditures are determined using Equation 4. Required data can

be obtained from the energy consumption reports registered in the plants.
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(4)

Where: CUC: hot utility cost (USD/kJ); QUC: use of external hot utility services to the process (kJ/year);
CUF: cold utility cost (USD/kJ); QUF: use of external cold utility services to the process (kJ/year).

Capital costs are determined using equation 5.

(5)

Where: a: Installation cost of a heat exchanger; b, c: established cost coefficients related to energy and heat
exchanger area; S: number of shells; AHEN: Heat exchanger network area.

To gain a deep understanding of the thermodynamic, economic, and modeling assumptions underlying the
calculations performed by the Aspen Energy Analyzer soware, it is recommended to consult the technical
literature associated with the program. is documentation provides the theoretical and methodological
framework upon which the estimates of auxiliary service costs and criteria are built, allowing the user to assess
the validity of the proposed congurations based on the specic conditions of the industrial process under
study [21].

4. Determination of minimum energy requirements
Composite curves are the most commonly used tool to determine the minimum heating and cooling

requirements for a network without having to specify the heat exchanger network. ey make it possible to
determine the minimum amount of heat or cold that needs to be supplied at any given temperature [15].

5. Synthesis of exchanger networks
At this stage of application of the Pinch methodology, there is a principle that must not be violated: a

stream must never transfer heat through the Pinch temperature. erefore, the process is divided into "above
pinch" and "below pinch" to calculate the number of exchangers and design the exchange network [20] [21].
e grid diagram was used to generate new heat exchange network congurations, with subdivided streams
up to three branches.

e energy integration steps described above are applied in this analysis using the Aspen Energy Analyzer
computational tool.

Improvement alternatives

To maximize energy utilization from available resources and Aspen Energy Analyzer tools, three
improvement alternatives were evaluated and applied to each case study.

Alternative 1: Integration of streams with energy potentials.
e possibilities for energy use of wasted hot streams [22], present in the distillation stage, were

determined. In this alternative, the combination of the current streams with the selected stream with energy
potentialities was used, so that the program generates heat exchange network designs that allow reducing
energy consumption. If the currents are far apart, combinations should be evaluated with practical criteria.
In this case, distances didn’t limit the integration. e data of the energetically available current are shown
in Table 4.
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TABLE 4.
Data on energetically available streams

Source: Authors’ own creation.

Alternative 2: Retrotting the heat exchange network.
is alternative, also called retrot, is an automatic function of Aspen Energy Analyzer, which will

use four methods: auxiliary service exchanger modication, heat exchanger resequencing, heat exchanger
restructuring, and heat exchanger addition. e retrot focuses on modifying an existing heat exchanger
network to improve energy efficiency [23].

Alternative 3: Replacement of the heating utility with steam generated from bagasse.
Superheated steam generated from bagasse at a pressure of 2.83 MPa and 350 °C is available. Its use for

power generation allows taking full advantage of the sugarcane life cycle, minimizing waste and contributing
to a circular economy [24]. e ow of this steam in kg/h is sufficient to cover the heating demand of the cold
streams identied in the ethanol production plant and has a price of 2.5·10-6 USD/kJ. e power plant that
produces this steam is located near the ethanol production facility, in the sugarcane-milling factory, without
energy integration until now.

Results

An optimum ΔTmin of 10 °C was selected for both cases, since the lowest total cost is obtained for this one,
as shown in Figures 3 and 4. For the study of the relationship between these variables, an interval of 10 °-20
°C was used, since it is within the recommended limits reported in the literature for chemical industries (10°
-20 °C) [7]. e study was performed for a step of 1 °C in order to obtain more precision in the reading of
the results. e ΔTmin initially estimated was found to be the optimum ΔTmin. e ΔTmin of 10 °C, in this
case, expresses the best compromise between the auxiliary services requirements, the heat exchange area, and
the number of shells of the unit; this value, in turn, delimits the most restricted region for heat recovery.

FIGURE 3.
Optimization of the ΔTmin case A

Source: Authors’ own creation.
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FIGURE 4.
Optimization of the ΔTmin case B

Source: Authors’ own creation.

Composite curves for cases A and B were obtained through Pinch analysis, using a global minimum ΔT
of 10#°C. ese curves, shown in Figures 5 and 6, respectively, represent the heating and cooling demand
of the system. e closest distance between the two curves indicates the ∆Tmin, i.e., the minimum driving
force for heat exchange, while the overlapping area denes the Maximum Energy Recovery (MER). is tool
enabled the identication of key energy targets: in case A, the minimum heating demand was 1.77·10⁶#kJ/
h, and the cooling demand was 2.92·10⁷#kJ/h; in case B, the minimum heating and cooling demands were
1.691·10⁶#kJ/h and 2.93·10⁷#kJ/h, respectively.

e Pinch point, dened as the point of closest approach between the composite curves, was identied
in both cases at temperatures of 80#°C (hot stream) and 70#°C (cold stream). is point is critical for heat
exchanger network design, as it sets the thermal boundaries beyond which no further energy recovery is
possible without auxiliary utilities. erefore, the network must be designed to avoid heat transfer across the
Pinch point, respecting the natural direction of thermal ow and optimizing energy integration throughout
the process.
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FIGURE 5.
Composite curves case A
Source: Authors’ own creation.

FIGURE 6.
Composite curves case B
Source: Authors’ own creation.

Using the “recommend design” option, the tool generated four heat exchanger network designs for both
case A and case B, each satisfying the energy requirements of the process. e main differences among these
designs lie in their proximity to the total annualized cost of the optimal conguration. Design 2 was selected
for case A (Figure 7) and design 3 for case B (Figure 8), as they are the closest to the energy and economic
targets, thus representing a better utilization of available energy.

ese selected designs achieve energy recovery rates above 60% of the available energy in the process. e
remaining designs for each case show energy recovery rates above 40%. However, the main limitation of the
non-selected designs is the considerable increase in the number of heat exchangers required, which raises



Sheila Pérez Cedeño, et al. Application of Process Integration Techniques in Sugar Industry...

the capital cost. Specically, in design 2 of case A and design 4 of case B, the connections generated by the
soware do not account for the full utilization of stream C8.

In the grid diagram, the blue color represents the cooling, the red color represents the heating, and the
gray color represents the heat exchanger as a process-to-process heat exchanger. e splits/branches in the
process ow will always converge back into a single arrow ow. e convergence of the branches indicates a
mixer in the process stream.

Design 2 proposes 12 heat exchangers, of which one handles exchange between process streams. Design 3
proposes 16 heat exchanger units, of which one handles exchange between process streams. Stream F2 covers
part of its heating demand by supplying the cooling demanded by stream C7, in both cases.

FIGURE 7.
Design 2 case A

Source: Authors’ own creation.

FIGURE 8.
Design 3 case B

Source: Authors’ own creation.

Table 5 shows the results obtained for these designs and compares them with the optimum design for each
case.
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TABLE 5.
Comparison between designs

Source: Authors’ own creation.

e “optimize design” feature in Aspen Energy Analyzer was applied, which allows adjusting parameters
to reduce the total annualized cost or maximize the heat exchange area. However, in this study, the tool did
not yield signicant improvements in the resulting designs. is is because the proposed congurations had
already been rened by the researcher using technical and economic criteria to maximize energy recovery
within the process constraints. As a result, when these designs were subjected to the optimization tool,
no additional tangible benets were identied. e tool was used as a verication step to rule out further
improvements, which does not imply that its application must necessarily lead to superior results in every case.

For the new designs, the proposed improvement alternatives are studied, since the total annualized cost is
twice as high as this indicator in the optimal design.

Alternative 1
e vinasse streams have been demonstrated to reduce the demand for heating services. e inlet

temperature of this stream is high, and it complies with the minimum temperature difference (ΔTmin)
requirement. Furthermore, the outlet temperature of this pollutant is reduced by utilizing its energy. For cases
A and B, new designs were explored and are shown in Figures 9 and 10. e hot and cold Pinch temperatures
appeared in both cases at 108 °C and 98 °C, respectively.

FIGURE 9.
Alternative design 2 case A

Source: Authors’ own creation.
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FIGURE 10.
Alternative design 3 case B

Source: Authors’ own creation.

Design 2 case A proposes 13 units, and Design 3 case B proposes 18 heat exchanger units. In both, two
exchangers handle the exchange between the process streams. e stillage stream is branched to fully satisfy
the energy demands of F1 and F2. e new designs obtained for both cases represent a savings in auxiliary
services purchase costs of USD 1,252,120/year.

Alternative 2
e networks obtained for each case can be modernized in order to obtain greater energy savings; this

is done through the "modernization" option of the Aspen Energy Analyzer tool. For Design 2 case A and
Design 3 case B, only the modernization by adding a heat exchanger is applied.

For Design 2, case A, it was found that the highest energy savings are represented by Design 2-3, which
proposes a new heat exchanger between the F1 and C7 streams; this is shown in Figure 11. For Design 3, case
B, the greatest energy savings are represented by Design 3-3, which proposes a new heat exchanger between
the F1 and C8 streams; this is shown in Figure 12. In the gures, the new heat exchangers are shown in green.

FIGURE 11.
Alternative design 2-3 case A

Source: Authors’ own creation.



Ingeniería y Universidad, 2026, vol. 30, ISSN: 0123-2126 / 2011-2769

FIGURE 12.
Alternative design 3-3 case B

Source: Authors’ own creation.

Both designs represent a savings of 977,736 USD/year for the purchase of auxiliary services.
Alternative 3
e potential for cost savings in auxiliary services expenses is examined through the utilization of surplus

steam from the sugar production facility. is analysis is conducted as part of a broader program that explores
alternative auxiliary heating service options. e study was carried out for case A, since the incorporation of
the CO. plant does not imply additional steam consumption.

e soware generated a single design that fully covers the heating demand using the surplus steam from
the power plant. Figure 13 shows the design obtained.

FIGURE 13.
Alternative design 3 case A

Source: Authors’ own creation.

is design proposes an area of 1,781 m. and 12 heat exchange units, which represents a savings of
1,044,803 USD/year.

Table 6 presents a summary of the improvement possibilities studied, using as a baseline the current
auxiliary service costs generated by the plants under study.
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TABLE 6.
Analysis of improvement alternatives with respect to the
costs generated by current auxiliary service consumption.

Source: Authors’ own creation.

In the alternative designs generated, similar results are obtained for both cases (A and B), but all savings are
exclusively associated with changes in the ethanol production plant. It is observed that integration between
the ethanol and CO₂ plants is not feasible, as none of the proposals show that case B generates higher revenues
than case A. is disparity is primarily due to the CO₂ plant lacking available cold streams, which signicantly
limits its energy integration potential. Additionally, its hot streams require minimal cooling compared to the
thermal demands of the ethanol plant streams. In contrast, case A offers a greater availability of thermally
active streams, enabling better energy recovery, increased exibility in heat exchanger network design, and
more effective reduction in auxiliary service consumption. From an economic standpoint, this integration
capacity translates into lower operating costs and greater nancial feasibility of the proposed design.

Conclusions

Pinch analysis application, using the Aspen Energy Analyzer soware, has allowed obtaining important
energy objectives that demonstrate the possibility of improving the current exchange networks through the
exchange between process streams and the use of residual streams such as stillage, with savings from 24% to
78% with respect to the current expenditure on auxiliary services.

Beyond the technical outcomes, this study underscores the replicability of the approach in other agro-
industrial processes that share similar characteristics in terms of thermal stream availability and energy
integration opportunities. However, implementing such solutions in real industrial settings may face key
barriers, including the required capital investment to modify or expand existing infrastructure, the training
of technical personnel in simulation and energy analysis tools, and the availability of accurate operational
data for process streams.
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