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This study investigates process–energy integration in an avocado-processing system to optimize energy use and reduce environmental impacts associated with avocado-derived products. Avocado processing generates significant amounts of underutilized organic waste, presenting opportunities for energy recovery within the production chain. An algebraic pinch-based method was applied to identify energy-integration potential, followed by the design of a theoretical heat-exchange network and simulation-based refinement of the integrated process. Results demonstrate that energy integration is highly feasible, achieving reductions of 90–95% in both heating and cooling utility demands. The optimal configuration comprises eight heat exchangers above the pinch point and three below it. These findings highlight the effectiveness of process–energy integration for improving resource efficiency, lowering greenhouse gas emissions, and enhancing the economic sustainability of avocado processing. Further research on emerging technologies is recommended to enable additional gains in energy efficiency.
Introduction
The global demand for avocado-derived products has increased rapidly in recent years due to their nutritional value, functional properties, and expanding use in food, cosmetic, and pharmaceutical industries. This increase has intensified avocado-processing activities, which has led to higher energy consumption and the generation of large volumes of organic residues. As a result, improving the energy efficiency and sustainability of agro-industrial processing systems has become a critical priority under rising energy costs and stricter environmental regulations. Avocado processing is an inherently energy-intensive operation, involving several heating and cooling steps such as pulp conditioning, dehydration, extraction, and solvent recovery. Solarte-Toro et al. (2022) demonstrated through a life cycle assessment of small-scale avocado biorefineries in Colombia that energy consumption is the dominant contributor to climate change and resource depletion impacts. Similarly, Garcia-Vallejo et al. (2023) showed that avocado waste valorization routes remain highly sensitive to utility demand, confirming that inefficient energy use significantly affects the environmental performance of avocado-derived products. These findings indicate that conventional avocado-processing systems often lack sufficient internal energy recovery mechanisms.
Process integration and system-level optimization have been widely recognized as effective approaches for improving sustainability in biorefineries. Dickson et al. (2021) demonstrated that integrating techno-economic analysis with life cycle assessment enables the identification of energy and cost hotspots early in process design, leading to more sustainable bioprocess configurations. Meramo-Hurtado and Gonzalez-Delgado (2020) further showed that sensitivity-driven techno-economic frameworks are essential for evaluating emerging biorefineries, particularly when utility consumption dominates operating costs. These studies collectively highlight the importance of integrating energy efficiency considerations directly into process design rather than treating them as downstream optimizations. Recent research has also emphasized the importance of heat integration in valorization pathways for agricultural and biomass waste, where high utility demands and low-grade heat streams are prevalent. Systematic heat recovery strategies have been highlighted as essential to improve energy efficiency and reduce external utilities in biorefinery designs that valorize agro-industrial residues (Prado-Acebo et al., 2024). In the food and agricultural processing sectors, structured waste heat recovery frameworks have been applied to identify and quantify recoverable heat from process effluent and other waste streams, demonstrating significant potential to reduce overall energy requirements in industrial operations (Luo et al., 2022). Reviews of sustainable agricultural biomass valorization further underscore that lowering energy consumption through process integration, including optimized heat exchange and waste heat recovery is critical to enhancing environmental performance and economic feasibility of agricultural waste conversion technologies (Faraldo et al., 2024). These findings collectively reinforce the relevance of pinch-based heat integration for emerging bio-based and agricultural waste valorization systems, motivating its application to avocado processing in the present study.
In the specific context of avocado processing, prior work by the authors has established a strong foundation for sustainability-oriented process analysis. Herrera et al. (2022) applied exergy analysis to an avocado oil extraction process, demonstrating that significant energy losses occur in thermal units and that energy conservation strategies can substantially improve process performance. González-Delgado et al. (2022) further evaluated avocado oil extraction systems under biorefinery principles, showing that integrated valorization of avocado side streams can improve both environmental and economic outcomes. However, while these studies identified energy inefficiencies and sustainability hotspots, they did not explicitly quantify minimum heating and cooling requirements or synthesize heat-exchange networks (HEN).
This study addresses this gap by applying an algebraic pinch-based methodology to an avocado-processing system to systematically identify internal heat recovery opportunities. Building on previously published avocado biorefinery configurations, the work establishes minimum energy targets, proposes a HEN, and refines the integrated system through process simulation. By reducing reliance on external heating and cooling utilities, the proposed approach aims to enhance energy efficiency, reduce environmental impacts, and improve the overall sustainability of avocado-derived product manufacturing.
2.Materials and methods
2.1. Process description
The thermal-extractive avocado biorefinery is designed to valorize avocado side streams unsuitable for human consumption through the integrated production of avocado oil as the main product, alongside biochar, chlorophyll-rich extract, treated peel, and pulp without fat. The conceptual basis and early-stage assessment of this process were previously developed and published by the authors, including thermodynamic, exergy, and sustainability-oriented evaluations of avocado oil extraction systems (Herrera et al., 2022). In the present work, this previously proposed process is further expanded and consolidated through detailed process simulation, techno-economic assessment, and life cycle assessment, with a plant capacity of approximately 10,605 t·y⁻¹ of avocado based on feedstock availability in Northern Colombia. Figure 1 shows the process simulation diagram of the avocado oil biorefinery.
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Figure 1: Process simulation diagram of avocado oil biorefinery. 
The process begins with feedstock conditioning, where incoming avocados are washed and disinfected using a sodium hypochlorite solution, followed by mechanical peeling and pulping. This step generates three main fractions: pulp, peel, and seed, which are handled separately to enable targeted valorization pathways. The pulp stream is homogenized and dehydrated at moderate temperature to reduce moisture content while preserving oil quality. Oil extraction is performed under thermal-extractive conditions using hexane as solvent, as established in the authors’ earlier process evaluations (Herrera et al., 2022). After extraction, solid residues are separated by centrifugation, and the oil–solvent mixture is sent to a distillation unit where hexane is recovered and recycled to the extractor. The recovered avocado oil is cooled to prevent oxidation, while the defatted pulp is obtained as a co-product.
The peel fraction is washed, dried, and milled to enhance mass transfer prior to pigment extraction. Chlorophyll extraction is carried out using ethanol as solvent, followed by solid–liquid separation via centrifugation. Ethanol is subsequently recovered through distillation and reused within the process, yielding a concentrated chlorophyll-rich extract as a high-value product. The remaining solid peel fraction is collected as treated biomass, which can be used as a bio-fertilizer or soil amendment. This peel-based valorization route builds on the cascade biorefinery logic previously introduced by the authors for maximizing resource efficiency in avocado processing systems (González-Delgado et al., 2022).
The seed fraction is processed through drying, size reduction, and sieving before being fed to a pyrolysis reactor operating at approximately 400 °C under an inert nitrogen atmosphere, favoring biochar production. The resulting biochar is cooled, ground, and sieved to meet product specifications. Throughout the biorefinery, utilities such as steam, electricity, cooling water, refrigerant, and inert gas support thermal, separation, and conversion operations, while solvent recovery and internal recycling loops are implemented to reduce operating costs and environmental burdens. Overall, the process represents an evolution of the authors’ previously published avocado biorefinery concepts into a fully integrated and quantitatively assessed techno-economic and environmental framework (González-Delgado et al., 2022).
2.2. Heat integration
Heat integration was performed using an algorithmic pinch analysis approach to systematically minimize external energy consumption and enhance internal heat recovery within the process (Klemeš et al., 2018). This methodology is grounded in the second law of thermodynamics and enables the identification of minimum heating and cooling targets prior to detailed process design, ensuring that energy improvements are constrained by fundamental thermodynamic limits rather than trial-and-error modifications.
The first step involved the identification and characterization of all relevant hot and cold process streams. For each stream, supply and target temperatures, mass flow rates, and specific heat capacities (𝐶𝑝) were determined. Heat capacity flow rates (𝑚𝐶𝑝) were calculated and assumed constant within each temperature interval. Phase-change operations were modeled as isothermal heat sources or sinks. A minimum temperature difference (Δ𝑇min) was selected to represent practical heat-transfer constraints and to balance capital and operating costs.
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Using the shifted-temperature approach, the energy cascade algorithm was applied directly across discrete temperature intervals defined by the hot and cold streams. This algebraic procedure enabled the determination of minimum heating and cooling utility requirements and the identification of the pinch point, which corresponds to the interval with zero residual heat and represents the location of maximum thermodynamic constraint. The pinch divides the process into two thermodynamically independent regions above and below the pinch, each governed by strict design rules to prevent cross-pinch heat transfer and associated energy penalties.
Based on the energy targets, a preliminary HEN was synthesized following pinch design heuristics. The network was subsequently refined to improve feasibility, reduce exchanger count, and enhance operational flexibility. Overall, the algorithmic heat-integration method provides a rigorous and transparent framework for improving energy efficiency and supporting sustainable process design in complex industrial systems.
3. Results and discussion
The process–energy integration analysis was performed based on the identification of relevant hot and cold streams within the avocado oil biorefinery and their corresponding thermal characteristics. Tables 1 and 2 summarize the supply and target temperatures, heat capacity flowrates, and enthalpy changes of the streams included in the pinch analysis. These data provided the basis for evaluating internal heat recovery potential, determining energy targets, and synthesizing the heat exchanger network (HEN). Four hot streams were identified in the process, all with supply temperatures close to 70 °C and target temperatures ranging between 18 and 65 °C. Among these, Stream 54 represents the largest source of recoverable heat, contributing approximately 1.90 × 10⁵ kJ/h, followed by Stream 30 with a duty of 1.14 × 10⁵ kJ/h. The remaining hot streams (Streams 51 and 26) exhibit relatively small heat duties and therefore have a limited influence on overall heat recovery. The total heat available from hot streams amounts to 3.04 × 10⁵ kJ/h, indicating a limited but relevant potential for internal heat recovery within the process. The numbering assigned to process streams (e.g., Stream 54, Stream 30) corresponds to the identification labels generated during process simulation in Aspen Plus®. They are retained in this study to ensure consistency between simulation outputs and heat integration analysis.
Table 1: Heat duties of hot streams
	Hot streams
	Tsupply (°C)
	Ttarget (°C)
	mCp (kJ/h °C)
	Enthalpy (kJ/h)

	Stream 54
	70
	35
	5,418
	1.90E+05

	Stream 51
	70
	30
	7
	2.93E+02

	Stream 26
	70
	18
	3
	1.42E+02

	Stream 30
	70
	65
	22,850
	1.14E+05

	Total duty
	
	
	
	3.04E+05


Table 2: Heat duties of cold streams
	Cold streams
	Tsupply (°C)
	Ttarget (°C)
	mCp (kJ/h °C)
	Enthalpy (kJ/h)

	Stream 19
	27
	70
	39,144
	1.70E+06

	Stream 25
	33
	70
	4,540
	1.68E+05

	Stream 49
	33
	70
	5,778
	2.12E+05

	Total duty
	
	
	
	2.08E+06


The cold stream analysis reveals a substantially higher heating demand, with a total cold-side duty of 2.08 × 10⁶ kJ/h. Stream 19 dominates this requirement, accounting for approximately 1.70 × 10⁶ kJ/h as it is heated from 27 to 70 °C, while Streams 25 and 49 contribute additional heating demands of 1.68 × 10⁵ and 2.12 × 10⁵ kJ/h, respectively. The ratio between available heat (3.04 × 10⁵ kJ/h) and required heating (2.08 × 10⁶ kJ/h) indicates that only about 14–15% of the total heating demand can theoretically be satisfied through internal heat recovery. This pronounced imbalance confirms the intrinsic dependence of the biorefinery on external heating utilities. Pinch analysis identified a pinch temperature of 37 °C (hot scale), representing the thermodynamic constraint of the system. Based on this pinch point, the HEN was synthesized following pinch design rules, resulting in a network comprising 10 heat exchangers, with 7 exchangers above the pinch and 3 exchangers below the pinch, as shown in Figure 3. This distribution reflects the predominance of heating requirements above the pinch and the limited scope for heat recovery below it.
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Figure 3: Heat exchange network of avocado oil biorefinery. 
The synthesized HEN enables a substantial reduction in external cooling demand, achieving cooling utility savings of approximately 96% relative to the non-integrated base case. This indicates that most of the heat released by hot process streams is effectively recovered and reused within the system rather than rejected to cooling utilities. As a result of this improved internal heat recovery, the demand for external heating utilities is also reduced, leading to a decrease in steam consumption of approximately 14%.From an environmental perspective, the reduction in both cooling and steam utilities has direct implications for sustainability performance. Lower steam demand implies reduced fuel consumption in boilers, which can lead to significant reductions in carbon dioxide emissions and other combustion-related environmental impacts. Therefore, although heating savings are moderate compared to cooling savings, their impact on greenhouse gas emissions and overall environmental performance can be substantial in energy-intensive avocado-processing systems.
The magnitude of energy savings obtained in this study is consistent with previous applications of pinch-based heat integration in agro-industrial and biorefinery systems. Luo et al. (2022) reported that structured heat recovery in food-processing systems can reduce cooling utilities by up to 80–95%, while Prado-Acebo et al. (2024) highlighted the strong dependence of biomass valorization systems on external heating utilities. Compared to these studies, the present work achieves cooling reductions of approximately 96%, which is at the upper range of reported values, indicating a high degree of internal heat recovery. The more modest reduction in heating demand (14%) is consistent with systems characterized by limited availability of high-temperature waste heat. These comparisons confirm that the results obtained are realistic and aligned with practical implementations of heat integration in similar systems. From a practical perspective, the proposed heat-exchange network can be implemented using conventional shell-and-tube or plate heat exchangers widely used in food and bioprocess industries. The number of units (10 exchangers) remains within a feasible industrial range, although further economic optimization would be required to balance capital investment and energy savings. Additionally, the high reduction in cooling demand suggests potential downsizing of cooling systems, which could translate into lower operational and maintenance costs in industrial-scale applications.
4. Conclusions
This study demonstrated the effectiveness of algorithmic pinch-based heat integration in improving the energy performance of an avocado oil biorefinery. By systematically analyzing hot and cold process streams, a pinch temperature of 37 °C (hot scale) was identified, defining the thermodynamic constraint of the system and guiding the synthesis of an optimal HEN. The proposed HEN consists of 10 heat exchangers, with 7 units located above the pinch and 3 below the pinch, reflecting the dominance of heating requirements in the process. Internal heat recovery enables a substantial reduction in external cooling demand, achieving cooling utility savings of 96% relative to the non-integrated configuration. In addition, heating utility demand is reduced by 14%, despite the large imbalance between available hot-stream heat (3.04 × 10⁵ kJ h⁻¹) and cold-stream heating requirements (2.08 × 10⁶ kJ h⁻¹).
The significant reduction in cooling demand directly translates into lower steam requirements for the process, as less external heating is needed to compensate for heat losses. This reduction in steam consumption has important implications for process sustainability, as it can lead to meaningful decreases in fuel use, carbon dioxide emissions, and other energy-related environmental impacts in an energy-intensive agro-industrial system. Overall, the results confirm that pinch-based heat integration provides a robust, thermodynamically grounded framework for improving energy efficiency in avocado-processing systems. While full thermal self-sufficiency is constrained by intrinsic process characteristics, the achieved reductions in utility consumption demonstrate that targeted heat recovery can significantly enhance the environmental and operational performance of avocado oil biorefineries and support more sustainable production pathways.
Nomenclature
 – specific heat capacity (kJ kg-1 °C-1)
 – mass flow rate of cold stream (kg h-1)
 – mass flow rate of hot stream (kg h-1)
HEN – Heat exchange network
 – heat released by hot stream (kJ h-1)
 – heat absorbed by cold stream (kJ h-1)
 – mass flow times heat capacity (kJ h-1 °C-1)
 – residual heat (kJ h-1)
 – shifted temperature (°C)
– upper bound of temperature interval (°C)
 – lower bound of temperature interval (°C)
 – stream supply temperature (°C)
 – stream target temperature (°C)
 – minimum allowable temperature difference for heat exchange (°C
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