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Abstract


This study presents a comprehensive economic and environmental evaluation of immobilized lipases produced on eggshell membrane-based carriers from eggshell waste, based on laboratory-scale experiments. By integrating economic analysis (EA) and life cycle analysis (LCA), the key factors affecting the economic viability and environmental impact of the process were identified, supporting sustainable and circular biorefinery concepts. The EA estimated the total process cost at EUR 25.63 for 15 g of product, while the effective net cost was negative (EUR −14.81) due to the valorization of anhydrous calcium chloride as a valuable by-product. The effective net cost reduction from by-product valorization of the immobilized lipase was estimated at 0.99 EUR/g as the minimum selling price (MSP). When expressed per unit of enzymatic activity, the immobilized lipase on the eggshell waste membrane-based carrier shows a substantially lower cost (EUR/U) compared with representative commercial immobilized lipases, demonstrating clear catalytic cost-efficiency advantages. The cradle-to-gate life cycle assessment, conducted using ReCiPe 2016 quantification methods, highlighted electricity consumption during drying as the primary environmental hotspot, accounting for up to 57% of the global warming potential. Sensitivity and uncertainty analyses showed that energy consumption strongly influences the impact in terms of climate change and fossil resource depletion, while the impact of chemical use was minimal. These results show that energy-efficient process optimization, especially in the drying phase, is crucial for further improving environmental and economic performance. These results indicate that optimizing energy efficiency, especially during the drying phase, is crucial for further improving the production process of immobilized lipases on eggshell membrane-based carriers, both environmentally and economically.
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1. Introduction


The rapid advancement of biotechnology, accompanied by the increasing demand for sustainable and cost-effective industrial processes, has intensified interest in the valorization of biowaste. One particularly abundant and underutilized waste stream is eggshell waste, which is generated in millions of tonnes annually, primarily by the food industry [1]. Eggshells are composed mainly of calcium carbonate calcified matrix (~95%) and a protein-rich membrane (~3.3%), both of which have high potential for biotechnological upcycling [2,3].



Recent studies have shown that eggshell membrane (ESM) is an effective, renewable platform for the immobilization of enzymes due to its unique composition and surface functionality [3,4] and represents a cost-effective, renewable alternative to conventional commercial carriers. Enzyme immobilization remains essential for building robust, cost-effective biocatalytic systems in sectors such as food processing, biofuels, and pharmaceuticals [4,5]. Immobilization enhances catalyst reusability, stability, and ease of recovery, which are critical for the development of economically and environmentally viable biocatalytic processes [4]. Lipases, in particular, are widely employed in biotechnological applications such as biodiesel production, food processing, and pharmaceuticals, making their efficient immobilization highly relevant [6,7]. However, most commercial immobilization carriers are costly and often derived from unsustainable sources, posing both economic and environmental concerns. Existing commercial immobilization supports, including synthetic polymer beads and inorganic matrices, are not only expensive (EUR 3–6/g for supports) but are primarily sourced from non-renewable materials. Therefore, the use of low-cost, bio-based carriers aligns strongly with the principles of the circular bioeconomy, where waste is reintroduced into value chains [1,5,8,9]. Enzyme immobilization offers significant cost savings and environmental benefits for biochemical processes by enabling the reuse of enzymes, increasing stability, minimizing waste and reducing resource consumption [10,11].



Immobilized enzymes reduce costs primarily through their longevity and recyclability [12,13,14], while their environmental benefits result from the reduced use of toxic reagents and the reduction in waste in industrial-scale biochemical production [11,15,16].



In the case of eggshells, a holistic utilization approach is possible: the membrane can be used for the immobilization of enzymes, the mineral fraction (calcified matrix) can be recovered as anhydrous calcium chloride, and the proteinaceous components can be used in other high-value biochemical processes [3,17,18]. Such a multi-stream strategy contributes not only to zero-waste process design but also adds economic and environmental value to waste conversion chains, providing value-added outputs aligned with circular economy principles.



Beyond technical feasibility, it is important to assess the environmental and economic sustainability of such novel processes. Life cycle analysis (LCA) provides a systematic methodology to assess potential environmental impacts, while cost-based assessment provides insight into economic viability under laboratory and pre-industrial conditions. Previous studies have shown the importance of incorporating LCA and economic tools early in process development to identify trade-offs, optimize system design and facilitate the transition to industrial scale [19]. Several recent LCA case studies have confirmed the sustainability potential of biowaste-based materials compared to conventional immobilization carriers, especially when waste recycling is integrated into the system [20,21]. In addition, the application of cradle-to-gate LCA helps to identify environmental hotspots, such as steps with high energy or material consumption, which could hinder large-scale application or market competitiveness. At the same time, economic indicators such as minimum selling price (MSP) and effective net cost provide quantitative, scenario-based decision support for process selection, optimization and scale-up paths. The integration of these LCA and economic assessments is now widely recognized as crucial for the development of sustainable industrial biotechnology. It supports both research and industrial stakeholders in aligning new processes with circular economy and sustainability goals [1,22,23]. Recent studies have confirmed that such dual assessments not only help to identify environmental and economic bottlenecks, but also accelerate iterative process improvements, facilitate transparent communication with policy makers and investors, and demonstrate the tangible benefits of biowaste utilization compared to fossil or linear alternatives [22,23,24]. These assessments directly contribute to broader sustainability frameworks and targets for industrial biotechnology [25].



The objective of this study was to evaluate the economic analysis (EA) and life cycle assessment (LCA) of a commercial lipase immobilized on a low-cost carrier derived from the eggshell membrane fraction under laboratory-scale conditions. The process integrates waste utilization, biocatalytic functionality and life cycle thinking aiming to support future scale-up and contribute to the implementation of circular bioeconomy principles in enzyme technology.



Our study addresses three main research gaps:



Integrated economic and environmental assessment: To date, there are few studies that systematically quantify both the process cost and the minimum selling price of immobilized enzymes produced from waste streams, taking into account environmental performance using LCA [20].



Transparent benchmarking with commercial alternatives: Many previous reports aggregate process and sales prices or use idealized (non-market) inputs, obscuring real-world competitiveness.



Process optimization with a focus on hotspots: Although drying in biorefineries is widely considered energy intensive [26], few reports target this step to reduce energy consumption to an appropriate extent.



Accordingly, this study combines life cycle assessment (LCA) and economic analysis (EA) to evaluate the immobilization of a commercial lipase from both environmental and financial perspectives. The LCA is conducted using a cradle-to-gate approach to quantify impacts across categories including climate change, fossil depletion, terrestrial ecotoxicity, land use, ionizing radiation, human toxicity (non-cancer), and freshwater consumption, which were identified as making the most significant contributions to the overall environmental impact. In parallel, the economic assessment estimates the total process cost, effective net cost and minimum selling price (MSP) of the immobilized lipase product based on mass and energy balances derived from optimized laboratory protocols [18]. This dual assessment approach aims to identify critical process steps, quantify trade-offs and demonstrate the potential for upscaling the process towards an industrial application. In addition, a sensitivity analysis is performed to assess the robustness of the results with respect to input variability, focussing on key parameters such as feedstock prices (HCl and lipase) and energy requirements. The novelty of this study lies in the integration of ESM-based immobilization, full utilization of eggshell waste and simultaneous environmental and economic assessment, providing a fact-based framework for sustainable biocatalyst production. This work for the first time transparently quantifies all process costs and distinguishes between the effective net cost and the likely market price. By using both the enzyme carrier and the anhydrous CaCl2 by-product production, we demonstrate best-in-class economic and environmental performance, with potentially negative effective net cost due to full utilization of the waste stream.




2. Methodological Approach


This study combines laboratory-scale experimentation with environmental and economic analyses to assess the feasibility of producing immobilized lipases using eggshell membrane-based carriers (ESMC). A multi-step valorization pathway was developed, encompassing eggshell pre-treatment, membrane separation, carrier preparation, enzyme immobilization, and by-product valorization. The methodological framework integrates Life Cycle Assessment (LCA) and economic evaluation (EA), structured in accordance with ISO 14040:2006 [27] and is supported by a sensitivity analysis to assess process variability.



2.1. Summary of ESMC Preparation, Lipase Immobilization, and Input Performance Parameters


In several previously published studies, the complete valorisation of waste eggshells and the development of eggshell membrane-based carriers for lipase immobilization have been thoroughly investigated by our research group. These studies described the transformation of waste eggshells into an adhesive egg-white layer, the corresponding calcium salts, and the eggshell membrane, which was used as a carrier (Strelec et al., 2023; Strelec et al., 2024 [17,18]). Waste eggshells were treated with different acids (5% hydrochloric, 10% acetic, and 15% o-phosphoric acid), allowing the recovery of both the protein-rich membrane and valuable calcium-based by-products.



The immobilization procedures for Burkholderia cepacia lipases (Amano Lipase PS from Burkholderia cepacia, Sigma-Aldrich, St. Louis, MO, USA, product number 534641), via adsorption as well as through covalent direct and indirect binding onto ESM-based carriers, were comprehensively described by Ostojčić et al. [28]. That study also reported the biochemical characterization of both free and immobilized lipases, including their pH and temperature optima, pH and temperature stability, stability in methanol and ethanol, substrate specificity, reusability, and their functionality in the pretreatment of oil-industry wastewater.



Across these previous investigations, the most favourable performance was consistently observed for lipases immobilized by adsorption onto ESM treated with 5% hydrochloric acid, with anhydrous food-grade calcium chloride generated as a valuable by-product. Strelec et al. [18] provided a detailed description of the treatment of the calcium-rich filtrate remaining after acid decalcification of waste eggshells. Neutralization, evaporation, and spray drying yielded a high-quality CaCl2 product that meets the requirements of the European Union Commission Regulations (EU) [29] and the Food and Agriculture Organization (FAO) [30] for use as a food-grade additive. This confirms CaCl2 as a marketable co-product that enhances the overall efficiency of eggshell waste valorisation.



Table 1 summarizes the key physicochemical properties of the ESM carrier (ESMC) and the catalytic performance parameters of the immobilized lipase, which were used as fixed input data in the present study. For the ESMC, these include membrane particle size (after milling), moisture content (after drying), surface area (BET), and pore volume and size. The catalytic parameters include immobilization yield, enzyme loading, recovered activity, relative specific activity (immobilized versus free lipase), operational stability (half-life), reusability (number of cycles until residual activity decreases to 50%), and storage stability. All values are mean data previously reported in our experimental studies [3,18,28]. These parameters provide the basis for defining the activity-based functional unit and for benchmarking the performance of the ESMC-supported lipase against commercial immobilized enzymes.




2.2. Goal and Scope


The primary goal of this study is to evaluate the environmental and economic performance of a novel enzyme immobilization system based on carriers derived from the membrane fraction of eggshell waste. The immobilized biocatalyst, prepared through a multi-stage laboratory-scale process, is designed to serve as a sustainable and cost-effective alternative to commercially available immobilization systems, which are often expensive and rely on non-renewable resources.



The analysis scope covers the entire cradle-to-gate process, from the input of raw eggshell waste to the production of the immobilized enzyme product. The system boundary was defined using a cradle-to-gate approach and was structured into five sequential process units, each representing a key operational phase. These process units are illustrated in Figure 1, which outlines material and energy inputs and outputs at each stage:




	
Washing and Acid Treatment: Removal of surface contaminants and decalcification of the eggshell using hydrochloric acid (HCl);



	
Washing and Separation: Mechanical separation of the protein-rich membrane from the calcium carbonate matrix;



	
Drying and Grinding: Dehydration and particle size reduction in the membrane to prepare it for the immobilization process;



	
Immobilization and Lyophilization: Adsorptive binding of lipase to the prepared membrane carrier and subsequent enzyme stabilization via lyophilization;



	
By-product Valorization: Recovery and Neutralization of the calcium-rich filtrate with sodium hydroxide (NaOH) to produce anhydrous calcium chloride (CaCl2) via spray drying.








Inputs included within the system boundaries comprise raw materials (HCl, Ca(OH)2, acetone, tap water, and the lipase enzyme solution), electricity consumption for stirring, drying, and lyophilization, and process water. The system outputs include the immobilized enzyme on ESMC as the main product and anhydrous calcium chloride as a valorised by-product.



Proteinaceous residues from egg white separated during washing were excluded from this analysis due to their minor mass contribution and undefined valorization pathway.




2.3. Life Cycle Inventory (LCI)


The life cycle inventory (LCI) for the production of Immobilized lipases on ESMC was compiled based on laboratory-scale experimental data. Table 2 summarizes the key material and energy inputs, along with their associated costs, used in the analysis.



The main cost drivers include:




	
Lipase enzyme (EUR 7.68);



	
Energy for the main process (EUR 11.84);



	
Hydrochloric acid (37% HCl) (EUR 3.12).








In contrast, several components such as eggshell waste (the primary raw material) and recycled acetone are attributed negligible or zero cost, aligning with the waste valorization framework.



The total process cost was calculated at EUR 25.63, which includes all material and energy consumption required to obtain 15 g of immobilized lipase product. However, by valorizing the by-product, anhydrous CaCl2 (663 g, valued at EUR 40.44), the effective net cost becomes EUR −14.81, indicating economic favourability at the laboratory scale. This approach demonstrates how full-stream valorization can significantly offset production costs.



This inventory data also served as the basis for the sensitivity analysis, assessing how fluctuations in the cost of HCl, lipase, and energy (±20%) impact the effective net cost, highlighting the relative economic robustness of the proposed waste-to-value process.



The sensitivity analysis has been performed by considering the electricity consumption in the entire process, the hydrochloric acid consumption as well as lipase consumption. The sensitivity analysis was evaluated by inserting ±20% variation in the above-mentioned input parameters, and the degree of influence of each parameter on the total sum of environmental loads were determined.



Uncertainty analysis was carried out to assess the robustness of the environmental results and to identify critical process variables. The analysis was conducted using Monte Carlo simulation (1000 iterations, 95% confidence interval), as implemented within LCA for experts 10.8 software. This approach accounts for the inherent uncertainty in key inventory parameters and provides statistically reliable intervals for each impact category.



The following input parameters were varied within the simulation: electricity consumption in drying and lyophilization units (±20%), reagent use (HCl ±15%), valorization factor for anhydrous CaCl2 (market credit ±30%).



The uncertainty analysis helped to identify the most influential contributors to environmental impact variability—particularly energy-intensive operations and the efficiency of eggshell membrane recovery.




2.4. Life Cycle Assessment (LCA)


The Life Cycle Assessment (LCA) was conducted using the Sphera LCA for experts 10.9.1.17 software (LCA FE, Sphera Solutions GmbH, Leinfelden-Echterdingen, Germany). The environmental impacts were assessed with ReCiPe 2016 v1.1 Midpoint (H). The goal was to quantify the environmental impacts of the process for immobilizing a commercial lipase on ESMC from cradle-to-gate, focusing on key midpoint categories relevant to biotechnological and chemical production systems.



The system boundaries included all on-site operations, from eggshell waste processing enzyme immobilization and lyophilization, as well as valorization of the calcified by-product into calcium chloride.



The Life Cycle Inventory (LCI) was compiled from primary laboratory data (Table 1), including:




	
Material inputs: quantities of eggshells, tap water, hydrochloric acid, sodium hydroxide, enzyme solution;



	
Energy consumption: measured electricity use per unit operation;



	
Output products: immobilized lipase and anhydrous calcium chloride;



	
Emissions and waste: minor effluent streams and neutralized solutions.








The background data for reagents, electricity, and water were sourced from the Sphera LCA for experts 10.8 software (Sphera Solutions GmbH, Eschborn, Germany), which is consistent with international LCA standards [27].




2.5. Economic Evaluation (EA)


The economic evaluation was conducted in parallel with the life cycle inventory, aiming to determine the total process costs and assess the economic feasibility of immobilized lipase production using eggshell membrane-based carriers. The approach focused on calculating the effective net cost, defined as the total cost of raw materials and energy inputs reduced by the market value of the by-product (CaCl2), following the approach recommended for small-scale process evaluation [31,32]. As the present study was limited to laboratory scale, the economic evaluation was restricted to the operating costs without taking the investment costs into account. A future scale-up of the process to the industrial level will be necessary to allow a complete techno-economic analysis.



The process was segmented into five main unit operations, including: (1) washing and acid treatment, (2) washing and separating, (3) drying and grinding, (4) immobilization and lyophilization, and (5) neutralization and drying of the CaCl2 by-product (Figure 1). For each unit, both material and energy inputs were quantified and optimized based on laboratory scale data [3,18], and prices were assigned based on current market values.



The total process cost was calculated as the sum of all input costs, while the minimum selling price (MSP) of the final product (ESMC immobilized lipase) was determined under the assumption that the net present value (NPV) equals zero, in accordance with simplified cost estimation frameworks proposed for early-stage technologies [33].



In addition, a sensitivity analysis was carried out to explore how variations (±20%) in key cost-driving inputs (hydrochloric acid, (HCl); lipase; and energy) affect the effective net cost. This analysis providing insights into economic robustness and identifying the most influential cost parameters.




2.6. Functional Unit (FU)


In this study, the primary functional unit (FU) was defined as 1 unit (1 U) of enzymatic activity, allowing direct comparison with commercial immobilized biocatalysts, which are typically benchmarked in EUR/U. Based on the experimentally determined recovered activity of 646.02 U/g, a 15 g batch of immobilized lipase provides 9690.3 U, corresponding to a production cost of 0.00265 EUR/U, or −0.00153 EUR/U when accounting for CaCl2 co-product valorization.



Using an activity-based FU avoids misleading mass-based metrics and ensures that enzyme loading, immobilization yield, and catalytic performance are accurately reflected.



As the immobilized lipase retains activity over 46 reuse cycles, a secondary (lifetime) FU was introduced to represent the total catalytic output over its operational lifespan. The resulting lifetime activity amounts to 445,754 U per batch, reducing the effective cost by more than an order of magnitude when allocated across all cycles.



The primary and lifetime FU values, along with the corresponding batch-level economic outcomes, are presented in Table 3.



The table summarizes the calculated primary and lifetime functional units (FU) and the associated batch-level economic outcomes, with and without CaCl2 valorization, illustrating the effect of catalyst reusability and co-product credit on the overall cost-performance.





3. Results and Discussion


The immobilization performance directly influences both the environmental and economic outcomes. Enzyme loading and recovered activity determine the amount of immobilized catalyst required per reaction, which affects upstream energy use, consumables, and therefore the LCA inventory. Additionally, the high reusability (46 cycles) significantly reduces the environmental burden per functional unit.



Economically, the catalytic efficiency determines the cost per unit of activity (EUR/U), enabling a meaningful comparison with commercial immobilized lipases. Without including the immobilization performance, the economic and environmental assessments would be disconnected from the catalyst’s actual functionality.



3.1. Environmental Impact Assessment


Immobilization of lipase enzymes significantly reduces costs and offers major environmental benefits for industrial biochemical processes through improved stability, reusability and cleaner reactions [12,13,14]. Hydrophobic support immobilization is particularly effective for lipases as it stabilizes the open active form of the enzyme and maximizes both catalytic activity and reusability, increasing cost efficiency and sustainability [14,34].



Environmental impact assessment boundaries encompass all relevant process steps. Electricity consumption is modelled using the European grid mix from the Sphera database; tap water supply is based on groundwater data from Sphera. Chemical inputs include hydrochloric acid (37%), dry slaked calcium hydroxide, and acetone (dimethyl ketone), municipal wastewater treatment (mix), as characterized in the Sphera dataset. As mentioned before, the environmental impacts were assessed with ReCiPe 2016 v1.1 Midpoint (H). The list of impact categories with their units are presented in Table 2.



As it is visible from Table 4, the Life Cycle Assessment (LCA) results using the ReCiPe 2016 method provide a comprehensive overview of the environmental impacts associated with the studied system or product. The analysis quantifies impacts across multiple categories, reflecting various dimensions of environmental burden.



The environmental impact assessment identifies climate change and fossil resource depletion as the most significant environmental burdens linked to immobilized lipase production, with results of approximately 28.7 kg CO2 eq. and 13 kg oil eq., respectively. These results align with a study by Nachtergaele et al. [35] conducted a comprehensive Life Cycle Sustainability Assessment (LCSA) of enzymatic versus chemical catalysis and found that climate change (measured as CO2 equivalent emissions) and fossil resource depletion are dominant impact categories in enzymatic processes using immobilized lipases. They identified that the production and purification of the immobilized enzyme (e.g., Novozym® 435) significantly contribute to these burdens. Their sensitivity analysis also showed that the climate change impact could exceed 1.54 kg CO2 eq. per kg product, with fossil resource depletion likewise being a significant contributor. They stressed that the upstream impacts, notably energy-intensive steps like enzyme and feedstock production, are major environmental hotspot.



Greenhouse gas emissions for enzyme-based processes typically range from 15 to 45 kg CO2 eq. per functional unit, varying by production scale and regional energy mix [36]. The fossil depletion impact is also comparable to literature reports on bio-based waste valorization, which generally cite values between 8 and 20 kg oil eq. per kilogram of product [20].



The terrestrial ecotoxicity impact (4.68 kg 1,4-DB eq.) primarily results from chemical inputs used during membrane preparation, notably hydrochloric acid and acetone. Similar contributions from chemical pretreatments have been documented in enzyme immobilization studies [37]. The low values for human toxicity (0.583 kg 1,4-DB eq.) and fine particulate matter formation (0.0116 kg PM2.5 eq.) reflect minimal detrimental health implications, making the process promising for scale-up with appropriate exposure controls.



Land use impacts (2.23 annual crop eq.·y) arise mainly from upstream agricultural activities associated with eggshell sourcing and the electricity grid. This is considerably lower than values reported for protein-based immobilization supports derived from agricultural residues, which range from 5 to 15 annual crop eq.·y per kilogram of product [37]. Negligible impacts on stratospheric ozone depletion and marine eutrophication suggest favourable environmental profiles in these sensitive areas.



In summary, this LCA reveals that climate change, fossil depletion, terrestrial ecotoxicity, and human non-cancer toxicity are the most significant environmental impact categories. These results highlight key areas for potential improvement, such as reducing fossil fuel use and mitigating toxic emissions, to minimize the overall environmental footprint of the product or process under study.



To further clarify the influence of the co-product treatment method, a parallel LCA scenario was performed in which the valorisation credit for CaCl2 was fully excluded. The results, summarized in Table 5, show only minor reductions across all midpoint categories, with impacts decreasing by 1–3% depending on the indicator. For example, climate change decreases from 28.70 to 28.00 kg CO2 eq., fossil depletion from 13.00 to 12.70 kg oil eq., and terrestrial ecotoxicity from 4.68 to 4.57 kg 1,4-DB eq. Similar marginal changes are observed for land use (2.23–2.18 annual crop eq.·y), ionizing radiation (2.11–2.06 kBq Co-60 eq.), and human non-cancer toxicity (0.583–0.571 kg 1,4-DB eq.). All remaining categories exhibit proportionally comparable decreases (generally 1–2%).



These findings demonstrate that CaCl2 valorisation provides a small but measurable environmental credit, yet it does not change the overall impact profile or the identification of environmental hotspots: energy consumption during membrane drying and grinding remains the dominant contributor in both scenarios. Consequently, the environmental conclusions drawn in the baseline assessment are robust to co-product modelling assumptions, and improvements should continue to prioritize energy-efficient drying and reduced electricity demand rather than changes in by-product handling.




3.2. Process Contribution Analysis


Process contribution analysis (Figure 2) reveals that drying and grinding represent the dominant contributors across all environmental impact categories, accounting for 52–57% of the total impact. This dominance is consistent with prior research describing thermal treatment phases as responsible for 40–70% of overall burdens in similar biowaste processing applications [38]. The proportional contributions of drying to climate change and fossil depletion (approximately 55–57%) correspond well with reported ranges for freeze-drying and hot-air drying technologies in enzyme production LCAs [39]. The immobilization and lyophilization step contribute a significant 32–42%, reflecting the known high energy demand of freeze-drying processes. Chemical pretreatment steps during washing and acid treatment, despite employing reagents such as HCl and acetone, account for only minor fractions (1.3–2.2%), indicating that efforts to reduce environmental impacts should focus primarily on energy efficiency enhancements in the drying and immobilization stages rather than on chemical reductions. Neutralization and spray drying process (by-product recovery), contributes a modest 4.1–5.2% of impacts. This aligns with circular economy principles, where product valorization such as CaCl2 recovery provides economic advantages with relatively low environmental penalties. Overall, this pattern underscores that energy consumption, rather than raw material inputs, is the main driver of environmental impact. This highlights the value in adopting energy-efficient drying technologies (e.g., heat pump and microwave-assisted drying) that can lower impacts across multiple environmental categories simultaneously.




3.3. Sensitivity and Uncertainty Analysis


The sensitivity analysis was conducted to examine how ±20% changes in parameters like electricity usage, chemical consumption, and water intake affect the environmental impacts of the process. The variations on impacts in different impact categories are shown in Table 6. The electricity consumption for drying and grinding has highest influence (±11.3%) in climate change impact and ±11.2% in fossil depletion. The influence on all the other environmental impacts is 0 so only the climate change and fossil depletion were assessed. In addition to these results, the influence of electricity on the immobilization and lyophilization process is ±6.72% for climate change and ±6.66% for fossil depletion. Due to the lack of information on lipases, the enzyme could not be evaluated in this analysis.



Life cycle assessment results (Table 4 and Figure 2 and Figure 3) highlighted that electricity consumption during the drying of eggshell membrane is the leading contributor to the global warming potential (GWP), accounting for up to 57% of the total impact in the ReCiPe 2016 Midpoint method. This finding aligns with previous studies on biowaste processing, where energy-intensive drying has consistently been identified as an environmental hotspot [40,41]. To mitigate the environmental and economic impact associated with conventional hot-air or convective drying, a suite of innovative drying technologies offers substantial advantages. Vacuum drying can reduce energy consumption by 20–35% and shorten the drying time by 30–50% compared to conventional dryers, due to operation at reduced pressures and lower temperatures, which supports higher-quality products while curbing electricity use [40]. Microwave drying, which utilizes electromagnetic radiation to directly excite water molecules, can cut drying time by up to 80–90%, and reduce energy consumption per kilogram of dried material by 30–50% over standard methods [42]. Similarly, infrared drying targets energy transfer more efficiently, enabling energy savings of 25–40% and time savings up to 50% [41,42]. To address this, recent research highlights the advantages of implementing innovative, low-energy drying platforms [43,44]. Heat pump-assisted dryers offer the greatest energy efficiency, as reviewed extensively by Budžaki et al. [43]. These systems operate by circulating air in a closed loop and recovering latent heat from water vapour, which is then recycled into the drying chamber. Depending on the scale and process conditions, heat pump dryers can reduce total electricity consumption by 50–60% compared to conventional electric resistance based or convective hot-air dryers [45]. Our own laboratory-scale process currently requires approximately 5 kWh per kg of dried eggshell membrane, while literature values for heat pump systems cite reductions to as low as 2 kWh/kg, representing an energy cost saving of up to 60%. In addition to energy savings, heat pump dryers provide gentle, low-temperature operation, which is critical for preserving the structural and functional properties of protein-rich membranes and immobilized enzymes and aligns with our findings regarding enzymatic activity retention post-drying [43,46,47,48]. By integrating heat pump drying into the eggshell membrane immobilization platform reported here, the life cycle GWP, cumulative energy demand, and overall operating costs could be substantially reduced and thereby directly addressing the main process bottleneck identified by our LCA. This technological upgrade would further improve the economic and environmental sustainability of the process and enhance its suitability for upscaling and circular bioeconomy implementation. Implementing heat pump drying technology, therefore, represents a proposed approach to improving environmental impact by significantly reducing energy consumption and translating into marked improvements across multiple environmental impact categories, as demonstrated by the quantitative reductions shown in Figure 2. Climate change impact can be reduced to 19.3 kg CO2 eq. and 8.72 kg oil eq., respectively. Terrestrial ecotoxicity decreases from 4.68 to 3.13 kg 1,4-DB eq., implying reduced harmful effects of toxic substances on terrestrial ecosystems. Land use drops from 2.23 to 1.49 annual crop eq.·y., reflecting a likely reduction in land occupation or transformation, which can be linked to less habitat disruption or better land management practices. Human toxicity reduced from 0.583 to 0.404 kg 1,4-DB eq., indicating decreased exposure to toxic substances that could cause non-cancer health effects among humans. Ionizing radiation declines from 2.11 to 1.4 kg kBq Co-60 eq. to air which benefits air quality and human respiratory health. Freshwater consumption reduced from 0.0321 to 0.222 m3, suggesting a significant decrease in water demand which contributes to lowering the environmental impact related to freshwater resource depletion.



Variations in input parameters and inaccuracies in evaluating material and energy data make it crucial to consider and assess uncertainty in Life Cycle Assessment (LCA) to enhance the credibility, acceptability, and reliability of its results. Unlike single-parameter sensitivity analysis, which examines the influence of one parameter at a time while holding others constant, Monte Carlo uncertainty analysis evaluates the combined effect of simultaneous variations and interactions among multiple parameters on the environmental impact matrix. Since multiple parameters often fluctuate concurrently in real scenarios, Monte Carlo simulation provides a more realistic representation of uncertainty. When input parameters are varied simultaneously by ±20%, it leads to fluctuations in total environmental emissions across all impact categories [19].



Monte Carlo uncertainty analysis, based on 1000 iterations with ±20% variation in critical parameters, confirms the robustness of impact assessment results (Figure 4). Climate change impacts exhibit moderate variability with an interquartile range near ±15%, and median values now at 28.7 kg CO2 eq., corresponding well with uncertainties typically observed for energy-related impacts in bioprocess LCAs [49]. High-end Monte Carlo iterations (Table 7) can exceed 32.8 kg CO2 eq., spotlighting worst-case scenarios of energy-intensive operation. Fossil depletion shows a comparable uncertainty trend, with a median of 13 kg oil eq. and upper quartile values above 14.5 kg oil eq., reflecting fluctuations tied to electricity grid fossil content and process energy consumption during drying. Terrestrial ecotoxicity displays higher relative uncertainty due to complex chemical interactions and environmental fate variability, with interquartile spreads sometimes exceeding 50%. These ranges are consistent with published uncertainties observed in biomass pretreatment chemical assessments [50]. In summary, energy consumption is the dominant factor influencing both impact levels and their uncertainties, highlighting the priority of energy efficiency improvements and robust energy management for reliable sustainability performance [20,49]. While reducing chemical inputs may yield benefits, their influence on the overall environmental profile is comparatively minor.



A tornado-style sensitivity analysis (Figure 5) further confirms that electricity use in the drying and immobilization steps is the dominant driver of overall uncertainty, followed by the CaCl2 valorisation factor; variations in HCl have only marginal influence, while lipase input does not materially affect results because it is a commercial enzyme and is not produced within the system boundary. Notably, the CaCl2 valorisation parameter is the only one that meaningfully affects the negative net cost, as removing the credit shifts the economic balance from −€14.81 to −€1.90.




3.4. Economic Evaluation


In this preliminary study, which is based on the production of immobilized lipase from the bacterium Burkholderia cepacia on a laboratory scale, the economic evaluation of the operating units was carried out on the basis of material and energy balances according to the LCA inventory shown in Table 1.



The pie chart (Figure 6) illustrates the mass-based distribution of raw material inputs used in the laboratory scale production of immobilized lipase onto eggshell membrane-based carriers. The most dominant component is water, accounting for 90.933% of the total mass. Despite its large volumetric contribution, water has a very low unit cost and thus only a minimal impact on the total production cost.



Conversely, materials that contribute relatively little by mass, such as lipase (0.006%), 2 M HCl (0.001%), and phosphate buffer (0.831%), have a significantly higher unit price. For example, lipase represents one of the main cost drivers despite its trace mass share, directly influencing the effective net cost and minimum selling price (MSP) of the final product. Similarly, 37% HCl, although representing only 3.959% of the mass input, has an important role in the chemical treatment of eggshells and contributes to the overall cost, as confirmed by the sensitivity analysis.



The presence of recycled acetone (1.884%) also highlights the process’s attempt to lower material costs and environmental burden through solvent recovery and reuse, which contributes positively to the overall economic and sustainability performance.



This mass-based breakdown complements the economic analysis by showing that the economic impact of each material is not directly proportional to its mass contribution. Instead, unit cost, frequency of use, and criticality in the process determine their influence on the total production cost and economic feasibility. Therefore, optimizing high-cost, low-mass inputs such as lipase and HCl, as explored in the sensitivity analysis, is essential for improving cost efficiency and ensuring the viability of the waste-to-value strategy.



The pie chart (Figure 7) illustrates the distribution of energy consumption among five key process steps involved in the laboratory-scale production of immobilized lipases using eggshell membrane-based carriers. The highest energy demand is associated with drying and grinding (3), which accounts for the majority of total consumption (48.17 kWh), followed by immobilization and lyophilization (4) with 28.59 kWh. Lower energy requirements are noted for washing and separating (2) (1.69 kWh), washing and acid treatment (1) (0.48 kWh), and by-product processing for calcium chloride (5) (4.89 kWh).



The diagram (Figure 7) reveals that energy-intensive steps, especially drying, grinding, and lyophilization, are major cost contributors in the overall process. This aligns with the sensitivity analysis results, where the effective net cost showed considerable variation with changes in electricity prices (Figure 8). Consequently, any future scale-up should prioritize energy efficiency improvements, particularly in drying and lyophilization stages, to enhance the economic viability of the process. Additionally, the relatively low energy burden of by-product valorization (CaCl2) supports the sustainability of full-stream resource utilization.



A preliminary economic evaluation was conducted to assess the cost-effectiveness of the laboratory-scale process. The total process cost amounted to EUR 25.63, including expenditures for chemicals, raw materials, and electricity. Through the implementation of a full-stream valorization strategy, the by-product anhydrous calcium chloride (CaCl2) was recovered and monetized, significantly offsetting production expenses. As a result, the effective net cost was calculated as EUR −14.81, indicating a net economic gain under current cost assumptions.



Effective net cost reduction due to by-product valorization of the immobilized lipase product was estimated at EUR −0.99 for gram of ESMC immobilized lipase, assuming a net present value (NPV) of zero. This benchmark reflects the minimum theoretical price required for the process to break even, factoring in both production costs and by-product value.



The anhydrous CaCl2 used in this study was obtained as a powder by spray drying the calcium-rich solution produced during the acid treatment of waste eggshells. As reported in our previous work [18], the purity of this product was analytically verified and shown to meet the requirements of both the EU and the FAO specifications for food-grade calcium chloride. Therefore, a laboratory-scale selling price, derived from the institution’s internal cost list, was applied in the present economic analysis. This value reflects the small-scale nature of the experiments and should not be interpreted as representative of industrial market conditions.



However, CaCl2 prices vary considerably in industrial practice, depending on the required purity grade, production volume, and end-use sector. The selling price used in this study thus represents only a conservative laboratory-scale assumption and likely overestimates the potential economic credit that could be achieved in a full industrial setting. To address this uncertainty, future work will include the simulation of an industrial-scale waste eggshell valorisation process and a comprehensive sensitivity analysis examining a wide range of CaCl2 prices. This will include a “zero-credit” scenario, representing the upper bound of total production costs in the absence of co-product valorisation. Such analysis will provide a more robust assessment of the economic feasibility and scalability of the proposed process.



The cost of the developed eggshell membrane-based carrier (0.08 EUR/g) is significantly lower than that of commercial carriers such as Eupergit® C (6 EUR/g) and agarose-based carriers (3.25 EUR/g), which are widely used but often limited by their high production costs and non-renewable origin [51,52]. Table 8 summarizes representative commercially available immobilized lipases. Public data indicate that the prices of commercial immobilized lipases range from 0.009 to 0.2 EUR/U, depending on enzyme activity and packaging. When compared with the ESMC-immobilized lipase developed in this study (1.52 × 10−3 EUR/U), it is evident that the latter offers a significantly more cost-effective alternative. This highlights the economic advantage of the proposed immobilization approach.



When expressed per functional unit, the ECMS immobilized lipase exhibited a cost of 0.00265 EUR/U (without co-product credit) and –0.00153 EUR/U when CaCl2 valorisation was included (Table 3). Considering its operational lifetime (46 cycles; 445,754 U), the lifetime-adjusted cost decreased to 5.75 × 10−5 EUR/U, or −3.32 × 10−5 EUR/U with CaCl2 credit.



These competitive costs emphasize the economic viability of the proposed system. Furthermore, upgrading eggshell waste to functional biocatalyst carriers not only minimizes the need for energy- and chemical- intensive pretreatment, but also contributes to circular economy strategies by transforming an abundant biowaste into a high-value product. In contrast to other biowaste-derived carriers, such as lignocellulosic residues, which often require extensive processing, eggshell membranes provide a simple, cost-effective and easily accessible platform for the immobilization of enzymes under laboratory conditions [53]. These results underline the potential of eggshell-derived carriers as a sustainable alternative to conventional immobilization materials and offer both economic and environmental benefits.



To examine the robustness of the economic performance, a sensitivity analysis was conducted for three critical cost components: hydrochloric acid (HCl), lipase enzyme, and energy consumption. For each of these inputs, a price variation range of ±20% around the baseline value was applied. The results, shown in Figure 8, demonstrate that energy price had the most significant influence on the effective net cost, followed by lipase cost, while HCl price had a comparatively minor effect. A ±20% change in energy cost resulted in a shift of more than EUR ±2 in the effective net cost, highlighting the process’s sensitivity to energy inputs, especially in heating and drying stages. Similarly, lipase price fluctuations notably impacted the economic balance, given its direct proportionality to enzyme loading. Conversely, HCl cost showed limited influence due to its lower usage volume and unit price within the overall budget.



These findings emphasize the importance of energy efficiency and enzyme sourcing for economic viability, especially in the context of future scale-up scenarios. The analysis supports the process’s economic resilience and aligns with sustainability principles by integrating waste valorization, cost minimization, and resource efficiency.





4. Conclusions and Recommendations


This study reports findings from the production of immobilized lipases on eggshell membrane-based carriers derived from eggshell waste, using laboratory-scale experiments. According to life cycle impact assessment results, midpoint indicators show that the most significant environmental impacts are associated with climate change and fossil depletion. Among the process stages, the drying steps contribute the most to these impacts. The electricity required for drying is the major environmental and economic bottleneck in the production of eggshell membrane-based carriers for lipase immobilization (a finding confirmed by our LCA and sensitivity analyses), with drying responsible for up to 57% of the global warming potential. To counteract this limitation, the integration of low-temperature heat pump drying proves to be a promising strategy for process optimization. This drying technology enables precise temperature and moisture control at significantly lower operating temperatures, which is essential for maintaining the structural and enzymatic integrity of protein-rich substrates. Recent data from literature and industry show that low temperature heat pump systems can reduce power consumption during the drying phase by up to 60% compared to conventional convective or resistance-based dryers. This reduces the energy requirement from about 5 kWh/kg to only 2 kWh/kg of dried product. Such a reduction would not only significantly reduce greenhouse gas emissions per unit of production but also improve the overall cost efficiency of the process, further enhancing the economic and environmental benefits demonstrated for the eggshell membrane-based immobilized lipase platform. Therefore, the introduction of low-temperature heat pump drying should be a priority in future scale-up and industrialization efforts, as it directly supports the circular bioeconomy, reduces the energy intensity of the process and facilitates the sustainable, large-scale production of bio-based enzymes.



Utilizing eggshells as membrane-based carriers eliminates the need for waste treatment. This multi-stream strategy not only supports zero-waste process design but also adds economic and environmental value to waste conversion chains by generating value-added outputs aligned with circular economy principles. This preliminary economic evaluation of laboratory-scale immobilized lipase production using eggshell membrane-based carriers demonstrates promising cost-effectiveness and sustainability potential. Although water constitutes the largest mass input, high-cost materials such as lipase and hydrochloric acid, along with energy-intensive processes like drying and lyophilization, primarily drive production costs. The successful recovery and valorization of by-product calcium chloride further enhance the process’s economic viability, resulting in a net economic gain under current conditions. The immobilized enzyme product is significantly more affordable compared to conventional commercial carriers and enzyme supports, indicating strong competitive potential. Sensitivity analysis highlights that energy costs and enzyme prices critically affect overall economics, underscoring the importance of optimizing energy efficiency and enzyme sourcing for scale-up feasibility.



Overall, the study confirms that integrating waste valorization with efficient process design can create an economically viable and sustainable approach to immobilized enzyme production, with promising applications for industrial biocatalysis. These research results provide an important foundation for future opportunities, particularly considering scaling up this process directly connected to factories processing eggs.
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Figure 1. Overview of the laboratory-scale process for the production of immobilized lipase on eggshell membrane-based carriers, including valorization of by-products. Schematic representation of the laboratory-scale process for the production of immobilized lipase using eggshell membrane-based carriers. The process comprises five main units: (1) washing and acid treatment of raw eggshells, (2) washing and separation of the membrane from the calcified matrix, (3) drying and grinding of the isolated membrane, (4) enzyme immobilization and lyophilization, and (5) neutralization and spray drying of the calcium-rich by-product into calcium chloride. The process enables the valorization of both membrane and mineral fractions of eggshell waste, contributing to a circular bioeconomy approach. Mass flows (g) and energy inputs (kWh) are included to illustrate the system boundaries and to provide a clearer understanding of the material and energy requirements across the five processing steps. 
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Figure 2. Contribution of individual process steps to selected environmental impact categories. Values represent percentage contribution to total impact per category. 
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Figure 3. Environmental impact assessment of lipase immobilization on eggshell membrane carriers using ReCiPe 2016 method and the proposed approach. Impact categories are normalized and presented as relative contributions to total environmental burden. 
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Figure 4. Monte Carlo uncertainty analysis for selected environmental impact categories based on 1000 iterations. Box plots show median, quartiles, and outliers for each impact category. 
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Figure 5. Tornado diagram—a sensitivity analysis for climate change. 
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Figure 6. Distribution of raw materials in the production of immobilized lipases on eggshell membrane-based carriers. (Water—90.933%; Eggshell waste—1.802%; 37% HCl—3.959%; Fresh acetone—0.307%; Recycled acetone—1.884%; Lipase 0.006%; Phosphate buffer 0.831%; Ca(OH)2—0.277%; 2 M HCl—0.001%). 
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Figure 7. Distribution of energy consumption across process steps in the production of immobilized lipases on eggshell membrane-based carriers. (1) Washing and acid treatment—0.48 kWh; (2) Washing and separating—1.69 kWh; (3) Drying and grinding—48.17 kWh; (4) Immobilization and lyophilization -28.59 kWh; (5) Calcium chloride, anhydrous—4.89 kWh. 
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Figure 8. Sensitivity of effective net cost to ±20% variations in the price of HCl (EUR/L), lipase (EUR/g), and energy (EUR/kWh). 
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Table 1. Physicochemical properties of ESMC and catalytic properties of immobilized lipases.
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Parameter

	
Value

	
Notes






	
ESMC

	
Membrane particle size

	
100–300 µm

	
After milling




	
Moisture content

	
7.83 ± 0.39%

	
After drying




	
Surface area (BET)

	
2987–3906 m2/g

	
Brunauer–Emmett–Teller method for determining the specific surface area of solid material




	
Pore volume

	
0006 cm3/g

	




	
Pore size

	
3851 nm

	




	
Immobilized lipases

	
Immobilization yield

	
69.27 ± 0.40%

	
Percentage of bound activity




	
Enzyme loading

	
106.14 ± 3.22 U/g

	
Activity immobilized per gram of ESMC




	
Recovered activity

	
646.02 U/g

	
Activity of the immobilized enzyme normalized to the mass of the carrier.




	
Relative specific activity

	
111.25%

	
Relative to free lipase (baseline = 100%)




	
Operational stability

(half-life)

	
3.8 h

	
Measured under hydrolytic conditions using p-nitrophenyl palmitate (pNPP).




	
Reusability

	
46 cycles

	
Number of cycles until activity < 50%




	
Storage stability

	
100%

6 months at +4 °C

	
No activity loss under refrigerated storage











 





Table 2. Life cycle inventory for the production of immobilized lipases on eggshell membrane-based carriers (prices are based on the institution internal cost list, reflecting the laboratory-scale nature of the analysis).
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Process Steps

	
Unit

	
Quantity

	
Unit Price (EUR)

	
Total Price (EUR)






	
INPUT

	
Washing and acid treatment (1)




	
Eggshell waste

	
g

	
650.00

	
0.00

	
0.00




	
Water

	
L

	
28.30

	
2.78

	
0.08




	
37% HCl

	
L

	
1.20

	
2.60

	
3.12




	
Energy

	
kWh

	
0.48

	
0.15

	
0.07




	
Washing and separation (2)




	
Acetone *

	
L

	
0.14

	
3.61

	
0.51




	
Water

	
L

	
4.50

	
2.78

	
0.01




	
Recycled acetone *

	
L

	
0.86

	
0.15

	
0.11




	
Energy

	
kWh

	
1.69

	
0.15

	
0.25




	
Drying and grinding (3)




	
Energy

	
kWh

	
48.17

	
0.15

	
7.23




	
Immobilization and lyophilization (4)




	
Phosphate buffer

	
L

	
0.30

	
1.71

	
0.51




	
Lipase from Burkholderia cepacia

	
g

	
2.00

	
3.84

	
7.68




	
Energy

	
kWh

	
28.59

	
0.15

	
4.30




	
Neutralization and spray drying (5)




	
CaCl2 salt solution

	
L

	
10.00

	
-

	
-




	
Ca(OH)2

	
kg

	
0.10

	
10.00

	
1.00




	
2 M HCl

	
L

	
3 × 10−3

	
13.87

	
0.04




	
Energy

	
kWh

	
4.89

	
0.15

	
0.73




	
OUTPUT

	
Washing and acid treatment (1)




	
Egg white protein solution **

	
L

	
15.00

	
-

	
-




	
Washing and separation (2)




	
Wastewater

	
L

	
4.50

	
1.3 × 10−3

	
5.9 × 10−3




	
Drying and grinding (3)




	
Eggshell

membrane-based

carriers

	
g

	
15.00

	
7.7 × 10−2

	
11.51




	
Immobilization and lyophilization (4)




	
Immobilized lipase

	
g

	
15.00

	
1.71

	
25.63




	
Wastewater

	
L

	
0.30

	
1.3 × 10−3

	
3.9 × 10−5




	
Neutralization and spray drying (5)




	
CaCl2, anhydrous ***

	
g

	
663.00

	
0.06

	
40.44








* Required amount of acetone includes a minor portion of fresh solvent and a major portion of recycled solvent recovered from the same process. ** Chemical suppliers: HCl (Carlo Erba, Emmendingen, Germany), acetone (LabExpert, Ljubljana, Slovenia), Ca(OH)2 (Acros Organics (Las Rozas, Spain), phosphate buffer (NaH2PO4 and Na2HPO4, Sigma-Aldrich, Darmstadt, Germany), Burkholderia cepacia lipase (BCL) (Sigma-Aldrich product number: 534641, Saint Louis, MO, USA). *** By-product in this study. The egg white protein solution was not included in this study because, apart from the basic analysis to determine the composition, it was not further processed into the end product (isolation/purification of different proteins). This table provides a detailed breakdown of all key unit operations in the laboratory-scale process from eggshell membrane preparation to lipase immobilization and co-product recovery including quantities, unit prices, and total costs (in EUR).













 





Table 3. Functional unit (FU) results and batch-level economic comparison for the immobilized lipase with and without CaCl2 credit.
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	Metric Unit
	Without CaCl2 Credit
	With CaCl2 Credit





	EUR/U (primary FU)
	2.65 × 10−3
	1.52 × 10−3



	EUR/U (lifetime FU)
	5.75 × 10−5
	−3.32 × 10−5



	U (lifetime output)
	445,754
	445,754



	EUR/batch
	25.63
	−14.81










 





Table 4. Environmental impacts by ReCiPe 2016 method.
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	Impact Category
	Unit
	Quantities





	Climate change, default, excl. biogenic carbon
	kg CO2 eq.
	28.70



	Climate change, incl. biogenic carbon
	kg CO2 eq.
	28.70



	Fine Particulate Matter Formation
	kg PM2.5 eq.
	1.16 × 10−2



	Fossil depletion
	kg oil eq.
	13.00



	Freshwater Consumption
	m3
	0.32



	Freshwater ecotoxicity
	kg 1,4 DB eq.
	3.69 × 10−3



	Freshwater Eutrophication
	kg P eq.
	6.67 × 10−5



	Human toxicity, cancer
	kg 1,4-DB eq.
	0.05



	Human toxicity, non-cancer
	kg 1,4-DB eq.
	0.58



	Ionizing Radiation
	kBq Co-60 eq. to air
	2.11



	Land use
	Annual crop eq.·y
	2.23



	Marine ecotoxicity
	kg 1,4-DB eq.
	6.66 × 10−3



	Marine Eutrophication
	kg N eq.
	9.52 × 10−4



	Metal depletion
	kg Cu eq.
	0.0475



	Photochemical Ozone Formation, Ecosystems
	kg NOx eq.
	0.03



	Photochemical Ozone Formation, Human Health
	kg NOx eq.
	0.03



	Stratospheric Ozone Depletion
	kg CFC-11 eq.
	1.14 × 10−5



	Terrestrial Acidification
	kg SO2 eq.
	0.04



	Terrestrial ecotoxicity
	kg 1,4-DB eq.
	4.68










 





Table 5. Key LCA results with and without CaCl2 valorization.
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	Impact Category
	Unit
	With CaCl2

Valorization
	Without CaCl2

Valorization





	Climate change, incl. biogenic carbon
	kg CO2 eq.
	28.70
	28.00



	Fossil depletion
	kg oil eq.
	13.00
	12.70



	Terrestrial ecotoxicity
	kg 1,4-DB eq.
	4.68
	4.57



	Land use
	Annual crop eq.·y
	2.23
	2.18



	Human toxicity, non-cancer
	kg 1,4-DB eq.
	0.58
	0.57










 





Table 6. Results of the sensitivity analysis for the immobilization of lipase on eggshell membrane carrier process.
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Process

	
Parameter

	
Climate Change

	
Fossil Depletion






	
Washing and acid treatment (1)

	
Electricity

HCl

Water

	
−0.11%

−0.15%

−3.65 × 10−7%

	
0.11%

0.15%

3.65 × 10−7%

	
−0.11%

−0.22%

−1.27 × 10−6%

	
0.11%

0.22%

1.27 × 10−6%




	
Washing and separation (2)

	
Electricity

	
−0.40%

	
0.40%

	
−0.39%

	
0.39%




	
Drying and grinding (3)

	
Electricity

	
−11.30%

	
11.30%

	
−11.20%

	
11.20%




	
Immobilization and

lyophilization (4)

	
Electricity

	
−6.72%

	
6.72%

	
−6.66%

	
6.66%




	
Neutralization and spray drying (5)

	
Electricity

	
−1.15%

	
1.15%

	
−1.14%

	
1.14%








Analyzed parameters were electricity, HCl, water and lipases.













 





Table 7. Monte Carlo 95% confidence intervals for environmental impact categories.
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	Impact Category
	Unit
	Median
	Lower CI (95%)
	Upper CI (95%)





	Climate change, incl. biogenic carbon
	kg CO2 eq.
	28.70
	24.00
	32.80



	Fossil depletion
	kg oil eq.
	13.00
	11.00
	14.80



	Terrestrial ecotoxicity
	kg 1,4-DB eq.
	4.68
	3.10
	5.80



	Land use
	Annual crop eq.·y
	2.23
	1.85
	2.61



	Human toxicity, non-cancer
	kg 1,4-DB eq.
	0.58
	0.45
	0.71










 





Table 8. Benchmark of commercial immobilized lipases (EUR/U).
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	Immobilized Lipase
	Package/Price

(Currency)
	Declared Activity

U/g
	EUR/g
	EUR/U





	Lipase B (Candida antarctica lipase B, immobilized on Immobead 150); (MilliporeSigma)
	10 g = EUR 156.00
	≥1800
	15.6
	≈0.009



	Lipase, immobilized on Immobead 150 from Thermomyces lanuginosus lipase; (https://www.scientificlabs.com)
	50 g = USD 730.37
	≥3000
	≈12.0–15.0
	≈0.004–0.005



	Lipase, immobilized on Immobead 150 from Rhizomucor miehei lipase; (https://www.scientificlabs.com)
	10 g = USD 150.80
	≥300
	≈13.0–17.0
	≈0.043–0.056



	Lipase, immobilized on Immobead 150 from Pseudomonas cepacia lipase; (https://www.scientificlabs.com)
	10 g = GBP 94.10
	≥900
	≈10.0–13.0
	≈0.011–0.0140



	Lipase, immobilized on Immobead 150 from Candida rugosa lipase; (https://www.scientificlabs.com)
	10 g = USD 191.84
	≥100
	≈17.0–20.0 €/g
	≈0.170–0.200
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