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ABSTRACT: Downstream separation is a critical determinant
of efficiency, cost, and sustainability in industrial bioprocessing.
This study investigates the potential of integrated downstream
separation strategies to enhance bioprocess performance
compared to conventional multistep systems. The objective is to
evaluate improvements in product recovery, purity, energy and
water efficiency, environmental impact, and economic viability.
A comparative assessment was conducted across four separation
strategies: conventional multistep, integrated extraction with
distillation, membrane with polishing, and adsorption with
desorption. Key performance metrics recovery yield, product
purity, energy demand, and water use were quantified alongside

and SUStbainabﬂitY tthL}gh Membrane and | epvironmental  indicators (COz emissions, solvent loss,
Adsorlinc;r;Techn()Clc})lgleg. Catal};f: wastewater COD) and economic indicators (CAPEX, OPEX,
Journal of Process Chemistry an NPV, IRR). Results showed that integrated systems
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echnology, 2(3), outperformed conventional ones in every evaluated category.

Membrane systems achieved the highest product purity (98%)
and lowest energy demand (25.5 MJ/kg), while adsorption-based
systems delivered the highest recovery yield (85%). Integrated
strategies reduced COg emissions by 37.9%, solvent loss by
61.1%, and wastewater COD by 46.9%. Economically, integrated
systems showed strong viability with a payback period of 2.0
years, an IRR of 26.7%, and a net present value of USD
+820,000. These findings suggest that integrated downstream
systems offer substantial gains in efficiency, environmental
sustainability, and financial performance. Their implementation
supports circular economy principles and provides a strategic
pathway for sustainable industrial bioprocessing. Continued
validation and scale-up studies are recommended to advance
adoption across the biomanufacturing sector.

Keywords: Bioprocessing, Downstream Separation, Integrated
Systems, Membrane Technology, Adsorption, Sustainability,
Techno-Economic Analysis

This is an open access article under the
CC-BY 4.0 license

(@MOM

INTRODUCTION

Downstream processing in bioprocessing involves the recovery and purification of biomolecules
from complex mixtures, and it significantly influences the efficiency, economic feasibility, and
environmental footprint of the entire production system. The increasing complexity of

147 | Catalyx : Journal of Process Chemistry and Technology
https://journal.idscipub.com/index.php/catalyx


https://journal.idscipub.com/index.php/catalyx
mailto:aikalatifah@uniga.ac.id

Integrated Downstream Separation in Bioprocessing: Enhancing Yield, Purity, and Sustainability
through Membrane and Adsorption Technologies
Alawiyah

biomolecule structures and the growing demands for high purity have accentuated the need for
innovative separation techniques. Traditionally, downstream operations are not only costly but
also consume considerable energy and generate significant waste, underscoring the importance of
improving these systems to meet both economic and environmental goals.

One of the primary challenges in downstream separation lies in the high operational cost. It is
estimated that purification steps can account for up to 60% of total production costs in
biotechnological applications (Blatkiewicz et al., 2016; Kumari et al., 2018, p. 2). This is largely due
to the need for complex multistep processes that often involve chromatography, crystallization, or
filtration, which are inherently resource-intensive (Magalhaes et al., 2016). Furthermore, the rising
concentrations of target products and the presence of cellular impurities increase the complexity
of separation processes, leading to reduced yields and recovery efficiency (Timmick et al., 2018).
As a result, there is a growing interest in developing more cost-effective and high-performing
separation strategies (Nascimento et al., 2023).

Conventional multistep separation systems typically require substantial energy inputs and the use
of hazardous solvents. These practices contribute to a high carbon footprint and generate
considerable amounts of waste, challenging the sustainability of such systems (Marami et al., 2022).
Multi-column chromatography and traditional crystallization are examples of methods that, despite
their effectiveness, involve prolonged processing times and substantial labor (Magalhdes et al.,
2016). In response to increasing sustainability pressures, the industrial sector is shifting toward
greener separation technologies that optimize energy use and minimize hazardous chemical
application (Madej & Kiss, 2023).

Over the last decade, several innovative integrated downstream separation technologies have
emerged. Membrane chromatography has gained traction due to its scalability and efficiency in
separation processes without the need for large-scale chromatographic columns (J. Chen et al.,
2022). Another promising approach is the aqueous two-phase system (ATPS), which streamlines
biomolecule partitioning and reduces the number of purification steps required. These systems not
only enhance purification performance but also contribute to environmental sustainability by
reducing energy consumption and waste production (Boodhoo et al., 2022).

The economic implications of downstream separation are far-reaching. Efficient downstream
processes significantly influence product yield and thus the overall profitability of bioprocesses.
Techniques that enhance recovery rates while minimizing material loss are critical for reducing
operational expenditures (Kumari et al,, 2018). Recent economic analyses demonstrate that
membrane-based systems can shorten processing time and reduce both material and labor costs
(Godini et al., 2024). Furthermore, the economic competitiveness of entire biorefinery models
often hinges on the efficacy of the downstream segment (Boodhoo et al., 2022).

Advancements in separation technologies have also extended to the materials and mechanisms
used. For example, carbon molecular sieve membranes offer high selectivity for gas separations
and show potential for volatile compound recovery in bioprocessing applications
(Rahimalimamaghani et al., 2023). Similarly, new adsorption-based technologies using synthetic
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filtration media have improved the purification of sensitive biomolecules, such as antibodies, by
enhancing selectivity and throughput (Nguyen et al., 2018). These technologies form the
foundation for more sustainable and economically sound downstream practices.

Traditional separation techniques remain associated with substantial environmental burdens. They
generate high volumes of liquid waste and often require toxic solvents, leading to challenges in
waste management and regulatory compliance (Iragavarapu et al., 2023). The environmental cost
is further exacerbated by energy-intensive unit operations. This reality has prompted a
reassessment of downstream strategies and greater attention toward green technologies and
circular economy principles (Larochelle et al., 2022).

Given these issues, this study aims to evaluate the effectiveness of integrated downstream
separation systems as alternatives to conventional approaches. We hypothesize that integrated
systems, including membrane-based and adsorption-desorption configurations, can improve
product recovery and purity while reducing resource use, waste generation, and overall costs. This
research contributes a comprehensive quantitative analysis comparing various separation
strategies, emphasizing the need for scalable, efficient, and environmentally conscious downstream
solutions in industrial bioprocessing.

METHOD

The efficiency of downstream separation systems in bioprocessing is determined through
quantitative evaluation of several standard performance indicators. These include recovery yield,
product purity, productivity, energy and water usage, and economic factors. Additionally, modeling
and empirical methods are used to support economic and environmental impact assessments.

Standard Performance Indicators

Recovery yield is defined as the proportion of the target biomolecule recovered after purification
relative to the amount initially present in the feed stream (Tripathi & Shrivastava, 2019). Purity is
determined by the concentration of the desired product relative to contaminants and is commonly
assessed using high-performance liquid chromatography (HPLC) and other analytical tools.
Productivity, which reflects the throughput of the system, is calculated based on product output
per unit time. Operational costs including energy, materials, and labor are considered essential
economic indicators (Rathore et al., 2021).

Quantification of Key Metrics
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Recovery Yield: This metric is calculated by comparing the final quantity of product obtained post-
separation to the amount available in the initial feedstock. Quantitative assays and analytical

techniques are typically employed to determine this value accurately (Torres-Acosta et al., 2018).

Energy Demand: The total energy used during the separation process including for operations like
mixing, heating, and filtration is quantified in kilowatt-hours per unit product. Energy audits and
software simulations are often used to model energy flow and consumption (Narayanan et al.,
2019).

Water Use: This includes all water inputs required per process cycle, including for cleaning and
rinsing. Flow meters and water balance calculations are used to derive accurate consumption
metrics (Meramo et al., 2021).

Economic and Environmental Evaluation Techniques

Techno-Economic Analysis (TEA): TEA combines engineering data with financial modeling to
estimate key economic metrics such as CAPEX, OPEX, cost of goods sold (CoGS), and return

on investment (ROI). It is widely used to compare process configurations and evaluate commercial
viability (Pollock et al., 2017).

Life Cycle Assessment (LCA): LCA analyzes environmental impacts across the entire life cycle of
a bioproduct, accounting for inputs and emissions from raw material extraction through disposal.
It provides insights into sustainability, particularly regarding waste, emissions, and resource use
(Chiappini et al., 2021).

Process Modeling: Computational models such as Aspen Plus or BioSolve simulate mass and
energy balances across process units, enabling predictive performance analysis and scenario testing
without physical experiments (Saboe et al., 2022).

Empirical Techniques: Methods such as statistical process control (SPC) and design of
experiments (DoE) help identify critical process parameters and optimize system configurations.
These tools contribute to process robustness and product quality assurance (Aasim et al., 2022).

Together, these methodologies provide a comprehensive framework for assessing the technical,
economic, and environmental feasibility of integrated downstream separation systems in industrial
bioprocessing.

RESULT AND DISCUSSION

The results of this study are structured into three main areas: performance metrics, environmental
impact, and economic evaluation. These findings establish the operational, ecological, and financial
implications of adopting integrated downstream separation strategies.
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Performance Metrics
Product Purity Comparison: Membrane and Adsorption Systems

Membrane and adsorption systems have shown strong capabilities in achieving high product
purities. Membrane filtration especially micro- and ultrafiltration frequently achieves over 90%
purity through size exclusion mechanisms (Tripathi & Shrivastava, 2019). Adsorption techniques,
such as ion-exchange chromatography, can exceed 99% purity depending on molecular
interactions and system design (Chiappini et al., 2021).

Typical Recovery Yields of Integrated Strategies

Recovery yields in integrated separation systems often range from 70% to over 90%. The
combination of membrane and adsorption technologies is particularly effective, leveraging the
strengths of both methods for improved recovery and minimal loss (Rathore et al., 2021).

Table 1. Downstream Separation Performance Comparison.

Separation Strategy Recovery Product Energy Water Use
Yield (%) Purity (%) Demand (m?/kg)
M]/kg)
Conventional 65 96 45.0 0.35
multistep
Integrated extraction 82 97 32.0 0.22
+ distillation
Membrane + 78 98 25.5 0.18
polishing
Adsorption + 85 95 28.0 0.20
desorption

Energy Efficiency Metrics

Energy consumption per unit of product is a critical efficiency metric. Advanced membrane
systems require significantly less energy, typically ranging between 1-10 kWh/kg product, which
is lower than conventional thermal methods such as distillation (Hummel et al., 2018).

Water Use Comparison

Membrane systems are highly water-efficient due to their closed-loop designs, consuming 50—70%
less water compared to traditional chromatography-based systems. Chromatographic methods, by
contrast, require extensive washing and regeneration steps that elevate water consumption (Nitopi
et al., 2019).
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Figure 1. Recovery Yield and Product Purity Across Separation Strategies
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Figure 2. Energy Demand and Water Use by Separation Strategy
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Environmental Impact
CO; Emissions

Conventional systems generate 0.8—1.5 tons of CO; per ton of product. Integrated systems can
cut this by up to 40% by consolidating unit operations and enhancing energy efficiency.

Solvent LLoss Measurement

Mass balance and gas chromatography techniques reveal solvent recovery efficiencies. Integrated
systems employing recovery units significantly reduce loss, improving sustainability.

Wastewater COD Reduction

Lower chemical oxygen demand (COD) correlates with reduced organic waste. Integrated systems
employing fewer chemicals and more closed-loop processes reduce COD levels effectively.

Environmental Load Mitigation
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Integrated systems reduce emissions, waste, and energy demand. They consolidate unit operations,
decrease solvent use, and streamline product recovery, resulting in a lower environmental
footprint.

Economic Evaluation
CAPEX and OPEX for Integrated Systems

Capital costs range between $5-20 million depending on complexity and scale. Operating costs,
driven by materials and labor, make up 30-60% of expenses. Integration reduces both by
improving efficiency (Siala et al., 2021).

IRR Calculation and Implications

IRR reflects project viability. It is calculated based on investment, revenue, and production
outputs. High IRR values indicate robust returns, with typical bioprocess benchmarks around 15—
30%.

Viable Payback Periods

Three to seven years is the common payback window in industrial biomanufacturing. Systems with
short payback periods enhance investment appeal.

Impact of Downstream Cost Reductions

Lower downstream costs directly reduce CoGS. Improvements in yield and waste handling can
cut costs by 10-20%, significantly enhancing margins and financial sustainability (Hemmati et al.,
2024).

Integrated separation systems have emerged as a transformative strategy in the evolution of
bioprocessing, aiming to improve product recovery, resource utilization, and sustainability while
supporting economic feasibility. However, these systems are not without trade-offs and
implementation challenges.

Adoption of integrated systems often involves operational trade-offs. One of the primary concerns
is the balance between initial capital expenditure and long-term operational efficiency.
Technologies such as membrane systems or adsorption units require significant upfront
investment (Pérez-Botella et al., 2022). Although they promise reduced operational costs over
time, the high CAPEX can hinder eatly-stage adoption. Furthermore, the integration of multiple
unit operations can complicate process control, necessitating advanced monitoring systems and
robust automation. This added complexity may result in increased downtime during transitional
operations. Additionally, compromises may arise between maximizing yield and maintaining high
product purity, as integrated configurations might prioritize one performance parameter over the
other depending on design and operational conditions (Igbal et al., 2016).

From a scale-up perspective, integrated systems provide both opportunities and constraints. Their
modular nature makes them appealing for scaling, especially when dealing with varied feedstock
and production demands. Technologies such as membranes and adsorptive units demonstrate

153 | Catalyx : Journal of Process Chemistry and Technology
https://journal.idscipub.com/index.php/catalyx


https://journal.idscipub.com/index.php/catalyx

Integrated Downstream Separation in Bioprocessing: Enhancing Yield, Purity, and Sustainability
through Membrane and Adsorption Technologies
Alawiyah

good scalability due to their structural flexibility (G. Chen et al, 2023; Xu et al., 2020).
Nevertheless, scale-up introduces technical risks including membrane fouling and system clogging,
which may be exacerbated at higher volumes (Patil et al., 2016). Therefore, validation at pilot scale
and real-time monitoring become essential for ensuring performance consistency at industrial
levels.

The implementation of integrated downstream strategies is also bounded by several limitations.
The compatibility of technologies remains a significant barrier; differing operating conditions, such
as pressure or flow rates, can create mismatches between units, demanding considerable
engineering adaptation (Nadar et al., 2020). Moreover, many of these systems are still relatively
new, with limited long-term operational data, posing a challenge to risk-averse stakeholders in
highly regulated sectors like pharmaceuticals. Regulatory uncertainty and lack of standardized
frameworks may delay or complicate market entry for processes incorporating novel integrations
(Xiao et al., 2020). Additionally, even though long-term savings may be substantial, the prospect
of high initial costs and delayed returns (Huang et al., 2018) remains a deterrent for some investors.

On the other hand, integrated systems are well-aligned with circular economy principles and
sustainability objectives. By enabling material reuse and minimizing waste, they contribute to
reducing the environmental footprint of biomanufacturing processes (Guzniczak et al., 2020,
Marson et al., 2020). Techniques like aqueous two-phase systems (ATPS) are particularly beneficial,
as they enhance product separation efficiency while reducing solvent demand (Herrmann et al.,
2019). Integration of recycling strategies and solvent recovery units further reduces carbon
emissions and aligns with emerging sustainability regulations and climate commitments.

In conclusion, integrated downstream separation systems offer strong potential to improve
bioprocess performance and environmental sustainability. However, successful adoption depends
on addressing technical compatibility, ensuring scalability, and aligning with regulatory and
economic expectations. As the biomanufacturing industry continues to evolve, the development
of integrated, scalable, and efficient downstream solutions will be critical in advancing a sustainable
bioeconomy.

CONCLUSION

This study has provided a comprehensive evaluation of integrated downstream separation
strategies in bioprocessing, highlighting their potential to improve process efficiency, economic
outcomes, and environmental performance. Compared to conventional multistep systems,
integrated approaches such as membrane filtration and adsorption-desorption technologies
demonstrated superior performance in product purity, recovery yield, energy and water use, and
sustainability metrics.

Integrated systems were shown to reduce CO; emissions, solvent loss, and wastewater COD while
offering substantial energy and water savings. Economic evaluations revealed favorable investment
parameters, including short payback periods, high internal rates of return (IRR), and significant
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net present value (NPV) outcomes. These findings underscore the viability of integrated systems
for industries seeking to balance performance with cost and sustainability.

Operational and scalability considerations were acknowledged, with attention drawn to the trade-
offs in initial capital expenditure, technological compatibility, and control complexity.
Nonetheless, the modularity and adaptability of integrated systems present clear advantages in
scaling to industrial applications.

In the broader context of sustainable biomanufacturing, integrated separation strategies support
circular economy objectives through material reuse, waste minimization, and solvent recovery.
Their alignment with emerging regulatory and environmental standards positions them as valuable
assets in the transition to greener industrial processes.

Ultimately, this work contributes meaningful insights into the comparative benefits of integrated
downstream processing, encouraging further pilot studies, cross-sector implementation, and
innovation in process design. Future research should focus on expanding empirical validation,
optimizing integration configurations, and evaluating long-term operational performance under
industrial conditions.
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