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Abstract: This study presents the design and optimization of a hollow fiber membrane module for membrane
distillation (MD) applications. Membrane distillation is a thermally-driven separation process where a hy-
drophobic membrane facilitates the passage of water vapor while rejecting non-volatile solutes. The hollow
fiber configuration offers several advantages, including high surface area-to-volume ratio and compact module
design, which are crucial for enhancing the efficiency and scalability of MD systems. The research delves into
various design parameters such as fiber material selection, pore size distribution, fiber packing density, and
module configuration.

Keywords: Hollow fiber membranes, Membrane distillation, Polymeric fibers, Mass transfer

1. Introduction

Conventional liquid separation processes such as distillation are usually carried out using distillation columns.
The main objective in the design and operation of such systems is to maximize the mass transfer rate by
increasing the phase contact area. In the case of distillation columns, this can only be achieved by increas-
ing the area of the parts of the apparatus that are in direct contact with the liquid to be heated and ensuring
uniform distribution of liquid and vapor flows. However, classical distillation columns have a number of
disadvantages such as feed rate limitation, ebullition effect and foaming, which reduces the efficiency of
the process (Lin et al., 2025).

An alternative solution is membrane distillation, a phase separation process based on the use of a microp-
orous hydrophobic membrane. In this method, the more volatile component of the mixture evaporates on
one side of the membrane, passing through its pores as vapor, and condenses on the other side, provid-
ing selective separation of the solution components (Kebria and Rahimpour, 2020). Membrane distillation
combines the advantages of compact equipment, modular design, operation at lower temperatures than tradi-
tional distillation and the absence of the need for significant pressure differences between phases (Criscuoli,
2025).

This method has been actively researched since the 1980s and has been used for water purification, concen-
trating solutions in the food industry, wastewater treatment, seawater desalination and extracting valuable
compounds from process streams (Guo et al., 2025; Zare and Kargari, 2024). Depending on the configura-
tion of the membrane module, fluids can move in opposite directions through different sides of the mem-
brane, and the evaporation and condensation process is controlled by the temperature and hydrodynamic
parameters of the system. Unlike conventional columns, membrane distillation modules are not prone to
flooding at high flow rates, do not require maintaining density differences between phases, and provide a
stable contact area regardless of operating conditions.
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In addition, scaling up membrane distillation is a simpler and more predictable process. Membrane tech-
nology typically scales linearly, allowing the system capacity to be increased by adding new membrane
modules. The modular design allows the plant to operate over a wide range of production capacities. The
interfacial contact area is known and remains constant, which makes it easier to predict the efficiency of
the process compared to conventional distillation, where the contact area can be calculated but the actual
utilization of this area is more difficult to determine. Also, the efficiency of using membrane distillation
instead of traditional distillation depends largely on the composition of the separated solution, the type of
membranes used and the process conditions (Alkhudhiri et al., 2012).

2. Equipment description

The module for membrane distillation (see Fig. 1) of aqueous solutions and suspensions that distills from
the shell space into the fibers. Polypropylene membrane fibres from ZENA Ltd. are used as the active
surface. The module is 28.9 cm long with a central diameter of 8.5 cm, tapering at the ends to 5 cm GL45
threads. A key feature is the separation of PP membrane fibers to maximize the distillation area (Fig. 2),
achieved using glass flanges for easy bundle replacement, separator installation, and quick commissioning.
To prevent clogging by fine particles, an outside-in membrane distillation system is used, ensuring only the
easily cleanable outer membrane surface is exposed to fouling (Program TREND, 2024).

Fig. 1: Assembled module Fig. 2: Separator for fibers

For the outside-in approach a tap water at the temperature of 50 °C as a feed solution was used. The results
were obtained during the practical phase of the research and include measurements at different vacuum
pressures (0.68-0.80 bar) resulting the maximum yield 0.120 L/h. The measurement results at different
pressures are shown in Tab. 1 (Kalnicka, 2023).

Tab. 1: Distillation rates of outside-in approach using hollow fibre polypropylene membranes; the opera-
tional temperature of 50 °C, tapwater as a feed solution

Pressure [bar] 0.68 0.72 0.77 0.8

Distillation rate [L/h] 0.099 0.097 0.095 0.097
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3. Equipment upscaling

The equipment can be scaled up to increase the distillate yield. For the upscaled version of the equipment,
a new membrane bundle insertion base was developed (see Fig. 3 and Fig. 4) to accommodate up to five
700 mm long bundles.

Fig. 3: 3D render of semi-industrial version Fig. 4: Photo of semi-industrial version
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Fig. 5: Technological scheme

This modification allows for a significant increase in processing capacity while maintaining efficiency and
ensuring uniform phase contact. Additionally, the redesigned structure improves operational stability and
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simplifies maintenance, making the system more adaptable for industrial-scale applications. At the ex-
pected linear character of distillate yield growth, the capacity of the equipment will be 1.68 L/h. In addition,
a complete process flow diagram (Fig. 5) was developed, incorporating measurements of all key process
parameters. This detailed mapping provides a foundation for further optimization of the system. More-
over, the collected data and analytical framework open up the possibility of creating a digital twin of the
equipment. Such a model would allow for in-depth analysis of fine process parameters, enabling predictive
maintenance, performance improvements, and enhanced operational control.

4. Conclusions

This study presents the design, optimization, and scaling of a hollow fiber membrane module for membrane
distillation applications. The developed module leverages the advantages of membrane technology, such as
a high surface area-to-volume ratio, modularity, and operational efficiency. The integration of glass flanges
and an outside-in filtration approach enhances ease of maintenance and minimizes membrane fouling. The
development of a complete process flow diagram enables precise monitoring and future optimization. The
potential implementation of a digital twin further expands the capabilities of the system by allowing predic-
tive maintenance and deeper analysis of process dynamics.

These advancements contribute to the broader adoption of membrane distillation in industrial applications,
offering a scalable, efficient, and reliable alternative to conventional separation processes. Future work will
focus on refining the digital model and exploring additional enhancements to improve long-term perfor-
mance and sustainability.
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