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Abstract

Increasing freshwater scarcity has intensified the need for energy-efficient and sustainable
desalination technologies, making solar-assisted Direct Contact Membrane Distillation
(DCMD) an attractive solution due to its low-temperature operation, high salt rejection,
and compatibility with renewable energy. The PRISMA 2020 framework was used to
systematically review and analyze the literature published on Scopus during the period
1974–2026 from a bibliometric and critical technical perspective. The study combines bib-
liometric analysis with critical analysis of technological development to investigate the
development of solar-assisted DCMD and its use for sustainable production of freshwater,
which was not incorporated in previous reviews. The analysis identifies rapid research
momentum since 2017, with China, the USA, Saudi Arabia, Australia and Turkey being
major contributors, and shows how the research focus has shifted to include the use of
membrane materials, integration with renewable energy, fouling prevention, temperature
polarization and energy efficiency. Significant advances have been made, yet commercial-
ization is severely hampered by wetting of membranes, thermal losses, and low numbers
of pilot-scale validations and inadequate standardized testing of performance. The review
highlights the major research gaps and future directions, such as the development of ad-
vanced membrane materials and advanced hybrid renewable energy systems, the use of
artificial intelligence (AI) for process optimization, conducting a comprehensive techno-
economic and life-cycle assessment, and pilot-scale demonstration over a long duration.
The results offer a comprehensive plan for the further development of solar-assisted DCMD
for reliable and sustainable water production.

Keywords: direct contact membrane distillation; water purification; desalination; solar
energy
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1. Introduction
Freshwater scarcity is an increasing global challenge driven by population growth,

urbanization, industrial development, agricultural demand, and climate variability [1–5].
Desalination of seawater, brackish water, and concentrated saline streams is therefore an
important strategy for expanding freshwater availability, particularly in water-stressed
regions [6–10]. However, the environmental and economic sustainability of conventional
desalination remains a concern because of high energy requirements, greenhouse gas emis-
sions, concentrate management, and dependence on conventional energy sources [11–14].
These limitations have intensified the search for desalination processes that can operate
efficiently with low-grade and renewable energy [15–19].

Membrane Distillation (MD) is a thermally driven membrane process that uses a
temperature-induced vapor pressure difference across a hydrophobic microporous mem-
brane. Unlike pressure-driven membrane processes, MD can utilize low-temperature heat
sources while achieving very high salt rejection, making it attractive for desalination and
concentration applications [20–22]. Among the different MD configurations, Direct Contact
Membrane Distillation (DCMD) has received considerable research attention because of
its relatively simple configuration, atmospheric-pressure operation, suitability for highly
saline feeds, and compatibility with low-grade thermal energy [23–27]. However, the
practical performance of DCMD is strongly affected by membrane wetting and fouling,
temperature and concentration polarization, conductive heat losses, membrane durability,
and module-scale heat and mass transfer limitations [28–30]. Consequently, improving
membrane materials alone is insufficient; sustainable DCMD requires simultaneous opti-
mization of membrane characteristics, thermal management, module configuration, and
energy integration [28,29].

Solar-assisted DCMD has emerged as a promising approach for addressing the energy
requirements of thermally driven desalination. Solar thermal energy can provide the
relatively low-temperature heat required by DCMD, while thermal storage, heat recovery,
photovoltaic–thermal systems, and hybrid renewable energy configurations can improve
energy availability and system flexibility [30–32]. This approach is particularly relevant for
decentralized freshwater production in remote, arid, coastal, and off-grid regions where
solar resources are abundant and conventional energy infrastructure is limited. Recent
research has therefore expanded beyond membrane development toward renewable energy
integration, thermal management, fouling mitigation, process optimization, computational
modeling, and intelligent control [31,33]. Nevertheless, the transition from laboratory-scale
solar-assisted DCMD to reliable freshwater production remains constrained by membrane
wetting and degradation, thermal losses, variable solar availability, limited long-term
validation, and insufficient system-level economic and environmental assessment.

Several review studies have examined MD from different perspectives, including
membrane materials and fabrication, transport mechanisms, module configuration, fouling
and wetting, renewable energy integration, and hybrid desalination systems [34]. Recent
reviews and research studies have further expanded the discussion toward solardriven de-
salination, renewable energy utilization, and advanced process configurations [31]. These
contributions have substantially advanced understanding of MD and solar-assisted de-
salination; however, important gaps remain. Existing reviews often focus on individual
technological components or provide predominantly narrative summaries of technical
developments. Moreover, the evolution of research activity, emerging research themes,
geographical and collaborative patterns, and their relationship with technological devel-
opment are not consistently examined within the same framework. The recent literature
on advanced membranes, renewable energy integration, artificial intelligence, computa-
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tional modeling, and sustainable system assessment also makes it necessary to reassess the
direction and maturity of the field.

A further gap concerns the limited integration between what the research community
is studying and what the technology needs to achieve practical deployment. Bibliometric
indicators can reveal changes in research priorities, emerging keywords, scientific col-
laborations, and underrepresented research areas, but publication counts alone cannot
explain the technological significance of these trends. Conversely, a purely technical re-
view may identify membrane, energy, and process challenges without demonstrating how
these challenges correspond to the broader evolution of the research field. An integrated
assessment is therefore needed to connect bibliometric evidence with experimental and
engineering developments and to identify research themes that require greater attention
for the transition from laboratory-scale studies to practical freshwater production.

Accordingly, this review addresses the following research questions:

RQ1. How has research on DCMD evolved from conventional Membrane Distillation toward
solar-assisted DCMD and, more specifically, solar-assisted DCMD for freshwater production?

RQ2. Which geographical, disciplinary, thematic, and collaborative trends characterize this
evolution, and what do these trends reveal about emerging research priorities?

RQ3. How have developments in membrane materials, transport phenomena, fouling and wetting
mitigation, module design, renewable energy integration, and process optimization contributed to
the performance of solar-assisted DCMD?

RQ4. Which scientific and technological gaps currently limit long-term operation, scale-up,
economic feasibility, and sustainable freshwater production?

RQ5. What emerging approaches, including artificial intelligence, computational fluid dynamics,
hybrid renewable energy systems, thermal energy storage, and zero liquid discharge (ZLD), offer the
greatest potential for advancing solar-assisted DCMD toward practical implementation?

To answer these questions, the present study integrates PRISMA 2020-based system-
atic literature selection, comparative bibliometric analysis, and critical technical assess-
ment. Three related research categories—conventional DCMD, solar-assisted DCMD, and
solar-assisted DCMD for freshwater production—are comparatively examined to trace the
evolution of the field. Bibliometric evidence is subsequently connected with the technical
literature to interpret developments in membrane materials, transport mechanisms, module
configurations, renewable energy integration, fouling and wetting control, process opti-
mization, techno-economic assessment, sustainability, and ZLD applications. The review
further identifies underrepresented research areas and formulates specific priorities for
future investigation, including long-term pilot-scale validation, standardized performance
evaluation, advanced membrane development, intelligent process optimization, hybrid re-
newable energy integration, and comprehensive techno-economic and life-cycle assessment.

The principal contribution of this review is therefore not simply to summarize pub-
lished studies, but to establish an integrated link between research evolution, technological
development, and future deployment requirements of solar-assisted DCMD. Particular
attention is given to the emerging application of solar-assisted DCMD for sustainable fresh-
water production and to the scientific gaps that must be addressed to move the technology
from laboratory-scale development toward reliable, scalable, and commercially viable
desalination systems.
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2. Materials and Methods
2.1. Overall Review Framework

A systematic and integrated review methodology was followed to systematically
assess the research progress of DCMD technologies for sustainable desalination. The re-
view methodology merges quantitative bibliometric analysis with a critical technological
assessment in order to establish a direct link between the evolution of the scientific research
and advances in MD technology. The present study combines the two aspects of conven-
tional review articles, bibliometric and technical, in a unified analytical framework, thus
providing a comprehensive picture of the current state of research, technological advances
and future research priorities.

Seven sequential stages of the review methodology were performed:

i. Discussion of planning and research goals;
ii. Systematic literature search;
iii. PRISMA-based study selection;
iv. Data extraction and bibliometric analysis;
v. Critical thematic review;
vi. Determination of research gaps and synthesis;
vii. Specification of future directions.

Each stage was developed to be methodologically transparent and reproducible and
consistent across the review process.

A comprehensive literature search was first conducted to find publications on DCMD,
solar-assisted MD and freshwater production. After identification and screening, eligible
studies were analyzed bibliometrically, with the aim of examining the trends of publications,
citation patterns, international cooperation, influential journals, research productivity, and
the evolution of the theme. The bibliometric evidence obtained was then used to organize
the critical technology review, enabling the understanding of the scientific developments in
the context of their evolution in time.

The technical assessment does not review the publications in chronological order but
instead is organized by the dominant themes of the research identified with bibliometric
mapping. Themes include membrane materials and fabrication, transport phenomena,
membrane fouling and wetting, integration with renewable energy, thermal and energy
performance, TEL, and ZLD applications. This organization of the review allows for a
comprehensive comparison of technological advancements, aids in the identification of
outstanding scientific questions, and sets a logical course for future research directions.

The overall methodological workflow used in this study is shown in Figure 1, summa-
rizing the sequential steps, starting from the identification of the literature and finishing
with the integrated bibliometric and technological synthesis.

2.2. Literature Search and Study Selection

To cover the maximum volume of peer-reviewed research on solar-assisted DCMD,
a systematic literature search (SLS) was performed using the Scopus database. Scopus
was selected because it provides one of the largest curated multidisciplinary bibliographic
databases, offering broad coverage of the peer-reviewed literature in engineering, envi-
ronmental science, materials science, energy, and water resources [31]. In addition to its
extensive journal coverage, Scopus provides standardized bibliographic metadata and cita-
tion information that are fully compatible with established bibliometric software packages,
including Biblioshiny (Bibliometrix Rpackage bibliometrix 5.1.1) and VOSviewer, thereby
ensuring reliable, consistent, and reproducible bibliometric analyses [34]. The use of a
single, standardized database also minimized inconsistencies in bibliographic metadata
and reduced potential duplication of records during data extraction and network analysis.
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Nevertheless, it is acknowledged that publications indexed exclusively in other scientific
databases, such as Web of Science, IEEE Xplore, Dimensions, or Google Scholar, were not
included in the present bibliometric dataset.

 
Figure 1. Overall methodological workflow of the systematic review incorporating the PRISMA 2020
framework, bibliometric analysis, and critical technical evaluation.

The literature search included papers published from 1974 to 2026, including those
early papers that helped develop MD technology, as well as the many papers on renewable
energy-driven desalination systems that have been published recently. Searches were
conducted in the following areas to maximize the number of relevant publications re-
trieved and minimize the number of non-relevant publications retrieved: title, abstract,
and keywords.

Boolean operators (AND, OR) along with phrase searching were used to integrate
keywords related to MD, solar energy, desalination, freshwater production, membrane
performance, fouling, wetting, polarization, integration with renewable energy, and thermal
efficiency in order to achieve an extensive and reproducible search strategy. The search
strategy was iterative in order to maintain both sensitivity and specificity, in order to
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capture publications directly relevant to the objectives of the present review. Boolean search
terms applied in the Scopus database are shown in Table 1.

Table 1. Representative Boolean search strategy used for literature retrieval from the Scopus database.

Search Component Boolean Search Expression

Core Technology (“Direct Contact Membrane Distillation” OR DCMD OR
“Membrane Distillation”)

Application (Desalination OR “Freshwater Production” OR Seawater
OR Brine)

Energy Source (“Solar Energy” OR “Solar Thermal” OR Renewable OR
“Renewable Energy”)

System Performance (Flux OR Fouling OR Wetting OR Polarization OR
“Energy Consumption”)

Final Search String
(“Direct Contact Membrane Distillation” OR DCMD OR

“Membrane Distillation”) AND (Desalination OR “Freshwater
Production”) AND (“Solar Energy” OR Renewable)

After conducting the literature search, all data that were retrieved were exported
in CSV format along with bibliographic details such as publication year, document type,
author, institution, country, journal, number of citations, abstract and author keywords.
Both the bibliometric evaluation and the thematic organization of the technical review were
based on these metadata.

The retrieved publications were then screened following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines such that the
study selection process was systematic and transparent. Initially, duplicate records were
identified and removed. Across the remaining publications, a title-and-abstract screening
was conducted to eliminate papers that did not relate to MD, solar-assisted desalination
or freshwater production. Full-text assessment then took place to determine whether the
article was relevant to the pre-established objectives according to the review and eligibility
criteria. Publications that met all the inclusion criteria were kept in the final bibliometric
dataset and critical technological assessment [35].

Only scientifically relevant and methodologically appropriate studies were included
in the review, hence the PRISMA-based screening procedure.

2.3. Eligibility Criteria and Quality Assessment

Pre-defined eligibility criteria were set up to guarantee the scientific quality, relevance
and consistency of the literature reviewed in detail before the publications were retrieved.
Those criteria were set to provide a restriction that would allow us to identify studies which
directly concern solar-assisted DCMD and to exclude those that were not related to the
goals of the present review. Table 2 summarizes all the inclusion and exclusion criteria.

Journal articles published between 1974 and 2026 in journals indexed in the PubMed
search engine and published in English were eligible for inclusion in the review. Eligi-
ble studies emphasized MD, in particular, DCMD, and included membrane materials,
membrane fabrication, modular configurations, transport phenomena, renewable energy
integration, membrane fouling and wetting, thermal and energy performance, techno-
economic analysis, and zero liquid discharge (ZLD) applications. Studies were included
which covered broader desalination technologies, provided useful information on the
development of DCMD and/or the development of MD technologies used in combination
with solar energy.

https://doi.org/10.3390/liquids6030027

https://doi.org/10.3390/liquids6030027


Liquids 2026, 6, 27 7 of 60

Table 2. Inclusion and exclusion criteria adopted for literature selection.

Inclusion Criteria Exclusion Criteria

Peer-reviewed journal articles Conference papers, book chapters, editorials,
notes, dissertations, patents, and theses

Publications written in English Publications in languages other than English
Studies published between 1974 and 2026 Publications outside the selected time period

Studies focusing on MD, particularly DCMD
Studies exclusively addressing unrelated

desalination technologies without relevance
to MD

Studies investigating solar-assisted
desalination, renewable energy integration,
membrane performance, fouling, wetting,

transport mechanisms, thermal analysis, or
techno-economic evaluation

Publications lacking sufficient technical
information or not aligned with the objectives

of this review

To ensure that the scientific quality and the reporting standards were kept consistent,
publications like conference proceedings, book chapters, editorials, notes, dissertations,
patents, and non-English publications were excluded. Likewise, studies that were not
sufficiently technically informed, experimental or performance-evaluated for the goals of
this review were not included in the detailed synthesis. The publications that passed the
screening process continued to be assessed as full articles using the PRISMA processes.
All the articles were assessed for their scientific relevance, methodology, experimental
or modeling information, and contribution to the further development of the research in
solar-assisted DCMD. Papers giving detailed descriptions of membrane characteristics,
operating conditions, process performance, integration with renewable energy and/or
technological innovations were prioritized for the critical review.

While the current study was not quantitative, the methodological quality of the litera-
ture reviewed was assessed systematically, and only publications of high methodological
quality were included to ensure the reliability of the synthesized evidence. Special at-
tention was paid to the transparency of experimental setups, membrane characterization
techniques, operating parameters, validation methods, and reporting of key performance
indicators like permeate flux, salt rejection, thermal efficiency, specific energy consumption,
membrane fouling, membrane wetting, and long-term operational stability [36]. This quali-
tative assessment helped to show a balanced interpretation of the literature available and
minimize the impact of the studies that did not report enough methodological detail.

The literature identification, screening, eligibility assessment, and study selection pro-
cedures were conducted following the PRISMA 2020 guidelines, as illustrated in Figure 2.

2.4. Data Extraction

Following the final selection of eligible publications, relevant bibliographic and techni-
cal information was systematically extracted using a standardized data extraction frame-
work to ensure consistency throughout the review. The information retrieved was used
as the basis for the bibliometric analysis as well as the critical technological assessment
that followed.

Bibliographic information included publication year, document type, journal name,
authors, institutional affiliations, countries, citation counts, author keywords, and indexed
keywords. The data were analyzed in terms of publication trends, scientific productivity,
collaboration network, impact of publications, thematic changes and hot topics in the
solar-assisted DCMD research field. Bibliographic metadata were collected from each study,
and detailed technical information was extracted from each study. This encompassed the
membrane material and fabrication technique, membrane properties (pore size, porosity,
thickness, hydrophobicity, and liquid entry pressure (LEP)), module configuration, feedwa-
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ter characteristics, thermal conditions, flow conditions, permeate flux, salt rejection, specific
energy consumption, renewable energy source, mechanism of heat recovery, membrane
fouling, wetting behavior, and technological limitations mentioned so far. Data on pilot-
scale applications, techno-economic analysis, life-cycle analysis, and ZLD systems were
also gathered, where available.

Figure 2. PRISMA 2020 flow diagram of the literature selection process for the systematic review of
solar-assisted DCMD.

The retrieved data were structured into thematic categories that matched the main
research themes determined with the bibliometric mapping. The classification allowed
the systematic comparison of studies based on membrane performance, transport mecha-
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nisms, integration of renewable energy, process optimization, and commercial feasibility.
Therefore, the data extraction process also served as the bridging element between the
quantitative bibliometric assessment and the qualitative critical review, thereby enabling
the subsequent discussion to be based on a consistent and transparent evaluation of the
literature published.

2.5. Bibliometric Analysis

A bibliometric analysis was performed to quantitatively examine the development of
the world’s research on DCMD, solar-assisted DCMD (SADCMD) and solar-assisted DCMD
for freshwater production (SADCM) from 1974 to 2026. The bibliographic records obtained
from the Scopus database were exported as a CSV file and analyzed with the Biblioshiny
(Bibliometrix R-package) and VOSviewer (version 1.6.20). This software combination
allowed for complete descriptive analysis, scientific mapping, network visualization, and
thematic interpretation of the retrieved literature [37].

Biblioshiny was employed to evaluate descriptive bibliometric indicators, including
annual scientific production, publication growth, document types, source journals, author
productivity, institutional productivity, country-wise scientific output, citation analysis,
thematic evolution, and trend topic analysis. These indicators provided a quantitative
overview of the growth and maturity of research in solar-assisted DCMD while identifying
influential publications, leading contributors, and emerging areas of investigation [38].

VOS viewer was utilized to construct bibliometric network maps illustrating scientific
relationships between authors, institutions, countries, journals, references, and research
topics. Co-authorship analysis was performed to examine patterns of international scientific
collaboration, whereas keyword co-occurrence analysis was conducted to identify dominant
research themes and emerging technological trends. Citation and co-citation analyses
were further employed to investigate the intellectual structure of the research field by
identifying highly influential publications and the relationships between frequently cited
references [39].

To ensure meaningful interpretation of the bibliometric networks, minimum occur-
rence thresholds and normalization procedures were applied in accordance with the recom-
mendations provided in the VOS viewer and Bibliometrix documentation. The resulting
networks were grouped into thematic clusters using the association strength normalization
algorithm implemented within VOS viewer. Network characteristics such as node size,
link strength, cluster formation, and Total Link Strength (TLS) were interpreted to evaluate
research productivity, collaboration intensity, and the interrelationships between major
scientific themes [40].

Unlike conventional bibliometric studies that primarily present publication statistics
and visualization maps, the bibliometric analysis in the present review serves a broader
analytical purpose. The identified thematic clusters, collaboration patterns, and research
hotspots were subsequently used to organize the critical technological review. Conse-
quently, bibliometric evidence was integrated with a qualitative literature synthesis to
establish a direct relationship between the evolution of scientific research and technological
developments in solar-assisted DCMD [41].

The principal bibliometric indicators evaluated in this study include:

1. Annual scientific production and publication growth.
2. Document type and language distribution.
3. Subject area classification.
4. Source journal productivity and citation impact.
5. Author, institutional, and country productivity.
6. International collaboration and co-authorship networks.
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7. Citation and co-citation analysis.
8. Keyword co-occurrence networks.
9. Thematic evolution and trend topic analysis.
10. Comparative bibliometric assessment of the three research domains.

The integrated interpretation of these indicators provided the scientific foundation for
identifying research trends, evaluating the maturity of different technological areas, and
establishing the thematic structure adopted in the subsequent critical review.

2.6. Critical Technical Review Framework

Following the bibliometric analysis, a comprehensive critical technical review was
undertaken to evaluate the technological progress achieved in solar-assisted DCMD. Rather
than reviewing the selected publications chronologically or summarizing individual studies
independently, the present review adopts a theme-oriented analytical framework in which
the dominant research themes identified through bibliometric mapping serve as the basis
for the critical synthesis of the literature.

The bibliometric analysis identified several major research domains that have driven
the evolution of solar-assisted DCMD over the past five decades. Accordingly, the technical
review was organized into thematic sections covering membrane materials and fabrication
techniques, transport phenomena, membrane fouling and wetting, temperature and concen-
tration polarization, renewable energy integration, thermal and energy performance, TEA,
pilot-scale demonstrations, and zero liquid discharge (ZLD) applications. The thematic
organization allowed the systematic analysis of technological innovations and the linking
of the evolution of research with innovations in science.

The selected studies were then compared within the respective thematic domains
in terms of experimental methodology, membrane characteristics, operating conditions,
feedwater composition, module configurations, permeate flux, salt rejections, thermal
efficiency, specific energy consumption, renewable energy utilization, membrane durability,
fouling behavior, wetting mechanisms, and reported technological limitations. The results
were presented through a focus on commonalities, discrepancies, strengths and weaknesses
in methodology, and unanswered scientific questions found throughout the literature.

In contrast to the traditional narrative review, which mainly presents a summary of
each publication, the present study focuses on comparative synthesis and critical interpre-
tation. Technological developments are analyzed as a whole to identify research trends, to
evaluate the maturity of the different approaches, to assess the practical importance of the
found results, and to point out the areas which merit further investigation. It allows for a
more comprehensive understanding of the status quo of solar-assisted DCMD technology,
while avoiding the drawbacks of a view-by-view discussion of each study.

Moreover, the recent developments in the field of membrane engineering, renewable
energy use, process optimization, heat recovery, and system design are examined for their
practical applications and contribution to improving desalination efficiency, reliability, and
commercial viability. In addition, techno-economic analyses, life-cycle sustainability evalu-
ations and pilot-scale implementations are critically evaluated to gauge the readiness of
solar-assisted DCMD deployment on a large scale. The framework of the proposed review
is a hybrid of quantitative bibliometric evidence and qualitative technological assessment,
thus creating a direct link between scientific development and engineering innovation.
This methodology is integrated, thus enabling the identification of emerging research
priorities, evidence-based interpretation of technological progress, and a comprehensive
roadmap for advancing solar-assisted DCMD towards sustainable and commercially viable
desalination systems.
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2.7. Methodological Limitations

It is worth noting that even though the methodology used in this study gives a
systematic and comprehensive evaluation of solar-assisted DCMD research, there are
several limitations which should be considered for proper interpretation of the results.

The authors’ first limitation in the bibliometric analysis is that it was performed only
with the Scopus database. The choice of Scopus was made due to the fact that it covers a
large number of disciplines, the metadata are standardized, it provides a wide range of
bibliographic citations, and it is compatible with popular bibliometric analysis tools such
as Biblioshiny and VOS viewer [42]. Publications indexed exclusively in other scientific
databases, such as Web of Science, Dimensions, IEEE Xplore, or Google Scholar, were not
included in the analysis. Consequently, slight variations in publication counts, citation met-
rics, collaboration networks, and thematic clustering may occur when different databases
are used. Despite this limitation, previous bibliometric studies have demonstrated that
Scopus provides sufficient coverage for reliable trend analysis in engineering and envi-
ronmental sciences, making it an appropriate database for the objectives of the present
review [43,44].

Second, this study was designed as an integrated bibliometric and critical review
rather than a quantitative meta-analysis. The selected publications encompass diverse
membrane materials, fabrication techniques, module configurations, feedwater compo-
sitions, renewable energy systems, operating conditions, and performance evaluation
methods. Such methodological heterogeneity limits the direct statistical comparison of
reported results and precludes the application of pooled effect-size estimation or other
quantitative meta-analytical techniques. Consequently, the findings presented in this re-
view should be interpreted as a qualitative synthesis of current knowledge rather than
statistically generalized performance estimates [45,46].

Third, the quality and completeness of the synthesized evidence are inherently depen-
dent on the information reported in the original publications. Variations in experimental
design, membrane characterization methods, operating parameters, reporting standards,
and performance indicators may influence the direct comparability of individual studies.
In addition, there are publications that give a good characterization of a membrane but
less energy analysis; there are also publications that focus on process performance without
any comprehensive reporting of membrane properties or long-term process stability. These
inconsistencies were taken into account in the critical evaluation, and conclusions were
drawn by comparing the trends of various studies and not by using individual findings.

Another limitation is the fast development of MD research. At the same time, there
are significant advancements in the development of advanced membrane materials, hy-
brid renewable energy systems, AI-assisted process optimization, pilot-scale desalination
technologies, etc. Therefore, studies that were published since the literature search was
conducted may not be included in this review. The time period chosen for the publica-
tions (1974–2026) covers the historical development, current research focus, and significant
technological progress of solar-assisted DCMD, thus creating a sound basis for assessing
long-term research trends.

In spite of such restrictions, there are some important strengths of the methodological
approach used in this study. The systematic literature review, inclusion of a study selection
based on PRISMA, structured data extraction, bibliometric analysis and critical thematic
synthesis are both transparent and reproducible and offer a comprehensive approach for
analyzing the development of solar-assisted DCMD studies. Most importantly, the inclusion
of quantitative bibliometric data in the qualitative technological assessment allows the
identification of research trends, scientific gaps, technological challenges and future research
priorities through a single analysis [47]. This integrated methodology not only enhances
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confidence in the present review but also serves as a useful tool to inform future research
and the commercialization of sustainable membrane-based desalination technologies.

3. Comparative Bibliometric Analysis
Recent years have seen a surge in the interest and development of DCMD and its

combination with renewable energy systems for freshwater desalination, which has led
to a remarkable acceleration in research efforts. The field has developed over the last 50
years, and the areas of research have gradually moved from the fundamental study of
membrane materials and transport phenomena to the development of more energy-efficient,
environmentally friendly and commercially viable desalination systems. It is crucial to
understand this scientific development to determine research maturity, new technological
avenues, and the remaining challenges that impede widespread deployment.

To explore these developments, a comparative bibliometric analysis was conducted
on three increasingly narrowed sets of the literature obtained from the Scopus database (as
described in the Section 2). The three sets of data are from three stages of the development
of the research field:

Category I: Direct Contact Membrane Distillation (DCMD).
Category II: Solar-assisted Direct Contact Membrane Distillation (solar-assisted DCMD).
Category III: Solar-assisted Direct Contact Membrane Distillation (DCMD) plant for

freshwater production.
The selected categories were chosen to show a progressive shift from traditional MD

to renewable energy-based desalination technologies for sustainable freshwater production.
Category II shows the growing integration of solar energy in MD systems, while Cate-
gory III is devoted to the practical application of MD systems with the aim of producing
freshwater in sustainable operating conditions.

The approach taken in the present study is not an analysis of each of these datasets
separately, but a comparative approach to search for shifts in research priorities at various
stages of technological development. The analysis covers the geographical distribution of
scientific contributions, characteristics of publications, the growth of scientific research over
time, changes in the disciplines over time, and emerging research themes. The changes in
scientific focus, the maturity of each research domain, and the progress of the convergence
of advances in membrane science with renewable energy engineering and water resource
management sustainability can be identified by comparing these bibliometric indicators.
The comparative bibliometric analysis also offers valuable information on the distribution
of research activities on a global level. It pinpoints countries, institutions and scientific
communities that are innovating in solar-assisted DCMD and showcases areas where
research and innovation lag in the face of growing freshwater demand. These observations
can yield information useful for international collaboration, technology transfer and future
research possibilities, especially for developing countries that have plenty of solar resources
and are facing increasing water shortages.

Beyond describing publication statistics, the bibliometric analysis serves as the foun-
dation for the subsequent critical technological assessment presented in this review. The
thematic clusters identified through publication trends, collaboration networks, subject
area distribution, and keyword analysis provide a structured framework for evaluating
recent advances in membrane materials, module configurations, renewable energy inte-
gration, fouling mitigation, thermal performance enhancement, process optimization, and
techno-economic feasibility. Consequently, the bibliometric findings are not presented as
an isolated quantitative exercise but are integrated with the technical review to establish a
direct relationship between the evolution of scientific research and technological innovation
in solar-assisted DCMD.
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Accordingly, this section presents a comparative evaluation of the three bibliometric
datasets through five complementary perspectives: (i) country-wise scientific contribu-
tion, (ii) document characteristics, (iii) publication growth, (iv) subject area evolution, and
(v) major bibliometric insights and future research implications. Together, these analy-
ses provide a comprehensive overview of the intellectual development of solar-assisted
DCMD and establish the scientific context for the detailed technical review presented in
the subsequent sections.

3.1. Evolution of Global Research Contributions

The geographical distribution of scientific publications provides valuable insight into
the global evolution of DCMD research and highlights the countries that have driven
technological innovation in membrane-based desalination. Beyond reflecting scientific
productivity, the spatial distribution of publications illustrates how regional priorities,
research infrastructure, water scarcity, and renewable energy availability have collectively
influenced the direction of DCMD development. The three bibliometric datasets are also
compared, showing a gradual shift from basic membrane science to renewable energy for
desalination and most recently to sustainable freshwater production systems.

The research on conventional DCMD (Category I) is mainly carried out by China,
followed by the United States and Australia. These countries’ leadership is the result of
long-term investment in membrane science, advanced materials research and desalination
engineering. Their work does not stop at the publishing of studies; many of their papers
have laid the scientific groundwork for the current status of DCMD, such as the devel-
opment of hydrophobic membrane fabrication, membrane surface modification, module
configuration, heat and mass transfer modeling, membrane fouling mitigation and process
optimization. It is these major scientific institutions that have largely produced the tech-
nological themes that are identified later in this review—some of which are involved in
research related to ‘Membrane Engineering’, ‘Transport Phenomena’ and ‘Thermal Perfor-
mance Enhancement’. This observation reflects the close correlation between publication
productivity and the technological maturity of the researcher, not merely quantitative
measures of research activity.

It was found that there is a significant difference in contributions to solar-assisted
DCMD in Category II, with Saudi Arabia being one of the leading contributors. The shift
is from the performance enhancement of membranes to integrating renewable energy
into desalination systems, highlighting an important shift in research interest. There is
a strong relationship between Middle Eastern countries and the challenges that these
regions face, such as scarcity of freshwater resources, high solar irradiance, and reliance
on energy-intensive desalination technologies. These factors have promoted studies on
solar thermal collectors, energy-efficient DCMD configurations, thermal energy storage
and energy-efficient hybrid RE systems. Therefore, the geographical trend revealed by the
bibliometric analysis is directly linked to the technological trend that is discussed in the
following sections of this review, with an increasing focus on the integration of renewable
energy, thermal management and system sustainability.

This trend is even clearer in Category III (solar-assisted DCMD for freshwater pro-
duction). This dataset is small but shows a developing phase where the interest is now
shifting from laboratory-scale membrane development to actual freshwater production.
The rising share of Pakistan is an indication of the increasing demand for decentralized
desalination technologies that can meet regional water needs by utilizing locally available
solar resources. In contrast to previous years of DCMD research studies, publications in this
class are now increasingly reviewing entire desalination systems, pilot-scale applications,
and the potential for renewable energy production of freshwater. This trend is moving
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towards optimizing systems rather than components, and the large-scale demonstration
and long-term operation of the field is still relatively limited.

A comparative analysis of the three bibliometric categories shows that the priorities
of research in the world have clearly changed. Initial investigations were carried out in
countries with a long history of membrane engineering and thermal desalination. With
growing water security, energy sustainability and climate change concerns, research ac-
tivities gradually shifted to areas where renewable energy sources and water scarcity are
linked. This geographical shift is not only in terms of the number of publications but also
in the goals of DCMD research, which have shifted from maximizing the performance
of membranes towards developing integrated, energy-efficient, environmentally friendly
desalination systems. The bibliometric analysis results are thus used to explain the thematic
development in the technical literature from the various sections that follow, specifically
the increasing focus on incorporating renewable energy, hybrid system configurations, and
sustainable desalination approaches.

Although solar-assisted DCMD is gaining worldwide interest, the geographical distri-
bution of research is uneven. There are still many developing countries with large resources
of solar power and growing freshwater needs that continue to produce relatively few
publications, such as India and some African countries. The network of international col-
laborations around solar-assisted DCMD (Figure S1) shows that a relatively small number
of established research groups remain involved in the field, while the network of collabo-
rations for solar-assisted DCMD for freshwater production (Figures S2 and S3) suggests
that collaborations in this newly emerging field are still in the process of developing. This
limited international cooperation may contribute to the relatively slow pace at which in-
novations developed at the laboratory scale are translated to pilot-scale and commercial
applications, as multidisciplinary expertise is spread out across various research commu-
nities, such as membrane science, solar thermal engineering, process modeling, and TEA.
Robust international cooperation and collaboration between research groups would then
help speed up the transfer of technology, ease the process of standardized performance
evaluation, encourage pilot-scale testing validation, and facilitate commercialization of
solar-assisted DCMD technologies.

Overall, the country-wise analysis shows that the global development of DCMD
research has been driven by both scientific capability but also by the challenges in regions
and societies. The sequence of geographical events is accompanied by a corresponding
sequence of technological developments, from basic membrane studies to integration with
renewable energy to sustainable production of freshwater. Therefore, the bibliometric
results offer a valuable scientific context for the technical developments highlighted in the
remainder of this review and demonstrate the direct impact of evolving global research
priorities on developments in membrane materials, thermal management, integration of
renewable energy, and practical desalination system development.

3.2. Evolution of Publication Characteristics

The type of publication distribution shows important information about the scientific
maturity, dissemination of knowledge and technological evolution of DCMD. Document-
type analysis not only signals the preferred ways of communication, but also represents
the technological level of a research area. For all three bibliometric categories, the number
of experimentally validated and reproducible peer-reviewed journal articles constitutes
more than 90% of the publications retrieved, meaning that the development of DCMD has
focused mainly on experimentally validated and reproducible research publications and not
on preliminary communications or non-peer-reviewed literature. The high proportion of
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journal publications reflects the development of the field from exploratory investigations to
systematic scientific validation and thus a solid basis for future technological innovations.

Conventional (Category I) DCMD has the highest number of publications, as it is
the most developed field in MD studies. The overwhelming dominance of peer-reviewed
journal articles is reflective of decades of continuous research on membrane fabrication,
surface modification of membranes, transport phenomena, mechanisms of heat and mass
transfer in membranes, membrane module design, enhancement of permeate flux, fouling
mitigation, and process optimization. These studies have laid foundations for the basic
science of modern MD technologies. The high journal publication rate is in fact not just
a bibliometric characteristic but also a sign of the technological maturity of conventional
DCMD, as newly gained knowledge in membrane science has been moving from funda-
mental to optimized process performance. This evolution will be the technical background
for the following sections on membrane materials, transport mechanisms and fouling
control (Sections 4.1–4.4).

Meanwhile, relatively few publications are found in Categories II (solar-assisted
DCMD) and III (solar-assisted DCMD for freshwater production), even though these
categories have a high percentage of peer-reviewed journal articles (Supplementary
Figures S4 and S5). These frequencies of publications are not a signal of limited scien-
tific interest but rather the newness of renewable energy-integrated MD technologies. The
increasingly popular integration of membrane systems with solar thermal collectors, PV-
assisted membrane systems, thermal energy storage, hybrid renewable energy systems,
and sustainable freshwater production under realistic operating conditions are the topics of
increasing research within these categories. The continued focus on experimental studies,
which are peer-reviewed, reflects that these technologies are still in an active research phase,
moving from laboratory research to pilot-scale testing and application.

The changes in publication characteristics also reflect the overall shift in DCMD
research from discipline-based research on membranes to interdisciplinary engineering
applications. Early studies primarily focused on membrane material development, pore
structure optimization, and transport phenomena, while recent studies are increasingly
involving renewable energy integration, thermal management, computational modeling,
process optimization, environmental sustainability and TEA. This transition shows that,
in the future, technological advances in solar-assisted DCMD will not only be related to
membrane technology improvements but more and more related to membrane technology
integration with energy systems, process control and sustainability analysis. The topics
published are therefore diversifying in line with the complexity and interdisciplinary nature
of next-generation MD technologies, which are explored in detail in the technical review.

While original research articles are the prevailing format in the literature, the relatively
small number of review papers shows there is a need for in-depth, evidence-based reviews
that can synthesize developments in membrane science, renewable energy engineering,
modeling, and environmental sustainability. This dispersion of knowledge within these
various disciplines creates difficulties in determining trends and research priorities over
the broad area of technology. Similarly, the number of techno-economic analyses, LCAs
and system-level studies is relatively small, suggesting that commercialization issues are
underrepresented. Based on these observations, future research could be improved by com-
bining experimental studies with integrated system evaluation, economic feasibility studies
and sustainability assessment to make the transition from innovation in the laboratory to
commercial desalination technologies.

The document-type analysis shows that, generally, DCMD is a scientifically well-
developed research field with a good amount of experimental, peer-reviewed literature.
But the relative smallness of publications in solar-assisted DCMD categories suggests that
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renewable energy-beaten MD is still a new technology with a huge potential for innovation.
To ensure further advancements, the bibliometric evidence indicates that the future will
require multidisciplinary studies combining solar energy systems, computational model-
ing, pilot-scale validation and techno-economic optimization of membranes. The trends
discussed here facilitate technical advances and future research priorities that follow in the
next sections of the present review and contribute to moving from fundamental membrane
science to practical and sustainable freshwater production systems.

3.3. Evolution of Scientific Growth

The temporal development of the scientific research published gives a valuable insight
into the technological evolution of DCMD and shows how the research emphasis has shifted
from fundamental membrane science to integrated renewable energy-driven desalination
systems. The figures of growth shown for the three bibliometric categories are not just due
to increased numbers of publications, but rather to the successive stages of the scientific
maturity of DCMD. The comparative analysis of the publication trends shows a clear shift
from an understanding of basic transport mechanisms to the development of sustainable
technologies for the production of freshwater, which can be used to solve global water and
energy problems.

Category 1 (Conventional DCMD) is the basic level of research, in which investigations
were mainly oriented towards the definition of the scientific principles of MD. Initial re-
search focused on hydrophobicity properties of membranes, pore structure, heat and mass
transfer, membrane wetting, transport mechanisms, and design of membrane modules.
The number of publications was relatively low during the first few years and started to
rise quickly after 2007, as illustrated in Supplementary Figure S6 [37]. This acceleration
corresponded with a marked development in membrane fabrication, computational model-
ing and experimental validation techniques and allowed moving beyond proof-of-concept
studies to systematic optimization of membrane performance. The increases in publications
are thus not just the result of increased scientific interest but also the development of the
basic technologies that enable present-day DCMD systems. The technical groundwork
for the following discussion on membrane materials, transport mechanisms, temperature
polarization and fouling mitigation (in Sections 4.1–4.4) is provided by these developments.

The second phase of the scientific evolution is symbolized by Category II (solar-assisted
DCMD), which experienced an increasing number of publications representing a transfer
of investigations from the membrane-centered phase to integrated renewable energy de-
salination systems. As indicated in Supplementary Figures S7 and S8, scientific activity
has grown continuously since 2007, which aligns with the increased focus on sustainable
desalination technologies throughout the world due to a shortage of freshwater, climate
change, rising energy prices, and decarbonization efforts. Unlike traditional DCMD, studies
of this type focus more and more on the integration of MD with solar thermal collectors,
photovoltaic systems, thermal energy storage, waste heat recovery, and hybrid renewable
energy (hybrid RE) configurations. This shift indicates that progress in technology is not
just measured by the performance of the membrane but by the system’s efficiency, reliability
and sustainability. The bibliometric development is, therefore, directly associated with a
broadening of the technical scope, which will be discussed in later sections, in the fields of
renewable energy integration, energy management, and system optimization.

The most recent development in the solar DMD field is Category III (solar-assisted
DCMD for freshwater production) that focuses on implementation aspects and sustain-
ability for freshwater production. While there are comparatively fewer publications for
solar-assisted DCMD, the trend of increased publications in the years following 2011 sug-
gests increased recognition of solar-assisted DCMD as a viable solution for decentralized
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freshwater production in water-scarce regions. In contrast to the earlier stages of research,
which mostly worked on enhancing individual system components, a recent series of inves-
tigations increasingly focused on integrated desalination systems under realistic operation
conditions, addressing issues such as long-term performance, energy efficiency, freshwater
productivity, and environmental sustainability. However, the relatively small number
of publications indicate that this research field is still in the early phase of technology
deployment, offering significant opportunities for innovations in membrane engineering,
thermal energy management, intelligent process control, and pilot-scale system validation.

The comparative analysis of the three trends in publication shows easily the chrono-
logical development of the priorities of DCMD research. Initial research focused mainly on
the understanding of membrane properties and transport phenomena, laying the scientific
groundwork for further developments in technology. As the technologies of renewable
energy grew more sophisticated and the problems of water and energy sustainability be-
came more acute, research started to focus more and more on solar-assisted MD, hybrid
renewable energy integration, and environmentally friendly desalination systems. More
recently, TEA, life-cycle sustainability, pilot-scale demonstrations, AI-assisted optimization,
and digital modeling came to be included among the areas covered in the literature. This
development reflects a complete paradigm shift in research; improvement comes not from
new materials but rather more from the coming together of different disciplines.

As illustrated by the continuous rise in the number of scientific publications, the
growing interest in DCMD as an emerging desalination technology, an alternative to
conventional thermal desalination technologies, is also reflected (Figure S9). The energy
requirement for the desalination process has been reduced to relatively low temperatures,
allowing the use of low-grade or renewable heat sources, and these systems can be used
in a wide range of desalination scenarios in which feedwaters are highly saline. More
recently, a greater focus has been placed on improving the overall long-term performance
and durability of systems, rather than just on the membrane properties of the desalination
membranes, with challenges ranging from membrane durability, fouling resistance, thermal
efficiency, and energy recovery to intelligent process optimization.

However, there are still some uncertainties that hinder the deployment of solar-assisted
DCMD on a large scale. Despite significant scientific advances, there are still some issues
that prevent the widespread implementation of solar-assisted DCMD. The bibliometric
trends show that the majority of studies still focus on laboratory-scale experiments, and
a comparably lower number of studies focus on pilot-scale demonstrations, operational
reliability for a long time, standardized performance evaluation, economic feasibility and
life-cycle environmental assessment. This imbalance reveals a significant research gap
between technological innovation and commercialization. Future investigations should
therefore prioritize multidisciplinary research integrating membrane engineering, renew-
able energy systems, computational modeling, AI, and techno-economic optimization to
accelerate the translation of laboratory-scale advances into commercially viable desalina-
tion technologies.

Overall, the publication trend analysis demonstrates that DCMD research has under-
gone a systematic evolution over the past five decades, progressing from fundamental
membrane science to integrated renewable energy-assisted freshwater production systems.
More importantly, the temporal growth of the literature reflects corresponding technologi-
cal advances in membrane materials, thermal management, renewable energy integration,
and system-level optimization. The bibliometric findings therefore provide an analytical
framework for understanding the technical developments discussed throughout the re-
mainder of this review while identifying the key scientific gaps that must be addressed to
facilitate large-scale commercialization of solar-assisted DCMD technologies.
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3.4. Evolution of Research Disciplines

The distribution of research disciplines provides valuable insight into the scientific
evolution of DCMD and illustrates how the field has progressively transformed from a
membrane-centered research topic into an interdisciplinary technology integrating mem-
brane engineering, renewable energy, computational sciences, and environmental sustain-
ability. Rather than representing a simple diversification of publication categories, the
disciplinary evolution reflects the changing scientific priorities required to overcome the
technical limitations of conventional DCMD and to enable sustainable freshwater produc-
tion. Consequently, the subject-area distribution provides an important framework for
understanding the technological developments discussed in the subsequent sections of
this review.

During the initial stage of DCMD research, Chemical Engineering, Chemistry, and Ma-
terials Science constituted the dominant disciplines, establishing the scientific foundation
for MD technology. As illustrated in Supplementary Figure S10, Chemical Engineering and
Materials Science account for the largest proportion of publications within conventional
DCMD. Research in these disciplines primarily focused on membrane fabrication, surface
modification, pore structure optimization, transport mechanisms, thermodynamic analysis,
and membrane durability. These investigations have added greatly to the understanding of
the fundamental principles underlying membrane performances, such as hydrophobicity,
permeate flux, salt rejection, and anti-fouling and anti-wetting. But the dominance of these
disciplines is simply indicative of the technological focus on understanding and optimizing
the individual characteristics of the membranes, as discussed in Sections 4.1–4.4, in terms
of membrane materials, membrane transport mechanisms, temperature polarization and
fouling control.

With the development of DCMD research toward renewable energy-assisted desali-
nation, the disciplines of Engineering, Energy and Environmental Science became an ever
more important part of the research. The disciplinary distribution of solar-assisted DCMD
(Supplementary Figure S11) shows that work shifted from membrane optimization to sys-
tem integration, energy management and sustainable process design. This shift was fueled
by the increasing focus on freshwater shortages, climate change and the energy efficiency of
desalination processes. Thus, solar thermal collectors, PAD, thermal energy storage, heat re-
covery, hybrid renewable energy systems, and integrated optimization of the process were
increasingly explored. This transition illustrates that membrane performance improvement
is not enough to desalinate sustainably; thus, the integration of membrane technology
with renewable energy engineering and thermal management should be successful to
achieve overall system efficiency. The scientific foundations for the technical discussion
on solar-assisted configurations, hybrid systems and energy optimization presented later
herein are interdisciplinary developments.

The interdisciplinary change is more apparent when looking at research on solar-
assisted DCMD for freshwater production (Supplementary Figure S12). In this new field
of research, the importance of engineering fields is enhanced with the increasing role of
environmental sciences, sustainability and water resource management. Recent studies
have begun to study complete desalination systems using the lenses of freshwater security,
resource efficiency, carbon emissions, life-cycle sustainability, and climate resilience, instead
of just assessing the performance of the membrane. This shift means that the character-
ization of technological development is no longer restricted to an increase in permeate
production or energy efficiency, but also incorporates the contribution of integrated desali-
nation system towards sustainable development goals. Therefore, the increased number of
publications devoted to environmental and sustainability areas is a reflection of the shift
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from laboratory-scale membrane studies to real-life freshwater production systems for
long-term societal and environmental improvement.

An important result of the bibliometric analysis is the growing role of computational
and data-driven disciplines, as indicated by the importance of Computer Science, AI,
Mathematical Modeling, and CFD. While the disciplines are not as well represented in the
publications as the traditional engineering disciplines, their influence has increased rapidly
in recent years. Machine learning algorithms are increasingly used to predict permeate
flux, optimize operational parameters, estimate energy consumption, and the fouling be-
havior of membranes, and CFD can be used to simulate the coupled heat and mass transfer
phenomena inside membrane modules in detail. These computational fields have emerged
as an extension of the overall technological shift to intelligent, data-driven desalination
systems that can optimize processes in real-time in the face of changing renewable energy
conditions. In addition, their increasing significance marks the synergy between experi-
ments and numerical modeling with a view to advancing technology development but
limiting the number of experiments.

The development of the research fields obviously shows that the development of inno-
vation in solar-assisted DCMD is increasingly becoming more interdisciplinary-oriented
than science-field-oriented. The combined efforts of membrane science, thermal engi-
neering, renewable energy technologies, computational modeling, and AI have led to
the creation of more efficient and sustainable desalination systems. But the bibliometric
analysis also shows that there are other areas of research that have not been sufficiently rep-
resented but which are still crucial for commercialization. In particular, comparatively few
studies investigate TEA, life-cycle assessment (LCA), policy and regulatory frameworks,
digital twin development, commercialization strategies, standardized pilot-scale valida-
tion, and long-term operational reliability. The limited representation of these disciplines
indicates that future research must increasingly focus on bridging the gap between tech-
nological innovation and industrial implementation by integrating engineering advances
with economic, environmental, and policy considerations.

Overall, the evolution of research disciplines demonstrates that the future development
of solar-assisted DCMD will depend on continued interdisciplinary integration rather than
incremental improvements in membrane materials alone. Future technological progress
will require the combined application of advanced membrane engineering, renewable
energy integration, AI, computational modeling, environmental sustainability assessment,
and techno-economic optimization to develop resilient, energy-efficient, and commercially
viable desalination systems. Consequently, the disciplinary evolution identified through
the bibliometric analysis provides a scientific framework for interpreting the technological
advances, remaining challenges, and future research opportunities discussed throughout
the subsequent sections of this review.

3.5. Key Bibliometric Insights and Implications for Future Research

The comparative bibliometric analysis provides a comprehensive perspective on the
scientific evolution of DCMD, demonstrating how the field has progressed from fundamen-
tal membrane research to an interdisciplinary technology integrating renewable energy,
computational intelligence, and sustainable freshwater production. Rather than represent-
ing independent bibliometric observations, the combined analyses of publication trends,
geographical distribution, publication characteristics, and subject-area evolution collec-
tively illustrate the technological maturation of DCMD. These bibliometric patterns provide
a scientific framework for interpreting the subsequent technical review by identifying the
major technological transitions, emerging research themes, and unresolved challenges that
have shaped the development of solar-assisted DCMD.
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One of the most significant findings is the chronological evolution of research priori-
ties over the past five decades. Early investigations focused primarily on understanding
membrane properties, transport phenomena, heat and mass transfer, and process optimiza-
tion, thereby establishing the scientific foundation of conventional DCMD. As concerns
regarding freshwater scarcity, energy consumption, and climate change intensified, research
progressively shifted toward integrating renewable energy technologies with MD systems.
More recently, scientific attention has expanded to encompass complete solar-assisted
DCMD systems capable of sustainable freshwater production. The keyword co-occurrence
network (Supplementary Figure S13) clearly reflects this technological transition, illus-
trating the progression from membrane development and transport studies to renewable
energy integration, process optimization, environmental sustainability, and intelligent
system design. Thus, the bibliometric evidence demonstrates that technological advances
have evolved through successive stages of scientific development rather than isolated
improvements in membrane materials. Although the keyword co-occurrence network
(Supplementary Figure S13) demonstrates increasing research activity in renewable energy
integration, membrane optimization, and sustainable desalination, it also reveals compara-
tively limited attention to themes such as long-term pilot-scale validation, TEA, life-cycle
assessment, digital twin development, and commercialization. The relatively weak rep-
resentation of these topics indicates that they remain important conceptual gaps within
the current research landscape. Addressing these underrepresented areas will be essential
for translating laboratory-scale advances into practical, commercially viable solar-assisted
DCMD systems.

The geographical distribution of publications further demonstrates that technological
development has been strongly influenced by regional environmental and societal chal-
lenges. Countries with well-established expertise in membrane science, including China,
the United States, and Australia, have driven fundamental advances in membrane fabrica-
tion, module design, and transport modeling. In contrast, countries experiencing severe
freshwater scarcity and abundant solar resources, such as Saudi Arabia and Pakistan, have
increasingly contributed to the development of renewable energy-assisted desalination
technologies. The author collaboration network (Supplementary Figure S14) indicates that
international scientific partnerships have played a critical role in accelerating knowledge ex-
change and technological innovation. However, the relatively limited participation of many
developing regions suggests that broader international collaboration remains essential for
transferring advanced membrane technologies, promoting interdisciplinary research, and
accelerating the global implementation of solar-assisted DCMD.

The bibliometric analysis also highlights a significant expansion in the scientific disci-
plines contributing to DCMD research. While Chemical Engineering and Materials Science
continue to provide the fundamental knowledge required for membrane development,
increasing contributions from Energy, Environmental Science, AI, CFD, and Mathematical
Modeling demonstrate the transition toward integrated system-level research. This dis-
ciplinary convergence reflects an important technological shift in which improvements
in membrane performance alone are no longer sufficient to achieve sustainable desali-
nation. Instead, advances increasingly depend on integrating membrane engineering
with renewable energy systems, intelligent process control, computational modeling, and
environmental sustainability assessment. These multidisciplinary interactions directly un-
derpin the technical developments reviewed in subsequent sections, including membrane
materials, renewable energy integration, fouling mitigation, process optimization, and
intelligent system operation.

Despite substantial scientific progress, the bibliometric findings reveal several persis-
tent research gaps that continue to limit the large-scale implementation of solar-assisted
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DCMD. Most published investigations remain focused on laboratory-scale experimental
studies, whereas comparatively fewer studies evaluate long-term pilot-scale operation,
industrial implementation, membrane durability under continuous operation, standardized
performance assessment, and commercial deployment. Similarly, techno-economic analysis,
life-cycle assessment, environmental impact assessment, and policy-oriented investigations
remain underrepresented despite their importance for evaluating technology readiness.
These gaps indicate that future research should increasingly emphasize integrated sys-
tem validation and commercialization rather than continuing to focus predominantly on
component-level optimization.

Another emerging trend identified through the bibliometric analysis is the grow-
ing application of digital technologies to MD research. AI, machine learning, CFD, and
advanced computational modeling are increasingly employed to predict membrane per-
formance, optimize operating conditions, reduce fouling, improve thermal efficiency, and
support intelligent process control. The cited author collaboration network (Supplementary
Figure S15) further illustrates how leading researchers have facilitated the dissemination of
these emerging computational approaches across interdisciplinary research communities.
The convergence of experimental research with data-driven modeling represents a signifi-
cant technological advancement that is expected to accelerate system optimization while
reducing experimental time, operational costs, and energy consumption.

The bibliometric evidence further suggests several strategic priorities for future re-
search. Greater emphasis should be placed on developing advanced membrane materials
with enhanced fouling resistance and long-term stability, integrating hybrid renewable en-
ergy systems with efficient thermal energy storage (TES) and heat recovery, expanding the
application of AI for predictive process control, and validating system performance through
pilot-scale demonstrations under realistic operating conditions. Equally important is the
incorporation of comprehensive TEA, life-cycle sustainability assessment, and standardized
performance evaluation to establish the commercial feasibility of solar-assisted DCMD
technologies. Addressing these priorities will facilitate the transition from laboratory-scale
innovation to reliable and economically viable freshwater production systems.

Overall, the comparative bibliometric analysis demonstrates that DCMD research has
evolved into a technologically mature and increasingly interdisciplinary field. More im-
portantly, the bibliometric findings reveal that scientific progress has consistently followed
major technological transitions—from membrane material development to renewable en-
ergy integration, intelligent system optimization, and sustainable freshwater production.
Consequently, the bibliometric analysis serves not only as a quantitative assessment of
research activity but also as an analytical framework for understanding the technological
evolution of solar-assisted DCMD. This integrated perspective provides the foundation
for the technical review presented in the following sections, where the scientific advances,
remaining limitations, and future opportunities associated with membrane materials, trans-
port mechanisms, renewable energy integration, fouling mitigation, process optimization,
and next-generation solar-assisted DCMD systems are critically evaluated.

The bibliometric analysis demonstrates that the evolution of research activity has been
closely associated with major technological developments in membrane materials, transport
mechanisms, renewable energy integration, fouling mitigation, and intelligent process
optimization. Building upon these bibliometric insights, the following technical review
critically evaluates the experimental advances, engineering challenges, and emerging
technologies that have driven the development of solar-assisted DCMD systems.
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4. Direct Contact Membrane Distillation: Principles, Components,
and Emerging Developments

Freshwater scarcity has become one of the most pressing global challenges of the
twenty-first century due to rapid population growth, industrialization, urban expansion,
and climate change. Increasing demand for potable water, coupled with the depletion and
contamination of conventional freshwater resources, has intensified the need for alterna-
tive water supply technologies capable of providing reliable and sustainable freshwater
production [48]. According to recent global assessments, nearly half of the world’s popula-
tion experiences water stress for at least part of the year, while many arid and semi-arid
regions continue to face severe shortages of accessible freshwater resources. Consequently,
desalination has emerged as a strategic solution for augmenting freshwater supplies by
converting saline water from seawater, brackish water, and industrial wastewater into
potable water [49].

Conventional desalination technologies can generally be classified into two broad
categories based on the primary driving force used for water–salt separation: thermal
desalination processes and membrane-based desalination processes [9,50]. Thermal tech-
nologies use heat energy to vaporize water; the vapor is then condensed to obtain the water.
Membrane processes use pressure, an osmotic gradient or an electrical potential to selec-
tively separate water from dissolved salts [9,51]. Every technology has its own advantages
and disadvantages, and the choice of a desalination process depends on the feedwater
characteristics, availability of energy, capacity of the plant, environmental considerations
and economic feasibility [20,52,53].

Thermal desalination technologies which are widely used for large-scale seawater
desalination are MSF Distillation, MED and MVC [54,55]. They have proved to be reliable
and to have excellent salt rejection capabilities, especially in areas where there is a surplus
of thermal energy. However, the challenge to their widespread implementation is that
they need a significant amount of thermal energy, high capital investment, and plants with
complex infrastructure and high operating costs. These systems are also highly reliant
on the thermal energy provided by fossil fuels, which is also one of the reasons for their
long-term environmental unsustainability [56,57].

However, membrane-based desalination technologies have achieved significant tech-
nological developments over the last three decades due to their relatively lower energy
consumption, modularity and flexibility of operation [36,58,59]. Due to its relatively low
specific energy consumption and high freshwater recovery, RO is the most commonly used
desalination technology in the world, and it has a higher percentage of installed desalina-
tion capacity. FO, Electrodialysis (ED), and High-Pressure Reverse Osmosis (HPRO) are
some other membrane processes that have been developed to meet the various needs of
water treatment processes [60–62].

Although these improvements have been made, there are still some problems with
operating pressure-driven membrane methods. RO systems are expensive because they
necessitate high-pressure pumps, extensive pretreatment and periodic chemical cleaning
to reduce fouling and scaling on the membrane. In addition, membrane degradation,
concentrate disposal, and high electrical energy consumption are still important draw-
backs, especially for locations far from the grid, where electrical power is not readily
available [63,64]. These limitations have spurred scientists to investigate other membrane
processes that can be used under more benign conditions and yet have high desalination
efficiency [65,66].

MD has been the subject of a lot of interest among the emerging membrane technolo-
gies due to its ability to combine the best aspects of both conventional thermal desalination
and membrane separation. MD utilizes a hydrophobic microporous membrane which
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allows water vapor to cross the membrane, while liquid water and dissolved salts are
not transported [30,67,68]. The vapor pressure difference caused by the temperature dif-
ference across the membrane, not hydraulic pressure, is the driving force for separation.
Consequently, water can be salt-rejected and the operation of MD can be carried out at atmo-
spheric pressure and relatively low feedwater temperatures [22,69]. The use of low-grade
thermal energy is one of the most attractive features of MD. The process can be effectively
performed using heat sources whose temperature is generally in the range of 40–80 ◦C, thus
allowing the use of industrial waste heat sources and geothermal and renewable energy
sources, including solar thermal energy [70–72]. This is because compared to traditional
thermal desalination processes, which need much higher operating temperatures, MD can
achieve a substantial reduction in fossil fuel consumption and carbon emissions. MD, there-
fore, is a promising alternative to conventional energy-based desalination technologies for
decentralized applications, especially in remote areas where conventional energy systems
are not available [21,72,73].

One of the other significant benefits of MD is the relatively low requirements for
pretreatment. Unlike other pressure-driven membrane systems, MD is generally less prone
to fouling by suspended solids and colloidal particles because these do not cause irreversible
fouling in the process when it is operated without high hydraulic pressure [34,74,75].
Furthermore, MD shows very good tolerance to highly concentrated saline solutions, such
that it can be applied to the treatment of seawater, hypersaline brines, industrial wastewater,
and RO concentrate streams [21,22]. The aforementioned properties have enabled the
utilization of MD for other applications than conventional desalination, such as wastewater
treatment, waste resource recovery, food processing, pharmaceutical purification, and zero
liquid discharge (ZLD) systems [76,77].

To enhance heat utilization and desalination performance, several MD configurations
have been developed, such as DCMD, Air-Gap Membrane Distillation (AGMD), Vacuum
Membrane Distillation (VMD), and Sweeping Gas Membrane Distillation (SGMD) [23].
DCMD has been the most heavily studied configuration due to its simplicity of design,
operation and fabrication and effective permeate productivity [27,45,78]. The heated saline
feed and the cold permeate stream are brought in direct contact with the opposite side of the
hydrophobic membrane in DCMD, which will maximize the vapor pressure difference and
simplify the module design and operation [22]. The popularity of DCMD is attributed to its
simplicity of operation and its compatibility with renewable thermal energy sources, thus
making it a preferred platform for laboratory investigations, pilot-scale demonstrations
and hybrid desalination systems [26,31].

Additionally, the compatibility of DCMD with sustainable energy systems has also
contributed to its growing interest. Many studies have shown that it is possible to integrate
DCMD with solar thermal collectors, photovoltaic-assisted heaters, geothermal sources
and industrial waste heat recovery units to make it efficient [31]. Such hybrid systems
can have a significant impact on the use of traditional energy sources and improve the
efficiency of freshwater generation and reduction of greenhouse gas emissions [79,80].
Furthermore, recent innovations in membrane manufacturing, module design, intelligent
process control and AI-driven optimization have further enhanced the capabilities of
DCMD for decentralized and off-grid water treatment applications [27,81].

Although these benefits exist, there are still a number of technical hurdles to
widespread commercialization of DCMD. However, temperature polarization, concen-
tration polarization, membrane wetting, scaling, fouling, conductive heat loss and long-
term membrane durability are still significant factors that must be overcome to maintain
high thermal efficiency and economic competitiveness in a system. Therefore, current
research efforts are directed towards the improvement of membrane materials, the op-
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timization of module design, heat recovery improvement, interconnection of renewable
energy systems and the development of control strategies that will improve the overall
process performance [31,45,82].

The principle of operation, energy performance, membrane materials, module designs,
fouling mechanisms, pre-treatment, economic viability and possible integration with zero
liquid discharge systems for DCMD are discussed critically in the following sections. These
discussions offer a holistic understanding of the technological advancements that are
driving the future of sustainable MD systems.

4.1. Evolution of Desalination Technologies and the Emergence of Direct Contact
Membrane Distillation

Consistent with the bibliometric trends identified in Section 3, membrane materials
remain the most extensively investigated component of DCMD research because they
fundamentally determine permeate flux, salt rejection, fouling resistance, and long-term
system performance.

The global water demand is increasing so much that the search for sustainable desali-
nation technologies that provide water of good quality with less environmental impact
has also been enhanced [20]. The pressure on traditional freshwater sources has been
brought about by rapid population growth, industrialization, and urbanization, as well as
by depletion of groundwater resources and sea-water intrusion in certain areas, causing
water scarcity to grow to alarming levels. Therefore, desalination has become an essential
part of water management in modern societies, especially in arid and semi-arid areas where
freshwater resources are scarce [20,83].

There are basically two types of desalination technology based on the process which
drives water–salt separation: thermal-based and membrane-based. In contrast to thermal
desalination, which is based on evaporation and condensation, membrane processes utilize
pressure, concentration gradients or an electrical potential to selectively separate water
molecules from salts present in a solution [9,49,84]. Both have played a major role in
freshwater production, but their operational characteristics, energy needs and applicability
depend on feedwater quality, plant capacity and the energy resources available [85].

Various thermal desalination technologies have been widely used for the desalina-
tion of large water quantities, such as MSF Distillation, MED, MVC and TVC [55]. These
technologies offer very good salt rejection and stable performance with the most saline
feedwaters. However, their common use is hindered by the high thermal energy require-
ment, high capital costs, complex plant structures and reliance on conventional energy
sources [86,87]. These restrictions add to operating costs and raise greenhouse gas emis-
sions, making them less sustainable in the long term.

In the past, the development of membrane-based desalination technologies gave rise to
an alternative approach that has allowed the achievement of high desalination performance
with high energy efficiency. Because of its relatively low specific energy consumption, high
salt rejection and modular design, RO has become the preferred commercial desalination
technology [15,59,88]. FO, ED, and HPRO are other processes where membranes are used in
desalination that have extended the applications of membrane desalination. Although these
advancements have been achieved, pressure-driven membrane systems are still subject to
membrane fouling, scaling, concentrate handling problems and high electrical energy costs.
They are also highly dependent on high-pressure pumping systems and therefore cannot
be used at remote and off-grid sites where electricity is not available [15,62,64,89].

The above challenges have encouraged increasing interest in the emerging desalina-
tion technology called MD, which incorporates the benefits of both thermal and membrane
separation processes. MD utilizes a hydrophobic membrane with a microporous structure
to enable the permeation of water vapor only, while completely rejecting the permeation of
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water and dissolved salts, unlike pressure-driven technologies [90]. The vapor pressure dif-
ference, generated by an intermediate temperature difference between different sides of the
membrane, is the driving force for separation, which allows separation under atmospheric
pressure and a relatively low feed temperature. This special operating principle reduces
the hydraulic pressure demands and maintains the salt rejection efficiency, making MD a
desirable process for treating seawater, hypersaline brines, industrial wastewater and RO
concentrate [30,72,91].

The use of low-grade thermal energy, in the range of 40–80 ◦C [71,72,92], is one of the
main strengths of MD. This enables direct use of industrial waste heat, the use of geothermal
heat and the use of renewable heat sources such as solar thermal energy, which reduces
the need for fossil fuels and lowers greenhouse gas emissions [93,94]. In addition, the
lower operating pressure and minimized pretreatment requirements make MD much less
prone to irreversible fouling than the conventional pressure-driven membrane processes.
The properties have made MD more than just a seawater desalination technology but
applicable to wastewater reclamation, resource recovery, food processing, purification of
pharmaceuticals and zero liquid discharge systems [21,76]. Various MD configurations have
been developed to enhance thermal efficiency and process performance, such as DCMD,
AGMD, VMD and SGMD [23]. While there are certain benefits for each configuration,
DCMD has been studied the most because of its simplicity in terms of module design,
ease of operation, high permeate productivity and its compatibility with renewable energy
systems. In DCMD, the vapor pressure difference is maximized, and the construction and
operation of the module is simplified by having the heated feed solution and the cold
permeate stream separated by opposite sides of the hydrophobic membrane [78].

These advantages of DCMD have made it increasingly popular, as it makes use of
renewable energy, recovers waste heat from industries and yields high salt rejection with
a comparatively simple system architecture. The characteristics of DCMD are especially
appealing to decentralized freshwater production in remote and water-scarce areas where
access to traditional energy infrastructure is restricted, as shown in [31,95]. In the past
few years, there have been considerable developments toward the feasibility of DCMD for
sustainable desalination applications in terms of membrane fabrication, DCMD module
design, thermal energy management, and intelligent process optimization [23].

Yet a number of technical challenges remain to prevent widespread commercializa-
tion, such as membrane wetting, fouling, scaling, membrane temperature polarization,
conductive heat losses, and long-term membrane stability [96]. To address these challenges,
a thorough understanding of the mechanisms of transport, membrane properties, module
design, and operating conditions that affect the performance of DCMD is essential. For this
reason, the operating mechanisms, energy efficiency, membrane materials, fouling behav-
ior, cost assessment and emerging applications of DCMD are discussed in the following
sections [45,97] to give an in-depth understanding of the current status of this technology
and future research pathways.

4.2. Working Principle and Process Configuration of Direct Contact Membrane Distillation

MD is a thermally driven separation process that utilizes a hydrophilic microporous
membrane as a separation barrier between a hot saline feed solution and a colder permeate
stream. MD does not require high hydraulic pressure for separation, as in pressure-driven
membrane technologies such as RO. Instead, the process is powered by the water-vapor
pressure differential created in a temperature difference across the membrane [98]. As only
water vapor is able to pass through the pores of the membrane, dissolved salts and other
nonvolatile contaminants are left behind, making MD capable of producing high-purity
freshwater with excellent salt rejection even for highly concentrated saline solutions [22].
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The main force driving mass transfer in MD is the vapor pressure difference between
the feed and permeate sides of the membrane. The vapor pressure at the membrane surface
will rise when saline feed is heated. At the same time, the temperature on the permeate
side is reduced, which results in lower vapor pressure. This pressure difference will cause
evaporation at the feed membrane interface, vapor movement across the membrane pores
and condensation on the permeate side. Under normal operating conditions, liquid water
will not enter the pores of the membrane, which will remain hydrophobic, thus maintaining
the effective separation throughout the process [99].

MD performance is related to the simultaneous heat and mass movement through the
membrane. There are three main mechanisms of heat transfer between the hot feed and
the cold permeate: sensible heat transfer in the flowing fluid streams, latent heat transfer
because of the evaporation and the condensation of water, and conductive heat transfer
between the feed stream and the membrane material [100,101]. Some of these mechanisms
include latent heat transfer, which is directly responsible for freshwater production, and
conductive heat transfer, which is an energy loss and decreases thermal efficiency. Therefore,
one of the key objectives of MD research is to optimize the heat and mass transfer balance.

There are a number of operating parameters that will affect vapor transport and
permeate production. The most important factor is the feed temperature, as the higher the
temperature, the greater the driving force for evaporation (saturation vapor pressure). On
the other hand, as the salinity of the feed increases, the water activity decreases, as does the
vapor pressure, leading to a decrease in permeate flux [102]. The thickness of the thermal
and concentration boundary layers near the membrane surface is also influenced by the
flow velocities of the feed and permeate. The higher the flow rate, the more turbulent the
flow will be, the smaller the boundary-layer resistance will be, and the better the heat and
mass transfer will be, resulting in greater desalination performance [65].

However, due to its pros, temperature polarization and concentration polarization
often restrict the performance of MD. Temperature polarization happens when the tem-
perature on the surface of the membrane is lower than the bulk temperature of the feed
due to heat loss in the evaporation process. This effect will decrease the effective tempera-
ture difference across the membrane and hence the vapor pressure driving force. During
water evaporation, salts at the membrane surface cause concentration polarization, which
increases the concentration of salts and further decreases the vapor pressure. Both fac-
tors reduce permeate flux and the overall thermal efficiency. Hence, significant research
efforts have been devoted towards designing fewer polarizing modules, optimizing the
flow hydrodynamics, and developing more sophisticated membrane designs to reduce
polarization effects [103].

There are four different configurations of MD, namely, DCMD, AGMD, VMD, and
SGMD. All configurations use the same principle of vapor transport through the hydropho-
bic membrane but vary in how the vapor is collected and condensed, resulting in different
thermal efficiencies, permeate fluxes and system complexities [104]. In DCMD, the hot
saline feed and the cold permeate stream flow directly along opposite sides of the mem-
brane. The water vapor produced from the feed side passes through the pores of the
membrane and instantly condenses in the cold permeate channel. There are no intermedi-
ate air gaps or vacuum systems, leading to a low construction and operation complexity
and compact module design. This configuration is usually used to get a higher permeate
flux than other MD configurations, as the vapor faces least transport resistance. There is,
however, a risk of conductive heat loss due to direct mixing of the two liquid streams as
well [105].

In AGMD, a “dead space” of stagnant air is created between the membrane and the
condensation surface. This air gap decreases the conductive heat losses and increases
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thermal efficiency. The extra diffusion resistance of the air layer, however, reduces vapor
transport, thus decreasing permeate flux when compared with DCMD. This makes AGMD
a popular choice for applications where energy conservation is a more significant constraint
than the greatest water output possible [106].

In VMD, a vacuum pump is used to quickly extract water vapor from the permeate
side of the membrane. The vapor is then condensed outside of the membrane module. The
low pressure significantly enhances the vapor pressure difference, which allows higher
permeate flux than most other MD configurations. However, vacuum equipment, extra
condensers, and leak monitoring add to system complexity and operation expenses [107].

In SGMD process, water vapor is continually swept away from the permeate side of the
membrane before being condensed externally using an inert carrier gas. This configuration
is used in desalination for specific industrial applications because it is a method of reducing
conductive heat losses but requires a supplementary gas handling system to increase the
equipment requirement and energy consumption, which restricts its use in conventional
desalination processes [23,108].

DCMD is the one of the four configurations that has been most extensively investigated
due to its balance of simplicity of the system, system stability and desalination performance.
It is compact, which allows for lab experimentation, numerical modeling, characterization
of membranes and/or pilot-scale implementation. Moreover, it can be easily coupled
with solar thermal collectors, geothermal energy systems, industrial waste heat recovery
systems and hybrid renewable energy technologies, which makes it especially appealing for
decentralized water production from renewable sources in areas where there is a significant
amount of renewable energy sources available [95].

The heated saline feed is introduced into the membrane module and flows along one
side of the hydrophobic membrane, while simultaneously a cold permeate stream is fed
in the other channel. The temperature difference created between the two streams creates
the vapor pressure gradient which causes water evaporation, vapor diffusion through the
pores of the membrane, and condensation in the permeate channel. Operating conditions,
such as temperature (T1–T3) and pressure (P1–P2), are continuously monitored and thus
the thermal performance, permeate flux and system stability can be accurately evaluated.
The ease of this configuration, along with its ability to use low-grade heat and renewable
energy sources, has made DCMD the standard configuration for MD studies and the subject
of many recent advances in the technology [82].

Despite the high potential of sustainable desalination offered by DCMD, there is still
a need for further enhancement of the membrane material, module geometry, heat recov-
ery and operating strategies to address thermal losses, membrane wetting and fouling.
The factors that affect energy performance, membrane properties, fouling behavior, eco-
nomic viability and the large-scale application of DCMD are therefore investigated in the
following sections.

4.3. Energy Performance of Direct Contact Membrane Distillation

One of the most important factors that controls the technical feasibility and the com-
mercial viability of desalination technologies is energy consumption. The separation of
water molecules from dissolved salts in the desalination process requires continuous input
of energy, in the form of thermal energy, electrical energy, or both. Hence, the choice of de-
salination technology also depends on its energy efficiency, operation cost, environmental
impact and compatibility with available energy resources [9].

DCMD is a pressure-independent MD process in which the driving force for the
water evaporation is heat, with relatively low electrical power consumption for circulation
pumps [26]. The operating principle is different from that of RO, in which high-pressure
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pumps are the dominant cause of energy consumption. Since DCMD works at atmospheric
pressure and moderate temperatures, typically between 40 and 80 ◦C, it is possible to
use low-grade thermal energy sources, such as industrial waste heat, geothermal heat,
or solar thermal collectors, to enhance the performance of the DCMD system [51]. One
of the main benefits of DCMD is its capacity to recover and reuse heat that is lost with
conventional thermal desalination processes, which makes it more sustainable than other
thermal desalination methods [26].

While thermal energy input is necessary for phase change, it is not the absolute amount
of energy that is important to the overall energy efficiency of DCMD, but rather how well
the energy input is utilized. While the heat is being supplied to the system, some of the heat
is used for evaporation of water (latent heat transfer), and the remaining heat is lost as it is
transferred by conduction across the membrane and the sensible heat transfer between the
feedwater and permeate. These unavoidable thermal losses will decrease the overall system
thermal efficiency and increase the specific energy consumption. Thus, much research
has been directed towards the optimization of the membrane properties, the design of
membrane module geometry and the installation of systems for heat recovery to enable the
best utilization of latent heat and minimize conductive heat losses [78].

The energy performance of DCMD is significantly affected by several operating pa-
rameters. The higher the feed temperature, the greater the vapor pressure difference across
the membrane and the greater the permeate flux. Higher operating temperatures will,
however, also increase the temperature polarization and conductive heat transfer, which
will diminish the thermal efficiency.

Likewise, higher salinity of feeds reduces water activity and vapor pressure, leading
to reduced mass transfer rates and hence higher energy requirements for water production.
The balance between heat transfer and vapor transport is also affected by membrane thick-
ness, porosity, pore size, flow velocity, module configuration and heat recovery efficiency.
So, these coupled thermodynamic and hydrodynamic factors should be taken into account
when evaluating the performance of a DCMD, rather than just relying on reported energy
consumption values [109].

The conventional thermal processes, like MSF and MED, are energy-intensive pro-
cesses, since a lot of feedwater has to be evaporated and condensed repeatedly. Such
technologies are very reliable in operation and have high salt rejection rates but are not
economically competitive due to their high energy consumption, especially if low-cost
thermal energy is not available [55].

RO has the lowest overall specific energy consumption of all the commercially avail-
able desalination technologies. However, RO requires expensive pumps, complex pre-
treatment systems and regular cleaning of membranes to operate without problems. In
addition, control issues of concentrate management and membrane fouling are significant
issues to consider for its operation, especially for highly saline feedwaters [110].

DCMD falls between conventional thermal desalination and pressure-driven mem-
brane processes. Its thermal energy demand thus seems quite high, but much of this energy
can be provided by renewable or waste heat sources with very low incremental operating
costs. Therefore, it is important to compare both the quality and source of energy when
comparing direct energy use of DCMD and pressure-driven technologies. DCMD can
use low-grade heat, greatly enhancing its overall sustainability and lessening reliance on
fossil-fuel-based electricity [23].

The other important performance indicator is permeating flux, which is an indication
of the productivity of the membrane system. With optimum operation, the permeate flux
for DCMD is reported at around 25–40 kg m−2 h−1 considering the membrane properties,
operating temperature, feed salinity and the module design. Furthermore, water recov-

https://doi.org/10.3390/liquids6030027

https://doi.org/10.3390/liquids6030027


Liquids 2026, 6, 27 29 of 60

ery rates of 50–70% have been reported, which are in favor of this technology, compared
to several conventional desalination technologies, where water recovery is less impor-
tant. However, it should be noted that these performance indicators are very sensitive
to experimental conditions and can only be compared on a case-by-case basis with other
independent studies [23].

It should be noted that the performance data have been drawn from various literature
sources using a variety of feedwater compositions, membrane materials, module geome-
tries, operating temperatures, flow rates and measurement methods. These differences
have a significant effect on thermal efficiency, permeate flux and specific energy consump-
tion. The values should therefore be considered as a representative performance range
to highlight the relative performance of various desalination technologies and not as a
benchmark value obtained under the same operating conditions [111].

In general, the comparative analysis reveals that there is no definite best desalination
technology for all situations. Although conventional thermal technologies are still used
in areas with large quantities of low-cost thermal energy, RO is the method of choice for
large-scale desalination of seawater in places with reliable electrical power. The special
advantage of DCMD is that it is also able to use low-grade thermal energy, and the salt
rejection and water recovery is comparatively high, making it suitable for decentralized
and renewable energy-driven desalination. Future sustainable desalination systems are
expected to further decrease energy consumption through continued advancement of heat
recovery technology, membrane material and module design and increase the commercial
competitiveness of DCMD [9].

4.4. Membrane Materials and Module Configurations for Direct Contact Membrane Distillation

The membrane is the key element of a DCMD system, as it controls the vapor transport,
thermal efficiency and salt rejection, and long-term stability. Since the membrane is not
a selective barrier as a result of pore size, the membrane in DCMD acts as a hydrophobic
barrier, allowing water vapor to enter the membrane without liquid water penetrating the
pores. Therefore, the membrane’s properties have a significant effect on both mass transfer
and heat transfer in the system and limit the desalination performance [112] of the system
as a whole.

An ideal DCMD membrane should have high hydrophobicity, high porosity, low
thermal conductivity, a narrow pore-size distribution, high mechanical strength, and
excellent chemical and thermal stability. High hydrophobicity would help to maintain the
stability of the liquid–vapor interface in the pores of the membrane, while high porosity
would help to increase the effective area for vapor transport, which would increase the
permeate flux. Meanwhile, the thermal conductivity is low, and conductive heat loss
through the membrane is reduced, which also enhances thermal efficiency. Membrane
thickness is also significant, as it can decrease the mass transfer resistance but can increase
the conductive heat transfer and decrease the membrane mechanical durability. Thus,
membrane design must ensure a good compromise between high vapor transport and low
heat losses [45].

Commercial membranes are mostly produced using Polytetrafluoroethylene (PTFE),
Polyvinylidene Fluoride (PVDF) and Polypropylene (PP) as the hydrophobic material
because of their superior chemical resistance and hydrophobic nature. Overall, PTFE has
the highest level of hydrophobicity among these materials, and it is also more resistant to
harsh chemical environments, thus being especially suitable for long-term desalination
use. The difficulty of its fabrication is, however, rather complicated due to the fact that
PTFE cannot be dissolved in conventional solvents and is usually fabricated by thermal
stretching or extrusion process [113].
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PVDF has been one of the most intensively studied membrane materials due to its rel-
atively easy preparation and very good flexibility for modification of the membrane. PVDF
is also soluble in common organic solvents and therefore can be easily fabricated by phase
inversion, electrospinning and other membrane preparation processes that can control with
precision the pore structure, porosity and surface morphology of the membranes [114]. In
addition, different surface modification methods such as incorporating nanoparticles and
fluorination treatment have been used to increase its hydrophobicity, fouling resistance
and mechanical strength. Compared to PTFE, PVDF is less intrinsically hydrophobic, but it
has proven to be one of the most commonly used membrane materials in laboratory and
pilot-scale DCMD studies [115].

PP membranes are also relatively inexpensive and have good chemical stability and
hydrophobic properties. However, in general, the thermal stability of PP membranes
is inferior to that of PTFE, and they are less commonly used in research on advanced
membrane fabrication. As a result, selection of the membrane material is determined
by the operating conditions, membrane lifetime, fabrication requirements and economic
considerations [116].

In addition to the membrane material, the structure is an important factor that affects
DCMD performance. Parameters like pore size, pore volume, thickness of the membrane,
LEP, tortuosity and thermal conductivity determine together the vapor transport resis-
tance (VTR) and the durability of the membrane. The higher the pore size, the greater
the vapor permeability and permeate flux, but too large a pore size can lower LEP and
increase the chance for membrane wetting. Likewise, the higher the permeability of the
membrane, the better its ability to transfer vapor, but it also allows for more conductive
heat transfer through the membrane. These competing effects are examples of the fact
that the optimization of the membrane should be based on the consideration of various
transport phenomena and not on the sole optimization of any single phenomenon in the
membrane [117].

Other than the factors previously mentioned, the physical structure of the membrane
module has an influence on heat transfer, hydrodynamics and overall desalination efficiency.
Of the different types of modules, flat-sheet and hollow-fiber modules are the ones most
frequently used in research and commercialization of DCMD [118].

Flat-sheet membrane modules are composed of flat membranes, which are situated in
close proximity to each other and separated by narrow flow channels. These flow channels
are usually provided with spacers to increase turbulence and turbulence-induced heat
and mass transfer. Their simple geometry provides a uniform flow distribution, simple
membrane replacement, and easy cleaning and maintenance. Additionally, flat-sheet
modules offer easy access for membrane characterization and experimental investigation,
thus making them very suitable for lab-scale studies. Their modular construction also
allows them to be easily scaled up by arranging them in series or in parallel. However, the
packing density of flat-sheet modules is typically lower than that of hollow-fiber modules,
and leakages in inadequate sealing of gasket joints can occur.

Membrane modules made from hollow fibers consist of many small tubular mem-
branes packed into a cylindrical shape, which offer a very high membrane surface area to
volume ratio. This high packing density allows for small-module design and a higher water
production capacity, making hollow-fiber systems appealing for large-scale desalination.
However, non-uniformity of the flow distribution; the existence of some dead spaces; and
concentration polarization, especially at low flow rates, are often observed. Cleaning and
replacement of the membrane are also more challenging in the case of a bundle of fibers
which are not flat-sheet, as each fiber is difficult to access [119].
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Comparative studies have shown a significant effect of module geometry on DCMD
performance. Normally, flat-sheet modules have better heat transfer properties and higher
permeate flux because more effective control of feed flow can be achieved by means of
spacers, which are turbulence promoters. Hollow-fiber modules, on the other hand, have a
higher membrane area in a smaller package; however, they might create more temperature
polarization and concentration polarization because of limited hydrodynamic mixing. Re-
cent investigations also demonstrated that the use of modified hollow-fiber designs such
as helical and wavy geometry designs can significantly enhance secondary flow develop-
ment, decrease the boundary-layer thickness and increase the permeate productivity in
comparison with straight-fiber, hollow-fiber modules [27].

Important structural features of flat-sheet and hollow-fiber membrane modules and
membrane module configurations have been reported in the literature. These comparisons
clearly show that none of the module designs is universally superior, but that each has
different characteristics that are preferable for different applications, operating conditions,
and system scales.

In general, the performance of DCMD has been significantly improved in the last
decade, due to the developments of new membrane materials and module design. However,
wetting, fouling, scaling, thermal polarization and long-term material degradation still
hinder its long-term operation in practical desalination conditions. Therefore, further
research is needed to design and develop next-generation membranes in order to improve
its hydrophobicity, decrease its thermal conductivity, and increase mechanical durability
and antifouling surfaces, and while optimizing the hydrodynamics of the module for the
best heat and mass transfer performance. These are important developments for promoting
the sustainable production of freshwater in DCMD for commercial applications [45].

4.5. Fouling, Scaling, Membrane Wetting, and Pretreatment Strategies

Although DCMD offers many benefits, it cannot sustain long-term performance due to
membrane fouling, inorganic scaling, pore wetting and progressive flux decline. These phe-
nomena lead to lower permeate productivity, higher thermal resistance, lower membrane
life, and higher operating and maintenance costs. Therefore, it is crucial to understand the
mechanisms leading to the deterioration of membranes to enhance the long-term durability
and commercial feasibility of DCMD systems [45].

Different from the pressure-driven membrane processes, DCMD is operated at atmo-
spheric pressure, which renders the process more immune to severe membrane compaction
and irreversible fouling. The hydrophobic membrane rejects dissolved salts and suspended
contaminants while allowing only water vapor to pass, thus minimizing the direct de-
position of many foulants. However, scaling of the membrane surface and in pores will
always occur during longer periods of operation with hypersaline feed solutions or com-
plex wastewater streams. These deposits disrupt heat and mass transfer, lower the effective
vapor pressure gradient, and gradually reduce freshwater production [45].

There are four kinds of fouling in DCMD: inorganic scaling, organic fouling, partic-
ulate fouling, and biofouling. Inorganic scaling is reported most frequently and occurs
when sparingly soluble salts like calcium carbonate (CaCO3), calcium sulphate (CaSO4),
magnesium hydroxide and silica precipitate. The salt concentration close to the surface of
the membrane is continuously raised due to the continuous evaporation of water through
the membrane. Mineral crystals nucleate and grow on the surface of the membrane when
the concentration of the minerals in the local solution exceeds the solubility limit, thus
blocking vapor transport and causing an increase in thermal resistance [120].

Organic fouling results from the process of adsorption and deposition of natural
organic matter, oils, proteins, surfactants and humic substances in the feedwater. These
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materials generate a thin organic film in the pores that prevents other foulants from
attaching. Organic fouling is a major culprit in long-term flux decline, especially when the
source water is municipal wastewater or industrial effluents, even though it typically takes
longer to form than inorganic scaling [121].

Particulate fouling is caused by the presence of suspended solids, colloidal particles
and fine sediments on the membrane surface. These deposits increase hydraulic resistance,
can serve as nuclei for further mineral scaling and may also delay scaling. Biofouling can
be problematic in pressure-driven membrane systems, even though it is not as prevalent as
in conventional pressure-driven membrane systems, since microorganisms can settle on the
membrane surface during extended use. The biofilm further decreases the mass transfer
resistance and rates of degradation in the performance of the membranes.

One of the most critical limitations of DCMD is the need to prevent the wetting of the
membrane. In order to have a successful MD, the membrane pores should be filled with air
or vapor during the desalination process. If the hydrophobic properties of the membrane
are lost, the liquid feed enters into the pores and the dissolved salts are released into the
permeate. This effect leads to less salt rejection and reduces the efficiency and quality of
the water in the system considerably [122].

Hydrophobic surfaces are used to exclude the passage of liquids in commercial mem-
branes produced by PTFE, PVDF and PP. Repeatedly having concentrated saline solutions,
surfactants, or deposited salts, however, will slowly change the surface properties of mem-
branes. Salt crystallization on the membrane surface can decrease the water contact angle,
increase wettability of the surface and promote pore wetting. During the wetting process,
vapor transport is further reduced; the resistance to permeate conductively increases; and,
eventually, irreversible damage to the membranes may be caused. Therefore, it is important
to keep the membrane highly hydrophobic during long-term operation, which is a current
research priority.

The level of fouling and wetting depends on various operating factors such as feed
salinity, feed temperature, concentration factor, flow velocity, membrane properties and
module hydrodynamics. Increasing the feed temperature raises the evaporation rate, but it
also escalates the supersaturation of the salt in the vicinity of the membrane surface, which
will accelerate the growth of crystals. Likewise, concentration polarization increases with
the concentration of brines as well, which can lead to scaling and wetting of the membranes.
These problems are exacerbated by low flow velocities because of the development of thick
concentrations and thermal boundary layers near the membrane’s surface. Hence, it is
imperative to optimize the operating conditions in order to ensure a compromise between
permeate productivity and membrane stability [123].

It is impractical to fully eliminate fouling, and effective pretreatment of the feed stream
is therefore important to extend membrane life and ensure that the membrane functions
normally. The pretreatment process decreases the number of suspended solids, colloids,
microorganisms, and scaling precursors in the feed prior to their introduction into the
membrane module. Selecting a proper pretreatment method is a function of feedwater
condition, membrane configuration and application. Physical pretreatment usually includes
multimedia filtering with gravel, sand and anthracite filters, followed by filtering with
fine suspended particulate removal filters, such as cartridge filters or micron filters. These
processes help decrease particulate fouling and blockage of the membrane surface. Typical
chemical treatments involve pH adjustment, dosing with antiscalants, and softening to
inhibit the formation of any sparingly soluble salts. In feeds with a high calcium and
magnesium content, antiscalants have a good effect on the prevention of crystal nucleation
and inorganic scale deposits.
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In wastewater and industrial effluent applications, other pre-treatment technologies,
such as ultrafiltration, microfiltration, activated carbon adsorption and biological treatment,
are often used to eliminate dissolved organic matter and microorganisms from the wastewa-
ter or effluent prior to MD. Hybrid pretreatment methods provide a dramatic improvement
in long-term membrane stability and in the frequency and duration of membrane cleaning.

Despite proper pretreatment, periodic cleaning of membranes is still required to restore
the permeate flux. The use of chemical cleaning agents (dilute citric acid and oxalic acid
solutions) as effective means of removing carbonate and metal oxide scales without causing
substantial membrane degradation has been well documented. When choosing cleaning
protocols, it is important to keep in mind the membrane material, as it should remain
hydrophobic and structurally intact throughout multiple cleaning cycles.

In recent years, more focus has been placed on advanced techniques in mitigating
fouling and membrane wetting by engineering membrane surfaces. Nanostructured su-
perhydrophobic coatings, omniphobic membranes, electrospun nanofiber membranes,
photocatalytic self-cleaning surfaces and zwitterionic surface modifications have shown
great promise for minimizing foulant adhesion while simultaneously preserving a high
vapor permeability. On the other hand, CFD and machine learning methods are used to
optimize module hydrodynamics and to predict fouling behavior under different operating
conditions, offering new opportunities for process control and predictive maintenance
for modules.

4.6. Economic Feasibility and Techno-Economic Assessment of Direct Contact
Membrane Distillation

Technical performance is not enough for commercial adoption of any desalination
technology; it also needs to be economically viable. Despite its excellent salt rejection, high
water recovery and suitability for renewable energy sources, economic considerations have
hindered the wide-spread implementation of DCMD. The total freshwater production cost
is a combination of capital investment, operating cost, membrane replacement cost, thermal
requirement, and plant size. Thus, it is necessary to undertake a techno-economic evalu-
ation in order to assess the practicality of DCMD in comparison to existing desalination
technologies [124].

A DCMD system has two types of costs: capital expenditure (CAPEX) and operational
expenditure (OPEX). Capital costs comprise the costs of membrane modules, pumps, heat
exchangers, solar collectors, waste heat recovery systems, piping, instrumentation and
plant installation. Operational costs are mainly due to thermal energy consumption, energy
consumption for fluid circulation, membrane replacement, chemical cleaning, maintenance,
labor and water pretreatment. Of these factors, energy use is typically the largest cost in
operation, hence the interest in increasing thermal efficiency and heat recovery.

The cost-effectiveness of the DCMD process is highly sensitive to the source of thermal
energy as compared to conventional thermal desalination methods. If fossil fuel heating is
used, the operating costs become significantly higher due to the consumption of fuel. A
combination of DCMD and low-grade waste heat sources, such as solar thermal collectors,
geothermal energy or industrial excess heat, can significantly lower the energy costs,
however. The cost of operation of DCMD may be very competitive in remote areas where
conventional energy infrastructure is limited, as these types of energy sources are often
available at little or no extra fuel cost [31].

When compared with other desalination technologies, the reported costs should be
used with caution as they are sensitive to plant capacity, feedwater characteristics, mem-
brane configuration, energy cost, recovery ratio, local labor cost and economic assumptions.
In most cases, RO is the most economically viable option for use in large-scale seawater
desalination because the specific energy consumption is relatively low and the commercial
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facilities are well developed. RO is, however, very complicated to operate, uses high-
pressure pumps, and has a high demand for concentrate management, all of which increase
maintenance cost and complexity.

Conventional thermal technology, like MSF and MED, has a much higher capital
investment and thermal energy requirement. These systems are reliable and have long
service lives, but they are generally not cost-competitive unless the cost of their thermal
energy is low. Unlike conventional thermal desalination, the distinctive feature of DCMD
is its use of low-temperature heat sources that cannot be used in conventional thermal
desalination. This allows the use of a wider variety of economically viable energy sources,
together with a decrease in greenhouse gas emissions.

There have been several techno-economic studies that have shown that the integration
of DCMD with renewable energy systems greatly enhances the economics of freshwater
production. The water production costs of solar-powered DCMD systems, especially
when combined with flat-plate collectors, evacuated tube collectors, or solar power tower
technologies, have been reported to be competitive in favorable climates. Similarly, hybrid
systems based on industrial waste heat or geothermal heat have demonstrated significant
promise in lowering operational costs and enhancing energy use. The results show that the
economic viability of DCMD is closely related to the efficient use of thermal energy and not
only to the performance of the membrane [31].

The comparison suggests that, in general, the thermal desalination processes consume
more energy than membrane ones, while RO has the lowest reported production costs for
large-scale plants. While it may not seem as competitive at first glance when only direct
thermal energy consumption is taken into account, this may not reflect the low economic
value of waste heat and renewable thermal energy. Therefore, when alternative heating
sources exist, the actual operating cost of DCMD can be significantly reduced.

The economic indicators are from independent studies using different system capac-
ities, operating parameters, membrane materials, feed salinities, economic assumptions,
and regional energy prices, so it is important to note that they are not meant to reflect
the similarities and differences between the various studies performed. Instead, the re-
ported values should be viewed as ranges of representative performance. More consistent
methodologies for economic assessment are needed to facilitate comparison of different
desalination technologies [85].

Technological progress that can boost permeate flux, increase the durability of the
membrane and minimize heat loss can further improve the economic performance of
DCMD. Highly porous membranes with lower thermal conductivities, advanced heat
recovery systems, modules with optimized hydrodynamics and intelligent process control
can significantly lower capital and operating costs. Furthermore, extending the service life of
membranes by using improved antiwetting and antifouling surfaces will reduce the frequency
of replacement and maintenance costs, thus enhancing long-term economic sustainability.

However, the key role of incorporating techno-economic analysis (TEA) and LCA
to assess desalination technologies from both economic and environmental perspectives
has been highlighted in recent studies. A life-cycle approach takes into account the envi-
ronmental impacts, resource consumption, and greenhouse gas emissions throughout the
system’s life cycle, while techno-economic analysis calculates the investment costs and
operational costs. These can be used together to conduct a more holistic assessment of sus-
tainability and to help guide decision making when selecting technologies and designing
systems [109].

Although significant advances have been made, there are still some issues that hinder
large-scale commercialization of DCMD, such as the lack of standard module designs, few
long-term field tests, relatively high membrane production costs, and a lack of industrial-
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scale testing. For this to happen, further developments in membrane production and in
the integration of renewable energy, modular system design and process optimization
are needed. With the development of membrane technology and a further reduction in
manufacturing prices, DCMD is anticipated to be more competitive for decentralized de-
salination and industrial wastewater treatment, as well as for the production of freshwater
using renewable energy sources.

In summary, techno-economic considerations suggest that the future competitiveness
of DCMD will be less reliant on reducing the absolute amount of energy consumed and
more on maximizing the use of low-cost thermal energy, increasing membrane life, and
increasing overall system efficiency. The increased use of advanced membrane materials, re-
newable energy technologies, and intelligent operational strategies is anticipated to further
expedite the commercialization of DCMD as a sustainable desalination technology [125].

4.7. Future Research Outlook and Scientific Agenda

Although DCMD has undergone remarkable technological advancements over the
past two decades, several fundamental scientific and engineering challenges continue to
limit its large-scale commercialization. Although great strides have been made in the
development of membranes, studies on membrane transport phenomena, integration with
renewable energy, and optimization of the process have been limited to laboratory-scale
studies performed under controlled operating conditions. Thus, future research needs to
transition from the improvement of each component to integrated system validation in
realistic operating environments [126].

One of the key research needs is to develop the next generation of membrane materi-
als that can withstand high-saline and highly chemically aggressive feedwaters for long
periods of time. While commercially available PTFE, PVDF and PP membranes have a high
initial hydrophobicity, they have a significant drawback of membrane wetting, fouling,
scaling and chemical degradation during long-term operation. Hence, future membrane
research should emphasize the development of omniphobic and Janus membranes, elec-
trospun nanofibrous membranes, grapheneoxide and carbon nanotube nanocomposite
membranes, MOF-modified membranes, biomimetic membrane architectures with high va-
por permeability, low thermal conductivity, and high fouling and wetting resistance. There
are other significant scientific voids still to be addressed, such as the long-term stability,
multi-scale manufacturing, mechanical robustness and economic viability of membranes
for continuous industrial use [127].

Another significant research issue is the design of membrane modules and the trans-
port phenomena. The resulting vapor transport polarization, as well as concentration
polarization, further diminishes the driving force for vapor transport and hence decreases
the productive yield of permeate. The next step in future research would be to create
high-fidelity three-dimensional transient CFD models that can simulate conjugate heat
transfer, mass transfer, multiphase flow, membrane wetting, and fouling simultaneously
under varying operating conditions. This will enable optimization of spacer geometry,
the packing density of hollow fibers, flow channel geometry and heat recovery system
design, while minimizing costly trial-and-error. Also, physics-informed neural networks
(PINNs) combined with CFD is a potential area for rapid predictive simulation without
loss of physical consistency [128].

Another important area where significant research is still needed is energy manage-
ment. While use of solar-assisted DCMD technologies can substantially decrease fossil fuel
reliance, intermittent solar exposure still impacts thermal stability and freshwater genera-
tion. Combined hybrid renewable energy systems, comprising solar thermal collectors and
photovoltaic (PV) systems, geothermal energy, energy from industrial waste heat, thermal
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batteries and phase-change material (PCM) thermal energy storage, should therefore be
investigated in future research. To maximize freshwater productivity, minimize specific
thermal energy consumption, and maximize overall system efficiency simultaneously un-
der dynamic environmental conditions, multi-objective optimization techniques such as
the Non-Dominated Sorting Genetic Algorithm II (NSGA-II), Particle Swarm Optimization
(PSO) and Bayesian optimization should be used [129].

In the future, AI and digital technologies will change the way that DCMD func-
tions, moving from traditional process control to intelligent autonomous desalination.
However, the extent to which the current AI applications are available is still limited to
prediction models for laboratories. Advanced machine learning-based frameworks like
Artificial Neural Networks (ANNs), Long Short-Term Memory (LSTM) networks, Random
Forest, Extreme Gradient Boosting (XGBoost), Gaussian Process Regression (GPR) and
reinforcement-learning algorithms should be developed to predict permeate flux, mem-
brane fouling, thermal efficiency, and energy consumption in real time. Another important
scientific challenge is the incorporation of AI into Internet of Things (IoT) sensor networks
and digital twin technologies that enable continuous monitoring of membrane condition,
forecasting of maintenance needs, and self-optimization of operating parameters in the
context of variable renewable energy availability.

A major drawback in achieving commercialization is the absence of long-term pilot-
scale validation. Although a large number of laboratory studies have shown good salt
rejection and permeate flux, there are relatively few reports of long-term continuous system
operation with real seawater, hypersaline brines, industrial wastewater and/or varying
climatic conditions. Therefore, future research should focus on pilot-scale demonstrations
with longer durations (several months) to assess membrane durability, fouling development,
cleaning procedures, thermal stability, membrane lifetime, operational reliability and
maintenance. To validate predictive models and develop confidence in solar-assisted
DCMD technology, it will be crucial to establish standardized pilot-scale datasets.

More comprehensive sustainability perspectives should also be adopted in future
investigations. Permeate flux and salt rejection are still key performance metrics, but
the potential for integrated LCA, TEA, exergy analysis, GHG emissions assessment, W-E
nexus evaluation, and resource recovery should be emphasized. Technical, economic,
and environmental performance are the three areas of sustainability that are typically
assessed, but standardized frameworks or tools that can evaluate all three of these aspects
simultaneously are still not widely available and are a methodological gap in the current
body of DCMD literature.

Another research direction which is promising is the combination of DCMD with ZLD
systems. Hybrid systems of DCMD with RO, Membrane Crystallization (MCr), evaporative
crystallization and selective mineral recovery units provide great potential for high water
recovery and extraction of valuable salts and critical minerals. But there are key scientific
issues yet to be resolved, such as scaling control, the crystallization rate, continuous
operation, energy optimization, and economic viability. Solving these challenges will be
critical in moving towards a circular water management system characterized by resource
recovery rather than wastewater disposal.

There is also a need to standardize the methods used in experiments. There is a
difficulty in directly comparing the published studies at present because of the variations
in membrane characteristics, module configurations, operating conditions, feedwater com-
position, and performance indicators. Future research is required to develop common test
procedures, standardized reportable measures and reference operating conditions to assess
membrane properties, thermal efficiency, specific energy consumption, fouling behavior,

https://doi.org/10.3390/liquids6030027

https://doi.org/10.3390/liquids6030027


Liquids 2026, 6, 27 37 of 60

membrane lifetime and long-term operating stability. This would significantly enhance the
repeatability of the analyses and enable easy comparison of different membrane technologies.

Besides technological innovation, the scalability of manufacturing, reduction in cost,
and industrial integration will be key to future success from a commercialization point of
view. Lowering the cost of membrane fabrication, increasing the strength of membranes,
and incorporating renewable energy systems with intelligent energy management, as well
as creating reliable prediction-based maintenance strategies, will be key to commercial-
ization. The use of solar energy in regions with high solar irradiation, low freshwater
availability and low-grade industrial waste heat is still a better prospect for early implemen-
tation. Future applications include, but are not limited to, industrial wastewater treatment,
concentration of hypersaline brine, food processing, pharmaceutical production, recov-
ery of lithium and critical minerals, and decentralized drinking-water systems—beyond
seawater desalination.

In summary, it will take tight cooperation between membrane scientists, thermal
engineers, computational modelers, AI researchers, environmental scientists and industrial
stakeholders to develop solar-assisted DCMD in the future. Future research needs to
include in-service energy AI systems, hybrid renewable energy configurations, digital twin
platforms, pilot-scale testing at a long time horizon, standardized sustainability assessment,
and engineering design for commercialization. Resolving these scientific and technological
challenges will help to move solar-assisted DCMD from lab-scale experiments to a reliable,
economically competitive, and environmentally friendly freshwater production technology.

5. Discussion on Emerging Trends and Future Perspectives of
Solar-Assisted Direct Contact Membrane Distillation

The bibliometric analysis carried out in Sections 3 and 4 shows that a clear evolution
can be observed in the research on MD during the last 20 years. The initial studies primarily
were concerned with membrane manufacturing, transport mechanisms, and module design,
whereas recent studies are more inclined towards integration with renewable energy
sources, process optimization and sustainable freshwater production. This is due to the
increasing demand for desalination technologies that can not only respond to the immediate
need for freshwater, but also efficiently use energy and have minimal environmental
impact [130]. The various configurations of MD were studied some years ago, and one of
the most widely studied configurations is DCMD, which is simple in configuration, has a
high salt rejection ratio and can be implemented with low-grade heat sources.

Conventional desalination technologies are based on either high hydraulic pressure
or intensive thermal energy; DCMD is based on a temperature difference between the
two sides of a hydrophobic membrane [22]. This unique operating concept allows the
use of waste heat and renewable thermal energy, thus making DCMD especially suitable
for de-centralized desalination in remote and water-scarce areas. However, even though
considerable strides have been made in the development of membrane materials and in
system design, there are still some technological and economic hurdles to large-scale com-
mercialization. These include membrane fouling, pore wetting, temperature polarization,
energy efficiency and operational stability in the long term. In this context, this section
reviews the latest developments in solar-assisted DCMD and discusses the technological
developments, operational challenges, economic assessment and further research trends
that could be beneficial to take the technology from the laboratory to practical applications.

5.1. Evolution of Desalination Technologies and the Emergence of DCMD

With the growing demand for freshwater in the world and depleting water resources,
there has been significant advancement in desalination technologies. Traditional desali-
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nation methods can be categorized based on their separation mechanisms and their main
energy needs into thermal and membrane technologies [49]. Thermal desalination methods,
such as MSF, MED, MVC, and TVC, are processes that separate freshwater using phase-
change temperatures that are achieved by heating the water with thermal energy. These
methods are already in use and applicable to very salty feedwaters, but are limited by their
high energy use, complex infrastructure and significant operating costs [55].

Membrane-based technologies like RO, FO and ED have been widely accepted due to
their relatively low energy consumption and high desalination efficiencies. Of these, RO
has emerged as the current leader in the global desalination market because of its relatively
low specific energy consumption and high freshwater recovery rate.

RO, however, is limited to high-pressure systems and requires significant pretreatment
to reduce the formation of deposits on the membrane and fouling; it is also more complex,
and the maintenance costs of such systems are higher. Furthermore, concentrated brine
disposal is a significant environmental issue [62,131].

The restrictions have encouraged research on other desalination processes which can
be used in more mild conditions and have high separation efficiency. MD has thus been
developed as a hybrid process that combines the benefits of both thermal and membrane
separation processes. MD uses a hydrophobic microporous membrane which only lets
water vapor through while rejecting dissolved salts and non-volatile impurities. The drive
force is the vapor pressure difference, which originates from the temperature difference
between the two sides of the membrane, instead of by means of high hydraulic pressure,
and therefore the process can be carried out at relatively low temperatures, 40–80 ◦C,
typically [132].

A comparative evaluation of the main desalination technologies is presented in Table 3
in order to gain a better insight into the technological position of DCMD compared to
traditional desalination processes. The comparison outlines the distinct differences in driv-
ing force, energy requirements, recovery efficiency, water production cost and operational
characteristics, thus illustrating the benefits and existing challenges of DCMD in the context
of sustainable desalination applications.

DCMD, AGMD, SGMD and VMD are the four main MD configurations, and DCMD
has been the focus of more research than any of the others due to its simple design, ease of
operation, and relatively high permeate flux [23]. A DCMD system is a system where saline
feed is fed along one side of the hydrophobic membrane and a cold permeates stream is fed
on the other side of the membrane. This temperature differential creates a vapor pressure
difference which allows the water vapor to move through the pores of the membrane,
condense on the permeate side, and yield high-quality freshwater. The salt rejection is
usually > 99.9%, even for highly concentrated saline solutions, as only the vapor passes
through the membrane [22].

The increasing interest in DCMD is closely associated with the global transition
towards renewable energy-driven desalination. DCMD can effectively use the low-grade
heat from solar thermal collectors, geothermal sources, industrial waste heat and other
renewable energy sources, which is not the case with conventional thermal processes
that need high-temperature steam. This feature greatly enhances the sustainability of
the process, reducing reliance on fossil fuels and minimizing greenhouse gas emissions.
Therefore, solar-assisted DCMD has emerged as a desirable solution to decentralized
water treatment applications for water treatment systems in remote coastal areas, small
islands and off-grid regions, where the availability of conventional energy infrastructure is
limited [31,95,133].
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Table 3. Comparative techno-economic performance of representative desalination technologies.

Technology Primary
Driving Force

Typical
Thermal
Energy

(kWh m−3)

Typical
Electrical

Energy
(kWh m−3)

Typical
Water

Recovery
(%)

Freshwater
Production

Cost
(USD m−3)

Major Advantages Major Limitations

Multi-Stage
Flash (MSF) Thermal 53–70 2.5–5.0 20–25 1.4–1.8

Excellent reliability;
suitable for

high-salinity feed

Very high thermal
energy demand;
high capital cost

Multi-Effect
Distillation

(MED)
Thermal 40–65 2.0–2.5 30–40 0.7–1.2

Higher thermal
efficiency than

MSF; stable
operation

High capital
investment;

dependent on heat
source

Mechanical
Vapor

Compression
(MVC)

Mechanical — 7–15 30–50 1.0–2.0 *

Compact system;
suitable for

medium-scale
plants

High electricity
demand

Reverse
Osmosis (RO)

Hydraulic
pressure ~0 3–8 30–50 0.5–1.2

Lowest commercial
energy

consumption;
mature technology

Fouling, scaling,
concentrate

disposal, extensive
pretreatment

Forward
Osmosis (FO)

Osmotic
pressure — <30 Variable 0.8–2.0 *

Low hydraulic
pressure; suitable

for hybrid systems

Draw solution
regeneration

required

Direct Contact
Membrane
Distillation

(DCMD)

Low-grade
thermal energy 60–100 † 1.5–3.6 50–70 0.8–1.5 ‡

Utilizes waste heat
and solar energy;
high salt rejection;

suitable for
hypersaline brines

Thermal losses,
membrane wetting,

scaling, limited
commercial
deployment

* Estimated cost assumes limited pilot-scale or medium capacity commercial installations, because
large scale implementation of the technology is limited. † Indicates the high variety of thermal energy
consumption for DCMD reported in different studies, due to variations in the feed temperature, the
characteristics of the membranes, and the configurations of the modules, which are mostly in the
pilot/lab scale and not optimized industrial operation. ‡ This estimated cost is based on techno-
economic studies in the pilot- and lab-scale and is subject to change as the technology is not yet
widely commercialized as yet by DCMD.

Despite these benefits, DCMD has not been commercially implemented at a large
scale. The major drawbacks are related to heat loss across the membrane, concentration
and temperature polarization, membrane wetting, fouling, and poor data from short-term
tests [24]. Moreover, the lack of standardized module designs and large-scale demonstra-
tion projects has hindered the adoption of the technology by industry. These constraints
show that further advances will require integrated optimization of module design, ther-
mal management, use of renewable energy, and system operation, as well as enhanced
membrane materials [134].

Overall, the development of desalination technologies highlights a progressive transi-
tion from conventional desalination technologies with high energy consumption towards
sustainable membrane-based technologies that are capable of utilizing renewable thermal
energy. In this transition, one of the most promising technologies is DCMD technology,
which has a high desalination efficiency, simple operation and can be used in combination
with renewable energy sources. For successful commercialization, however, advances in
membrane engineering, thermal system integration and intelligent process optimization
will be needed.

5.2. Energy Performance and Sustainability of DCMD

Consumption of energy is still one of the most significant parameters to affect the
economic and environmental sustainability of desalination processes. While pressure-
driven membrane processes mostly rely on electrical energy for pumping, conventional
thermal processes like MSF and MED require significant amount of thermal energy for
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repeated evaporation and condensation. Therefore, desalination research has established
reducing energy consumption with a high freshwater recovery rate as a key goal [9].

Unlike traditional thermal technologies, DCMD has an added benefit that it can use
relatively low-temperature feed and can even take advantage of low-grade thermal energy
that cannot be used by other thermal technologies. Thermal energy from industrial waste
heat, geothermal and solar thermal collectors, and other renewables can be used to maintain
the vapor pressure gradient across the membrane [82]. This capability not only significantly
decreases reliance on traditional energy sources but also improves the environmental
sustainability of the desalination process.

The comparative performance of major desalination technologies includes represen-
tative ranges of thermal energy consumption, electrical energy demand, permeate flux
and water recovery reported in the literature. The electrical energy requirement is usually
lowest for RO, usually in the range of 3 to 8 kWh m−3, and it is the technology of choice
for large-scale seawater desalination systems [9,135]. Its performance is, however, strongly
conditioned on the quality of the feedwater, pretreatment requirements and the life of the
membrane. Thermal desalination technologies have strong performance characteristics
when the feedwaters are very saline, but the thermal energy cost is substantial.

The performance of DCMD is reported as being relatively high, but care must be taken
to compare it directly with other technologies since the performance of other desalination
methods has a strong dependence on various operating conditions such as feed temperature,
feed salinity, membrane properties, the configuration of the desalination module, flow
velocity, and heat recovery methods. In contrast to MSF or MED, a large percentage of the
thermal energy supplied to DCMD can be provided from renewable and/or waste heat
sources, significantly lowering its effective environmental footprint [23,31,136]. Therefore,
assessing only the specific energy consumption could underestimate the sustainability
benefits of DCMD.

Thus, recent efforts have centered on improving the thermal efficiency of DCMD by
heat recovery, optimized flow channel design, development and utilization of new mem-
brane materials, etc., and on integrating it into solar thermal systems. Hybrid systems such
as heat exchangers, thermal storage tanks and photovoltaic thermal (PVT) collectors have
been shown to have significant potential to achieve a lower total energy consumption with
constant freshwater production. In addition, with the help of progress in computational
modeling, operating conditions are being optimized and energy is being used as efficiently
as possible under changing climate conditions [95].

Environmentally, the use of DCMD in conjunction with renewable sources is very ben-
eficial from a sustainability point of view. Solar-assisted DCMD systems can help to lower
GHGs, reduce dependence on fossil fuels, and enable decentralized freshwater generation
in areas with poor power supply. The characteristics are similar to the sustainability goals
worldwide and reflect the increased research focus in the bibliometric analysis. However,
significant enhancements in system durability, long-term operational performance, and
thermal efficiency are still required for DCMD to be a viable commercial desalination
technology compared to existing desalination technologies [31,137].

5.3. Advances in Membrane Materials and Module Design

The performance of a DCMD system is governed not only by operating conditions but
also by the physicochemical properties of the membrane and the design of the membrane
module. The membrane is the selective barrier between the hot feed and the cold permeate
stream, so its properties directly affect the vapor transport, thermal efficiency, salt rejection
and long-term operational stability. As a result, the development of membranes is one of
the most exciting research fields in DCMD [138].
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Commercially available DCMD membranes are mainly made of PTFE, PVDF, and PP
due to their high hydrophobic property, chemical stability and thermal resistance. In this
group, PTFE is the most hydrophobic and has the best resistance to membrane wetting and
is thus especially well suited to the desalination of highly saline feedwaters [139]. Typically,
however, it is fabricated using thermal extrusion, which adds to manufacturing complexity
and cost. Unlike PVDF membranes, however, the flexibility of membrane modification and
surface engineering is greater for PVDF membranes, as they can be readily produced via
phase inversion. PVDF is less hydrophobic than PTFE but has been extensively used in
experimental and pilot-scale DCMD systems due to its ease of fabrication. PP membranes
are less thermally stable than PTFE and, in general, have poorer chemical resistance and
hydrophobicity [140].

In addition to the membrane material, structural properties such as pore size, porosity,
membrane thickness, tortuosity and LEP are crucial to DCMD performance. Increased
pore diameter and porosity tend to lead to increased vapor transport and permeate flux
within the membrane because they decrease the resistance to mass transfer. Excessive
pore enlargement, however, reduces the LEP and thus the risk for wetting the membrane
and the degradation of salt rejection [117]. The same applies to reducing the thickness of
the membrane, which creates a shorter diffusion path for the water vapor and raises the
permeate production but, at the same time, increases the conductive heat transfer across
the membrane, which lowers the thermal efficiency again. Therefore, it is important to
optimize the design of the membrane to get a suitable compromise between mass transfer
and heat loss.

There are two types of modules, flat-sheet membrane and hollow-fiber membrane
modules, both of which have different geometries, as illustrated in Figure 3.

As illustrated in Figure 3, hollow-fiber modules provide a high membrane packing
density and compact design, making them attractive for large-scale desalination systems.
In contrast, flat-sheet modules offer simpler fabrication, easier membrane replacement,
and improved control over hydrodynamics, making them suitable for laboratory-scale
investigations and module optimization. The selection of module configuration depends
on the desired balance between packing density, pressure drop, fouling behavior, and
manufacturing complexity.

Although Figure 3 illustrates the structural differences between flat-sheet and hollow-
fiber modules, their principal geometric and transport characteristics are quantitatively
compared in Table 4.

Flat-sheet modules provide relatively uniform flow distribution and facilitate mem-
brane cleaning, inspection, and replacement. Their simple plate-and-frame construction
also enables flexible module design and straightforward scale-up. However, their compara-
tively low packing density limits the membrane surface area per unit volume, potentially
increasing the system footprint for large-scale applications.

Hollow-fiber modules, in contrast, provide a significantly higher packing density
and larger membrane surface area within a compact volume, making them attractive for
industrial-scale desalination. Nevertheless, the complex fiber arrangement often leads
to non-uniform flow distribution, dead zones, and enhanced concentration polarization,
reducing overall mass transfer efficiency. Recent investigations have demonstrated that
modifying fiber geometry through helical or wavy configurations can improve turbulence,
reduce boundary-layer thickness, and enhance permeate flux compared with conventional
straight fibers [141].

https://doi.org/10.3390/liquids6030027

https://doi.org/10.3390/liquids6030027


Liquids 2026, 6, 27 42 of 60

Figure 3. Comparison of the two principal membrane module configurations used in DCMD,
(a) hollow-fiber module and (b) flat-sheet module, illustrating their structural characteristics and
flow arrangements.

Overall, recent advances in membrane fabrication and module engineering demon-
strate that improvements in DCMD performance cannot be achieved through membrane
material development alone. Instead, simultaneous optimization of membrane morphology,
module geometry, hydrodynamics, and heat transfer characteristics is required to maximize
productivity while minimizing thermal losses. Future membrane development is therefore
expected to focus on advanced nanocomposite materials, omniphobic surface coatings, and
bio-inspired membrane architectures capable of simultaneously improving permeability,
fouling resistance, and long-term durability [27].
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Table 4. Comparison of structural and transport characteristics of flat-sheet and hollow-fibber
membrane modules used in DCMD.

Characteristics FS Element Characteristics HF Element

Length of module, L 25 cm 25 cm
Breadth of module, W 15 cm NA

Depth of flow channel, D 1 mm NA
Hollow fiber—inner radius NA 1.17 mm
Hollow fiber—outer radius NA 1.45 mm
Membrane housing radius NA 4.8 mm

Thickness of membrane 100 µm 275 µm
Porosity (%) 83 83

MD coefficient 8.25 × 10−7 kg/m2 Pa s 8.25 × 10−7 kg/m2 Pa s
Thermal conductivity 0.04 W/m.K 0.04 W/m.K

5.4. Operational Challenges: Fouling, Wetting and Pretreatment Strategies

Although significant advances have been made in membrane materials and module
designs, various interrelated phenomena, such as membrane fouling, scaling, pore wet-
ting, temperature polarization and concentration polarization, still limit the long-term
operation of DCMD. These processes can result in a decrease in permeate flux, a decrease
in thermal efficiency and a decrease in membrane life, which are some of the barriers to
commercialization of MD technology [24].

Of these, membrane fouling is the one that has been the most widely studied. Fouling
is caused by the deposition of suspended solids, colloidal particles, dissolved organic
matter, microorganisms and inorganic precipitates on the membrane surface and/or in the
pores of the membrane [142]. DCMD is not affected by hydraulic pressure and normally has
a lower fouling tendency compared to the pressure-driven membrane process. Eventually,
however, if feedwaters are very salty or if they are contaminated with dust and dirt, the
fouling of the heat exchanger results in a decrease in vapor transport and an increase in
thermal resistance.

Another major operational issue is the occurrence of inorganic scaling, especially in
seawater and hypersaline brine desalination. When the water evaporates, salts begin to
concentrate in the vicinity of the membrane until they precipitate as sparingly soluble
compounds, CaCO3, calcium sulphate, magnesium hydroxide and silica [143]. These
crystals block the pores of membranes, decrease the effective membrane area and increase
the membrane wetting rate. This scaling is more pronounced at higher feed temperatures
at which the salt solubility drops, which makes it important to operate conditions carefully.

A related problem is the wetting of the membrane caused by saline feed entering
the hydrophobic membrane pores. The presence of wetting will break the vapor-only
transport mechanism that is the basis of DCMD and impair its ability to reject salt, leading
to contamination of the permeate stream.

Thus, hydrophobicity is one of the most important characteristics of the membrane.
The membrane contact angle can, however, be lowered by a long-term exposure to surfac-
tants and/or organic contaminants or crystalline salt deposits, which can cause a gradual
change from a hydrophobic to a partially wettable surface [24]. Recent research has there-
fore been directed towards the design of membranes that are omniphobic, that is, that resist
both water and low-surface tension contaminants.

Temperature polarization and concentration polarization are also important factors
that affect the performance of DCMD other than fouling and wetting. Heat is consumed
during evaporation at the membrane surface, resulting in the interface temperature of
the membrane being lower than that of the feed bulk, which is the cause of temperature
polarization. Therefore, this phenomenon reduces the effective vapor pressure difference
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across the membrane, reducing permeate flux. Likewise, concentration polarization is
caused by concentration of the rejected salts around the surface of the membrane, which de-
creases the water activity, thereby reducing the driving force for vapor transport [29]. These
phenomena are accentuated under low flow velocities and poor hydrodynamic mixing.

Pretreatment is thus crucial for stable long-term operation. Common pretreatment
methods range from multimedia filtration to cartridge filtration to antiscalant dosing to pH
adjustment and, if needed, to microfiltration or ultrafiltration. In the pretreatment process,
the removal of suspended solids, colloidal particles, and scale-forming ions precedes the
process of entering the membrane module and thus reduces fouling and prolongs the
service life of the membrane. Another periodic membrane maintenance technique is to
clean the membrane with a dilute solution of an acid or base, which also helps eliminate
any irreversible degradation of the membrane [144].

Despite the significant advances in fouling control, future research should be targeted
more towards integrated fouling control systems that incorporate advanced membrane
materials, optimized module hydrodynamics, intelligent process monitoring, and predic-
tive modeling. The value of such multidisciplinary solutions is expected to be in terms of
increased operational stability and reduced maintenance and life-cycle costs.

5.5. Techno-Economic and Environmental Assessment

Although the technical feasibility of DCMD has been demonstrated in numerous
laboratory and pilot-scale investigations, its widespread commercialization ultimately
depends on achieving favorable economic performance alongside environmental sustain-
ability. Consequently, recent research has increasingly shifted from evaluating membrane
performance alone towards comprehensive techno-economic and LCA that consider capital
investment, operating costs, energy consumption, environmental impacts, and long-term
system reliability.

The comparative techno-economic performance of representative desalination tech-
nologies is summarized in Table 3. The comparison demonstrates that the cost of freshwater
production varies considerably between desalination technologies because of differences
in energy requirements, plant capacity, feedwater characteristics, membrane lifespan, and
system configuration. The specific energy consumption is relatively low and the equipment
is commercially available and well developed for seawater desalination, which makes RO
the most economically competitive method for large-scale desalination. On the other hand,
the traditional thermal desalination (TTD) processes typically have a higher operating cost
because of their high thermal energy requirement [9].

While the thermal energy demand of DCMD is higher than that of RO, a direct
economic evaluation of the two should be taken with a pinch of salt since there is low-
grade thermal energy (waste heat) and renewable thermal energy which DCMD can utilize,
whereas RO cannot. The effective operating cost of DCMD can be significantly reduced
if combined with solar thermal collectors or geothermal systems or industrial waste heat
recovery without increasing greenhouse gas emissions. Thus, the economic competitiveness
of DCMD also relies on the availability and use of sustainable energy sources [31,109].

For consistency in the TEA of DCMD systems, Table 5 lists the typical assumptions
found in the literature. These parameters are used to estimate the capital and operating
costs, economics over the system life, membrane replacement requirements, and overall
feasibility of the system.
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Table 5. Typical assumptions adopted for techno-economic analysis of DCMD systems.

Parameter Typical Value Unit Description

Plant lifetime 20–30 years Economic life considered for
annualized cost calculations

Plant availability 0.90 — Fraction of annual
operating time

Interest rate 5–8 % Discount rate used for
capital recovery

Electricity price 0.08 USD kWh−1 Average industrial
electricity tariff

Thermal energy source Solar thermal/waste
heat — Assumed low-cost thermal

energy source
Labor cost 0.10 USD m−3 Operating labor expenses

Management cost 20% of labor cost — Administrative expenses

Annual maintenance cost 1–2% of CAPEX — Routine maintenance
and repairs

Membrane replacement
interval 3–5 years Depends on fouling and

operating conditions

Membrane replacement cost Literature-dependent USD m−2 Depends on membrane material
and manufacturer

Heat recovery efficiency 50–80 % Depends on heat
exchanger configuration

Water production capacity Project-specific m3 day−1 Determines economies of scale

Environmental considerations further strengthen the potential of DCMD as a sustain-
able desalination technology. The ability to operate using renewable energy, combined with
comparatively high water recovery and lower chemical pretreatment requirements, con-
tributes to reduced environmental impacts compared with many conventional desalination
processes. Nevertheless, comprehensive LCA and TEA remain relatively scarce, particu-
larly for pilot-scale and commercial systems [23]. Future investigations should therefore
integrate environmental and economic analyses with long-term operational performance
to identify optimal system configurations under realistic field conditions.

Overall, the successful commercialization of DCMD will require simultaneous opti-
mization of membrane performance, thermal efficiency, renewable energy integration, and
economic viability. Rather than evaluating these aspects independently, future research
should adopt holistic system-level approaches capable of balancing technical performance
with sustainability and life-cycle cost considerations.

5.6. Pretreatment, Zero Liquid Discharge, Research Challenges, and Future Perspectives

While MD is relatively resistant to fouling compared to pressure-driven membrane
processes, pretreatment is still a critical part of the process for achieving long-term sta-
ble operation.

Unlike RO, where fouling of the membrane is more severe due to the high hydraulic
pressure, DCMD uses hydrophobic membranes that prevent the liquid water from passing
through the membrane while allowing the passage of water vapor. However, inorganic
scaling, organic fouling, biofouling and wetting of the membrane still cause a decrease in
permeate flux, thermal efficiency and membrane life, especially when the feed solution is
highly saline for a longer period of time [24].

Fouling severity will vary based on feedwater composition, operating temperature,
concentration factor, membrane properties and module hydrodynamics. The major sea-
water desalination fouling mechanism is inorganic scaling, which is mainly caused by
CaCO3, CaSO4, silica, and magnesium salts. Organic matter and microbial growth also
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exacerbate membrane wetting, which results in changes in surface properties of membranes
and decreases the hydrophobicity. The crystallization of salt inside the pores is especially
harmful due to the opposite effect on salt rejection, leading to membrane performance
degradation, i.e., pore wetting effects.

Therefore, it is necessary to do the pretreatment process before the feedwater goes into
a DCMD system. Oftentimes, conventional pretreatment involves multimedia filtration for
suspended solids, cartridge filtering for fine particles, and chemical dosing with antiscalants
to prevent mineral precipitation. Activated carbon filtration, ultrafiltration or microfiltration
can also be used to remove organic contaminants and microorganisms, depending on the
quality of the feedwater. However, the pretreatments required for DCMD are not as
intensive as those required in RO, and the process can tolerate very concentrated brines.

In recent years, a number of research efforts have been dedicated to the surface mod-
ification of membranes to achieve anti-fouling properties. Nanocomposite membranes,
omniphobic coatings, fluorinated surface treatment, graphene-based materials, electrospun
nanofibers, and superhydrophobic membrane surfaces have been shown to exhibit superior
scale resistance and permeability. Likewise, fouling or concentration polarization can be
minimized by design changes to the modules that increase turbulence at the membrane sur-
face. The above developments suggest that the engineering of membranes and optimization
of hydrodynamics should be linked.

In addition to membrane improvement, DCMD has received much attention due to
its compatibility with ZLD strategies. The goal of ZLD is to maximize the recovery of the
stream water from saline streams and to produce solid salts for recovery instead of disposal
of liquid streams.

Typical RO systems are not very efficient at rejecting high concentrations of brines
because higher operating pressures are required to produce more rejections. Unlike osmotic
pressure-driven DCMD, however, vapor pressure-driven DCMD is capable of treating
hypersaline solutions with salinities greater than those usually achievable with RO sys-
tems [145].

DCMD performance is especially well suited to the processing of highly concentrated
brines as a polishing stage after RO. In a hybrid RO–DCMD system, the RO system does
bulk desalination, and the DCMD system further concentrates the reject brine, improving
water recovery and significantly reducing the amount of reject brine to be disposed of. Such
“integrated” systems offer an attractive route towards sustainable desalination, in which
the environmental impacts of discharges of concentrated brine into marine ecosystems
are reduced. In addition, concentrated brines can also be used to recover valuable miner-
als, such as sodium chloride, magnesium salts, lithium compounds and other dissolved
minerals, which can enhance the economic viability of implementing ZLD systems [146].

Although such benefits exist, a number of technological hurdles remain for the
widespread commercialization of solar-assisted DCMD. Thermal efficiency is the biggest
hurdle. While low-grade heat is available to be used by DCMD, conductive heat transfer
in the membrane also decreases the energy use by the system since part of the delivered
thermal energy is lost. The lower the effective driving force across the membrane, the
greater the need to lower the temperature difference across the membrane interface [100]
to achieve the temperature polarization. Likewise, there is a concentration polarization
effect which decreases the local vapor pressure and hence causes the permeate flux to be
less than expected.

Another constraint is the durability of the membrane. Extended periods of high
temperatures, high salinity and frequent wet/dry conditions could lead to changes in the
morphology and the hydrophobicity of the membrane over time. Existing commercial
membranes were more often designed for conventional use of membranes and not for long-
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term MD operation. Hence, future advancements in membrane development should be
targeted at enhancing their mechanical strength, chemical stability, anti-fouling properties
and resistance to pore wetting, while maintaining their high vapor permeability [67].

Economic factors are also still significant hurdles to commercialization. While their
operating energy use is significantly lower (solar energy and industrial waste heat), their
investment costs are still relatively high for solar collectors, heat storage systems, heat ex-
changers, and membrane modules. In addition, their long-term reliability and operational
performance in actual environments still have not been thoroughly evaluated in large-scale
field demonstrations. Most of the published investigations continue to use experimental
systems at the laboratory scale, where conditions are controlled, making direct extrapolation
to industrial-scale applications challenging [147].

Several of these limitations can be overcome with recent progress in computational
modeling and AI. Permeate flux prediction, fouling behavior, thermal efficiency, and
membrane degradation prediction under different operating conditions are becoming in-
creasingly possible with the help of machine learning algorithms, CFD, digital twins, and
optimization techniques. These data-driven techniques can facilitate intelligent process
control, predictive maintenance and preempt experimental costs by determining the op-
timum process parameters prior to the physical implementation of the process [46]. AI
integration with renewable energy prediction could take this integration to a new level,
enhancing the dynamics of solar-assisted DCMD systems in variable solar irradiance.

Ongoing research efforts should therefore be multidisciplinary and involve the combi-
nation of membrane science, renewable energy engineering, thermal system optimization,
computational modeling and sustainability assessment. Special attention should be given to
the development of future membranes with stronger anti-wetting properties, optimization
of module configurations to minimize the temperature polarization, inclusion of efficient
TES systems, pilot-scale testing of solar-assisted DCMD, and detailed techno-economic and
life-cycle analysis. Such integrated investigations will serve as a scientific basis to develop
MD for commercial desalination.

In summary, this section shows that solar-assisted DCMD technology has advanced
much in the last decade and is one of the most advantageous approaches to sustainable
desalination. Capable of using renewable energy and recovering freshwater from highly
saline streams, and with relatively mild operation and conditions, it offers a number of
advantages over conventional desalination technologies. However, additional improve-
ments in membrane material properties, thermal management and process optimization,
and large-scale validation are necessary to enable the commercialization of the technology
on a wider scale. Solving these problems through interdisciplinary research and scaling
up these solar-assisted DCMD systems to actual pilot system scale will be a key in mak-
ing solar-assisted DCMD a viable, efficient, environmentally friendly and economically
beneficial option for future freshwater production.

6. Transport Mechanisms, Performance Limitations, and Future Research
Directions in Solar-Assisted DCMD

DCMD has emerged as one of the most promising membrane-based desalination
technologies owing to its ability to utilize low-grade thermal energy and renewable heat
sources for freshwater production. Unlike conventional pressure-driven membrane pro-
cesses, DCMD operates through a hydrophobic microporous membrane that permits only
water vapor to pass while rejecting dissolved salts and other non-volatile contaminants.
The overall desalination performance depends on the coupled heat and mass transfer
phenomena occurring across the membrane and is strongly influenced by membrane char-
acteristics, module configuration, and operating conditions [82]. Although significant
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advances have been achieved in membrane fabrication, renewable energy integration,
and system optimization, several transport limitations continue to restrict the large-scale
commercialization of DCMD. This section critically discusses the fundamental transport
mechanisms governing DCMD performance, the major operational limitations, recent
technological developments, and future research priorities for improving the efficiency and
commercial viability of solar-assisted DCMD systems [31,95].

6.1. Mass Transfer Mechanism

In the case of DCMD, mass transfer is brought about by vapor transport in a dry hy-
drophobic membrane. The vapor pressure difference created by the temperature difference
of the hot feed solution and cold permeate stream is the driving force for the process [148].
The vapor pressure will increase exponentially with the temperature of the feed, which
will increase the water vapor transport and result in higher permeate flux. By operating at
atmospheric pressure, DCMD always achieves a very high salt rejection [97] because only
vapor molecules pass through the membrane.

The most prominent of these transport mechanisms is dependent on the ratio between
the mean free path of the water vapor molecules and the pore size of the membrane [149].
There are three established transport regimes. When a membrane has extremely small
pores, the vapor molecules collide mostly with the walls of the pores, causing Knudsen dif-
fusion [150]. For relatively large pore sizes and mass transfer controlled by intermolecular
collisions, molecular diffusion will dominate [151]. Most membranes used in commer-
cial DCMD are in the transition diffusion regime, in which both Knudsen and molecular
diffusion play a role in the vapor transport [152].

The efficiency of mass transfer is largely determined by membrane properties. Thicker
membranes and higher tortuosity increase the diffusion path length and thus decrease mass
transfer, while lower porosity and/or smaller pores increase the diffusion resistance and
decrease permeate flux. Therefore, it is important to optimize the membrane design in order
to improve its vapor permeability without sacrificing mechanical strength or wetting [153].

6.2. Performance Limitations

Despite its attractive operating characteristics, DCMD is affected by several transport-
related limitations that reduce desalination efficiency and long-term operational stability.
The most significant challenges include membrane wetting, temperature polarization,
concentration polarization, membrane fouling, and scaling.

6.2.1. Membrane Wetting

Membrane wetting remains one of the principal obstacles limiting long-term DCMD
operation. Under ideal conditions, the hydrophobic membrane prevents liquid water
from entering its pores while allowing only water vapor to diffuse across the membrane.
However, prolonged operation or adverse feed conditions may reduce the LEP, allowing
liquid penetration into the membrane pores [117].

Wetting may result from high feed salinity, the presence of surfactants, organic con-
taminants, membrane degradation, or pore enlargement. Partial wetting causes localized
reductions in permeate flux and salt rejection, whereas complete wetting leads to direct
liquid transport through the membrane and eventual process failure [154].

Recent studies have proposed several mitigation strategies, including the development
of omniphobic and superhydrophobic membranes, nanocomposite membrane fabrication,
fluorinated surface coatings, and low-surface-energy membrane modifications. Optimizing
operating conditions below the membrane LEP and implementing effective fouling control
strategies also contribute significantly to improving long-term membrane stability [155].
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6.2.2. Temperature Polarization

One of the significant thermal constraints faced in DCMD systems is the temperature
polarization. When operating, evaporator condensation cools the temperature on the
feed-side surface of the membrane and condensing raises the temperature on the permeate
side of the membrane. Thus, the actual temperature difference over the membrane is
significantly reduced from the bulk temperature difference between the feed and permeate
streams [82].

This reduction will reduce the vapor pressure gradient and thus reduce permeate
flux and thermal efficiency. This phenomenon is typically represented by the Temperature
Polarization Coefficient (TPC), where a larger value represents a better heat transfer [156].

The strategies that have been studied to reduce the polarization effect due to tem-
perature include modified module geometry, spacer design, turbulence promoters, use of
nanofluids and improved feed circulation, which increase the heat transfer and decrease
the thermal boundary-layer resistance.

6.2.3. Concentration Polarization, Fouling and Scaling

Concentration polarization develops as water evaporates from the membrane surface,
causing salts to accumulate near the feed-side interface. This localized increase in salt
concentration reduces vapor pressure and diminishes the effective driving force for mass
transfer. Under prolonged operation, concentration polarization often promotes inorganic
scaling, particularly in highly saline feed streams [157].

Membrane fouling further decreases system performance through the deposition of
organic matter, microorganisms, colloidal particles, and inorganic precipitates on the mem-
brane surface. Fouling increases transport resistance, lowers permeate flux, and accelerates
membrane wetting [142]. Therefore, improving feed pretreatment, developing anti-fouling
membrane materials, optimizing cleaning protocols, and designing effective flow configu-
rations remain important research priorities for enhancing long-term operational reliability.

6.3. Flux–Energy Trade-Off

Energy efficiency and water productivity are two of the basic problems of DCMD.
The vapor pressure gradient is increased significantly and permeate flux is increased
by raising the feed temperature. But at the same time, higher operating temperatures
elevate conductive heat losses through the membrane, which in turn diminish the thermal
efficiency [23,82].

Likewise, membranes with a larger pore size have higher permeate flux but are more
prone to wetting, while smaller pores offer higher wetting resistance at the cost of higher
mass transfer resistance. An increase in the flow velocity of the feed results in a decrease in
temperature polarization but will increase pumping energy cost.

These opposite effects show that generation of the highest permeate flux does not
lead to the most efficient energy use for desalination. In practice, however, optimizing
membrane morphology, operating temperature, flow configuration, module design and RE
utilization requires simultaneous optimization of the system [23]. With the advancement
of CFD, AI and multi-objective optimization algorithms, significant potential has been
identified in the identification of optimal operating conditions to maximize freshwater
production and minimize specific energy consumption.

6.4. Emerging Research Trends

The bibliometric and technical analyses presented in this review demonstrate that
solar-assisted DCMD is evolving from a membrane-centered desalination process toward
an integrated intelligent water treatment platform that combines advanced materials,
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renewable energy systems, computational modeling, and digital technologies. Rather
than focusing solely on improving membrane performance, recent research increasingly
emphasizes the simultaneous optimization of energy efficiency, operational stability, envi-
ronmental sustainability, and system-level performance.

One of the most significant emerging trends is the integration of DCMD with hy-
brid renewable energy systems. Recent investigations have explored combinations of
solar thermal collectors, photovoltaic-assisted heating, geothermal energy, industrial waste
heat recovery, and PCM-based TES to provide stable low-grade heat for desalination [31].
Despite these advances, important research gaps remain regarding dynamic energy man-
agement under fluctuating solar irradiance, optimal sizing of hybrid energy systems,
and long-term operational reliability. Future studies should therefore develop integrated
energy management strategies supported by multi-objective optimization algorithms to
simultaneously maximize freshwater production while minimizing specific thermal energy
consumption and operating costs [158].

Rapid advances in membrane engineering continue to drive improvements in de-
salination performance. Electrospun nanofibrous membranes, graphene-based materials,
MXene-coated membranes, nanocomposite membranes, omniphobic membranes, and
Janus membrane architectures have demonstrated enhanced hydrophobicity, higher perme-
ate flux, improved fouling resistance, and superior thermal and mechanical stability [158].
However, the long-term durability, large-scale manufacturability, cost-effectiveness, and
industrial scalability of these advanced membranes remain insufficiently investigated.
Addressing these challenges will be essential for translating laboratory-scale membrane
innovations into commercially viable desalination technologies.

Another important research direction involves the development of integrated hybrid
desalination systems. Increasing attention is being given to coupling DCMD with RO, FO,
MCr, adsorption desalination, and ZLD technologies to improve water recovery, reduce
brine disposal, and enable resource recovery from concentrated saline streams [159]. Al-
though these hybrid systems show considerable promise, further research is required to
optimize process integration, energy distribution, scaling control, salt recovery efficiency,
and overall techno-economic performance under realistic operating conditions.

Digital technologies are also transforming the future development of MD. AI, ML,
CFD, IoT-based monitoring, and digital twin technologies are increasingly being employed
to predict membrane fouling, estimate permeate flux, optimize operating conditions, and
support intelligent process control [160]. Future research should move beyond conven-
tional predictive models by developing hybrid AI–CFD frameworks, PINN, LSTM models,
reinforcement-learning algorithms, and digital twin platforms capable of real-time system
monitoring, predictive maintenance, and autonomous operational optimization under
dynamic renewable energy conditions. The integration of these advanced computational
approaches with experimental validation represents a major research opportunity for
accelerating the commercialization of intelligent solar-assisted DCMD systems.

Overall, the emerging research trends indicate that future advances in solar-assisted
DCMD will increasingly depend on interdisciplinary integration rather than incremental
improvements in individual system components. Progress in advanced membrane materi-
als, hybrid renewable energy systems, intelligent computational modeling, digital process
control, and large-scale integrated desalination systems will collectively determine the
successful transition of solar-assisted DCMD from laboratory-scale research to sustainable,
energy-efficient, and commercially deployable freshwater production technologies.
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6.5. Future Research Directions

Despite substantial scientific and technological progress, several critical challenges
continue to limit the large-scale commercialization of solar-assisted DCMD. Although
numerous laboratory investigations have demonstrated excellent desalination performance
using synthetic saline solutions under controlled operating conditions, relatively few stud-
ies have evaluated long-term operation using real seawater, hypersaline brines, industrial
wastewater, or highly variable environmental conditions. Consequently, one of the fore-
most research priorities is the establishment of long-duration pilot-scale demonstration
systems capable of assessing membrane durability, fouling evolution, wetting behavior,
operational stability, cleaning protocols, and system reliability under practical operating
environments. Such studies are essential for validating laboratory findings and improving
the technology readiness level of solar-assisted DCMD [10].

Future membrane research should move beyond improving initial desalination per-
formance toward developing highly durable membranes capable of maintaining long-
term stability under harsh operating conditions. Advanced membrane architectures, in-
cluding omniphobic membranes, Janus membranes, electrospun nanofibrous membranes,
graphene- and MXene-based nanocomposite membranes, and biomimetic membranes,
offer considerable potential for improving fouling resistance, anti-wetting behavior, thermal
efficiency, and vapor permeability. However, important scientific gaps remain regarding
their large-scale manufacturability, mechanical durability, chemical stability, membrane
aging, and cost-effective industrial production. In parallel, internationally standardized
testing protocols should be developed to enable consistent evaluation and comparison
of membrane properties, energy consumption, thermal efficiency, fouling resistance, and
long-term operational performance across different research groups.

The integration of renewable energy technologies represents another important re-
search frontier. Although solar thermal energy has been widely investigated, future systems
should increasingly explore hybrid renewable energy configurations combining PVT col-
lectors, concentrated solar thermal systems, industrial waste heat, geothermal energy,
TES, and PCMs to ensure continuous freshwater production under fluctuating climatic
conditions [161]. Future investigations should also employ advanced multi-objective opti-
mization techniques, such as NSGA-II, PSO and Bayesian optimization, to optimize system
efficiency, energy consumption, freshwater productivity, and operational costs simultaneously.

Digitalization is expected to play an increasingly important role in the next gener-
ation of solar-assisted DCMD systems. Future research should develop integrated AI,
ML, and CFD frameworks capable of accurately predicting membrane fouling, permeate
flux, thermal efficiency, and system degradation under dynamic operating conditions. In
particular, LSTM networks, ANNs, PINNs, reinforcement-learning algorithms, and digital
twin platforms represent promising approaches for intelligent process control, predictive
maintenance, and autonomous optimization of desalination systems. Despite their signifi-
cant potential, relatively few studies have integrated these computational techniques with
experimental validation, highlighting an important scientific gap that warrants further in-
vestigation.

Future studies should also adopt a comprehensive sustainability perspective by inte-
grating TEA, LCA, exergy analysis, carbon footprint assessment, environmental impact
evaluation, and water–energy nexus analysis into system design and performance eval-
uation. While these assessment tools are increasingly recognized as essential for tech-
nology commercialization, they remain comparatively underrepresented in the current
solar-assisted DCMD literature. Their broader adoption will facilitate objective comparison
of competing desalination technologies and support evidence-based decision-making for
large-scale implementation.
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Another promising direction involves integrating solar-assisted DCMD with ZLD and
resource recovery technologies. Hybrid systems combining DCMD with RO, MCr, and
selective mineral recovery processes have the potential to maximize water recovery while
simultaneously recovering valuable salts and critical minerals from concentrated brines.
However, further research is required to address challenges associated with scaling control,
crystallization behavior, process integration, energy optimization, and economic feasibility
before these systems can be widely implemented.

Overall, the future development of solar-assisted DCMD will depend on interdisci-
plinary collaboration among membrane scientists, thermal engineers, computational mod-
elers, renewable energy specialists, environmental researchers, and industrial stakeholders.
Future research should prioritize integrated membrane–energy–AI systems, standardized
performance evaluation protocols, long-term pilot-scale validation, advanced sustainability
assessment, and commercialization-oriented engineering design. Addressing these sci-
entific and technological gaps will accelerate the transition of solar-assisted DCMD from
laboratory-scale research to a reliable, economically competitive, and environmentally
sustainable technology capable of contributing significantly to global freshwater security.

7. Conclusions
The review comprised a detailed bibliometric analysis and critical technical review

of recent advances in membrane materials, module designs, renewable energy integra-
tion, transport mechanisms, operational problems and future research directions for solar-
assisted DCMD. This study involved the bibliometric evidence to first identify the evo-
lution of research priorities and then to act as a guide for the technical assessment in
order to create a structured understanding of the current status and future prospects of
solar-assisted DCMD.

The bibliometric analysis indicated that the number of articles published over the last
10 years rose significantly, demonstrating a growing interest in the research of sustainable
desalination technologies to meet the current water-scarcity problem worldwide. Basic
studies of membrane fabrication and transport phenomena have been followed by studies
on renewable energy integration, process optimization, and sustainable production of
freshwater. Although research activity continues to be limited to a handful of countries,
the volume of research outputs from emerging markets in the developing world suggests
that solar-assisted MD is garnering growing interest around the world as a low-carbon
desalination technology.

It was found that DCMD has numerous benefits compared to the traditional desalina-
tion methods, such as operating at room pressure, high salt rejection, low-grade thermal
energy requirements, and the use of renewable and waste heat. The above properties
render solar-assisted DCMD especially appealing for decentralized production of freshwa-
ter in remote and water-stressed locations. Improvements in the process performance of
membranes and modules, as well as thermal management and hybrid renewable energy
systems, have greatly enhanced the practical application potential of the technology.

Notwithstanding these developments, there are still some obstacles to the commer-
cialization of these advances. Most of the technical challenges that remain are membrane
wetting, fouling, scaling, temperature and concentration polarization, thermal losses, and
the lack of standardized operating procedures that affect long-term system performance.
Additionally, the practical implementation of solar-assisted DCMD is still limited due to
the lack of comprehensive LCA studies, insufficient pilot-scale demonstrations, and TEA.

The review also identifies some promising new research areas that are likely to signifi-
cantly speed up the evolution of next-generation DCMD systems. Advanced membrane
materials with superior anti-wetting and anti-fouling properties, optimized module ge-
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ometries, improved heat recovery methods, integration of renewable energy, AI systems
to optimize the process, and hybrid desalination systems that allow for maximum water
recovery and minimum energy consumption should be of specific interest for future de-
velopments. There is also a need to give more importance to long-term field validation,
standardized performance assessment and thorough environmental and economic analysis
to enable transfer of technology from lab-scale research to commercial use.

Overall, solar-assisted DCMD is a promising technology that can be used to produce
freshwater sustainably while also utilizing renewable energy. Continued interdisciplinary
research integrating membrane science, thermal engineering, renewable energy technolo-
gies, computational modeling, and sustainability assessment will be essential for over-
coming current limitations and advancing the large-scale deployment of DCMD systems.
The integrated bibliometric and technical framework presented in this review provides a
comprehensive reference for researchers, engineers, and policymakers while identifying
the key priorities that will shape future research and commercialization of solar-assisted
Membrane Distillation technologies.
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MVC Mechanical Vapor Compression
TVC Thermal Vapor Compression
RO Reverse Osmosis
FO Forward Osmosis
MD Membrane Distillation
CFD Computational Fluid Dynamics
SLS Systematic Literature Search
SADCMD Solar-Assisted DCMD
TLS Total Link Strength
LCA Life-Cycle Assessment
ED Electrodialysis
HPRO High-Pressure Reverse Osmosis
AGMD Air-Gap Membrane Distillation
VMD Vacuum-Type Distillation
SGMD Sweeping Gas-Type Distillation
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene Fluoride
PP Polypropylene
LEP Liquid Entry Pressure
VTR Vapor Transport Resistance
CaCo3 Calcium Carbonate
CaSo4 Calcium Sulfate
TEA Techno-Economic Assessment
MOF Metal–Organic Framework
PINN Physics-Informed Neural Network
PCM Phase-Change Material
NSGA Non-Dominated Sorting Genetic Algorithm
PSO Particle Swarm Optimization
AI Artificial Intelligence
ANN Artificial Neural Network
LSTM Long Short-Term Memory
Iot Internet of Things
Mcr Membrane Crystallization
TPC Temperature Polarization Coefficient
PVT Photovoltaic–Thermal
TES Thermal Energy Storage
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