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A B S T R A C T

Research on membrane distillation (MD) experienced a slow growth from the 1970s through 90s but has gained
revived interest recently. Despite recent developments, MD still has to overcome several hurdles to pave its path
to successful commercialization. This article presents a systematic map review of all research publications
available in the ScienceDirect database from 1970 to 2016 focusing on the key aspects of MD publication trends,
applications, research topics and the studied membrane materials and configurations. The gathered information
was compared with MD implementation trends to assess the alignment of academia and industry towards MD
commercialization. A select group of MD experts, both from academia and industry, were then surveyed for their
perspective on the future for MD commercialization. While desalination is the most studied MD application so
far, brine concentration was unanimously identified as the most likely future application for MD. Industry ex-
perts believe topics of practical significance, such as fouling and wetting, deserve more research focus. On the
contrary, improving energy efficiency in MD was the top pick by academic experts. The most researched topic,
development of novel MD membranes, was at odds with the key research topics identified by the industry and
research experts for MD’ growth and development.

1. Introduction

Since the introduction of membrane distillation (MD) in 1963, the
commercialization and practical implementation of this technology
appear to be lacking the impetus it deserves despite its many ad-
vantages and varied applications. In such a scenario, questions to
ponder upon include – (a) Having known the hurdles that hamper MD
growth and commercialization, is there enough being done to address
these bottlenecks? (b) Are the MD industry and scientific community
working in alignment to address these issues? (c) Do MD enthusiasts
need to re-prioritize their research goals and objectives to better cater
to the industrial needs and demands? Answers to these questions have
been pursued in this paper. Research and development activities in MD
over the last five decades were mapped. Research trend analysis was
performed and compared with MD implementation trends.

Membrane distillation as a technology was first patented in 1963 by

Bodell, followed by the first MD publication in 1967 by Findley in the
international journal Industrial & Engineering Chemistry Process Design
Development [1]. Since its invention, MD has had a gamut of reported
applications including desalination; brine concentration; concentration
of fruit juices, radioactive solutions, acids, and VOCs; removal of heavy
metals and dyes; wastewater treatment, etc. [2]. Beginning from the
early 2000s, many MD pilot and demonstration plants have been in-
stalled by MD technology developers or promoters. However, there is
yet to be a full-scale large MD plant. Some of these installations and
their key details are mentioned in the following sections (Sections 2 and
4). The first pilot testing of the commercialized Memstill® MD tech-
nology was conducted in 2006 at Senoko Incineration Plant, Singapore
with a plant capacity of 1 m3/day [3]. In the year 2011, a Memstill
demonstration plant with a capacity of 100 m3/day was installed in a
petroleum refinery facility at Jurong Island, Singapore [3]. In the same
year, MD technology developer Memsys® commissioned a 1 m3/day
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solar powered pilot plant in Singapore at Marina Barrage [4]. The first
reported commercial installation of MD was at Gulhi, Maldives by
Aquaver (Memsys plant), in the year 2014, for desalination of seawater
to produce drinking water. The plant had a capacity of producing 10 m3

of drinking water per day utilizing waste heat from a local power
generator [5]. To the best of authors’ knowledge, the largest MD plant
will be a demonstration plant constructed in South Korea as part of the
Global MVP project. The construction of the demonstration MD plant
with a capacity of 400 m3/day is expected to be completed by 2018
[6,7]. These relatively small installation capacities of MD plants is an
indication of the slow growth and progress of MD implementation. A
comparison of MD’s development with other membrane-based desali-
nation technologies such as reverse osmosis (RO) puts into perspective
MD’s slow growth. RO gained widespread commercialization and
technology maturity in a relatively shorter time span. The first asym-
metric cellulose acetate membrane was developed in 1960, followed by
the first commercial brackish water RO facility in 1965 (capacity ≈
23 m3/day) and first commercial seawater RO facility in 1974 [8]
(capacity ≈ 19 m3/day [9]). An examination of the cumulative in-
stalled RO plant capacity testifies to the accelerated commercial growth
of the RO technology over the years. Three decades after the first RO
installation, implementation of RO plants had gained significant mo-
mentum by the late 1990s. Today, large RO installations with capacities
greater than 500,000 m3/day are known [10]. In comparison to RO, the
observed dilatory progress of MD is despite having some unique ad-
vantages over pressure driven membrane processes for desalination
such as lesser pretreatment requirements, lower hydrostatic pressure,
higher solute rejection and less sensitivity to feed TDS [11]. Re-
searchers often report the main factors impeding MD’s development to
be the lack of custom-made membranes for MD applications, low
permeate flux, high thermal energy requirement, complex transport
process in comparison to RO, and issues of membrane wetting & fouling
[11,12].

This paper journeys through the history of MD development
(Section 2) and investigates the changing trends over the years in MD
publications and research focus through analysis of published journal
articles (Section 4). Unlike a comprehensive or critical review article,
this paper is a systematic map review article on MD development &
implementation. Systematic map review is different in the sense that it
characterizes quality and quantity of literature providing an overview
of the research area [13]. References are made to select representative
papers in key segments. In addition to mapping the evolution of
growing research interests in MD, the paper also provides insights from
both academia and industry experts on the future growth and devel-
opment of MD. This was achieved by undertaking a survey of these MD
experts and seeking their opinion on future directions for MD (Section
5). To the best of authors’ knowledge, this is the first systematic review
paper analyzing the research trends on MD publications complemented
with an MD practitioner survey.

2. Historical progression of MD development

Before we discuss the changing research trends in MD and in-
vestigate the alignment of the scientific community and industry, it is
beneficial to trace the journey of MD development. This would help
appreciate and understand the pace of MD growth and progress. This
section discusses the major milestone events, mentions the initial MD
projects and/or pilot plant setups along with the key technology de-
veloper and promoter companies for MD (Fig. 1).

Bruce R. Bodell filed the first patent for MD in 1963 [14]. Subse-
quently, a US patent was granted to Weyl in 1967 for a new process to
improve the efficiency of desalination. The process consisted of air
filled, porous hydrophobic membrane used in a vapor pressure system.
Weyl proposed placing both the hot feed solution and cold permeate in
direct contact with the membrane. Through the 3.2 mm thick PTFE
(polytetrafluoroethylene) membranes, with average pore sizes of 9 µm

and 42% membrane porosity, the reported flux by Weyl was 1 kg/m2/h
[15]. In the patent, Weyl also suggested the use of other hydrophobic
membrane material such as polypropylene (PP), polyethylene (PE) and
polyvinyl chloride (PVC). The same year, Findley published the first MD
paper based on his experiments utilizing a direct contact membrane
distillation (DCMD) configuration [1]. Based on his work, Findley also
described the most desired features for characteristic membrane sui-
table for MD [1]. A second US patent by Bodell in 1968 described “an
apparatus and method for converting imputable aqueous fluids into
potable water” but did not present any results for the invention. Bodell
mentioned the use of air being circulated through the lumen side of the
capillary tubing and condensation being carried out in an external
condenser. The setup gave rise to the known sweeping gas MD (SGMD)
configuration. Bodell also suggested, for the first time, the application
of vacuum to the capillary tubing resulting in the known vacuum
membrane distillation (VMD) configuration [1,16]. A US patent was
granted to Cheng &Wiersma in 1982, for the development of composite
hydrophobic/hydrophilic membrane for MD application [17]. In the
same year, Gore and Associates (USA) introduced a hydrophobic PTFE
membrane for MD. In 1983, the Swedish Svenska Utvecklings AB
Company reported results with plate and frame air gap membrane
distillation (AGMD) unit [1]. Catering to the emerging research interest
in MD, the “Workshop on Membrane Distillation” was organized in
Rome on May 5, 1986. A major topic of discussion during the workshop
was the nomenclature to be followed for MD. Consequently, a com-
mittee was formed with the goal of preparing a terminology for the MD
processes [18]. Following the first workshop on MD, a subsequent
conference titled “International Workshop on Membrane Distillation
and Related Technologies” was held merely twenty-five years later in
Italy on October 2011 organized by the Institute on Membrane Tech-
nology (ITM-CNR) in collaboration with University of Calabria.

Also worth mentioning in the journey of MD development are the
research projects on MD funded by the European Commission (EC),
many focused on solar powered MD, and supported by the contribution
of participating entities. A precursor to solar-powered MD was the
publication by Hogan et al., one among the first few that discussed
coupling MD with solar heating [19]. The aim of the EC projects was to
develop environment-friendly desalination alternatives for fresh water
production. SMADES and MEMDIS were two projects that started in
2003 under the Fifth EC Framework. The SMAll-scale, stand-alone
DEsalination system (SMADES) project was developed to provide sus-
tained water supply to people living in remote areas away from the
public grid. The desalination units consisted of improved MD modules
with internal heat recovery function coupled with solar thermal col-
lectors. The SMADES project consisted of both small compact systems
tested in different countries (Jordan, Morocco, and Egypt) and a large
system (assembled in Aqaba, Jordan). One of the small compact
SMADES units installed in Irbid (Jordan) had a production capacity of
120 L/day during the summer months and 50 L/day during the cloudy
winter months. The compact system installed in Jordan was autono-
mous with a photovoltaic (PV) module that supplied electricity for feed
pumps and magnetic valves. The specific energy consumption of the
unit was reported to be 200–300 kW h/m3 [20]. The design data and
process parameters for the large SMADES system were developed based
on the operation data of the compact SMADES units [20,21]. The large
SMADES unit installed in Aqaba port (Jordan) had a production capa-
city of 1 m3/day [22]. The operational data from the large SMADES
unit demonstrated the technical feasibility of the solar powered MD
unit. The distillate output from the unit was in the range of 2–11 L/
day m2 with the specific energy consumption reported to be
200–300 kW h/m3 [21]. However, an economic assessment of the
compact and large SMADES unit at Jordan highlighted that solar
powered membrane distillation technology was still expensive com-
pared to other desalination processes. The potable water production
cost was calculated to be $15/m3 and $18/m3 for the compact and large
SMADES system, respectively [23]. The other EC project titled
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“Development of stand-alone, solar thermally driven and photovoltaic-
supplied desalination system based on innovative membrane distilla-
tion” was commonly referred to as the MEMDIS project [24]. The
standalone system functioned with the desalination energy requirement
supplied entirely by solar thermal collectors while the auxiliary elec-
trical energy supplied by PV system [25]. Two units were operated and
tested at Canary Islands Institute of Technology (ITC) facilities of Pozo
Izquierdo (Gran Canaria Island) under the MEMDIS project with a
nominal production capacity of 8 L/h (MEMDIS compact system) and
70 L/h (MEMDIS large system) [26]. The five-year operational data of
the MEMDIS demonstration plant at Pozo Izquierdo is reported to have
shown promising results. The water production from the MD test unit
ranged between 5 and 120 L/day with maximum daily production
during the winter months. The trial demonstrated the potential of
having an autonomous MD system coupled with the solar system. The
trial period identified certain key aspects that needed further devel-
opment to optimize the operation of solar driven MD such as increasing
the productivity, reduction of specific energy consumption with the
decrease of specific investment and water cost [27]. The MEDESOL
project (“Seawater Desalination by Innovative Solar-Powered Mem-
brane Distillation System”), was initiated in 2006 under the Sixth EC
Framework and focused on the concept of solar-powered multistage
AGMD system with the aim of reducing the specific energy and required
membrane area for seawater desalination. The overall objective for
MEDESOL was the development of an environment-friendly improved-
cost desalination technology for freshwater supply in arid and semi-arid
regions in EU and Third Countries based on solar MD. The aim was to
develop MD systems for a capacity ranging from 0.5 to 50 m3/day [24].
Reduction of the generated brine volume was also targeted [28,29].
During the initial four months trial at Spain, under the MEDESOL
project, distillate flux of up to 6.5 LMH was reported to be achieved for
a feed solution of 1 g/l with a bulk temperature gradient across the
membrane as 65 °C. A distillate productivity decay of 14% was also
reported with increasing salinity. Issues of module leakage, membrane
wetting, need for improved internal fluid dynamics of the module, need

for improved thermal efficiency and salt rejection were highlighted as
lessons learned from the pilot trials [30]. Another project that em-
braced the benefits of MD for desalination was MEDINA (MEmbrane-
based Desalination: an INtegrated Approach), also initiated in 2006
under the Sixth EC Framework. The project aimed at tackling the brine
disposal problem and enhancing the overall water recovery from the
desalination system. The adopted approach involved coupling different
membrane operations in pre-treatment and post-treatment stages of
reverse osmosis desalination to attain zero liquid discharge (ZLD). The
integration of MD in the multi-stage desalination system was expected
to increase the overall water recovery by up to 95% [31]. An extension
of the MEMDIS project was MEDIRAS (MEmbrane DIstillation in Re-
mote AreaS), funded under the Seventh EC Framework and started in
2008. The main objective of this project was the demonstration of cost-
effective solar driven MD system for desalination purposes in water
scarce regions [27]. Under the MEDIRAS project, five different solar
driven MD demonstration systems were installed in Tunisia, Spain,
Tenerife, and Italy. The demonstration system in Italy, installed on the
island of Pantelleria, had a nominal production capacity of 3690 L/day
[32]. The MEDIRAS plant installations in Tunisia had a nominal pro-
duction capacity of 120 L/day while the plant at Tenerife and Spain had
a nominal production capacity of 300 L/day and 3000 L/day, respec-
tively [33]. The heat supply for the demonstration plant in Italy was
waste heat from diesel engine while the plant at Spain used solar
thermal collectors. Hence, these installations provided an opportunity
to compare the performance between solar powered and waste heat
powered MD systems. The specific energy consumption for the plant at
Italy and Spain was 300 kW h/m3 and 271 kW h/m3, respectively. The
researchers opined that a constant waste heat source could prove fi-
nancially beneficial than solar thermal collectors to meet the heat
supply requirements for MD units. Some specific areas of improvement
identified for enhanced plant design and performance of solar powered
MD units included improving insulation to reduce the heat losses, op-
timal sizing of heat storage tanks, careful designing of the modules and
MD system based on the site and raw water conditions, identifying

Fig. 1. Timeline for MD development (diamond symbol indicates the milestone events; star symbol indicates the MD projects/pilot plant; gray circular symbol indicates the launch of
technology developer companies with the location of their headquarters).
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suitable MD channel length based on available heat source [34]. The
MEDINA project was headed by University of Calabria, Italy. The ME-
DESOL project was coordinated by CIEMAT (Centro de Investigaciones
Energéticas Medioambientales y Tecnológicas), Spain. The main co-
ordinator for the research projects SMADES, MEMDIS, and MEDIRAS
was the Fraunhofer ISE (Institute for Solar Energy Systems), Germany.
Further discussion on the MD pilot and demonstration plants mostly by
commercial entities is included in Section 4.

Over the years, both MD technology developers and promoters have
fostered the commercial implementation of MD technology; a list of
such companies is presented in Table 1. It is evident from the in-
formation that both developers and promoters of MD technology are
mainly located in Europe and North America, which perhaps explains
the fact that many MD patents, by both academia and industry, are
typically filed in Europe and the USA. SolarSpring GmbH, founded in
2009, is a spin-off company from the Fraunhofer Institute with a wealth
of knowledge based on long-term field experience of solar driven MD
systems. The development of modified AGMD process, now commer-
cialized as Memstill®, was initiated in 1997 by a consortium of com-
mercial companies invited by EMF (Ecological Management Founda-
tion) and TNO (Netherlands Organization for Applied Scientific
Research). The consortium eventually consisted of nine parties in-
cluding the University of Twente and Keppel Seghers Belgium N.V.
[35]. The features of the Memstill® process were presented before the
research community at the 2004 Euromed Conference on Desalination
Strategies in South Mediterranean Countries: Cooperation between Medi-
terranean Countries of Europe and the Southern Rim of the Mediterranean
[36]. The Memstill® technology was patented in 1999 and 2005. The
Memstill® technology was licensed to Aquastill (a spin-off company
formed in 2008) and Keppel Seghers [37]. Subsequent to bench scale
testing, the first pilot plant testing of Memstill® was conducted at Se-
noko Incineration Plant in Singapore from March 2006 to June 2007
[3]. By 2008, two other pilot facilities were in operation in Rotterdam,
Netherlands. One was located in a coal-fired power facility of E.ON (a
participating entity of the consortium) and used brackish water as feed.
The other plant was located in the harbor of Rotterdam, again using
brackish water as feed [38]. A fourth pilot trial was operated until
March 2011 at BASF site, Antwerp, Belgium [39]. In 2011, another
demonstration plant was installed in a petroleum refinery facility in
Singapore located on Jurong Island with a production capacity of
100 m3/day. The installation at Jurong was considered strategic as the
island could become a potential site for decentralized Memstill plants
utilizing waste heat from the petrochemical companies on Jurong

island [3]. In addition to the AGMD modules, Aquastill now also offers
DCMD and Liquid Gap Membrane Distillation (LGMD) modules [40].
The Germany-based company Memsys, founded in 2008, developed the
vacuum-driven multi-effect membrane distillation system (VMEMD). In
2011, Memsys had solar desalination projects in Singapore, Australia,
and Spain [41]. Memsys commissioned a 1 m3/day solar powered pilot
plant in Singapore at Marina Barrage [4]. Memsys partnered with the
National Centre for Excellence in Desalination in Australia to set up a
pilot plant in Tjuntjunjarra, Australia, to treat brackish groundwater
[4]. In 2012, Memsys received a grant from the Environment and Water
Industry Programme Office (EWI) to build a pilot plant (capacity
50 m3/day) at Senoko Power plant in Singapore [37]. In 2012, Memsys
signed global license agreements with Aquaver and GE. In the same
year, Memsys also signed a license agreement with Concord Enviro of
India, through its subsidiaries Rochem Separation Systems, to use
Memsys systems to treat molasses wastewater from the sugar industry
[41,42]. On January 1st, 2015, Memsys GmbH and Aquaver merged
[43]. Recently, New Concept Holdings Limited (NCHL) acquired all the
assets and IPs of Memsys with effect on October 14th, 2016 [44]. The
Hong Kong based company, NCHL, provides environmental protection
services and construction services in Hong Kong and mainland China.

3. Methodology

3.1. MD installations

To understand the extent of MD implementation, a list of MD in-
stallations around the world was collated based on online search, re-
view of technical papers and articles or information from company
websites. An attempt has been made to source as much information
about the projects as possible by including relevant details such as plant
capacity, installation year, energy source, end application, membrane
material and configuration and MD module configuration. Despite our
attempts to capture as many details as possible, it ought to be men-
tioned that the generated project list cannot be considered as an all-
inclusive and exhaustive list of all MD projects.

3.2. Research trend analysis

A literature search on the topic of membrane distillation was per-
formed to create a comprehensive database of journal articles published
between 1970 and 2016. The journal articles were divided into three
periods: (I) 1970–1990; (II) 1991–2010 and (III) 2011–2016. The

Table 1
List of commercial MD technology developers and promoters.

Company name Headquarters Type Notes

SolarSpring GmbH Germany Technology developer Spin-off company of the Fraunhofer Institute for Solar Energy Systems/provides complete membrane
distillation systems

TNO Netherlands Technology developer Developed Memstill technology which is licensed to Aquastill and Keppel Seghers, part of a Dutch
consortium for investigation of MD as desalination alternative

Aquastill Netherlands Technology promoter Holder of Memstill membrane distillation technology license
Keppel Seghers Belgium Technology promoter Holder of Memstill membrane distillation technology license
Memsys GmbH Germany Technology developer The developer of multi-stage MD systems. In 2016, NCHL acquired all the assets and IPs of Memsys
Memsys Clearwater Pte. Ltd Singapore Technology promoter
Aquaver Netherlands Technology developer In 2012, Memsys and Aquaver agreed on an exclusive license agreement for worldwide applications in

potable water production and produced water treatment. In 2015, Aquaver merged with Memsys
Abengoa Water Spain Technology promoter Collaborates with Aquaver for the development of an MD pilot unit for SWRO brine concentration. Also,

has its own MD business section
Condorchem Envitech Spain Technology promoter Utilizes Memsys systems
General Electric Co. (GE) USA Technology promoter GE and Memsys have entered into a partnership to jointly develop membrane distillation (MD) technology

for applications related to shale gas and coal seam gas production
Scarab Development AB Sweden Technology developer Technology developer for XZero and HVR Water purification
Xzero AB Sweden Technology promoter Production of ultrapure water for the semiconductor industry
HVR Water Purification Sweden Technology promoter
KmX Corporation Canada Technology developer
BlueGold Technologies USA Technology developer Technology developer for Bluestill membrane distillation technology
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rationale behind the selection of these specific time intervals is dis-
cussed in Section 4.1. Required data mining from the individual journal
articles was done to construct the research trends. The research trends
are mostly presented by the combination of Marimekko charts and bar
graphs. A Marimekko chart is a two-dimensional stacked chart, which
offers a combination of varying segmented heights and column widths
proportional to the percentage distribution along the x- and y-axes
(www.marimekkographics.com). Thus, for each period, the column
width represents the share of the number of publications during that
period out of the total number in all periods, while the segmented
height within each column (i.e., period) indicates the percentage of
publications pertaining to an individual topic.

3.2.1. Database selection
The initial task was to identify the most suitable database for

creating a list of journal articles for trend analysis. The contenders in-
cluded – Web of Science, ScienceDirect and Google Scholar. Thomas
Reuters Web of Science (www.webofscience.com) is an online sub-
scription-based scientific citation indexing service providing a com-
prehensive citation search. The Web of Science (WoS) Core Collection
database covers over 12,000 of the highest impact journals worldwide,
including Open Access journals and over 150,000 conference pro-
ceedings. The search feature of WoS is designed to aid query search in
specific fields such as Topic, Title, and Author. In order to run multiple
searches for the same query, the option of adding additional search field
is also available. Timespan setting to search between specific time zones
is also another useful feature. WoS allows the search results to be easily
exported to bibliographic tools such as RefWorks, Endnote etc. A re-
markable feature of WoS is the Citation Report, which provides direct
graphical analysis of published items, and citations in each year along
with a detailed list of yearly citations for the individual articles in the
search result.

ScienceDirect (www.sciencedirect.com) is a leading full-text scien-
tific database offering journal articles and book chapters from over
3500 journals and more than 34,000 books. The “advanced search”
feature provides an opportunity to search for a term in specific search
field which can be either Author, Title, or Abstract individually or as a
combined search field of Abstract, Title or Keywords. The search can be
further refined by restricting the search to Articles, Books, Editorial,
Review Article, or Correspondence letter. The search can also be re-
stricted to a specific period.

Google scholar (scholar.google.com) is an open access database,
which searches for scholarly articles from a wide range of resources
including journal articles, book chapters, online repositories, un-
published scholarly articles, theses work, etc. The advanced search
feature allows exact or all the query words to be searched either only in
the title or anywhere in the article. Thus, it has limited option to per-
form a search specifically targeting the abstracts or keywords.
Alternatively, the results can also be limited based on author, article
source, and date of publication. Like all other database search engine,
Google Scholar also has the option to perform a search within a spe-
cified period. However, Google scholar can be easily duped with ma-
nipulated/fake documents or references [45]. Another drawback with
Google Scholar is the lack of a feature to mass export the search results

to perform a research trend analysis.
To test the content coverage, a comparative keyword search was

conducted between the three search engines for the period between
1970 and 2016 for the specific term “membrane distillation”. The
search criteria in WoS was “membrane distillation” in Title AND
“membrane distillation” in Topic. In ScienceDirect, “membrane dis-
tillation” was searched in the tab of Journals under Abstract, Title,
Keywords. The search criteria in Google Scholar was “membrane dis-
tillation” in Title of article. To have refined and relevant results, the
option to include patents and citations was unchecked. A comparison of
the total number of publications indicates that highest and least number
of publications resulted from Google Scholar and ScienceDirect, re-
spectively (Table 2). The biggest advantage of Google Scholar and
possibly one of its disadvantages is its large digital repository. As the
specific aim of this review paper is to analyze the research trends based
on journal articles, it was concluded that Google scholar would not be
the right choice of database, as it does not offer a feature to restrict the
search results only to journal articles. As WoS ranked second based on
the total number of publications. However, a comparative assessment
between WoS and ScienceDirect based on content coverage is essential
during the segments periods. The results in Table 2 indicate that in the
initial time segment between 1980 and 1990, WoS had no publication
results for the search criteria. In the subsequent time segment
(1991–2000), the search results from WoS was still less than fifty per-
cent in comparison to the search results from ScienceDirect. However,
in all the following time segments, WoS had evidently more publica-
tions than ScienceDirect. Nevertheless, it is important to consider that
the highest percentage difference among the search results in WoS and
ScienceDirect was only 14% in the time segment between 2011 and
2013. Though WoS had more limited search results for the initial years,
the trend has evidently changed since 2000s. As the essence of this
paper is to trace the research trends in MD beginning from 1970, the
ScienceDirect database proved to do better justice to content coverage,
considering the whole period of interest (1970–2016). Based on this
exercise and review of the pros and cons of the individual databases
[46], ScienceDirect was selected as the search database to list and
collect the journal articles for the selected three different periods. In
conclusion, ScienceDirect is not only a trusted and reputed database but
also has decent content coverage. It also provides a convenient and
unique feature to perform a one-time search for the query in the com-
bined field of Abstract, Title & Keywords unlike the other two databases.

3.2.2. Data mining
Customized search for the individual time periods was conducted

using the specific search term “membrane distillation” (note the use of
double quotes to restrict the search result to the specific phrase mem-
brane distillation where both membrane and distillation appear next to
each other). The search field was specified to be Abstracts, Title,
Keywords and this approach was considered to enlist all the relevant
journal articles focusing on membrane distillation. The search was also
restricted to only journal articles in each period. The search results
listing was exported with citations and abstracts in RIS format and
subsequently converted to a spreadsheet for further analysis. The
journal articles were downloaded and the extracted articles were then
classified based on the following criteria to examine the MD research
trends:

a. Journal of publication
b. Reported MD applications
c. Topics of research in MD
d. Membrane type, membrane and module configurations

As it was difficult to follow a rigid classification when a single ar-
ticle contributed towards more than one research topic, the adopted
classification approach was relatively flexible. Thus, a maximum of two
explicitly discussed research topics was identified for each journal

Table 2
Comparison of search results for journal articles for the specific term “membrane dis-
tillation” between 1970 and 2016.

Web of science Science direct Google scholar

1970–1980 – – –
1980–1990 – 28 41
1991–2000 42 89 154
2001–2010 301 295 509
2011–2013 271 233 445
2014–2016 449 401 680
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article. Under the adopted approach, we acknowledge that a certain
element of subjectivity was involved. However, it is important to bear
in mind that the exercise was targeted to obtain an indication on the
trends in research topics in MD. The aim of the exercise was to have an
understanding of the journal articles devoted to each topic, gauge the
key areas of MD research focused on by the scientific community, and
assess how the trends have evolved with time.

Since 2000s, membrane distillation systems were also sometimes
coupled with “crystallization” giving rise to membrane crystallization
process. Articles on membrane crystallization processes may not ne-
cessarily contain the term “membrane distillation” under Abstracts,
Title, Keywords. Hence, to ensure that we conduct a comprehensive
search, we also did a specific search with the term “membrane crys-
tallization”. The search was conducted by having a query combination
of “membrane crystallization” AND NOT “membrane distillation” under
Abstracts, Title, Keywords.

3.3. Practitioner survey

As this article is intended to give a perspective on the alignment
between the interests of the scientific community on one hand and MD
industry on the other, it was deemed essential to understand if both
communities are headed towards the common goal of MD commer-
cialization and if their efforts are in accord. If not, it is equally im-
portant to identify the disparity. Therefore, a survey was conducted
among MD experts from both academia and industry. The survey con-
sisted of two multiple-choice questions, to which the respondents were
asked to select one answer each. Some of the participants selected
multiple answers to one question. In such case, their answers were
given equal weight, totaling one. For example, if two answers were
given, then the weight for each answer would be 0.5. In the case of
three multiple answers, the weight per answer would be 0.33, and so
on.

The survey was sent out to 84 participants (68 academic and 16
industry experts). Out of the 84 practitioners approached, responses
from 45 participants were received (37 academic researchers and 8 MD
industry experts). As the number of MD companies is limited, this re-
sulted in fewer MD experts from the industry being surveyed than
academic experts. The selection of academic experts was based on their
Scopus profiles. All the researchers surveyed had authored at least 10
publications on MD. For the industry, representatives of different
companies, which are either MD technology developers (SolarSpring,
Fraunhofer Institute, Scarab Development, Aquastill, Gore, Memsys) or
technology promoters/users (Abengoa Water, ConocoPhillips), were
contacted.

4. Research & implementation trends

Following an initial screening of the chronological distribution of
MD publications, three distinct periods were identified in our analysis
for establishing a chronological trend of MD research. These periods are
1970–1990, 1991–2010 and 2011–2016. Upon conducting an initial
search on ScienceDirect, the total number of MD publications published
during the said periods were 28, 384 and 634, respectively. These
numbers include research and review papers, patent information, er-
ratum, and corrigendum. Moreover, few articles discussing topics such
osmotic distillation or forward osmosis (FO) were also encountered in
the search result. This was observed to be caused by the presence of
term “membrane distillation” in “osmotic membrane distillation” or the
presence of a very brief comparison statement between FO and MD in
the paper abstract. Osmotic distillation refers to a process wherein MD
membranes are used under nearly isothermal conditions, where mass
transfer is caused by transmembrane osmotic pressure. As the focus of
this review is the non-isothermal MD process, papers pertaining to os-
motic distillation or FO (unless there is a considerable segment of the
FO paper on MD) were dropped from the database. During the analysis

of MD applications and research topics, patent informations and review
articles were also excluded from the analysis. As a result, the revised
number of publications considered for research trend analysis for the
three periods were 27, 341 and 557, respectively.

With respect to MD implementation, Table 3 shows a compilation of
global MD commercial, demonstration and pilot plant installations.
Only projects that were led by commercial entities were included. Thus,
academic R & D pilot installations were excluded from the table, unless
a commercial entity was involved (e.g., the SolarSpring projects). The
table provides information such as plant capacity, membrane material,
and configuration, MD configuration, energy source and application
along with the commercial entity involved. This information provides
an insight into the preferred industry choices with regard to MD design
and implementation. For example, PTFE is evidently the preferred
membrane material, while spiral wound and flat sheet are the preferred
membrane configurations. The preferred MD configurations are AGMD
and VMEMD. The energy sources considered are either renewable
(solar), waste heat, diesel generator or district heating network. An
interesting observation here is the plant capacities for these installa-
tions. Most plant capacities are less than 100 cubic meters per day with
the largest plant capacity being 400 m3/day (expected to be in opera-
tion by 2018). This table will be referred to later when discussing the
alignment between academic and industrial trends.

4.1. Publication trends

The growing interest in MD research is evident from the increasing
number of publications over the years. Fig. 2 presents a plot indicating
the number of publications between 1970 and 2016.

The first two decades (1970–1990), with only 27 relevant publica-
tions, can be considered as an “initiation phase” for MD. In the two
decades that followed, the publications on MD slowly started to gain
momentum. The period between 1991 and 2010 can be considered as
the “emergence phase” for MD research. This is the phase when re-
searchers began exploring MD as a novel separation technology, at-
tempting to understand its nuances, exploring its range of applications
with a focus on process optimization, membrane fabrication, and
modeling studies. However, in the last six years, between 2011 and
2016, there has been a research boom in the field. A mere comparison
of the number of publications in these periods testifies to the

Fig. 2. Growth of number of publications in MD can be classified into three periods;
namely: Initiation Phase (1970–1990), Emergence Phase (1991–2010) and Growth Phase
(2011–2016).
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exponential growth in MD research. For example, there were 384
publications over 20 years between 1991 and 2010, while the number
of publications almost doubled to 634 in the last six years alone. Hence,
the period between 2011 and 2016 can be considered the “growth
phase” of MD research. Although 2017 was not included in our analysis
as papers are still emerging this year, 2017 can be considered part of
the growth phase. These phases have been identified and named based
on the number of MD publications. However, others may choose to
adopt a different classification across the MD development timeline
[11].

With time, MD researchers have also had the privilege of publishing
in an increasing number of journals. Beginning with only four (4) dif-
ferent research journals in the initiation phase (1970–1990), the
number of journals in the emergence phase increased by about eightfold
to 31 journals. In the last six years, MD related publications have ap-
peared in seventy-three (73) different journals. The most predominant
three journals featuring MD related publications until date are
Desalination, Journal of Membrane Science (JMS) and
Separation & Purification Technology (SPT). A Marimekko chart re-
presenting the percentage distribution of publications in the different
periods and among the different journals is presented in Fig. 3. Desa-
lination published the highest number of MD related papers during the
initiation and growth phase. This testifies to the fact that the largest
segment of MD papers is centered on desalination applications, as will
be elaborated later. However, the relative percentage of MD publica-
tions in Desalination has dropped over the years beginning with 59% in
the initiation phase, then 38% in the emergence phase and 29% in the
growth phase. The percentage of publications in JMS witnessed an in-
crease moving from the initiation phase to the growth phase. In the
initiation phase, 26% of MD articles appeared in JMS. In the emergence
phase, the share increased to 37% but then dropped to 28% in the
growth phase. The journal Separation & Purification Technology (SPT)
was inaugurated in 1997, which explains the absence of MD publica-
tions in SPT in the initiation phase. Both in the emergence and growth
phase, 8% of MD publications were reported in SPT. While analyzing
these numbers, one has to bear in mind that they refer to the percentage
of the total publications for a specific period. However, if we were to
consider the number of publications in each of these journals, a growing
number of publications progressing from one period to the next is seen.
For example, the decreasing share of MD publications in Desalination
and JMS during the growth phase does not reflect a reduction in the
absolute number of MD papers published in these journals. It rather
represents a growing diversification of MD applications and process
intensification approaches (which would further be explored in the
following section), leading to a growing interest in MD by many other
journals.

In Fig. 3, a segment encompassing a spectrum of journals, classified
as “others”, is growing over time. Percentage contribution in the
“other” journals progressed from 15% in the initiation phase to 19% in
the emergence phase and finally 36% in the growth phase. Journals
such as Chemical Engineering and Processing: Process Intensification, Pro-
cedia Engineering, and Water Research individually accounted for nearly
2–3% of MD publications in the growth phase. The 21st century is
witnessing a scientific overload with global scientific output doubling
almost every nine years [58]. Hence, during recent years, researchers
have the option to choose from an array of journals for publishing their
work, which justifies the increasing number of MD publications in
different journals. We must also take into account other factors such as
scope limitation of top journals; the true impact authors wish to achieve
by disseminating their findings and how a study may be presented from
different perspectives. As an illustration of this, we consider the MD
article “Membrane fouling from ammonia recovery analyzed by ATR-
FTIR imaging” published in “Vibrational Spectroscopy” in 2014 [59]. The
article describes the application of ATR-FTIR imaging technique to as-
sess membrane fouling and the impact of cleaning during ammonia
stripping via MD. The article does contribute towards understanding
fouling in membrane distillation. However, as the emphasis is on the
technique used for assessing the fouling, it was more suited for a journal
such as “Vibrational Spectroscopy” rather than the top three journals for
MD. As the scientific community diversifies MD research areas and
applications, researchers are moving towards specificity in the selection
of the preferred journals.

4.2. MD applications

One of the most attractive features of membrane distillation tech-
nology is the (theoretical) 100% rejection of non-volatile components
such as salts, inorganic compounds, and macromolecules. Exploiting
this unique feature, MD has been explored as a separation or treatment
technology. Fig. 4 presents a stacked bar chart representing the
breakdown of MD applications reported in scientific publications
during the three phases of MD development. The breakdown in Fig. 4 is
based on papers discussing specific application(s) of MD, regardless of
the main subject of the paper (e.g., fouling, transport modeling, etc.).
Publications that did not discuss a specific application were excluded
from this analysis. MD applications were classified into six main cate-
gories: desalination, brine concentration, wastewater treatment, food
industry, non-food chemical processes applications and others. The
most investigated and dominant MD application across all the three
phases was desalination. In the initiation phase, 67% of MD articles
discussed desalination. In the emergence and growth phases, the de-
salination application constituted 34% and 48%, respectively, of all MD
papers. MD applications for brine concentration and food industry re-
mained unexplored during the initiation phase. The exploration of these
applications began during the emergence phase. Progressing from
emergence phase to growth phase, MD application in brine con-
centration witnessed an accelerated interest, as the publications on
brine concentration more than quadrupled in the growth phase.

A reverse trend is observed for food industry applications. In the
emergence phase, 12% of MD publications discussed food applications.
However, this fraction dropped to only 4% in the growth phase. Food
industry applications of MD include the concentration of food products
or derivatives such as fruit juice, flavor/aromatic compounds, liquid
food, whey protein, etc. Other MD applications in food industry include
the removal of ethanol and other volatile compounds from fermentation
broth. Traditionally, fruit juices are concentrated using vacuum eva-
poration. Nevertheless, the technique is reported to result in loss of
flavor, cooked taste and color degradation. Thus, the food industry
invests in developing alternative improved methods for juice con-
centration. In alignment with industry needs, MD researchers focused
on studying MD for this application. MD received attention here be-
cause the process can be carried out at temperatures well below the

Fig. 3. Marimekko chart depicting the percentage distribution of publications in different
journals during the three phases of MD development.
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boiling point of the feed liquid, which is a considerable advantage for
fruit juice concentrates sensitive to high temperature. But this appli-
cation was reported to be limited by MD fouling and lack of long-dur-
ability membranes [60].

Similar to the food industry applications, a declining interest has
also been observed for MD applications in non-food chemical process
applications. These applications include concentration of compounds
(such as butanol, glycerol, isopropanol, sucrose solution, and sulfuric
acid), removal of compounds (such as ammonia, process inhibitors,
VOCs), separation of binary or azeotropic mixtures (such as chloro-
form/water mixture, isotopes), and recovery of acids, polyphenols, etc.
In the emergence phase, about one-quarter of the publications discussed
MD applications in chemical processes, but during the growth phase,
this fraction dropped to 13%, giving way to the growing focus on de-
salination and brine concentration applications. This is not surprising as
the vast majority of industrial MD installations so far have targeted
desalination (both seawater and brackish water) and brine concentra-
tion, and none was intended for chemical process applications
(Table 3). The declining academic research interest in the latter appli-
cations during the growth phase has simply mirrored this industrial
trend.

Wastewater treatment is another investigated MD application.
Treatment of different types of wastewater, from various sources, which
cannot be treated with the conventional treatment strategies, has been
investigated utilizing MD. The publications on MD applications for
wastewater treatment dealt mainly with wastewater treatment from the
textile industry, olive mills, oil and gas industry (e.g., produced water),
mining industry, dairy industry, coal gasification plants, and rubber
industry. For example, textile dye effluents are difficult to treat due to
their low aerobic degradability. Currently employed separation pro-
cesses include ozone treatment; membrane processes (RO and NF) and
activated carbon adsorption. However, these technologies fail to
achieve complete degradation, separation or rejection of the dye con-
stituents creating an opportunity for the development of an alternative
technology suitable for efficient treatment of dye effluents. Most of the
publications utilizing MD for this application propose a process in-
tensification approach combining MD with photocatalysis to create
photocatalytic membrane reactor (PMR). During the emergence phase,
wastewater treatment ranked third as the most researched MD appli-
cation, rising to the second position during the growth phase.

A limited number of journal articles have also investigated the ap-
plication of MD for water treatment by targeting removal of compounds
such as arsenic, boron, fluoride, herbicides, etc. The concentration of
compounds such as ginseng extract, medicinal herbal products or lig-
nocellulosic hydrolyzates have also been explored using MD. Such MD

applications, with few journal publications discussing each of them,
have been classified as “others” in Fig. 4. This shows that there are
always some researchers who decide to go off the beaten track and
investigate new applications for MD. Still, both in the emergence and
growth phase, less than 10% of the overall publications reported on
such diversified applications for MD. Nonetheless, these studies are
very important as they keep the door open for niche applications that
may lead to significant new MD markets. As will be discussed later,
most industrial MD developers and promoters surveyed under this
study believe that non-desalination applications are most likely to
shape the future of MD.

Bearing these research trends in mind, one would wonder if desa-
lination is the most likely application of MD, based on the dominance of
desalination over all researched MD applications. As of 2013, RO has
been the leading global desalination technology, contributing to a
dominant global market share of 71% [61]. Despite that, MD has been
often heralded as an alternative technology for desalination due to the
advantages it offers. Particularly attractive features of MD include
theoretical 100% rejection of non-volatiles, performance not limited by
the high osmotic pressure of feed, lower operating pressure (compared
to RO) and lower operating temperature than thermal desalination
technology such MSF and MED [62]. These benefits have been identi-
fied and discussed in one of the earlier and most cited MD review pa-
pers published in 1997 by Lawson et al. [15]. The authors predicted
that the acceptance of MD as an alternative desalination technology for
RO will depend on the future knowledge gathered on MD flux decay,
long-term operation and maintenance cost of MD [15]. Twenty years
later, and with increasing number of publications and research focus,
MD is still considered as an “emerging” desalination technology, de-
spite desalination being the most reported research application. Truth
is, there could be more than what meets the eye for desalination being
the dominant MD application in academic publications. The inter-
pretation can be tied back to the trends in MD journals discussed in the
previous section. Academic researchers are not only interested in pur-
suing important research gaps but the visibility for their research efforts
is equally important. Thus, there is a tendency to shape research articles
to befit the scope of reputed journals rather than or at least besides
pursuing a research gap. For example, as Desalination is a journal with a
relatively high impact factor, researchers could find it motivating to
tailor the application of their MD study such that it caters to the scope
of Desalination. To understand this, let us say the goal of a certain study
is to develop membranes specific for MD (with distinct features such as
hydrophobicity, narrow pore size distribution, etc). Upon successful
fabrication and characterization of these membranes, a default next
step is to test them. The latter step is often conveniently conducted

Fig. 4. Stacked bar chart depicting the publication trend on the dif-
ferent MD applications reported during the three phases of MD de-
velopment. Desalination remained the most studied application since
the initiation phase.
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using a 3.5% NaCl solution, as a surrogate for seawater, rather than
venturing into other MD applications requiring more intricate experi-
mental protocols (e.g., food applications). Resultantly, the journal ar-
ticle produced from these efforts could be a contender for consideration
in the Desalination journal. This trend could significantly contribute to
desalination being a superficially dominant application in MD papers,
even though MD has other strong candidate applications.

With the increasing number of desalination plants installed over the
world, an associated growing concern is the brine disposal challenge.
Seawater discharge is the most commonly pursued brine disposal
strategy (41%) with other major strategies being sewer discharge (31%)
and deep well injection (17%) [63]. The brine contains all the feed
water contaminants rejected by the RO membrane and thus may con-
tain toxic substances such as heavy metals. Localized environment of
high salinity and the presence of toxic compounds affects the marine
population and is considered a threat to the marine ecosystem [64].
These concerns, coupled with a growing interest in ZLD system, provide
an opportunity for MD application in brine management. The in-
troduction of MD for brine concentration also contributes to increasing
the overall water recovery from RO desalination plants [65] and to
reducing the brine volume to be handled. A simulation study demon-
strated that the overall RO recovery could increase from 40% to 89% by
combining RO and VMD with a brine volume reduction by a factor of
5.5 [66]. Membrane distillation crystallization (MDC), a combination of
MD and salt crystallization, is a ZLD approach for treating brines [67].
MDC provides the advantage of having higher membrane contact area
for salt crystallization at moderate temperatures (40–50 °C) than con-
ventional NaCl crystallization techniques operating at a higher tem-
perature of 70 °C [68]. Membrane crystallization could be used as a part
of the process intensification approach in desalination for enhanced
water recovery, reducing brine volume and resource recovery [69].
Membrane crystallization helps reconsider brine waste as a saline re-
source by recovering the available salts. Traditionally, evaporation and
cooling methods have been used to extract salts from retentate. How-
ever, studies now show that process integration of membrane crystal-
lization with RO process could prove to be a cost effective alternative to
recover salts from brine [70–72]. Though there is continued research
focusing on exploiting the benefits of MD in brine concentration, sig-
nificantly fewer publications discuss this MD application, in comparison
with desalination. One of the challenges for the use of MD for brine
concentration is the creation of supersaturation condition for certain
salts resulting in membrane scaling [73–75]. The issue of membrane

scaling coupled with the lack of technology maturity and absence of
substantial data and knowledge on pilot scale trials, all became im-
peding factors for MD application in brine concentration.

The concept of membrane crystallization not only has potential in
desalination but also in various other industries such as pharmaceu-
tical, medical, agricultural and chemical industries [76]. It could also
gain significance for macromolecular crystallization. For instance,
membrane crystallization provides an opportunity to grow protein
crystals with controlled shape, size, and size distribution without
compromising on the crystal quality [77]. This advantage becomes
particularly relevant when considering life-science products. The
membrane in this process acts not only as a support for solvent eva-
poration, but also as sites for heterogeneous nucleation based on the
surface characteristics of the membrane [76]. Studies have shown that
membrane crystallization could be used for recovering protein crystals
from supersaturated solutions [77–82]; recovery of fumaric acid [83]
for the synthesis of L-malic acid; treatment of sulfate wastes [84]; and
concentration of pharmaceutical compounds [85,86].

4.3. Topics of research

With an increasing number of publications addressing various topics
in MD, a general trend can be mapped wherein certain research topics
receive relatively more focus. Content review of MD publications was
done to identify the specific topics of MD research addressed specifi-
cally in the emergence and growth phases. Based on this review, the
journal articles were broadly classified into the following research to-
pics:

• Reporting on commercial MD systems

• Economic analysis of MD systems

• Novel MD module/system design

• Energy in MD processes

• MD pilot testing

• Renewable energy (RE) powered MD

• Fouling and wetting of MD membranes

• Process intensification/hybrid systems

• MD process performance/optimization

• Heat &mass transfer in MD systems

• Development of novel MD membranes

In many papers, these research topics were coupled with specific

Fig. 5. Bar chart depicting the different MD research topics
during the emergence and growth phases. Development of
membranes for MD has been the key topic of interest in both
the phases.
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MD application(s). The latter was discussed in the previous section. A
breakdown of MD research topic is presented in Fig. 5. The breakdown
during the initiation phase is not shown because publications during
that phase mostly included articles on assessing the MD process ex-
perimentally, discussing its potential applications and preliminary dis-
cussions on heat and mass transfer. During the emergence phase, the
most researched topics were (i) development of novel MD membranes,
(ii) heat &mass transfer in MD systems and (iii) MD process perfor-
mance/optimization, closely followed by (iv) process intensification/
hybrid systems. Moving into the growth phase, an area that has gained
considerable focus and devoted research is membrane development for
MD applications. Earlier, MD research has been largely performed uti-
lizing hydrophobic microfiltration membrane. The lack of membranes
specifically suitable for MD applications was frequently highlighted
[1,12,15,87] and had to be addressed. Researchers are continually
addressing this research gap, producing a growing number of publica-
tions that discuss novel membranes, membrane fabrication procedures
and membrane surface modification for MD purposes. The MD pub-
lications focusing on the development of novel MD membranes dealt
with (i) preparation of inorganic membranes, (ii) preparation of poly-
meric membranes and use of polymer blends, (iii) use of additives or
surface modification of membranes, or (iv) new or enhancements of
existing membrane fabrication techniques.

Understanding heat and mass transfer in MD membranes and sys-
tems is another key research topic. The initial MD publications in the
emergence phase focusing on this topic used a combination of analy-
tical models and numerical analyses. With better computational cap-
abilities, modeling/simulation studies (both 2D and 3D modeling) have
emerged for studying heat and mass transfer in MD, complemented
with experimental studies for validation. These articles mainly focused
on (i) studying the effects of temperature and concentration polariza-
tion and strategies to reduce their effects, (ii) numerical methods to
evaluate mass transfer coefficients, (iii) effect of relevant process
parameters on permeate flux, (iv) determination of Knudsen diffusion
and viscous flow membrane characteristics for future modeling work,
(v) assessment of most important mass transfer resistances, or (vi) role
of spacers in heat and mass transfer.

The focus on developing MD-specific membranes and understanding
heat and mass transfer in MD is justified, having known that these to-
pics address some of the key identified bottlenecks for MD development
[2,11]. The trends of these two topics during the growth phase are
intriguing. In comparison with the emergence phase, the number of
publications discussing MD membrane development has almost tripled
in the growth phase. In terms of share of publications, 21% and 32% of
MD publications discussed MD membrane development during the
emergence and growth phases, respectively. On the other hand, for
papers discussing heat and mass transfer in MD, the share of these
papers almost halved during the growth phase.

The second most researched topic during the growth phase was MD
process performance/optimization. This can be understood in con-
junction with the growing share of publications focusing on novel MD
module/system design during the same phase. Innovative designs or
process modifications in MD are being constantly investigated by MD
researchers with the aim of improving MD performance and output.
Thus, key findings and observations from such experiments are most
often followed up with process performance/optimization studies. In
addition, as MD is studied for different applications, there are sub-
sequent studies for optimizing the process performance based on the
feed characteristics or the desired product quality. Thus, though there
has been a dip in the percentage of publications addressing MD process
performance/optimization in the growth phase, moving forward, there
is expected to be a growing number of publications addressing this
topic. With emerging MD applications or development of novel MD
module or hybrid systems, there would always be room for optimiza-
tion studies and the MD publications that result from them.

From a commercial and economical perspective, an important

aspect for MD development is having an appropriate module design.
The recent review paper by Drioli et al. [12] described in detail the
importance of good MD module design and the current research efforts
channeled in this direction. During the emergence phase, MD publica-
tions addressing novel module/system design witnessed an almost six-
fold increase. The observed trend wherein increasing number of MD
publications focuses on the development of novel module/system de-
sign is a welcomed trend for MD growth and development.

Both in the emergence and growth phase, the MD research topic
“process intensification/hybrid systems” ranked third based on the
percentage of publications. Process Intensification is a strategy that
combines various unit operations with the aim of achieving size re-
duction, compactness and reduced energy consumption, material use
and waste production [88]. This is of particular significance for the
development of MD. That is because as a stand-alone process, MD may
not be economically competitive, but when utilized in conjunction with
other technologies it may yield a feasible combination. This can lead to
the use of MD in some niche applications such as the development of
ZLD schemes, with RO combined with MD for desalination where MD
specifically addresses brine concentration. A very good and relevant
example of process intensification approach is the pilot project spear-
headed by the Korean government. The R &D program titled Global
Membrane distillation, Valuable resource recovery, Pressure retarded os-
mosis Project (GMVP) is financially supported by the Korean Ministry of
Land, Infrastructure, and Transportation through the Korea Agency for
Infrastructure Technology Advancement. The objective of the project is
to ascertain the feasibility of RO-MD-PRO hybrid. The project aims to
utilize RO-MD hybrid to reduce the brine volume by 30%. The hybrid
combination of RO-PRO is aimed to recover the osmotic energy. The
study plant, in its final stage, will consist of 1000 m3/day RO plant,
400 m3/day MD plant and a PRO system having a power density of
5 W/m2 [6,7].

Process intensification or development of hybrid systems could also
be a plausible way forward to develop niche applications for MD. Some
examples of such hybrid systems, primarily explored in the emergence
phase targeting specific applications, include: (i) photocatalytic mem-
brane reactor systems (coupling photocatalysis with MD) for textile dye
effluent treatment and (ii) production of clarified juice in the food in-
dustry, coupling osmotic distillation and membrane distillation. From
that perspective, the declining publication trend in the growth phase on
process intensification could be a mirror effect of decreasing number of
publications for MD applications in wastewater treatment and food
industry applications (see Section 3).

Over the years, the MD research topics that received relatively less
research focus were (a) energy in MD processes, (b) RE powered MD,
(c) fouling and wetting in MD membranes, (d) Economic analysis of MD
systems, and (e) reporting on commercial MD systems. A major draw-
back for MD is the requirement of high thermal energy. In many arti-
cles, the thermal energy requirement is dubiously presented or avoided
on the premise that the technology would be energy efficient in the
presence of waste heat. However, the energy requirement is an im-
portant factor when considering the practical implementation of an
emerging technology. Only less than 3% of the total publications in the
emergence and growth phase address topics related to MD energy re-
quirements such as energy efficiency or evaluation. Despite the known
relevance of energy efficiency for MD operation and performance, in-
vestigations on this topic are limited in comparison with other research
topics. There has not been any significant growth that can be observed
over the years in MD publications addressing energy in MD systems.
Why this topic remains neglected needs to be further explored. As for
the ever-encountered assumption of waste-heat MD operation, in a re-
cent OpEd in Water Desalination Report, titled “Unicorns, Yetis, and
Waste Heat”, it was stated “despite a seemingly common misconception,
waste heat does not mean free energy. It often doesn’t even mean inexpensive
energy. In many (most) cases, waste heat suffers from the same problem as
solar radiation: it can be very expensive to collect and transform before it
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can be put to some beneficial use. Like free solar radiation, usable waste heat
can be more expensive than traditional energy sources” [89]. The article
goes on to describe why there is very little room for energy recovery
from “waste heat” from either flue gas or low grade, fully expanded
steam from steam turbines. For flue gas, much of the thermal content is
already used as much as practical, with further cooling leading to
corrosive condensation or a dense stack plume that blankets the area
like a fog. Fully expanded steam, on the other hand, has a very large
vapor volume and very low energy density, making it challenging and
expensive to convey and simply impractical as a source of heat [89].
The same article describes similar challenges with waste heat recovery
from thermal solar systems, like concentrated solar power (CSP).

Having said that, researchers have invested efforts in overcoming
the energy barrier for MD by investigating renewable energy (RE)
powered MD systems. Such systems accounted for about 7% of the MD
publications in the emergence phase and weer the subject of much
funding for MD research during this phase (see Section 2). The RE
source in most publications is solar energy but geothermal MD systems
were also discussed. Economic evaluation of solar based MD systems
sheds light on why stand-alone solar powered MD systems are not yet a
feasible option [90]. For such systems, 70% of the total cost is attrib-
uted to the capital cost of the solar heaters required to meet the process
thermal energy needs. An alternate approach for feasible solar powered
MD systems could be to restrict the use of solar energy to meet the
electrical power requirement. The high cost of solar powered systems
could be a contributing factor for the stagnant growth of research in-
terest in this topic, despite the initial momentum for this topic during
the emergence phase (see Section 2).

Another research topic that still needs to have considerable atten-
tion from researchers is fouling/wetting in MDmembranes and systems.
Less than 10% of MD publications in the emergence and growth phases
discuss MD fouling and wetting. Over the years, there has also not been
a dramatic change in the interest in this topic, unlike the development
of novel MD membranes. During the initial years of MD development, it
was postulated that fouling in membrane distillation would be less of a
problem in comparison with other membrane separation processes
[91]. The cited reasons include the lower chances for pore clogging in
MD membranes, with larger pores or diffusion pathways compared to
RO or NF membranes, the hydrophobic nature of MD membranes and
the high-temperature operation making biofouling less likely [15].
However, when considering the long-term operation of an MD plant
today, one of the major concerns to be dealt with are the issues of
fouling/wetting. The lack of understanding of MD fouling/wetting is
one of the key factors that hamper the growth and commercialization of
MD [2,11]. Fouling, especially inorganic fouling (scaling), makes the
membrane pores inaccessible for vapor transport, consequently redu-
cing MD productivity. Additionally, the onset of wetting translates to
reduced product quality with the passage of feed water onto the pro-
duct side. Another significant aspect is that these two phenomena are
not mutually exclusive but influence each other. A thorough under-
standing of these phenomena is important from the perspective of long-
term operation of MD plants and process economics (specifically, op-
erational expenses). Fouling eventually causes flux decline, thus af-
fecting plant throughput. The propensity for fouling demands the use of
antiscalants, cleaning chemicals or other methods as mitigation stra-
tegies. Fouling shortens membrane life necessitating repeated mem-
brane replacement for continued plant operation. Similarly, the phe-
nomenon of wetting also affects membrane life and plant operation.
Indeed, starting from a notion where researchers believed that fouling
may not be a concern for MD, research on MD fouling has traversed a
considerable distance as evidenced in two recent comprehensive review
articles encapsulating the know-how and mitigation strategies on MD
fouling [74,92]. However, it is also important to note that the key
factors that influence fouling in MD are an amalgamation of feed water
characteristics, operational conditions, membrane properties and fou-
lant characteristics [92]. This implies that no one solution fits all in

terms of MD fouling. As the applications of MD in various industries are
being explored, the variations in feed characteristics and operational
parameters result in different fouling characteristics. Thus, if the aim is
to have MD commercialized in a niche application wherein MD offers a
significant advantage, it is important that relative emphasis is placed on
demonstrating long-term performance and operational suitability of
MD for the targeted application. Resultantly, the need for under-
standing fouling/wetting becomes more relevant. As a substantial per-
centage of publications focuses on process performance/optimization, it
is expected that a comparable percentage would also focus on demys-
tifying fouling and wetting issues in MD.

Another MD research topic relatively neglected yet important is the
economic analysis of MD systems. Less than 3% of articles in the
emergence and growth phase addressed this topic. Reporting on com-
mercial MD systems is also poor, with less than 1% of the publications
in both phases discussing such systems. The lack of reporting on com-
mercial MD systems can again be explained by the publication per-
spective. When editors and reviewers consider articles on commercial
systems (MD or otherwise), they could be apprehensive for a good
reason. Reporting on commercial systems sometimes pose the risk of
conflict of interest. Thus, publications on commercial MD systems may
not be largely welcomed by journal articles, despite their importance.
Moreover, most technology providers are reluctant to openly report
their commercial operational data for well-known reasons.

In addition to aligning the experimental research with the industrial
MD outlook, focused and increased research on some key areas are
extremely crucial for increasing MD implementation. The key areas
include fouling and mitigation studies, innovative strategies to reduce
energy consumption complemented with cost models and economic
analysis assessing the economic feasibility of novel research concepts.

4.4. Membrane Source, material, and configuration

In this section, we classify the reviewed MD publications based on
the reported membrane material, type (commercial or fabricated) and
configuration (flat sheet, hollow-fiber, capillary, tubular or spiral
wound). It should be noted that a number of publications were en-
countered which focused on the design, modeling, simulation and/or
studying MD as a supplementary process without providing all the re-
levant information regarding membrane source, configuration and
material. Thus, when information was unavailable, the respective paper
was accounted under ‘unspecified’ in the Marimekko charts. Since
membrane properties and configuration have significant effects on the
overall performance and efficiency of the MD process, we herein em-
phasize a much-needed standardization of MD testing procedures. This
will enable the global comparison of data and the building of common
knowledge base for MD.

4.4.1. Membrane source
A big hindrance for MD development was the non-availability of

microporous hydrophobic membranes specifically fabricated with
vapor permeation in mind as the end use. Earlier research was con-
ducted utilizing mostly commercial membranes that were meant for
microfiltration. An ideal MD membrane should be porous (with a mean
pore size of 0.1–0.5 µm) and hydrophobic in nature. It should have a
narrow pore size distribution and the feed liquid should not penetrate
into the pores. The tortuosity factor (i.e., the measure of the deviation
of the structure from straight cylindrical pores normal to the surface)
should be as small as possible. In general, only few microfiltration
membranes matching these criteria are commercially available in flat
sheet, hollow fiber, capillary or tubular form. They are typically fab-
ricated from PTFE, PP or PVDF. A review of the MD literature (Fig. 6)
suggests that only commercial membranes were employed in the in-
itiation phase. The use of commercial membranes also remained pre-
dominant in both the emergence and growth phases, as 56% and 44% of
the publications in the emergence and growth phase employed
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commercial membranes, respectively.
However, there is an increasing trend towards fabricating ‘MD-

specific’ membranes in-house and fine tuning membranes (both com-
mercial and in-house fabricated) via surface modification, blending,
grafting, etc. As can be observed in Fig. 6, the proportion of laboratory-
fabricated membranes became higher in the growth phase (from 14% to
25%). This indicates the expansion of expertise in the membrane fab-
rication across various MD research groups throughout the world as
well as the rise in interest in the development of new membrane ma-
terials. In general, the reported enhancements targeted for MD specific
membranes in the reviewed papers included higher flux and minimized
wetting and fouling propensity.

4.4.2. Membrane materials
Membrane characteristics greatly influence the performance of the

whole MD system. Controlling the properties of MD membranes, such as
mean pore size, pore size distribution, porosity, tortuosity, hydro-
phobicity, chemical, thermal and mechanical stability and liquid entry
pressure, is key to enhancing the productivity and minimizing the
wetting of the membranes [1,12]. MD researchers used membranes
made from materials that yield these properties or most of them at least.
As shown in Fig. 7, polytetrafluoroethylene (PTFE) membranes were
most used in the initiation phase, polypropylene (PP) membranes
dominated during the emergence phase (26%) whereas during the

growth phase both PTFE and PVDF are most almost equally reported.
PP membranes usually have remarkable water contact angle, in-

dicating their intrinsic higher hydrophobicity and potential higher
wetting resistance when compared to other membrane materials. They
are also characterized by high chemical and thermal resistance [93].
This, along with the availability of commercial capillary (defined as
tubular membranes with pore diameter between 0.5 and 10.0 mm) and
hollow fiber (defined as tubular membranes with pore diameter less
than 0.5 mm) PP membranes, promoted the use of PP membranes.
However, it can also be noted that there is a significant decrease in the
use of PP recently (26% in emergence phase versus 12% only in the
growth phase). One reason may be its lower mechanical stability, as
reported by Eykens et al. [94]. This can also be correlated with the
reduction in the use of capillary membranes for MD applications, which
are mostly fabricated out of PP (as will be discussed later).

PTFE membranes were used in a significant share of studies in all
phases, owing to their high hydrophobicity, thermal and chemical
stability. They are more hydrophobic than other materials (e.g., PP and
PVDF) and thus are less susceptible to wetting in MD. Most commercial
MD installations use PTFE membranes (Table 3). However, it has also
been reported that the use of PTFE membranes in DCMD causes a re-
duction in energy efficiency due to its high thermal conductivity [95].
Due to their inert nature, PTFE membranes are also very difficult to
modify or functionalize. Another drawback with PTFE membranes are
the difficulties in module sealing [96]. PTFE membranes are manu-
factured by the stretching process that requires special equipment and
intense control. However, this is by far the best techniques to produce
defect free membranes for large membrane areas, which is of crucial
importance, especially when treating high salinity brines. Such manu-
facturing capability is available to very few researchers in academia
and hence, most PTFE membranes reported by MD researchers are from
a commercial origin and not made in house.

PVDF, on the other hand, has a lower thermal conductivity than
PTFE [1], reasonable wetting resistance, easy processability, thermal
stability, chemical resistance and mechanical strength. PVDF mem-
branes were reported in 18% and 25% of the papers during the emer-
gence and growth phase, respectively. Unlike PTFE, PVDF membranes
suitable for MD can be made relatively easily in the lab using the ver-
satile phase inversion technique. Many researchers reported on making
PVDF membranes with modified properties, to better fit the MD ap-
plication, by modifying the parameters of the phase inversion process
[97].

It is intriguing to note that, despite membrane fabrication being the
most researched MD topic with an overflow of research articles dis-
cussing MD specific membrane fabrication or modification, the com-
mercial module systems mostly incorporate PTFE membranes. The lack
of optimized “MD-specific” membranes in the market is still an existing
problem. Most of the reported novel membranes are generally com-
pared with less performing PVDF membranes. Among the reported
novel membranes in literature, there are only some membranes that
have had distinctively better performance compared with the PTFE
membranes. Despite the many research efforts in creating novel MD
membranes, PTFE membranes still have comparatively better perfor-
mance, indicating that they are relatively well optimized for MD, at
least for the widely tested MD application, i.e., desalination.

Ceramic membranes are reported to have higher mechanical
strength and better chemical resistance than polymeric membranes
[98]. However, there were only few studies employing ceramic mem-
branes in MD applications. This is because most of the ceramic mem-
branes are inherently hydrophilic in nature, requiring thorough hy-
drophobization before using in MD. Moreover, they are expensive when
compared to the commonly used polymeric membranes. Thermal con-
ductivity of ceramic membrane material is also a concern. A tempera-
ture driven process like MD needs low thermal conductivity membrane
materials to prevent heat loss across the membrane [99]. Ceramic
membranes have relatively high thermal conductivity (30 W/mK for

Fig. 6. Marimekko chart depicting the percentage distribution of different membrane
sources reported in journal articles during the three different periods of MD development.
It portrays a growing interest in the in-house fabrication of MD specific membranes
(presented as “fabricated”).

Fig. 7. Marimekko chart depicting the percentage distribution of different membrane
materials reported in journal articles during the three phases of MD development. The
figure depicts the dominance of PTFE in all phases, reduction in the use of PP and increase
in the use of PVDF in the growth phase.
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alumina ceramic) [100] in comparison with materials such as PVDF
(0.25 W/m K); PP (0.17 W/m K); and PE (0.40 W/m K) [96].

There was also a limited number of studies reporting on the use of
Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), carbon
nanotube (CNT), poly(phthalazinone ether sulfone ketone), poly-
acrylene, polyetherimide (PEI), polyethersulfone (PES), polysulfone
(PS), polyamide thin film composites (TFC), polyethylene, poly-
acrylonitrile and metallic (stainless steel) as membrane materials or
additives. Such materials, along with ceramic membranes, were clas-
sified as “others” in Fig. 7 for brevity. Still, the share of these materials
within the studied MD membrane materials is very small, especially
during the growth phase (11%). Although it is difficult to point out the
specific reason for these trends, the improved performance in wett-
ability, membrane structure (porosity), mechanical strength and their
commercial availability or ease fabrication have influenced the dis-
cussed changes in the trend for membrane material.

4.4.3. Membrane configuration
Fig. 8 shows that flat sheet was the most widely tested membrane

configuration, both in the emergence and growth phases, followed by
other configurations such as hollow fiber, capillary, tubular and spiral
wound membranes. The flat sheet membrane configuration is mostly
used in laboratory scale studies as it is easy to fabricate, characterize,
assemble, operate, inspect, clean, and replace. Comparative perfor-
mance of flat sheet and hollow fiber membranes was evaluated in
DCMD under similar conditions and flat sheet membranes were re-
ported to have higher flux [101,102]. The higher flux of flat sheet
membranes was attributed to the improvement in flow regime and
convective heat transport in the flow compartments. This higher flux,
along with easier operation in lab scale setups, are reasons for the
dominance of the flat sheet configuration in all phases. However, the
packing density for flat sheet membranes is low and a membrane sup-
port is mostly required. On the other hand, spiral wound and hollow
fiber membrane modules offer the advantages of higher membrane
area-to-volume ratio and lower temperature polarization [103]. By
definition, spiral wound membranes are also considered flat sheet
membranes. However, in MD operation, when spiral wound membranes
are used within an AGMD modules, they lead to the air gap becoming
filled with permeate, effectively changing the MD configuration from
AGMD to PGMD. As can be seen from Fig. 8, the fraction of studies
utilizing hollow fiber membranes became notably higher in the growth
phase (rose to 21% in growth phase, compared to 15% of the pub-
lications produced in the emergence phase). It is also worth mentioning
that the proportion of capillary membrane decreases from 15% in
emergence phase to 3% in the growth phase as mentioned earlier.

Although flat sheet MD modules still dominate the research pub-
lications, it is worth noting that this is not the case for industrial MD
installations. MD pilot installations and demonstration plants adopted
flat sheet, spiral wound, as well as the hollow fiber configurations
(Table 3). The industrial installations by Memsys, Aquaver, and
Abengoa Water used flat sheet MD modules, whereas those by Solar-
Spring and Keppel Seghers used spiral wound modules. Recently, an
MD prototype under the GMVP project utilized hollow fiber membrane
modules [57]. Overall, the hollow fiber configuration still has draw-
backs including low flux and a higher risk of scaling and clogging [96].

4.4.4. MD module configuration
With regards to the preferred MD module configuration, it can be

seen that DCMD is the most reported configuration in research pub-
lications in all the three phases (initiation, 54%, emergence, 62%,
growth, 56%), followed, in order, by VMD, AGMD and SGMD (Fig. 9).
The main reason behind this observation is that DCMD is the simplest
configuration to setup in a lab with a higher gain output ratio (GOR)
and flux, compared to other MD configurations [104]. Moreover, in
DCMD, the collection of permeate does not require the use of an ex-
ternal condenser, unlike the VMD and SGMD configurations [1]. While
DCMD is pragmatically convenient for lab-scale research purposes, it is
rarely used in industrial MD systems (Table 3), mainly due to its high
conductive heat losses from the feed to permeate side. Most installed
MD systems use AGMD or vacuum-enhanced AGMD. The latter systems
were successfully used in multi-stage MD, like the Memsys systems,
which led to dramatic enhancement in process thermal efficiency.
Therefore, the choice of MD configuration in research is indeed one
area where better alignment between academia and industry is needed.

In this regard, it can be noted that the percentage of studies utilizing
the VMD configuration increased from 19% in the emergence phase to
24% in the growth phase. Similarly, the percentage of AGMD studies
has also increased from 8% in emergence phase to 15% in the growth
phase. These two configurations offer their own advantages as well.
These include high flux relative to DCMD and lower risk of wetting
from the permeate side. Despite the additional resistance by the air gap,
lower GOR, and the difficult module design, the increased use of AGMD
indicates some shift of interest to MD process with lower wetting pro-
pensity, which is a characteristic of AGMD systems [12]. The SGMD
configuration was used rarely in both the emergence and growth
phases. Like VMD, SGMD also requires an external condenser for col-
lecting the permeate, which adds to the system cost and increases de-
sign complexity. Moreover, the permeate flux is very low in SGMD
[105]. However, the risk of pore wetting from the permeate side is
minimal in this case. Thus, SGMD can be a better option where the

Fig. 8. Marimekko chart depicting the percentage distribution of different membrane
configurations reported in journal articles during the three phases of MD development.
Figure shows the consistent popularity of flat sheet configuration and the growing use of
hollow fiber membranes among MD researchers.

Fig. 9. Marimekko chart depicting the percentage distribution of different MD mode of
operations reported in journal articles during the three phases of MD development. This
indicates the increasing popularity of AGMD and VMD configurations with DCMD being
the most popular configuration in all phases.
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nature of the permeate causes potential pore wetting, as is the case with
the removal of volatile organic compounds in DCMD mode [106].

5. Alignment with industry

A practitioner survey was undertaken to understand how academic
researchers and industry experts perceive the future growth and de-
velopment of MD. The survey consisted of two multiple-choice ques-
tions. The selection of choices for the second question largely reflected
the topics that surfaced from the research trend analysis on MD (see
Section 4), which preceded the survey. The two questions were:

1. In your opinion, what will be the most significant commercial application
for MD in the future (please select one)?
a. Non-food Chemical Process applications (e.g., removal of VOCs;

separation of azeotropic mixtures; recovery of acids and poly-
phenols, etc.)

b. Food Industry applications (e.g., concentration of juices, flavors,
etc.)

c. Wastewater Treatment (e.g., textile dye effluent, produced water,
olive mill wastewater, mine industry, dairy industry, etc.)

d. Concentration of brine from RO or thermal desalination plants
e. Desalination (as a stand-alone process)
f. Others, please specify…

2. Going forward, which among the following should be the main focus area
by researchers to complement the industrial efforts and thus provide the
much-needed impetus to commercialize MD technology (please select
one)?
a. Develop novel membranes specific for MD application
b. Understand the fundamental heat and mass transfer phenomena

in MD
c. Develop improved MD module design
d. Fouling and wetting mitigation in MD
e. Develop renewable energy powered MD
f. Develop MD hybrid systems as a process intensification approach
(e.g., coupling MD with RO)

g. Improve the energy efficiency in MD systems
h. General Economic Analysis of MD systems
i. Others, please specify…

The two questions posed to the participants were designed to
identify the most significant commercial application for MD in the fu-
ture (henceforth referred to as MD Applications) and the key focus areas
by researchers to complement the efforts of the MD industry (hence-
forth referred to as MD Research Topics). The assessment of these re-
sponses, in relation with trend mapping discussed in Section 4, pro-
vided new insights and will aid in guiding new directions for MD
research and development. A compilation of the responses is presented
in Fig. 10, with a discussion provided in the following subsections.

5.1. MD applications

Desalination was predominantly the most reported and researched
MD application since the introduction of MD (Fig. 5). Despite this, it is
interesting to note that both academic researchers and industry experts
agreed on it not being the most promising future application of MD
(Fig. 10). Only a mere 9% of the researchers considered stand-alone
desalination to be the most promising application for MD, while none of
the industry experts identified desalination as such. Instead, brine
concentration (specifically, the concentration of brine from RO plants)
was the top pick by the majority of both academic and industry experts.
Experts from both sectors opined wastewater treatment and chemical
processes as the second and third most likely application for MD, re-
spectively. In this regard, a very interesting opinion was shared through
a private communication with one of the survey participants, Dr. Uwe
Beuscher (W.L. Gore & Associates, Inc.). He stated, “One has to find an

application for MD that is of use and value to the user of the technology, and
I think the brine concentration may be that application. The other applica-
tions are tempting as well but food processing is heavily regulated and may
not be a great place to start, stand-alone desalination has been tried many
times, and the chemical process applications are competing with traditional
unit operations” (private communication with Dr. Uwe Beuscher on
March 13, 2017). This particular response is of relevance as it sheds
light as to why brine concentration has the potential to be the strongest
emerging application for MD. The choice of MD applications by other
industry experts also echoed Dr. Beuscher’s opinion to a large extent.
Other suggested MD applications by industry experts included separa-
tion of specialty chemicals/pharmaceuticals or gas/water separation.

Publications discussing food industry application for MD was ob-
served to relatively decrease during the growth phase (Fig. 4). This is
also reflected in the response received from academic researchers
showing food industry MD application to be one among the least likely
applications. Akin to desalination, industry experts do not believe that
food industry applications are the way forward for MD and neither do
academia experts. Some of the other suggested MD applications by the
academic researchers include small-scale seawater desalination systems
and MD combined with membrane bioreactors or as part of commercial
facility infrastructure.

Future applications for MD would be those in which MD would
essentially have the competitive edge over other conventional tech-
nologies. Brine concentration holds the potential to be such a niche
application for MD. There has been an increased percentage of MD
publications in the growth phase addressing this application. However,
what is observed from the analysis of the published literature is that
desalination still dominates the application trend for MD. From the
responses of MD experts, a shift in research focus from desalination to
brine concentration is warranted. Brine concentration via MD could
also contribute towards best practices for environmental management
of RO brine. The understanding that industry experts think in similar
mindset is hoped to provide the necessary motivation for researchers to
enhance their research focus on brine concentration applications for
MD.

Another potential application that could provide a competitive edge
for membrane distillation is resource recovery from various solutions.
This is of particular significance when considering brine management
wherein a process like membrane crystallization not only increases the
overall water recovery and reduces the brine volume but also aids in
recovery of salts and minerals from brine. Some other applications of
membrane distillation for resource recovery include nutrient recovery
from wastewater [107] and recovery of products from other waste
streams (e.g., waste acid recovery in rare earth metallurgy [108], re-
covery of polyphenols from olive mill wastewater [109,110]).

Being the second most likely MD application, per both academic and
industry experts, wastewater treatment applications are also of great
interest. These include textile dye effluent, produced water, olive mill
wastewater, mining industry, dairy industry, among many others.
Several industries like meat, sugar cane, and textile industry have
wastewater streams discharged at elevated temperatures. Such streams
can be ideal candidates for MD processing to (1) reduce the volume and
temperature of the waste stream and (2) produce fresh water for non-
potable on-site uses. The fact that the feed is already at elevated tem-
perature resolves the problem of finding a heat source for the process.
There is evidence in the literature of such industries approaching MD
researchers in academia to test the MD solution [111–113]. While MD
has been heavily promoted in academic literature as a solution for
produced water treatment in oil and gas (O & G) industry operations
[114–116], due to the ability of MD to handle high salinity feeds, such
application has not materialized on a commercial scale yet. This is not
surprising, according to Ms. Lisa Henthorne, Senior VP and Chief
Technology Officer at Water Standard, a global leading company pro-
viding solutions for water treatment challenges, particularly produced
water from O&G industry. “For the O &G industry, water is primarily
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seen as a waste product of the production process that only adds op-
erating cost to their operation, not value. Consequently, water treat-
ment is kept to its absolute minimum. That is, water is treated to the
minimum degree for disposal or reinjection. Without compelling en-
vironmental regulations, the majority of O &G companies do not see
the value or need for a thorough treatment of produced water using
processes such as MD and so disposal of produced water remains the
preferred choice. Even if treated produced water can be reused in O &G
operations, the industry today still prefers to use fresh water because it
can be treated cheaper than produced water. This may change, though,
as emerging regulations in countries like Australia, USA, and Qatar
push the O &G industry in the direction of water reuse”, said Ms.
Henthorne (private communication with Ms. L. Henthorne, April 12,
2017). Thinking from an alternate perspective, rather than awaiting the
formulation of compelling environmental regulations, the required
change could be spearheaded by focused research efforts by MD en-
thusiasts. Impactful research work, testifying the technical possibilities
and economic benefits of achieving high quality treated water with MD
and the promising water reuse possibilities could consequently inspire
the regulation agencies to enforce stringent discharge limits. Re-
sultantly, providing the much-needed edge for developing the niche
application for MD.

5.2. MD research topics

So far, the most academically researched MD topic is the develop-
ment of MD-specific membranes (Fig. 6). Interestingly, in contrast,
academic experts identified enhancing the energy efficiency of MD
systems as the most needed research topic for the commercialization of
MD (Fig. 10). Nevertheless, 21% of this group still believed in focusing
on the development of MD specific membranes (Fig. 10). On the con-
trary, MD membrane development failed to feature in the choices made
by industry experts of most needed research topics for MD commer-
cialization.

A review of the choices made by the industry experts indicates that
their interest lies in areas that would specifically transform MD to be
more market competitive. Fouling and wetting mitigation was the re-
search topic most selected by these experts. The second most important
topic for them was the development of MD hybrid systems (21%) fol-
lowed by developing improved MD module designs (14%). In the recent
years, MD researchers had increased their focus on the development of
novel MD modules and system designs as reflected in Fig. 5. The per-
centage of MD publications discussing the development of novel MD
module/system design had increased three-fold in the growth phase as
compared with the emergence phase. Hence, this observed increased
interest in the development of novel MD module/system design caters

Fig. 10. Compilation of MD practitioner survey responses from the industry and research experts on the most significant commercial application for MD in the future (MD Applications)
and the key focus areas by researchers to complement the efforts of the MD industry (MD Research Topics). Brine concentration is identified to be the most likely application for MD by
both industry and research experts. Key research areas to promote MD commercialization are identified as improving energy efficiency by research experts while industry experts opine the
research focus should be on understanding fouling and wetting in MD.
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well to the needs of the industry. However, the research interest in
developing MD hybrid systems and process intensification approaches
has been more or less stagnant in the last two decades. This particular
research subject is also not widely believed to be a key area of devel-
opment by researchers in academia (only 8% selected this topic).

From an industrial perspective, the need for the development of
hybrid MD systems is justified, as it is an approach to make MD more
economically feasible. As a stand-alone system, the energy requirement
for feed heating could jeopardize MD’s economic feasibility. Renewable
energy powered MD systems have been investigated to break this bar-
rier. However, the cost figures as reported by Saffarini et al. [90] do not
suggest a universal economic feasibility of solar powered MD systems.
In such a scenario, a combination of MD with other unit operations
could enable achieving energy efficient and economically feasible
system designs.

The disparity in the choices made by the industry and research
experts could be explained by understanding the difference between
industry-oriented and journal-oriented research approach. One of the
reasons that we believe that desalination continues to be the pre-
dominantly reported application of MD has been explained from pub-
lication perspective (see Section 4.1). A similar approach is also true
when the selection of research topics is made by an academic re-
aseacher. In many instances, the research topic addressed by the aca-
demic community can be biased towards obtaining a good publication
and thus it gets tailored towards what is more enriching intellectually.
This can also explain how the development of MD membranes becomes
a favored research topic among researchers, considering that a sig-
nificant percentage of MD publications is featured in journals like
Journal of Membrane Science. On the other hand, the key driver for MD
development from an industrial approach is process economics and
operational feasibility. The choices made by the industry experts
(Fig. 10) are a reflection of this industry-oriented approach. Indeed, this
leaves significant room for alignment between industry and academia
in terms of future MD research topics.

6. MD economics

The incurred costs of MD are of paramount importance for the
competitiveness of this process. Just like any other membrane tech-
nology, the cost of an installed MD system is a function of plant capa-
city, feed type and quality, pretreatment, energy cost, plant life and
investments amortization [90]. Broadly, the costs are classified into
capital cost expenditure (Capex) and operational expenditure (Opex).
Capital cost covers purchasing cost of equipment and auxiliary equip-
ment, land cost and installation charges. The operating costs are the
total yearly cost of owning and operating a plant including operation
and maintenance (O &M) and membrane replacement costs [23]. Opex
also includes the costs of the thermal energy necessary to heat the feed
solution and the electrical energy required to run the circulation
pumps, vacuum pumps or compressors [117].

In order to shed light on the drivers behind the evolution of MD
from a pilot scale to commercially competitive technology, one needs to
explore the costs associated with its implementation, both in terms of
absolute values as well as structure. It is worth mentioning that, unlike
RO, cost data on MD systems are very scarce, scattered and often in-
complete. Almost all the data that can be found are for MD applications
in desalination. Selected published cost estimates are shown in Table 4.
As seen from the cost figures, the lifecycle costs of MD (cost of a unit of
product water encompassing both Capex recovery and Opex, otherwise
referred to as Levelized Cost of Water (LCOW)) vary widely from
scheme to scheme, depending on energy source and MD coupling, even
for plants assumed to be powered using the same energy type. The costs
associated with RE-driven MD ($13–18/m3 of distillate) are two to
threefold higher than those coupled with waste heat (less than $6/m3).
An LCOW as low as $ 0.26/m3 can be achieved by commercially
available units according to [118], though recent experience, as well as

other researchers, provide less optimistic figures even with waste heat
[90]. The concept of waste heat driving MD has been identified by al-
most all the key players in the market to be, so far, the only commer-
cially viable solution as shown in [106]. It should be stressed, however,
that waste heat is not free heat as discussed earlier. Although in some
references its cost has been assumed to be zero for simplicity, recovery
of waste heat, when available, requires capital (heat exchanger, piping,
pumps, valves etc.) and operating (electricity, maintenance etc.) ex-
penditures that must be taken into account in any economic analysis of
MD.

For a commercial system as shown in [106], a 15% reduction in the
MD’s LCOW requires an almost 90% reduction in the cost of waste heat
(waste heat was not considered to be free in this work). In the most
favorable case presented, when the cost of heat was equal or less than $
0.10/GJ, the electricity cost became more detrimental for the LCOW
than the cost of heat [106]. Finally, in the case where no waste heat
available, other sources of base-load thermal energy must be considered
which can significantly shift the economics of the technology towards
high LCOWs, especially if the intent is to drive the MD plant by re-
newable heat (e.g. solar or geothermal). The CAPEX of MD itself is often
overlooked in the academic research since the focus is mainly on in-
creasing the energy efficiency and subsequently, the energy cost. An-
other reason is that the coupling of MD with RE (mainly solar thermal
energy) turns the attention to the CAPEX incurred due to the RE com-
ponent (for example, in [90] the capital costs of the solar collector
system alone comprise more than 70% of the LCOW).

7. Conclusion

In the recent years, there has been an exponential growth in MD
related publications. Analysis of the MD journal articles from the
ScienceDirect database between 1970 and 2016, conducted under this
review, provided the following inferences:

• Based on the number of MD publications from 1970 to 2016, MD
development can be classified into three phases; namely: (a)

Table 4
Comparison of membrane distillation cost estimates.

MD technology LCOW ($/mc) Year Reference

RO – MDa 1.25 2004 [119]
MD – Geothermal 13 2005 [120]
MD low – cost industrial waste heat 0.26 2006 [118]
DCMD (with heat recovery)b 1.17 2007 [121]
MD – low energy sourcec 0.66 2007 [121]
MD – solar 15–18 2008 [23]
AGMD – solar 18 2011 [90]
DCMD – solar 12 2011 [90]
VMD – solar 16 2011 [90]
AGMD – waste heat 5.5 2011 [90]
DCMD – waste heat 3.5 2011 [90]
VMD – waste heat 2 2011 [90]
DCMD – waste heat 1.1–1.5 2011 [120]
MD – steam 1.72 2013 [117]
MD – high temperature waste heat 0.61 2013 [117]
VMD – steamd 0.4–2.4 2016 [122]
RO – VMD (steam)d 0.6–1.4 2016 [122]

a The analysis assumed an integrated RO-MD system wherein the reject brine from RO
is used as the feed solution for MD. The estimated LCOW reflects the cost of the entire
system (assumed cost of membrane at $116/m2.

b DCMD (with heat recovery) represents the cost information from a case study
wherein heat from the brine was considered to preheat the feed water (with heat recovery
efficiency of 80%).

c MD-low energy source represents the cost information from a case study wherein low-
grade energy source from industrial processes is available in addition to the heat recovery
system.

d Estimated water cost range is based on the assumed variations in the steam cost and
membrane cost.
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Initiation Phase (1970–1990), (b) Emergence Phase (1991–2010)
and (c) Growth Phase (2011–2016). The most preferred journals,
until date, for MD related publications are Desalination, Journal of
Membrane Science and Separation & Purification Technology. However,
during the growth phase, MD publications have appeared in more
than 70 different journals in comparison to only four research
journals in the initiation phase.

• The most discussed application for MD in research publications was
consistently desalination in all phases. Other major reported MD
applications include food industry applications, chemical processes,
brine concentration and wastewater treatment. In the growth phase,
the publications discussing food industry applications and chemical
processes declined. However, MD publications discussing waste-
water treatment and brine concentration were observed to increase
significantly.

• The most researched MD topics in the emergence phase were (a)
development of MD-specific membranes, (b) understanding heat and
mass transfer in MD systems, (c) development of hybrid MD systems
and (d) MD process performance and optimization studies.
Progressing to the growth phase, the number of publications dis-
cussing MD membrane development almost tripled. On the contrary,
MD publications discussing heat and mass transfer in the growth
phase dropped by 8% in comparison with the emergence phase. A
topic that had an increased attention in the growth phase was the
development of novel MD module and system design. Fouling and
wetting issues are key obstacles that hamper MD growth and de-
velopment, but only 10% of the MD publications in the growth
phase discussed this topic. The least discussed topics in MD pub-
lications include (a) economic analysis of MD systems, (b) energy in
MD systems, (c) MD pilot testing and (d) RE powered MD systems.

• PTFE is the most preferred membrane material for MD experiments
during both the initiation and growth phases. However, PP was a
dominant membrane material during the research experiments in
the emergence phase. In general, most MD research until date is
done utilizing commercial microfiltration membranes. However,
there is an growing trend of using in-house made membranes for MD
research, echoing the enhanced know-how of the scientific com-
munity in fabricating MD specific membranes. The membranes are
mostly tested in a flat sheet configuration. The most preferred mode
of MD research is DCMD, mainly due to the ease of operation in lab
scale testing.

An MD practitioner survey was conducted and provided valuable
insights from both MD industry and research experts. Unlike the pub-
lication trends, desalination was not identified as the most promising
application by either the MD industry or research experts. The common
choice for most promising MD application was brine concentration.
There is already an observed increase in the number of MD publications
discussing this application. The second most likely application was
wastewater treatment followed by MD application in chemical pro-
cesses. A small fraction of research experts still believed MD had po-
tential applications in food industry. However, none of the industry
experts identified this as the most likely MD application. To a great
extent, both industry and academic experts are aligned in the identified
promising application for MD. However, with regard to the MD re-
search topic that needs significant attention to aid MD commerciali-
zation, there is considerable disparity between industry and academic
experts. Most academic experts opine that improving energy efficiency
in MD must receive the most research focus. On the contrary, industry
experts would like increased research focus on fouling and wetting is-
sues in MD. Analysis of the research publications depicts that both these
topics have a relatively fewer number of publications in comparison to
research topics such as development of MD-specific membranes, heat
and mass transfer or MD process optimization studies. At this juncture,
understanding the need of the hour and a suitable shift in the research
topic by the MD academic community will prove beneficial for MD

growth. To provide the much-needed impetus for MD growth and im-
plementation, research activity must focus on the neglected fronts.
Increasing collaborative efforts with the industries/MD developers and
adopting an industry-led research would help address concerns for the
MD industry at a faster pace with unified approach. Efforts must be also
channeled to project MD as an economically competitive technology.
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