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a b s t r a c t

A reflection of the place cost analysis holds in membrane process technology research and development
is provided. The review encompassed two membrane processes and applications: (a) reverse osmosis
(RO) for seawater desalination, and (b) membrane bioreactor (MBR) technology for wastewater treat-
ment. The cost analysis undertaken extended to (i) the determination of operating expenditure (OPEX)
trends using simple analytical expressions, (ii) the subsequent estimation of the sensitivity of OPEX to
individual system parameters, and (iii) published data on CAPEX for individual full-scale installations or
from cost analyses. An appraisal of the peer-reviewed literature through a survey of a leading scientific
database was also carried out. This bibliometric analysis was based on authors’ keywords; it aimed to
establish the profile of process cost for each of the two applications when compared with other popular
research topics.

The OPEX analysis, ostensibly through a consideration of specific energy demand in kWh per m3

permeate, revealed it to relate primarily to hydrodynamics in the case of RO, and to both membrane
fouling and air scouring for MBRs. The bibliometric analysis of research trends revealed a marked dif-
ference in emphasis on cost aspects between the two research areas, with the focus on cost specifically
being 16 times greater for RO desalination of seawater than MBR treatment of wastewater. MBR research
appears to be dominated by fouling and foulant characterisation, making up almost a quarter of all
studies, notwithstanding evidence from practitioners that other process parameters are as important in
determining MBR process OPEX and operability.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Membrane technology for water treatment extends back to the
mid-19th Century, with the earliest pioneering work owing much
to the German nation. Wilibald Schmidt (1856) published what
must count as the first ultrafiltration (UF) separation study based
on a bovine heart-based membrane. By the early 20th century
Heinrich Bechhold (1907) had started testing synthetic UF mem-
branes, and even came up with the name “ultrafilter”. The com-
mercial development, by Sartorius Werke Gmbh, of microfiltration
(MF) membranes followed in the mid-1920s, following the earlier
studies of Richard Zsigmondy and Willhelm Bachman (Zsigmondy
and Bachman, 1918). Reverse osmosis (RO) membranes capable of
desalinating seawater were originally developed by US researchers
in the 1950s, but it was then left to Sydney Loeb and Srinivasa
Sourirajan (Loeb and Sourirajan, 1964), working at Ottawa in the
early 1960s, to patent an asymmetric RO membrane with a suffi-
ciently thin selective membrane layer to yield a reasonable flux. A
host of commercial advancements and refinements in fabrication
methods and manufacturing generally since this time have seen
significant falls in production costs and increases in product quality
across all membrane types.

It could thus be said that membrane technology is at least half a
century old; even the key hybrid membrane bioreactor (MBR)
technology is very nearly this age, the original process having
developed in the late 1960s by Dorr Oliver (Bemberis et al., 1971).
Notwithstanding this, there remains some resistance e regional,
cultural or otherwise e to implementation of membrane technol-
ogy for some duties or in certain circumstances in the municipal
water sector. This arises despite compound annual growth rate
(CAGR) values 10e23% quoted for RO desalination and MBR tech-
nology by market survey companies such as BCC (Runte, 2016),
MarketsandMarkets (2014), and Frost and Sullivan (2013),
compared to generally single-digit values for conventional water
and wastewater treatment equipment.

In someways the reluctance to select membrane technology can
be justified. There remain operational issues with some membrane
processes and/or specific applications which are yet to be
comprehensively addressed. Operation and maintenance (O&M) of
any membrane process tends to be more complex than alternative
classical processes because of the vigilance required in keeping the
surface of the membranes clean and the channels between them
clear. Ultimately, though, the choice between classical and mem-
brane technology e as with almost anything else e comes down to
money.

Costs, regardless of how they're determined, can all be cat-
egorised as either capital/investment costoroperating/running cost.
For a full-scale membrane installation the operating expenditure
(OPEX) is predominantly determined by the energy and chemical
demand, critical component replacement (namely the membrane),
water supply and wastewater discharge charges, and other items
such as labour and servicing. Capital expenditure (CAPEX) is nor-
mally taken to include all equipment, installation services such as
civil engineering, mechanical and electrical (M&E) and consultancy,
and land costs. CAPEX andOPEX canbe combined to produce the net
present value (NPV), which accounts for the cost of financing by
assuming that investment of the capital sumelsewherewill produce
an annual return quantified by the discount rate.
It is of obvious interest to consider the extent to which the costs
of implementing and operating membrane process plants in water
and wastewater treatment have been or are likely to be impacted
by scientific, technological and commercial developments. This
review considers the two commercially significant municipal
membrane separation technologies of reverse osmosis for seawater
desalination and membrane bioreactors for wastewater treatment.
Apart from the significant market growth, these processes repre-
sent the twomost important with respect to their application. More
than 50% of drinking water generated through desalination of
seawater and brackish water is via RO, equating to a global market
value of more than £10b (Runte, 2016). MBR technology provides
the highest attainable performance for a biological process in terms
of biochemical efficacy and treated wastewater quality with refer-
ence to clarity and microorganism content.
2. Trends in costs

As with most water and wastewater treatment challenges or
applications, there are technical options. For desalination, the
alternative to RO is thermal evaporation, normally multiple-stage
flash or multiple effect distillation (MSF and MED respectively).
For wastewater treatment there are many technological alterna-
tives to MBRs but the process is most often benchmarked against
the classical activated sludge process (CAS). The very rapid growth
in implementation of both MBR and RO technology is principally
due to the commensurate relative decrease in cost of both these
technologies compared to that of the alternative.

In general, capital costs are reported infrequently and, very
often, inconsistently, incompletely and/or without itemisation. It is
not always evident as to whether highly-locational and site specific
data, such as land and legal/contractual costs, have been included
and, if so, their quantitative contribution. Also, the delineation of
costs between civil andmaterial costs can differ between reports, as
can the identification of critical component replacement; for
membrane plants, the membrane itself contributes to both the
CAPEX and the OPEX, the latter being related to the membrane life
and permeate flux. OPEX, on the other hand, can be estimated from
a consideration of the individual contributions, these comprising
energy, chemicals usage, labour and servicing costs (including the
supply and discharge of water), critical component replacement
and other miscellaneous items.

For both RO technology for desalination andMBR technology for
wastewater treatment, the decline in OPEX since original imple-
mentation has been primarily through improved energy efficiency.
The energy demand (or consumption) has received by far the most
attention of all of the contributions to OPEX. It has been the key
basis of comparison between RO and MSF technologies
(Karagiannis and Soldatos, 2008) and for MBR vs. CAS (Young et al.,
2013, 2014; Wozniak, 2012; Foley et al., 2010). Energy demand has
also formed the focus of studies of hybrid technologies such asMSF/
RO (Hamed, 2016; Shahzad et al., 2016) and MBR-forward osmosis
(Chen et al., 2014), as well as regional reviews of MBR installations
(Iglesias et al., 2017; Xiao et al., 2014). The energy demand derives
largely from (i) the pumping of water (for all processes, but espe-
cially for RO), (ii) heating (for evaporative processes), and (iii) the
pumping of air (for suspended growth biological processes such as
MBR and CAS technologies).
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2.1. RO vs thermal desalination

A number of cost analyses have been published since the
implementation of RO for seawater desalination in the late 1970s
(Al-Gholaikah et al., 1978). Up until this point seawater desalination
was through evaporation, the thermal energy demand for the
process being largely mitigated through its combination with po-
wer generation to access the waste steam from the latter process.
For both RO and MSF the technological costs have declined
considerably since their early implementation. For example, the
cost of MSF for seawater desalination has been calculated to have
declined from around $9 m�3 in the late 1950's to almost one tenth
this cost in 2000 (Zhou and Tol, 2004), albeit with considerable data
scatter. The same authors determined a decline from $4.5 to
~$1.5 m-3 for RO for the same application between 1977 and 2000.
The basis for the decline in OPEX can best be appreciated through a
consideration of energy demand.
Fig. 1. Specific energy demand vs. number of stages at different flash ranges for an
MSF.
2.1.1. Energy demand

The specific energy demand (SED, or E) can be estimated from
governing expressions with respect to the primary energy source
for MSF and RO respectively (Rautenbach and Albrecht, 1989):

EMSF ¼ cL

�
1
N
þ DTT

DTo

�
ð1� xsteamÞ þ Eelxpp (1)

EROxpp ¼ DPRO þ DPloss þ DpCF
r
�
1� 1

CF

�
xpump

þ ðDPRO þ DpCFÞxturb
rðCF � 1Þ þ Eel

(2)
where:
Fig. 2. Specific energy demand vs. brine concentration factor at different feed salt
concentrations.
cL Latent heat of evaporation, kWh m�3 (85)
CF Concentration factor Cbrine/Cfeed ~ (1-q)�1, where q is the
conversion, Qpermeate/Qfeed

EEl Electrical power consumption kWh m�3 (0.16)
DpRO RO “pure water” operational pressure (1.4)
Dploss Pressure losses across retentate side (1.6)
N No. of MSF stages
DTT Total temperature change due to heat losses (4.2)
DTo Flash range of brine, TB,max - TB,min
xsteam Efficiency of waste steam provision
xturb Efficiency of energy recovery turbine (95%)
xpp Power plant efficiency (40%)
xpump Pumping energy efficiency (65%)
r Product water density, kg m�3 (1000)
Dp Osmotic pressure difference, kPa, ~TDS (mg/L)/15
- (base values for analysis)

The efficiency terms in Equations (1) and (2) are of key impor-
tance in determining E. In Equation (1), xsteam represents the pro-
portion of the thermal energy required (to sustain the process)
which is provided by the waste steam from the power plant. If the
steam can be harnessed at 100% efficiency the first term in Equation
(1) disappears, such that heat losses in the thermal process become
immaterial. Both Equations (1) and (2) account for the key differ-
ence in energy source between the two technologies (heat and
electrical) through assigning an efficiency xpp for power production.
The xturb term in the RO equation refers to the efficiency of the
energy recovery turbine, most usually a Peltonwheel, employed on
the brine (or retentate) discharge stream. Finally, the pumps also
have a finite efficiency converting electrical to mechanical energy.

The above relationships indicate that E is sensitive to different
parameters for the different technologies. In the case of MSF it is
mainly the flash range and the number of stages which impact on
energy efficiency (Fig. 1): there is no influence of salt concentration.
For RO there is a significant impact of the feed salt concentration
(Fig. 2), and also of the conversion q (the ratio of the permeate to
the feed flow rate), which impact on both the osmotic pressure and
the flow and pressure of the waste brine to the recovery turbine.
The energy recovery provided by the latter means that there is an
energy minimum at a CF normally somewhere between 1.45 and
1.85 (or ~30e45% permeate recovery), depending on the feed salt
concentration.

There are fundamentally important outcomes from the SED
determination. Taking a baseline salt concentration of 4 wt% and
assuming reasonable base values of all operating parameters, the
impact of a 10% change in salt concentration, energy recovery ef-
ficiency, pressure loss along the retentate channel and pure water
membrane permeability can be estimated (Table 1). This indicates
salt concentration to have by far most significant impact on SED
and, at the membrane surface, is directly affected by concentration
polarisation (CP). CP is a mass transfer/hydrodynamic phenome-
non, influenced more by fluid mechanics than by membrane
properties, especially given the narrow operating envelope of
membrane flux imposed by osmotic pressure of the feedwater.
There is therefore less to be gained from developing innately high-



Table 1
Impact of key parameters on specific energy demand, RO.

Parameter change Change in E

10% reduction in salt concentration (4e3.6 wt%) �7.8%
10% relative increase in energy recovery (80e88%) �3.5%
10% decrease in pressure losses (1.6e1.44 bar Dploss) �0.4%
10% decrease in membrane permeability (1.5e1.35 bar DpRO) 0.2%
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permeability membranes, such as carbon nanotubes (Kim et al.,
2016), than from optimising system hydrodynamics: it is in the
engineering of the membrane module, to improve hydrodynamics
and suppress CP, where energy efficiency gains may arise e

although there is a case for improving RO membrane selectivity
(Werber et al., 2016).

2.1.2. Other OPEX contributors
Whilst energy normally represents the principal OPEX compo-

nent in RO seawater desalination installations - more than 50%,
combined chemicals consumption andmembrane replacement can
contribute between 15 and 25% of the total cost depending on the
feedwater quality, operating conditions and membrane life (Gude,
2016). A membrane life of 5e7 years is normally assumed (Jamil
et al., 2017; Voutchkov, 2012; Park et al., 2010), although it has
been suggested that applying more frequent and aggressive
chemical cleaning to allow a membrane life of 10 years can be more
cost effective (Ruiz-García and Ruiz-Saavedra, 2015). Determina-
tion of membrane life impacts are common to both RO and MBR
technologies (Section 2.2.2).

2.1.3. CAPEX
As previously stated, CAPEX is highly location specific, and

particularly susceptible to extensive civil engineering work and/or
extended pipelines. In some cases costs have been mitigated
through contracting or related financial arrangements, with BOO/T
schemes (Build, Own and Operate/Transfer) being shown to be
particularly effective in reducing costs (Voutchkov, 2012). Available
CAPEX data (Table 2) suggests that a significant range of costs per
unit flow capacity exists (from $0.52 to 2.3 per MLD, or megalitre
per day), but this is largely attributed to the site circumstances.
Examples of the latter include the possibility of shared facilities,
extent of water conveyancing and civil engineering work.

2.1.4. Outlook
Whilst the thermal evaporation combination plants are still

viable in countries where energy costs are low e primarily in the
Arabian Gulf region e the overall costs for the thermal process in
real terms have changed little since the turn of the millennium and
are currently in the region of $0.8e1.1 m-3, based on large combi-
nation plants (Gude, 2016). Against this, the current cost for the
equivalent RO technology is around $0.5 m-3, having declined
roughly in line with improved energy efficiencies of 20e30% in the
Table 2
RO desalination plants.

Name Ashkelon Tuas Perth

Year 2005 2005 2006
Location Israel Singapore Australia
Capacity, MLD 330 110 144
SED, kWh/m3 4 4.1 3.5
CAPEX, $m 212 200 281
$m/MLD 0.64 1.82 1.95
Tarif, $/m3 0.52 0.48 0.87

MLD megalitres per day.
a Average figures.
past 15 years (Sanz, 2012). This appears to have been achieved
through a combination of improved RO membrane and technology
design and increased energy recovery from the high-pressure
retentate stream. The latter contributes significantly to energy
savings. Whereas the 1990 RO plant at Jeddah was not fitted with
energy recovery and had an SED of 8.1 kWh/m3, subsequent
energy-optimised plants have reported energy demands less than
half of this value (Table 2). These incremental improvements have
meant that, whereas in 2005 the ratio of thermal to membrane-
generated desalinated water volumes was ~60:40, the ratio is
currently nearer 35:65 (Gude, 2016).

Further gains in energy efficiency have most recently focused
largely on renewable energy sources. In the case of thermal pro-
cesses viable sources of energy include solar and geothermal
(Ghaffour et al., 2015; Chandrashekara and Yadav, 2017) since the
thermal energy can be harnessed directly. For the RO technology
energy conversion, normally via Rankine cycles, is required for such
thermal sources (Bruno et al., 2008; Salcedo et al., 2012). The most
widely explored renewable energy options for this option have
been through the use of photovoltaic (PV) cells and wind turbines
(WT) (Pe~nate and García-Rodríguez, 2012), the latter having been
implemented used to offset coal-powered electricity at the Perth
desalination plant. Whilst renewable energy sources offset non-
renewable energy demand, the overall impact of renewable en-
ergy implementation on costs has been observed to be detrimental
due to the high PV and WT equipment costs (Karagiannis and
Soldatos, 2008). Notwithstanding this, sustainability consider-
ations are driving the implementation of renewables technologies
for desalination generally, whether thermal (using solar or
geothermal sources) or membrane-based (including membrane
distillation).
2.2. MBR vs. CAS technologies

Recent comparative MBR cost analyses, most notably the
comprehensive work of Young et al. (2013, 2014) based on an
immersed hollow fibre (iHF)membrane, have demonstrated overall
cost benefits of MBR over CAS technology despite the higher OPEX
for the MBR. These authors demonstrated, through determination
of the NPV to account for all costs over the full life of the installa-
tion, that the MBR offered an overall cost benefit through the
substantially reduced CAPEX for circumstances where land costs
were high and enhanced nutrient removal was required. As with
RO, significant reduction in costs over the early years of imple-
mentation of the technology have been reported, with membrane
whole life costs decreasing from $400/m2 in 1992 to below $50/m2

in 2005 for the original immersed flat sheet (iFS) technology
(Kennedy and Churchouse, 2005). Corresponding order-of-
magnitude decreases in energy demand have been demonstrated
for the market leading iHF product since its introduction intro-
duced in the mid-1990s (Ginzburg, 2013).
Sydney Sorek Wilf et al., 2007

2009 2013
Australia Israel e e

250 624 38 385
4.9 3.7 e e

1539 400 e e

6.16 0.64 1.69a 1.77a

2.29 0.58 e e
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2.2.1. Energy demand
In the case of the CAS and MBR the SED derives mainly from

aeration, for providing air to the biomass and, in the case of the
MBR, scouring the membrane (Judd, 2014):

ECAS ¼ EA;bioSADbio þ Esludge
X

Rþ Eel (3)

EMBR ¼ E0A;mSADp þ E0A;bioSADbio þ Esludge
X

Rþ EL;m þ Eel

(4)
where:
Fig. 3. MBR OPEX vs flux as a function of membrane life. SADm ¼ 0.25 Nm3 m�2;
EL,m ¼ 0.015 kWh m�3; Lm ¼ $25 m�2; Le ¼ $0.12 kWh-1;

P
R ¼ 5; E’A,m ¼ 0.022 kWh

Nm�3; Esludge ¼ 0.018; E0A;bioSADbio ¼ 0.5 kWh m�3.
E’A,m Specific energy demand per unit air volume, membrane
tank, kWh Nm�3 (0.022)
E’A,bio Specific energy demand per unit air volume, process tank,
kWh Nm�3 (23)
Esludge Specific energy demand, sludge pumping (power/flow),
kWh m�3 (0.018)
EL,m Specific energy demand, permeate pumping (power/flow),
kWh m�3 (0.015)
Eel Specific residual electrical power consumption, kWh m�3

(0.005)P
R Sum of recycle ratios (5)

SADp Specific aeration demand for membrane scouring, air per
unit permeate volume, Nm3 m�3 (0.25)
SADbio Specific aeration demand for biological process, air per
unit permeate volume, Nm3 m�3

(base values for analysis)

The two aeration energy parameters of E’A,m and E’A,bio, in kWh
of energy per temperature-normalised cubic metre (Nm3) of air,
differ slightly according to the depth of the aerator in the tank.
However, they are normally in the range of 0.016e0.025 kWhNm�3

with the higher end of the range applying to process aeration
where the tanks are usually deeper. The corresponding aeration
demands (SADbio and SADp in Nm3 air per m3 permeate water
delivered, for process and membrane aeration respectively), on the
other hand, are a function of two different parameters. SADbio in-
creases with the organic load and the oxygen transfer efficiency, the
latter being lower for the CAS than for the MBR due to the impact of
the higher solids concentration in the MBR process tank. SADp is
determined by the shear and/or mixing demanded at the mem-
brane surface: it is the ratio of the air scour rate per unit membrane
area (SADm in Nm3 h�1 per m2) and the flux J (in m h�1). Much of
the commercial membrane development over the past 15 years has
focused on maximising the mixing imparted by membrane air
scouring while minimising the amount of air required for this,
resulting in significant improvements in energy efficiency which is
to some extent mitigated by overly conservative SADm values
warranteed by some technology suppliers. There is nonetheless
always a greater energy demand for the MBR, albeit below 0.5 kWh
m�3 for large, optimised plants according to some surveys
(Krzeminski et al., 2017; Iglesias et al., 2017; Itokawa et al., 2014;
Xiao et al., 2014), than for the CAS because of the additional aera-
tion and permeate pumping requirements.
Table 3
Impact of key parameters on specific energy demand, MBR.

Parameter change Change in E

20% increase in flux (20e24 LMH) �6.5%
20% decrease in SADm (0.25e0.2 Nm3 m�2) �5.0%
20% increase in membrane life (8e9.6 years) �2.3%
20% decrease in membrane permeability

(EL,m 0.015 to 0.012 kWh m�3)
0.3%
2.2.2. Other OPEX contributors
As with RO (Section 2.1.2), other OPEX components, ignoring

site-specific elements like servicing and labour, comprise chemicals
usage and membrane replacement. The membrane replacement
component of the OPEX is proportional to the ratio of the mem-
brane cost (Lm) to the net flux (J) times the membrane life (t): OPEX
f L/(J t). Overall OPEX thus decreases with increasing flux and
membrane life (Fig. 3), provided there is no deleterious impact on
operation in the form of increased cleaning frequency and other
unscheduled extensive manual interventions. Whilst MBRs are al-
ways more expensive to operate than the equivalent CAS system,
some of these costs may be offset by the reduced plant footprint,
reduced sludge volumes and the value added by the higher treated
water quality.

Whilst membrane replacement is still considered to provide the
most significant contribution to OPEX after energy, iHF membrane
costs appear to have reached levels of $15-25 m�2 - similar to those
of RO membranes (Pearce, 2010). This has arisen despite the sig-
nificant challenge of non-standardisation in the MBR market: un-
like RO elements, which are a standard size and spiral-wound
configuration, MBR membrane modules are not completely inter-
changeable. Against this, it is unclear as to how much further the
traditional rigid panel polymeric iFS membranes can decrease in
cost, the cost having fallen by an order of magnitude from the price
range ~$400-500 m�2 of the early 1990's (Kennedy and
Churchouse, 2005).

As with RO desalination, the sensitivity of OPEX to specific pa-
rameters can be determined using the base parameter values to
which the trends depicted in Fig. 3 refer. Accordingly, it is apparent
that increasing the flux has the greatest impact on OPEX (Table 3),
since it impacts both on specific energy demand and membrane
replacement costs. However, given that the fouling rate is widely
observed as being exponentially related to the applied flux (Li et al.,
2013; Guglielmi et al., 2007), increasing the flux by 20% is a sub-
stantially greater challenge than decreasing the air scouring. The
efficacy of reduced aerationwas demonstrated commercially by GE
when they introduced intermittent coarse bubble aeration,
decreasing SADm initially by 50% (“10:10 aeration”) and then sub-
sequently by a further 50% (“10:30 aeration”) for their ZW500
module, with no apparent detriment to the flux. The company has
subsequently achieved a further 20e30% reduction is SADmwith its
latest design (Ginzburg, 2013). As with RO desalination, the impact



Table 4
Bibliometric analytical terms/roots used.

RO seawater desalination MBR wastewater treatment

Database search “reverse osmosis” in title “membrane bioreactor” OR
“MBR” in title

desal* AND sea* in title,
abstract, KWs

effluent OR sewage OR
wastewater in title, abstract,
KWs

KW analysis
Individual terms foul foul

energ energ
cost, econo cost, econo
recov anaer
concentrat microb
boron organic
cleaning commun
control reverse osm
composite biodegrad
hybrid salin
organic phos
optim nitrif
exergy biofil
composite nutrient

Aggregated terms Renewables technologies:
solar, wind, photovoltaic,
PVa

residence time, retention
time

reus, reclam, recyc EPS, extracellular polym
pre-treat, pretreat SMP, soluble microb
cost, econ forward osm, osmotic mbr
ultrafilt, uf COD, chemical oxygen

demand
scaling, scale formb

forward osm, retarded

a Manually checked to ensure differentiation from “pressure vessel”.
b Manually checked to ensure differentiation from scale of operation.
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of MBR membrane permeability on energy demand is negligible at
0.3% (Table 3), the same as the value for RO for a similar %
permeability change.

2.2.3. CAPEX
A recent review of costs (Lo et al., 2015), using cost analysis data

from full-scale installations, suggests CAPEX values for a 20 MLD
capacity MBR plant of $0.35-$0.68m (2015 USD) per MLD (Young
et al., 2013, 2014; Verrecht et al., 2010; De Carolis et al., 2007). As
such the numbers appear to be somewhat lower than those asso-
ciated with RO desalination (Table 2), although, as with desalina-
tion, the CAPEX can increase considerably depending on
circumstances. Young et al. (2013) determined a CAPEX of up to
$2.6 m/MLD when including downstream UV disinfection and
primary settling. Municipal MBRs operate at only a slightly higher
net flux than RO desalination plants but employ membranes which
tend to be higher in cost per unit area. MBR plants also incur a
larger footprint than RO installations due to the biological tank,
which demands a hydraulic residence time of at least 6 h. The
apparently lower CAPEX is thus perhaps counter-intuitive, but
perhaps reflects differences in required equipment and construc-
tion materials for seawater desalination.

2.2.4. Outlook
As with RO membranes, there are probably only minor incre-

mental improvements in cost efficiencies attainable from the
classical membrane separation process, i.e. immersed MBRs with
membrane air scouring of polymeric membranes. Decreased
membrane aeration always increases the risk of membrane fouling
and/or channel clogging (Zsirai et al., 2014): the intervention
required to mitigate clogging in particular is more punitive
economically and practically than the energy cost savings offered
by aeration reduction.

However, the emergence of the new FS ceramic membranes,
with a predicted life at least double that of the polymeric mem-
branes and with a purportedly higher operating flux (Niwa et al.,
2016), may change the paradigm of MBR membrane selection.
Since the membrane replacement component of the OPEX relates
to Lm/(J t) (Section 2.2.2), the cost effectiveness of a novel candi-
date membrane compared with the conventional one is simply
determined by the ratio of Lm to J t for the two materials. For
example, if a ceramic material costs four times as much but lasts
twice as long and operates at double the flux (or half the SADp) of
the polymeric material then there is parity of the OPEX between
the two. Whilst ceramic membranes are currently considered too
costly to be viable, there is good reason to suppose that this will
change. The Metawater multichannel monolith product has full-
scale potable water references dating back 10 years and the cur-
rent cost of the material appears to be in the $80e160 per m2

range. Whilst this may still be uncompetitive, it seems reasonable
to assume that costs will continue to fall from the >1000 $/m2

level of a ~10 years ago (Benko et al., 2008) in a manner analogous
to that of polymeric iFS membranes 15e25 years ago (Kennedy
and Churchouse, 2005).

3. Trends in membrane technology research

An indication of the relative importance of the different areas
of study can be obtained from reviewing the authors' keywords
and/or title taken from peer-reviewed papers listed in research
publication databases. Whilst this approach does not capture all
publications pertaining to the subject areas of interest, the
approach has been employed (Santos et al., 2011; Judd et al., 2015)
to elucidate historical trends and the relative profile of specific
topics. The use of keywords provides an insight into the key topics
of the published study as perceived by the authors, since it is they
who select the keywords regarded as being most pertinent to the
publication.
3.1. Bibliometric analytical method

The analysis was based on the author keywords of publica-
tions appearing in the SCOPUS database, and the search terms
and combinations thereof indicated in Table 4. The period ana-
lysed was 2001e2016, divided biennially. The downloaded key-
words were converted to a text file and the most common words
identified and their incidences individually summed using the
TextStat programme. The values were then manually checked
using the Ctrl-f function in MS Excel applying the appropriate
term or word root (Table 4), allowing visual identification of the
set of keywords for each publication. Terms or words of key in-
terest were then analysed further and, if appropriate, grouped to
provide the sum total pertaining to a specific topic. The numbers
obtained were then normalised against the total number of in-
cidences from the top 20 keywords/terms to give an incidence
percentage I:

I;% ¼ niPn¼20
n¼1 ni

where ni ¼ number of incidences of keywords, keyword roots, or
keyword sets i within a given time period (two years, in this case).

Visual checking of the set of keywords for each entry ensured
that no duplication of terms took place; for example, if extracellular
polymeric substances and EPS were both mentioned in the same
set of keywords for a single paper only one of the incidences was
counted.
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3.2. Bibliometric results

Results of the bibliometric analysis for RO desalination of
seawater (Fig. 4) and MBR treatment of wastewater (Fig. 5) suggest
a number of trends:

� Membrane fouling features strongly in both areas, and partic-
ularly so for MBR treatment of wastewater where the I value is
between 20 and 31% from the 2003-04 biennial period onwards;

� For RO around 45% of the incidences of fouling refer to
biofouling;

� Pre-treatment, particularly by ultrafiltration, also features
strongly and consistently from year to year in RO desalination
studies;

� Cost and, in particular energy, feature more strongly in studies
of RO desalination of seawater than in MBR wastewater treat-
ment studies;

� The subject of energy conservation in RO publications is, in part,
manifested as renewable energy sources, such as solar and wind
power;

� Whilst energy demand does not appear to be the primary focus
of MBR studies:
Fig. 4. I
“renewa
or PV (s

Fig. 5.
o specific energy demand is inversely related to flux (Section
2.2.2), which decreases with increasing fouling, and
values relating to RO desalination of seawater, SCOPUS keywords analysis; the
bles” category is based specifically on the terms solar, wind, and photovoltaic
ee Table 3).

I values relating to RO desalination of seawater, SCOPUS keywords analysis.
o research into the key low-energy technology of anaerobic
MBRs has steadily increased, with the I value increasing
almost four-fold in the past 16 years;
� There is evidently increased research activity in forward
osmosis (FO) for seawater desalination, I increasing from zero to
11% between 2007e08 and 2015e16. Similarly, over the same
period the I value for topics in FO within the MBR space have
increased from zero to 3.6%.

Whilst providing illuminating trends, care should be taken in
employing and interpreting these and other bibliometric data. It is
not possible to capture all relevant papers through this method,
such that only relative trends between the different selected topics
can be elucidated with any confidence. It is also critically important
that the changes in terminology (e.g. reuse vs. reclamation) are
encompassed in the search and all ambiguities resolved (e.g.
PV ¼ “photovoltaic” or “pressure vessel”). These caveats aside, it is
apparent that costing has a considerably higher profile in RO
desalination research than for MBR technology: a manual inspec-
tion of the outputs reveals that the vast majority of the publications
featuring the keyword terms “cost” or “econo” are based on eco-
nomic assessments.

4. Impact of research on practical cost reduction

Membrane technology research has historically tended to focus
on membrane fouling. Fouling is normally taken to encompass all
phenomenawhich cause a decrease in the membrane permeability
due to deposition onto or into the membrane. For RO processes
fouling also negatively impacts on perm-selectivity (Pen~na et al.,
2013), and is generally complex because it includes organic and
inorganic (scale) surface fouling as well as internal pore plugging by
colloidal materials. It is also recognised that key types of fouling,
and biological fouling specifically, present a continuing challenge to
the process (Warsinger et al., 2015) and demand a solution which
may arise from a concerted research effort. The focus on biofouling
in RO seawater desalination research would therefore seem
appropriate given the scale of the challenge in practice.

In the case of MBRs a disproportionate amount of research ap-
pears to have been dedicated to the study of MBR fouling (I ¼ 24%
on average over the period considered) and its characterisation,
especially in comparison to RO seawater desalination for which
I ¼ 10% for fouling studies. The emphasis on characterisation is
evidenced by the preponderance of the term EPS (extracellular
polymeric substances) with an I value of 4e10% for each biennial
period (Fig. 5). Notwithstanding this large body of research, all
practical evidence from full-scale operation suggests that surface
fouling is predominantly successfully mitigated by chemical
cleaning with a combination of hypochlorite and citric acid (Wang
et al., 2014a,b; Judd, 2010; Brepols et al., 2008). Whilst fouling
impacts directly on cost (Table 3), it is by no means the only
parameter doing so and is not necessarily the most logical system
facet to target given that it is determined by the microbiology
which, by its nature, is not readily controlled.

Most crucially, there is a marked difference in emphasis on cost
between the two research areas. Whilst cost sensitivity seems to be
considered a valid subject for research in desalination technology,
and perhaps other water/wastewater treatment areas (such as algal
technologies), this does not seem to be the case for MBRs. This is
reflected in the respective I values: cost determination/analysis-
based publications in the RO seawater desalination space provide
an average I factor of more than 8% over the period considered,
compared to a corresponding value for papers encompassing costs
in the MBR wastewater treatment space of ~0.5%. Moreover, anec-
dotal evidence from surveys (Judd, 2016) suggests that issues such
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as membrane channel clogging, energy demand and, for some sites,
foaming feature as prominently as membrane fouling amongst the
concerns of MBR practitioner community (in addition to cost).
There is no evidence of the incremental improvements in cost
effectiveness achieved over the past 25 years being in directly
attributable to the considerable scientific research effort in fouling
and its characterisation. In practice, the improved energy effi-
ciencies and decreased membrane costs that have combined to
make MBRs more cost competitive appear to have arisen from in-
novations in engineering design and manufacturing respectively.

There is thus a common thread in membrane technology
development when considering those aspects which ultimately
determine cost-effectiveness. Whilst much research has been
conducted on the science of the two processes and applications
considered here, the reality is that actual practical developments
that have led to cost reductions owe more to engineering. This
dislocation between the research and practitioner communities is
hardly a new observation, but is particularly apparent in MBR
research where the focus on practically relevant aspects has been
less apparent than in the case of RO seawater desalination.
Although there have been a few studies which have directly
addressed quantified energy efficiency improvement, such as
aeration optimisation at full scale for the process (Sun et al., 2016)
and membrane scour (Monclús et al., 2015), such investigations
have been vastly outnumbered by fouling studies. Therewould thus
appear to be a strong case for reflection on what is fundamentally
important. And that, of course, is money.
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