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• Exergy and exergoeconomic analysis was performed to calculate specific energy consumption (SEC), effergy and water costs.
• The incorporation of all-16-inch modules on Lanzarote IV allowed more versatile train size design.
• The simultaneous increase in both train size and PV diameter provides technical, economical and plant footprint.
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Process intensification on seawater reverse osmosis (SWRO) plant can be realized through the increase of both
train capacity andmodule size. The investigationswere conducted based on a two-stagedmedium-sized (capac-
ity of 25,000m3/day) SWROplant, Lanzarote IV, Canary Island. Comparison between all-16-inch (first and second
stages with GE Osmonics' AE-1600 and AG-1600, respectively) and mixed (only the first stage fitted with 16-
inch) pressure vessels (PV) was also discussed herein. Exergy and exergoeconomic analysis was performed to
calculate specific energy consumption (SEC), effergy and water costs. ROSA 9.1 (for 8-inch diameter modules)
andWinflows 3.2 (for 16-inch diametermodules) were utilized to obtain energetic and technical data. The anal-
ysis revealed that the incorporation of all-16-inch modules on Lanzarote IV allowedmore versatile train size de-
sign. The availability of the train was not the sole determining factor for the total cost of 16-inch PV-based
configurations since the membrane capital cost only constitutes 2–3% of the total cost. In fact, the simultaneous
increase in both train size and PV diameter can significantly offer operational advantages in term of technical,
economical and plant footprint for a medium-size SWRO plant.

© 2017 Elsevier B.V. All rights reserved.
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1. Background

While the stress on safe and clean water supplies continues to in-
crease, many parts of the world are relying on seawater desalination
to combat the water shortage scenario. However, large-scale desalina-
tion has long been associatedwith the sustainability issues due to its en-
ergy intensive process. To tackle this issue, there are continuous efforts
in the desalination community to alleviate the specific energy consump-
tion (SEC),water production cost and footprints of a desalination plants,
particularly in the prevailing commercial seawater reverse osmosis
(SWRO) plants. Despite the advancement made in membrane material
development [1], attentions have also been placed on the process design

of SWRO plants. In this context, the architecture of process design and
choice of equipments such as membrane trains, pumps and energy re-
covery devices (ERD), just to name a few, can significantly affect the
performance and energy cost of the SWRO plants.

Kim [2] addressed two possible ways in scaling up SWRO trains,
namely train capacity and element size increase. Specifically, the en-
hancement in train capacity for SEC and water production cost reduc-
tion has been successfully implemented in plenty desalination plants
across the globe [3–6]. In terms of the train architecture, the optimum
train size can be vary for different SWRO plants, primarily depending
on the number of pressure vessels (PV). Previous findings indicated
that membrane train size, which typically consists of 8 × 40-inch mem-
brane modules, influences the energy efficiency and overall availability
of the plant where the arrangement of membrane PVs in oversized
trains can be detrimental to the optimum working efficiency whereas
overloaded modules and PV in the train is likely to fail during operation

Desalination 408 (2017) 92–101

⁎ Corresponding authors.
E-mail addresses: afauzi@utm.my (A.F. Ismail), djajashanta@yahoo.co.id

(M.D. Bustan).

http://dx.doi.org/10.1016/j.desal.2017.01.011
0011-9164/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Desalination

j ourna l homepage: www.e lsev ie r .com/ locate /desa l

http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2017.01.011&domain=pdf
http://dx.doi.org/10.1016/j.desal.2017.01.011
mailto:djajashanta@yahoo.co.id
http://dx.doi.org/10.1016/j.desal.2017.01.011
http://www.sciencedirect.com/science/journal/00119164
www.elsevier.com/locate/desal


[7]. Since the size of train depends on the number of modules, it is nec-
essary to minimize the module quantity while maintaining their high
productivity and separation performances. Over the last decade, optimi-
zation based onmodule sizes has been a subject of interest to reduce the
footprint SWRO spiral wound modules. The diameter and sometimes
the length of the module are increased to render larger surface area
which eventually lead to smaller floor space to achieve the same capac-
ity as conventional smaller-diameter modules. Some manufacturers,
e.g. Hydranautics, GE Osmonics, Toray and GrahamTek developed
16 × 40-inch modules as their standard large-diameter elements [8–
9], while Koch opted the larger 18 × 61-in [10]. Typical 16 × 40-inch
PV can produce 3–4 times as many permeate as the standard 8 × 40-
inch PV, whilst Koch's 18 × 61-inch PV's capacity is enhanced by 5 folds.

Up to present, computational and experimental work on train and
module size optimization have been scarcely reported. Yun [11] report-
ed a largely economic report of one-staged, large-capacity brackish
water RO (BWRO) plant that utilized 16 × 60-inch BWRO modules.
The utilization of the modules has saved 12.4% of capital, operation,
and maintenance costs owing to fewer modules and the ancillary
units, such as train piping and interconnectors as well as membrane re-
placements, which were dictated by the number of modules in the
plant. However, the system featured in the work was vastly different
from that of used in SWRO plant in which this work was based on con-
stant pump power, low pressure operation and TDS level that much
lower that actual seawater. Thus, much smaller cost in power depart-
ment, i.e. cost of power and capital cost of the pumps was required. Ad-
ditionally, the effects of train size on the design and availability of
equipments were also neglected in this work. Later, Ng [9] reported
that average flux of the 16-inch PVs was found to be 2–2.6 times higher
than that of standard 8-inch PVs and due to fewer amount ofmodules in
the PVs (two and four in first and second stages, respectively), less ap-
plied pressure was needed, therefore the energy requirement was re-
duced about 12–16%. However, the analyses are merely technical and
no estimation of capital cost and water cost were made. Moreover,
exergy analysis which can determine the internal losses of work of the
system hence the real technical efficiency has not been performed.

In order to fill the research gap, retrofitting simulation on Lanzarote
IV SWRO plant was performed using 16 × 40-inch PV on the first high
pressure stage and both stages. The effects of train sizes due to changing
module number and pump efficiency due to given capacity were inves-
tigated and discussed. Exergy and thermoeconomic parametric analyses
were applied to analyze the performance of each retrofitting.

2. Lanzarote IV SWRO plant

As in the years it came into service, Lanzarote IV SWRO plant was
one of the most novel and innovatively designed desalination plants
in Canary Islands, Spain [12]. Originally installed as 20,000 m3/day, it
has been upgraded to handle the capacity of 30,000 m3/day. The opera-
tion of this plant is distributed into five almost identical membrane
trains. As shown in Tables 1 and 2, the operation of train 1–4 involves
2 stages, namely high rejection and high flux stages, which is common
and a necessity for SWRO plants processing high-salinity seawater
[13]. The first stage is operated at high pressure whereas the second
stage is operated at low pressure. Seawater specifications of the plant

are shown in Table 3. As shown in Fig. 1, this configuration enables
the SWRO section to distribute the workload of the system across the
two stages, while complying the high permeate quality standard.

Earlier, Penate and Garcia-Rodriguez [4,5] have addressed the pro-
cess design issues of this plant and some recommendations have been
made on the train size and ERD. The modifications on the train stage
and arrangements of the streams as shown in Fig. 2 have been proven
beneficial in which the SEC and water cost have been significantly re-
duced by around 25–30% and 20–30%, respectively. These studies have
also further confirmed that optimum train size is desired for every
SWRO plant to meet both economic and technical requirements.

3. Basic theories

3.1. Mass and energy balances

In order to depict the correlation of pump power, momentum, and
recovery of the plant, the mass balance of the two-staged SWRO unit
must be considered. The schematic flow chart is shown in Fig. 2. As
quantity of low pressure brine is expected to be very low compared to
that of feed stream (as reported by Penate and Garcia-Rodriguez [4]),
the change of Pf is omitted.

The foremost important data is the recovery values of each stage,
which usually presighted and used as fixed variables. Typically, the sec-
ond stage has high recovery (70–90%, depending on the type of the
module) and low pressure (10–15 bar), hence the brine on this stage
is small in quantity, aswell as momentum-wise. Themomentum in sec-
ond stage brine is so small such that it is negligible compared to that of
the first stage. Thus, this particular stream could be recycled into the
feed flow to slightly lessen the high salinity (which is common practice
in arid, subtropic regions like Lanzarote) or stripped off its momentum
using ERD. The recovery of first and second stages are shown in Eqs.
(1) and (2), respectively. General mass and energy balance equations
in this work is shown in Table 4. Pressure across the membrane barrier
is calculated in accordance to its osmotic pressure (Eqs. (9)–(15)),
which has to be overcome by the operating pressure [14]. This set of
transmembrane pressure equations by Li [14] is general formulae that
applies to any reverse osmosis case, hence it is applicable to both low
and high pressure stages.

3.2. Exergy and exergoeconomic calculation

Exergy stream of salt water in ambient temperature and pressure
state is defined as

_Ex ¼ _m −To sgen−so; f−R ln
P
PO

þ xs lnxs þ xw lnxw

� �� �� �
ð24Þ

where _Ex is exergy stream, _m is mass flow, sgen is entropy generation,
so , f is initial entropy of the stream, xs is salt mass fraction, xw is water
mass fraction, and To is ambient temperature. Note the absence of en-
thalpy difference, which is close to nil and omitted from the formula.
The entropy of seawater had been reviewed by Sharqawy et al. [15].
Hence, the exergy value of streams is dictated by its momentum,
which is distinguished by the pressure and (sea)water composition.
Meanwhile, exergetic efficiency or effergy is defined as in Eq. (25).

ϵ ¼
_Ex desired

̇

_Ex in
̇ � 100%

ð25Þ

Exergoeconomic calculation with and without exergy destruction
cost of typical SWRO plant is given in Eqs. (26) and (27), respectively.

_
Ex
̇

outci;out ¼
_

Wpump

̇
ci;in þ

_
Ex
̇

inci;in þ Zom þ _Dci;in ð26Þ

Table 1
The trains of Lanzarote IV SWRO plant characteristics [5].

Description per train Train 1–4 (dual-stage) Train 5 (one stage)

Seawater feed 580 m3/h 595 m3/h
1st pass permeate stream 262 m3/h 250 m3/h
2nd pass permeate stream 240 m3/h n/a
1st pass average recovery rate 42% 42%
2nd pass average recovery rate 90% n/a
Brine water stream 345 m3/h 345 m3/h

n/a: not applicable.
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