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A B S T R A C T

There are few energy recovery devices (ERD) available on the market for small reverse osmosis
units (RO). With reference to small units, installations have been considered which could be dri-
ven easily by a photovoltaic (PV) generator with an output of 200 litres up to 10 m3 desalinated
water per day [1–14]. In this paper, a systematic analysis for typical reverse osmosis concepts is
presented which allows better understanding of the energy demand of small RO processes with
energy recovery and which can be used as a decision tool. In contrast to publications already in
existence which compare energy recovery devices [9,10,12,15–27], the smallest devices are consid-
ered here. These are often positive displacement devices [3,10,16,28,29]. The new method of ana-
lysis takes as a basis the same physical parameters for all RO concepts, starting with the
calculation of the osmotic pressure. Assumptions by an expert for possible operating parameters
(recovery ratio, the feed and the concentrate pressure), known as the hydraulic envelope (sug-
gested by Manth and Oklejas [30]) are not required. All parameters are considered dependent
on the recovery rate. The following RO concepts are analysed:

• without energy recovery (noER)
• with energy recovery via

• reverse running pump or turbine (ER-EC)
• pressure exchanger (ER-PE)
• intermittent operation with pressure storage (ER-BP)
• pressure intensifier (ER-PI)

These basic concepts are compared for steady state operation. The analysis shows the ideal recov-
ery ratio related to the specific energy consumption (SEC) for each RO concept. With this basic
analysis it is possible to choose the most energy-efficient hydraulic concept for a specified RO
capacity in order to combine it with a solar energy supply. In particular variable operation and
frequent shutdowns and start-ups are typical requirements for small PV-RO systems without
energy storage. The best performance in this calculation is achievable for the RO process with
pressure exchanger.
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1. Introduction

The information available from manufacturers of
ERDs for small RO systems is not suitable for direct
comparison and often confusing. This situation makes
the choice difficult for the user. Small direct coupled
PV-RO systems for seawater desalination have challen-
ging requirements for the hydraulic components. Low
specific energy consumption for the overall system is
necessary to minimize the cost of the PV generator. The
system has to cope with a variable supply of power and
has to perform well even in dynamic operation and fre-
quent part load conditions [11,13]. In contrast to ‘‘nor-
mal’’ RO processes, a direct coupled PV-RO system has
to cope with frequent shutdown and start-up situa-
tions. The small flow rates allow the efficient use of
positive displacement machines such as high pressure
pumps and energy recovery devices. These devices are
compared to each other by a systematic approach.

In this work an analysis is realized which takes into
account all energy consuming processes such as raw
water pumping including pre-treatment, high pressure
pumps, and similar components for different hydraulic
concepts. The required pressure for the desalination is
calculated for all systems in the same way and with the
same input parameters. So the calculated specific
energy consumptions are comparable. The direct com-
parison allows a better understanding and an assess-
ment of the basic RO concepts with ERDs for PV-RO
requirements.

2. Objective

A systematic approach to calculate and compare all
kinds of hydraulic concepts for RO processes is to be
introduced. In particular the theoretically achievable
overall specific energy consumption of some sophisti-
cated positive displacement devices used for energy
recovery in very small RO systems will be classified

with this method. Parameter variations will clarify the
part load behaviour of the different concepts and allow
an evaluation with regard to the aptitude of hydraulic
RO concepts for PV-RO applications.

3. Materials and methods

3.1. Identified basic RO concepts

Five basic RO concepts were identified and exam-
ined in detail. Seawater intake and pre-treatment are
considered in the calculation, but not shown in the sim-
plified sketches. The concept without ER (Fig. 1) is con-
sidered as the reference process. The whole feed water
flow is pressurized in the high pressure pump. The
brine is expanded at a valve.

The basic idea of an RO concept with multiple
energy conversion (ER-EC) is shown in Fig. 2. Using
an energy converter (turbo-machine or hydraulic
motor), potential energy from the concentrate is chan-
ged in several steps (kinetic, shaft) back into potential
energy in the high pressure pump. There are various
possibilities for realization for every basic concept. For
example, there are solutions like the one in Fig. 2(a),
where the high pressure centrifugal pump, the electric
motor and a Pelton turbine are mounted on a single
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Fig. 1. RO concept without energy recovery (noER).
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Fig. 2. (a) ER-EC with single shaft and (b) ER-EC with turbocharger and separated pump.
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shaft [21,31]. For smaller mass flows, this concept is
realized with a positive displacement pump and a
hydraulic motor realized as an inverse running posi-
tive displacement pump [29]. A third variation consists
of a medium pressure pump and a turbocharger
[21,22]. In this case the ERD is hydraulically driven
by the high pressure brine and the medium pressure
feed flow (Fig. 2(b)).

Fig. 3 shows the RO concepts with pressure
exchange units, which are frequently installed (ER-
PE). The valve controlled (Fig. 3(a)) [18,32–38] and the
rotary (Fig. 3(b)) device [39–44] can be calculated using
the same approach. The RO concept with a single pres-
sure vessel for the brine (ER-BP) is suitable for very
small direct coupled solar systems. The operation of
direct coupled PV-RO systems will be interrupted at
least once a day after sunset. A very simple batch pro-
cess without sophisticated valve control and without
permanent refilling of the PE device is feasible (Fig. 4).

All concepts with pressure exchange allow direct
contact of the brine with the feed water. In some cases
a piston is used to prevent mixing of the fluids. The
basic principle is the same in all three cases: valve

controlled or rotary ER-PE and ER-BP. The brine can
transfer its potential energy directly to the feed.

The characteristic difference between the PE and the
PI concepts is that the PI concept always uses a double-
acting piston with different areas for the brine and the
feed side. The ratio of these two piston areas deter-
mines the recovery ratio of the system. The high pres-
sure brine helps to increase the pressure on the feed
side via force balancing, which takes place across the
whole system. A recirculation pump is not needed.
Many variations of this system exist [3,10,16,
17,45,46]. The simplest device works with only one pis-
ton (PowerSurvivor; Katadyn). The highly sophisti-
cated Clark pump works with a double piston
[12,16]. A three piston device realized the the company
Enercon [46] and Spectra Watermakers (Pearson
pump). Most applications have installed the rod in the
direction of the high pressure brine and push out the
feed with the piston (category ‘‘pressure intensifier
PI’’ in Fig. 6). There is additional energy needed to raise
the pressure to level of the feed pressure. Bermudez-
Contreras and Thomson [16] turned around this
principle with their modified Clark pump. The rod is
directed to the feed site and no additional energy is
needed to achieve the feed pressure. Fig. 5 shows the
ER-PI concept with a Clark pump and a high pressure
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Fig. 4. RO concept with a brine pressure vessel for a batch
process (ER-BP).

HP
feed

HP
brine

LP
permeate

LP
brine

MP
feed

32 41

Fig. 5. RO concept with pressure intensifier (ER-PI).
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Fig. 3. (a) RO concept with a valve controlled pressure exchange unit (ER-PE). (b) RO concept with rotary pressure exchange
unit (ER-PE).
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pump in a bypass to realize a variable recovery ratio
first suggested by Thomson [12]. More than three
double-acting pistons can be arranged as radial or axial
piston pump (X pump; Ocean Pacific Technologie).

Fig. 6 shows an overview of all known types of
energy recovery systems sorted by their physical prin-
ciple and with their appropriate market product.

3.1.1. Analysis tool

An analysis tool was developed for comparison of
the identified basic concepts concerning their specific
energy consumption. The calculation is based on the
following assumptions:

• steady-state operation,
• input parameters: daily production of desalted

water, seawater concentration,
• calculation of the required feed pressure pF with a

factor 1.1 of the osmotic pressure of the brine pB as
a function of seawater concentration cF and recovery
ratio f [47] (equation 1)

• calculation of the osmotic pressure with a retention
of 99% according to van’t Hoff [47]:

pF ¼ 1; 1 � pB cF;jð Þ with j ¼
_VP

_VF

: ð1Þ

The salt concentration of the feed cF used for this
calculation is 35 g/l.

• calculation of all missing flow rates via given perme-
ate flow and the recovery rate,

• calculation of the pressure drop over the length of the
membrane module via the model of the friction loss
in a tube at laminar flow conditions (Eq. (4)),

• The pressure drop is calculated for a tube with a dia-
meter causing the same pressure drop that is caused
by the membrane module (Eq. (5)),

• consideration of all energy consuming components
(feed pump and pre-treatment, high pressure
pumps, recirculation pumps, etc.),

• the specific energy consumption for the basic con-
cepts is calculated with:

SEC ¼

P
i

Pi

_VP

¼

P
i

_Vi jð Þ��pi

Zi

_VP

: ð2Þ

The efficiency values used for the calculation are
listed in Table 1.

First the calculation of the specific energy consump-
tion SEC for the reference concept without energy
recovery will be shown in detail.

SECnoER jð Þ ¼ SECpt jð Þ þ SECnoER:RO jð Þ
with

SECpt jð Þ ¼
ppt

j � ZLPP

and SECnoER:RO jð Þ ¼ pF jð Þ
j � ZHPP

ð3Þ

For the pressure difference in the pre-treatment stage
ppt 3 � 105 Pa are used. The efficiencies of the compo-
nents are listed in Table 1.

Eq. (4) shows how the concept with multiple energy
conversion shown in Fig. 2(a) is calculated

Table 1
Efficiencies used for pumps with electrical motor and ERDs

Index Function Efficiency used Pressure head [105 Pa] Type of flow

Pumps
HPP High pressure pump 60% f(f); 40-75 permeate
LPP Low pressure pump:

refilling / pretreatment
40% 0,5 / 3 Feed

MPP Medium pressure pump 40% f(f); 5-15 Feed
RCP Booster pump/recirculation pump 35% f(f); * 1 Brine
ByP Bypass pump for variable recovery

ratio in PI concept
60% f(f); 40-75 Additional feed

ERDs
EC_HPP High pressure pump 80% f(f); 40-75 Feed
EC_HM Hydraulic motor 80% f(f); 40-75 Brine

pressure level [105 Pa]
PE Pressure exchanger 65% f(f); * 65 Brine
BP Brine pressure vessel 60% f(f); * 65 Brine
PI Pressure intensifier 90% f(f); * 65 Brine
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SECEC jð Þ ¼ SECpt jð Þ þ SECEC jð Þ
with;

SECER�EC jð Þ ¼ pF jð Þ
j � ZEC:HPP

� 1

j
� 1

� �
� pK jð Þ � ZEC:HM;

pK jð Þ ¼ pF jð Þ ��p jð Þ;

�p jð Þ ¼ 128 � Z
p
� Lmodule

d4
tube:lam

� _VP �
1

j
� 1

� �

ð4Þ

The tube diameter dtube.lam is a theoretical substitution
for the inner flow cross-section of the membrane mod-
ule to calculate the pressure loss depending on the
concentrate flow. It is defined by Eq. (5) via the fric-
tion loss in a tube at laminar flow conditions. The tube
diameter is calculated using the data from an ade-
quate membrane module. In this example, the data for
the dow filmtec SW30HR LE-4040 is used [48]. The
length of the module Lmodule is 1.016 m. The mem-
brane area AM is 7.9 m2. For the viscosity of water Z the
value 1 � 10�3 Pa s is used.

�pmax:module ¼ � �
r
2

v2 � Lmodule

dtube:lam

with

�lam ¼ �
64

Re
¼ 64 � Z

r � v � dtube:lam
and v ¼

_VP:module

Acs

� 1

jmodule

� 1

� �
¼

_VP:module � 4
d2

tube:lam � p
� 1

jmodule

� 1

� �
ð5Þ

In the datasheet shows the pressure loss over the mod-
ule with 1 � 105 Pa for certain test parameters of the
membrane element dow Filmtec SW30HR LE-4040.
The test parameters are a permeate flow of 6.1 m3/day
and a recovery rate of 8% [48].

The concept with the pressure exchanger shown in
Fig. 3 has four consumer loads: The pretreatment
pump (not shown in the figures), the filling pump, the
high pressure pump and the recirculation pump.
Eq. (6) shows how the specific energy consumption
is calculated for all pumps. The pressure drop in the
high pressure circuit is given in Eqs. (4) and (5).

SECPE jð Þ ¼ SECpt jð Þ þ SECPE1 jð Þ
þ SECPE2 jð Þ þ SECPE3 jð Þ

with

– filling pump: SECPE1 jð Þ ¼ 1� jð Þ � pfill

j � ZLPP

,

– high pressure pump: SECPE2 jð Þ ¼ pF jð Þ
ZHPP

,

�recirculation pump : SECPE3 jð Þ ¼ 1

j
� 1

� �
�p jð Þ

ZRCP � ZPE

ð6Þ

For the calculation of the power for the refilling of the
exchanger a pressure pfill of 0.5 � 105 Pa is used. The
calculation of the specific energy consumption for the
pressure intensifier concept shown in Fig. 5 is more
complicated. The most important equations are given
in Eq. (7). The derivation of these equations can be
retraced in [12].

SECPI jð Þ ¼ SECpt jð Þ þ SECPI1 jð Þ þ SECPI2 jð Þ

with
– medium pressure pump:

SECPI1 jð Þ ¼ pMPP jð Þ
j � ZMPPZPI

,

– bypass pump:

SECPI2 jð Þ ¼ pF jð Þ � pMPP jð Þ
j � ZByP

� 1

j
� j� 1

j Rt � 1ð Þ

� �
ð7Þ

pMPP jð Þ ¼ pF jð Þ � Rt þ pamb 1� Rtð Þ

þ b � _VP:PI jð Þ
A2

P � Rt
þ�p jð Þ

_VP:PI jð Þ ¼ _Vp jð Þ � Rt �
j� 1

j � Rt � 1Þð Þ :

A geometric factor Rt of 0.1 for the relation of the cross
section areas rod to piston is used according to [12]. For
the piston area AP 0.01 m2 is used for the calculation.
The ambient pressure pamb is set to 1 � 105 Pa. A fric-
tion factor b of 100 N/(m/s) is used for the friction
losses in the Clark pump.

The chosen efficiencies allow a realistic classifica-
tion of the RO concepts. Small positive displacement
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sumption versus recovery ratio for a seawater concentration
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pumps like the high pressure pump or the bypass
pump have an overall efficiency of 60% in the pre-
sented example. Small centrifugal pumps with lower
efficiencies of 35% and 40% are assumed for the low
pressure pumps or booster pumps. The used efficien-
cies for pumps and ERDs are given in Table 1.

4. Results and discussion

The results of the comparison are shown in
Fig. 7. The seawater concentration for all calculations
was assumed as 35 g/l. All concepts show a mini-
mum value for the specific energy consumption in
the range of 10% to 60% for the recovery ratio f. For
small values of f, the power demand increases
because of the higher flow rates that have to be pre-
treated and pumped through the system, which
cause friction losses. The concentration of the brine
rises for higher f values. For this reason the osmotic
pressure and the required feed pressure increase. The
specific energy consumption has a minimum
between these two extremes. The higher the effi-
ciency of the ER concept, the lower is the optimal
recovery ratio.

The ER-EC concept with high efficiencies of 80% for
the hydraulic motor and the high pressure pump results
in a lower improvement for low recovery ratios than the
other concepts. The pumps and ERDs have to have very
good efficiencies to achieve a remarkable improvement
using such RO concepts. The ER-EC concepts convert
the potential energy of the brine into kinetic energy of
the fluid, into kinetic energy of a piston or vane, into the
rotary energy of a shaft and back the same way to finally
increase the potential energy of the feed. Every conver-
sion step causes losses. The whole feed flow rate has to
be pressurized in the high pressure pump, which means
a high power demand. Therefore even a slightly
decreased efficiency causes high losses.

The ER-PI concepts indicate a good performance
despite a medium pressure pump efficiency of only
40%. Here the advantages of the direct transfer of

potential energy from the brine to the feed via force
balance can be seen. The ER-PE shows the best perfor-
mance despite moderate efficiencies of all compo-
nents. The single component has to convert only low
hydraulic power. Therefore lower efficiencies at part
load operation do not, as expected, cause high losses,
and do not significantly increase the specific energy
consumption.

Table 2 shows minima for the achievable energy
demand and the recovery ratio for the given input
parameters. It has to be mentioned that in this
energetic calculation, fouling and scaling is not consid-
ered. Because of the risk of scaling, it might not be
recommendable to operate an RO installation at 52%
recovery ratio with a seawater concentration of 35 g/l.

Further technical criteria for the selection of a PV-RO
concept with ER, apart from the specific energy con-
sumption, are:

Table 2
Achievable specific energy consumption and corresponding
best recovery ratios

Basic concept Energetically
optimal recovery
ratio fopt [%]

Specific energy
consumption
SEC(fopt) [kWh/m3]

noER 52 4.9
ER-EC 43 3.4
ER-PE 31 3.0
ER-PI 32 3.3
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• controllability and good part load behaviour to trace
the solar power availability in a direct coupled PV-
RO installation,

• lifetime and maintenance effort,
• availability of the components with the required

dimensions,
• easy start-up and shutdown,
• gentle closing and opening valves to avoid water

hammers,
• scaling prevention,
• simple and compact design,
• flexibility to realize several recovery ratios depend-

ing on the feed water properties.

In order to examine the part load behaviour, some
parameter studies have been made (Fig. 9). Therefore
the same efficiency is assumed for all components. The
value ‘‘1’’ means ideal pumps and an ideal energy
recovery. In Fig. 9 it can be seen that with smaller effi-
ciencies, the energy conversion concept converges
rapidly towards the concept without energy recovery.
The concept with pressure exchanger shows the lowest
increase in specific energy consumption. A good over-
all performance of the PI concept with the Clark pump
depends on a high efficiency of the medium pressure
pump where all the power of the feed flow is trans-
ferred. Fig. 9 shows that the components of the PE con-
cept are less sensitive to a decrease in the efficiency of
the single components. This is because there is less
power transferred, so that a smaller efficiency does not
mean as much loss.

In reality, every component changes its efficiency
in part load operation in a different way. This
simple approach can help to give an insight into how
the different RO concepts cope with part load
operation.

5. Conclusion

The calculations reconfirm the superiority of the
principle of the isobaric chamber as energy recovery
for small scale RO processes. The principle of direct
transfer of potential energy via double-acting pistons
(PI) or direct contact (PE) is advantageous and should
be taken into account when designing modern PV-RO
systems with small capacities and low recovery
ratios. In particular the devices using double-acting
pistons (PI) could be clarified and listed in order of
superiority. In spite of very good assumptions for the
energy recovery device itself, the overall specific
energy consumption is higher than that of the PE con-
cept. For direct coupled PV-RO systems, it is impor-
tant that the ER concept works independently from
the flow rate and even has a good overall

performance when the efficiency of single pump
components is low at lower rotational speed (part
load conditions). The PE concept can therefore cope
best with a frequent part load operation due to the
variable solar irradiation and frequent shutdowns
and start-ups. This is because the potential energy
of the concentrate flow is kept at a high pressure
level, and only small amounts of energy are con-
verted in the pump components, where losses occur.
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Abbreviations

Symbols

AM membrane area, 7.9 m2 [48]
ACS cross section area
AP area of the piston, 0.01 m2

cF salt concentration of the feed, 35 g/l
Lmodule length of the RO-module, 1.016 m

[48]
pamb ambient pressure, 1 � 105 Pa
pF feed pressure
pfill pressure for refilling of the pressure

exchanger, 0.5 � 105 Pa
Pi power demand component i
ppt pressure difference for the pretreat-

ment, 3 � 105 Pa
Re Reynolds number
Rt geometric factor of the double acting

piston; relation of the cross section
areas rod to piston, 0.1

SEC specific energy consumption
V flow velocity
_VP permeate flow, 1.1 m3/h

_VP:module permeate flow; test conditions,
6.1 m3/h [48]

_VF feed flow

_Vi flow for component i

~pi pressure head for component i
~pmax.module pressure loss over the module at

given parameters for the permeate
flow and the recovery ratio, 1
� 105 Pa [48]

b friction factor, 100 N/(m/s)
f recovery ratio
fmodule recovery ratio; test conditions, 8%
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Z viscosity of water, 1 � 10�3 Pa s
Zi efficiency for component i, see

Table 1
�B osmotic pressure of the brine
r density of water
� friction coefficient

Abbreviations used

ByP bypass pump
EC energy conversion
ERD energy recovery device
ER-EC energy recovery with energy conversion
ER-PE energy recovery with pressure exchange
ER-PI energy recovery with pressure

intensifier HM hydraulic motor
HP high pressure
HPP high pressure pump
LP low pressure
LPP low pressure pump
MPP medium pressure pump
noER without energy recovery
noER.RO without energy recovery only RO-

systems
PE pressure exchange
PI pressure intensifier
pt pretreatment
PV photovoltaic
RCP recirculation pump
RO reverse osmosis
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Product names (partly copyright)
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