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In this paper, the coupling between the low-temperature solar organic Rankine cycle (ORC) and seawater
and brackish water reverse osmosis desalination units has been carried out. Four substances have been
considered as working fluids of the solar cycle (butane, isopentane, R245fa and R245ca). With these four
fluids the volumetric flow of fresh water produced per unit of aperture area of stationary solar collector
has been calculated. The former has been made with the optimized direct vapour generation (DVG) con-
figuration and heat transfer fluid (HTF) configuration of the solar ORC. In the first one (DVG), working

ggﬁ’:_’%rfzmc Rankine cvcle fluid of the ORC is directly heated inside the absorber of the solar collector. In the second one (HTF), a
Solar ORgC v fluid different than the working fluid of the ORC (water in this paper) is heated without phase change

inside the absorber of the solar collector. Once this fluid has been heated it is carried towards a heat
exchanger where it is cooled. Thermal energy delivered in this cooling process is transferred to the work-
ing fluid of the ORC. Influence of condensation temperature of the ORC and regeneration’s process effec-
tiveness over productivity of the system has also been analysed. Finally, parameters of several
preliminary designs of the low-temperature solar thermal driven RO desalination are supplied. R245fa
is chosen as working fluid of the ORC in these preliminary designs. The information of the proposed pre-
liminary designs can also be used, i.e., for the assessment of the use of thermal energy rejected by the
solar cycle. Overall analysis of the efficiency of the solar thermal driven RO desalination technology is
given with the results presented in this paper and the results obtained with the medium temperature
solar thermal RO desalination system presented by the authors in previous papers. This work has been
carried out within the framework of the OSMOSOL and POWERSOL projects.

© 2010 Elsevier Ltd. All rights reserved.

Solar reverse osmosis
Solar desalination

1. Introduction

OSMOSOL project [1] is a Spanish government-funded project
for the technological development of the solar thermal driven re-
verse osmosis (RO) desalination. Among the specific objectives of
the project, the preliminary design of solar desalination systems
of capacities between 100 m>/day and 1000 m?/day was proposed
where a solar thermal heated organic Rankine cycle drives the high
pressure pump of the RO unit. Besides that, in the POWERSOL pro-
ject [2], development of a small scale shaft power generation tech-
nology (50-500 kW) for electricity generation and fresh water
production by brackish water or seawater reverse osmosis desali-
nation is being carried out. Solar thermal driven RO desalination
is a renewable energy driven desalination technology that has
not been studied in depth neither from a theoretical (e. g. design
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proposals) nor experimental point of view, as it was concluded
from the specific bibliographic review already done and published
by the authors [3,4] and confirmed by Ghermandi and Messalem
[5] in a subsequent review work about status of solar driven (ther-
mal and photovoltaic) RO desalination. As for experimental sys-
tems, only one of the five that can be quoted has been built in
the twenty-one century, being the rest built at the end of the sev-
enties (1978) and in the eighties (1981 and 1987). The reason for
the scarcity of systems of this type could be the high values of
the specific energy consumption that RO desalination process
exhibited around that time, what made the solar thermal energy-
driving of the RO process non-viable. In fact, the four old systems
were brackish water RO desalination systems which have lower
specific energy consumption than seawater RO systems. The only
solar thermal driven RO experimental system erected at the mo-
ment is the system developed in the Agricultural University of Ath-
ens [6]. Results of the whole system operation under real solar
conditions have been published by Manolakos et al. [7] and also


http://dx.doi.org/10.1016/j.enconman.2010.06.032
mailto:amdelga@ull.es
http://dx.doi.org/10.1016/j.enconman.2010.06.032
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman

2914 A.M. Delgado-Torres, L. Garcia-Rodriguez/Energy Conversion and Management 51 (2010) 2913-2920

Solar Field

E
>
k=
>

Toul poul

qr

Fig. 1. Basic layout of the low-temperature solar thermal driven reverse osmosis desalination system in a heat transfer fluid configuration of the solar cycle.

the performance results of the organic Rankine engine and the
small RO unit under laboratory conditions (electrical heating) have
been given [8,9].

Solar thermal driven water pumping systems follow a similar
operation principle than solar thermal RO desalination systems.
Comprehensive bibliographic review of these systems has been al-
ready made and published by the first author [3,10]. It showed that
in solar thermal water pumping systems based on conventional
thermodynamic methods the Rankine cycle with organic fluids
has been the most used power cycle.

As for solar thermal RO desalination, the authors have made the
detailed analysis of the coupling between the solar organic Rankine
cycle (ORC) with parabolic trough collectors and a seawater re-
verse osmosis unit [11,12]. However, the assessment of the low-
temperature solar thermal reverse osmosis desalination is also an
interesting issue because ORC technology is a promising technol-
ogy to exploit low temperature heat sources [13] and only the
works of Manolakos et al. [6,8] about de design of the experimental
system, Kosmadakis et al. [14,15] and Bruno et al. [16] can be cited
in this field. Kosmadakis et al. [15] present a simulation of a double
cascade solar ORC for RO desalination to estimate the increase in
the efficiency and the energy available for desalination due to
the use of an upper ORC coupled with a lower ORC with R134a
as used in the experimental system [7]. The working fluid selected
for the upper cycle of the saturated ORC would be the R245fa with
a maximum temperature of 137 °C whereas the condensation tem-
perature of the lower cycle with R134a would be 35 °C. However, a
single ORC with R245fa as working fluid would have higher effi-
ciency than the proposed double cascade system operating be-
tween the same two extreme temperatures and the condensation
pressure would be higher that ambient pressure too because the
normal boiling point of the fluid (15.1 °C). Lower cost of the single
ORC unit would be expected and, for a fixed RO unit, higher effi-
ciency of the ORC would cause a smaller solar field needed. Finally
the cost of the system and the fresh water produced would be low-
er. In other words, the double cascade ORC could not be the right
option for low-temperature solar thermal energy exploitation. Bru-
no et al. [16] also present yearly simulations of a low and medium
temperature solar ORC-RO system without thermal energy storage
and thermal energy backup which implies partial load operation of
pumps and especially of vapour turbine, whose efficiency is a key

parameter for the thermal efficiency of the ORC unit (thermal effi-
ciency of the ORC is nearly proportional to the isentropic efficiency
of the expander).

In the system under study (see heat transfer fluid configuration
in Fig. 1), the higher the efficiency of the solar energy to mechan-
ical energy conversion, the higher the volumetric flow rate of de-
salted water per unit of aperture area of the solar field: this is
the main objective of the optimization process. Therefore, the first
step of the analysis of low-temperature solar RO system was the
optimization of the low-temperature solar organic Rankine cycle
[17] taking the overall efficiency of the power cycle as objective
function. Four organic substances (isobutane, isopentane, R245ca
and R245fa) were finally selected as working fluids of the ORC. In
the present, paper the results of the coupling of these solar power
cycles with these four fluids with brackish water and seawater re-
verse osmosis units are presented. As in the medium temperature
analysis [11,12,18] quotient between volumetric flow rate of de-
salted water and aperture area of the solar field (unit volumetric
flow rate) is considered as the most representative parameter of
the system because it reflects the effect of the solar collector’s effi-
ciency, ORC’s thermal efficiency and specific energy consumption
of the RO unit. These are the main factors that determine the per-
formance of the overall system. Influence of other parameters as
condensation temperature and effectiveness of the regenerator
on unit volumetric flow rate is also studied. Results obtained can
not be checked with any other theoretical study because no similar
one has been found in the specific literature. Comparison with the
unique experimental system can not be done either because the
preliminary design presented in this paper correspond to a RO
desalination capacity around 1000 m3/day whereas the perfor-
mance results presented by [7] are about a small RO system of
0.3 m>/h of capacity.

Table 1
Coefficients of the efficiency curve of solar collectors considered.

Solar collector[19] MNoa a1, (W/m?) a3, (W/m? K?)
CPC Aosol 1.12X 0.736 4.61 0

VITOSOL 200F 0.791 3.94 0.0122
SchiicoSol U.5 DG 0.793 2.92 0.0131
VITOSOL 300 0.730 1.26 0.0041
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Table 2

Critical parameters, normal boiling point, molecular weight, TLV-TWA, autoignition temperature and global warming potential of each substance considered as working fluids of

the solar Rankine cycle with stationary solar collectors.

Fluid T, (°C) pe (KPa) Tnep (°C) M (g/mol) EOS reference TLV-TWA (ppm) Autoignition temp. (°C) GWP100 years
Isobutane 134.66 3629.0 -11.75 58.122 [20] 1000 [21] 460 [22] <10 [23]
R245fa 154.01 3651.0 15.14 134.045 [24] Not established 412 [25] 1030 [26]
R245ca 174.42 3925.0 25.15 134.050 [27,28] Not established Not established 693 [26]
Isopentane 187.20 3378.0 27.83 72.149 [24] 600 [22] 420 [22] ~20 [29]

T. = critical temperature; p. = critical pressure; Tygp = normal boiling point temperature; M = molecular weight; EOS = equation of state; TLV = threshold limit value;

TWA = time weighted average; GWP = global warming potential.

The analysis presented here joint the bibliographic reviews
[4,5,10] and medium temperature results [11,12] give an overview
of this not very studied solar desalination technology.

2. Low-temperature solar thermal-driven RO desalination
system

2.1. Stationary solar collectors

Stationary solar collector models considered in this paper are
the same used in the detailed analysis of the low-temperature solar
ORC [17]: a compound parabolic collector, two flat plate collectors
and an evacuated tube collector. Coefficients of the certified effi-
ciency curve of each collector model are given in Table 1.

2.2. Working fluids of the solar ORC

Substances considered in this paper as working fluids of the
low-temperature solar ORC are presented in Table 2. These fluids
were selected after a detailed analysis based on several criteria: so-
lar power cycle efficiency, safety, toxicity and environmental im-
pact of the fluids and size of equipment [17].

Heat rejection pressure in the ORC is above atmospheric pres-
sure for a fixed condensation temperature of 30 °C with all the flu-
ids considered according with their values of the normal boiling
point (see Table 2). This fact would avoid vacuum operation in
the condenser unit of the ORC.

The slope of the saturated vapour entropy line in the T-s dia-
gram is one of the main advantages of using organic substances
as working fluids of the Rankine cycle [30]. Many of these fluids
have a positive or almost infinite value of this slope as can be ob-
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Fig. 2. Temperature-entropy diagrams of R245ca, R245fa, isobutane and
isopentane.

served in Fig. 2. This property means that there is no condensation
inside the vapour turbine during the expansion process of the ORC
and has some influence on the relative importance of regeneration
process.

Saturation pressure is another thermodynamic property of the
substance that has to be into account in its assessment as working
fluid of the ORC. Saturation pressure curves of fluids are shown in
Fig. 3. Heating pressures would be lower than 3.5 MPa whatever
the fluid used if a maximum saturation temperature of 150 °C is
considered for the low-temperature cycle.

Finally, safety and environmental properties of the fluid should
be analysed within the selection process. Some values of indicative
parameters are given in Table 2 where, as can be observed, the se-
lected fluids are non-ozone depleting and their auto ignition tem-
peratures are far from the highest values that could be reached by
the fluid in the low-temperature solar ORC (<150 °C).

2.3. Reverse osmosis system

Seawater and brackish water reverse osmosis (RO) units have
been designed in order to obtain the lowest possible value of the
specific energy consumption of the RO core, complying with the
design limits established by the membranes manufacturer. There-
fore, high productivity membranes and pressure exchanger devices
(PES) as energy recuperation systems have been considered just
like in the medium temperature solar thermal desalination analy-
sis [11,12] (see Fig. 1). For small and medium capacity RO systems,
this type of energy recuperation device is more suitable than Pel-
ton turbines. It is considered that the RO core is formed by n, pres-
sure vessels connected in parallel with n, high productivity
membrane elements connected in series inside. Values of input
parameters of the dimensioning process are given in Table 3.
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Fig. 3. Saturation pressure of R245ca, R245fa, isobutane and isopentane.
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Table 3
Preliminary design parameters of reverse osmosis units.

Sea water (SW) Brackish water
(BW)

Reverse osmosis membrane model SWC5 CP3

GFD (1h 'm2) 16 (<typical) 24 (<typical)

GFD of first element (1h~' m~2) 29.1 32.8
(<conservative) (<conservative)

Pressure drop per vessel 100 kPa 100 kPa

Initial feed seawater pressure, permeate

pressure and

Concentrate’s discharge pressure 100 kPa 100 kPa

Efficiency of high pressure pump, nup 0.85 0.85

Efficiency of booster pump, 75 0.75 0.75

Feed water salinity 35,730 ppm 5331 ppm

Initial feed water temperature 20°C 20°C

Energy recovery system’ Pressure Pressure
exchanger exchanger

Conversion 45% 60%

Number of membranes per vessel (1,,) 7 7

" 200 kPa of pressure difference is assumed between blowdown input and feed-
water output of pressure exchanger, which results in a pressure exchanger effi-
ciency above 96%.

Table 4
Output values of the dimensioning process.
Sea water (SW) Brackish
water (BW)
Fresh water salinity 225 ppm 49 ppm

Number of pressure vessels, n, 10 7

High pressure 52.4 bar 16.2 bar

High pressure pump energy 67.0 kW 20.4 kW
consumption (kW)

Volumetric flow rate of product 1001 m>/day 1049 m?>/day

As can be observed, values of the average permeate flux (GFD)
of the system and permeate flux of the first membrane element
of the pressure vessel labelled as typical and conservative respec-
tively by membrane manufacturer, were used in the dimensioning
process. Values of output parameters for the seawater and brackish
water RO units of freshwater capacity production around 1000 m?/
day are given in Table 4. Detailed analysis of the dimensioning pro-
cess can be found in [3,11].

2.4. Coupling between solar ORC and RO unit

Coupling between solar ORC and RO desalination unit is carried
out assuming that the net mechanical power delivered by the solar
ORC (Whpe) is consumed by the high pressure pump of the RO core.
This is the same approach followed in the medium temperature
analysis [11]. Therefore:

= (M
m
where Wypp is the mechanical power consumed by the high pres-
sure pump (HPP) of the RO unit and #,, is the mechanical efficiency
of the direct coupling between said pump and the vapour turbine of
the ORC. Neglecting kinematic and potential energy variations of
the feedwater (fw) flow across the high pressure pump and assum-
ing that its operation is adiabatic, Wypp in Eq. (1) can be written as:

. m -Ah
Wippp = THwHPP s fw,HPP 2)
Mupp

where i, ppp is the mass flow rate of feed water flowing across the
high pressure pump, Ahgs, ppe i its isentropic enthalpy variation

and #,pp is the isentropic efficiency of the pump. Since RO feedwater
can be considered as a low compressibility fluid, Eq. (2) can be given
as a function of the volumetric flow rate of feedwater compressed
by the high pressure pump (g, upp) and the pressure difference

(ADfw upp):

. -A
Wippp o Qfw.1pp - ADfw HpP 3)
Mypp

Besides that, in a RO unit with pressure exchanger as energy
recovery system (see Fig. 1), the volumetric flow rate of desalted
water (qp) is equal to the volumetric flow rate of feedwater com-
pressed by the high pressure pump [31]:

Qfwape = dp (4)

Therefore, coupling between solar ORC and RO unit (1) can be
written as a function of the volumetric flow rate of desalted water
and the pressure difference provided with the high pressure pump:

; dp - AP prp
Whet| = ———— 5
(Weet| Min - Mpp ®)
Since the efficiency of the solar ORC is defined as follows:
’Wnet 6
7] - Aa i G ( )

where A, is the aperture area of the solar field, G is the solar irradi-
ance on the aperture of the solar collector and therefore A, G is the
solar power gathered by the solar field, with (5) and (6) the volu-
metric flow rate of fresh water per unit of aperture area is:

— _qp n
=y Gc.T 7
dp Al Hm * Mupp ADpuner (7)

Although Eq. (7) is user-friendly because only the pressure dif-
ference in the high pressure pump has to be calculated, in this
work the low compressibility approximation is not used for an
accurately calculus. In this case, the volumetric flow rate of de-
salted water per unit of aperture area would be, using Eq. (2):

=

dp A Mm * Mupp - 4 (8)

¢ Prw AhsmHPP

where py, is the density of the RO feedwater. Thermodynamic prop-
erties of sea salt solutions were calculated with the model devel-
oped by Garcia-Rodriguez [32].

The RO-solar ORC coupling has been made for two different so-
lar cycle configurations: (1) direct vapour generation (DVG) and (2)
heat transfer fluid (HTF). In the first case, the working fluid of the
ORC flows inside the absorber tubes of the solar collector and is di-
rectly heated with the thermal energy produced by the solar col-
lector. In the second one, a fluid different from the ORC's
working fluid is heated without phase change inside the absorber
tubes (see Fig. 1). Once this fluid has been heated it is carried to-
wards a heat exchanger where it is cooled. The thermal energy
delivered in this cooling process is transferred to the working fluid
of the ORC. Values of fixed parameters needed for the calculation of
solar collector efficiency and optimized values of solar ORC effi-

Table 5
Values of fixed parameters for the optimization of the solar ORC and the coupling of
this with the reverse osmosis units.

Condensation temperature, Tcond 30°C
Pump’s isentropic efficiency, 7, 0.75
Turbine’s isentropic efficiency, 7, 0.75
Regenerator effectiveness, &reg 0.80
Mechanical efficiency of direct ORC-HPP coupling, #m, 0.95

Solar irradiance, G 1000 W/m?
Ambient temperature, Tamp 25°C
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ciency (6) are given in Table 5. Details of the calculation procedure
of M can be found in Delgado-Torres and Garcia-Rodriguez [17].

3. Preliminary design of the low-temperature solar thermal -
powered desalination system

3.1. Volumetric flow rate of fresh water per unit of aperture area

Once the energy coupling of solar ORC and RO unit is calculated,
the quotient between desalted water volumetric flow rate (g,) and
the solar collector aperture area needed (A,) is also considered in
this work - like in the medium temperature analysis [11,12] - as
the representative quantity for the analysis of said coupling. This
quotient will be named here as unit volumetric flow rate of fresh
water (q,). Values of this performance parameter obtained after
the optimization of the solar regenerative ORC efficiency (6)
assuming HTF configuration are given in Figs. 4 and 5 for seawater
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Fig. 4. Unit volumetric flow rate of desalted water as a function of working fluid
and solar collector model for the seawater RO solar desalination system. Power
cycle: HTF solar regenerative organic Rankine cycle. Teona = 30 °C, G = 1000 W/m?.
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Fig. 5. Unit volumetric flow rate of desalted water as a function of working fluid
and solar collector model for the brackish water RO solar desalination system.
Power cycle: HTF solar regenerative organic Rankine cycle. Tcong=30°C,
G =1000 W/m?

and brackish water RO, respectively. These values are given for
each solar collector model and each fluid considered.

As can be observed, isopentane is the fluid that yields the high-
est values of unit volumetric flow rate of fresh water straight on
R245ca, R245fa and isobutene. This order does not depend on the
solar collector model. In the case of the seawater RO system, values
of g, are about 231h~ ' m > with CPC AoSol, 26 1h~' m™~? with
VITOSOL 200F, 321h~!m™2 with FPC SchiicoSol U.5 DG and
501h~" m~? with the ET VITOSOL 300. Values of g, increase up
to811h'm=2,901h"'m21111h-"m2and 1701 h~' m~2 with
each solar collector, respectively for brackish water.

For each combination of solar ORC configuration (HTF or DVG),
non-regenerative and regenerative ORC (g = 0, 0.8) and seawater
and brackish water reverse osmosis unit, intervals of g, values ob-
tained with the four working fluids and the four solar collector
models considered are given in Tables 6 and 7 for SW and BW re-
verse 0smosis, respectively.

3.2. Influence of condensation temperature, regeneration process and
solar cycle configuration

Results showed in previous section were calculated for fixed
values of condensation temperature (30 °C) and regenerator effec-
tiveness (0.8). Values of these two parameters have a great influ-
ence over the thermal efficiency of the ORC and over the average
heating temperature of the fluid in the solar collector so finally
the overall efficiency of the solar ORC and therefore the unit volu-
metric flow rate of fresh water is affected (8). In this section this
influence over g, is quantified when condensation temperature
(Teona) varies between 20 °C and 40 °C and regenerator effective-
ness (&reg) varies between O (non-regenerative cycle) and 1. Unit
volumetric flow rate of desalted water as a function of Tcong and &reg
is presented in Figs. 6 and 7 for seawater and brackish water RO
systems, respectively. Both figures correspond to the optimized
HTF solar ORC configuration with R245fa as working fluid and
VITOSOL 300 as solar collector. Fixed parameters used are the same
as used in previous sections (see Tables 2-5). Preheating of the RO
feed water with the heat rejected by the solar ORC was not
considered.

Since unit volumetric flow rate isolines are almost parallel in
both cases, effect of T.onq can be given by means of a constant slope
value. In the case of seawater RO solar thermal desalination system
the influence of condensation temperature is between
0.4461h ' m~2/°C and 0.553 1 h~! m2/°C when Teonq is between
20°C and 40 °C and &g is between 0 and 1. In the case of brackish
water RO system these values grow up to 1.536 1h~' m~2/°C and
1.9051h " m=2/°C.

Influence of solar cycle configuration over the unit volumetric
flow rate of desalted water has been also analysed. Results for sea-
water and brackish water RO systems are shown in Figs. 8 and 9,

Table 6

Intervals of unit volumetric flow rate values of fresh water per unit of aperture area
(1h~' m~2) obtained for the low-temperature solar thermal driven seawater reverse
osmosis system with each solar ORC configuration and every solar collector model.
G =1000 W/m?, Teonq = 30 °C.

Seawater RO + solar ORC
DVG HTF
Ereg = 0.8

Regenerator effectiveness &qeg =0 reg=0 £reg = 0.8

Solar collector

CPC Aosol 1.12X

FPC VITOSOL 200F
FPC SchiicoSol U.5 DG
ETC VITOSOL 300

[28.6-29.5] [29.8-31.2] [20.9-21.5] [23.1-23.8]
[31.5-32.5] [33.0-34.3] [23.1-23.8] [25.6-26.3]
[36.6-37.5] [38.8-40.1] [28.1-28.9] [32.0-32.7]
[46.3-51.5] [53.0-57.5] [41.2-42.7] [47.9-50.3]
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Table 7
Intervals of volumetric flow rate values of fresh water per unit of aperture area (1 h~! m~2) obtained for the low-temperature solar thermal driven brackish water reverse osmosis
system with each solar ORC configuration and every solar collector model. G = 1000 W/m?, Tcong = 30 °C.

Brackish water RO + solar ORC

DVG HTF
Regenerator effectiveness reg=0 reg=0.8 Ereg=0 £reg=0.8
Solar collector
CPC Aosol 1.12X [98.3-101.6] [102.6-107.2] [71.9-74.0] [79.5-81.9]
FPC VITOSOL 200F [108.3-111.7] [113.5-117.9] [79.5-81.9] [88.0-90.5]
FPC SchiicoSol U.5 DG [125.8-129.0] [133.3-137.8] [96.8-99.5] [110.1-112.5]
ETC VITOSOL 300 [159.2-177.3] [182.2-197.6] [141.7-147.0] [164.9-173.0]

respectively. Both figures correspond to an ORC with R245fa as 3.3. Parameters of the low-temperature solar thermal driven reverse

working fluid of the cycle. osmosis desalination systems
As in the case of the working fluid used, influence of solar power
cycle configuration does not depend on the solar collector model. Main parameters of the solar thermal driven reverse osmosis

(RO) desalination system are given in Tables 8 and 9. These values
are given for seawater and brackish water RO units, direct vapour

40p generation (DVG) (Table 8) and heat transfer fluid (HTF) (Table 9)
38 configuration of the solar power cycle and regenerative and non-
36
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Fig. 6. Influence of condensation temperature and regeneration effectiveness over L
the unit volumetric flow rate of desalted water [l h~! m~2]. Solar HTF ORC with oL
VITOSOL 300, R245fa as working fluid, and seawater at 20 °C as feedwater of RO DVG DVG reg HTF HTF reg

unit.
Fig. 8. Influence of solar cycle configuration over the unit volumetric flow rate of
desalted water. Solar ORC with R245fa as working fluid and seawater at 20 °C as
feed water of RO unit.
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RO unit. as feed water of RO unit.
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regenerative organic Rankine cycle (ORC) with R245fa as working
fluid.

Preheating of the feed water of desalination unit with the heat
rejected by the solar cycle has been taken into account in the cal-
culation of the values of unit volumetric flow rate of fresh water.
Maximum temperature increase (7 °C) is attained with the low-
est-efficiency solar cycle (non-regenerative HTF solar cycle with
CPC AoSol 1.12X) and seawater RO unit. This temperature increase
yields an increase of 1.9% in the volumetric flow rate of fresh water.
Obviously, this value is higher than the obtained in the medium
temperature solar thermal desalination system [11]. On the other
hand, in the non-regenerative solar cycle starting heat rejection
temperature values are between 50 °C and 60 °C except in the

Table 8
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HTF configuration with FPC SchiicoSol U.5 DG and ETC. VITOSOL
300. In the latter, heat rejection starts at temperatures between
70 °C and 80 °C. Two results related with the heating pressure of
the ORC can be obtained from the data of Tables 8 and 9. On one
hand, heating pressures in the HTF configuration are lower than
in DVG configuration which is an expected result because there
is a temperature drop in the heat exchanger matching the solar cir-
cuit and the ORC. On the other hand, heating pressures of the
regenerative ORC are lower than in the non-regenerative one for
the same configuration and solar collector. This result is even more
interesting than the former because it means that the solar cycle
with better efficiency due to the regeneration process has also a
lower heating pressure.

Main operation and design parameters of a reverse osmosis system driven by static solar collectors with a direct vapour generation (DVG) configuration of the solar ORC with

R245fa as working fluid. G = 1000 W/m?, T,y = 25 °C.

Solar organic Rankine cycle (condensation temperature/pressure, 30 °C/177.8 kPa)

Solar collector model CPC Aosol 1.12X FPC VITOSOL 200F FPC SchiicoSol U.5 DG ETC. VITOSOL 300
Recuperator effectiveness, éreg 0 0.8 0 0.8 0 0.8 0 0.8
Evaporation temperature, teyap (°C) 100.0 98.0 100.0 95.0 113.0 108.0 148.0 137.0
Evaporation pressure, pevap (kPa) 1264.6 1209.3 1264.6 1129.8 1671.3 1504.7 32739 2675.6
Cold stream temperature at recuperator’s outlet, T (°C) 30.6 43.6 30.6 451 30.8 55.6 31.7 57.8
Superheating temperature, t, (°C) 100.0 100.0 100.0 100.0 113.0 125.0 150.0 150.0
Hot stream temperature at recuperator’s outlet, T, (°C) 514 351 514 35.6 54.6 394 58.4 40.6
Rankine cycle thermal efficiency, 1orc (%) 11.12 11.81 11.12 11.59 12.24 13.63 14.22 16.07
Coupling with seawater reverse osmosis unit

Working fluid mass flow rate, ri (kg/s) 2.710 2.739 2.695 2.791 2.394 2.275 1.980 1.863
Thermal power rejected, Qy_.4 (kW) 563.8 526.6 563.8 538.0 505.6 447.0 4254 368.2
Total solar collector aperture area, A, (m?) 1424.4 1365.8 1294.5 1237.2 11223 1053.8 832.8 762.0
Preheated seawater temperature, t, (°C) 25.1 24.8 25.1 24.9 24.6 241 23.8 233
Unit volumetric flow rate, g, (1h~' m~2) 29.7 31.0 32.8 343 37.8 40.2 50.8 55.4
Coupling with brackish water reverse osmosis unit

Working fluid mass flow rate, rm (kg/s) 0.826 0.835 0.826 0.851 0.730 0.694 0.603 0.568
Thermal power rejected, Qy_4 (KW) 171.8 160.5 171.8 164.0 154.1 136.2 129.7 112.2
Total solar collector aperture area, A, (m?) 4341 416.3 394.5 3771 342.0 321.2 253.8 232.2
Preheated brackish water temperature, t4 (°C) 22.0 21.9 22.0 21.9 21.8 21.6 21.5 213
Unit volumetric flow rate, g, ((1/h)/m?)) 102.2 106.5 112.5 117.5 129.5 137.9 174.3 190.1

Table 9

Main operation and design parameters of a reverse osmosis system driven by static solar collectors with a heat transfer fluid (HTF) configuration of the solar ORC with R245fa as

working fluid. G = 1000 W/m?, Tymp = 25 °C.

Solar organic Rankine cycle (condensation temperature/pressure, 30 °C/177.8 kPa)

Solar collector model CPC Aosol 1.12X

FPC VITOSOL 200F FPC SchiicoSol U.5 DG ETC. VITOSOL 300

Recuperator effectiveness, €reg 0 0.8
Evaporation temperature, Teyap (°C) 83 82
Evaporation pressure, pevap (kPa) 850.2 829.6
Cold stream temperature at recuperator’s outlet, T, (°C) 304 47.6

Superheating temperature, T, (°C) 95 95

Hot stream temperature at recuperator’s outlet, T, (°C) 59.7 36.4
ORC thermal efficiency, norc (%) 9.28 10.14
HTF (water) inlet/outlet temperature (°C) 82.8/100 83.3/100
Coupling with seawater reverse osmosis unit

Working fluid mass flow rate, i (kg/s) 3.55 3.57
Thermal power rejected, Q,_4 (KW) 767.4 690.8
HTF (water) mass flow rate, riwacer (Kg/s) 11.55 10.85
Total solar collector aperture area, A, (m?) 1948.7 1775.8
Preheated seawater temperature, t, (°C) 27.0 26.3
Unit volumetric flow rate, g, (I1h™' m~2) 21.8 23.9
Coupling with brackish water reverse osmosis unit

Working fluid mass flow rate, m (kg/s) 1.082 1.088
Thermal power rejected, Qy_4 (KW) 2339 2105
HTF (water) mass flow rate, riwater (kg/s) 3.521 3.307
Total solar collector aperture area, A, (m?) 593.2 541.2
Preheated brackish water temperature, t4 (°C) 22.8 22.5
Unit volumetric flow rate, g, (1h~' m~2) 75.3 822

0 08 0 058 0 08
83 82 100 100 130.0 124.0
850.2 829.6 1264.6 1264.6 2344.2 2086.6
304 476 30.6 57.1 31.2 61.5

95 95 117 122 145.0 145.0
59.7 36.4 71.4 39.9 785 417

9.28 10.14 11.12 12.88 13.54 15.46
82.8/100  83.3/100  943/122  96.5/127  116.7/150  114.3/150
3.55 3.57 2,616 2,526 1.993 2.000
767.4 690.8 595.1 497.6 467.6 397.5
1155 10.85 5.686 4.407 3.787 3.071
1761.4 1605.5 14482 1288.2 986.8 854.2
27.0 26.3 25.4 245 2422 23.6

24.1 26.5 293 32.8 4238 493
1.082 1.088 0.797 0.770 0.607 0.610
2339 2105 181.4 1516 1425 1212
3.521 3.307 1.733 1.343 1.154 0.936
536.8 4893 4414 3926 300.7 260.3
228 225 22.1 21.8 21.7 21.4

82,5 91.0 100.7 1128 1472 169.8
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4. Conclusions

The performed analysis of seawater and brackish water reverse
osmosis desalination driven by low-temperature solar organic
Rankine cycle (ORC) yields the following conclusions.

For a solar irradiance of 1000 W/m? over the aperture area of
the solar collector and a condensation temperature of 30 °C in
the ORC, values of volumetric flow rate of desalted water per
square meter of aperture area between 211h 'm™2 and
311h ' m~2 with CPC AoSol 1.12X, between 231h 'm™2 and
401h~" m~2 with FPC VITOSOL 200 and FPC SchiicoSol U.5 DG
and between 411h~'m™ and 511h~'m~ with ETC. VITOSOL
300 can be attained with a solar thermal driven seawater reverse
osmosis unit. In the case of brackish water reverse osmosis, values
are between 721 h~" m~2 and 108 1 h~! m~2 with CPC AoSol 1.12X,
between 801h~'m~ and 138 1h~' m~2 with FPC VITOSOL 200
and FPC SchiicoSol U5 DG and between 1421h~'m™ and
198 1h ! m~2 with ETC. VITOSOL 300. Values of unit volumetric
flow rate decrease in approximately 0.51h-"m~2and 1.7 1h~' m~2
in the case of seawater and brackish water RO, respectively per
every degree of increasing in condensation temperature of the so-
lar ORC with R245fa as working fluid. With this fluid, values of pre-
liminary design parameters of the solar thermal driven reverse
osmosis systems shows that the maximum increase in the produc-
tivity of the solar desalination systems is below 2% if the feed
water is preheated with the thermal energy rejected by the solar
ORC. In the non-regenerative preliminary designs proposed, heat
rejection of thermal energy starts at temperatures between 50 °C
and 80 °C so it should be analysed the use of this discarded thermal
energy in applications different than preheating of the feed water
of the RO unit.
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