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ABSTRACT

The present work concerns the simulation of an autonomous, two-stage solar organic Rankine cycle
(SORC) for RO desalination. Aiming at improving the efficiency of the single-stage low temperature
(operation temperature range in the order of 70-80°C) SORC for RO desalination, a high temperature
(operation temperature range in the order of 140°C) stage is added. The basic principle of operation
is that the heat extracted from the condensation of the high temperature stage (e.g. upper stage),
evaporates the refrigerant of the low temperature stage (e.g. lower stage), thus significantly
increasing the overall efficiency. In comparison with the low temperature single-stage system, the
two-stage system exploits much more efficiently the heat produced by the vacuum tube solar
collector array, since a higher operational temperature difference between high and low temperature
reservoirs is achieved. Moreover, an analysis of the desalination unit takes place so that to estimate
the annual desalinated water. The system design was implemented based on TRNSYS V16.0 and

ROSA software.
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1. Introduction

The present work concerns the simulation of an
autonomous, two-stage solar organic Rankine cycle for
RO desalination. The concept is considered as a research
step ahead to the existing experience [1,2] gathered within
the framework of project COOP-CT2003-507997. Aiming
at improving the performance of the already developed
system, with a simultaneous reduction of product water
cost of the single-stage system, a high temperature (opera-
tion temperature range in the order of 140°C) stage is
added and studied theoretically in the current paper. The
main goal of the current simulation is to estimate the
efficiency and the energy available (MWh) for desalina-
tion in order to evaluate the improvement of performance

*Corresponding author.

arising from the use of a second SORC stage. According to
the theoretical thermodynamic background (i.e. cycle
operation in a higher temperature increases the efficiency),
there should be an increase in the efficiency and in the
specific work, but these results are the expected ones and
they might differ from the simulation results [3-6].

In this work the annual simulation of the operation of
the SORC-RO will be presented. The investigated system
consists of two Rankine cycle stages, the high-temperature
stage using R245fa as the working fluid and the low-
temperature stage using R134a. A vacuum tube solar
collector field supplies heat to the Rankine cycles and the
mechanical work produced drives the pumps of the
system, including the high-pressure pump of the RO
desalination unit [7-14].

The design of the system was based on the results
derived from the dedicated simulation work. To achieve



G. Kosmadakis et al. / Desalination and Water Treatment 1 (2009) 114-127 115

this, TRNSYS V16 simulation software was applied to
elaborate the energy and mass balance and simulate the
dynamic phenomenon, while ROSA v. 6.1.3 (Reverse
Osmosis System Analysis, developed by Dow Chemical
Company) was used for the design of the RO desalination
unit. For the solar collectors array 54 vacuum tube solar
collectors (Solamax 300, Thermomax) were used, repre-
senting the heat generator of the actual prototype system.

2. Materials and methods
2.1. Description of the system

The simplified block diagram of Fig. 1 illustrates the
basic concept of the system. The process can be briefly
described as follows: heat produced by the solar collectors
is transformed to mechanical energy through the high
temperature solar organic Rankine cycle (HTSORC), the
so-called “upper stage”, operating at a temperature range
of 130 to 140°C. The refrigerant R-245fa was selected for
this cycle due to its appropriate thermodynamic proper-
ties (critical point, T = 154.05°C, P = 36.4 bar) in the
defined temperature range and because it is environ-
mentally friendly [15-21]. The mechanical energy pro-
duced in the upper stage drives the high pressure pump
(HPP) of the RO unit, representing the only consumption
served by this stage itself. During condensation,
exchanging of heat to the “lower stage” takes place, thus
initiating the low temperature solar organic Rankine cycle
(LTSORC) process. In other words, the condenser of the
upper stage acts as the evaporator of the lower stage. The
HFC-134a is the refrigerant selected as the heat carrier of
the LTORC. The mechanical energy generated through the
LTORC drives the remaining system consumption includ-
ing system pump energy demand, except for that of HPP.
The final stage of heat exchanging is the preheating of the
seawater. There HFC-134a condensates and preheats the
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Fig. 1. Simplified block diagram of the system.

seawater from 20°C, so that the efficiency of the RO
desalination unit increases.

The current work focuses on and is based more on
quantification of the improvement of the system com-
pared to the single-stage system. Therefore, the selection
of the top temperature of the low temperature stage
(77°C) was selected so that a straightforward comparison
with the single-stage system could be made, and many
parameters were kept the same. The top temperature of
the high-temperature stage (137°C) was selected so that
the supplied solar heat would be the same as in the single-
stage system. With this, and keeping the mass flow rate of
the organic fluid the same, the evaporation temperature
was estimated. It was observed that the efficiency of the
collectors and the expander for this temperature is quite
satisfactory.

It should be mentioned that according to previous
experience, the refrigerant, which will be used for the low-
temperature stage, is the HFC-134a. It is not flammable,
non-toxic and belongs to the zero-ODP (ozone depletion
potential) group of refrigerants. It is widely used and
there is a lot of experience with its physical and thermo-
dynamic characteristics [15-21]. The detailed layout of the
system under investigation is shown in Fig. 2.

2.2. Simulation of the system

The Rankine thermodynamic cycle is characterized by
the following thermodynamic states (Table 1) pointing out
their thermodynamic properties (i.e. temperature, pres-
sure, enthalpy, entropy etc.), which are presented in
Tables 2a and 2b for HFC-134a; the pressure/enthalpy
chart is shown in Fig. 3.

The evaporation temperature is considered at 71.7°C,
the superheat temperature before the expansionat 75.8°C,
while that after the expansion at 37.81°C. The R134a
condensats at 35°C where the heat released supplies the
seawater preheater of the RO desalination. The R134a
pump increases its pressure and at this stage the working
fluid is sub-cooled at 34.22°C and finally itis preheated up
to 71.7°C. The heat for both preheating and evaporation is
supplied from the condensation process of the high-

Table 1
State changes of the thermodynamic cycle for both stages

1 - 2" Isentropic (ideal) expansion

1 - 2: Non- isentropic (real) expansion

2 - 3: Isobaric condensation

3 ~ 4" Isentropic (ideal) compression

3 - 4: Non-isentropic (real) compression
4 -~ 4”:  Isobaric preheat

4 - 4”:  Isobaric evaporation

47 - 1: Superheat
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Fig. 2. Layout of the two-stage SORC system.
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Fig. 3. Pressure/enthalpy chart of Rankine cycle with R134a.
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Table 2a
Thermodynamic properties of the low temperature stage

Table 3a
Thermodynamic properties of the high temperature stage

State Situation Temp.  Pressure Enthalpy State Situation Temp. Pressure Enthalpy
(°O (bar) (kJ/kg) (°O) (bar) (kJ/kg)
1 Superheated vapor 75.8 22.0 435.70 1 Saturated vapor 137.0 26.65 492.53
2 Saturated vapor 35.00 8.8791  417.50 2! Superheated vapor ~ 84.70 7.315 470.10
(isentropic) (isentropic)
2 Superheated vapor 37.81 8.8791  420.23 2 Superheated vapor ~ 88.00 7.315 473.46
3 Saturated liquid 35.00 8.8791  249.20 2" Saturated vapor 77.00 7.315 461.74
4' Sub-cooled liquid 35.96 22.0 250.33 3 Saturated liquid 77.00 7.315 306.03
(isentropic) 4’ Sub-cooled liquid 78.15 26.65 307.68
4 Sub-cooled liquid 36.11 22.0 250.53 (isentropic)
4" Saturated liquid 71.70 22.0 307.80 4 Sub-cooled liquid 78.36 26.65 307.97
4""  Saturated vapor 71.70 22.0 428.84 4" Saturated liquid 137.0 26.65 405.74
Table 2b Table 3b

Thermodynamic properties of the low temperature stage

Thermodynamic properties of the high temperature stage

State  Entropy Density Viscosity G, State  Entropy Density Viscosity G,
(K/kg/K) (kg/m’)  (Pas) (KI/kg/K) (K/kg/K) (kg/m)  (Pas) (K /kg/K)
1 1.7138 115.33 1.4757e-05 1.5155 1 1.8079 185.8 1.7502e-05  2.08770
2! 1.7138 43463  1.2134e-05 1.1031 2! 1.8079 39.02 1.2443e-05 1.09830
2 1.7225 42.677  1.2256e-05 1.0866 2 1.8180 38.12 1.2584e-05 1.09594
3 1.1676 1167.30 0.00017192  1.4711 2" 1.7840 40.32 1.2139e-05 1.10610
4' 1.1676 1172.92 0.00017480  1.4553 3 1.3393 1181.0 0.0002176 1.48720
4 1.1682 1172.34 0.00017450  1.4560 4' 1.3393 1189.9 0.0002249 1.46854
4" 1.3433 985.47 0.00010361  1.8374 4 1.3402 1189.1 0.0002243 1.46911
4" 1.3433 121.42 1.4662e-05 1.6566 4" 1.5963 888.60 9.3687e-05  2.21750

temperature stage. It can be seen that there are only two
pressure levels, the low (8.8791 bar) and the high (22 bar)
one and any pressure losses in the circuit and in the heat
exchangers have been ignored.

For HFC-245fa respectively, Tables 3a and 3b incor-
porate the thermodynamic values of the various states,
and Fig. 4 shows the pressure/enthalpy chart.

In Table 3 it can be seen that the evaporation tem-
perature is 137°C, and the refrigerant is saturated vapor
just before the expansion. The condensation temperature
is 77°C, where the heat released supplies the low-
temperature preheater and evaporator. The R245fa pump
increases the pressure (high pressure, 26.65 bar) and sub-
cools the refrigerant at 78.36 °C, which is finally preheated
up to 137°C (saturated liquid).

It should be mentioned at this point that the design of
the two cycles (low-temperature and high-temperature) is
differentiated by one critical point. In the first case, there is
superheated vapor at the turbine inlet, whereas the second
one denotes saturation. This is related to the shape of the
thermodynamic cycle of the R245fa, where the slope
ds/dT of the saturated vapor line is approximately zero or
slightly negative. This means that, as mentioned before,

R245fa is characterized as isentropic (or slightly dry) while
R134a as isentropic refrigerant [22].

In the following section the behavior of the organic
Rankine cycle throughout the year is analyzed. In order to
do that, the meteorological data of the site of Hellenikon in
Athens are used, incorporated in TRNSYS V16 (legally
licensed to the Agricultural University of Athens). The
meteorological data of the Marathon site (area near
Athens, Greece, where the facility has been recently
installed) were not available, so the data of Hellenikon
havebeen used without serious error due to the proximity
of both areas. The data used are hourly values of the
following parameters: ambient temperature, solar zenith
and solar azimuth angle, total radiation on the tilted
surface and horizontal and sky diffuse radiation on tilted
and horizontal surfaces. The data reader and the radiation
processor in TRNSYS V16 are incorporated in type109.

All the above data are inserted to an evacuated tube
collector component (type 71, TRNSYS V16) and its
efficiency, according to the average temperature (inlet-
outlet temperature), is computed. At this point it is pos-
sible to compute the heat supplied by the solar collectors
to the high temperature stage and start the first trials,
according to previous experience, for the various flow
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Fig. 4. Pressure/enthalpy chart of Rankine cycle with R245fa.

rates. The optical efficiency is equal to 0.0769 for the
specific collector, the linear heat loss factor equal to
1.61 Km’/W and the square heat loss factor equal to
0.0032 K*m?/W. It should be mentioned that the collector’s
efficiency is given by the following equation:

AT AT?
1’127’10—(11‘?—(12' G

1)

Fig. 5 presents the collector’s efficiency as a function of
heating temperatures. It can be seen that for high
temperatures, representing the case study, the efficiency is
in the order of 33%, a high enough value, taking into
consideration the energy gain from the evaporation of
R245fa at the considerably high temperature of 137°C. On
the horizontal axis there is the temperature difference of
the water at the collector outlet and the ambient (the latter
is considered constant and equal to 20°C).

The circuit of the collector consists of the solar col-
lectors, the collector pump and the hot side of the high-
temperature preheater and evaporator. The hot side
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Fig. 5. Efficiency of the solar collector as a function of different
outlet temperatures.

(source) working fluid circulating in both heat exchangers
is tap water, while that of cold side (load) is the refrigerant
R245fa. After being evaporated, R245fa is expanded,
producing mechanical work. The condensation processing
follows the expansion, providing the condensation heat to
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the preheater and evaporator of the R134a circuit (low
temperature stage). After evaporating, it is expanded and
produces the mechanical work and finally it condensates,
while the condensation heat preheats the seawater. The
total mechanical work produced must be enough to
balance the pump consumption and to supply the RO
desalination unit with energy as well.

A preliminary study was conducted in order to have a
first estimation for the flow rates of the pumps set.
Considering that heat is exchanged between stages and
that the thermodynamic cycles should not be altered, the
following conclusions were extracted [6,23-27]. The heat
produced from the collectors is actually used for preheat
and evaporation of the high-temperature stage. The actual
collector flow rate of the prototype installation was
3.33 kg/s (12,000 kg/h). This value was also adopted in
this analysis, thus defining the pump power to
10,800 kJ/h or 3 kW. Based on this, a first estimation for
the flow rate of the R245fa pump can be made. The heat
produced by the solar collector field is given by the
equation below:

chllector = collectorcp (Tcoll,aut - Tcoll,in)) = Qpreheater,l + Qezmpamtor,l

= mR245fa (Hevapl,aut - Hprﬂhl,in ) (2)

It is concluded that the flow rate of R245fa is
0.555 kg/s (2000 kg/h) approximately. Table 3 indicates
that the enthalpy difference of the R245fa of compression
is 1.94 kJ /kg. This value multiplied by the flow rate gives
a first estimation of the pump power, which is in the range
of 3880 kJ /hr (1.077 kW).

Since the condensation heat of the high-temperature
stage is actually the heat supply for the low-temperature
stage, the following equation incorporates the energy
balance of heat exchanging between the two stages:

Qcond,l = Qpreheater,l + Qevapomtor,l - QTl = Qprehmter,Z
(©)

+Qevﬂpomlor,2 = mR134a (HevapZ,aut - HprehZ,m)

The R134a flow rate is also approximately 0.555 kg/s
(2000 kg /h). From Table 2 it can be seen that the enthalpy
difference of R134a before and after compression is
1.33 kJ /kg. This value multiplied by the flow rate gives us
a first estimation of the pump power, which is in the range
of 2660 kJ /h (0.74 kW).

The preheating of seawater is supplied by heat, which
is calculated by the formula below:

Qpreheater,z + Qz’vapummr,z - QTZ = Moruate Cp (T out T ,iﬂ)

(4)

The seawater flow rate is around 1.388 kg/s (5000 kg /h),
while the pump power is approximately 10,800 kJ/h
(3 kW). The same pump as that of the collector circuit is
chosen. It should be mentioned that the collector pump
flow rate is constant, when there is sufficient power and
the flow rate of the rest pumps is variable, so that the
thermodynamic cycles of the organic working fluids to be
kept constant.

In TRNSYS V16, pump operation is simulated by the
type 3b component. The collector pump, as well as the
R245fa pump, the R134a pump and the seawater preheat
pump use this TRNSYS type. The maximum mass flow
rate is 12,000 kg/h for the collector pump (constant),
2000 kg/h for the R245fa pump (variable), 2000 kg/h for
the R134a pump (variable) and 5000 kg /h for the seawater
pump (constant).

The preheater and evaporator of the high-temperature
stage, as well as those of the low-temperature stage,
cannot be simulated by any TRNSYS V16 component, so
external equations were formed. The equations that are
being used are the following.

* Heat provided from the solar collectors:

Qcallfctor = mcallectorcp (Tcall,uut - Tcull,in ) (5)

* Enthalpy of water at different locations (collectors,
seawater circuit):

H =cT (6)

w prw

» Evaporation specific heat:

Qevaporutar = evap ,out - Hez;ap,in (7)
 Specific preheat:
Qpreheat = Hpr,out - Hpr,in (8)

* Isentropic efficiency:

H
H

T,out HT,in (9)

n. =
is,T
-1 1T,in

T ,out,is

There is an enthalpy difference between the real and
the ideal point after the expansion. There has been some
interpolation, linear or exponential, according to which
method best feeds the data. The resulting equations are of
the form:

AHT,is = f(HT,in) (10)
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* Mechanical power produced by the turbine:

W =i, (HT,out - HT,in) (11)
» Condensation specific heat:

Qeondensation = Heana ot = Heond i (12)
* Heat supplied to the low-temperature stage:

Quow = Quatector =1 (13)
* Heat supplied for the preheating of seawater:

Qeeavnter = Qeotiector = Wr1 = Wra (14)

It is of importance to mention that, in case the heat
produced from the collectors decrease, the mechanical
work produced from the turbines decreases as well. This
means that the power supplied to all pumps also
decreases because this is actually a specific portion of the
whole power production. According to the characteristic
curve of operation, a change in the pump power results
not only in a change in the flow rate, but in the outlet
pressure as well. The dependence of the flow rate from the
pump power is stronger and more straightforward and it
is assumed that when power changes only the flow rate
changes, so that the thermodynamic proper-ties of the two
cycles (high-temperature and low-temperature cycles)
remain unchanged.

3. Results and discussion of the simulation
3.1. Simulation of the solar organic Rankine cycle

The results of the simulation are presented and
analysed. Yearly simulation time interval (8760 h) and
hourly time-steps have been considered. The relaxation
factor used in TRNSYS V16 is 0.1. The results concern:

+ annual mechanical work production

+ flow rate of the pumps set

* energy consumed by the pumps

* net available energy (the difference of the energy
produced and the energy consumed at the pumps)

* heat exchanged between water and R245fa (high-
temperature stage), R245fa and R134a (low-tempera-
ture stage) and R134a and seawater (seawater preheat)

* efficiency of the two-stage organic Rankine cycle

The results are presented for two representative days
corresponding to extreme climatic conditions in terms of
solar radiation intensity and temperature, which are the
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21st of January and the 21st of July. Some cumulative
results of the calculated quantities are also presented.

The analysis begins with the radiation on the tilted
surface (40° slope of surface). The total and diffuse
radiation for the winter and for the summer day are
presented in Figs. 6 and 7. The values of the radiation for
the summer are higher, especially for the diffuse radiation.
It should be mentioned that the form of the slope of the
radiation is familiar with all the figures to be presented
next, since radiation is the first and most important factor
that influences all the calculated values, for example the
mechanical power produced. This is the reason that all the
following slopes will have a quite same form as the
radiation for each season.

Figs. 8 and 9 present the mechanical work produced by
the two turbines during a winter and summer day
respectively. The mechanical efficiency of the turbines was
set constant and equal to 0.85. The expander is a scroll
type expander, which is a critical component making the
system more efficient and cost effective. Its efficiency is
much higher compared to conventional expanders, since
it has been taken from automobile air-conditioning
systems and its rotation speed can be 8000 RPM or
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more. Actually is a scroll type compressor in reverse
operation that in normal operation efficiency of more than
90% is expected. It can be observed that the first expander
produces more power since it operates at a higher
temperature range.

The same conclusions can be extracted here. The first
turbine produces more power again and the difference
between the total mechanical work in the summer and in
the winter can be clearly observed. Also during the
summer, the daytime is longer thus more mechanical
power is being produced. The production starts at 7 am
and finishes at 7 pm during the specific summer day,
while during the winter day it starts at 8 am and finishes
at 6 pm.

The flow rate of the different pumps is examined next
during the summer and winter days studied. The form of
the curves is expected to be the same with these of the
mechanical work for the summer and winter respectively.
The results can be seen in Figs. 10 and 11.

The form of the curves is analogous to the ones of the
production of mechanical work. When the organic
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R134a and of the seawater for the summer day.

Rankine system operates, the collector pump flow rate is
exactly 12,000 kg/h. The flow rate of the seawater pump is
around 5000 kg/h, according to the preliminary design,
and the R245fa and R134a pumps have almost the same
flow rate and around 2000 kg/h with the first one being
slightly higher.

The pump consumption is a linear function of the
pump flow rate. It is considered that every pump has a
constant coefficient of efficiency equal to 0.75. The direct
linkage of pumps is done coaxially (pump-turbine of the
energy recovery system) having a pulley in between
identical to that of the expander, having a transmission
ratio 1:1 and no gear box is applied. In Figs. 12 and 13 the
power consumption for every pump, as well as the total
pump consumption for the winter day and the summer
day, are illustrated.

The mechanical power produced by the two turbines
should be more than the power demand of the pumps, so
that the net power production (mechanical power—power
for the pumps) can drive the high-pressure pump and
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Fig. 12. Consumption of the collector pump of the R245fa of
the R134a of the seawater and the total pump consumption on
the 21st of January.
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Fig. 13. Consumption of the collector pump, of the R245fa, of
the R134a, of the seawater and the total pump consumption
on the 21st of July.
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desalinate the seawater in the RO desalination unit. It
should be noted that the energy recovery system of the RO
unit and the expander are connected directly through the
pulley-belt arrangement. When the power produced by
the expander is sufficient to initiate the RO process, the
RO unit starts to operate. In terms of pressure, at the start
point the available pressure takes over the osmotic pres-
sure. This practically means a definite pressure difference
of the Rankine cycle. There is not any special control
adopted, which is an aspect of a future optimization work
to be done in a future project. The system starts and stops
according to the available mechanical power incor-
porating the solar radiation availability. This net energy
flow is visualized in Figs. 14 and 15 for the winter day and
the summer day respectively.

Early in the morning and late in the afternoon there are
some intervals where the produced mechanical power is
not sufficient. At these time periods the system does not
operate because it cannot cover its own energy needs. For
example, on the winter day, the power production begins
at 8 am, but the actual system operation starts at around
10 am, the moment when the net energy production
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Fig. 14. Net power production of the organic Rankine system
mechanical power produced, consumed power for the pumps
for the winter day.

= = = Mechanical power
produced

vy Nt power

4 production

B = =Nechanical power

1 Y consumed

4

N
=1
]

NET POWER PRODUCTION (kW)
E=Y [+
-~
Sy,
} J
Par
. "-
I

-

o
for

L

=9
[\

-t_;‘--.f"\ 1Y
L |

o
L

10 12 14 0 22 24

A

DAYTIME (h)

Fig. 15. Net power production of the organic Rankine system,
mechanical power produced, consumed power for the pumps
for the summer day.

becomes positive and ends at around 4.30 pm. In the
summer day the power production starts at 9 am and it
stops at 5 pm.

Finally, a small proportion of the heat produced from
the collectors can be converted by the turbines into
mechanical work. A large proportion that preheats the
seawater can be seen in Figs. 16 and 17 for winter and
summer day respectively.

The efficiency of the organic Rankine system for the
winter day is:

_ WTl + WTZ - ZWPUMPS

n, =0.0381
i Qcollector

(15)

The efficiency takes a quite large value if it is taken into
consideration that during the winter the system starts to
operate when the net power production is positive, while
the efficiency of the organic Rankine system for the
summer day is:
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Fig. 17. Heat produced from the collectors, mechanical power =~ Maximum power of the different components
produced in the high-temperature stage turbine and in the
low-temperature stage turbine and seawater preheat during ~ Component Power (kW)
the summer day.
Collectors 138
Collectors pump 4
R245fa pump 2
Wi+ W, — > W,
My = T1 T2 Z PUMPS _ 0.0412 (16) R134a pump 1.6
Qcollector Seawater pump 52
R245fa turbine 11.8
which is slightly higher than the winter efficiency. Ri34a turbine 8.1
; . . Water/R245fa preheater 74.96
To summarize the analysis of the results, the dailyand . /R245fa evaporator 63.04
annual energy balance is presented in Table 4. When the ooy /R245¢4 total heat exchangers 138
net energy production is negative, the values at that time  Ro45¢, /R134a preheater 40.384
are also taken into consideration, although the system  R245fa/R134a evaporator 85.816
does not be operate then. R245fa/R134a total heat exchangers 126.2
The efficiency of the system throughout the year is  R134a/Seawater preheater 118.1

around 3.2% and the net energy production is approxi-
mately 6.7 MWh, which is available exclusively for the
desalination of the preheated seawater.

In conclusion, the energy capacity of every component
in the two-stage organic Rankine cycle, according to its
maximum power can be seen in Table 5. According to the
table with the data concerning the time, when the maxi-
mum operational intensity of the system takes place, the
efficiency for that moment only is 5.145%, which is higher

than the one that was calculated before. This is because the
desalination unitis actually working at its maximum load.
It should be mentioned at this point that in the energy
balances the seawater pump consumption is taken into
account, but not the benefit from this preheat (if the
seawater pump consumption was not taken into con-
sideration, then the efficiency for that case would be
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8.913%, which is a quite high value). If a direct comparison
is made with the autonomous low-temperature solar
Rankine cycle system for a RO desalination unit [1], the
efficiency can be calculated with a more general formula:

- Wiy + Wi,

n, 17)
eff Q
collector

For the single-stage organic Rankine cycle the efficiency is
around 7% [1], whereas for the two-stage cycle it is 11.8%.
This means that there is an increase of 68% of the
efficiency with the addition of the high-temperature stage,
which is a very important improvement.

3.2. Simulation of the reverse osmosis desalination unit

One easy way for calculating the production of the
desalinated water is that a cubic meter of seawater
demands around 2.5 kWh [1,2]. In the current case for the
entire year there are available around 6.7 MWh. This
means that 2680 m® of seawater can be desalinated every
year. A more detailed analysis for the desalination unit is
deployed through the ROSA v. 6.1.3 (Reverse Osmosis
System Analysis) software by Dow Chemical. With this
software all the parameters and characteristics of the
reverse osmosis desalination unit will be determined.

The water that is going to be desalinated is seawater.
The seawater flow rate is 10 m®/h, its temperature 35°C
and the system’s recovery efficiency is 20%. In Table 6 the
chemical properties of the seawater can be seen.

Table 6
Composition of the seawater (type: open intake, SDI <5)

Ions mg/1
Ammonium (NH,) 0
Potassium (K) 32.011
Sodium (Na) 12850.82
Magnesium (Mg) 1506.495
Calcium (Ca) 383.126
Strontium (Sr) 0
Barium (Ba) 0
Carbonate (CO;) 10.934
Bicarbonate (HCO,) 129.927
Nitrate (NO,) 0
Chloride (Cl) 20399.95
Fluoride (F) 0
Sulfate (SO,) 5997.047
Silica (SiO,) 0.2
Boron (B) 0

Total dissolved solids: 41310.5 mg/1
Cations: 702.84

Anions: 702.84

pH:7.6

The RO desalination unit consists of one stage with
three membranes in each vessel. Their type is SW30HR-
320, so that a straightforward comparison with the low-
temperature organic Rankine cycle can be made. As men-
tioned before, the recovery is 20%, meaning that the
permeate flow is 2 m’/h and the concentrate flow is
8 m*/h. In Fig. 18 the system configuration can be seen.

It should be mentioned that according to this analysis
the specific energy consumption is 9.75 kWh/m?, which
will be reduced, when energy recovery will be taken into
consideration. The properties of the different states of the
seawater can be seen in Table 7, according to Fig. 18.

The system details are listed in Table 8. The most
important values are those of the power and of the specific
energy because the efficiency of the two-stage organic
Rankine cycle depends a lot on these values. It should be
noted that so far no energy recovery has been involved.
This factor will be taken into consideration in the next
paragraph.

As was mentioned before, the specific energy con-
sumption without energy recovery is 9.75 kWh/m?’. This
means that for the winter day the desalinated water
production is around 2.5 m’, whereas for the summer day
itis 4.2 m”’. In Table 9 the water production can be seen for
the winter day, for the summer day and for the whole
year. These values are computed without taking into
account the energy recovery, which will greatly increase
the desalinated water production.

The desalinated water flow rate can be seen in Fig. 19
for both the winter and summer days. It is observed that
in the summer the flow rate is higher and also as it was

ppm CaCO, meq/1 Total conc. (mg/1)
0 0 0

40.933 0.819 32.01
27948.710 558.974 12850.82
6196.506 123.930 1506.49
955.903 19.118 383.13

0 0 0

0 0 0

18.221 0.364 10.93
106.489 2.130 129.93

0 0 0
28770.420 575.408 20399.95
0 0 0
6246.924 124.939 5997.05
n.a. n.a. 0.2

n.a. n.a. n.a.
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Fig. 18. System configuration of the reverse osmosis unit.

Table 7
Properties of the different states of the seawater

Stream Flow Pressure TDS
(m3/h) (bar) (mg/1)
Feed (before high- 10.00 0.00 41,310.52
pressure pump)
Feed (after high- 10.00 56.15 42,709.56
pressure pump)
Concentrate 8.00 54.70 53,326.02
Permeate 2.00 — 249.50
% Recovery 20.00
Table 8
System details
Feed flow to stage 1, m3/h 10.00
Raw water flow to system, m3/h 10.00
Feed pressure, bar 56.15
Fouling factor 0.85
Chemical dose None
Total active area, m* 89.18
Water classification Seawater
(open intake) SDI <5
Pass 1 permeate flow, m?/h 2.00
Pass 1 recovery, % 20.00
Feed temperature, °C 35.0
Feed TDS, mg/1 42,709.56
Number of elements 3
Average pass 1 flux, Imh 2243
Osmotic feed pressure, bar 31.63
Osmotic concentrate pressure, bar 39.96
Osmotic average pressure, bar 35.79
Average NDP, bar 19.46
Power, kW 19.50
Specific energy, kWh/m?® 9.75

mentioned before, the clean water production lasts for a
longer period of time during the day.

In the next paragraph the energy recovery will be
taken into consideration and the same tables and charts
will be given so that the positive influence of the energy
recovery will be revealed. The benefit is an extra power
production in a turbine because of the high-pressure of the
concentrate (brine) water. The inlet pressure is 54.70 bar
and the outlet pressure is the ambient (1 bar). The flow
rate of the concentrate water can be calculated according
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0.7 4+ water flow rate iy

—_- (winter day) PO

£ 0.6 4 . 2 | Wl
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Fig. 19. Desalinated water flow rate during the winter and
summer days.

Table 9
Energy properties of the two-stage desalination unit (without
energy recovery)

Winter Summer Annual
day day
Net energy production (kWh) 24.53 40.58 6712
Specific energy consumption  9.75 9.75 9.75
(kWh/m?)
Power (kW) 19.50 19.50 19.50
Desalinated water (m?) 2.516 4.162 688.41
Specific thermal energy 25592 23638  303.33
(kWyh/m)
Table 10

Energy properties of the two-stage desalination unit (with
energy recovery)

Winter Summer Annual

day day
Net energy production (without 24.53  40.58 6712
energy recovery), kWh
Specific energy consumption 9.75 9.75 9.75
(without energy recovery),
kWh/m?
Specific energy consumption 25 2.5 25
(with energy recovery), kWh/m®
Power (without energy 1950 1950  19.50
recovery), kW
Power (with energy recovery),  19.50 19.50 19.50
kW
Desalinated water (without 2516  4.162  688.41
energy recovery), m’
Desalinated water (due to 7296  12.07  1996.39
energy recovery), m’
Total desalinated water 9.812 16232 2684.8
(with energy recovery), m®
Specific thermal energy (with- 25592  236.38  303.33
out energy recovery), kWyh/m®
Specific thermal energy (with 65.62  60.61 77.78

energy recovery), kW h/m®
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to the water recovery of the desalination unit, which is
20%. The result of the energy recovery is the decrease of
the specific energy consumption to around 2.5 kWh/m’,
meaning that more desalinated water is produced. In this
point the variables of Table 9 can be computed in the case
of the energy recovery. The results are once again for the
winter day, for the summer day and for the whole year. It
can be observed that the specific energy consumption
decreases dramatically because of the energy recovery,
and also the desalinated seawater increases almost three
times. The above can be seen in Table 10 where the values
with and without energy recovery are incorporated.

4. Conclusions

The solar organic Rankine cycle is an alternative
thermal desalination technology incorporating the RO
desalination process. The two-stage system design pre-
sented has the capacity to produce about 2684.8 m?/ y
fresh water, when an evacuated tube solar generator of
162 m” of absorber area is used. Compared to the single-
stage Rankine RO process, the efficiency of the two-stage
thermodynamic process is radically increased (efficiency
increased from 7% to 11.8%) and also desalinated water
production increased around 260% [1]. The process
studied constitutes an alternative desalination method
competitive to PV RO on the basis of techno-economic
feasibility, and it seems that it is worthy of further
investigation. Although the simulation runs were made as
realistically as possible, the system should be also
experimentally exploited, in order to have a more detailed
view of its operation characteristics and the measured
values of the energy and fresh water produced. This is
actually the next step in the research study.

5. Symbols

(o — Specific heat of the water/seawater,
kJ/kg/K

G — Global solar radiation, W/m?

H, — Water enthalpy, k] /kg

H,ppiow — outlet enthalpy of the R245fa from the
evaporator, k] /kg

Hpome — Outlet enthalpy of the R134a from the
evaporator, kJ /kg

H,g1,» — Inletenthalpy of the R245fa to the preheater,
kJ/kg

H, g — Inletenthalpy of the R134a to the preheater,
k]/kg

Hi;, — Inlet enthalpy of the fluid, k] /kg

H;,, — Outletenthalpy of the fluid, kJ /kg

Hr,.i; — Outlet enthalpy of the fluid in case of an

isentropic expansion, (k] /kg)

M oltector Flow rate of the collector, kg/s

MR1340 Flow rate of R134a, kg/s

Myosspy Flow rate of R245fa, kg /s

[/ — Flow rate of the seawater, kg/s

my —  Flow rate of the organic fluid in the turbine,
kg/s

n — Efficiency

1, — Optical efficiency

Ny — Efficiency of the solar organic Rankine
system

Mt — Isentropic efficiency

n, — Mechanical efficiency of the turbine

Q. ottector Collector heat, kKW

Qeoaporaiora—  Water/R245fa evaporator, kW

R245fa/R134a evaporator, kW

Qevapomtor,Z_

Qo — Heatsupplied to the low-temperature stage,
kw

Qpreteaters —  Water/R245fa preheater, kW

Qpreneaters —  R245fa/R134a preheater, kW

On — High-temperature stage turbine power, kW

Qn — Low-temperature stage turbine power, kW

Tom — Inlettemperature of the collector, °C

T ot out Outlet temperature of the collector, °C

cannteror—  Outlet temperature of the seawater from the

preheater, °C

T emoaterin —  Inlet temperature of the seawater from the
preheater, °C

T, — Temperature of the water, °C

Woumps —  Total power consumption of the pumps
except from the RO high-pressure pump,
kw

W, — Mechanical power of the turbine, kKW

Wi — Total mechanical power produced during
expansion from the first stage, kKW

Wp, — Total mechanical power produced during
expansion from the second stage, kW

Greek

o, — Linear heat loss factor, Km?/W

o, — Square heat loss factor, K’'m*/W

AH;, — Isentropic difference during the expansion,
kJ/kg

AT —  Collector-ambient temperature difference, K
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