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ABSTRACT

A 72m®/d pilot low-temperature multi-effect distillation plant located at the Plataforma
Solar de Almeria has been experimentally characterized at steady state to study the
influence of the variation in certain parameters that control the process (the hot water inlet
temperature as external thermal energy source and the last effect vapor temperature) on the
distillate production, the thermal consumption, and the thermal energy efficiency of the
plant. Results allowed characterizing the increase in the water production and the thermal
consumption with the increase in the hot water inlet temperature and with the decrease in
the last effect vapor temperature. The performance ratio reached its maximum when the last
effect vapor temperature ranged from 25 to 35°C, since the temperature difference between
effects was lower. The preliminary characterization of this plant provides useful
experimental information for design criteria and for the analysis of control strategies of
other large-scale MED plants and its coupling with solar energy, as well as for identifying

some operation issues of the MED technology.
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1. Introduction

Desalination technologies that make use of low-
grade thermal energy are proposed to be combined
with solar energy technologies to mitigate the water
deficit [1,2]. This combination could result also attrac-
tive in places where fossil fuel resources are not a lim-
iting factor, since it can help to conserve such
resources as well as to reduce the carbon footprint of
desalination [3]. The most used desalination technol-
ogy in the world is reverse osmosis (RO), which is
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powered by electrical energy. The combination of RO
with photovoltaics is limited by the high cost of batter-
ies to guarantee the constant operation required for RO
and nowadays, the simpler and more cost-effective
means for storing energy are those ones used in the
solar thermal technologies.

Regarding thermal desalination technologies, mul-
ti-effect distillation (MED) has high overall efficiency,
high heat transfer coefficient, and less water recycling
in comparison to multi-stage flash [4-6]. As a matter
of fact, MED is gaining market share and, in the
future, the trend toward MED may be reinforced by
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its greater compatibility with solar thermal desalina-
tion [7], especially in the case of multi-effect stack
(MES) configurations [8]. On the other hand, models
predict that the combination of CSP with MED can be
more efficient than with RO in the Arabian Gulf
region [9]. Moreover, MED has a market niche for
solar desalination in the case of medium-scale produc-
tions owing to the following advantages: lower energy
consumption, compactness, high product quality, and
reduced pre-treatment [10]. Even more, this technol-
ogy is suitable for other applications in which RO has
operational limitations (e.g. for desalination of water
with high salinity or industrial wastewaters). In order
for MED to increase its market share, a reduction in
energy consumption and costs would be required.
Also, there is a need to select the best combinations
for coupling MED with solar energy in order to make
this combination a viable option in remote locations.
This selection is mainly dependent on the site,
although other factors as availability of land, the land
cost, and the availability of technical staff should be
also taken into consideration [11].

Although the experimental parametric analyses can
provide a useful reference for the design, optimiza-
tion, and development of control strategies with other
MED plants, especially relevant in the case of solar
desalination plants, most of works found in the litera-
ture are based on theoretical analyses from modeling
of MED systems. El-Dessouky et al. [12-14], Darwish
et al. [15,16], and Aly and El-Fiqi [17] proposed steady
state mathematical models for design and analysis of
MED plants with forward feed (FF) arrangement. Mis-
try et al. [18] also presented a steady state model for a
FF-MED unit and they compared the results of their
model with other published in the literature using
parametric analyses. Druetta et al. [19] analyzed and
optimized a MED system using a steady state model.
Leblanc et al. [20] implemented the model of a MED
pilot plant fed by hot water from a solar pond, which
was used for the plant design. The model was vali-
dated with experimental results with a good agree-
ment. Palenzuela et al. [21,22] developed a steady
state model for a vertically stacked FF-MED pilot
plant located at Plataforma Solar de Almeria. The
model was validated with data from the pilot plant
showing relative errors lower than 9%. El-Nashar and
Qamhiyeh [23] developed a dynamic model, particu-
larized for a vertically stacked MED plant located at
Abu Dhabi (UAE) with the aim of studying the tran-
sient operation of the plant. The model was validated
using the data collected from one start-up period of
the plant, showing that it could predict the transient
behavior with a reasonable accuracy. Dardour et al.
[24] and Ge et al. [25] presented dynamic models of
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MED plants coupled to nuclear reactors to simulate
their dynamic behavior. In the case of the work pre-
sented by Roca et al. [26] and De la Calle et al. [27],
the dynamic model was based on solar MED plants
and the models were validated against actual data
from the MED plant located at Plataforma Solar de
Almeria (Almeria, Spain). Few papers show results of
pilot-scale practical experiences. Qi et al. [28] carried
out an experimental campaign of a pilot MED system
installed in Tianjin (China) to study the effects of sev-
eral parameters (motive steam pressure, maximum
operating temperature, temperature difference, spray
density, and steam extraction flow) on the desalination
performance. Shahzad et al. [29] presented the results
obtained from experiments performed in a three-stage
MED coupled to an adsorption cycle in order to prove
the increase in the distillate production comparing
with a conventional MED plant. Joo and Kwak [30]
carried out the design and manufacture of a 3 m®/d
capacity driven by solar energy and evaluated the per-
formance of this unit under different operating condi-
tions. Tigrine et al. [31] presented the experimental
results of a MED laboratory prototype, designed in
the Development Unit of Solar Equipment UDES
(Algeria), that can be connected in the future with a
solar heating system. The test campaign was focused
on the study of the influence of some parameters of
the plant on the distillation yield. Yang et al. [32] pre-
sented the design of a fossil five-effect distillation
experimental unit and the experimental results in
terms of distillate production and Gain Output Ratio
were shown. Finally, Georgiou et al. [33] evaluated
experimentally the performance of a pilot MED with
plate heat exchangers and the potential of its integra-
tion with a concentrated solar power system.

The solar desalination unit located at the PSA is a
high-efficient solar MES plant, fully monitored, which
makes it the perfect vessel for research on improve-
ments of the technology. This work presents a steady
state experimental parametric analysis of the plant as
a function of two of the operating variables. The anal-
ysis of the dynamics of the MED has not been
addressed, so the present research work does not
account for the transients of the plant against distur-
bance of the variables of the system. Instead, this
approach allows studying the influence of the varia-
tion of the hot water inlet temperature (e.g. solar field
could work at a lower temperature during winter in
order to extend its operation time) and the MED last
effect vapor temperature (seasonal variation in seawa-
ter temperature) on the thermal performance, the ther-
mal consumption and the distillate production of the
plant. The operating variables were varied in a wide
operational range: last effect vapor temperature
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between 25 and 35°C and the hot water inlet tempera-
ture between 65 and 75°C. The results of the character-
ization and a description of the operational issues of
the pilot plant are presented.

2. Experimental system

The MED plant located at the Plataforma Solar de
Almeria, MED-PSA, was manufactured and delivered
by ENTROPIE in 1987. In the original experimental
desalination system, the first effect worked with satu-
rated vapor at 70°C (0.312 bar a) generated from a
parabolic trough solar field [34]. In 2005, some modifi-
cations were carried out at the plant under the frame-
work of the European project AQUASOL (March
2002-February 2006), among others, the first effect of
the plant was changed to work with hot water from a
static collector solar field and a double-effect absorp-
tion heat pump (DEAHP) was installed to be alterna-
tively coupled to the MED plant [35-38]. Fig. 1 shows
the layout of all the components of the AQUASOL
experimental facility. As seen in the figure, the MED
plant can operate with hot water from a solar field
composed of static compound parabolic solar collec-
tors (CPC) in the low-temperature operation mode, or
with hot water from a double-effect absorption heat
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pump, DEAHP (LiBr-H,O). The whole test campaign
presented in this paper was carried out only with hot
water from the CPC solar field. In this case, the water
from the secondary tank is heated while flowing
through the solar field going afterward to the primary
tank. Then, the hot water from this tank enters the
first effect of the MED-PSA plant. The solar field is
composed of 252 static CPC collectors with a concen-
tration factor of 1.12 (Fig. 2(a)), an aperture area of
500 m*> organized in four rows (titled =357 with
63 collectors each one. On the other hand, the storage
system is composed of two interconnected tanks of
12 m® capacity each (Fig. 2(b)), that store the excess of
thermal energy supplied by the solar field and pro-
vide the hot water temperature required by the MED
plant by the valve V2 (Fig. 1).

The MED-PSA is a forward-feed MED with 14 cells
in a vertical arrangement (Fig. 3) at decreasing pres-
sures and temperatures from the 1st cell (on the top)
to the 14th one. The exact configuration of the plant is
shown in Fig. 4, where all the streams corresponding
to brine, steam, distillate and hot water are repre-
sented. The design and operating parameters are
shown in Table 1 (note that the operating parameters
correspond to those under nominal conditions).
The design parameters are: the number of effects,
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Fig. 1. Layout of the AQUASOL system.
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(b)

Fig. 2. CPCs collectors” solar field (a) and thermal storage
tanks (b) installed at PSA.

the number of preheaters, the top brine temperature,
the temperature increase through the condenser (tem-
perature difference between inlet and outlet seawater
cooling stream), the inlet seawater temperature, the
conversion ratio, the distillate production and the
inlet/outlet hot water temperatures. The operating
parameters are: the feedwater flow rate, the total brine
production, the cooling seawater flow rate, the vapor
production at the last effect, the Performance Ratio,
the hot water flow rate, and the thermal consumption.

Apart from the first and the last cell, the remaining
ones are identical. Each cell is composed of two hori-
zontal tube bundles, called evaporator and preheater.
The preheater located in the last cell (called final con-
denser) is much bigger than the rest since it condenses
the entire vapor generated in the last effect. A large
volume of seawater is pumped through such con-
denser, part of this seawater is rejected and the
remaining (40% under nominal conditions) is used to
feed the plant (called feedwater). The feedwater then
flows through the tube bundle of each preheater from
the bottom to the top being preheated until reaching
the first effect at a temperature close to the evapora-
tion temperature. Here, the feedwater is sprayed over
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Fig. 3. MED pilot plant located at the Plataforma Solar de
Almeria.

the tube bundle of the first evaporator through which
the hot water is flowing transferring heat. Part of the
feedwater evaporates in the effect and the remaining
part, with higher salt concentration, falls over the next
effect. The vapor produced in the evaporator flows to
the preheater going through a demister that avoids
brine droplets in the vapor. Once in the preheater, a
small part of the vapor is condensed. The distillate
produced and the vapor, which has not been con-
densed, flow to inside the tube bundle of the next
evaporator over which the high concentrated feedwa-
ter coming from the first effect is being sprayed. The
mixture of distillate and vapor transfer heat to the
feedwater producing on one hand vapor from this
feedwater and on the other hand distillate from the
previous vapor. The same process than before is
repeated so on for the rest of effects.

The total plant distillate production consists of the
vapor condensed in each effect and in the preheaters
plus the distillate generated in the final condenser. As
an energy optimization strategy, the distillate pro-
duced goes to other effects instead of being extracted
from each one in order to recover its sensible heat,
which contributes to improve the brine evaporation
generating more amount of vapor without increasing
the external heat source. The distillate flows to the
next effect with the exception of the 4th, 7th, 10th, and
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Table 1
Design and operating parameters of the MED-PSA plant
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Number of effects

Number of preheaters

Top brine temperature (°C)

Temperature increase through the condenser (°C)
Inlet seawater temperature (‘C)

Conversion ratio (%)

Inlet/outlet hot water temperature (‘C)
Feedwater flow rate (m>/h)

Total brine production (m®/h)

Hot water flow rate (L/s)

Total distillate production (m>/d)

Cooling seawater flow rate 25°C (m®/h)

Vapor production in the last effect (kg/h)
Thermal energy consumption in the first effect (kW)
Performance ratio

14

13

70

10

25
37.5
75/71

12
72
20
159
200
>9

13th cells (as shown in Fig. 4) in order to balance the
amount of distillate entering the effects without flood-
ing the bundle tube so as not to make the heat transfer
worse.

MED-PSA plant is operated in a closed circuit con-
sisting of two ponds interconnected by a cooling
tower: the total distillate produced and the brine
rejected are mixed in the small pond and the seawater
for the supply of the plant is taken from the bigger
one. The rejected cooling seawater from the final con-
denser is also returned to the small pond and part of
the heat released at the condenser could increase its
temperature during an experiment. To avoid that, the
cooling tower is switched on to cool the water from
the small pond before sending it back to the bigger
one.

The MED-PSA plant has a vacuum system in order
to eliminate the air leakages and the non-condensable
gases generated during the desalination process. It
consists of two hydro-ejectors, which are connected to
effects 2, 7, and the final condenser. They are con-
nected within a closed circuit with a tank and an elec-
tric pump that circulates seawater through the ejectors
at a pressure of 3 bar.

The pilot plant is experimental and therefore
equipped with a comprehensive monitoring system,
which provides instantaneous values of the measured
data. All the monitored variables are indicated in
Fig. 4 and described in the nomenclature.

3. Test campaign

The test campaign aimed to study the influence of
the variation in certain operating parameters of the
MED plant, like the hot water inlet temperature (T}, i)

and the MED last effect vapor temperature (T,(N), on
the thermal performance and on the distillate produc-
tion of the plant. For this purpose, a steady state
experimental parametric analysis was performed in
the pilot MED plant, keeping the rest of variables that
control the process constant and equal to their nomi-
nal values and studying the behavior of the plant once
steady state conditions are achieved.

Experiments were run during 10 months and were
designed following a three-level factorial experimental
design (3%) in which the varying parameters and their
three operation levels (-1, 0, and +1) are the ones
shown in Table 2. Note that the measured variable
inside the effects is the vapor pressure (Fig. 4), so the
vapor temperature (T,) is the saturation temperature
at the corresponding pressure (P,). The range of the
parameters was established according to some of the
design values of the plant. Specifically, it was taken
into account the maximum top brine temperature,
TBT (which is limited at 70°C to avoid scaling) and
the temperature difference across effects (between 2.0
and 3.0°C) together to the number of effects (N = 14)
of this pilot MED plant. Also, it was considered a
fixed temperature difference in the condenser between
inlet and outlet seawater cooling stream equal to the
design value (10°C). Therefore, the different vapor
temperatures of the last effect would represent

Table 2
Variable factors and their actual values of operation

-1 0 +1

Last effect vapor temperature T,(N) ('C) 25 30 35
Hot water inlet temperature Ty, 3, ("C) 65 70 75
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different seawater temperatures at the inlet of the con-
denser, which is representative of seasonal variations
or different locations of the MED plant. Due to the
mentioned water supply system of this pilot plant, the
temperature at the inlet of the condenser can be con-
trolled by the refrigeration tower to simulate the sea-
water temperature variations. Because of the
limitations in the refrigeration tower due to the ambi-
ent temperature, the experiments at the lowest level of
operation in the last effect vapor temperature (T,(N)
=25°C) were carried out during winter months and
those at the highest level (T, (N) =35°C) during sum-
mer months.

Each test lasted an average of 2 or 3 h. The solar
radiation available and the thermal energy stored
allow the operation of the plant during this period.
The stability of the plant is achieved by different con-
trol systems, the main one being a PID implemented
in valve V2 (Fig. 2) that allows a constant hot water
temperature (and at the desirable value) at the inlet of
the MED first effect. The operation routine was always
the following. Firstly, the vacuum of the plant was
made to release the air from the system and the sea-
water was pumped to the condenser controlling the
inlet temperature by switching on the refrigeration
tower if necessary. Once all the pressures in the effects
and the seawater were stabilized, the corresponding
feedwater flow rate was pumped to the first effect of
the plant and the hot water was pumped from the pri-
mary water tank to the first effect of the MED plant.

4 Thin=75°C, T,(N)=35°C

35
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During the operation, the seawater flow rate through
the condenser was varied by a manual valve and the
cooling tower was switched on/off in order to keep
the last effect vapor temperature at the desirable
value. Once steady state conditions were achieved
(normally after less than one hour of operation), the
measurements were taken for a period of half an hour
in order to have enough data that provide a represen-
tative average. In all the experiments, the hot water
flow rate (M;) and the feedwater flow rate (M;) were
kept constant at the nominal values (see Table 1) using
variable speed pumps adjusted by PID control
systems.

4. Results and discussion

Fig. 5 depicts the operation of the MED plant in
one of the experiments performed during the test cam-
paign (Thin = 75°C, Ty(N) = 35°C). It shows the distil-
late production and the thermal energy consumption
of the MED plant, and the global solar radiation. It can
be observed that the thermal energy consumed by the
plant and its production is quite stable despite the
variation in the global solar radiation, which is an indi-
cation of the robustness of the control systems used (in
the feed and hot water pumps and in Valve 2).

A set of results is depicted in Figs. 6-9. They repre-
sent the average value of each variable (distillate pro-
duction, performance ratio, and thermal consumption)
in every test. Error bars have been included in each

1200
Global Solar Radiation ‘

1000

g Distillate production 800
2.5 P N i il

2 600
~——Md (m3/h)
v ——qh (kwWth)
Gk (W/m2) 200
1
o5 - s I 200
d Themal consumption -
0+ =0
10.7 10.9 11.1 11.3 11.5 11.7 11.9 12.1 12.3

Decimal Hour

Fig. 5. Distillate production, thermal consumption, and global solar radiation during MED operation at Ty ;, = 75°C and

Ty(N) =35°C.
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figure. In the case of the indirect variables (PR, Q,
and ATeffect), an uncertainty propagation analysis has
been carried out by the method described in [39]. The
measurement uncertainties (U) of the direct variables
are: UTyin =0.85°C, UThou = 0.85°C, UMy, = 0.5%, UP
(1) = 3 mbar, UMy = 0.75%, UP(N) = 1.25 mbar. In the
case Of ATcsec, the error bars are not represented in
Fig. 9 because the uncertainty resulted insignificant.
Figs. 6 and 7 show the influence of the variation in
the last effect vapor temperature and the hot water
inlet temperature on the distillate production (Mg)
and on the thermal consumption, Qy, (it is determined
by Eq. (1)), respectively. As it was found in other

4.00
3.50

3.00

265+ 0.07

2424008

M, (tn/h)

1.00 4

0.50 4

0.00
25
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published works [40,41], the distillate production
increased with the increase in the hot water inlet tem-
perature. It increased by 8-20% when T}, increased
10°C. The highest rise (20%) was observed when last
effect vapor temperature was kept at 35°C:
Oh = Mu Co(Thjin — Thouw) ¢))
where C,, is the specific heat at constant pressure mean
temperature between T}, 3, and T, ouy, in (k] /kg'C) and
Thout is the hot water outlet temperature, in (‘C). The
thermal consumption also increased with the hot water
inlet temperature as was already shown in Refs. [29,41],

u Thin=65°C
n Thin=70°C

w Thin=75°C

265+ 0.02 255+ 007

223+ 0.4

206+ 0.10

30 35
T.™ O

Fig. 6. Influence of the variation in Ty, 3, and T,(N) on the distillate production (M, = 12 kg/s, Mf=8 m3/h).

250 m Thin=65°C
® Th,in=70°C
20000 +084 19483 +097 # Thin=75°C
200 4 7396 +087 17890 +0.89
170.55 +0.85 16540 + 0582
153.75 +0.77 15515 +0.77
£ 150 - 135.13 +067
<
< 100 -
50 4
0 +— — . —

25

30
.M €O

35

Fig. 7. Influence of the variation in T} ;, and Ty(N) on the thermal consumption for My = 12 kg/s and M= 8 m®/h.
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Table 3

Average values of the overall heat transfer coefficient of
the first evaporator for different hot water inlet tempera-
tures keeping the last effect vapor temperature at 35°C

Th,in (°C) Uy, (kW/m?°C)
65 222
70 2.25
75 2.48

showing a rise between 15 and 25% with Ty, ;,, being the
maximum increase in summer months (T, (N) = 35°C).
The increase in My is caused by a rise in the rate of
vapor formation inside the first effect. As a conse-
quence, a higher amount of vapor through the remain-
ing effects is generated increasing the total distillate
production of the plant. Likewise, the rise in the vapor
formation inside the first effect can be explained by the
increase in the overall heat transfer coefficient of the
horizontal falling film tube bundle of such effect (Uy,),
as mentioned in [28]. As observed in Table 3, U}, was
enhanced 10% when Ty, ;, was raised from 65 to 75°C.
This coefficient was determined by an empirical correla-
tion obtained by the authors of this paper and
presented in [24]:

U, =25.1217 — (0.0992825- T, (N)) — (0.678212 - Ty )
+(0.30056 - M;,) — (0.00323972 - T2(N))
+(0.00392379- Ty ) — (0.0112135- M)
+(0.00442078 - Ty(N) - Thin) 2

The increase of Uj, in the first effect can be attributed
to the decrease in the dynamic viscosity with the boil-
ing temperature in this effect (the dynamic viscosity is
lower the higher the temperature), which lead to
higher rates of heat transfer [22]. The trend of the
overall heat transfer coefficient with the hot water
inlet temperature is in agreement with the works pub-
lished in the literature [12,23,42]. Notice that the mini-
mum difference observed between U, at 65 and 70°C
with respect to the U}, obtained at 75°C can be caused
by a better operation of the plant under design condi-
tions (75°C in the hot water inlet temperature) than
out of nominal conditions.

On the other hand, Fig. 6 shows that My exhibited
a downward trend with the increase in the last effect
vapor temperature keeping T} i, constant, which is in
agreement with other research works [29]. The higher
T,(N) the higher the seawater temperature at the
outlet of the condenser (T oyt in Fig. 4) and therefore
at the outlet of the set of preheaters. Consequently,
the feedwater reaches the first effect at a higher
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temperature (Tt in Fig. 4), which decreases the thermal
consumption required in the first effect (as shown in
Fig. 7). It causes a decrease in the amount of vapor
generated in such effect and therefore in that of the
vapor generated in the rest of effects, lowering the
total distillate production. The fresh water production
was higher at lower last effect vapor temperatures
(Ty(N) =25°C) (which is representative of winter
months) and the difference with respect to higher last
effect vapor temperatures (T (N) =35°C) (representa-
tive of summer months) varied between 4 and 15%
(this difference was higher the lower the hot water
inlet temperature used). On the other side, the desali-
nation process required 21% less of thermal energy (at
65°C) at higher last effect vapor temperature than at
lower last effect vapor temperature.

The performance ratio (PR) is defined as the ratio
between the mass of distillate (in kg) and the thermal
energy supplied to the process normalized to 2,326 k]
(1,000 Btu) that is the latent heat of vaporization of water
at 73°C. It is determined by the following equation:

Mg 2326k
o

PR 1kg

3)

Fig. 8 shows the effect of the hot water inlet tempera-
ture and the last effect vapor temperature on the per-
formance ratio. It was observed that PR decreased
with the increase in Ty, as was found in other pub-
lished works [13,14,43,44]. It decreased roughly a 7%
when Ty, increased from 65 to 75°C. The higher the
temperature of the hot water entering the tube bundle
of the first effect, the higher the temperature of the
vapor generated inside such effect, which increases
the temperature lift of the plant (i.e. vapor tempera-
ture difference between the first and last effect), keep-
ing the vapor temperature inside the last effect
constant. As a matter of fact, the temperature differ-
ence across effects, ATyt (determined as
T,(1) — T,(N)/(N — 1)) increased between 14 and 22%
when T}, i, was enhanced from 65 to 75°C, respectively
(Fig. 9). A rise in AT results in a decrease of the
thermal efficiency of the process due to the fact that
the evaporation-condensation process in each effect
becomes thermodynamically less reversible (according
to the second law of thermodynamics), which causes
the decrease in the PR of the plant (and at the same
time higher thermal consumptions are required, as
seen in Fig. 7). An increase in ATefrecr Of 14% resulted
in a decrease of 7% in the PR when T,(N) was 25°C.
For T,(N) 30 and 35°C, the increase in AT g Was the
double (22%) but it was not observed any variation in
the decrease in PR (it was kept at roughly 7%). On the
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Fig. 8. Influence of the variation in Ty, and Ty(N) on performance ratio (M, = 12 kg/s, M; =8 m®/h).
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other hand, PR increased with the increase in T, (N),
which is in agreement with the results found in
[28,44]. The higher the last effect vapor temperature,
the lower the temperature difference across the effects,
when keeping Ty i, constant (Fig. 9), which favors the
thermal efficiency of the plant, obtaining higher PR
(the maximum PR =9.87 was obtained at T, (N)
=350).

Summarizing, in order to maximize the fresh water
production (so to minimize the product costs) and to
make the most efficient use of the thermal energy sup-
plied by the solar field to the MED plant, it is recom-
mended to use the following strategies in the
operation of the MED coupled to a solar field. During

summer months, the seawater temperature is higher
and the fresh water demand is also higher, thus the
solar field should supply hot water at 70 and 75°C to
the desalination plant, keeping T,(N) at 30 and 35°C,
respectively, depending on the solar radiation avail-
ability and on the seawater temperature. As has been
tested, under these conditions, an increase in the fresh
water production up to 20% can be obtained decreas-
ing the PR only a 7%. On the contrary, the solar field
should be providing hot water at 65 and 70°C to the
MED plant during the coldest months, keeping T,(N)
at 25°C (since the seawater temperature is lower). At
these operation levels, the solar field would provide
thermal energy at a higher efficiency (higher capacity
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factor) extending the operation time of the solar MED
plant. Also, the plant would produce fresh water with
a higher thermal efficiency (2.42 tn/h with a PR of
9.17, and 2.45 tn/h with a PR of 9.10).

5. Conclusions and recommendations

In this paper, a 72 m®/d low-temperature multi-ef-
fect distillation (LT-MED) plant coupled to a com-
pound parabolic solar field was characterized and the
effects of key operating parameters were analyzed.
The following conclusions can be drawn from the test
results:

(1) The tests indicated that water production
increased by 8-20% when the hot water inlet
temperature increased by 10°C. The maximum
rise in the water production (20%) was
obtained for a last effect vapor temperature of
35°C supplying the hot water at 75°C.

(2) Thermal consumption decreased with the
increase in the last effect vapor temperature,
resulting in a 21% less of thermal energy (at
65°C) when such temperature was 35°C.

(3) The experiments showed that PR decreased
roughly a 7% when the hot water inlet temper-
ature increased from 65 to 75°C. On the other
hand, the PR of the plant increased by 7%
keeping the hot water inlet temperature at 65
and 75°C, and 3% at 70°C, when the last effect
vapor temperature increased 10°C.

(4) In summer and spring, the MED unit should
operate with hot water from the solar field at
70°C keeping the vapor temperature in the last
effect at 30°C or supplying hot water at 75°C
with 35°C in the last effect, depending on the
solar radiation availability and the seawater
temperature.

(5) In winter and autumn, it is recommendable to
operate the MED plant with hot water between
65 and 70°C keeping last effect vapor tempera-
ture at 25°C.
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Nomenclature

Variables

T,(N) — last effect vapor temperature (°C)

Thin — hot water inlet temperature (‘C)

Th out — hot water outlet temperature (°C)

M; — feedwater feed flow rate (m>/h)

My, — hot water flow rate (kg/s)

U, — overall heat transfer coefficient (kW/m?°C)

My — distillate production (tn/h)

PR — performance ratio

AT effect — temperature difference across the effects
(O

On — thermal consumption (kW)

My, —  brine flow rate (m®/h)

Ty — brine temperature (°C)

Mg, — seawater flow rate entering the condenser
(m>/h)

Tew,in — seawater temperature at the inlet of the
condenser (°C)

Tew out — seawater temperature at the outlet of the
condenser (°C)

T¢ — feedwater temperature at the outlet of the
last preheater (‘C)

T4 — distillate temperature (°C)

P, — vapor pressure inside the effects (mbar)

Gy — global solar radiation, (W/ m?)

u — uncertainty

Acronyms and abbreviations

MED — multi-effect distillation

LT-MED — low-temperature multi-effect distillation
TBT — top brine temperature

PSA — plataforma Solar de Almeria

MSF — multi-stage flash

CPC — compound parabolic collectors

CSP — concentrated solar power

RO — reverse 0smosis

PF — parallel feed
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