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ABSTRACT

The aim of this paper is to investigate the performance of a multiple effect distillation
(MED) unit potentially coupled to a concentrated solar power plant and validate the results
with the predictions of a dynamic model that was developed for this purpose. A small-scale
(10 kWthermal) four effect distillation system was designed and built to demonstrate proof of
principle of the concentrating solar power–desalinating sea water system integration. In
order to fully characterize this small-scale MED unit, an understanding of the performance
for steady state and transient conditions is required. Initially experiments were performed
in a steady state situation, various parameters were examined and the experimental findings
have already been published. After the initial experimental findings of the steady state
operation, the performance of this unit was also investigated for transient conditions. The
experimental procedure followed was identical as in the steady state conditions, with the
main difference being the variation in the heat input supply to the system as a function of
time. For the present study, the heat input supplied to the unit varied between 5 and
10 kWthermal. At the same time, a dynamic model was also developed in order to predict the
performance of this unit in consecutive time steps of operation. The performance was
calculated in terms of performance ratio (the ratio of the distillate product flow rate to the
feeding steam flow rate) and the model results were validated against the experimental
findings. The results showed that there is a really good match between the experimental
data and the predicted ones from the model.

Keywords: Desalination; Multiple effect distillation (MED); Transient operating conditions;
Dynamic model

1. Introduction

Throughout humanity’s history and especially
within the last decades, water and energy topics are
two of the most crucial ones. These parameters though
are closely related: the production of energy requires

water, whilst the treatment and distribution of water
are dependent on energy [1].

Especially for the Mediterranean and the Middle
East regions where many cities and villages are
already facing water shortage problems and suffer
from lack of quality fresh water resources, the chal-
lenges are even bigger. Additionally, environmental
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considerations, such as the proven global warming
and climate change, will surely add significant pres-
sure to the existing crisis [2].

At the same time, the above-mentioned areas are
blessed with high solar potential that can reach up to
2.700 kWh/m

2 per year. Despite the additional stress
that the intense solar radiation imposes on the scarce
water resources, it can be exploited as the medium to
reverse the crisis. Renewable energy sources (RES) are
rapidly increasing their contribution to the total
energy mix and this increasing trend is expected to
continue in the upcoming future [3,4]. Among the var-
ious RES, solar energy has the greatest potential and
taken into account that areas where there is water
stress situation are also blessed with intense solar
radiation the outcome is that technologies capable of
using the solar energy should be developed in order
to simultaneously help solve energy and water
problems [5].

Several researchers have considered the driving of
desalinating systems with RES and specifically the
coupling of desalination processes with solar energy.
The selection of the appropriate RES desalination tech-
nology relies on a variety of factors such as: the plant
size, the feed water salinity, the shoreline distance
from the plant and the type and potential of the local
renewable energy resource [6–8]. The characteristics of
the system that will be implemented for the RES
desalination are: simplicity of operation, low mainte-
nance, robustness and autonomous operation. The
most important characteristic should be its stable oper-
ation even when sudden changes are made and its
ability to follow a varying steam supply without
upset.

This paper investigates the performance of a
desalination unit coupled with solar thermal energy,
and considers the units operation under time varying
input conditions due to the variation in the primary
energy source. The performance of a small-scale four
effect multiple effect distillation (MED) unit has been
evaluated and a dynamic model to predict the perfor-
mance of the unit is developed and presented. The
model is validated against the steady-state perfor-
mance of the design and is used to predict the tran-
sient behaviour of the device.

2. The MED Process

Thermal desalination processes are based on evap-
oration–condensation process. As the name implies
MED process consists of several consecutive stages
called effects [9]. Each effect contains a multiphase
heat exchanger. Seawater is introduced in the

evaporator side and heating steam in the condenser
side. As the seawater flows down the evaporator
surface, part of it is evaporated, while the remainder
collects at the bottom of each effect as brine. The pure
water vapour raised by seawater evaporation at a
lower temperature than the vapour in the condenser,
due to the boiling point elevation (BPE) observed in
saline solutions. However, it can still be used as heat-
ing medium for the next effect where the process is
repeated. The decreasing pressure from one effect to
the next one allows brine and distillate to be drawn to
the next effect where they will flash and release addi-
tional amounts of vapour at low pressure. This addi-
tional vapour will condense into distillate inside the
next effect. In the last effect, the produced steam con-
denses on a heat exchanger, called distillate or final
condenser and, which is cooled by the seawater used
in the first effect.

The MED process can be configured in forward,
backward or parallel feed (PF) according to the flow
directions of the brine [10]. In the forward feed (FF)
configuration, the feed water stream flows to the first
effect through the final condenser where it is heated
by the condensing vapours produced in the final
effect. At the same time, the brine from the previous
effect is used as the feed water in the next effect. In
the PF configuration, the feed water stream does not
flow to the first effect via the final condenser as in the
FF configuration but it is divided into multiple feed
streams flowing to each effect in parallel [11].

3. Experimental set up

The experimental set up, schematic of which is
shown in Fig. 1, consists of the following main
components.

3.1. Hot steam supply

For the hot steam supply a steam generator
machine was used. The Lavor GV 30 is a large capac-
ity 30-kilowatt industrial steam generator, capable of
producing steam within the range of 3.5–10 bar
(145 psi) at maximum temperature of 180˚C. The oper-
ating principle is based on electric water heaters that
are used to heat up the water up to the desired tem-
perature and pressure. Due to the uninterrupted use
of the machine, steam can be continuously provided
to the first effect of the unit, in constant temperature
and flow, therefore the operating conditions are nor-
malized. With water tank capacity of 25 L, Lavor GV
30 can produce up to 37.5 kg of steam per hour.
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3.2. Feed water

The storage of feed water is done in plastic tanks
placed outdoor, thus the feed water temperature was
seasonal depending on the outdoor conditions. The
capacity of the storage tanks is 2 tons thus there is suf-
ficient amount of intake water for uninterrupted oper-
ating. Next to the tank, a water pump was placed in
order to achieve higher water flows.

3.3. Vacuum pump

Additionally, a vacuum system was needed in
order to remove the gases at the beginning of the
experiment. An oil sealed rotary vane vacuum pump
(Edwards RV 8) was used to maintain the gradual
pressure gradient inside the vessel by removing the
accumulated non-condensable gases together with the
remaining water vapour after the final condensation
stage. The pressure gradient along the MED effects
was dictated by the saturation pressure of the feed
stream and the saturation pressure of the condensing
steam exiting the last effect and is condensed by the
final condenser.

3.4. Evaporator/Condenser

One of the innovations of this small-scale unit was
the usage of off-the-shelf components as many compo-
nents traditionally used in MED are not commercially
available in this scale. One of these components is the
plate heat exchangers (PHEs) used as evaporators and
condensers. The M3-FG seawater-compatible PHE,
rated for up to 20 kW heat input, manufactured by
Alfa Laval was selected. Plate falling film exchangers

have been reported to exhibit evaporative heat transfer
coefficients up to 4,000 W/m2 K, and so are ideal for
use in MED systems providing large heat transfer in
compact areas. Modifications to the sealing gaskets to
allow for three-phase flow were also made. The heat
exchanger has a surface area of 0.353 m2 comprised of
13 plates in an alternating pattern of alternating chev-
rons with 60˚ corrugation angle and fluid passage gap
of 2.2 mm.

3.5. Auxiliary components

Auxiliary components include polypropylene
pipes, peristaltic pumps to withdraw the brine and
the distillate product, SS316 vessels, needle valves,
and tanks for rejected brine and distillate product.
These include tanks for supply, concentrate with-
drawal and distillate receiver along with connecting
pipes.

4. Measurements

A variety of parameters was acquired and moni-
tored during the experiments. The parameters
recorded, were: flow rate, pressure, and temperature
of steam, seawater mass and temperature, brine mass
and temperature, distillate product mass and water
level within the vessel. Additionally, differential pres-
sure transducers between the heat exchanger inlet and
outlet on the steam and seawater sides measure the
pressure drop across the condenser and evaporator,
respectively.

Temperature, flow rate, pressure and differential
pressure were measured at the locations shown in
schematic, Fig. 2. Temperatures were measured K-type

Fig. 1. Schematic of the experimental set up of the four effect distillation unit.
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thermocouples calibrated with an ice point calibrator
(Omega TRC-IIIA). Seawater and brine flow rates were
measured using ultra-low flow sensors (Omega
FTB600B Series). The pressure of the incoming steam
and inside the effect was measured using pressure
sensors (Omega PX209 Series) and the water level in
the vessel was measured using a liquid level sensor
(VEGACAL 63 of VEGA). All sensors were connected
to a data acquisition system (DAQ) and LabView soft-
ware was used to record the data.

5. Experimental process

The experimental process was as follows: initially,
the unit was evacuated to remove all non-condensable
gasses and then steam and seawater were allowed to
flow. The start-up process lasted about one hour, dur-
ing which time the pressure and the temperature of
the system were gradually raised. Once a steady state
was obtained, data acquisition commenced. A typical
run lasted between 20 and 30 min, and consisted of
recording effect temperature, pressure, flow rates and
brine height level within the vessel. As mentioned
above, temperatures were recorded using type-K ther-
mocouples that were previously calibrated against a
NIST traceable standard using an ice-point reference
and an immersion heater, to reduce their error to
±0.4˚C in the 30–150˚C range. Subsequently, the

parameter under investigation was varied and the
process was repeated [12].

The aim during each run was to minimize the vari-
ation in flow properties and achieve a steady produc-
tion of distillate. A statistical analysis was performed
over all data samples gathered for a given run, and
the variance and error were computed. Uncertainty
analysis of measurements was conducted to establish
a confidence in the measurements. A 95% confidence
interval was used reflecting a significance level of
0.05.

It is important to note here again, that the objec-
tives of the present study was to evaluate the perfor-
mance of the multi effect distillation unit in terms of
PR under various operating conditions thus the
parameters examined are: the thermal input power,
the seawater flow rate and temperature and the distri-
bution of the seawater. The quality of the produced
water, although a critical parameter of the complete
MED unit, is not studied here but remains as an objec-
tive for future work.

Fig. 3 shows a representative time record of flow
metre sensor outputs collected during the single-effect
experiments. From the data collected it can be clearly
seen, that there is a variation in the steam’s flow rate
(mst), whereas in contrast the seawater (msw) and brine
(mb) flow rates are fairly steady. The variance of the
steam flow rate is mainly caused by the temperature
controller of the steam generator that creates a cyclical

Fig. 2. Schematic of the location of several sensors placed for monitoring.
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variation in its output flow rate. The fact though that
the steam flow rate variation does not affect the opera-
tion of the effect is an indication of the robustness of
the MED process.

The experimental unit developed and constructed
for the purposes of this study is shown in Fig. 4.

6. Overview of the MED models in literature

The MED process is a well-known process
proposed many decades ago, thus in the literature
there are many mathematical models describing the

performance of these units. These can be divided into
two main categories:

(1) Steady state models.
(2) Dynamic models.

Despite the fact that most of the model widely
used are steady state models, the limitations of these
models lead to the introduction of new dynamic mod-
els in order to overcome these restrictions. Typically,
steady state models are developed based on the speci-
fic MED plant configuration: FF, backward feed (BF),
PF and parallel cross feed (PCF). At this point, it is
worth noting that the amount of models dealing with
FF configuration is significantly higher compared to
the ones describing PF or BF, although the PF configu-
ration is most employed in industry. On the other
hand, regarding the available literature on dynamic
modelling of MED system, unfortunately, very few
papers can be found. However, the interest for this
kind of modelling has grown recently.

6.1. Steady state models

The variety of the parameters affecting the perfor-
mance of an MED unit are: the number of effects, the
heating steam temperature, the heat transfer area
(HTA), the intake seawater temperature (preheaters),
the top boiling temperature (TBT) and the various
configurations of the feed water, so as the implemen-
tation of thermal vapor compression (TVC) or
mechanical vapor compression (MVC). Therefore,
there are several models available approaching one or

Fig. 3. Representative time record of flow metre sensor
output collected from the single effect unit.

Fig. 4. Photo of the four effect experimental unit.
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more of these parameters and predicting the PR of the
unit based on their initial assumptions.

The modelling of MED goes back to 1980, when
one of the first models was developed in order to
calculate the PR and the HTA of a FF-MED with
flash evaporation [13]. Two decades later, a research
group leader by Darwish et al. [14,15] investigated
the performance of several MED units with respect
to the feed configurations. Additionally to the param-
eter of the feed configuration, the implementation of
TVC or MVC was also investigated. Their results
showed that the parallel/cross feed MED system has
the best performance. Despite that, due to the sim-
plicity of the design and the operation of the PF, but
also due to the similar performance the PF configura-
tion was implemented by the industries as mentioned
above. Furthermore, they also studied the effect of
the steam temperature, the HTA and so as the
increasing number of effects with respect to the PR
of the unit.

A few years later, the same scientific group devel-
oped a MED model where they also analyzed the vari-
ous feed configurations and discussed the correlation
between PR and the HTA. Their findings were that for
a temperature difference (ΔT) between effects of less
than 2˚C the HTA will be significantly increased.
Additionally two other individual researchers groups
[16,17] examined the effect of the number of effects,
the TBT, so as the seawater temperature of the unit as
a function of the thermal performance and the PR,
respectively. The outcome was that the PR increased
with increasing number of effects while TBT and inlet
seawater temperature have a reduced impact on plant
performance [18]. The gain output ratio (GOR) of an
MED (with and without TVC) as a function of number
of effects and varying TBT was also examined [19].
The findings were that an increase in the number of
effects from 3 to 6 resulted in an almost twofold
increase in the GOR.

A more recent study, in 2008 [20], examined the
HTA of a unit for a constant TBT. The results
showed that at a same TBT (70˚C), a 32% increase in
the condenser area would increase the unit produc-
tion by a 15%. Last, a year later [21], another study
was conducted in order to define the optimum per-
formance of an MED unit based on the designed
parameters. They concluded that optimum perfor-
mance depends on an optimum number of effects
which itself depends on sea water salinity, feed water
temperature and temperature differences between
effects.

6.2. Dynamic models

As mentioned in the introduction of this chapter,
the available information regarding dynamic models
is limited. In 1997 [22] one of the first dynamic models
was developed to study the transient behaviour of the
MED process. This model allowed the study of system
start-up, shutdown, load changes and troubleshooting
in which the plant performance changed significantly.
Next, almost a decade later, in 2006 another dynamic
simulator was proposed for a single effect of a MED—
VC unit [23]. Later on, in 2012 [24] and 2015 [25,26],
two more studies were conducted at CIEMAT-Plata-
forma Solar de Almerı́a (PSA), the first one to describe
the performance of a 14 FF-MED unit, and the last one
to study the thermal dynamics of the heater and the
distillate production rate of another FF-MED plant.
Both of these studies used Modelica language for their
simulations.

7. Model development

As mentioned in the previous sections a wide range
of mathematical models for MED are well reported in
the literature but not so extensive work has been done
on the dynamic behaviour of MED systems. In the pre-
sent study, dynamic behaviour of multi-effect evapora-
tor system used for desalination purposes is obtained
by disturbing the feed flow rate, feed concentration,
steam temperature and feed temperature.

The approach followed during the development of
this model, is similar with the ones referenced in the lit-
erature above. Similarly to the steady state models,
energy and material balance equations were used for a
number of variables such as for the feed, product and
vapour flow. The novelty of the proposed model is the
flexibility that it can be applied to all kind of feeding
arrangements like FF, BF and cross/PF with simple
modifications and it can be also applied for any number
of effects. The final equations that arise through this
model were solved using MATLAB solvers.

Following the approach typically used in the litera-
ture [27–29], the MED process is modelled as consist-
ing of three lumps—those for the heat exchanger, the
vapor within the effect and the brine—which interact
by exchanging mass energy and salt content. These
interactions used in the present model are shown in
the typical control volume for the ith effect, Fig. 5.

The model is developed by applying the laws of
conservation of mass, species (salinity) and energy to
the three lumps.

23124 M.C. Georgiou and A.M. Bonanos / Desalination and Water Treatment 57 (2016) 23119–23131



7.1. Overall model assumptions

The model was based on the following
assumptions:

(1) The vapor and liquid phase temperature in the
evaporator are related to each other using the
BPE relationship.

Tb ¼ Tv þ BPE

(2) The lumps are considered well-stirred tanks,
the temperature of the vapor leaving the evap-
orator is equal to the vapor temperature in the
evaporator, and the temperature of the brine
leaving the evaporator is equal to the pool
brine temperature in the effect.

(3) Equal HTA for each effect is assumed.
(4) The thermophysical properties are taken as

functions of temperature and salinity, as given
in [30]. So, the derivative of the brine tempera-
ture with respect to time may be expressed as:

dTb

dt
¼ 1 þ @BPE

@T

� �
dT

dt
þ @BPE

@X

dX

dt

(5) The assumption that the heat exchanger is per-
fectly made, in other words all energy released
by the condensing fluid is absorbed by the
evaporating fluid.

(6) Additionally, the assumption that the mass of
fluid within the heat exchanger does not
change as a function of time is made.

(7) Finally, the heat exchanger is assumed to be at
the same temperature as the effect, e.g. the ther-
mal inertia of the heat exchanger is neglected.

7.2. Conservation of mass

Conservation of mass for brine, vapor and heat
exchanger lumps gives:

dMb

dt
¼ Wb;i�1 þ Wb;hx �Wv;b �Wb

dMv

dt
¼ Wv;hx þ Wb;hx �Wv

dMhx

dt
¼ 0 ¼ Wfeed �Wv;hx �Wb;hx

Substituting from the vapor and heat exchanger lumps
into the brine, one can obtain:

dMb

dt
¼ Wfeed þ Wb;i�1 �Wv �Wb � dMv

dt

Now, consider that M = ρAD, where ρ is density, A is
effect area and D is fluid level. Since the effect is a
closed vessel of fixed height, the brine and vapor
levels are related by Lv = H − L, where L is the brine
level and H is the height of the effect. Using this
expression for the mass of brine, the derivative of Mb

with respect to time may be calculated as:

dMb

dt
¼ qbA

dL

dt
þ AL

dqb
dt

¼ qbA
dL

dt
þ AL

@qb
@Tb

dTb

dt
þ @qb

@X

dX

dt

� �

and similarly for Mv. Combining the above equations
yields a characteristic equation of the form.

Fig. 5. Control volume used in model formulation.
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a1
dL

dt
þ a2

dT

dt
þ a3

dX

dt
¼ a4

With the ai coefficients given by:

a1 ¼ A qb � qvð Þ

a2 ¼ A Lv
@qv
@T

þ L 1 þ @BPE

@T

� �
@qb
@T

� �

a3 ¼ AL
@qb
@X

þ @BPE

@X

@qb
@T

� �

a4 ¼ Wfeed þ Wb;i�1 �Wv �Wb

7.3. Conservation of energy gives

Conservation of energy for the brine, apor and
heat exang lumps:

dðMbhbÞ
dt

¼ Qe þ Wfeedhfeed þ Wb;i�1hb;i�1 �Wvhv

�Wbhb � dðMvhvÞ
dt

dðMvhvÞ
dt

¼ ðWv;hx þ Wb;hx �WvÞhv

dðMhxhhxÞ
dt

¼ 0 ¼ Wstðhst � hdÞ �Qe

Again, performing the substitution of M = ρAD as
above, a similar characteristic equation is found with
coefficients:

a5 ¼ Aðhbqb � hvqvÞ

a6 ¼A Lv qv
dhv
dT

þ hv
@qv
@T

� ��

þ L 1 þ @BPE

@T

� �
qb

@hb
@T

þ hb
@qb
@T

� ��

a7¼AL qb
@hb
@X

þ@BPE

@X

@hb
@T

� �
þhb

@qb
@X

þ@BPE

@X

@qb
@T

� �� �

a8 ¼ Qe þ Wfeedhfeed þ Wb;i�1hb;i�1 �Wvhv �Wb hb

7.4. Conservation of species

We assume that the vapour is pure fluid and hence
does not contain any salt. Therefore, conservation of

species can only be expressed for the brine lump and
gives:

dðMbXbÞ
dt

¼ WfeedXfeed þ Wb;i�1Xb;i�1 �WbXb

From this, the final characteristic equation is derived
with coefficients:

a9 ¼ A qb Xb

a10 ¼ ALXb 1 þ @BPE

@T

� �
@qb
@T

a11 ¼ AL qb þ Xb
@qb
@X

þ @BPE

@X

@qb
@T

� �� �

a12 ¼ Wfeed Xfeed þ Wb;i�1 Xb;i�1 �Wb Xb

The above can then be summarized as the following
system of equations:

a1 a2 a3
a5 a6 a7
a9 a10 a11

2
4

3
5 dL=dt

dT=dt
dX=dt

0
@

1
A ¼

a4
a8
a12

0
@

1
A

The above system of equations is implemented in Mat-
lab. The solution procedure is as follows: the tempera-
tures and levels of each effect are assumed to be
known from measurements as a function of time. The
time derivatives are evaluated using a central differ-
ence scheme. Additionally, the feed water tempera-
ture, flow rate and salinity are given. Finally, an initial
guess for the brine salinity of each effect must be pro-
vided. The system of equations can then be solved for
the unknown parameters brine flow rate, vapor flow
rate and effect salinity.

The methodology developed above is generic in
that it can be adapted for any feed water configura-
tion, forward, backward or parallel. In the present
work, a FF configuration is used. In this configuration,
the brine from the previous effect is used as the feed
for the next effect. Therefore, the term Wb,i−1 does not
appear in the above equations, and the feed conditions
for each effect are taken from the brine conditions cal-
culated for the previous effect. Similarly to a PF con-
figuration, the steam input conditions to each effect
are taken from the calculated vapour conditions of the
previous effect.
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In Fig. 6, the performance ratio (PR) of FF- and PF-
MED configurations as a function of the number of
effects as predicted by the model under steady condi-
tions is presented. The assumptions are a constant
production of water and a constant recovery ratio
(RR) of 0.5, with a feed water salinity of 35 g/kg and
temperature of 35˚C, a top-brine temperature of 70˚C
and the final effect temperature of 45˚C, with a linear
temperature drop between effects. The additional ben-
efit of adding effects decreases as more effects are
added, as shown by the inclusion of the 1:1 linear
curve in the plot.

Also, the PF configuration has a higher PR as com-
pared to the FF configuration, due to the increase in
salinity of the brine used as feed water. The results of
the model of Mistry [31] are also presented for a quali-
tative agreement, as the assumptions for producing
the curve are slightly different.

8. Results

Figs. 7 and 8 present the experimental results from
two different heat input conditions (Qe3, Qe4) when
operating with two effects. As it has been stated, the
aim was to maintain a constant PR of the system for
about 600 s. In order to achieve that, we regulated the
brine flow from first effect to the second one and also
the brine of the second effect to the disposal tank, in
order to keep a constant brine pool level within both
vessels. The PR of the unit is presented in y axes. The
outcome of the model is also presented, with a good
agreement in the predicted values observed.

It can be seen that for a given time series the
dynamic model accurately predicts the magnitude and
variations in the PR for every time step of this time
series. As shown in both Figs. 7 and 8 for two differ-
ent heat loads and time duration of 900 and 600 s,
respectively, the model predictions capture accurately
the experimental findings. More detailed, the dynamic
model calculates the PR with an accuracy of about 90–
95% most of the times. This additional improvement

Fig. 6. Prediction of PR as a function of number of effects
for forward and PF configurations.

Fig. 7. Comparison of the experimental PR values with the
PR values predicted by the dynamic model for heat load
Qe2.

Fig. 8. Comparison of the experimental PR values with the
PR values predicted by the dynamic model for heat load
Qe3.
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in the accuracy of the dynamic model is caused by the
additional assumptions taken into consideration. More
precisely the additional assumption that the thermo-
physical properties are taken as function of tempera-
ture and salinity, helped in the improvement of the
calculations, since the thermophycial properties are no
longer a constant value used for any case.

Additionally apart from the PR of the unit, the
model was then used to predict the performance of a
4 effect FF-MED unit with transient input conditions.
Two cases were considered: in the first case—Case A
—a decrease of 25% in the thermal input was applied
assuming that it was caused by a decrease in the solar
energy available to the plant [32], whereas in the sec-
ond case—Case B—the same decrease in thermal
input was applied but the feed water flow rate was
also adjusted so as to achieve the same PR in a given
amount of time.

As mentioned above, in Case A, a decrease of 25%
to the thermal input to the plant was applied in the
form of a step function. Each effect’s temperature and
level was considered to remain constant, while the
brine salinity varied as a result of the applied step
change. The model was initialized from steady condi-
tions with a PR of 2.5 and a RR of 0.37 and the
response is shown in Fig. 8. Due to the step change in
thermal input, the PR also dropped instantly by 16%
to 2.1 however it does not attain immediately a steady
value.

As it is shown in Fig. 9, the PR of the unit started
gradually to decrease from the first effect to the fourth
effect. The PR value of the first effect was higher than
the PR value of the rest effects and as we kept on add-
ing more effects to the unit the PR value continued to
decrease. This was expected due to the fact that the
amount of steam generated by evaporation in every
additional effect is less that the amount in the previ-
ous one, due to the increase in latent heat of vaporiza-
tion caused by the decrease in the effect’s
temperature. Therefore, the amount of vapour pro-
duced by boiling is less than the amount of condensa-
tion steam used for heating in the next one.

The time needed in order for the system to reach
steady-state conditions is better indicated in the salin-
ity plots (salinity of brine produced by each effect), as
shown in Fig. 10. It is clearly presented that the time
constant to reach steady state is in the order of 4,000 s
for the fourth effect, whereas the first effect reaches
steady state after only 1,000 s. As it has been already
explained, the procedure takes place gradually from
the first to the last effect, thus the time lag between
the effects was expected.

In Case B, the same decrease of 25% to the thermal
input is applied, but now we investigate the control of
the plant by setting the objective to achieve the same
PR within 30 min of the step change in thermal input,
as shown in Fig. 11. A linear change in feed water
flow rate was applied over the desired 30 min period,

Fig. 9. System response to a 25% step reduction in thermal input, as a function of PR.
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decreasing the flow rate also by 25% in order to
achieve the same PR.

The response of the brine flow rates between
effects are presented in Fig. 12. The outcome is
interesting: immediately after the decrease in
thermal input, brine flow rates increase, as less

energy is available for the evaporation of the feed-
water. Once though the feed flow rate starts to
decrease, the brine flow rates also decrease until a
steady state is reached. With this simple example
the control of the plant is demonstrated based on
the desired output.

Fig. 10. System response to a 25% step reduction in thermal input as a function of salinity.

Fig. 11. System response to a 25% step reduction in thermal input as a function of PR, over the desired time period.
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A step function was used in order to simulate the
reduction in the heat load fed to the system. This
caused another limitation of the model since it could
predict a decrease in the heat load similar as the one
occurred during the experiments.

9. Conclusions

In the present paper, we develop a transient model
for PF- and FF-MED configurations and validate it
against steady state measurements of a custom MED
unit. This work was the intermediate step between the
steady state operation of the unit that it has been
already examined, and the transient behaviour of the
unit, which is to be concluded. The predictions of the
model agree well with those observed experimentally,
in terms of PR and brine flow rates, but also qualita-
tively agree with trends reported by other researchers
in the literature.

The objective is to use the model to predict the
performance of the MED unit when it is coupled with
an intermittent renewable energy source such as solar
energy, and to aid in decisions regarding plant opera-
tion and control under unsteady conditions.
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