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ABSTRACT

The thermal desalination systems like multi-effect distillation and multi-stage flush have
gone through a strong development process to increase energy efficiency and to improve
energy recovery. While these improvements have led to lowered energy consumption, dif-
ferent concepts could be necessary to adapt the thermal desalination systems to renewable
energy sources. A specially designed low-temperature desalination driven by low-grade
waste heat can be used to desalinate seawater and to clean polluted water with a higher
conversion ratio than existing systems. The reason for this improvement is a drastically
improved heat transfer of this system, using spray systems for evaporation, and condensa-
tion. It was tested in a demonstration plant in El Gouna, Egypt, in cogeneration with diesel
generators which used 7MWth to desalinate 500m/d. This paper introduces a model of the
low-temperature desalination process, which is derived from experimental data and techni-
cal specifications. It required the development of energy, mass, and material balances of the
media streams with respect to the measured data from the demonstration plant. The model
is implemented using the energy process simulation software “Ebsilon Professional” and
combined with a 10-MWth concentrating solar power (CSP) plant. The results show the
cogeneration of 2.2 MWel power in the CSP plant and 520m/d fresh water in the desalina-
tion. Furthermore, the output depends on various process parameters like cogeneration
fraction, temperature levels, and input salinity, which are analyzed and discussed.

Keywords: Thermal desalination; Low temperature; Waste heat; Cogeneration; Concentrating
solar power; Hybrid systems, CSP+D

1. Introduction

One of the most urgent and serious problems faced
in the MENA region today is the scarcity of fresh
water [1–3]. Due to population growth, increasing

standards of living, and overexploitation of existing
resources, it is likely that industrial desalination will
become one of the key technologies in the near future
[2]. Fossil fuel-based desalination is still a costly
process mainly applied in the oil-rich countries in the
Arabian Gulf. Comparing the solar direct normal
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irradiation of this region and the water supply shows
a strong correlation between the potential of concen-
trating solar power (CSP) plants and water scarcity. A
promising solution for increasing the water supply
may be the cogeneration of electricity in CSP plants
and combined thermal seawater desalination [4].
Within this field, especially low-grade heat-driven
desalination technologies have recently attracted much
attention, since they have numerous advantages com-
pared to other desalination processes [5]. This technol-
ogy has just a small effect on the electrical power
output of the plant, when the use of cheap waste heat
is possible and more reductions in material costs for
the solar field can be achieved.

This paper will present an innovative low-tempera-
ture thermally driven desalination system, which was
demonstrated and tested in El Gouna, Egypt [5]. The
model of this system allows the simulation in combina-
tion with a CSP plant, which could deliver enough ther-
mal power to generate electricity and fresh water [6].

2. Low-temperature desalination

The low-temperature distillation (LTD) process,
proposed by Watersolutions AG, Switzerland, is similar
to conventional systems like multi-stage flash (MSF)
regarding the process flow, but it uses the temperature
and pressure dynamics of a multi-effect distillation
(MED) system. The system was first built up and tested
in El Gouna, Egypt, in combined heat and power con-
figuration with diesel generators in 2009. The LTD uses
a special spray system to increase the surface of the

water inside the respective reactor, which causes an
efficient and strongly increased specific heat transfer
between steam and distillate especially on the conden-
sation side [5]. The measurements of the demonstration
plants have shown possible heat transfer rates of more
than 40,000W/m2K in the reactors [7].

The basic system layout is visualized in Fig. 2.
Each stage consists of two connected reactors with an
evaporation (1) and condensation (2) side. The system
consists of several reactor vessels (evaporation and
condensation for each stage), which are flowed though
by two major mass flows on each side of the system.
This major mass flows (circulation) in the magnitude
of 800m3/h act as transportation and heat exchange
media through the respective heat exchanger (5, sea-
water and 6, distillate). The reactors are connected by
a demister/droplet separator (3) to avoid saltwater in
the distillate reactors. Several stages allow more heat
efficiency and increase the water production, but
increase the investment costs. Those circulating flows
require electrical power for pumping not exceeding
1.5 kWh/m3 depending on the temperature difference
present. Experiments on the demonstration plant have
shown that a minimum heat gradient could be
approximated to 1.5 K between evaporator and con-
denser for one stage, but the system was designed to
run at 20 K with two stages at full load.

3. Model development

The LTD system is modeled using the software
Ebsilon Professional V10.0 [8] by adapting the

Fig. 1. Water supply within the average climate change scenario for MENA [4].
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scripting kernel module. This simulation environment
is suitable to describe the thermodynamic behavior of
salt and fresh water as well as the required electric
power for pumping. Furthermore, the solar libraries of
Ebsilon Professional offer a wide set of options to
integrate the LTD system in power generating cycles
used for CSP plants [8]. This allows a detailed analy-
sis of several system combinations and different
parameters.

The media flows are illustrated in Fig. 3. The salt
water is heated up in HEX1 and pumped (4) to the
first evaporation reactor vessel (E1) in the top of perfo-
rated sheet metal trays in order to increase the surface
of the water (2). Because of decreased pressure regime
in E1, the salt water partially evaporates, while the
not-evaporated saltwater mass flow decreases its tem-
perature according to evaporation enthalpy. This leads
to a perpetual steam flow, which is assumed to be free
of ions and passes through the demister/droplet (3)
separator to the condensation reactor vessel C1. The
distillate circulation is pumped (7) through similar
perforated sheet metal trays inside the condensation
reactor to increase its surface. Through cooling down
the distillate in HEX3, the generated steam immedi-
ately condenses under the perforated steel plates
increasing the temperature of the distillate. This pro-
cess will continue at different temperature/pressure
conditions in the following stages: E2–E4 and C2–C4.
The heat recovery between evaporation and condensa-
tion takes place in HEX2, which further increases the
process efficiency.

Describing the temperature correlation between the
heat provided in HEX1 with THOT_IN and the cooling
in TCOOL_IN in HEX3, the temperature difference of
the whole systems ΔTSystem defines to

DTSystem ¼ THot in � TCool in

According to the specification of the manufacturer, it
is required that ΔTSystem should be designed to mini-
mum 10 K for each stage. The temperature difference
in the single evaporation or condensation reactor ves-
sels should be ΔTReactor, respectively. The evaporation

Fig. 2. Process scheme of the LTD system.

Fig. 3. Saltwater and distillate flows.
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and condensation in each stage can be written as
ΔTStage depending on i stages:

DTStage ¼ DTSystem � DTReactor

iþ 1

The experiments on the demonstration plant showed a
possible temperature difference, ΔTReactor, in the
single reactor vessels ranging from 1 to 3 K. The distil-
late output of each stage can be calculated using the
following equation:

_mdist ¼
ðPn

i¼1 _micpDTStage;iÞ � t
hv

3.1. Evaporator modeling

It is necessary to model the evaporation and
the condensation process separately for each stage.
The reduction of each stage, i with one evaporator
and one condenser can be seen in Fig. 4, which illus-
trates the previous stage i − 1 and the subsequent one
i + 1. Only the first stage has to be modeled differently
because of the incoming saltwater flow after the heat
supply in HEX1 [6].

Due to simplifications, the simulation neglects all
heat and friction losses so that the spraying process
can be assumed as steady flow with a constant
enthalpy for all stages. This allows the formulation of

the following enthalpy balance, where as hevap;i�1 is the
specific enthalpy before the spraying and hspray;i after
the spraying [6].

dU

ds
¼ hevap;i�1 � hspray;i ¼ 0

The expansion during the spraying process lowers the
pressure of the saltwater to the respective pressure of
the reactor, i corresponding to the vapor pressure
pevap;i calculated from the system temperatures Tevap;i

in the last section. The steam content xevap;i evolving
from the saltwater in the evaporator increases and can
be calculated by assuming h0 as specific enthalpy of
the boiling liquid and h00 as saturated steam,
respectively.

xevap; i ¼ h0ðTevap;i�1Þ � h0ðTevap;iÞ
h00ðTevap;iÞ � h0ðTevap;iÞ

The salt content of the steam is assumed to be zero.
The measurements on the demonstration plant have
shown residual salt content lower than 30 ppm TDS
[5]. The distillate mass flow _mdist;i after the first stage
can be now approximated by this formula:

_mdist;i ¼ xevap;i � _mevap;i�1

The specific enthalpy of the distillate hdist;i corresponds
to the state of saturated steam h00ðTevap;iÞ. Thus, the spe-
cific enthalpy of the salt water flowing in the subse-
quent reactor is assumed to have the enthalpy of
boiling liquid h0ðTevap;iÞ. Having the mass flow of the
distillate, it is now possible to calculate the mass flow
entering the subsequent stage i + 1. The process implies
that after each stage, the salt concentration needs to
increase which is given by the next formula [6].

_mevap;iþ1 ¼ _mevap;i � _mdist;i

xsalt;iþ1 ¼ xsalt;i �
_mevap;i

_mevap;iþ1

This procedure allows the simulation of any desired
amount of stages by the given salt water flows.

3.2. Condenser modeling

The condensation has to be modeled differently
but can use all fluid properties, mass flows, and
enthalpies calculated in the evaporator part. The most
significant difference compared to the evaporator isFig. 4. Reduction of the model to stage i [6].

3166 J. Wellmann et al. / Desalination and Water Treatment 55 (2015) 3163–3171



the simulation of the pumps and the required electri-
cal work for pumping the distillate into the subse-
quent condenser. This is necessary because of the
increasing pressure level in each reactor to allow the
condensation of the evolved steam. The flow direction
is reverse compared with the evaporation so that the
interaction of evaporator and condenser can be seen
like a big counterflow heat exchanger.

The simulation of the required pumping power is
implemented by using enthalpy differences of each
condenser stage under the assumption of an ideally
isentropic compression of the distillate, excluding the
first condenser stage. The pressure level corresponds
to the evaporator stage i − 1 calculated in the evapora-
tor part by pevap;i�1. This allows the calculation of the
ideal specific enthalpy of the pump hpump;isen;i in depen-
dence of the specific entropy scond;i and the pressure
pevap;i�1, respectively. To calculate the real specific
enthalpy, the isentropic efficiency ratio gs is used [6].

hpump;real;i ¼ ðhpump;isen;i � hcond;iþ1Þ � 1gs
þ hcond;iþ1

The required pumping power can be derived using
the mass flow and mechanical efficiency ratio gm of
the pump. Summing up all pumps between each con-
denser gives the total pumping power required in the
condenser.

_Wpump;i ¼ ðhpump;real;i � hcond;iþ1Þ � _mcond;iþ1 � 1

gm

_Wpump;total ¼
Xn�1

i¼1

_Wpump;i

After pumping the distillate to the next condenser
stage, it causes the condensation of the water vapor.
This increases the mass flow and the temperature of
the distillate by each condenser stage. The mass and
entropy balance gives the added quantity and new
fluid properties of the distillate similar to the evapora-
tor part.

_mcond;i ¼ _mcond;iþ1 þ _mdist;i

hcond;i ¼ ðhpump;real;i � _mcond;iþ1 þ hdist;i � _mdist;iÞ � 1

_mcond;i

So the thermodynamic state of the fluid at the exit of the
reactor, i is defined and the specific entropy scond;i can
be calculated depending on hcond;i and pcond;i needed for
the determination of the pumping power [6].

It is very important to avoid a phase change in the
condenser reactors (boiling distillate) and to ensure
that the distillate flow can easily take up all energy
from the distillate steam, otherwise the simulation will
be incorrect. Operational experience from the real
demonstration plant shows that the pumps have prob-
lems with cavitation. All calculation results are visual-
ized in Fig. 5, showing the LTD process overview and
especially the conditions within a four-stage LTD
system.

4. CSP plant

A simplified process scheme with the solar
libraries of Ebsilon Professional [8] is used to simulate
a direct-steam fresnel CSP system with 9.97MWth

effective solar heat. Ebsilon allows the simulation of
commercial-available concentrating solar thermal col-
lectors with detailed data on geometry and perfor-
mance. The calculation is performed using the data-set
of the NOVATEC linear fresnel collector [9] with
direct steam generation up to 460˚C based on data for
local conditions in El Gouna, Egypt. The steam turbine
is modeled as two-stage system from Siemens
(SST-110) with a high- and low-pressure part [10]
expanding the generated steam from 60 to 0.4 bar,
while reducing the temperature from 456 to 76˚C. The
steam mass flow is set to 12 t/h resulting in an electri-
cal power generation of approx. 2.3MWel. Fig. 6

Fig. 5. LTD process overview for four stages.
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shows the designed simplified CSP system with feed-
water pump, solar field, turbines, condenser, deaera-
tor, and some process parameters. Blue lines indicate
liquid water; red lines, steam; and green lines, a
water/salt mixture.

The condensing temperature and pressure are
determined by the mass flow and heat transfer to the

desalination system. Using the stated system, the tur-
bine outlet pressure and its steam temperature can be
lowered to 0.4 bar and 75˚C. A lower turbine outlet
pressure would allow higher electric power generation
but less desalinated water. Anyway, the complete con-
densation of the steam needs to be ensured. To
improve the heat extraction for the LTD system, an
additional sub-cooler is modeled, which cools the CSP
feed water down to 54˚C. In a real system, this heat
exchanger will be designed as one condenser with the
properties to allow the sub-cooling needed. This trans-
fers approx. 7.6MWth heat to the desalination system.

5. Simulation results

The combination of the 10MWth CSP system and
the desalination can be now modeled. The heat exchan-
ger 1 (HEX1) can be seen as interface between power
generation and desalination. So the desalination system
is supplied by the condensation heat of the steam in the
power block. Fig. 7 shows the complete process in
Ebsilon Professional and some exemplary values.

The performance of this combined heat and power
plant can be analyzed regarding electrical power
generation, distillate production, heat input, and
energy consumption. It could be shown that the main
influences are the condensing steam pressure in HEX1

Fig. 6. CSP system with direct steam generation.

Fig. 7. Combination of CSP and desalination system.
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of the CSP plant, the circulation mass flows of the
desalination system, and the sea water salinity. Fur-
thermore, increasing the number of stages improves
the heat efficiency and water production of the desali-
nation system, but also leads to higher the investment
costs.

5.1. Start parameters

The most important initial parameters are listed in
Table 1. It should be mentioned that the minimal
temperature difference in HEX1, 2, and 4 is smaller
compared with HEX3. This heat exchanger is intended
to simulate a cooling cycle, which is not integrated in
this simulation yet. The cooling mass flow is set to
1,500m3/h to ensure sufficient heat removal in the
desalination system. The efficiency ratios of the pumps
and the motors are assumed to be ideal at 100% to

simplify the process. The salt content corresponds to
the measured sea water salinity of the Red Sea in El
Gouna, Egypt, and is set to 40 g/l TDS.

The power output of the solar field is subject to
variations during the day. The simulation neglects this
and calculates only the peak of the day in steady-state
conditions. All location parameters are set to El
Gouna, Egypt, with an approximated DNI of
900W/m2. Actual measurements have shown values
ranging from 600 to 1,100W/m2.

5.2. Simulation results

It is important to change the parameters in a
differentiated way for each simulation. For some more
detailed analysis, it is necessary to modify selected
parameters, which will be mentioned in the respective
section. The main results are listed in the Table 2 below.

Table 1
Simulation start parameter

Desalination
system

Evaporator mass flow 750 m3/h

Condenser mass flow 750 m3/h
Number of stages 4 –
Efficiency ratio (isentropic,
mechanic)

100 %

Salt content 40 g/l TDS
Max. temperature Intake 62.9 ˚C
Cooling temperature 40 ˚C

CSP system Solar field size (60 collector units) 44,820 m2

Location DNI, El Gouna, Egypt 900 W/m2

Steam mass flow 12 t/h
Steam pressure 60 bar
Solar field pressure loss 15 bar
Condensation pressure HEX1 0.4 bar

Table 2
Simulation results

Desalination system Distillate mass flow 21.66 m3/h
Elec. power consumption for pumping 19.7 kWel

Spec. power consumption 0.91 kWh/m3

Spec. heat demand (4 stages) 1,291 kJ/kg
Top brine temperature 58.7 ˚C
Salinity brine 55 g/l TDS

CSP system Solar field effective heat generation 9,974 kWth

Solar field power generation 2,290 kWel

Temperature before solar field 76.2 ˚C
Pressure before solar field 75 bar
Temperature after solar field 456 ˚C
Pressure after solar field 60 bar
Condensation heat 7,605 kWth
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The results correspond with the measured values
of the demonstration plant and with the given data of
the manufacturers [5]. Nevertheless, it needs to be
mentioned that some simplifications should have a
negative impact on the distillate production and the
specific power consumption, especially the efficiency
ratios of the circulation pumps. But compared to con-
ventional MED or MSF plants, the simulated LTD sys-
tem is still more efficient and cost effective for the
selected power range.

6. Discussion

In this section, some specific parameters are exam-
ined to investigate the behavior of the whole system.
It turned out that the circulation mass flows in the
desalination system used to run the spraying system
in the reactors are especially important for the specific
electrical power consumption and the overall effi-
ciency of system [6].

6.1. Influence of the CSP condensation pressure

Fig. 8 shows the influence of the desalination sys-
tem to the power generation in the CSP cycle without
changes in the circulation mass flows. The condensa-
tion pressure directly corresponds to the maximal
temperature entering the desalination system. Lower-
ing this pressure increases the power generation but
decreases the distillate production. Those simulation
results are generated based on constant circulation
mass flows. They need to be set to sufficiently high
values so that mass flow allows the complete conden-
sation of the steam in HEX1 after the low-pressure
turbine. Thus, it can be seen that there is only a minor
influence of the distillate production to the CSP power
generation. This is due to the constant circulation
mass flows having a negative impact on the specific
power consumption of the desalination system.

6.2. Influence of the circulating mass flows

Fig. 9 illustrates the effect of minimized circulation
mass flows ensuring a complete heat removal in
HEX1 for the condensation in the CSP system. The
CSP condensing pressure in HEX1 is varied from 0.18
to 0.7 bar with adapted mass flows to the temperature
levels. Fig. 9 shows a significant increase in the distil-
late production due to decreased circulation mass
flows and higher condensation pressures. This results
in higher top brine temperatures and higher distillate
production with decreasing specific energy consump-
tion (less pumping power required). The specific

power consumption and the distillate production are
more or less constant at pressures above 0.5 bar. The
opposite conclusion implies that for lowered conden-
sation pressures, a higher mass flow is necessary due
to the total system temperature gradient. So it can be
concluded that the optimization of the mass flows has
a major impact on the specific energy consumption
and distillate production.

6.3. Influence of the number of stages

In Fig. 10, the number of stages is varied from 4 to
24. The figure shows a strong increase in the distillate
production, while the specific energy consumption is
slightly decreasing. The mass flows have been opti-
mized to the respective number of stages in order to
gain the maximum distillate output. Due to the system
design, it is not necessary to double the circulation
mass flows for each additional stage. It can be
assumed that the optimal compromise between
specific energy consumption, investment costs, and
distillate production is reached with 14 stages.

Fig. 8. Power generation depending on distillate production
and condensation pressure [6].

Fig. 9. Distillate production and specific power consumption
with optimized mass flows [6].
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6.4. Influence of the seawater salinity

In Fig. 11, the influence of the seawater salinity is
examined between values from 20 to 80 g/l TDS at four
stages. The complete system is not prone to high feed
water salt concentrations like every thermal desalina-
tion system. While the specific power consumption is
pretty constant, the distillate production decreases with
increasing feed water salt content. This is mainly due to
the changed fluid properties of salt/water mixtures.
There is a shift to higher evaporation temperatures on
high concentrated solutions at constant pressures.

7. Conclusion

The combination of a CSP plant and a thermal
seawater desalination plant has been modeled and the
most important influence factors have been identified.
The future research will focus on the optimization of
the structure and the general plant concept with
respect to the maximization of the power and water
output and minimization of investment costs. This
requires a more detailed CSP simulation with the

integration of a thermal storage system and an adapted
cooling system for the selected location. However,
balancing between sufficient heat transfers without
lowering the power generation is one of the main chal-
lenges of this concept. This also requires careful
dimensioning of the respective components. The next
steps include a detailed exergy analysis to determine
the efficiency of each component and an exergo-eco-
nomic analysis to evaluate the plant’s costs structure.

The reduction of the specific electricity consump-
tion of the desalination system will also be part of the
optimizations. There are several possible approaches
for an optimized design of the reactors. The compari-
son with MED and MED-TVC systems [4] could show
the advantages of this system due to no use of low-
pressure motive steam for thermal vapor compression.
The water production can be further increased using
additional heat exchangers for preheating and suitable
cooling systems. Another problem in terms of an
appropriate brine treatment remains but could be
solved with the conception of zero liquid discharge
concepts for salt production.
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