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abstract
The design and optimization of a concentrated solar power–desalination of seawater (CSP–DSW) 
plant is based on the accurate characterization and better integration of sub-components, such as 
the multiple effect distillation (MED). We set out to design and fabricate two pilot MED systems that 
consist of high performing components and involve a high degree of thermal integration with the 
rest of the system. An MED system with a series of thermal vapor compressors (TVCs) driven by 
heat harvested from the thermal storage subsystem of the CSP–DSW is proposed. An algorithm is 
presented which optimizes the gain output ratio (GOR) by varying of the number and entrainment 
ratio of TVCs. The use of modular parallel plate falling film heat exchangers and overall process 
thermal management increase the flexibility and overall efficiency of MED. Experience with the 
design and fabrication of a transparent single-effect experimental MED aimed to quantify the per-
formance of the parallel plate falling film heat exchanger and to allow visualization of permeate 
vapor is discussed. A 10 kWt four-effect MED design is also described for use in a proof-of-principle 
CSP–DSW study to be performed at the Cyprus Institute.
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1. Introduction

Rapid urbanization, population growth and climate 
change has led to increased global demand for new 
sources of clean water for human use, and the pursuit of 
new materials and systems for water purification [1]. For 
water-stressed regions in geographical zones receiving 
high solar flux, recent studies [2] indicate that thermal de-
salination methods can be efficiently coupled to a closed 
power cycle driven by steam generated by concentrating 
and storing solar thermal energy, a concept known as 
concentrated solar power–desalination of seawater (CSP–

DSW) (Fig. 1a). The AQUA-SOL report [2] provided an 
extensive comparison of seawater desalination practices 
and selected reverse osmosis (RO) and multiple effect 
distillation (MED) as the best candidate methods for water 
production in a CSP–DSW system. 

One challenge in dual-purpose CSP–DSW plants is 
the reduction in the efficiency of the power cycle due to 
the extraction of process steam from the turbine in order 
to feed the thermal desalination system [3]. A recent 
study [4] of candidate seawater desalination methods 
in an island CSP-DSW system found that the advantage 
of using MED vs. RO hinges on whether MED allows 
better thermal integration of subsystems than RO, while 
maintaining high water production rates. The integration 
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of the solar energy storage with the MED subsystem, as 
shown in Fig. 1b, was proposed. This additional heat 
input allows the upgrading of the low-pressure motive 
steam which drives the thermal vapor compressor (TVC) 
component and increases the energy efficiency of MED.  

The present work is motivated by the general recom-
mendation in [4] to test and demonstrate certain critical 
subsystems at an experimental scale, and focuses on the 
creation of a small-scale MED subsystem ready to be in-
tegrated in an autonomous CSP–DSW system. The first 
part consists of the formulation of an MED mathemati-
cal model, which includes an optimization algorithm to 
maximize the water produced for a given heat source by 
varying the TVC characteristics and operating conditions. 
The second part addresses the design and fabrication of 
two pilot MED systems (10 kWt nominal power) with 
compact modular design, which are based on parallel 
plate falling film heat exchangers exhibiting high heat 
transfer coefficients. The first system is a single-effect 
transparent MED to characterize the performance of the 
parallel plate falling film heat exchanger and to visualize 

Fig. 1. (a) CSP–DSW concept. (b) Process flow diagram for MED shoing harvested heat (dash arrows) input to the thermal vapor 
compressor (TVC). A heat exchanger allows the addition of heat (QH) harvested from the solar collection system to the steam 
extracted from the turbine before it enters the TVC. This is added to the process thermal power (QP), which is the dominant 
energy input to the MED. Vacuum is created by the combination of thermo-compressor and steam ejector.

the permeate vapor flow within the vessel. The second 
is a four-effect MED unit, with identical component di-
mensions to the one-effect MED, which will be used to 
implement the integration of the harvested heat TVC and 
to study the overall CSP-DSW performance.  

2. Mathematical model

The MED model is based on conservation of mass, 
momentum and energy applied on control volumes 
defined by the boundaries of individual effects and heat 
exchangers.

2.1. Basic MED model

The thermodynamic properties of water are deter-
mined from IAPWS IF97 [5] and these of seawater from 
correlations valid for ranges in temperature between 
0–200°C and in salinity between 0–120 g/kg [6]. The boil-
ing point elevation between the permeate vapor and brine 
in each effect is equated with the log mean temperature 
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difference (LMTD). The overall heat transfer coefficient 
is fixed at 4 kW/(m2K) [7,8]. We consider a basic MED 
process scheme (Fig. 1b) based on the parallel feed con-
figuration, as described by Darwish and Abdulrahim [9] 
and El-Dessouky et al. [10]. Additionally, it was assumed 
that the heating steam exits the condensers at saturated 
conditions and heat transfer losses were neglected.  

2.2. TVC model 

The analysis of the TVC subsystem (Fig. 2) has been 
performed using a classical compressible gas dynamics 
model [11] subject to the following assumptions:

•• The ejector is well insulated and adiabatic.
•• Steam is considered as an ideal gas.
•• The kinetic energy at TVC inlets and outlet are neg-

ligible.
•• Isentropic relations with nozzle, mixing, and diffuser 

efficiencies are employed to account for non-ideal 
effects of frictional and mixing losses. The nozzle, 
mixing and diffuser efficiencies are assumed to be 
0.90, 0.90, and 0.95, respectively [11].

•• Mixing of the motive steam and entrained vapor 
occurs at constant pressure, which is the entrained 
vapor pressure.

The total enthalpy at the TVC exit is directly related 
to the entrainment ratio, which is defined by the ratio of 
the motive steam to entrained vapor flow, r = ms/mv. For a 
given motive steam inlet condition, the optimal entrain-
ment ratio maximizes the heat transfer to the first effect 
of the MED, Q1. This is equivalent to the maximization 
of the gain output ratio (GOR), which is the ratio of the 
mass of water product per mass of heating steam supplied 
to the first effect, mp/ms. A tandem two-ejector system is 
considered if the motive steam and the vapor entrained 
from the last effect does not achieve the pressure boost 
produced with one steam ejector. 

Fig. 3 shows the flowchart of this optimization al-
gorithm. The algorithm starts with one TVC. For given 
motive steam and entrained vapor properties, the solver 
examines if the maximum achievable pressure, pmax, is 

Fig. 2. TVC schematic. The TVC is analyzed in four constant 
volume sections: an isentropic adiabatic Laval nozzle (S to 1), 
a constant pressure mixing section (1–2), a constant area duct 
with supersonic inlet condition causing a normal shock (2–3) 
and a diffuser to further compress the motive steam through 
the conversion of kinetic energy into fluid pressure (3–exit).

higher than the minimum required pressure, preq. If not, 
a second TVC is added in order to increase pmax. When 
pmax is greater than preq, the entrainment ratio that maxi-
mizes the available energy of the mixed steam output, 
α, is found. This optimization allows for lower pressure 
motive steam to be used by finding entrainment ratios 
that give the minimum TVC outlet pressure.  

The present basic MED model (without TVC) com-
pares very well with other published MED model predic-
tions [9] when the same assumptions are made. There is a 
dearth of publications that can help us evaluate the effect 
of TVC and configuration changes on the performance 

Fig. 3. Flowchart of the TVC optimization algorithm.
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of MED. We consider measured values from [12] and 
predictions from [13,14], which give all the input values 
necessary to compare the present model predictions with 
reported GOR values. The results are summarized in 
Table 1. There are several differences in process configu-
ration between the present and reported MED systems. 
The Mirfa [12] configuration is very similar to our con-
figuration (see Fig. 1b), except that the former system also 
harvests vapor flashed from brine and condensed vapor 
in flashing tanks. In the Al-Taweelah A1 plant [12], the 
vapor from the third (rather than the last) effect enters 
into the steam ejector. All reported systems feature feed-
water pre-heaters using the vapor from each effect. We 
have not included this feature in our model because we 
aim at describing a small-scale MED system characterized 
by simple design and low equipment cost. 

The present model under-predicts the reported GOR 
values by 21–23%. This is consistent with the 24.6% 
increase in GOR reported in [9], which is attributed to 
feedwater preheating. Essentially, the systems reported 
in the literature make better use of the steam energy to 
increase the sensible heat content of the seawater fed 
into each effect. Our MED-TVC simulations have been 
performed with motive steam pressure as low as 0.5 bar. 
The TVC outlet pressure and entrainment to compression 
ratios compare favorably with reported values. 

2.3. Solar energy storage harvesting

The heat storage subsystem in CSP–DSW is main-
tained at a temperature in excess of 550°C [4]. Conse-
quently, there is significant potential to harvest and ex-
ploit a portion of the stored thermal energy, which would 

Table 1
Comparison of present MED model predictions with values reported in the literature

Mirfa [12] plant Al-Taweelah A1 [12] 
plant

Nafey [14] model Sayyaadi [13] model 

Present Reported Present Reported Present Reported Present Reported

Number of effects/TVC 4/1 6/1 10/0 7/1
Motive steam flow rate, kg/s 6.8 12.3 57.9 2.6
Motive steam temp., °C 224 131.2 73 180
Motive steam pressure, bar 25 2.8 0.35 2
First effect temp., °C 58.8 62.5 66 67.7
Final effect temp., °C 46.8 42.8 40 48
Feed seawater temp., °C 30 30 30 25
Feed seawater salinity, g/kg 46 46 45 39
Feed seawater temp. 1st effect, °C 42 40 39.1 55.9 36.3 65 41.8 56
Distillate production, kg/s 41.3 52.6 76.5 99 365.4 463 17.9 23.2
GOR 6.08 7.7 6.22 8.05 6.31 8 6.99 9.01
% Difference distillate production 21.5% 22.7% 21.1% 22.8%
Differences with reported systems brine flashing, 

feedwater preheater
feedwater preheater, 
split effect train

forward feed, 
feedwater preheater 

segmented 
feedwater preheater

be otherwise lost to the environment. In the present model 
the harvested heat is added to the motive steam enter-
ing the TVC. The underlying thermodynamic process is 
modeled by adopting the ideal gas constitutive equation 
and by assuming that we have constant heat addition in 
a constant diameter pipe without friction (Rayleigh line). 
The stagnation temperature elevation of the motive steam 
after the harvested heat amount QH is added is given by 
the equation

( )02 01H H s pQ m C T Th = −� 	 (1)

Due to the physical separation of the thermal storage 
subsystem from the MED–TVC, the efficiency of the heat 
addition to the TVC is considered to be only hH = 0.7. For 
the operating conditions of a typical MED system, the 
temperature after the TVC can be increased by 100°C with 
only a 10% thermal energy addition (Fig. 4).

2.4. Integration of harvested heat into MED–TVC

During the simulation of the MED–TVC model with 
harvested heat addition, the following algorithm is 
implemented:  
1.	 Guess initial values for the heat transfer to the first ef-

fect, Q1, and the preheated seawater temperature, Tph.
2.	 Compute MED performance by applying mass and 

energy conservation, and thermodynamic equations 
of state for effect i. The heat transfer to the next effect 
Q(i+1) is the energy to fully condense the vapor perme-
ate vapor of the previous effect. The brine from effect 
i is first mixed with the distributed seawater feed and 
becomes the saline feed to effect i + 1. Repeat step 2 
until i = n
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Fig. 4. Motive steam temperature increase as a function of the 
portion of the harvested heat input into the MED. Predictions 
for steam inlet Mach number of 0.5, 73°C temperature, and 
50 kPa-a pressure.

3.	 Find Tph from the amount of vapor produced in the 
last effect, pnm� , and the heat transferred to the inlet 
seawater. Repeat step 2 to 3 until Tph converges.

4.	 Add harvested heat to motive steam.
5.	 Perform TVC optimization algorithm (Fig. 3). Return 

to step 2 until convergence of Q1.

3. Design of pilot MED

A small scale, 10 kWt, system is being developed to 
demonstrate proof of principle of the CSP–DSW system 
integration. The heat exchanger is modular so the num-
ber of plates in each effect can be varied in to achieve 
the desired performance at both a low component and 
manufacturing cost. To design and characterize the MED 
system for this purpose an understanding of the heat ex-
changer performance (accurate estimates of the pressure 
drop and heat transfer coefficient), permeate vapor path, 
and overall system steady state and transient performance 
is required. Since we expect variations in solar radiation, 
the MED system can accommodate between to 10–20 kWt 
heat input. Since many components traditionally used 
in MED are not commercially available at this scale, 
off-the-shelf components for use in home potable water 
distribution systems and sanitary/chemical processing 
have been employed in the apparatus construction, when 
appropriate. 

3.1. Heat exchanger performance prediction

We have opted for a seawater-compatible, falling film 
heat exchanger design by Alfa Laval (a leading MED 
equipment manufacturer). We have chosen a compact 
pressed plate heat exchanger rated for up to 20 kW heat 
input, which is similar in design to that used in state-
of-the art large-scale (MW-scale) MED units. The heat 

exchanger is designed to operate in the so-called shear-
controlled flow regime involving high mass fluxes and 
pressure drops along the narrow (2–5 mm) channels. 
These units have been reported to exhibit evaporative 
heat transfer coefficients up to 4,000 W/m2K [7]. This is 
consistent with experimental/computational data regard-
ing falling film herringbone-type, chevron or corrugated 
plate heat exchangers extracted from the scientific litera-
ture for steam. Specifically, a correlation for the overall 
heat transfer coefficient based on experimental analysis of 
falling film steam condensation in corrugated plate heat 
exchangers, was found to be between 2– 30 kW/(m2K) and 
with 30% variation [15]. Furthermore, the frictional pres-
sure drop can be calculated using the Lockhart–Martinelli 
correlation which predicts a total pressure drop between 
5–100 kPa/m, depending strongly on the Reynolds num-
ber, found to vary within 20% [16]. We have modified the 
sealing gaskets to allow for communication of seawater 
channel with the brine pool inside the effect (Fig. 5b). Alfa 
Laval has confirmed the sizing and structural integrity of 
the seawater side gasket modification. 

3.2. Single effect MED apparatus

A single effect MED has been constructed for heat 
exchanger performance characterization, sensitivity to 
input heat, flow visualization of the permeate vapor flow 
path within the vacuum vessel and condensate wetting 
of the heat exchanger plates. The process configuration 
is shown in Fig. 6. The effect is a transparent acrylic cyl-
inder. Differential pressure transducers between the heat 
exchanger inlet and outlet on the steam and seawater 
sides measure the pressure drop across the condenser 
and evaporator, respectively. The overall heat transfer 
coefficient is determined by the change in temperature 
of the seawater and ratio of permeate to seawater inlet 
mass flow rates. An estimate of the local heat transfer coef-
ficient can be obtained by monitoring the output of eight 
thermocouples on the back surface of the heat exchanger 

Fig. 5. (a) Alfa Laval heat exchanger; (b) Flow paths in the 
unmodified Alfa-Laval plate heat exchanger (courtesy of Alfa 
Laval); (c) Modified seawater-side gasket.
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plate. A thermodynamic steam trap is placed at the steam 
outlet to determine condenser efficiency. The thermal 
measurement system uses cold junction compensation 
and was calibrated within 0.1°C accuracy using a high 
precision thermometer. 

High-temperature tolerant, low water absorbency 
epoxy was used effectively on the flat surface connections 
of the effect. Nonetheless, along the lateral (curved) of 
the cylindrical effect, sealing of the evaporation cham-
ber along the steam inlet and outlet piping has not been 
achieved. A curved gasket was designed and fabricated 
using a flexible polymeric rapid prototype. Leaks could 
not be eliminated due to misalignment of the orientation 
of the gasket to the vessel circumference and slipping of 
the gasket during assembly. Although qualitative obser-
vations of flow patterns have been made, measurements 
have not yet been made, as the cast acrylic effect housing 
has not maintained the desired vacuum. Lessons learned 

Fig. 6. Single effect MED experimental setup.

from the single-effect apparatus have benefited the multi-
effect system described below.

3.3. Four-effect MED

The 10 kWt CSP–DSW MED system is comprised of 
four identical vacuum vessels and was designed for au-
tonomous operation and overall steady state and transient 
response characterization, before being integrated into the 
full CSP–DSW system. An off-the-shelf flanged stainless 
steel pipe was modified to form the vacuum vessel for 
each effect (Fig. 7). The process configuration is given in 
Fig. 8. The system was designed for maximum operating 
conditions between 80°C (first effect) and 35°C (last ef-
fect), with linear temperature difference between effects, 
and a maximum pressure drop in the evaporator of 4 kPa.

The four-effect MED differs from commercial (large 
scale) systems due to laboratory space limitations. Some 
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Fig. 7. Exploded assembly view of one effect of the four-effect 
MED unit. 

of the differences are that the rejectate will flow from 
the first to the last effect and the pressure differential 
will be set with needle valves instead of by gravity. The 
system has been fabricated and installed in the Cyprus 
Institute laboratory in the Athalassa campus in Nicosia, 
and its ongoing characterization is outside the scope of 
the present manuscript.

4. Summary of past and future work

Prior studies have indicated that concentrated solar 
power–desalinated seawater (CSP–DSW) co-generation 
plants are technologically viable but their design and 
optimization relies on the accurate characterization and 
better integration of sub-components. The present work 
focuses on the analysis and design of a small-scale MED 
subsystem that exploits heat from the thermal storage sys-
tem. Harvesting heat otherwise lost to the environment 
to heat the motive steam input to the TVC reduces the 
motive steam temperature required to operate the TVC 
and allows the extraction of more electrical energy from 
the turbine. The optimization of the integrated MED–TVC 

Fig. 8. Four-effect MED schematic with proposed operational conditions. TVC will be added to the laboratory configuration 
after heat exchanger performance characterization is complete.
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system is based on the maximization of the gain output 
ratio (GOR) by choosing the appropriate entrainment 
ratio and TVC configuration. A model incorporating 
MED, TVC and thermal harvest has been  used to design 
a 10 kWt four-effect MED. Future process improvements 
include the incorporation of feedwater preheat, which is 
predicted to increase the fresh water production by 23%.

Future work related to the single-effect MED includes 
characterization and parameterization of a single stage 
with permeate vapor flow visualization, correlation of 
these results with existing multi-phase flow regimes, 
quantitative optical measurement of liquid phase fall-
ing film thickness and flow distribution along the heat 
exchanger plate. These results will provide a basis for 
the characterization of the performance of the four-
effect MED system. Replacing the mechanical vacuum 
with low-pressure motive steam TVC MED, and finally 
system integration into an autonomous CSP–DSW plant 
will follow.

Symbols  

Cp	 —	 Constant pressure specific heat
GOR	—	 Gain output ratio
h	 —	 Enthalpy
m� 	 —	 Mass flow rate
p	 —	 Pressure
Q	 —	 Heat transfer rate
r	 —	 Entrainment ratio
T	 —	 Temperature
α	 —	 Available energy of the mixed steam output

Subscripts

1,2,…,n	 —	 Effect number
01	 —	 Stagnation condition at inlet to heat harvesting
02	 —	 Stagnation condition at outlet of heat harvesting 
b	 —	 Brine or rejectate
exit	 —	 Exit of first thermal vapor compressor
exit2	 —	 Exit of second thermal vapor compressor
H	 —	 Heat harvesting device
max	 —	 Maximum allowable value
p	 —	 Permeate
ph	 —	 Preheater
ref	 —	 Initial guess or reference
req	 —	 Required
s	 —	 Steam
sat	 —	 Saturated condition
v	 —	 Vapor
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