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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Novel design of an integrated MED-AB 
process 

• Installation of 25 m3/day pilot plant 
based novel design 

• Simulation and pilot testing validate the 
new design 

• 60% lower in specific energy consump
tion (MED-AB = 4.8 kWh/m3) 

• 20% reduction in the unit water cost 
(MED-Ab = 0.455 $/m3)  
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A B S T R A C T   

This work presents a novel integration of Multi Effect Distillation with Absorption compressor (MED-AB) to 
reduce the energy consumption and unit water cost. The MED-AB pilot plant has been installed with a nominal 
capacity of 25 m3/day to validate the concept under a seawater salinity of 57,500 ppm (West of Qatar). Both pilot 
testing and the simulation results confirm the features of the novel design of the MED-AB process. Simulation of a 
commercial evaporator of 15 MIGD capacity showed that the specific energy consumption of the proposed MED- 
AB is calculated as 4.8 kWh/m3, which is 60% lower than the existing MED-TVC plant (13 kWh/m3). Compared 
to the traditional MED-TVC, the seawater feed and pumping power of MED-AB process is lower by 70% and 55%, 
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respectively. The results confirm the minimization of the environmental impact of dumping thermal energy back 
into the sea and reduce the plant's capital investment, covering feed pumps size and the intake/outfall civil work. 
The levelized unit water cost of the MED-AB is calculated as 0.46 $/m3, which is 22% lower than that of a 
conventional MED-TVC desalination plant. The novel MED-AB technology would create a potential solution for 
the industrial applications of high salinity byproduct and solar desalination.   

1. Introduction 

Seawater desalination and water purification is a sustainable solu
tion in arid countries lacking natural potable water, especially those are 
experiencing an immense growth in population, economy, and indus
trial activities. The State of Qatar has one of the highest water con
sumptions per capita in the world, reaching nearly 500 l per day [1]. 
Therefore, the increase in population and water use intensity, coupled 
with the continued shortage of natural drinking water in the country, 
will require a rapid increase in the desalinization capacity. The desali
nation technology provides 97% of the municipality produced water in 
Qatar. Currently, the desalination technology generates 539 million 
imperial gallons per day (MIGD) in which thermal desalination (MSF 
and MED) generates 65% while the remainder (35%) is generated by 
Reverse Osmosis technology (RO) as shown in Fig. 1 [2]. 

Due to the site-specific of Gulf seawater, the selection of the right 
desalination technology usually is frequently subjecting to the 
compromise between the thermal and membrane desalination. There 
are many factors such as energy efficiency, reliability under harsh 
conditions, and lower unit costs. Due to the characteristics of harsh Gulf 
seawater (high temperature reaching more than 37 ◦C in summer, re
siduals of boron, high TDS and bromides, and the severe fluctuations in 
the seawater intake quality), the RO membrane technology facing a true 
operational challenges. Accordingly, thermal desalination is still 
considered a reliable technology, however, its typical specific energy 
consumption showed that a significant potential for improvement 
compared with the thermodynamic limits of separation of 1.0 kWh/m3. 

The least exergy required for saltwater separation using membrane 
and thermal concepts, under the same process recovery ratio, showed 
the same value of specific energy consumption which should be identical 
in nature [3]. Currently, the RO technology shows a lower specific en
ergy consumption due to the use of an efficient energy recovery system. 
However, the thermal desalination processes have not yet deployed an 
efficient thermal energy recovery system. Till recent times, most of the 
thermal desalination R&D focus has been evolving on increasing the unit 
evaporator size (20 MIGD per unit MSF evaporator and 15 MIGD per 
unit MED evaporator) to reduce the capital cost. However, there has 
been little research attention paid to the development of an efficient 
energy recovery system to reduce thermal energy consumption. 

The thermal desalination technologies can be much cheaper if 
abundant waste heat is available [4–8]. Therefore, thermal desalination 
units are often installed in the vicinity of fuel-based power plants, often 
termed as cogeneration in the industry. Comparison between MSF, MED 
and RO has shown that the specific energy consumption of all technol
ogies, regardless of the type, is less when integrated with higher effi
ciency combined cycle gas turbine power plant. However, thermal 
desalination gets more advantage due to using a lower exergy of the low- 
pressure steam. The high Performance Ratio (16–19) MED could 
compete with RO, particularly at high salinity water feed [5,6]. 

Analogous to the energy recovery system implemented in RO plant, 
thermal desalination processes are also often combined with the thermal 
versions of energy recovery systems. The common combinations with 
thermal desalination are heat pumps. The most common heat pumps are 
ejector heat pumps or thermal vapor compression (TVC), absorption 
heat pumps (ABHP) and adsorption heat pumps (ADHP). Whatever the 
feasible choice under given conditions may be, the ultimate goal is to 
enhance the GOR and water production of the stand-alone thermal 
desalination unit for the same amount of thermal energy consumption. 

Multi effect desalination with thermal vapor compression ‘MED- 
TVC’ of various configurations is a dominating technology in the desa
lination market [9–12]. In MED-TVC configuration, usually motive 
steam at 3 bar & 140 ◦C causes entrainment of vapor at lower pressure 
from middle effect to raise its pressure and use as a heating steam in the 
first effect. So, with TVC, steam consumption is lower than simple MED 
system resulting in higher gain output ratio (GOR), which is defined by 
the ratio of mass flowrate of the distillate production and consumed 
motive steam flow rate. However, the TVC entrainment capacity is 
constrained with both motive pressure ratio and the compression ratio. 
As long as the compression ratio increases, the expansion pressure ratio 
will increase as well. This means that to handle a big quantity of vapor 
from the last effect, a substantial amount of motive steam is required, 
typically around 20 bar. However, this high-pressure steam is relatively 
expensive compared to the low-pressure steam at 3 bar. 

A theoretical model of low-temperature MED coupled with LiBr-H2O 
ABHP has been developed by Wang and Lior [13] under typical motive 
steam pressure of 1.2–5 bars. In this system, heating steam required for 
MED comes from three sources: (a) from the solution boiled off in the 
generator, (b) from the evaporated condensate from the first effect in the 
absorber and (c) from flashing of a part of the motive steam condensate. 
The combined system gives a 60 to 78% water production gain over a 
stand-alone Low Temperature Multi Effect Evaporation (LT-MEE) unit 
run by the same heat source conditions [13]. The economic performance 
comparison showed that the MED-ABHP has better economic perfor
mance than MED-TVC when the steam cost is greater than 1.44 $/ton. 
However, the proposed system still used down condenser to dump 
thermal energy back to the sea. Also, no practical implementation of the 
proposed system was demonstrated by the authors. 

An absorption cycle and MED of 20 effects was theoretically 
analyzed [14]. The desalination system's top brine temperature (TBT) 
was 63 ◦C, while the last effect temperature was 6 ◦C as a results the GOR 
is calculated as 14.8. The proposed system can also provide as a 
byproduct cooling capacity. However, the author did not consider the 
expensive cost of the high-quality motive steam to drive as such a large 
operating range of 57 ◦C, compared to the operating range of the 
traditional MED-TVC, which is mostly 25 ◦C. 

Esfahani et al. [15] proposed a system that combines Li-Br solution 
based ABHP with a 6-cell MED, where the MED acts as a sub-system of 

Fig. 1. Market share of desalination technology in Qatar, 2020.  
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the larger vapor-compression refrigeration (VCR) system. The MED unit 
replaces the condenser part of the VCR to recover its waste energy. The 
energy and economic analysis showed that the electrical and thermal 
energy demand can be reduced by 57% and 5% respectively, while COP 
and GOR can be enhanced up to 57% and 5%. The reason for sharp 
decrease in electrical power consumption is due to less pressure ratio 
needed by the compressor in the proposed combined system as opposed 
to the standalone VCR system. 

Practical demonstration of the feasibility of first double effect LiBr- 
H20 ABHP prototype was done at Plataforma Solar de Almería (CIE
MAT, Spain [16]). In this system there is no direct use of the vapor 
generated in the last effect. The hot water from ABHP is used as heating 
source of the first effect. The ABHP, coupled with compound parabolic 
concentrator (CPC) solar collector field was designed to provide hot 
water at 66.5 ◦C to the first effect of the MED [17]. The absorber and 
generators along with their condenser and evaporator had a cooling 
capacity with a coefficient of performance (COP) of 2.22 at 100% load, i. 
e., energy received by hot water at 180 ◦C coming from CPC or the 
backup gas-fired boiler. Later it was shown that using ABHP, the col
lector area of a solar based MED plant can be almost halved [17]. A 
double effect LiBr-H20 ABHP combined with a 9-effect LT-MED was 
shown to have a potential GOR of 17, as compared to a same size MED- 
TVC having a GOR of 11. This, and some other studies, shows that ABHP 
are more efficient than TVC [18]. 

Rostamzadeh et al. [19] proposed integrating MED with ABHP and 
VCHP independently. The absorbent proposed for ABHP was ammonia- 
water solution, while the refrigerant for the VCHP was considered to be 
the vapor from last effect of the MED unit. Both proposed systems were 
compared to conventional mechanical vapor compression (MVC), i.e., 
MED-MVC setup. The comparison suggested that the MED-MVC has the 
lowest water production rate, while that for MED-VCHP and MED-ABHP 
were 6.7% and 110.3% higher. Therefore, according to the computa
tional analysis of their configuration designs, MED-VCHP results in 
highest thermodynamic and exergy related gains, while MED-ABHP 
ranks lowest amongst the three systems. 

The thermodynamic analysis presented in the supplementary mate
rial A revealed that the least exergy for thermal and membrane process 
are equal as shown in Fig. 2 (a). However, for commercial MED-TVC 
(GOR = 8) and RO plants, there is a gap between in the specific en
ergy consumption as shown in Fig. 2 (b). This gap is mainly due to the 
energy recovery system in RO, which is highly efficient than that used in 
thermal (TVC). Also, thermodynamic analysis presented in the supple
mentary material A indicated that as long as the performance ratio of the 
MED technology increases, the specific energy consumption eventually 
decreases, as shown in Fig. 3 (a), calculated using Eq. (1). On the other 
hand, while the performance ratio of MED increases, the heat transfer 
area increases too, as shown in Fig. 3 (b), calculated using Eq. (2). This 
situation motivated us to develop an efficient energy recovery system for 
MED technology to replace current TVC and eliminate the down 
condenser. 

SECconventional =
λN

(
δ + ΔTapp + ΔTloss

)

PR
(
T0 + N

(
δ + ΔTapp + ΔTloss

) ) (1)  

A
Md

=
Nλd

PR × U
(
ΔTstage − (δ + ε)

) (2) 

In this work, we aim to present an integration of novel Multi Effect 
Distillation with Absorption compressor (MED-AB) process to reduce the 
energy consumption and unit water cost based on innovative ideas 
[20,21]. A modular design of MED-AB pilot plant has been installed with 
a nominal capacity of 25 m3/day to validate the concept under a 
seawater salinity of 57,500 ppm (West of Qatar), at the top brine tem
perature of 65 ◦C. A Visual Simulation Program (VSP) code [22] has 
been developed and validated using the installed MED-AB pilot plant. 
The VSP has then been utilized to simulate the commercial large-scale 

MED-TVC unit evaporator to be compared with the present invention 
MED-AB in terms of performance ratio, heat transfer area and specific 
energy consumption. The VSP has been used to perform technoeconomic 
analysis of commercial plant based novel MED-AB process and 
compared with the conventional design. 

2. Description of the MED-AB pilot plant 

As shown in Fig. 4, the pilot plant has been installed on the coast of 
Dukhan sea, which is in the northwest of Qatar. This site is a bay in 
between Qatar and Saudi Arabia and has one of the highest sea water 
concentrations found around the globe. It has an average salinity of 
57,500 ppm, which is high when compared to average seawater salinity 
of the world oceans (35,000 ppm). The novel desalination system is 
composed of two main units. One is the multi-effect distillation (MED) 
unit, and the other is absorber generator (AB) vapor compression unit. 
Due to the modular design of the pilot plant, it can be operated inde
pendently in two modes. First, as a standalone MED, referred to as 
‘EVAP’ mode and second, in integration with the MED-AB, referred to as 
‘FULL’ mode in this work. Fig. 5 shows the block flow diagram of the 
MED-AB desalination process (patent pending [20,21]). 

2.1. Description of the MED ‘EVAP’ mode 

Here we only present a summary of the MED unit, as the novel design 
and working of it has already been explained in detail in the earlier 
works of the authors [2]. As shown in Fig. 5, the MED unit consists 
mainly of three cells and a condenser. Each cell has a single-pass tube 
bundle design, where each bundle contains 660 tubes in total, in a 
square-pitch distribution. Whereas, the condenser has a three-pass 

Fig. 2. Least and typical exergy of the separation process.  
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design, with 225 tubes per pass (625 in total). The novel design of MED 
works on the same working principles of a standard MED desalination 
unit. When operating independently in MED ‘EVAP’ mode, as shown in 
Fig. 5, the tube bundle of cell 1 is fed steam from an electrical boiler 

(stream 20). The shell side of cell 1, cell 2 and cell 3 receives the 
seawater feed (in form of falling film) directly from Dukhan sea (stream 
9). Part of this feed is used to condense steam from the last cell going into 
the condenser and discharged back into the sea as a cooling reject (10). 
The seawater feed going into the evaporator cells is preheated using two 
heat exchangers: one on the brine discharge line (stream 18) and the 
other on the distillate discharge line (stream 19). The stream 18 and 
stream 19 flow proportions are controlled by the SCADA algorithm, 
which ensures that total vapor condensation occurs inside the condenser 
by continuously monitoring the vapor pressure inside the condenser. 
The distillate produced from cell 1 is returned back to the electrical 
boiler (stream 21 to 17), while the distillate produced from cell 2, cell 3 
and condenser is sent in parallel to the distillate collection tank (stream 
12). Similarly, the brine from each cell is sent to the next cell in series 
and finally the cumulative brine of all three cells is discharged to the sea 
(stream 11), after proper treatment. The series configuration of brine is 
to promote flashing and increase the overall distillate production. To 
periodically remove the non-condensable gases (NCGs) produced during 
the operation, a water ejector based vacuum system is used. The water 
ejector is also used to create initial vacuum of the entire system, whereas 
a vacuum oil pump is used for making a deeper vacuum to initiate the 
process. Once the system starts receiving steam from the boiler and the 
operation begins, then the thermodynamics itself naturally controls the 
pressure and temperature distributions within each cell. 

2.2. Description of the MED-AB ‘FULL’ mode 

The absorber generator (AB) vapor compression unit here is basically 
a heat pump, but without condenser and evaporator modules. The 
absorber receives vapor at a lower pressure and the generator produces 
steam at a higher pressure, thus mimicking a compressor. The carrier 
liquid for the AB unit in this system is LiBr-Water solution. Both, 
absorber and generator are shell and tube heat exchangers with a sieve 
tray to facilitate the falling film absorption/desorption process. The shell 
is kept under vacuum pressure lower or equal to the vapor pressure of 
the last cell 3 of the MED evaporator. 

Fig. 3. (a) SEC vs. performance ratio (PR) and (b) heat transfer vs. performance 
ratio (PR). 

Fig. 4. Advanced MED-AB pilot plant at Dukhan, Qatar.  
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As shown in Fig. 6, the concentrated LiBr-H2O solution is sprayed on 
a tray(s) in the shell side to enhance the absorption of the vapor into the 
sprayed LiBr solution. The LiBr solution becomes diluted by absorbing 
the vapor of the last cell (stream 5). The absorption process releases 
adequate energy (exothermic reaction) due to condensing the vapor. 
Pure water (from the distillate, stream 13) is circulated through tubes as 
a cooling water to absorb the released energy from absorption reaction 
taking place in the shell side. This energy can be used to generate 
additional amount of water vapor (inside the tubes) to be used as a 
heating steam (stream 6) to the first cell. When the absorber receives 
vapor, it absorbs it and becomes a weak solution. 

The diluted LiBr-H2O solution, stream No. 22, exchanges heat with 
concentrated solution, stream No. 15, through heat exchanger before 
entering the generator. While the motive steam, stream No. 3, flows 
inside the tubes, the temperature of the LiBr-H2O solution increased to 
the saturation conditions and results in evaporating the same amount of 
water vapor absorbed by the solution in the absorber. The generated 
vapor from both the generator, and the absorber, stream No.2, is routed 
to the first cell (effect) of MED evaporator. Seawater feed, stream No. 9 is 
distributed in parallel and gets preheated through preheaters before is 
spraying at the outer tubes of each evaporator. Part of seawater feed is 
evaporated due to the gain of the latent heat energy of the heating steam 
condensate inside the evaporator tubes. The sum of the condensate from 
the heating steam in the first cell (effect) and the condensate of the 
successive effects forms the distillate product steam, stream No. 12. The 
concentrated brine leaving the MED evaporator is rejected back to the 
sea, stream No. 12. 

3. Mathematical modeling 

This section presents the mathematical model of the generator and 
absorber. However, the mathematical model of the evaporator is pre
sented in [23]. 

3.1. Generator 

As shown in Fig. 7, for the generator, there are 2 input streams (vapor 
from boiler or low-pressure steam form back pressure turbine/ 
condensed turbine or solar system, LiBr-H2O feed) and 3 outlet streams 
(Condensate, LiBr-H2O brine outlet, and the generated vapor). Each 
stream is defined with its properties such as pure water flow rate, salt 
flow rate, temperature, and pressure. The number of unknowns is 
identified accordingly, and the number of governing equations is pre
sented as follows: 

Water balance for Generator: 

Vn− 1 +Wf ,n = Vn +Wb,n +Dn (3)  

Vn− 1 = Dn (4) 

Salt balance for Generator: 

Sf ,n = Sb,n (5) 

Heat balance around Generator: 

Vn− 1hv,n− 1+
(
Wf ,n+Sf ,n

)
hLiBr− H2O,in=Vnhv,n+

(
Wb,n+Sb,n

)
hb,nLiBr− H2O,out+Dnhd,n

(6) 

As shown in Fig. 7 (‘a’ and ‘b’), the vapor (Vn− 1) of the heating source 
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Fig. 5. Block flow diagram of the MED (‘EVAP’ mode) desalination system [20].  
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Fig. 6. Block flow diagram of the MED-AB (‘FULL’ mode) desalination system [21].  
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is condensed inside the tubes of the generator, while the LiBr-H2O so
lution is sprayed on the outer side of the tubes. Due to steam conden
sation, heat is liberated to boil part of the falling film LiBr-H2O solution 
outside the tubes. The equilibrium state is determined at the shell 
pressure (Pv, n) and the salinity of the LiBr-H2O solution at inlet (Xinlet). 

Tboiling,Generator = ∅
(
Pv,n&Xinlet

)
(7) 

The temperature difference (∆Tterminal) between the vapor (Tv, n− 1) 
and the LiBr-H2O fall (Tb, n) is presented as: 

∆Tterminal = Tv,n− 1 − Tb,n (8) 

The terminal temperature (∆Tterminal) is determined from heating 
load, the overall heat transfer coefficient (U) and the heating surface 
area (A) of the tube bundle: 

Vn− 1hv,n− 1 − Dnhd,n = UA∆Tterminal (9) 

The overall heat transfer (U) in Eq. (10) is calculated as: 

U = 1
/(

1
hi
+

1
ho

+
t
k
+FF

)

(10) 

And heat transfer area (A), 

A = nπDL (11)  

where, n, D and L are related to tube number, diameter, and length, 
respectively. 

Also, the pressure of the generator (Pboiling, Generator) is determined by 
the thermodynamic balance around the tube bundle. 

Pboiling,Generator − Pb,n = 0 (12)  

Pb,n − Pv,n = ∅(δ) (13)  

Pv,n− 1 = Specified (14)  

Pv,n− 1 − PD,n = 0 (15)  

Pf ,n − Pb,n = ∅
(
∆Tsubcooling

)
(16)  

3.2. Absorber 

As shown in Fig. 8, for the absorber, there are 3 input streams (vapor 

E-317
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(b)
Fig. 7. Generator; (a) Control volume and (b) Temperature distribution.  
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from the last effect of the evaporator, LiBr-H2O feed and distillate) and 2 
outlet streams (generated steam in tube, LiBr-H2O brine outlet). Each 
stream is defined with its properties such as pure water flow rate, salt 
flow rate, temperature, and pressure. The number of unknowns is 
identified accordingly, and the number of governing equations is pre
sented as follows: 

Water balance for Absorber: 

Vn− 1 +Wf ,n +Dn = Vn +Wb,n (17)  

Vn = Dn (18) 

Salt balance for Absorber: 

Sf ,n = Sb,n (19) 

Heat balance around the Absorber: 

Vn− 1hv,n− 1 +
(
Wf ,n + Sf ,n

)
hLiBr− H2O,in +Dnhd,n

= Vnhv,n +
(
Wb,n + Sb,n

)
hLiBr− H2O,out (20) 

As shown in Fig. 8 (‘a’ and ‘b’), the vapor (Vn− 1) of the last effect 

absorbed by high concentrate LiBr-H2O solution, while the LiBr-H2O 
solution is sprayed on the outer the tubes until reach the equilibrium 
(boiling). Due to absorption (latent heat of condensed vapor into the 
solution), heat is liberated to boil the water inside the tubes and gen
erates another vapor (Vn). The equilibrium state is determined at the 
shell pressure (Pv, n− 1) and the salinity of the LiBr-H2O solution at inlet 
(Xout) 

Tboiling,Generator = ∅
(
Pv− 1,n&Xout

)
(21) 

The temperature difference (∆Tterminal) between the vapor (Tv, n− 1) 
and the LiBr-H2O fall (Tb, n) is presented as 

∆Tterminal = Tb,n − Tv,n (22) 

The terminal temperature (∆Tterminal) is determined from heating 
load, the overall heat transfer coefficient (U) and the heating surface 
area (A) of the tube bundle: 

Vn− 1hv,n− 1 − Dnhd,n = UA∆Tterminal (23) 

The overall heat transfer (U) in Eq. (24) is calculated as: 

Absorber

Outlet Brine (LiBr-H2O)

Feed (LiBr-H2O) to absorber

Inlet 
Vapor

Outlet Vapor

Tube bundle

Spray Nozzle

Condensate  return

Vacuum

(a)

(a)

Boiling Temperature 
(LiBr-H2O)
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the last effect 

Vapor temperature to 
the first effect 

(b)
Fig. 8. Absorber; (a) Control volume and (b) Temperature distribution.  
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U = 1
/(

1
hi
+

1
ho

+
t
k
+FF

)

(24) 

And heat transfer area (A), 

A = nπDL (25)  

where, n, D and L are related to tube number, diameter, and length, 
respectively. 

Also, the pressure of the absorber (Pboiling, absorber) is determined by 
the thermodynamic balance around the tube bundle of the absorber. 

Pboiling,absorber − Pb,n = 0 (26)  

Pb,n − Pv,n− 1 = 0 (27)  

Pv,n − PD,n = 0 (28)  

Pf ,n − Pb,n = ∅
(
∆Tsubcooling

)
(29)  

Pv,n = specified (30) 

Lithium Bromide – Water enthalapy (kJ) [15]: 

hLiBr− water =
∑4

n=0
anxn +T

∑3

n=0
bnxn + T3d0 (31)  

where, 

a0 = − 954.8, a1 = 47.7739, a2 = − 1.59235, a3 = 2.09422× 10− 2, a4

= − 7.689× 10− 5  

b0 = − 3.293× 10− 1, b1 = 4.076× 10− 2, b2 = − 1.36× 10− 5, b3

= − 7.1366× 10− 6  

c0 = 7.4285× 10− 3, b1 = − 0.1544× 10− 4, b2 = − 1.3555× 10− 6  

d0 = − 2.269× 10− 6  

4. Results and discussion 

4.1. Pilot testing of MED-AB 

A number of experiments have been carried out in the EVAP mode (i. 
e., standalone MED mode), with feed flowrates varying from 1 to 2.5 
ton/h per cell and top brine temperature (TBT) of 65 ◦C. At seawater 
flowrate of 1.75 ton/h per cell, different experimental results are pre
sented in Fig. 9. The commencement of steady state is defined as the 
time when the TBT of the first cell stabilizes to a fix value (65 ◦C in this 
case), along with the steam consumption and distillate production 
becoming consistent. The SCADA PLC algorithm is configured to main
tain the set TBT of 65 ◦C by manipulating the steam input and the 
cooling reject flowrate, along with water-ejector aiding the release of 
non-condensable gases (NCGs). The online venting of the NCGs would 
avoid thermal resistance around heat transfer tubes. The experimental 
results show that the presence of even a small mole fraction of NCGs can 
deteriorate the heat transfer rate up to orders of magnitudes, almost 
quadratic under certain conditions [24]. 

As can be seen in Fig. 9 (a) to (c), the system takes almost 5 h to reach 
steady state, where the control is based on the SCADA algorithm. Fig. 9 
(a) presents the total average hourly steam consumption. As can be seen, 
the steam consumption is consistently around 195 kg/h (where the 
maximum steam producing capacity of the electrical boiler is 200 kg/h 
once the system reaches steady state). Similarly, Fig. 9 (b) presents the 
temperature profiles for the vapor generated in the three evaporator 
stages, where the temperature of the evaporator (‘Vapor Temp 1’) sta
bilizes to around 67.8 ◦C (where the given set point was 65 ◦C), after 
reaching the steady state. As can be seen from the trends of Fig. 9 (b), the 
vapor temperature differences between all of the three stages are 
approximately 2.5 ◦C or lower. The extraction timings of the generated 
NCGs were optimized manually by observing the behavior of the system. 
Fig. 9 (c) presents the total average hourly distillate production. As can 
be seen, the distillate production varies between 465 to 475 kg/h once 
the system reaches steady state. The salt rejection is shown in Fig. 9 (d), 

(a) Steam consump�on (b) Vapor temperatures

(c) Dis�llate produc�on (d) Salt rejec�on 

Fig. 9. EVAP mode: Various experimental results at a feed flowrate of 1.75 ton/h per cell at a TBT of 65 ◦C.  
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where it is lower during the initial transient conditions, where the 
entrainment of the vapor with seawater/brine is higher due to unsteady 
and very dynamic conditions of the system. However, the salt rejection 
improves when the system approaches steady state operation and vapor 
velocity inside the evaporators becomes stable. The salt rejection 
calculated for 6 h of steady state operation is around 99.75%, which is 
acceptable under a high seawater feed salinity of 57,500 ppm (57.5 g/l). 
The average seawater temperature during this experiment was around 
22.3 ◦C. 

Similarly, a number of experiments have also been carried out in the 
FULL mode (i.e., integration of MED-AB), with feed flowrates varying 
from 1 to 2.5 ton/h per cell and top brine temperature (TBT) of 65 ◦C. As 
an example, for the flowrate of 1.75 ton/h/cell, different experimental 
results are presented in Fig. 10. 

As can be seen in Fig. 10 (a) to (c), the system takes almost 5 h to 
reach steady state, where the control is based on the SCADA algorithm. 
As can be seen in Fig. 10 (a), the average steam consumption is 
consistently around 99.8 kg/h. From Fig. 10 (b) the temperature of the 
evaporator (‘Vapor Temp 1’) stabilizes to around 67.7 ◦C (where the 
given set point was 65 ◦C), after reaching the steady state. As shown in 
Fig. 10 (c), the performance ratio value evolving around average value 
5.0 once the pilot plant reaches steady state. The salt rejection as shown 
in Fig. 10 (d) is again displayed from hour 5 onwards, when the system 
reaches steady state. Same as before, it is lower during the initial tran
sient conditions and improves when the system approaches steady state 
operation. The salt rejection calculated for 6 h of steady state operation 
like before is around 99.75%. The average seawater temperature during 
this experiment was around 21.7 ◦C. 

The performance ratio (or the gained output ratio) is defined as the 
ratio of distillate produced to the steam consumed. The experimental 
results, shown in Figs. 9 and 10, clearly suggest that at a same flow rate 
(1.75 ton/h per cell) and same TBT (65 ◦C), the steam consumption in 
case of FULL mode is less. From this, we can conclude that the FULL 
mode (i.e., integration of MED with AB) gives us a higher PR. 

For verifying the repeatability of the experiments in the integrated 
MED-AB mode (i.e., FULL mode), the experiment at flowrate of 1.75 m3/ 

h per cell and at TBT of 65 ◦C (Fig. 11) was performed 4 times to observe 
and quantify the variation of the PR. As shown in Fig. 11, for the MED 
stand alone, the performance ratio values were recorded with little 
variation (6%) from the average. However, it is observed that, for full 
mode MED-AB, the variation in the recorded PR is about 22% which is 
due to the steady state in the MED-AB requires more time to match both 
MED and AB systems. The average PR of EVAP mode (MED) is around 
2.7. The average PR of the MED-AB is around 3.8, which is 42% higher 
than that of the stand-alone MED, as shown in Fig. 11. This is owing to 
the recycling the vapor of the last stage and via AB system and used as 
heating steam to the first cell in addition to the extra steam which is 
generated within the absorber and used as heating steam to the first cell. 
This in turn reduces the amount of motive steam required from the 
boiler to almost half of the original value. 

4.2. Validation of the mathematical model 

The previously developed and verified Visual Simulation Program 
(VSP) simulation code by Mabrouk et al. [22] will be subjected to further 
development to generate the code and solve the governing equations of 
the mathematical model of both absorber and generator. Fig. 12 shows 
the interface of the VSP simulator for the absorption/generator system 
(AB). The AB system has been adopted as vapor compressor. 

Table 1 shows the design and operating parameters of the pilot plant 
which is specified as input to the VSP simulator. The vapor of the last 
effect (200 kg/h & 55 ◦C) is absorbed due to interaction with concen
trated LiBr-Water feed (51%) around the tube bundle of the absorber. 
The equilibrium temperature (77 ◦C) has been reached at the shell 
pressure and the outlet LiBr-Water concentration (47%). Heat trans
ferred from falling film around tubes is used to boil the inner pure water 
and get amount of vapor (200 kg/h & 71 ◦C) and directed to the first 
effect. The diluted LiBr-Water (47%) is directed to the generator via heat 
exchanger for preheating. In the generator, motive steam (216 kg/h & 
106 ◦C) is used to generate second amount of vapor (200 kg/h & 67 ◦C) 
and the LiBr-Water get concentrated again to (51%). The generated 
vapor within the generator is mixed with that generated in the absorber 

(a) Steam consump�on (b) Vapor temperatures

(c) Dis�llate produc�on (d) Salt rejec�on 
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Fig. 10. FULL mode: Various experimental results at a feed flowrate of 1.75 ton/h per cell at a TBT of 65 ◦C.  
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and directed to first effect of the evaporator (400 kg/h & 68 ◦C). The 
concentrated LiBr-Water (51%) is circulated back to the absorber via 
heat exchanger. 

Table 2 shows comparison between the simulation and the pilot plant 
results. The range of difference between measured and simulated varies 
is recorded to be ±8%, as shown in Table 1 which is in acceptable 

agreement between the simulation and pilot plant results. 
Fig. 13 shows the interface of the VSP simulator of the integration of 

MED-AB pilot plant. Table 3 summarizes the input data of design and 
operating parameters to the VSP simulator. The boiler steam (216 kg/h 
& 106 ◦C) is specified to the generator, the seawater feed of 1750 kg/h & 
55 g/l is specified for each effect, the pure water feed to the absorber in 
tube (200 kg/h). The heat transfer area is specified to each effect of (50 
m2) the evaporator, the brine/feed plate heat exchanger (6 m2), the 
distillate/feed plate heat exchanger (2.5 m2), and condenser (18 m2), the 
absorber (20 m2) and the generator (20 m2). The sea water temperature 
of 35 ◦C and 8800 kg/h is specified, while part of it is directed to the 
condenser, while the rest is apportioned between brine/feed and 
distillate/feed heat exchangers. The VSP simulates the system under 
specified design and operating conditions to determine the production 
of 1006 kg/h at 36 ◦C, while the brine reject is 4180 kg/h at 41 ◦C, as 
shown in Fig. 13 and Table 4. The percentage difference between the 
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Fig. 11. Performance ratio comparison between ‘EVAP’ (MED) and ‘FULL’ (MED-AB) mode experiments at 1.75 ton/h per cell & TBT = 65 ◦C.  

Fig. 12. VSP interface for simulation of the AB pilot plant.  

Table 1 
Input data to the VSP of the Absorber/Generator (AB) system.  

AB pilot plant Pilot test Simulation %diff 

Boiler steam flow rate, kg/h  216  216 – 
Boiler steam temperature, ◦C  106  106 – 
LiBr-Water, inlet flow rate to absorber, kg/h  2350  2350 – 
LiBr-Water, inlet flow rate to generator, kg/h  2550  2550 – 
Vapor flow rate to absorber, kg/h  200  200 – 
Vapor temperature to absorber, ◦C  55  55 – 
Pure water to in tube absorber, kg/h  200  200 – 
Generator heat transfer area, m2  20  20 – 
Absorber heat transfer area, m2  20  20 – 
Heat exchanger heat transfer area, m2  3.5  3.5 –  

Table 2 
Comparison between the pilot test and simulation of the Generator.  

AB pilot plant Pilot test Simulation %diff 

LiBr-Water Concentration (inlet absorber), %  54  51  − 6% 
LiBr-Water Concentration (outlet absorber), %  49  47  − 4% 
Boiling temperature (Generator), ◦C  91  98  8% 
Boiling temperature (absorber), ◦C  75  77  3% 
Generated vapor temperature (absorber), ◦C  67  70  4% 
Generated vapor temperature (generator), ◦C  66  67  2% 
LiBr-Water temperature (inlet generator), ◦C  85  92  8% 
LiBr-Water temperature to absorber, ◦C  77  80  4%  
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VSP and pilot plant vapor temperature is about 2–5%. The difference is 
3% in calculating the brine reject and brine salinity. The VSP simulator 
shows process recovery ratio is 11% higher than the pilot plant due to 
lower brine flow rate reject for the same input of seawater feed flow rate. 
There is 14% difference between VSP and the measured value of the 
performance ratio, as shown in Table 4. This difference is attributed to 
the ideal prediction of the model and the accuracy/uncertainty of the 
instrumentations measurement. 

4.3. Technoeconomic analysis of commercial MED-TVC and MED-AB 
plants 

An in-house developed Visual Simulation Program (VSP) code has 
been used to compare the proposed MED-AB technology with a com
mercial largest size unit evaporator MED-TVC plant (15 MIGD) installed 
in Saudi Arabia. The details of the VSP code development and its vali
dation using the aforementioned commercial MED-TVC plant has 
already been detailed extensively in the earlier work of the authors [23]. 
Here we use the same VSP simulator to simulate the proposed MED-AB 
technology for large scale unit evaporator of 15 MIGD. 

Fig. 14 illustrates a schematic diagram of the proposed MED-AB 
system for large scale desalination plant; a parallel feed multi effect 
distillation process of 10 cells driven by absorption vapor compressor 
(AB). The vapor from the last cell 10, stream No. 1, is routed to the 
absorber then absorbed by the concentrated LiBr-Water solution, stream 
No. 3. The absorption process is exothermic; the released thermal en
ergy, which is utilized to generate vapor, stream No. 5. This vapor forms 

Fig. 13. Interface of the VSP simulator for the MED-AB pilot plant.  

Table 3 
Specified data of the MED-AB pilot plant to the VSP.  

Pilot plant (MED-AB) Pilot test Simulation %diff 

Evaporator surface area, m2  150  150 – 
Brine heat exchanger, m2  6  6 – 
Distillate heat exchanger, m2  2.5  2.5 – 
Condenser  18  18 – 
Absorber, m2  20  20 – 
Generator, m2  20  20 – 
Heat exchanger, m2  3.5  3.5 – 
Cell 1, Seawater feed flow rate, kg/h  1750  1750 – 
Cell 2, Seawater feed flow rate, kg/h  1750  1750 – 
Cell 3, Seawater feed flow rate, kg/h  1750  1750 – 
Boiler steam flow rate, kg/h  2016  2016 – 
Boiler steam temperature, ◦C  106  106 –  

Table 4 
Comparison between the pilot test and VSP simulation of the MED-AB.  

Evaporator (MED) Pilot test Simulation %diff 

Cell 1, Vapor temperature, ◦C  62  63  2% 
Cell 2, Vapor temperature, ◦C  59  60  2% 
Cell 3, Vapor temperature, ◦C  55  57.8  5% 
Brine flow rate, kg/h  4310  4180  − 3% 
Brine salinity, g/l  67  69  3% 
Process recovery ratio, %  18  20  11% 
Production, kg/h  940  1000  6% 
Performance ratio (PR).  4.2  4.8  14%  
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Fig. 14. Process flow diagram of the proposed MED-AB for large scale desalination plant.  
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part of the heating steam in the first effect of MED evaporator. The 
diluted LiBr-H2O solution, stream No. 4, exchanges heat with concen
trated solution, stream No. 9, through heat exchanger before enters the 
generators. While the motive steam, stream No. 7, flows inside the tubes, 
the temperature of the LiBr-H2O solution increases to the saturation 
conditions and results in evaporating the same amount of water vapor 
absorbed by the solution in the absorber. The formed vapor in the 
generator, and absorber, stream No.10, is routed to the first cell (effect) 
of MED evaporator. Seawater feed, stream No. 11 is distributed in 
parallel. 

Using the VSP and the specified process parameters as shown in 
Table 5, a comparison between the proposed novel MED-AB configu
rations is shown in Fig. 15 and the existing commercial MED-TVC (as 
shown in Fig. 16) has been performed. The conventional MED-TVC plant 
has only 7 effects, whereas in the present invention, with an improved 
evaporator design by minimizing the thermal losses would enable to 
accommodate a higher number in the same operating range, therefore 
we proposed 10 effects. The increase in the number of effects has a 
feature to increase the performance ratio, however the downside of it is 
that the heat transfer area also increases (CAPEX increase). Which ex
plains that the heat transfer area of the novel design is 40% higher than 
that of the conventional design. This is due to employing 10 effects 
instead of 7 effects in the reference plant. But on the other hand, the 
reduction in the shell of the novel evaporator and reduction in the me
chanical parts due to reduction in the intake/outfall facility would be 
equal to the increase of the heat transfer area. In this work, we aim to 
compromise between the slight increase in the capital cost and the 
substantial decrease in the OPEX due to the reduction in the energy 
consumption. 

The heating steam of the conventional MED-TVC is 3 bar, however it 
is only 1 bar for the invention MED-AB, which indicates that a low- 
quality and low-price steam is used by the MED-AB. As shown in 
Table 5, for the same product capacity (15 MIGD), the performance ratio 
of the MED-TVC is 9, while it is 16 for the invention (MED-AB) (79% 
higher). This is because the heating steam flow rate of the conventional 
MED is 323 ton/h, while it is only 178 ton/h for the novel MED-AB. The 
intake feed flow rate of the MED-AB is 70% lower than the conventional 
MED-TVC due to the removal of the condenser. Accordingly, the 
pumping power of the invention is 55% lower than that of the conven
tional design. In this case, there is no need for cooling water which is 
usually 7–10 times of the production in the conventional MED plant. 

The methodology of calculating the specific energy consumption for 
both MED-TVC and MED-AB is presented in Supplementary (A.6). The 
specific energy consumption (SEC) of the MED-AB is calculated as 4.8 
kWh/ m3, which is 60% lower than the existing MED-TVC plant (13 
kWh/ m3), as shown in Fig. 17. 

The cost analysis of the commercial scale of MED-TVC and MED-AB 
are performed to calculate the unit water cost and compare using the 
same platform of VSP simulator. Table 6 shows a comparison between 
the capital investments of both configurations. The evaporator cost in
cludes the tube cost, shell (host of the tube bundle), the internal 

construction of the evaporator and evaporator steel structure above the 
foundation. The mechanical parts include circulation pumps, control/ 
manual valves, fittings, piping and electrical/instrumentation and con
trol. The capital investment also includes the construction of the intake/ 
outfall of the seawater flow/ brine reject and the construction of large 
tank to desalinated water storage. The indirect capital investment in
cludes relevant service such engineering, installation/ commissioning, 
and legal/ financial. The evaporator cost of the proposed MED-TVC is 
16% higher due to the increase of the heat transfer area since MED-AB 
uses 10 cells, while the MED-TVC is restricted to 7 cells. The mechani
cal equipment of the present MED-AB is 16% lower than that of the 
traditional MED-TVC. This is mainly due to use small size for pumps, 
fittings, and piping due to removal of condenser with its control system. 
The capital investment of the intake/outfall work of the MED-AB process 
is 70% lower than that of the traditional MED-TVC due to elimination of 
rejected cooling water hence reducing the capacity of the outfall/ 
discharge facilities. Table 6 indicates that the specific capital cost of the 
novel design (MED-AB) is the same of the conventional design (MED). 
This is attributed to the reduction of the capital cost of the intake/outfall 
civil work, mechanical parts in addition to the significant reduction of 
the shell material which compensates the increase of the heat transfer 
area of the tubes. 

The OPEX analysis includes the cost of the required heating steam to 
drive the desalination unit, the electrical power cost of pumping, the 
cost of the chemicals, labor and insurance as shown in Table 6. The cost 
of electrical consumption is calculated using the specific electrical cost 
of 0.05 $/kWh. Cost of the heating steam is calculated using the specific 
electrical cost of 0.05 $/kWh and the calculated SEC of 13 and 5 kW for 
both configurations using the allocation method, as explained in the 
supplementary (A.6). The chemical cost including anti-scaling additives, 
anti-foam, chlorination is calculated based on recent commercial proj
ect. The specific operating cost (OPEX) of the MED-AB is 38% lower than 
the conventional MED. This is due to the 79% improvement in the 
performance ratio in addition to 55% reduction in the pumping power. 
The levelized unit water cost (over 25 years and with interest rates of 
7%) of the invention is calculated as 0.455 $/m3, which is 22% lower 
than that of the conventional MED-TVC desalination plant. 

5. Conclusions 

An advanced integrated Multi Effect Distillation with Absorption 
compressor (MED-AB) pilot plant has been installed based on an in- 
house design with a significant improvement to the traditional pro
cess. With a nominal capacity of 25 m3/day, the new MED-AB design has 
been validated under typical seawater salinity of 57,500 ppm (Dukhan, 
West coast of Qatar), operating at a top brine temperature (TBT) of 65 
◦C. 

The conclusions of this work are summarized as follows:  

1. The pilot plant results showed that the performance ratio of the MED- 
AB process is 42% higher than that of the MED. This is owing to the 
recycling of the vapor of the last stage via the AB system, in addition 
to the extra steam that has been generated within the absorber. This 
in turn reduces the amount of motive steam required from the boiler, 
almost to half of the original value.  

2. The pilot plant AB results are used to validate the VSP model; the 
difference between measured value of the pilot plant results and the 
simulated varies is recorded ±8%. For the overall MED-AB system, 
the percentage difference between the VSP simulation and pilot plant 
vapor temperature is about 2% - 5%, while the difference is 3% in 
calculating the brine reject and brine salinity. The VSP simulator 
shows that the process recovery ratio is 11% higher than the pilot 
plant due to lower brine flow rate reject for the same input seawater 
feed flow rate, while there is 14% difference in the performance 
ratio. The range of percentage difference between the pilot test and 
simulation is within acceptable range. 

Table 5 
Process parameters comparison between novel and the conventional design of 
the MED evaporator.  

Performance analysis Conventional (MED- 
TVC) 

MED-AB 
(invention) 

Unit capacity, MIGD  15 15 
Number of effects  7 10 
Motive steam flow rate, ton/h  323 178 
Motive steam temperature, ◦C  140 97 
Motive steam pressure, bar  3 1.0 
Intake flow rate/ton of distillate  9.5 2.8 (− 70%) 
Heat transfer area, m2/ton/h  127 179 (40%) 
Power consumption, kWh/m3  1.8 0.71 (− 55%) 
Performance Ratio (PR)  9 16 (79%)  
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3. The validated Visual Simulation Program (VSP) simulator has been 
used to compare the proposed MED-AB technology with a commer
cial largest size unit evaporator MED-TVC plant (15 MIGD), which 
has been installed in Saudi Arabia. The performance ratio of the 
commercial MED-TVC plant is 9, while it is 16 for the invention 
(MED-AB) (79% higher). This is because the heating steam flow rate 
of the conventional MED is 323 tons/h, while it is only 178 tons/h for 
the novel MED-AB. The intake feed flow rate of the MED-AB is 70% 
lower than the conventional MED-TVC due to the removal of the 
condenser. Accordingly, the pumping power of the invention is 55% 

lower than that of the conventional design. The heat transfer area of 
the novel design is 40% higher than that of the conventional design. 
This is due to employing 10 effects instead of 7 effects in the refer
ence plant. 

4. An allocation method-based fuel energy consumption among com
bined cycle gas turbine (CCGT) power plant and (MED-TVC and 
MED-AB) desalination plant has been performed using the VSP 
simulator. The specific energy consumption (SEC) of the MED-AB is 

Fig. 15. VSP interface of the MED-AB for large scale, 15 MIGD desalination plant.  

Fig. 16. VSP interface for the commercial MED-TVC, 15 MIGD (Saudi Arabia).  
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Fig. 17. Specific energy consumption for the invention (MED-AB) and MED- 
TVC plants. 

Table 6 
Technoeconomic analysis of conventional and the novel MED design.   

MED-TVC MED-AB % diff 

Capital investment 
Evaporator, $ 41,038,394 47,424,417 16% 
Mechanical equipment, $ 7,968,710 6,677,269 − 16% 
Intakes, $ 7,753,420 2,295,790 − 70% 
Civil work, $ 9,136,656 9,133,440 0% 
Potable water tank, $ 7,932,802 7,932,802 0% 
Direct cost, $ 73,829,982 73,463,717 0% 
Indirect cost, 25%, $ 18,457,496 18,403,200 0% 
Total Capital, $ 92,239,662 91,866,917 0% 
Specific CAPEX, $/m3 0.246 0.245 0%  

Operation expenses 
Steam, $/h 194 36 − 81% 
Electricity, $/h 241 33 − 86% 
Chemicals, $/h 84 84 0% 
Spare parts, $/h 117 117 0% 
Labor, $/h 210 210 0% 
Insurance, $/h 117 117 0% 
Total, $/h 961.76 596.13 − 38% 
Specific OPEX, $/m3 0.339 0.210 − 38% 
Levelized Water Cost, $/m3 0.585 0.455 − 22%  
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calculated as 4.8 kWh/m3, which is 60% lower than the existing 
MED-TVC plant (13 kWh/m3).  

5. The cost analysis showed that the capital investment (CAPEX) of the 
novel design (MED-AB) is the same as that of the conventional design 
(MED). This is attributed to the reduction of the capital cost of the 
intake/outfall civil work, mechanical parts in addition to the sig
nificant reduction of the shell material which compensates the in
crease of the heat transfer area of the tubes. The specific operating 
cost (OPEX) of the MED-AB is 38% lower than the conventional MED. 
This is due to the 79% improvement in the performance ratio in 
addition to 55% reduction in the pumping power. The levelized unit 
water cost (over 25 years and with interest rates of 7%) of the in
vention is calculated as 0.455 $/m3, which is 22% lower than that of 
the conventional MED-TVC desalination plant. 

The advanced MED-AB technology has distinctive features which are 
summarized as below:  

1. Due to high performance MED-AB, the required seawater for 
condenser is minimized to zero, which in return minimize a huge 
amounts of thermal energy dumped back into the sea, that may affect 
marine life. The innovative solution not only saves on energy con
sumption, but also reduces the plant's capital investment, covering 
the feed pumps facilities, the intake/outfall civil work. 

2. The new tube arrangement that creates a new vapor route to elimi
nate the traditional demister which reduces the footprint and layout 
of the desalination plant and shell capital cost.  

3. Due to high performance of the novel MED-AB, this design would 
create a potential solution for the industrial application of high 
salinity byproduct and solar desalination. 
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project. Open Access funding provided by the Qatar National Library. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.desal.2021.115388. 
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