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Abstract
Conforming to the factor characteristics of electricity–water cogeneration power plants, an improved multieffect desalination 
(MED) and reverse osmosis (RO) are the most current techniques for seawater desalination. A principal change between these 
operations consists of their various energy requirements, thermal energy for MED and mechanical energy for RO plants. 
The main improvement ideas of RO and MED are the recovery of large quantities of heat produced during the production of 
sulfuric acid, which exhibits an exothermic reaction where a part of this heat will be used for the thermal power plant and 
subsequently reverse osmosis and another amount of heat recovery system will be used to desalinate seawater by the MED 
system. In this work, the sulfuric acid is used to recover heat energy; this energy is used in a hybrid system of RO–MED in 
order to desalinate the seawater. A thermodynamic steady-state study of this system is investigated to select the optimum 
cogeneration system. These improvements could make the benefits of cogeneration to the energy consumption of an RO and 
MED which will be remarkably reduced.

Keywords Electricity–water cogeneration · Reverse osmosis · MED · Heat recovery system · Sulfuric acid · Hybrid RO–
MED

Introduction

Water and energy are two inseparable products that govern 
the life of humanity and civilization develops (Mourad et al. 
2018). The facility to produce potable water economically 
is the crucial focus of seawater desalination research. There 
are numerous methods to desalinate water, including reverse 
osmosis, multistage flash distillation and multieffect evapo-
ration; seawater desalination is an attractive idea for address-
ing the water supply shortages. Water evaporation and mem-
brane desalination methods are two major methods; reverse 
osmosis (RO) is the most well-known example of membrane 
desalination and requires low energy supply (Saifaoui et al. 
2016). Nevertheless, it has a high maintenance cost and 

produces water-containing remnant bromides and chlorides 
(Aroussy et al. 2016b). Multieffect desalination (MED), 
multistage flash (MSF) and multieffect desalination with 
thermal vapor compression (MED-TVC) are thermal meth-
ods that can use nonpotable water with various characteris-
tics such as excessive salinity (Amry et al. 2016).

On the other hand, countries such as those in the sub-
Saharan region have to rely on imported oil for electric-
ity generation and face frequent periods of severe draught. 
Analogous conditions prevail in small- or medium-size 
islands, which are not connected to national electricity 
grids (e.g., islands of the Aegean Sea). In many such cases, 
electricity is produced by diesel generators which convert 
less than half of the energy content of the fuel into electric-
ity. The remainder energy is evacuated as waste heat by the 
combustion gases (at approximately 350 °C) and the cool-
ing liquid (at approximately 80 °C) of the diesel engine. 
In the entire scientific world, great efforts have been made 
for a rational improvement of design and operation criteria 
for desalination plants, oriented to all the main aspects of 
processes that are water, chemical and physical treatments, 
membrane materials, thermodynamics of heat recovery and 
rejection and different layouts for hybrid RO–MED plants 
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(Khoshgoftar Manesh et al. 2013). New frontiers for desali-
nation plants will be opened from the expected widespread 
use of modular components to be produced on a large scale 
with consequent capital cost abatement.

Among the thermal desalination methods which can 
use waste heat, multieffect evaporation (MEE) and multi-
effect evaporation with thermal vapor compression (MEE-
TVC) have lower corrosion and scaling rates, lower capital 
cost, longer operation life and require less pumping power 
(Lovato et al. 2001). They have therefore been studied fre-
quently and implemented in several increasingly larger 
installations. Some of these studies as well as a few others 
of particular interest are presented in ascending chronologi-
cal order in the following paragraph.

In this circumstance, the sulfuric acid production is an 
exothermic process (Aroussy et al. 2016a), in which the heat 
is recovered from absorption process of sulfuric acid by heat 
recovery system (HRS), with negligible temperature losses 
and minimum space requirements. The heat recovered is 
used for district heating of cities, boiler feed water preheat-
ing or as heating media in connected processes or adjacent 
plants. Indeed, it provides the entire need for sulfuric acid 
and steam for the production of phosphoric acid, fertilizer 
and the electrical energy required to power the plant. In this 
work, the sulfuric acid is used to recover heat energy in 
power plant which is used in a hybrid system of RO–MED 
in order to desalinate the seawater. A thermodynamic steady-
state study of this system is investigated to select the opti-
mum cogeneration system.

Desalination methods

A desalting device essentially separates saline water into two 
streams: the freshwater stream (low salts) and the concen-
trate or brine stream (high salts). The device requires energy 
to operate and can use a number of different technologies for 
the separation (Fig. 1).

Multieffect distillation

Multieffect distillation uses multiple vessels of decreasing 
pressure, similar to multistage flash distillation (Fig. 2). 
The major difference is that evaporation occurs at the heat 
exchanger surface, which can lead to fouling.

Reverse osmosis

Reverse osmosis is a pressure-driven process, which forces 
water through a selective membrane, leaving salts behind. 
The major energy required for desalting is for pressurizing 
the feed water (Fig. 3).

The share of RO membrane process is rapidly increasing 
with the time compared to distillation processes as it con-
sumes much less energy and thus less cost (Fig. 4).

Cogeneration system

On the other hand, thermal power generation is not very 
effective if the waste heat is not recovered from the power 
plant (de Gunzbourg and Larger 1999; El-Nashar 2001). 
Thus, for the recovery of these, it increases the overall plant 
efficiency by getting more useful energy per unit of fuel 
burned. To this end, it fills more needs rejecting less heat, 
fewer greenhouse gases and fewer pollutants. During the 
power generation using combustibles, the wasted heat energy 
is recovered by a cogeneration system, which is divided in 
two main energies: mechanical energy and thermal energy 
as mentioned in Fig. 5.

Fig. 1  Desalination system modeling

Fig. 2  Diagram of a multieffect 
distillation plant
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Numerical results

In this part, we will present the different systems that can 
be used from heat recovery in production of sulfuric acid 
as in the diagrams (Fig. 6).

The steam produced by the boiler field runs a Rank-
ine power cycle to produce electricity for the RO system 
and auxiliary components of the MED system after steam 
of acid sulfuric production (thermal energy) is used to 
power the other MED desalination system which shows 
the energy efficiency of our system. The Thermodynamic 

models of each of the two main system components (RO 
and MED) were constructed in Engineering Equation 
Solver (EES) and solved numerically. The effect of all 
parametric system is investigated in this study, especially 
the reverse osmosis system.

RO system model

In the RO process, the solution declined by the membrane, 
also called brine, is more concentrated than the power solu-
tion. Its pressure is slightly smaller than the working pres-
sure, although it is still very important. The same capacity 
can be collected using a recovery unit to generate mechani-
cal energy to drive pumps.

In this paper, we assume that (Cardona and Piacentino 
2004):

• Flow rate is steady;
• Salt and saltwater are incompressible substances;
• Salinity at the inlet is constant (point 5);
• Kinetic and potential energies are negligible;
• Terms of saltwater at the entrance match ambient condi-

tions (reference conditions);
• Performance of all pumps and turbines is set at the same 

value of 75%;
• In the former case (system # 1), the RO subsystem 

embodying a hydraulic turbine is mechanically coupled 
with the Rankine cycle subsystem, as shown in Fig. 7.

Thermodynamic study in steady state

System # 1:

Boiler:
The first law of thermodynamics in steady state (Bouzayani 
et al. 2007; Cangel and Boles 2002) for the volume control 
of the boiler, not taking into account the heat loss to the 
outside, is expressed as:

Fig. 3  Basic components of a 
reverse osmosis plant

Fig. 4  Trend of increasing use of RO compared to distillation pro-
cesses

Fig. 5  Diagram of a cogeneration system
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Fig. 6  Diagram of heat recovery 
in production of sulfuric acid

Fig. 7  Block diagram of power 
and water cogeneration by RO 
with hydraulic turbine without 
thermal coupling
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• The reversible work of the boiler in steady state is 
given as:

  

Steam turbine:

• The first law of thermodynamics in steady state for 
superheated steam control volume contained between 
sections 2 and 3 of the steam turbine, not taking into 
account heat exchanges with the outside, is expressed as:

  
• The reversible work of the steam turbine in steady state 

is expressed as:

  

Condenser:

• The first law of thermodynamics in steady state for the 
vapor control volume contained between sections 3 and 
4 of the condenser, by not taking into account the heat 
exchange with the outside, is expressed as:

  
• The reversible work of the capacitor in steady state is 

given as:

  

Pump 1:

• The first law of thermodynamics steady state for the vol-
ume control of pure liquid water contained between sec-
tions 1 and 4 of the pump Pm1, not taking into account 
the heat exchanges with the outside, is expressed as:

  
• Entropy in point 4 is expressed as:

h2 − h1 =
Q̇1

Ṁ
= q1

wr,boiler =
Ẇr,boiler

Ṁ
= −T0 ⋅

(

q1

Ts
+ (S1 − S2)

)

wTV = h2 − h3 = �TV ⋅ (h2 − h3s)

wr,TV = wTV − T0 ⋅ (S2 − S3)

q3 =
Q̇3

Ṁ
= h4 − h3

wr,cond = −T0 ⋅

(

q2

T0
+ (S3 − S4)

)

wPm1 =
ẆPm1

Ṁ
=

P1 − P4

𝜌W ⋅ 𝜂Pm1

= h1 − h4

  
• The reversible work of pump Pm1 in steady state is given 

as:

  

Pump 2:

• The first law of thermodynamics in steady state for sea-
water control volume contained between sections 5 and 
6 of the pump Pm2, not taking into account the heat 
exchanges with the outside, is expressed as:

  
• Entropy in point 6 is expressed as:

  
• The work of reversible pump Pm2 in steady state is 

given as:

  

Pump 3:

• The first law of thermodynamics steady volume for the 
water control of maple contained between sections 7 
and 8 of the pump Pm3, not taking into account the 
heat exchanges with the outside, is expressed as:

  
• Entropy in point 8 is expressed as:

  
• The work of reversible pump Pm3 in steady state is 

given as:

  

Hydraulic turbine:

• The first law of thermodynamics in steady state for the 
brine control volume contained between sections 10 
and 11 of the hydraulic turbine is expressed as:

h4 = h1 +
P4 − P1

�W ⋅ �Pm1

wr,Pm1 = h4 − h1 − T0 ⋅ (S4 − S1)

wPm2 =
ẆPm2

ṁ
=

P6 − P5

𝜌W ⋅ 𝜂Pm2

= h6 − h5

h6 = h5 +
P6 − P5

�W ⋅ �Pm2

wr,Pm2 = (h5 − h6) − T0 ⋅ (S5 − S6)

wPm3 =
ẆPm3

ṁ
=

P8 − P7

𝜌W ⋅ 𝜂Pm3

= h8 − h7

h8 = h7 +
P8 − P7

�W ⋅ �Pm3

wr,Pm3 = (h7 − h8) − T0 ⋅ (S7 − S8)
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• Entropy in point 11 is expressed as:

  
• The reversible work of hydraulic turbine in steady state 

is given as:

  

Reverse osmosis unit:

• The first law of thermodynamics in steady state for the 
volume control of liquid water contained between sec-
tions 8, 9 and 10 of the unit reverse osmosis is expressed 
as

  
• The reversible work of the reverse osmosis unit in steady 

state is given as:

  
• The global efficiency of the reverse osmosis system is:

  
• The variation in efficiency versus flow mass rate (Fig. 8) 

has the same shape, by taking pressure for all, and the 
heat energy constant in each one, with a little growth in 

wTH =
ẆTH

ṁ10

= h10 − h11 =
P10 − P11

𝜌10SW
⋅ 𝜂TH

h11 = h10 +
P10 − P11

�10SW
⋅ �TH

wr,TH = wTH − T0 ⋅ (S10 − S11)

h8 = r1 ⋅ h9 + r2 ⋅ h10

wr,RO = −T0 ⋅ (S8 − r1 ⋅ S9 − r2 ⋅ S10)

� = −
Wnet

qin
⋅ 100

Wnet = WTV,real +WPm1,real +
1

r3
⋅

(

r2 ⋅WTH,real +WPm2,real +WPm3,real

)

the beginning, and then it becomes constant, because of 
the limitation of the efficiency of system. The green, red 
and blue curves have maximum efficiencies of 44.76%, 
30.18% and 8.308%, respectively.

 Figure 9 describes the efficiency versus pressure by 
fixing the thermal heat of evaporator qin in each curve and 
mass flow rate for all. They have a minimum and maximum 
extremity of variation. The green curve rises from 31.29 to 
96.49%, red one from 20.39 to 92.26% and the blue one from 
0.18 to 85.91%.

The efficiency � of system increases exponentially with 
thermal heat qin of evaporator, see Fig.  10. The green 
curve increases from 1.87 to 89.58%, red one from 4.07 to 
74.36% and the blue from 3.02 to 51.65%, as it is observed 

Fig. 8  Efficiency of Rankine cycle versus mass flow rate of the 
reverse osmosis at different thermal heat levels and constant pressure

Fig. 9  Efficiency of Rankine cycle versus pressure of condensation 
of the reverse osmosis at different thermal combustions and constant 
flow rate of steam

Fig. 10  Efficiency of Rankine cycle versus thermal heat of the RO at 
different pressures and flow rates of steam
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that the forms of all curves have the same shape, because 
of linearity of equation system.

In the latter case (system # 2), Fig. 11, the two subsys-
tems are connected mechanically and thermally. Recover-
ing the power unit is again a hydraulic turbine.

The heat exchanger (evaporator) effectiveness ε is a 
function of flow mass rate Ṁ  (kg/s) with four thermal 
heat constants qin  (kJ/kg) from 950 to 1250 kJ/kg. The 
four curves have the same exponential shape and distance 
between the them, because of linearity of the problem. 
The efficiency of red curve increases from 0 to 22%, the 
cyan from 11 to 31%, the brown from 21 to 40% and the 
green from 31 to 48% as shown in Fig. 12. The efficiency 

in Fig. 13 increases from 20 to 90% for the four curves, 
with different mass flow rates.

MED system model

We have worked in this paper just on the vacuum system, 
because it plays a key role in the regulation of the pressure 
in the evaporator; this improvement will be useful for the 
MED system (Fig. 14). 

Using the results obtained from this case study, one can 
see that for a jet vacuum pump (Fig. 15), with liquid for 
creating a vacuum to a volume of 1.571 m3, a water pump 
is required along with a flow rate of 24 m3/h and a head of 
52.23 m.

Change in the parameters has shown a lower vacuum 
pump (and therefore less than volume flow) will produce 
smaller heads and consequently you will certainly need 
lower vacuum pump. It means the size of required vacuum 
will play an essential role in selecting a vacuum pump. The 
selection of a vacuum pump for a certain vacuum size may 
be made from the datasheets provided from the manufacturer 
of the vacuum pump. One more observation which can be 
made is that the requisite head shall be smaller for the pump 
if the losses from domestic water are minimized.

The interface developed will give the ability of the con-
trol of all parameters required in the seizing of the vacuum 
system as shown in Fig. 15. The results which have been 
obtained from the EES program (Oulhazzan et al. 2016) 
can be used to choose correctly for water pump a specific 
liquid jet vacuum pump. It can be realized because the head 
(the height of the fluid to be pumped) and the volumetric 
flow to obtain the required vacuum have become known. 
Additional information for the jet vacuum pump liquid and 
the necessary time to achieve the required vacuum can be 
found in datasheet from the manufacturer of the liquid jet 

Fig. 11  Block diagram of power and water cogeneration by RO with 
hydraulic turbine with thermal coupling

Fig. 12  Efficiency of Rankine cycle versus mass flow rate of the 
reverse osmosis at different thermal heat levels

Fig. 13  Efficiency of Rankine cycle versus thermal heat of the RO at 
different pressures and flow rates of steam
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system of the vacuum pump. This information could then 
be combined together to develop a complete vacuum system 
for the evaporator of a desalination plant (Klein et al. 1992; 
Aroussy et al. 2016c, d).

Figure 16 presents the total height (H) that has to be 
pumped by the water system, in function of pressure entering 

the heater. The variations in curves are linear, just with a 
little curvature in the beginning; all calculus is made for 
different mechanical losses caused by valves and elbows 
in the auxiliary system. Also the volume of vacuum vessel 
increases significantly with the diameter for such values of 
lengths in Fig. 17.

By changing the input parameters, different comments 
may be made. For example, when the temperature of the 
steam is enhanced, it causes a greater overall coefficient of 
the heat transfer. It means that one smaller evaporator shall 
be required because a lower heat transfer area is necessary. A 
further observation which can be done is the mass flow of the 

Fig. 14  Pilot desalination facil-
ity flow diagram indicating the 
location of vacuum system

Fig. 15  Interface of the EES program for the vacuum system

Fig. 16  Total head of pump versus pressure through the heater
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saltwater is reduced; the overall coefficient of heat transfer also 
increases. This means that less of the product (freshwater) will 
be produced in a certain time (Fig. 18).

Conclusion

This study develops a combination of MED and RO for 
cogeneration of power plant, by heat recovery system dur-
ing acid sulfuric production used in desalination process. 
The parametric study of vacuum system shows the effect 
of each one on the other (efficiency, flow mass rate thermal 
heat and pressure).

From the analysis carried out, we conclude that heat 
the coupling has a large effect on energy and exergetic 
performance of electrical and water cogeneration. It 
increases the operating temperature for the reverse osmo-
sis unit increasing the amount of drinking water produced, 
although meanwhile, it influences the quality of the per-
meate. Therefore, we should not raise this working tem-
perature to a maximum value which corresponds to the 

permeate salinity of 1545 ppm. On these conditions, we 
obtain the optimum operation of the system which has the 
maximum energy efficiency and exergy.
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