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Thermo-Economic Analysis of a Desalination

Device from the Second

law of Thermodynamics’

Point of View and Parameter Investigation
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Abstract—In this paper, exergy will be explained, and the MED desalination system will be introduced. Then, the simultaneous production

cycle will be investigated, and it’s analysis from thermodynamic and exergy points of views will be presented. Finally It's products will be

considered. The main purpose of this study is to investigate the effects of some parameters such as entering pressure of the desalination

system and the number of heat recovery systems on our desired parameters. Additionally, this system will be optimized economically in a

way that both thermodynamic and economic cases are considered.

Index Terms — Economic and thermal optimization, Exergy, The Second law of Thermodynamics’, Desalination MED.

1 INTRPDUCTION

HESE days, producing drinking water is of great

importance specially in hot and dry areas where the
availability of drinking water is really low. In the following
picture, the hot and dry areas with low amount of drinking
water are specified [4].

[ Approaching physical water scarcity [] Not estimated

[ Little or no water scarcity

L] Physical water scarcity B Economic water scarcity

Fig. 1.Global water scarcity

Because of the high costs of producing water, using
desalination systems has become very common. There are
different types of desalination systems the MED of which is
going to be investigated in this paper [5], [6].Coupling a
production cycle with a desalination system is a very suitable
approach from thermodynamic and economic points of views
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in which external gases from the gas turbine can be used as a
portion of the needed energy for the desalination system.

Also, a part of the exiting vapor could be used for the
desalination system [4].

2 EXERGY

First, the essence of exergy will be explained, and it’s relation
with enthalpy and the first and the second laws of
thermodynamics will be considered [7], [8], [9]. Then, the
simultaneous production cycle will be investigated for exergy
a thermodynamic points of views, then useful relationships
will be written [10], [11]. Energy is available in different forms
and changes to various kinds. Different energies have
different qualities.The quality of the energy is defined by
means of entropy [12], [13]. High entropy is equal to low
quality and vice versa. The second law of thermodynamic
indicates that only the changes are possible during which the
total entropy increases. By introducing exergy, we can
energy and entropy simultaneously.For more
understanding the concept, consider the following procedure

(1], [2], [3], [14]:
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Fig. 2. A schema of thermodynamic system
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E=W,, +W, @
Qrev + Hi =U; — U + Wrev + He (2)
Wrev = Qrev + Hi - He - (uz - ul) (3)

From the second law of thermodynamics:

Q
T_: = S0 = Srev (4)

In which W, is out of entropy and S,., is the entropy
related to Q.

W = ToSrev — Qrev ®)
The second law of thermodynamics indicates:
Stev =S2 =51 +S. = §; (6)
So, the work of the heat engine can be expressed as follows:
We = To(S2 =51+ Se = Si) = Qrev )
Replacing W,.., and W, in above equation will result in:

E=Qpev + Hi —He — (u; —uy) + Toy(Sz — S + Se —Si) — Qrey
)

Which could be rewritten as :

E =H; —ToS; — (He — ToSe) + (ug — ToSy) — (U — T, S;) = E; —
E.+E; —E, )

Consider the following picture:

Fig. 3. schema of heat transfer between 2 particles

Specific amount of heat (Q) transfers from the object
number 1 with the temperature of T;to the object number 2
with the temperature of T, . Entropy changes of the objects are:

Q\,—Q
G (10)
The total change of the entropy is:
tot _ Q2 _ Q
St = Lo (11)

Now, assume two environments with heat capacity of C;
and C, and temperatures of Tyand T, and constant volumes.
The equilibrium temperature is calculated like [14]:

—_— —_— —_— —_— —_— —_— — = _— —_— —_— —_— —_— — =

Fig. 4. Schema of heat transfer in environments

TG,
Te= C1+Cy (12)
Total entropy production is:
tot _ (TeCdT | (TeCpdT Te Te
St = [e BT [0 =R = G In e+ G Ing (13)

2.1 Exergy of Materials:
A simple introduction to exergy of materials is presented in
the following. In standard states, temperature and pressure
are assumed constant [14].

E=imi(, — 1) (14)

Where i, is the generalized chemical potential of specy i
and p, is the generalized chemical potential of specy i in its

environment state.
For pure elements:

B, =4, TR InG (15)
In which C; is the concentration of specy i. So:
E=) ni(pi - pio) + RT, X n; lnccfi (16)

It's worth mentioning that C;, is the concentration of
substance i at standard atmosphere (101 Kpa and 15°c).Now
that we have gotten familiar with the concept of exergy, we
will investigate the MED desalination systems.

3 Desalination-MED systems

This device is built on the basis of evaporation and
condensation of salted water (sea water) in multiple stages;
which means periodic evaporations and condensations are
done which increase the efficiency of the system. This kind of
desalination system is made up of several heat recovery
sections and one heat rejection system and one Thermo-
Compressor. The necessary energy of the desalination system
is maintained by the dry vapor from a boiler. This dry vapor is
mixed with the vapor from the last heat recovery system and
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compressed by the Thermo-Compressor and then is guided to
the first heat recovery system. This internal vapor of the heat
recovery system moves and causes the vapor to turn into
saturated water. The produced water from the first
condensation is the first water product which is produced by
the first heat rejection system. As it can be seen from fig (5),
the pipes’ group including vapor are cooled by spraying sea
water (Salted water) on them. Water spray on pipes’ group
causes some of the water to evaporate. Considering the
internal temperature and pressure of the heat recovery system,
it can be said that the amount of evaporated water inside the
heat recovery system equals the amount of water which is
condensed in condensation pipes.

[Steam]

Thermo ejector
———{*—|Driving steam

Feed seawater
I {Dishchargc

Y Y v
i 7 i Tl |
- s

I |—~ Vl)lshll:atieg

Fig. 5. Desalination-MED

The produced vapor in the first heat recovery system, after
passing demisters, enters the pipes of the second heat recovery
system as the entering vapor and in this heat recovery system,
too, some sea water is used to cool group of pipes. Next, this
water evaporates and then condenses and the drinking water
of the second heat recovery system is produced during this
process which is exits the heat recovery system. This
procedure continues this way.

In the last heat recovery system, the exiting heat is guided
to the heat rejection system, and the heat from this vapor is
transferred to the sea water which is going to be used as the
feeding water of the system. In the heat rejection system, a
great amount of water is exposed to heat transfer, so the sea
water never evaporates [5], [21].

3.1 accurate (exact) investigation of the MED
desalination systems

Salty sea water, after pre-purifying and getting ready to be
used in desalination device, enters the heat rejection system.
In the heat rejection system, the heat of the outlet vapor from
the last heat recovery system is transferred to the feeding
water and pre-heats it in a way that its temperature increases
to 10°C. In general, the entering water to the heat rejection
system is divided into two parts in a way that one part of
which is the feeding water which is used for desalination

process and enters heat recovery systems, and the other of
which has the role of water coolant which is brought back to
the sea. The entering water to heat recovery systems is
sprayed on pipes through which water vapor passes by means
of spraying nozzles. This water climbs down the pipes as a
thick film. Positions of the pipes are horizontal so that better
heat transfer is done, and the water is able to climb down the
pipes as a thick film. Residual water gathers in the lower part
of each heat recovery system and enters the other one. Because
of the fact that the pressure of the next heat recovery system is
less than that of the previous one considering the temperature
of the Braine and pressure difference of the heat recovery
systems, some of the brine flashes the result of which is a
decrease in the temperature of the brine. Also, some of the
brine evaporates and is added to the vapor of the heat
recovery system which helps heat transfer in heat recovery
systems. The exiting brine from the last heat recovery system
is brought back to the sea. The needed energy of the system is
obtained by motive steam. Motive steam is the vapor
produced by a boiler and enters the Thermo-Compressor
(TVC) through pipe lines. TVC mixes some of the vapor
available in the last heat recovery system and sends it to the
first heat recovery system after compressing. This vapor enters
the pipes and condensates after spraying sea water on the
pipes. The sprayed water evaporates and after passing
demisters enters the next heat recovery system because of
pressure gradient. It is essential to mention that the mass of
the produced water is more than that of the steam obtained
from the boiler .The reason is that some of the vapor from
vapor getting heat recovery system is guided to TVC and is
used a circling vapor. Gases which do not condensate have the
main role of making pressure gradient between the inside and
outside of the heat recovery system and enter the next heat
recovery system. These gases pass heat recovery systems and
are gathered and are transferred to the heat recovery system
which is located right after the vapor getting heat recovery
system. This way, these gases never enter the TVC and exit the
system [21].

Heating Steam for

Steam  Vaccum Systermn Sea Water
.-_1 L( = —e
Brine
Discharge
Condensate ®—e .
Return Desalinated

Water Outlet
Fig. 6. A desalination design

In the case of vapor maintaining systems, it is worth noting
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that producing vapor could be done in two ways:

1) A boiler which uses fossil fuel to maintain vapor with
desired conditions.

2) A boiler which uses hot gases from gas turbines (HRSG) to
maintain vapor with desired conditions.

4 Combined Heat and Power Systems
One of the disadvantages of gas turbines is their low
efficiency which is between 30 to 40 percent. This means that ;

of the energy of the used fuel is wasted by exiting hot gases.
Exiting hot gases could be transferred to a regenerator boiler
in order to use their potential heat energy to produce vapor.
This vapor is the motive steam mentioned earlier. Also, a
combined cycle and a desalination system could be coupled.
In this way, the heat of the exiting gases of a gas turbine is
used in a regenerator boiler to produce high-energy steam
which is suitable to be used in a Rankin cycle. Because of the
fact that the pressure of the produced vapor of the boiler is
very high, exiting pressure of the turbine is used which is
lower. In fact, the exiting pressure of the turbine should be
adjusted in a way that the exiting pressure is compatible with
the needs of the desalination system. Back pressure turbines
have the advantage of producing vapor with the necessary
conditions [16].

EXHALST GASES

MED DESALINATION
PLANT

GASTURBINE BACK PRESSURE STEAM

PRODUCT

CONDENSATE
RETURN TO BOILER

-,
FEED WATER INTAKE

Fig. 7. A combined Heat and Power System design

4.1 Accurate Investigation of Combined Heat and
Power Systems

Combined Heat and Power systems consist of a power
producing cycle including a gas turbine cycle and a steam
turbine cycle. High-pressure and medium-pressure steams are
produced in boilers and enter a two-pressured back pressure
turbine and after doing axial work and expanding enter
desalination system as the motive steam. Following that, the
motive steam expands inside the TVC and condenses in the
first heat recovery system and then goes to the heat
regenerator boiler [2], [14].

Exhaust gases

‘
|

Electricity

Generator

Water
Condenser

Cooling water Waste heat

Fig. 8. the principle of simple power plant

5 Energy and Exergy for General processes

The first law of thermodynamics in a control mass indicates
the relation between heat transfer and the work done. The
general equation is [2], [12]:

dE = 6Q — W 17)
6Q = cyclic changes of heat transfer

6W = cyclic changes of work

The second law of thermodynamics represents the
efficiency and its equation is:

useful work

n= (18)

" total entering energy of the system

ENTROPY
ENERGY

Fig. 9. interaction between relation of energy exergy and entropy
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5.1 Energy and Exergy analysis for the Control Volume
Mass, energy, and exergy are extensive properties, and the
following equations are written for a control volume [2], [3],

[10]:
{H(Pi Vi ]
I

|
—Q o) SYSTEM =
| |
! |
L — — —
maw) |

Fig. 11. an open system
E m; = E m,

ch - ch = E l'hihi - E mehe (20)

dEcy Tox - . dVey . :
= B -1~ (Wey = B 5) + Bimee. — Ep (21)

E = Eph + Ech + Ek + Ep (22)

In which E,,indicate physical exergy, E.yindicates chemical
exergy, E) indicates kinetic exergy, and finally E, indicates
potential exergy. Chemical and kinetic and potential exergies
could be neglected.

Epn = (h—hp) =Ty (S = So) (23)

i the rate of exergy change in the control volume

Q; = the amount of transferred heat between the control

volume and environmentin the temperature of T;

Eq‘i = (1 — ,TF—IO) Q; = the exergy transferred during the process
(24)

Ep = the rate of exergy destruction in the control volume

ED = TOSgen (25)

. Y dVCV
Ew - ch - l:70 dt

(26)

The transferred energy by means of work, the transferred
exergy

cv

dt

= the rate volume change of the control volume

m;e; = the entring exergy by the stream
m.e, = the exiting energy from the control volume

For steady state, exergy analysis is as follows:

Zi(l_:l;_?) Qi— (ch -B d::’) + Y ye; — Y eee —Ep =0

(27)

5.2 Exergy destruction and Exergy loss ratios

Exergy loss and destruction causes the system not to operate
well. In the following equations, Ep is the exergy of the exiting
products, and E is the exergy of the entering fuel stream [2].

1. Exergy destruction ratio of each part: The amount of
exergy loss in that part divided by the exergy of the
entering fuel stream

—_Bp

r]D - Ef,total (28)

2. The ratio of exergy destruction in each part divided

by the total exergy loss in the cycle is defined as:

M= 29)

3. Both of the above equations are related to exergy
destruction and are suitable for investigation the
behavior of the cycle parts and show how efficient
they are.

4. The ratio of exergy loss for each part: the amount of
exergy loss divided by the exergy of entering fuel

stream
- _B
r]L a Ef,total (30)
Exergy balance for steady state is:
EF = Ep + ED + EL (31)
And exergy efficiency is expressed as:
_Ep_ o Epty
Se=1- (32)

Exergy efficiency (Efficiency of the second law) is used to
compare the similar parts that is an indicator of performance.
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5.3 Exergy Analysis in a Combined Heat and Power
System

In this analysis, by considering the total entering exergy of the
cycle, final specified exergy to each product is determined. In
systems with more than one exiting product, each product
must have a specific subsystem in which there are facilities
specified for producing that product only [14]. Now,
equations of the combined heat and power systems will be
considered.

5.4 Turbine

TH; =M. — M
Fig. 12. A schema of turbine

Ein = Pr + Eoue + (Ep + Ep)r

o —

o (34)

<! —_ .
T Ein—Eout

Turbine analysis and useful equations [1], [2], [3].

E = (h—ho) = T(s = 5o) + > + (2 — %) (35)
W(for an actual turbine) = ryh, — i, h, (36)
W (for an isentropic turbine) = m,h; — m,h, (37)
Nsecondlaw — EXiV\—/?EXe (38)
5.5 Desalination Device

For desalination we have [1], [2], [3]:

Ein = Ew + Eoue + (Bp + Ep)pes 39)
Toes = Ercton (40)

| —— <@ Cool saltwater

Concentrated
saltwater
discharge

Fig. 13. A desalination schema

5.6 Heat exchanger analysis and useful relationships

m, (E;—E;)

Nsecondlaw ~— tig(Bs—Ey) (41)
(y)a = (e)a (42)
(hy)y = (he)y (43)
(tihya + (i) = (mehe)a + (Mehe)y (44)

B
1 AMNVWALL
+ —+ @
4

\, J/

3
Fig. 14. A heat exchanger

6 Exergoeconomic Analysis

Thermo-economy is a branch of science which represents an
analysis of a system by combining exergy analysis with
economic basics. Considering the fact that analytical equations
of thermodynamic are based on exergy principle, the word
“Exergoeconomy” is used. While designing a system, the
knowledge of final costs of the products for economic
efficiency is really wuseful. If just thermodynamic
considerations are taken into account, the proposed design
may be impossible to build, or the costs might be very high. A
point of designing is looked for that both thermodynamic
efficiency of the system is high, and the system is suitable
from economic point of view. In this study, first, the thermo-
economic index function will be formed. Then, optimizing
with the aid of minimizing the rate of costs will be done. The
way of defining index function depends on the conditions of
each project [17], [18].
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6.1 Important points
Temperature gradient in the heat rejection system is
defined as the difference between the entering steam
temperature and exiting sea water from heat rejection
system which is assumed to be 5°C.

1. Temperature of the entering steam to the first heat
recovery system:

2. The maximum value of this parameter could be 70°C
because of sediment, and the minimum value of it can
be 60°C because of the disfunctioning of the vacuum
ejector.

3. The temperature of the last heat recovery system,
because of environmental limitations, can be between
48 and 37.

4. The number of heat recovery systems is considered a
designing variable [19].

7 Analysis and simulation of a combined heat
and power system

Climate conditions of the installation location-Performance
specifications of a gas turbine in site conditions- Performance
specifications of a steam cycle- Performance specifications of
MED desalination device:

TABLE 1
Condition of Power System

parameter ]

unit cost of electricity($/KWH) 0.79

useful life(year) 20
B0 design paramotor RN

capacity of each unite(ton/h) 1600

temperature of the last brine ??

Salt composition of brine outlet (%) 0.05

motive steam pressure ?

steam turbine performance parameter

HP steam pressure (bar)

LP steam flow rate (kg/s)

91
17.2

LP steam temperature (°c) 247

HRSG design parameter _

exhaust temperature(°c) 135
Efficiency (%) 74

gas turbine performance parameter _
GT model v92.4

turbine exhaust temperature(°c)

air flow rate(kg/s)

specific of power plant]
ambient pressure(bar)

site elevation(m)

541
527
1.01
17

8 CONCLOTION

The way in which exergy is divided in combined heat and
power system shows that 50% of the potential entering exergy
to the system disappears because of the irreversibility’s of
combustion process in the gas turbine and the loss caused by
HRSG chimney. 30% of that is transferred to the vapor part
10% of which is able to be recovered, and 10% of that is
transferred to desalination device, and the rest will be the loss
of steam system .Now, in order to conclude, the effect of
exiting pressure of steam turbine and the number of heat
recovery systems on performance specifications and costs of
producing water and power will be investigated

H loos exergy

i allocated exergy to water

i allocated exergy to power
system

Fig. 15 Distribution for exergy allocatio
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In the investigations, pressure is variable from 5bar to 20bar. Also, the number of heat recovery systems is considered to be
7 or 6. Investigations will be presented as diagrams.

18
— 1
£ 6
5]
g 14 -
w
& 12 - H 6 effect
S~
3
[ 10 -+
4
S 87
£ 6
= ]
3
5 4 i 7 effect
S
g 2
3
s 0~
e 10 bar 12.5bar 15bar 17.5bar 20bar 22.5bar 25bar 27.5bar 30bar 32.5bar 35 bar
steam turbine backpressure
Fig. 16 Effect of outlet pressure of turbine on amount of water

As it can be seen from the diagram, the amount of water production and it is cost increase by increasing the entering motive
steam pressure to the desalination device.The reason why amount of water (GOR) increases is that increasing the pressure of
entering pressure results in higher static enthalpy of the entering steam which will result in higher vacuum at the nozzle of
the ejector.

0.7
. 0.6
E
& 0.5
9]
= 04 H 6 effect
2
L 0.3
%
S
< 0.2
2 id 7 effect

0.1

Sbar 7.5bar 10bar 12.5 15bar 175 20bar 22.5 25bar 27.5 30bar 32.5 35bar
bar bar bar bar bar

steam turbine backpressure

Fig. 17 Effect of outlet pressure of turbine on fuel cost
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170

168

166

164

H 7effect
162

160

158

Total net benefit (milion $/year)

156 Ll 6 effect

154

Sbar 7.5bar 10bar 12.5 15bar 17.5 20bar 22.5 25bar 27.5 30bar 32.5 35bar
bar bar bar bar bar

steam turbine backpressure

Fig. 18 Effect of outlet pressure of turbine on total net benefit

Higher pressure needs more expensive evaporators which will increase the costs of initial investments. On the other hand,
the exergy efficiency decreases, and the cost of fuel specified to water production increases. Taking everything into
consideration, increasing the pressure of entering steam will result in higher water production costs.

18
16
§ 14 M 20
2 bar(steam
%o 12 back
g 10 pressure)
>
= 8
% 10
2 6 bar(steam
G 4 back
c
RSl pressure)
S 2
©
g 0
e i 5 bar9steam
2.6°C 2.8°C 3°C 3.2°C 3.4°C 3.6°C 3.8°C back
pressure)

temperature difference at per effect (°c)

Fig. 19 Effect of temperature difference at per effect on amount of water

Increasing the number of heat recovery systems and decreasing temperature gradient between the stages results in
increasing GOR. Diagrams show that the decrease of amount of water (GOR) has a linear relationship with the increase of
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temperature. More heat recovery systems make bigger heat transfer surfaces in evaporators and as a result, the temperature
gradient between the stages decreases.

120

100

M 20 bar(steam

back
pressure)

Exergy

i 10 bar(steam
back

pressure)

80
60
40 ~ ’
20 ~
0 -
2.6°C 2.8°C 3°C

Temperature diffrent at per effect (°c)

Fig. 20 Effect of temperature difference at per effect on exergy

"h

3.2°C

H 5 bar9steam
back
pressure)

3.4°C 3.6°C 3.8°C

Decreasing temperature gradient between the stages and also decreasing the pressure gradient between heat recovery

systems decrease the exergy destruction and increase the performance and exergic efficiency.

From the obtained result, it could be found out that increasing the exiting pressure of the turbine will result in lower

electricity production cost, rate of electricity production, and the income rate of electricity selling. In addition, increasing the
number of heat recovery system increases the cost of electricity production, but the electricity production and the income rate of
electricity selling decreases.
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