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Abstract
Water scarcity and environmental impacts of blowdown within steam power plants are among the important growing

concerns. In order to solve these problems, applying a zero liquid discharge (ZLD) system for treating the brine of the

power plants and reusing this water is crucial. In this study, the process of a ZLD system is evaluated by using energy and

exergy analyses. The ZLD system was designed to recover brines to demineralize water, which consists of four main parts

including vacuum evaporator, roots pump, heat exchanger, and circulation pump. The effects of the dimensional and

operating parameters on the freshwater flow rate, exergy efficiency, and the consumption power are investigated. When

volume of the evaporator is 7 m3, with increase in total evaporation time from 1 to 3 h, total power consumption decreased

from 106.16 to 99.52 kW h and freshwater production reduced from 5914.62 to 2048.52 L h-1. The amount of produced

freshwater flow rate is independent of the recirculating flow rate and is a function of the evaporator’s volume. Therefore, in

volumes of 3, 5, and 7 m3, the produced freshwater flow rate is constant at about 1300, 2200, and 3070, respectively. Also,

the results showed that when increasing the concentration of the brine in the range of 2000–30,000 ppm, the flow rate of

the produced freshwater decreases from 3377 to 2911 L h-1 and the total power consumption reduced from 113.28 to

96.42 kW h. Moreover, by increasing the volume of vacuum evaporator, freshwater flow rate rises. Increasing the

freshwater flow rate has a dramatic influence on the early working cycles. Since the evaporation is a cyclic process, the

exergy efficiency of the roots pump and heat exchanger improves, while the exergy efficiency of the vacuum evaporator

decreases versus increasing working cycles.
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List of symbols
c Specific heat capacity (J kg-1 K-1)

e Specific exergy
_ED Exergy destruction (kW)

X Salinity ratio

s Entropy (kJ kg-1 K-1)

t Time (s)

T Temperature (K)

P Pressure (kPa)

h Enthalpy (kJ kg-1)

R Gas constant (kJ kg-1 K-1)

y Mole fraction
_Q Heat transferred (kW)

_W Power (kW)

m Mass (kg)

_m Flow rate (kg-1 s-1)

Greek letters
g Isentropic efficiency
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0 Reference ambient condition
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ke Kinetic exergy

po Potential exergy

ph Physical exergy

ch Chemical exergy

is Isentropic

Abbreviations
PHX Preheat heat exchanger

DP Distillate pump

CrP Circulation pump

HX Heat exchanger

RP Roots pump

EV Evaporator vacuum

FWP Feed water pump

CFWH Close feed water heater

OFWH Open feed water heater

SH Superheater

SG Steam generator

PH Preheater

HPT High-pressure turbine

LPT Low pressure turbine

RH Reheat

ST Storage tank

FWT Feed water tank

PHE Preheat exchanger

HE Heat exchanger

Introduction

Growing urban population leads to a higher wastewater

production [1, 2]. The treatment of brine streams is an

appropriate solution to overcome the growing water demand

[3]. Industrial processes usually make undesirable wastew-

ater which has harmful effects on the environment [4].

In 2016, Nokoa et al. [5] analyzed a desalination system

with zero liquid discharge. The system contained a

hydrophobic microporous membrane module and a plastic

vane. It was concluded that the system can produce

52 L day-1 of freshwater per one square meter of the

membrane and the amount of the consumed thermal energy

of the system was 11 kWm�2. Naseri et al. [6] studied a

transcritical CO2 cycle by adding a near-ZLD system. The

output wastewater of RO desalination was converted to

beneficial products (NaCIO and H2) with an electrolyzer.

Han et al. [7] analyzed a ZLD desalination system using

single- and multistage mechanical vapor compression sys-

tem. They concluded that by increasing the number of stages,

the consumption power of the compressor is decreased.

In recent years, using organic fuels instead of fossil fuel

to reduce air pollution has been introduced as a novel and

beneficial idea [8]. Bidabadi et al. [9, 10] studied different

properties of Lycopodium fuels to be used in a combustion

chamber. Rahbari et al. [11] investigated the behavior of

organic fuels dust cloud to achieve higher combustion

efficiency. In addition to organic fuels, using clean energy

such as solar energy [12, 13] and wind energy [14, 15] is a

selective option for researchers to reduce environmental

pollutions. Akbari et al. [16] used exergy analysis for a

solar power plant. The authors concluded that maximum

exergy destruction occurs in the collector. Farahbod et al.

[17] studied a solar desalination unit. In this experimental

research, they made freshwater and more concentrated

brine by entering the brine into the system. Cıkkalp et al.

[18, 19] analyzed a building heating system with an

advanced exergy analysis. Yilanli et al. [20] investigated

changes in the flow and energy of fuel for an aircraft using

energy and exergy analyses. They concluded that exergy

destruction depends on the state of flight. OzelErol et al.

[21] studied the performance of an ice rink refrigeration

system using advanced exergy analysis. The authors

showed that 47.15% of the total loss of the system is

avoidable, while 22.89% of the total exergy loss is

exogenous. Ekici et al. [22] analyzed first and second

thermodynamic laws for a turboprop with a mixture of fuel,

including methanol and kerosene. Yasin et al. [23] studied

the performance of a gas turbine with an advanced exergy

method. The results showed 81.83% of exergy destruction

was endogenous. Acikkalp et al. [24, 25], in two separate

studies, performed advanced exergoenvironmental on a

building. They concluded that the exogenous environ-

mental effect of the system is 68.6%. Acikkalp et al. [26]

investigated energy and exergy assessment of an air sepa-

rator. The results showed that exergy and energy efficiency

was 45.3% and 13.1%, respectively. Acikkalp et al.

[27, 28] investigated an advanced exergy method for a

trigeneration system. They concluded that exergy effi-

ciency and total exergoeconomic factor were 0.354 and

0.069, respectively. Acikkalp performed thermodynamic

analysis [29], environmental analysis [30], and economic

analysis [31] for an electricity generating facility. The

results showed that exergy efficiency, exergoenvironmental

factor, and exergoeconomic factor were 0.402, 0.277, and

0.247, respectively. Kaushik et al. [32] estimated chemical

exergy of solid, liquid, and gas fuels that were conven-

tionally used in thermal power plants. They concluded that

with increasing the amount of moisture in the fuel, chem-

ical exergy decreases. Sheshpoli et al. [33] performed a

thermodynamic analysis of waste heat recovery using the

ORC cycle (organic Rankine cycle). They concluded that

among the organic fluids, the R-134a has the maximum

output power. Ghoreishi et al. [34] modeled six refrigerants

for four ORC arrangements by EES software. Ksepko et al.

[35] used effluent as an oxygen carrier in energy produc-

tion processes. Lee et al. [36] added a brine treatment plant
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to a CHP system and performed economic and exergy

analyses on the system. They used a genetic algorithm to

optimize thermo-economic and environmental objective

functions. It was found that the total cost and the envi-

ronmental harmful impacts reduced by 16.9% and 5.3%,

respectively. Providing distilled water for a domestic

building without harmful environmental effects was stud-

ied by Audah et al. [37]. They employed a new system that

absorbed the moisture of the air to supply the water

demand of a dwelling building. Employing the ZLD system

for brine management in the coal industry in China was

investigated by Xiong and Wei [38]. After a fast evaluation

of the chemical industry of coal in China, the authors

concluded that installing the ZLD system in this industry

was declared as an obligation. Feasibility study of

employing the process of the ZLD for dyeing wastewater

treatment was done by Yao [39]. In this study, the impacts

of the parameters, such as recovery ratio and consumption

power on the operation of the system, were discussed. It

was concluded that employing this system recovers 97% of

the water in the waste stream.

Brine management is one of the global challenges that

need to be studied precisely to reach sustainable aims.

Demirbas [40] evaluated brine management and waste

transfer processes. In this study, the definition of brine

management, its categories, and brine management meth-

ods have been evaluated. Brine types have been grouped as

commercial brine, biomedical brine, domestic brine, and

dangerous brine. The study concluded that the best way for

using solid wastes was by employing a composing-based

method in which wastes were decomposed using natural

biological improvements. Johannsen et al. [41] presented

the benefits of high-pressure reverse osmosis toward ZLD

in different operations.

The amount of blowdown in power plants makes lots of

water and heat loss [42]. Therefore, the great amounts of

water and energy losses are recovered in water and energy

recovery. Ifaei et al. [43, 44] provided two schematics for

reducing water blowdown in steam power plants. They

added vapor compressor and absorption heat pump to a

Rankine cycle and employed exergy–environmental anal-

ysis on the suggested system and drew a comparison

between the aforementioned systems.

Akbari et al. [45] added a water and heat recovery to a

solar thermal power plant. In this study, the authors

investigated the impact of blowdown recovery on the net

generated work by energy and exergy analyses on the

power plant. The results showed that with water and heat

recovery of the power plant blowdown, the generated work

increased by 0.53% and drained wastewater reduced by

42%. Wang et al. [46] studied on an advanced wastewater

recovery technology to extract latent heat of water vapor

from flue gas in a steam power plant. They concluded that

recovered water can be used as makeup water in the boiler.

Seigworth et al. [47] combined a ZLD membrane and MED

desalination processes to minimize the cost. In this system,

it was suggested that the total cost of the system can be

decreased by 680$/day. In further studies, Petrov et al. [48]

omitted selenium from FGD wastewater of a coal power

plant. A few researchers implemented lost heat of the

exhausted hot boiler’s flue gas in fossil fuel power plants

by desulfurization wastewater evaporation [49]. However,

employing technologies such as spray drying technology in

desulfurization is more practical in industry. Furthermore,

lots of researchers worked on droplet evaporation principle

in the drying process; however, due to hardness in precise

observation in evaporation of drops, most of these studies

were done numerically [50, 51].

The brine of a steam power plant is mostly consisting of

the boiler blowdown and the feed water treatment brine

with a much lower figure in comparison with the blow-

down. Since the brine streams have reverse impacts on the

immediate environment, taking the whole advantages of

brines leads to eliminate these negative effects and to yield

toward sustainable development. A novel ideal notion

recognized by zero liquid discharge (ZLD) exploits the

liquid discharge wherever possible for the aforementioned

aims. Though there reviewed lots of researches on

wastewater treatments, it is felt a gap in applying ZLD

notion on a steam power plant to remove any brine dis-

charges. This study aims to apply zero liquid discharge in a

steam power plant using vacuum evaporator and study

some key operating parameters’ effects on the freshwater

flow rate, power consumption, and exergy efficiency of the

system within the different working cycles. The advantage

of using this novel system is that water evaporating is done

by high-temperature stream after roots pump and does not

require an external heater. Moreover, the brine is evapo-

rated in the vacuum environment; therefore, the boiling

temperature of the liquid effluent is low, leading to a

reduction in the consumed energy. This paper is followed

by a system description, mathematical modeling and

exergy analysis in third and fourth sections, respectively.

Discussion on the results is given in the fifth section fol-

lowed by the conclusion in the final section.

System description

In this study, mathematical modeling and energy and

exergy analyses of ZLD system for recovering freshwater

and heat of the brine are performed. The positioning of the

system in the steam power plant is shown in Fig. 1. As the

figure illustrates, blowdown of the power plant and the

brine of the desalination feed water are entered into the
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ZLD system and the contained freshwater of the brine is

entered into the storage tank.

The operation specifications of the ZLD system are

shown in Fig. 2. Brine is entered into a vacuum evaporator,

and by starting roots pump, the evaporator boiler pressure

is decreased. As a consequence, the brine in the tank

reaches its saturation point. In this situation, the contained

water starts to evaporate and by passing through the roots

pump, its temperature and pressure start to rise. By raising

the temperature and pressure, the generated steam enters

into a heat exchanger. In this heat exchanger, the steam

gives its heat to the wastewater which is entering heat

exchanger by a circulation pump.

Raw water

Effluent from boiler

Reservoir tank

Pretreatment R.O Ion Exchanger
Demine water

R.O reject brine

Regeneration wastes

Neutralization

pit
1

ZLD system
Demine

Demine water tankwater

Boiler blowdown
tank

Fig. 1 Using the ZLD system in a steam power plant
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Fig. 2 Schematic of the ZLD system operation
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By passing the heat exchanger, the enthalpy of

wastewater rises and some of its contained water evapo-

rates. This new steam gets into the roots pump again and

the cycle goes on. The impact of the needed time for

evaporating total freshwater in the evaporator boiler on the

flow rate of the produced steam and generated power is

shown in Figs. 3 and 4. In Figs. 5–16, the impact of the

increasing volume of vacuum evaporator on different

objective functions for the same evaporating time, which is

taken 2 h, is analyzed. The main parts of the system are the

evaporator boiler, roots pump, circulation pump, and heat

exchanger. In each cycle, some amount of freshwater of

brine in the vacuum evaporator is evaporated and in the end

cycles, the freshwater of brine tends to be zero and a

solution with high concentration is obtained that is drained

out by the circulation pump.

Mathematical modeling

In this section, the mathematical modeling of the system is

expressed.

The first step in the system modeling is energy analysis

[52, 53]. All of the parts are assumed to be adiabatic;

therefore, there will be no energy loss in them. For each part,

energy and mass balances are written. The essential equa-

tions for mass and energy balances in the steady state are:

Xn

i¼1

_mo ¼
Xn

i¼1

_mi ð1Þ

_Q� _W ¼
Xn

i¼1

_moho �
Xn

i¼1

_mihi: ð2Þ

Evaporator boiler

At first, the wastewater is entered into the evaporator

boiler, and after filling it, the entrance valve is closed. In

this situation, the energy equation is:

oQ

ot
� oW

ot
¼ _moho � _mihi þ mc

oT

ot
: ð3Þ

When roots pump is being turned on, pressure in

evaporator boiler is decreased to its saturation point. In this

situation, as the system needed, heat is supplied by the

roots pump and the amount of generated steam in the

evaporator boiler in continuous cycles gets more and more,

and the energy equation for vacuum evaporator is:

_m3h3 þ _m7h7 ¼ _m6h6: ð4Þ

The amount of wastewater that is brined in point 13 is a

function of entrance wastewater to the evaporator boiler.

For evaluating flow rate, salinity balance is written as

below:

X1 � _m1 ¼ _m7 � X7 þ _m13 � X13: ð5Þ

In Eq. (6), X7 and X13 are assumed to be equal to zero

and close to one, respectively.

Roots pump

By entering the steam into the roots pump and increasing

the pressure and temperature of the steam, energy equation

for this part is written as below:

_m7h7 þ _WRP ¼ _m8h8 ð6Þ

gRP;is ¼
h7 � h8;is

h7 � h8
: ð7Þ

In the above equation, gRP;is is the isentropic efficiency

of the roots pump that is assumed to be 0.8.
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Fig. 3 Impact of total evaporation time on consumption power of ZLD system in different volumes of vacuum evaporator
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By using the above formula, the consumption power by

the roots pump is written as below:

_WRP;i ¼ _m7;i h7 � h8ð Þ ð8Þ

In the above equation, _m7;i and _WRP;i are generated

steam flow rate and consumed roots pump work in the ith

cycle, respectively.

The total consumption power by the roots pump is the

summation of consumption power in each cycle:

_WRP;tot ¼
Xn

i¼1

_WRP;i: ð9Þ

Heat exchanger

By entering high-pressure and high-temperature steam

from the one side and wastewater from the other side, the

temperature of the steam will be decreased and is drained

in the saturated point. In the heat exchanger, some amount

of wastewater absorbs heat and is evaporated in each cycle.

The amount of generated steam gets more and more in each

cycle.

_m8h8 þ _m5h5 ¼ _m6h6 þ _m9h9 ð10Þ
_m8 ¼ _m9 ð11Þ
_m4 ¼ _m6: ð12Þ

Circulation pump

For pumping the wastewater into the heat exchanger, a

circulation pump is employed. The energy equation is

written as:

_m3h3 ¼ _m4h4 ð13Þ

gCP;is ¼
h3 � h4;is

h3 � h4
: ð14Þ
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In the above equation, gCP;is is the isentropic efficiency

of the circulation pump, which is assumed to be 0.85.

By employing the above formula, consumption power of

the circulation pump in each cycle is calculated as:

WCP;i ¼ _m3;i h3 � h4ð Þ: ð15Þ

The total consumed work by the circulation pump is the

summation of consuming work in each cycle:

WCP;tot ¼
Xn

i¼1

WCP;i: ð16Þ

Distillate pump

By condensed steam in the heat exchanger, water is gen-

erated and stored in distillate tank; afterward, it is pumped

by the distillate pump. The energy equation is written as:

_m10h10 ¼ _m11h11 ð17Þ

gDP;is ¼
h10 � h11;is

h10 � h11
: ð18Þ

The consumption power of the distillate pump is cal-

culated as:

WDP ¼ _m10 h10 � h11ð Þ: ð19Þ

The whole consumed work is obtained by summing the

work of the roots pump, circulation pump, and distillate

pump:

Wtot ¼
Xn

i¼1

WRP;i þWCP;i

� �
þWDP: ð20Þ

Preheat heat exchanger

By draining water from the distillate pump, its temperature

gets more than generated wastewater of industries. There-

fore, by using a heat exchanger, the temperature of the

wastewater, before entering into the evaporator boiler, gets

increased:

_m1h1 þ _m11h11 ¼ _m12h12 þ _m2h2 ð21Þ
_m1 ¼ _m2 ð22Þ
_m11 ¼ _m12: ð23Þ

Exergy analysis

Exergy is the maximum available work of a specified

amount of energy to reach the ambient situation [54]. In the

steady-state condition, the exergy balance of a control

volume is written as [55, 56]:

X

j

1� T0

Tj

� �
_QCV þ

X

i

_miei �
X

e

_meee þ _WCV � _ED

¼ 0:

ð24Þ

The first term at the left side of the exergy equation is

the heat exchanged between control volume and sur-

rounding. The second and the third terms are inlet and

outlet exergy of the control volume by flow rate of _m,
respectively. The fourth term is the inlet work to the con-

trol volume. The last term is exergy destruction, which

shows the irreversibility of processes in the control volume.

In the above formula, e is the specific exergy that is the

summation of kinetic, potential, physical, and chemical

exergies:

e ¼ eke þ epo þ eph þ ech: ð25Þ

Normally, the first two terms can be neglected [57, 58].

Physical specific exergy is the maximum available work of

a system, in which the initial pressure and temperature of

system P and T get the ambient ones P0 and T0:

eph ¼ h� h0ð Þ � T0 s� s0ð Þ: ð26Þ

In this situation, h and s are enthalpy and entropy of the

system at temperature T and pressure P, while h0 and s0 are

the enthalpy and entropy of the system at ambient pressure

and temperature.

Chemical exergy is calculated as below:

ech ¼
XN

j¼1

yje
ch
j þ RT0

XN

i¼1

yi lnðyiÞ
 !

: ð27Þ

Chemical exergy is defined normally for fuels [59].

There is no fuel in this case. Therefore, this kind of exergy

is neglected here.

By employing Eqs. 24–27, the exergy destruction can be

calculated. Table 1 provides the exergy destruction of each

part.

Results and discussion

For exergy and energy analyses, the system is modeled by

MATLABTM and the thermodynamic properties of the

fluid are calculated by REFPROP [60]. Exergy is evaluated

using thermodynamic equations for each stream. The vol-

ume of vacuum evaporator is an important parameter

affecting the overall performance of the system. This value

should be specified as input data in the proposed model. As

discussed earlier, the process of evaporation is a batch

process and is completed by some number of evaporation

working cycles. Therefore, time is another key parameter

in this simulation. Evaporation time is the total time
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required for a batch evaporation process to be completed

from the beginning of the first evaporation cycle to the end

of the last evaporation cycle. In the following figures,

symbol ‘‘V’’ stands for vacuum evaporator volume.

As illustrated in Fig. 3, the freshwater flow rate

decreases by increasing evaporation time for a fixed

amount of vacuum evaporator volume. Since the total

freshwater volume is proportional to vacuum evaporator

volume, freshwater flow rate is the sum of produced water

in each individual cycle. Therefore, in a fixed vacuum

evaporator volume, by increasing the evaporation time,

freshwater flow rate will be reduced.

As it is shown in Fig. 4, with a fixed vacuum evaporator

volume, by increasing the total evaporation time, the total

consumption power of the system decreases. More evapo-

ration time means that the wastewater in the vacuum

evaporator needs more time to transfer to freshwater, which

is constant as the volume of vacuum evaporator, and the

generated steam flow rate decreases. On the other hand,

since a large percentage of the power consumption of the

ZLD system is consumed by the roots pump, a decrease in

generated steam flow rate, which is volume flow rate

through the roots pump, leads to a reduction in the con-

sumption power of the roots pump. Therefore, the total

consumption power of the ZLD system is decreased.

Since the recirculation flow rate and the distillate flow

rate are constant, the consumed total power of the system is

decreased. In addition, by increasing vacuum evaporator

volume in constant time, the consumption power and

freshwater flow rate are increased.

In Fig. 5, the amount of freshwater generation in each

cycle for different volumes of vacuum evaporator is

illustrated.

It is assumed that the required time for freshwater

generation from the wastewater in the vacuum evaporator

is constant for different volumes. Initially, by starting the

roots pump, a relative vacuum is generated in the vacuum

evaporator and the wastewater evaporation starts. As Fig. 5

shows, the amount of evaporated water in each cycle gets

more and more, since at first by starting roots pump, the

pressure of the vacuum evaporator decreases and reaches

its saturation pressure and steam is generated. By passing

generated steam from the roots pump, its temperature and

pressure get increased and by giving its heat to the recir-

culating wastewater in the heat exchanger, some amount of

wastewater vaporizes. The amount of generated steam in

this process is more than the generated steam in the first

cycle. Passing the generated steam from the roots pump, its

temperature and pressure get higher, and since the steam

flow rate in the second cycle is more than the first cycle, the

heat exchanger transfers more heat to the recirculating

wastewater that leads to more steam generation in the third

cycle. Therefore, the generated steam flow rate gets higher

through time. In Fig. 6, the average generated flow rate in

different concentrations of wastewater in the evaporator is

shown. In each cycle of this system, some amount of steam

is generated and as time goes on, the level of wastewater in

the vacuum evaporator decreases. Due to the continu-

ous evaporation from the evaporator, concentration of the

remaining wastewater in the vacuum evaporator increases

to reach a highly concentrated solution. Afterward, this

solution is drained through a valve after the circulation

pump (stream 13).

The amount of rejected wastewater is a function of inlet

concentration of wastewater to the vacuum evaporator. As

is obvious in Fig. 6, raising the concentration of wastew-

ater, the amount of average generated steam decreases. In a

constant volume and period of time for this process, there

is a lower total flow rate of freshwater. Also, as shown in

Fig. 6, when the vacuum evaporator volume increases, this

flow rate gets higher. With increasing the volume of the

evaporator in the same evaporation time, the consumption

power of the system increases and the temperature of steam

that passes through the roots pump gets higher. With

increasing consumption power of the roots pump, the heat

given to the recirculation wastewater rises and conse-

quently leads to more water vaporization.

Table 1 Exergy destruction of

each part of the system
Component Exergy destruction Exergy efficiency

Evaporator vacuum _EEV
D ¼

P
_Ein �

P
_Eout gex ¼ 1� _EEV

DP
_Ein

Roots pump _ERP
D ¼

P
_Ein �

P
_Eout þ _Win gex ¼ 1� _ERP

DP
_EinþWin

Heat exchanger _EHX
D ¼

P
_Ein �

P
_Eout gex ¼ 1� _EHX
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Circulation pump _ECP
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P
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D
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D ¼

P
_Ein �

P
_Eout þ _Win gex ¼ 1� _EDP

DP
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Preheat heat exchanger _EPHX
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P
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P
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DP
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In Fig. 7, the impact of concentration of inlet wastew-

ater on the consumption power of the system is shown.

By increasing the concentration of wastewater, the

amount of consumption power decreases. This is due to a

reduction in the amount of generated steam in the same

volume as the concentration increases as illustrated in

Fig. 6. Therefore, the passing flow rate from the roots

pump is decreased, leading to a fall in the roots pump

consumption power. On the other hand, recirculation and

distillate flow rates are remained to be constant and the

total consumption power decreases. In Figs. 8 and 9, the

impact of the recirculation flow rate on the average flow

rate of freshwater and the consumption power of the sys-

tem is shown. In these figures, it is assumed that the

evaporation time is constant.

As Fig. 8 illustrates, by increasing the recirculation flow

rate, the average flow rate of generated freshwater is almost

constant, since the evaporation time and the volume of

evaporator vacuum stay constant. As a result, the average

flow rate is independent of the recirculation flow rate.

Considering Fig. 9, it is a witness that in the constant

evaporation time and increasing recirculation flow rate, the

quality of the stream in point 6 is lessened; therefore, the

enthalpy of inlet steam to the heat exchanger in point 8

reduces which causes a decrease in the consumption power

of the roots pump. Since the consumption power of the

roots pump is much more than the consumption power of

the recirculation pump, decrease in the roots pump power

results in a reduction in the power of the whole system.

In Fig. 10, the exergy efficiency of the main parts of the

system is shown in different working cycles. It can be seen

that in the initial cycles, the efficiency of exergy in the heat

exchanger and roots pump is low and as time goes on, this

efficiency rises to reach a constant level. In the evaporator,

the efficiency of exergy in the initial cycles is high and this

efficiency decreases, bottoming down as the time goes on.

For recirculation pump, the exergy efficiency has a
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constant trend. The exergy efficiency for the components is

calculated in Table 1. The increase in exergy efficiency of

roots pump is as the result of the fact that in the initial

cycles the amount of generated steam flow rate is low so

that the temperature of steam after the roots pump gets

high, and by raising the temperature, the entropy of the

generated steam increases. Consequently, the exergy loss

in the roots pump increases. The generated steam flow rate

has the same trend as time goes on. Absorbing power by

roots pump, its temperature decreases and the exergy loss

decreases, unlike the exergy efficiency.

In the heat exchanger, inlet steam entropy is high in

initial cycles that lead to a decrease in exergy of inlet flow

to the heat exchanger. As a result, the exergy efficiency

reduces. As time goes on, the steam flow rate increases.

Therefore, the inlet exergy to heat exchanger gets more and

exergy efficiency in heat exchanger increases. In the

recirculating pump, due to the liquid phase of matter, the

increased entropy of matter is not considerable; conse-

quently, exergy loss is not much. The inlet fluid has also a

constant temperature, so the inlet exergy stays constant. As

a result, the exergy efficiency of this part has a constant

trend. In the evaporator, in the initial cycles, the exergy

loss to inlet exergy ratio is low; however, as time goes on

and increases in generated steam flow rate this ratio gets

more. Therefore, by considering the definition of exergy

efficiency, this efficiency decreases during the time.

In Figs. 11 and 12, exergy efficiencies of the main parts

are shown for higher volumes of the evaporator. It is

assumed that the total evaporation time for different vol-

umes of the evaporator is constant.

As it is obvious in the figure, by increasing the evapo-

rator volume, the exergy efficiency of roots pump, heat

exchanger, and evaporator decreases. By increasing evap-

orator volume, the generated steam flow rate gets increase

and rises the exergy loss to inlet exergy ratio for this part.

By increasing this ratio, exergy efficiency of this part gets

lower than exergy efficiency in lower volumes. But in the

circulation pump, due to the liquid phase of passing fluid

from this part, exergy loss and inlet exergy to the pump in

different volumes almost remain constant. Therefore, in

this part, by increasing evaporator volume, exergy effi-

ciency stays constant.

In Fig. 13, changes in exergy efficiency for roots pump

versus different concentrations of inlet wastewater in dif-

ferent volumes are shown. As Fig. 13 shows, by increasing

concentration, the exergy efficiency of roots pump

increases. Because by increasing wastewater concentration,

more brine is rejected. Therefore, assuming that the

required time for generation of freshwater from wastewater

stays constant, exergy loss and consuming work of roots

pump increase simultaneously. According to the definition

of exergy efficiency for roots pump, exergy efficiency

increases consequently.

In Fig. 14, the variations in exergy efficiency in heat

exchanger versus different wastewater concentrations are

shown. By the figure, increasing wastewater concentration

leads to an increase in exergy efficiency. By increasing the

wastewater concentration, consumption power of roots

pump increases. Therefore, the exergy of steam before

entering heat exchanger increases and with the constant

exergy after the heat exchanger, the difference between

inlet and outlet steam exergy increases. Consequently,

according to the definition of exergy efficiency for heat

exchangers, the exergy efficiency of this part increases.

Exergy efficiency of evaporator vacuum versus inlet

wastewater concentration is analyzed in Fig. 15. By

increasing wastewater concentration, the amount of brine

increases. Since the total time for different concentrations

is assumed to be constant, by increasing the concentration,
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the amount of water evaporation in the vacuum evaporator

decreases. By decreasing the produced steam flow rate, the

amount of heat given to the recirculation flow is reduced.

Therefore, exergy of stream 6 is decreased and according

to the definition of exergy efficiency for the evaporator

boiler, exergy efficiency increases.

As shown in Fig. 16, exergy efficiency of circulation

pump versus wastewater concentration is almost constant.

Inlet flow to the pump is in the liquid phase, and

wastewater concentration does not affect any changes on

the inlet flow of the pump. Therefore, by constant flow rate

passing to the pump, power consumption of pump does not

change, and as a result, because the power consumption of

pump has a direct impact on the exergy efficiency, the

exergy efficiency remains constant.

Conclusions

In this study, by modeling and exergy analyzing of a ZLD

system, almost all of the contained water of blowdown is

recovered as freshwater to the power plant. The advantage

of using this novel system is that water evaporating is done

by high-temperature stream after roots pump and does not

require an external heater. Analyses are conducted for

different volumes of vacuum evaporator. The results

showed that the amount of generated freshwater increases

by raising the volume in the same evaporation time. The

concentration of blowdown in power plants is one of the

main parameters in the blowdown treatment. By increasing

the blowdown concentration, due to the less freshwater

production, the power used by the system decreases. The

impact of the blowdown concentration on the exergy
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efficiency of each component of the system shows that by

increasing the concentration to 30,000 ppm, in the situation

that the volume of the evaporator vacuum is equal to 7 m3,

the exergy efficiency of roots pump, evaporator vacuum,

and heat exchanger will be increased to 0.684, 0.702, and

0.639, respectively. It should be noted that the exergy

efficiency of recirculation pumps in different wastewater

concentration has a steady trend. Moreover, due to an

increase in recirculation flow rate, consumption power of

the system is decreased, but generated freshwater flow rate

stays almost constant. Exergy efficiencies of the main parts

within the system are calculated, and it is concluded that

efficiencies of roots pump and heat exchanger increase as

time goes on, and initially the slope of exergy efficiency

changes for two specified parts, roots pump and heat

exchanger, and decreases after a plateau. Exergy efficiency

of recirculation pump remains almost constant, and exergy

efficiency of vacuum evaporator decreases dramatically at

the initial as time goes on and finally experiences a smooth

decrease.
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27. Açikkalp E, Aras H, Hepbasli A. Advanced exergy analysis of a

trigeneration system with a diesel-gas engine operating in a

refrigerator plant building. Energy Build. 2014;80:268–75.

https://doi.org/10.1016/j.enbuild.2014.05.029.
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