MJ

e 313 el el ol el el el kel el el el el b

?g MED SYSTEM INTEGRATED WITH TWIN-SCREW

% COMPRESSOR

s

-

.ot

b

Mo BY

_’?_)j OSMAN SHAMET

Mo

% A Thesis Presented to the

< DEANSHIP OF GRADUATE STUDIES

-

:);;: KING FAHD UNIVERSITY OF PETROLEUM & MINERALS

< DHAHRAN, SAUDI ARABIA

K In Partial Fulfillment of the

.})‘: Requirements for the Degree of

- '
0—4* -
* MASTER OF SCIENCE g
o}g In

ko %
g‘ MECHANICAL ENGINEERING e
% November 2023 e
*)}'« .0

yAiy

P P A A A A A A A A



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by OSMAN SHAMET under the direction of his thesis advisor and
approved by his thesis committee, has been presented and accepted by the Dean of
Graduate Studies, in partial fulfillment of the requirements for the degree of MASTER OF

SCIENCE IN MECHANICAL.

A FA

Dr. MOHAMED A. ANTAR O MOTIMAED 4. ANTAR
Department Chairman (Advisor)
S B \/ I FF
Dr. SULIMAN SALEH AL-HOMIDAN O SYED M, ZUBAIR
Dean of Graduate Studies (Member)

I YV“:“E_f/v_g’f :

Dr. Dahiru Lawal
. (Member)




© OSMAN SHAMET

November 2023



Dedication

To my beloved family, your constant love, support, and encouragement have been the
driving force behind my academic success. Your unwavering faith in me has inspired me
to work harder and pursue my dreams relentlessly. I am forever grateful for your
presence in my life and for the countless ways in which you have enriched my journey.
Thank you for always being there for me, for celebrating my victories, and for standing
by me through the challenges. | dedicate this achievement to you all.



ACKNOWLEDGMENTS

"I would like to extend my sincere gratitude to my advisor, Dr. Mohamed A. Antar for his
unwavering support, guidance, and expertise throughout the entire process of completing
this thesis. His invaluable insights, feedback, and encouragement were instrumental in
shaping the direction of this work and improving its quality, and I would also like to thank
my committee members, Dr. Syed M. Zubair and Dr. Dahiru Lawal, for their invaluable
guidance, feedback, and support throughout my master’s thesis.

| would also like to express my appreciation to the faculty members at KFUPM who
provided me with the resources, knowledge, and opportunities to conduct this research.

Additionally, | am grateful for the support and guidance provided by Dr. Suhaib M.
Alawad, Dr. Mohamed Ali Ahmed, and Dr. Ghassan Hassan during my academic journey
at KFUPM.

Thank you all for your contributions.”



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ccictimitmimisnisamssnisssssssssssssssssssssssssssssssssssssssssssssnssnsssasssssnssasssnssnssnsssasan \"
TABLE OF CONTENTS ... ceeccrsssccssnssssscsssssssssmssssssmsssssssessssssesmssssssnssasssnssnssssssmssnsssnssasans VI
LIST OF TABLES.......oooiiiminimininisssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssss snnssasssnssnssanssns VIII
LIST OF FIGURES.......cccccciimitiimininmssnsssssssissssssssssssssssssssssssssssssssssssssassssssnssasssnssnssssssnssnssnnssasans IX
LIST OF ABBREVIATIONS.....c e eecccrrsscscsssssssssmssssssesssssssessssssesmsssssssssnssssssmssssssmssassnnesnsnns XI
4 1 5 3 7 L XVI
Al UBRLA ...eeessssssssssssasssssesssssssssesssassse AR SRR R RS R AR SRR AR SER AR R R R RS RR RS XVII
CHAPTER 1 INTRODUCTION.....ccistiminmsemssmssnmsanssnsssssssssssssssssssssssssssssasssssssssssssssssssnsssasssnssans 1
00 A 1 Yo [T 4o 1
CHAPTER 2 LITERATURE REVIEW .......innnsniensnssssssssssssssssssassssssssssssssssssssnes 7
2.2 ApProach for ANalYSis:....cccccceiiiieeieiiiiiiiiiiiiiieieeeeeeieeeeeeseeeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 7
2.3 Mathematical MOdelS......ccceeeeiieiiiiiiiiiiiiiiiiiiiiiiiiieiiiieeeeeieeieeeeeeeeeeeeeeeeesessssssssssssssssssssssssssssssssssssssssnns 8
2.4  EXperimental @nalySiS .....ccccceiiiiieeieiiiiiiiieiieeeieeeeeeeieeeeeeseesesssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnnns 9
2.5 EXergo/Thermo-ECONOMIC ANAIYSIS......cccceerrreeerrrrneeriereeissssnneeeeeseeesssssnseeessesssssssnsessssssssssnnsessesenns 10
2.6 ENEIZY SOUICE: ..cuuuiiiieniiiirieiiiireeiiiiresiiiisnsisirssssimsssssissssssssssssstsssssstssssssssssssssssssssssssssssssssssssnssssssnnsss 12

T Yo | =T g =1 1= o -V TSP 13

2.6.2  WING ENEIEY coneeiiieiiieee ettt s ettt e sttt e e ettt e e e e e e e s e e e estaeesansaeeesanaeeeastaeesanssaeesnseeeasnseeenannes 14

2.6.3 [ V7o g o I g 1T oA A Y =T o USSP 15
2.7 Integration with Thermodynamic Cycles: .......uuuuuuiieiireeeeeeieeeeeeeeeneeeeeeeeeeeeeeeeeeeeseessessssssssssssssssssssnne 17
2.8  SYSTEM COMPIESSOr: cuuuiiiieeiiiieeniiireasieriessieimsssieissssistssssistsssssstsssssstsssssstsssssstsssssstsssssssssssssssnssssssnnsns 19
2.9 MED System CONfiUIratioNS: .......cceeeeeeeeeieeeeeeeeeeieeeeieeeeeeeeeeeesessesssssssssssssssssssssssssssssssssssssssssssssnnsnnss 23
2.10 Integration with other Desalination Systems: ...........ccoiiiiiiiieecieiiiiieercee e e e e e e ennnssseeseeees 24

Vi



2.11 74 0 U 25

2.12 [ LE L =Y (o 1 -1 - LT N 26
2.13 Effect of Operating Parameters ..........cccvceiiiiiniiiiiiniiiiinniinnnnsnessse s sssnsenesns 27
2.14 (0] 47 1=T ot 4 V=N 43
CHAPTER 3 PARALLEL FEED CONFIGURATION ....cccucssmsmsumsemsessssssssssssssssssssssassussassnnss 44
20 R VES =Y o Jo (=Xl T 4 o1y VSN a4
3.1.1 CONFIGUIAtION ONE: ..ttt ettt et st et sat e e bt e sab e e bt e e sabeenneeesaneenaeeas 45
IR 0 0o Yo ¥ =W =Y Lo T T Yo 1RSSR 45
3.2 Mathematical Model ........ccooueriiiiiiiiiiiiiiininnirer s s 47
3.2.1 A S S UM P ONIS L s 47
3.2.2  Mass, Energy, and EXErgy analysis: .....ooceoiieiiiiiiieenie ettt 48
3.2.3 EXErgo-ECONOMIC @NalYSIS: ...vviiiiiiieeeiiie ettt e et e e et e e e s bt e e e esate e e e abaaeeenreeaas 52
20 T £ =T V|| 57
K T8 2% R |V [o Yo [=Y V= [T - 4T T o O PSR OTPTPOP 57
3.3.2  Energy and eXergy @n@lySiS: .ooueueuiiiieeeieeiieesie ettt st sttt san e r e areeearees 59
3.33 EXErgo-ECONOMIC @NalYSIS: ...vviiiiiiieeeiiie ettt e et e e et e e e s bt e e e esate e e e abaaeeenreeaas 66
3.3.4  SENSHEIVITY @NAIYSIS .ueiiiiieiiieiteeee e et sr et sare e s 72
CHAPTER 4 FORWARD FEED CONFIGURATION......cciiirrcmnnsmsssmssssssssssssesssesssmsssns 76
4.1  System desCriPtioN:.....ccoiiieeieeiiiiiiiiiericcecerrreereee e es s e e eesnsssssesseeesnnssssssssseesnnnssssssssessnnnnsssssssssennnnes 76
4,11 CONFIGUIAtION ONE:...uiiiiiiiiiiieite ettt ettt sttt sttt et e s bt e s bt e st e e bt e s beeenbeeebaeenneeeanes 76
0 A o o i ={ U =Y o T o T Y OSSR USPPPRN 77
4.2 Mathematical MOdEl: .........ooviiieriiiiiiiiiierreeerrr s e sssss e e s s s s s s sannnenns 78
4.2.1 A S S UM P ONIS s 78
4.2.2  Mass, Energy, and EXergy analysSis: ......cocuiierieriieiinieeiie ettt ettt 78
4.2.3 Ty (o X st oleY VoY o o | Tolr= T o =1 V2] £ PP 82
L T £ =Y 1] 85
43.1 ENergy and @XErgY aNalySiS: ...uuuiiiiiiiiiiiiiiiee e e e eciittt e e e e e eecrtr e e e e e e sesabta e e e e e e eesaabaaeeeeeeeananbaaaaaaaaeaan 85
4.3.2 EXErgo-ECONOMIC @NalYSiS: ..uuviiiiiieeeeiiiie ettt e e e e e st e e et e e eenaae e e enaeeean 90
433 Configurations COMPAIISON: ..o ittt e e e e e e e tr e e e e e sesaabaeeeeeesenansaaeneas 96
085 7, N Sl 1 20 98
REFERENCES. ... rrcrrsrscss s sssssssssssssssmsssmsssmssssssssssssssssnsssms sanssasssssnessmsssanssmsssnnesnnenns 100

vii



LIST OF TABLES

Table 1 : Summary of some of the reported SPC for the MVC system............c.c.cceeuvenene 28
Table 2 : SUMMAry 0f MV C PAPEIS. ....ccuoiiiiiiiieieeee e 31
Table 3: Capital COSt COMTEIAtIONS. .......ccviiieiieieeie e 52
Table 4: Fixed COSt rate BQUALIONS. .........cceiiiiiiiieieiesie et 54
Table 5: Input data for model validation...............ccooveieieiieiicceee e 58
Table 6: Flow cost of each stream entering and leaving each effect. ............ccccovveinenie 66

viii



LIST OF FIGURES

Figure 1: Available Water Desalination Technologies. .........ccccvevvviveveiiieiiese e 2
Figure 2: Multi Effect Desalination UNit. ..........cccooeiiiiiiiciiccc e 3
FIGUIE 3: MED-MVC.....oo ettt sne e te e 5
Figure 4 : Schematic diagram for the evaporator and CONAENSEr.............ccceevrerrerinnrienes 10
Figure 5 : Solar Organic Ranking CyCIe. ..o 18
Figure 6: The T-s diagram for two stage compression process using twin-screw
(610] 0 0] 0] =TS o TP PR 20

Figure 7 : Single effect evaporation powered by Twin-Screw Compressor. ................... 21
Figure 8 : ROOt COMPressor SCNEMALIC ........c.civeiieieciese e 22
Figure 9: PCF MED with normal COMPIreSSOr. .....cvecveivieiieciecieeie e 46
Figure 10: PCF MED with tWin-SCreW COMPIESSOL........cciueiieireeieaiesieesreeeesseesreeeesseeseas 46
Figure 11: inlet and outlet streams of the i effect for PCF. ... 47
Figure 12: T s diagram of the COMPreSSioN PrOCESS. ........cccevereririerieieienee e 50
Figure 13: Validation of configuration one against the data obtained from Jamil and

A ] o | SRR 58
Figure 14: The influence of the number of effects on the specific power consumption PF.
........................................................................................................................................... 60
Figure 15: Number of effects vs exergy efficiency for PF. .........cc.cccoveiiiiiiccicec 61
Figure 16: The impact of the number of effects on the exergy destruction PF. ............... 62
Figure 17: the effect on the steam temperature on the specific power consumption PF. . 63
Figure 18: The effect of the steam temperature on exergy destruction PF. ...................... 64
Figure 19: The impact of the compressor efficiency on specific power consumption PF.65
Figure 20: The effect of the compressor efficiency on the exergy efficiency PF............. 65
Figure 21: The impact of number of effects on the product cost PF. ... 67
Figure 22: Effect of steam temperature on the product cost PF. .........c.ccccoeiiieiiiieieennn. 68
Figure 23: Effect of compressor efficiency on the product cost PF. ............ccoeeveieinenne. 69
Figure 24: Effect of the electricity cost on the product cost PF.............ccccoevveieiieinennn. 70
Figure 25: Effect of plant life on the product CoSt PF...........ccccoveiiiieiieiecc e 71
Figure 26: The influence of the interest rate on the product cost PF............ccccoceivninnnne. 71
Figure 27: The effect of injection pressure on the SPC, Product cost and Exergy

EFFICIENCY PR, ..o 72
FIQUIE 28: SPC TN, ... .ottt bbbt 74
FIgQure 29: EXErgy treNG. ......oooiiiiieiie ettt beeannas 74
FIQUIE 30: COSE BN ...c.vviiieeiie ettt be e e e e annas 75
Figure 31: FF integrated with twin-SCrew COMPIreSSOr. .......c.ecvveiiieiie e 77
Figure 32: Inlet and outlet streams of the i effect for FF. ... 78
Figure 33: The impact of number of effects on a specific power requirement FF. .......... 86
Figure 34: The influence of Number of effects on the exergetic efficiency FF. .............. 87
Figure 35: The specific power consumption response to the steam temperature FF........ 88

iX



Figure 36:

Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:

Figure 42:
Figure 43:
Figure 44:

Figure 45:
Figure 46:

The impact of the compressor efficiency on the specific power consumption
USROS PPRPRRN 89
The effect of compressor efficiency on the exergy efficiency FF................... 90
The impact of number of effects on the freshwater production cost FF. ........ 91
The product cost response to the steam temperature FF. .........c..cccooveviviinnnne 92
Effect of the compressor efficiency on the product cost FF..............cccccoeneee 93
the effect of the electricity cost on the final product cost for different
NUMDET OF €FfECES FF. ..o s 94
The influence of the plant life expectancy on the product cost FF. ................ 95
The effect of the interest rate on the product cost FF............c.cccvvveviiiieinennne 95
The impact of the injection pressure on the SPC, Exergy efficiency and the
PrOdUCE COSE FF. ... 96
SPC for PF and FF configurations with twin screw COmMpressor. ................... 97
Product cost for PF and FF configurations with twin screw compressor........ 97



LIST OF ABBREVIATIONS

Abbreviation

AD Adsorption Desalination

BF Back Feed

CDI Capacitive Deionization

CO2 Carbon Dioxide

COP Coefficient Of Performance

Covid-19 Coronavirus Disease Of 2019

CPC Combined Power Cycle

CR Compression Ratio

DH Gas Hydrates

DWC Drop Wise Condensation

ECS Evaporator-Condenser-
Separated

ED Electrodialysis

FD Freeze Desalination

FF Forward Feed

FO Forward Osmosis

GOR Gained Output Ratio

HDH Humidification
Dehumidification

10 Ion Exchange

IRR Internal Rate of Return

MB Membrane Bioreactor

MD Membrane Distillation

Xi



MED

MENA

MF

MSF

MVR

NF

NPV

ORC

PCF

PF

PR

PTC

PTFE

PV

RO

rpm

RR

SC

SCOW

SMER

SPC

SS

TVC

Multi-Effect Distillation
Middle East-North Africa
Microfiltration
Multi-Stage Flash

Mechanical Vapor
Recompression

Nanofiltration

Net Present Value
Organic Rankine Cycle
Parallel Cross Feed
Parallel Feed
Performance Ratio
Parabolic Trough Collectors
Polytetrafluoroethylene
Photovoltaic

Reverse Osmosis
Revolution Per Minute
Recovery Ratio

Solar Chimney
Simplified Cost of Water

Specific Moisture Extraction
Rate

Specific Power Consumption
Solar Still

Thermal Vapor Compression

Xii



TWP Total Water Price

UAE United Arab Emirates

UF Ultrafiltration

vC Vapor Compression

ZLD Zero Liquid Discharge

Symbols

$ US Dollars ($)

X Exergy Rate (kW)

B Brine

BPE Boiling point elevation, (°C)

Celect Unit Electricity Cost ($.m™)

Cp Specific Heat Capacity at
Constant Pressure (kj.kg'.K™")

CRF Capital Recovery Factor

D Distillate flow rate, (kg.s™")

ex Specific exergy (kJ.kg™)

F Feed flow rate, (kg.s™)

h enthalpy, (kJ/kg)

hf, Latent Heat of Vaporization
(kj-kg™)

1 Interest Rate Per Annum

kJ Kilo Joule

kPa Kilo Pascal

LMTD Log Mean Temperature
Difference

Xiii



m Mass flow rate (kg.s™)

m’ Cubic Meter

MPa Mega Pascal

N Number of Effects

P Pressure (kPa)
Heat Load (kW)

Feed To Distillate Ratio

S Specific Entropy (kj.K™)

S Brine concentration, (ppm)

SFF Sinking Funding Factor

t Plant Life Expectancy (year)

T Temperature (°)

w Work (kW)

y The portion of vapor
produced from the brine
through flashing

Z Cost (9)

Greek letters

A Difference

Ne Compressor Efficiency

ns Isentropic Efficiency

Subscripts

1,2,3.... State Point

Xiv



cond

Ccw

Condensate

Cooling Water in the
condenser

Feed

Inlet

Last Effect
Outlet
Steam

Sea Water
Vapor

Water

XV



ABSTRACT
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This work presents a comprehensive review and comparison of the performance of multi-
effect desalination systems (MED) operated by mechanical vapor compression, using
different energy sources and compressor types. The literature shows that the unit cost varies
between 0.842 and 10 $/m?3, while the specific power consumption ranges from 3.6 to 193
kWh/m®. The study suggests further research is needed in areas such as zero liquid
discharge capabilities, wind energy operation, and heat exchanger component materials.
Furthermore, the work proposes the use of a parallel cross feed multi-effect system with a
twin-screw compressor and water injection to improve system performance. The system
results in less specific power consumption (15% reduction in SPC at 70 °C steam
temperature), greater exergy efficiency (16.3% higher on average), and lower freshwater
production costs ($3.14/m* for twin-screw compressor configuration at 8 number of
effects). Additionally, the work presents a model for a forward feed multi-effect system
that utilizes a twin-screw compressor with water injection to enhance the isentropic
efficiency of the system. The study compares the MED-MVC system with a normal
compressor and a twin-screw compressor with water injection. Using the twin-screw
compressor results in lower unit costs of freshwater production ($4.23/m? for the normal
compressor configuration vs. $3.14/m? for the twin-screw compressor configuration at 8
number of effects) and higher exergy efficiency (16.3% higher on average). The study
examines how operating conditions and external factors such as interest rates and

electricity costs affect the final product cost.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The demand for residential, agricultural, and industrial water supplies is predicted to
increase by more than 40% over the next 30 years, especially in emerging countries where
water consumption is disproportionately high in contrast to population[1]. Since water
supplies are quickly depleted in many places in the world, desalination of saltwater and
brackish water concentrations is receiving increasing attention[2]. A potential solution to
the rising global water deficiency is the use of seawater as a source of fresh water supply.
Even though desalination technologies have unlimited access to seawater, their high energy
requirements and high costs prevent their widespread use in many water-scarce

communities[3].

The most common desalination technologies are phase change or thermal desalination
ones, which include multi-stage flash (MSF), vapor compression (VC) and multi-effect
distillation (MED). Technologies like Solar Still (SS), Solar Chimney (SC), and
Humidification/Dehumidification (HDH) are popular in smaller scales[4]. There are also
non-phase change technologies used for pretreatment or desalination such as
Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF), Membrane Bioreactor
(MB), Electrodialysis (ED), and reverse osmosis (RO) [5]. Membrane Distillation (MD),
on the other hand is thermally driven, but it has membranes through which vapor passes to

condense in the permeate side.

Figure 1 illustrates various desalination methods for brackish or seawater. Due to its high-
water recovery rate, solute rejection, and lower energy consumption compared to
competing desalination processes, RO is the most widely used water desalination

technology, producing 65 percent of the fresh water in the world[6]. However, for treating

1



feeds with high temperatures and salinities, evaporation-based multi-effect desalination
(MED) systems shown in Figure 2 (Parallel feed configuration) perform better than
membrane-based systems[7]. Another disadvantage of the RO is that the fouling resistance
is still a significant barrier to its treatment efficiency.

Desalination
Technologies

No-Phase Change

Multi-stage Flash
(MSF)

Forward Osmosis

FO)

Multi Effect
Distillation
(MED)

Reverse Osmosis

(RO)

Nano filtration
(NF)

Electro dialysis

Vapor Compression

vC)

Membrane Distillation

(VD)

(ED)

Humidification
Dehumidification

(HDH)

Gas Hydrates
(GH)

Solar Stills
(sS)

Solar Chimney
(SO)

Adsorption
Desalination
(AD)

Freeze Desalination
(FD)

Figure 1: Available Water Desalination Technologies.



Pre-treatment of the water is another obstacle for RO systems; extensive pre-treatment
procedures are needed for the supply [5][8] in addition RO is very sensitive to the quality
of feed water. This makes thermal desalination technologies more reliable compared to the
RO. The MED system is a very reliable technologies that comes in different configurations;
namely, forward, backward, parallel (as shown in Figure 2) and parallel cross feed [9]. The
system consists of evaporators also known as effects, condenser, and pumping system. In
the parallel feed, Seawater is spread equally in the effects in the shell side while steam from
external source passes through the tube side in the first evaporator. Steam latent heat is
used to heat the feed to the effect temperature and part of it evaporates, the rest of the feed
is rejected as form of brine and the evaporated part is used as the heat source in the next

effect. the vapor generated in the last effect is condensed in the

Cooling water

- >
* >

Vapor I \
rj r} ( |
.‘ LAELE ANAA

~ =
Condenser

= = o

2 N

———

g

Steam

' g

W\

Condensed steam|
——

Y

I

el

Distillate

k4

Rejected Brine

A 4

Figure 2: Multi Effect Desalination Unit.
condenser, where heat is recovered and used to pre-heat the feed. The condensed vapor
from all the effects is then collected as distillate. Several system developments have been
made to improve MED systems' performance. multi-effect desalination systems integrated
with mechanical and thermal vapor compressors are always suggested as compelling
alternatives to membrane-based desalination due to the reliability, salt-free output, and

relatively low specific energy consumption, [7][10].



Al-Sahali and Ettouney [11] reported that for capacities smaller than 5000 m®/day, the
MVC is cost-effective and appealing. They also supplied a simple model for single effect
mechanical vapor compression system. The MED-MVC system is usually composed of
falling film evaporators, mechanical compressor, pre -heaters to recover some energy from
both the rejected brine and the fresh water to the incoming sea water, auxiliary boiler to
generate steam for start-up, pumps, venting system, and other components for controlling
the process[12]. The MED-MVC has also been found to show better performance
compared to other desalination technologies. Chung et al. [13] compared the energy
consumption between MED-MVC and MSF. Results showed 20% higher efficiency

compared with the conventional MSF.

MED-MVC shown in Figure 3 is similar to the conventional MED system. However, the
vapor in the last effect is compressed with the use of a mechanical compressor to the desired
temperature and pressure and used as the source of heat in the first effect. this configuration
does not require a condenser and the feed is pre-heated using the sensible heat in both the
distillate and the rejected brine by the use of pre-heaters it also cuts the need for an external
steam source which make the MED-MVC suitable for remote areas. Sea water is spread
and heated on the outer surface of evaporator tubes by absorbing the latent heat of
condensation of steam that flows inside of the tubes. in the first effect, sea water
temperature is raised from what is known as the feed temperature to the saturation
temperature of the effect known as the top brine temperature. Some of the feed water
converts into vapor while the rest, known as brine, is either rejected or passed to the next
effect depending on the system configuration. The evaporated part flows into the second
effect which is at a lower pressure and temperature. Thus, similar to the conventional MED,
vapor flowing from the first effect works as the heat source for the second effect. This
process is repeated in the other effects. Vapor that is generated in the last effect is
compressed to the desired conditions with mechanical vapor compressor and then directed

to the first effect as heating steam to maintain the process.

Both produced water and brine leaving the last effect pass through pre-heaters to recover
some of the heat to the inlet sea water. The feed seawater is divided into two streams, one

passes through the brine pre-heater while the other stream passes through the product pre-



heater. The compressor is the main component of the system, it is also the largest energy
consumer in the system. Energy requirements of the compressor depend on the
compression ratio and the compressor efficiency. Besides treating sea water, MVC is also
used in treating water that is a by-product of the oil industry.
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Figure 3: MED-MVC.

Osipi et al. [14] performed a comparative study to assess different electrical driven
desalination systems used to treat onshore water as a by-product of oil and gas exploration.
The systems include microfiltration and mechanical vapor compression system (MF-
MVC). The system is reported to have water production at a cost of 4.02 $/m3. Also, Zhang
et al. [15] investigated experimentally the performance of Mechanical Vapor Compression
system used to treat wastewater in oil exploration. Experimental data was used as
benchmark for comparison against data extracted from a model where a slight deviation
was shown. The results showed that as the discharge pressure increases the compressor

work increases as well.

Ibrahimi et al. [16] presented conceptual design for a single-effect mechanical vapor
compression (MVC) system. Zimerman [17] investigated the development of high-

capacity, high-efficiency Mechanical Vapor Compression desalination systems based on


https://ieeexplore.ieee.org/author/37085798832

low-temperature distillation technology that uses a multi-effect, horizontal tube, falling

film structure.

This work presents and discusses experimental and theoretical work of MV C technology.
It introduces the process of how the system works followed by mentioning works including
some models that are available in the literature to design and evaluate the system. Findings
from experimental works have also been presented. The cost of freshwater produced from
MVC system has also been provided. Additionally, different energy sources to power the
MED-MVC system as well as integrating the system with thermal cycle such as organic
Rankine Cycle (ORC), combined cycle (CC), CO2 super critical are reported in this work.
Furthermore, this work contains studies on the effect of some of the system components
such as the evaporator and the compressor as well as the effect of operation parameters on

the system performance.

The specific power consumption that has been reported in the literature for this technology
are summarized in tabular form. Lastly a summary of all the important findings in most of
the papers mentioned is provided.



CHAPTER 2

LITERATURE REVIEW

Different parameters have been used in the literature to evaluate the performance of the
MVC system such as Specific power Consumption (SPC) which is defined as the power
needed to generate a unit flowrate of freshwater. Another parameter that is used in the
literature is the Coefficient of performance (COP) which is defined as the ratio of the heat
absorbed by the feed stream to the power consumed by the system. Performance Ratio (PR)
has also been used to evaluate MV C systems which is defined as the ratio of the evaporative
ratio to the primary energy input. Another parameter used when the system is integrated
with thermal cycles is the Gained Output Ratio (GOR) which is defined as the ratio of the
latent heat of evaporation of the generated vapor to the total heat input of the cycle. This
chapter provides a comprehensive review on the MVC technology. A summary for the
reported SPC and the major findings in the literature are provided at the end of this chapter

in a tabular form.

2.2  Approach for Analysis:

MVC, like other thermodynamic systems, can be analyzed theoretically by using mass and
energy balance equations. This approach is implemented by many researchers, [18], [12],
[14], [16], [19] [20], [21], [22], [23]. It can also be investigated experimentally using
existing or prototype plants to assess the performance and the effect of the operating
conditions on water production [15], [24],[25],[26],[27].,[28],[29]. In some studies
researchers have provided both experimental data and mathematical models [30] ,[31],
[32], [33], [34], [35].



2.3 Mathematical models

MED-MVC has been modeled by many researchers using mass and energy balance
equations. Some models are simple and require a small number of inputs to evaluate the
system. For example, lbrahimi et al. [16] presented a simple design model of single effect
mechanical vapor compression system. The model evaluates the system power
consumption and the system architecture based on simple input design variables namely
freshwater flowrate, seawater temperature, salinity of both feed sea water and rejected
brine, heat transfer coefficient of the evaporator and the efficiency of the compressor. On
the other hand, Ettouney [36] introduced a comprehensive model for the single effect
mechanical vapor compression process that considers more detailed specifications such as
evaporator dimensions, demister dimension, dimension of the non-condensable gases
space, etc. His model has been validated against available data sets from the field and it

showed good agreement.

Another comprehensive model was developed by Marcovecchioa et al. [37] for
designing mechanical vapor compression desalination process. The system contains real-
physical constraints for the evaporation process. It includes nonlinear equations for
chemical-physical properties and design equations, efficiencies, Non-Allowance
Equilibrium, Boiling Point Elevation, and heat transfer coefficients. Furthermore, some of
the models developed considered the entropy generated in the system components like,
Mistry et al. [38] who presented a comprehensive model to calculate entropy generation in
various desalination systems including mechanical vapor compression desalination system.
They have taken into consideration the entropy generated by components and individual
processes. Similarly, Warsinger et al. [39] presented a mathematical model to evaluate the
second law efficiency of several desalination systems including mechanical vapor

compression system, that are powered by waste heat energy at different temperatures.

In addition, in order to make designing and evaluating of MED-MVC more
convenient, Ettouney and El-Dessouky [40] Developed a software package that designs,
rates, and examines the performance of different thermal desalination systems including

single and multi-effect mechanical vapor compression units. The package also includes



both parallel and forward feed layouts in multi-effect systems. Similarly, Abdel-Jabbar et
al. [41] developed a web-based package for single and multi-effect mechanical vapor
compression systems. The package designs and evaluates the system performance. Results
of the model used in the package were validated against real data and showed good
agreement. The user can use the package to calculate heat transfer area, power consumption

and the cost related to the system.

2.4  Experimental analysis

The experimental analyses developed for mechanical vapor compression system
include the work done by Li et al. [24] who carried out an experimental analysis to evaluate
the effect of the raw solution concentration and the distillation pressure on the performance
of a single effect mechanical vapor compression system used for wastewater concentration.
The authors reported that increasing the concentration of the raw solution results in higher
concentration for both dilute and concentrated solutions. They also mentioned that the
system’s COP and water production rate when operated under atmospheric pressure were
20.17 and 70.80 kg/h, respectively however, when the system operated under vacuum, the
COP and distilled water production rate were 5.44 and 18.2 kg/h, respectively which
indicate that the system performs well under atmospheric pressure compared to working

under vacuum.

Another experimental work was performed by Junling Yang et al. [25]. They
experimentally examined the performance of a mechanical vapor compression system with
water injection. Water injection is used to cool the superheated vapor generated in the
compressor. Cooling the vapor results in less work needed and hence lower the specific
power consumption. The authors compared the performance of the system with and without
the use of water injection. Water injection is found to increase the compression ratio,
evaporation rate and reduce the temperature difference in the system which results in better
performance. The system evaporation rate with water injection reached more than 300 kg/h
compared to 275 kg/h when no water was spread in the compressor, which indicates that

water injection results in production of more freshwater with the same power consumption.



Wu et al. [26] , also conducted an experiment on a single effect mechanical vapor
compressor that employs a rotating disk evaporator similar to the one shown in Figure 4 to
separate the evaporator from the condenser to enhance heat transfer. The system produces
1.5 m’/day of freshwater. They evaluated the system performance under different
compressor frequencies and evaporating temperature. Results revealed that increasing the
compressor frequency causes a linear drop in the pressure. In addition, according to results,
the system's COP increases as the evaporating temperature increases with a maximum
value of 20.89.

Figure 4 : Schematic diagram for the evaporator and condenser[26].

2.5 Exergo/Thermo-Economic Analysis

Economic analysis is important to evaluate the unit price of freshwater. The unit cost
of freshwater determines whether a certain technology is economically feasible or not.
Some of the major findings in the literature regarding the cost of MED-MVC systems are
that the evaporator is found to represent the largest capital cost contributor in the MED-
MVC system [19],[20],[21],[42],[43]. Therefore, efforts to reduce the cost of the
evaporator and improve its efficiency would result in less water production cost. Also,
increasing the number of effects is found to reduce water production cost [20],[44],[45].
Increasing the number of effects results in a better system performance and reduces the
power consumption to produce clean water snice it lowers the cost associated with power
consumption and hence lower unit prices. Since the compressor is a main component in
the system, the efficiency of the compressor affects the system performance significantly
[20],[21]. Efforts to improve the compressor efficiency result in significant water cost
reduction Additionally, increasing the plant capacity is reported to reduce the water
production cost [43] [46].
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Thermo-economic or exergo-economic method is used to find the price of a product
based on its thermodynamic or exergy analysis. In order to calculate freshwater price, the
capital cost of components and the cost of each stream must be calculated. Jamil et al. [47]
presented a broad framework for analyzing commercial-scale desalination systems
including single and multi-effect mechanical vapor compression system. The model
provides detailed economic calculation for systems components using the Exergo-
economic approach. Examples of the reported work in the literature include the work done
by Jamil and Zubair [19] where the authors carried out an Exergo-economic analysis on a
single effect mechanical vapor compression desalination unit operating with and without
brine recirculation. The specific power consumption, second law efficiency and the water
cost for the MVC were found to be between 10 — 13 kWh/m?, 8 - 9 % and 1.7 - 2.3 $/m®,
respectively. The evaporator was found to have the highest exergy destruction among the
system’s other components contributing to 86% of the total exergy destruction in the
system. Furthermore, the exergy efficiency was found to increase with the feed salinity.
Then, the same authors in [20] carried out an Exergo-economic analysis of a forward-feed
multi-effect mechanical vapor compression where they assessed the effect of important
system parameters such as the number of effects and the compressor efficiency on the
second efficiency and water cost. Increasing both the number of effects and/or the
compressor efficiency result in higher exergy efficiency and lower both the SEC and water
cost. The specific energy consumption, second law efficiency and product costs are
observed to be ranging from 7.67 - 11.36 kWh/m3 7 - 11%, and 0.86 - 1.19 $/m?,

respectively.

Similarly, Nafey et al. [48] presented a thermo-economic design for a multi-effect
mechanical vapor compression system based on design data for a MED-MVC (1500
mé/day) that already exists. They examined the effect of using external steam to initiate the
process. They found that the system with external steam is 8% less from a thermal
performance point of view when compared to the system without external steam.
Moreover, the system with external steam resulted in 29% higher cost. They also reported
that the capital cost of VC is lower by 16 % in the system without external steam. It is also

mentioned that by lowering the pressure ratio of the vapor compressor from 1.35 to 1.15
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the power consumption is lowered by 50% as well as reducing the water cost by 27%.
Fellah [49] performed thermo-economic analysis for single effect-mechanical vapor
compression desalination unit. The effect of the compressor efficiency on the specific
power consumption was also investigated. The system has a unit price of 2.59 $/m?3.
Almoghrabi and Fellah [21] performed a thermo-economic analysis for multi- effect
mechanical vapor compression desalination unit. They reported that the least cost of water
production is reported for a system with three stages with a 1.005 $/m?® compared to 2.46
$/m?® for a single stage. Results also showed that there is an optimum value for the
compressor efficiency to produce freshwater at the lowest cost. This value is 91% for a
single effect and 82% for multi-effect systems. Elsayed et al. [12] presented a mathematical
model to evaluate the performance of multi-effect mechanical vapor compression system
that produces 1500 m®/day. The authors performed an exergo-economic analysis on
parallel cross feed system and reported that with 10 effects, the exergy efficiency is 2.8%
and the evaporator is the predominate contributor to exergy destruction with 52% of the
total exergy destruction in the system. The evaporator was found to be the most expensive
component with a cost of 10.13%/h while the pump had the lowest cost of 0.3 $/h. the
freshwater price cost is reported to be 1.63 $/m®when using the specific exergy model
compared to 1.7 $/m® when using the conventional economic model. Other works on the
economics of the MED-MVC system can be found in [22] [50].

2.6 Energy source:

In 2021, the world's energy-related carbon dioxide emissions increased by 6% to reach
36.3 billion tonnes, the highest amount ever, as the global economy recovered quickly from
the Covid-19 crisis and was largely dependent on coal to fuel that rise[51]. The world is
now focusing on implementing renewable technologies in all applications to reduce carbon

emissions and avert global warming threat.

Water desalination is an energy demanding application. Therefore, efforts to reduce the
dependence on fossil fuel to power water desalination plants are needed. Most of the plants
are powered by conventional fuel but, research shows that there is a trend toward

renewables. If the cost of environmental and health impacts is included, renewable energy
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will be less expensive when compared to fossil fuel energy. Several researchers have
studied the performance using renewable energy as the main source of energy or integrated
with conventional energy sources to power desalination plants including MED-MVC

system.

2.6.1 Solar Energy

Solar energy is an abundant and free energy source that produces zero carbon
emission. The steam needed in the first effect can be produced directly by using solar
energy as the heat source in a conventional multi-effect desalination system or indirectly
through generating electric power from the sun to run the compressor in mechanical vapor

compression unit.

Farahat et al. [52] evaluated energy and exergy performance of a solar driven
mechanical vapor compression desalination system with a nanofiltration pre-treatment unit
that produces 500 m®/day. The electrical and thermal requirements of the system are
provided through photovoltaic and parabolic trough collectors, respectively. They found
that the system’s exergy efficiency ranges from 14.59 to 20%. Photovoltaic modules and
the parabolic trough (used during the startup) account for 85.79% and 69.53% exergy
destruction, respectively. Freshwater unit price is reported to be 1.54 $/m>. Likewise,
Eisavi et al. [42] presented a model of an integration of concentrated photovoltaic panels
with organic Rankine cycle to produce electricity for consumers and the excessive
electricity is used to drive a mechanical vapor compression unit. The panels produce
electricity while the collected heat is used to power the ORC. The panels and the ORC
produced 43.43 kW and 33.24 kW, respectively. The MVC system is reported to produce
141 m®/day of pure water at a cost of 1.02 $/m*. The authors also reported that the
evaporator/condenser unit and the compressor accounted for the highest capital cost with
24.1% and 22% of the total cost, respectively.

Another study was performed by Morales-Ruiz et al. [53] who developed a
mathematical model of a mechanical vapor compression system driven by solar energy that
is used to power the mechanical vapor compressor through photovoltaic panels. The model
predicts energy consumption as well as the effect of the operation conditions on the system

performance. The model was validated using experimental data where the validation
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showed good agreement. The system that was reported to have a power consumption

ranging between 2000 W and 4000 can generate vapor at rate between 700 to 800 m?/h.

Ibrahimi et al. [54] carried out a theoretical analysis of a single-effect mechanical
vapor compression driven by a grid-connected PV. Increasing the area of the PV module
was found to result in a higher freshwater production rate. The study indicated that the
system could reduce the electricity needs by 61%. Another finding is that higher
temperature difference resulted in smaller heat transfer area however, it results in higher
power consumption. Another study analyzed the use of PV was done by Gao et al. [43]
who proposed a design of a mechanical vapor compression model driven by PV to produce
10,000 m*/day in San Francisco, California. The system was analyzed thermodynamically,
and the effect of different parameters such as the compressor pressure ratio, compressor
efficiency and evaporator temperature on the system performance was studied. The system
was found to have 14.4 kwh/m?® with 70°C evaporation temperature. In addition, an
economic analysis found that there is an optimum pressure ratio between 1.3 and 1.4 that
results in the lowest levelized cost of electricity. Similarly, there is an optimum value for
the compressor efficiency between 70 % to 80%. The study showed that the system’s
lowest levelized cost was $0.76/m?.

Helal et al. [55] presented a comparative assessment between grid-connected PV
mechanical vapor compression and PV reverse osmosis with 100 m®/day capacity each, the
systems are designed to produce water for a remote location in UAE. The authors presented
a mathematical model to analyze and design both systems. The study also presented an
economic evaluation and presented the findings that the MED system has a power
requirement of 15.7 kWh/m? and the freshwater unit price of 7.29 $/m3. While for the PV-
RO systems these numbers are 6.45 kWh/m?® and 3.7 7.29 $/m?, respectively.

2.6.2 Wind Energy

Wind energy is another abundant source that is considered to be a green energy
source. Although wind energy is not popular as solar, especially in the MENA Region,
some researchers considered the use of wind as a source to power MV C desalination plants.
For example, Karameldin and Mekhemar [56] theoretically investigated the performance

of a wind-driven mechanical vapor compression desalination system that is designed to
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operate in three areas in Egypt. The results obtained showed that water production for the
separate locations was 203 ,398 and 938 md/day. The effect of different operating
parameters on the system performance was also studied such as temperature difference and
the average wind speed. The study showed that increasing the temperature difference
results in higher specific power consumption. On the other hand, water productivity of the

system was found to increase linearly with the increase in the average wind speed.

likewise, Forstmeier et al. [57] investigated the feasibility of using wind energy to
power MV C desalination systems. The authors reported that the MVC technology is very
suitable for stand-alone application due to the operation's variability related to this
technology. The analysis showed that the system can produce up to 1350 m3/day at a cost

ranging between 1.10 and 1.50 $/m?.

Plantikow [27] presented operational results of demonstrational MV C desalination
plant in the island of Rtlgen in the Baltic Sea powered by wind energy, the plant produces
15m?/h at a wind energy input of 300 kW. Chermiti et al. [58] carried out a study to evaluate
the feasibility of single effect mechanical vapor compression powered by wind in Gabes.
The study examined the effect of the operation temperature on the compressor specific

power consumption.

2.6.3 Hybrid Energy Systems

Hybrid systems of renewables-renewables or renewables-fossil are also considered to
power MV C desalination plants. Using hybrid energy sources to power MED systems is a
reliable solution for supplying the needed demand for freshwater where studies showed
that it can satisfy the required needs of water. Zejli et al. [46] presented an optimization
model of mechanical vapor desalination unit with a capacity higher than 120 m®/day
powered by renewable energy (wind and PV). The system was proposed to work in three
distinct locations in Morocco. The demands were always fulfilled and made available to
consumers in the three different cases. Likewise, Castro et al. [59] performed a techno-
economic study to compare between different desalination systems powered by solar
photovoltaic-lithium ion-diesel hybrid system. The authors reported that the RO had the

lowest energy consumption and water production rate. On the other hand, MED and MSF
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were found easier and more convenient to implement with such a configuration owing to

the system's resilience.

Additionally, the use of hybrid systems can reduce the cost of producing fresh water
depending on the chosen location. Considering the cost associated with carbon dioxide
emission makes it more attractive to use hybrid systems to power MVC units to generate
water. For example, Ismail et al. [60] Presented a mathematical model to analyze MED-
MVC system powered by renewable energy (solar and wind energy) in different locations
in Egypt. Results showed that the cost of fresh water when utilizing renewable energy is
2.71, 1.7 and 0.73 $/m? for three different locations compared to 1.79, 2.02 and 1.86 $/m?®
for the same locations when using fossil fuels however if the cost of the CO> credit is
considered the cost of fresh water would be 2.66 ,1.65 and 0.732 $/m?.

Similarly, Koroneos et al. [61] proposed mathematical equations to model both
renewable energy sources (solar and wind) and several desalination technologies including
MED-MVC system. The model can be used to calculate energy needed, the size of the
renewable energy source and water production cost. Among the proposed configurations,
the MVC-PV was found to be the most expensive choice while the MVC-wind option is
considered to be a feasible solution. Henderson et al. [62] presented a feasibility study for
hybrid wind/diesel system that produces electricity in summer and is used to utilize
excessive electricity during winter months to produce pure water from variable-power
mechanical vapor compression in New Hampshire. The authors reported that using MVC
powered by excessive wind to produce freshwater instead of using RO powered only by

generated electricity can save up to 7000 $/year in electricity.

hybrid systems cut back the emissions of CO2 because they reduce the reliance on fossil
fuels. Some works examined the effect of using hybrid systems on reducing CO2emissions.
For example, Ghazi et al. [63] studied theoretically the performance of a mechanical vapor
compression system that is designed to produce 17 m3/h. the system is driven by hybrid
wind-photovoltaic system for two different sites in Morocco. They proposed different
configurations and shares of the hybrid PV-Wind hybrid system to power the MVC unit,
the system is predicted to reduce the CO> emissions by up to 3,469 Tons/year. Increasing

the PV contribution fraction is found to reduce CO, emissions and the freshwater capital
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cost. However, the dependence on PV solely reduces the total productivity through the day
since the PV generates electricity only though daylight. Likewise, Helal and Al-Malek [64]
proposed an optimized design for desalination system with mechanical vapor compression
powered by hybrid system of diesel and solar energy to produce a 120 m®/day in a remote

area in UAE. The system is reported to reduce CO, emissions by 179 ton/year.

Using hybrid systems with mechanical vapor compression units can guarantee a
continuous freshwater supply, especially in remote areas with an attractive price. It also
reduces the amount of carbon dioxide emissions because it reduces the consumption of

fossil fuels.

2.7 Integration with Thermodynamic cycles:

Integrating MV C systems with thermodynamic power cycles is widely used where the
cycle can be used to power the compressor. Organic Rankine cycle which is less complex
than steam Rankine cycle and can operate with low grade energy to power the mechanical
compressor has been analyzed in the literature and it showed satisfactory performance. The
cycle can be powered by solar energy or any other source of low-grade energy to heat the
working fluid. Steam generated in the cycle can be either used to generate electricity to
power the mechanical vapor compressor or used to drive the compressor directly by
coupling it with a turbine similar to the configuration shown in Figure 5. For example, He
et al. [65] carried out a theoretical study on a mechanical vapor compression system
powered by an organic Rankine cycle powered by a boiler that utilizes heat found in solar,
geothermal or any other source of low-grade energy. The boiler is used to heat seawater
which is then used to evaporate the organic fluid. The power generated by the cycle’s
turbine is used to drive the compressor. Their analysis was extended to include entropy
generation rate to assess the feasibility of the suggested desalination system. A GOR of
3.15 and water production of 1.09 kg/s were achieved in this study.
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Figure 5 : Solar Organic Rankine Cycle.

Similarly, Sharaf et al. [44] analyzed theoretically a multi effect distillation-vapor
compression driven by Solar Organic Rankine Cycle from a thermo-economic point of
view. The study indicates that the system produces 4545 m®day of distillate product with
0.94 $/m® freshwater cost and 4.18 kWh/m® specific power consumption. Likewise,
Almatrafi and Moloney [66] presented a novel design of multi-effect mechanical vapor
compression powered by organic Rankine cycle using low grade solar energy through the
use of evacuated tube collectors. The compressor is powered by the electricity generated
from the organic Rankine cycle. The study evaluated the effect of the number of effects on
several parameters including the SPC. The authors reported that the specific power
consumption can reach less than 1 kwWh/m? for feed water salinity of 42,000 ppm with 14
forward feed effect and RR of 50%. Then Almatrafi et al.[67] [68] also presented a novel
design similar to their design in [66]. However, in this analysis the compressor is powered
by a turbine that utilizes the steam generated in the organic cycle. The heat rejected in the
condenser is used to heat the feed stream before flowing into feed heaters. The study

demonstrated the effect the number of effects and the feed salinity on the system
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parameters. For example, Increasing the number of effects from 4 to 16 lowered the specific
power consumption from 13 kWh/m? to almost 3.4 kWh/m3. The optimum performance is
found with 14 effects and the system is reported to have 3.6 kWh/m?® specific power
consumption and 14% overall system efficiency at this number of effects.

Others cycle have also been reported in the literature, Lara et al. [69] presented a
detailed analysis of mechanical vapor compression desalination system integrated with a
combined-power cycle (CPC) that produces 37,854 m®d and operates under a high
temperature of 172°C. Water price is mentioned to be 0.49 and 0.38 $/m? in the US and the
Middle East, respectively (the US energy cost is $5.00/GJ energy and $0.5 /GJ energy in
the middle east ) . Also, He et al. [70] proposed a study of mechanical desalination system
powered by trans-critical CO2 cycle with a net power of 64.96 kW and 5.84 thermal
efficiency. The analysis was made on different operating conditions, they also calculated
heat transfer area and added a financial study. The system achieved a GOR of 2.42 and the
total cost of the destination system was found to be 212,040.86¥. Another observation in

their study is that water production increases with the increase in top temperature.

Integrating MED-MVC system with other thermal cycles is found to reduce the power
consumption of the system as well as increasing the overall efficiency. It also produces

water at a competitive price.
2.8  System Compressor:

Since the compressor is a major component in the MVC system, researchers studied
the key parameters related to the compressor to improve the performance of the MVC
system. Steam can be compressed using either dry compression (employing centrifugal
compressor) or wet compression. Usually, dry compression results in highly superheated
steam, which results in high consumed power. On the other hand, using a wet compression
improves the isentropic efficiency compared to dry steam and hence leads to less power
consumption. However, wet compression requires a special compressor to avoid damaging
the compressor due to the presence of the liquid phase. The water injected twin screw
compressor is a great option for achieving wet compression. A small amount of water is

injected in the compressor in an intermediate pressure to reach an approximated isentropic
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compression process as illustrated in Figure 6. Researchers studied the feasibility of using

twin screw compressors in MV C systems to reduce the specific power consumption.

Figure 6: The T-s diagram for two stage compression process using twin-screw compressor[71].

Shen et al. [72] investigated theoretically the operational condition of a twin-screw
compressor in a single effect mechanical vapor compression system. They reported that the
fraction of water injected in the twin-screw compressor is less than 5%. A specific power
consumption of 9 kWh/m? is reported in the study at a brine temperature that ranges
between 75 and 100 °C and 4 °C temperature difference. Then, Shen et al. [28] presented
an experimental study of a double effect mechanical vapor compression desalination unit
with water-injected twin-screw compressor in a MVC system that produces 50 m*/day.
They investigated the effect of different parameters such as compressor speed, water
injection flow rate and compressor inlet temperature on the compressor performance. They
reported that the compressor work increases linearly with the increase in the rotation speed.
Another important finding is the effect of increasing the water injection flow rate that
improves the twin-screw compressor’s isentropic efficiency, which reduces the power
consumption. Increasing the water injection flowrate from 1 L/min to 3 L/min increases

the isentropic efficiency from 57 to 72%.
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In a similar study, Alkhulaifi et al. [71] presented a theoretical analysis on single
effect mechanical vapor compression desalination system that uses a twin-screw water-
injected compressor to produce 400 md®/day. They analyzed the effect of operating
conditions on the system performance as well as the effect of water injection on the
compressor work. The power reduction when using water injection was found to be around

7.3 percent at a high compression ratio.

He et al.[73] presented a mathematical model for a double effect mechanical vapor
compression system that uses twin-screw compressor with water injection to improve the
performance of the system. The authors studied the effect of water quantity on the produced
steam rate and the influence of water injection on the compressor work was examined. The
study concluded that increasing the water injection rate results in a higher inlet volume
flow rate to the compressor. Additionally, the compressor was influenced heavily by the
temperature difference in the system. Increasing the temperature difference results in more

compressor work. Likewise, Guangbin et al. [74] developed a mathematical model to
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analyze a MV C system using screw compressor with water injection. Results showed that
the isentropic efficiency is not affected by water flow rate if exceeded 35 L/h which at this
point is 95.5%. They also reported that the mass of pure water increases from 0.38t/h to
2.56 as the rotating speed is increased from 1000 rpm to 6000 rpm.

Root compressors similar to the one shown in Figure 8 have also been investigated
when used to compress the vapor in mechanical vapor compression systems. Hong et al.
[32] investigated the thermal performance of mechanical vapor compression unit that
works with a root compressor that produces 100 kg/h both theoretically and experimentally.
The influence of feed temperature, evaporation pressure, compressor speed, and vapor
pressure affect evaporation rate. Specific Moisture Extraction Rate (SMER), and power
consumption was investigated to assess the performance of the MVC system. Increasing
the compressor speed from 900 to 1200 rpm results in increasing the power consumption
from 3.75 to 6.25 kW while the evaporation rate also increased from 55 to 85 kg/h. The
study also indicates that increasing pressure resulted in increasing the power consumed by

the compressor.
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Figure 8 : Root compressor schematic[75].

On the other hand, Shen et al. [76] developed a mathematical model for two
compression methods cascaded centrifugal compressor and a combined centrifugal and
twin-screw compressor. They studied the effect of thermal parameters such as volume flow
rate and saturation temperature rise for the two proposed systems. The analysis concluded

that using combined compressors showed superior performance compared to using

22



cascaded compression. The authors found that the increase in the pressure ratio of the first-
stage centrifugal compressor and the total saturation temperature increase resulted in an

increase in the total compression efficiency.

Labib et al. [77] studied the effect of inlet skew angle of the mechanical vapor
compressor mathematically for four different angles. The authors found that higher skew

angle resulted in higher compression ratio and hence, better pure water production.

The compressor has a significant effect on the MED-MVC systems. Improving and
utilizing better compression technologies reduces the specific power consumption and

results in cheaper freshwater.

2.9 MED System Configurations:

MVC is usually found in two configurations: parallel/parallel cross or forward feed
configuration. Some studies focus on the effect of the configuration on the system overall
performance like Jamil and Zubair [78] who studied the effect of different flow
configurations on the performance of a multi-effect mechanical vapor compression
desalination unit. They studied the effect on power consumption, exergy destruction, heat
transfer area and the water produced cost. they concluded that the parallel cross feed
resulted in the least power consumption while forward feed resulted in the highest energy
consumption followed by parallel feed with 6.76, 8.6 and 7.35 kWh/m?3 respectively with
a freshwater production cost of 0.867 for FF ,0.865 for PCF and 0.842 $/m?® for PF MVC
systems with four stages. They observed that as the number of effects increases the specific
energy consumption decreases for all the configurations. Another finding is that the
evaporator resulted in the highest exergy destruction among the other components with
96%, 91% and 93% for FF, PF, and PCF, respectively.

El-Dessouky et al. [79] developed a model to analyze multi-effect mechanical
desalination system with parallel feed and parallel cross configurations. Results from the
model were validated against actual data and showed good agreement. Specific power

consumption was found to decrease at lower temperature difference opposed to the heat
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transfer area which increase with the reducing the temperature difference. In addition, the

parallel cross configuration has lower power consumption compared to the parallel feed.

Elsayed [45] carried out an Exergo-economic study of four MED-MVC configurations,
namely forward feed (FF), back feed (BF), parallel feed (PF) and parallel cross feed (PCF).
The PCF and FF showed lower work requirement compared to PF and BF with 13.9, 13.7
,23 and 30 kWh/m?* respectively. Regarding the second law analysis, the PCF has the best
efficiency, while the backward feed (BF) configuration showed the lowest efficiency of
2.9 and 2.4 % respectively. In the economic evaluation, three models were used, and the
results showed that the PCF has the lowest water production cost while, the BF has the
highest production cost of 1.7 and 3.0 $/m?, respectively while the FF and PF had a unit
price cost of 1.7 and 2.7 $/m* respectively. They also mentioned that the SPC is reduced
by 39% when the number of effects for PCF is increased from 1 to 6, whereas the
effectiveness of the second law was increased by 70%.

Looking at investigations discussed in this section, it can be concluded that parallel
cross feed configuration integrated with mechanical vapor compressor results in the lowest

specific power consumption compared to other configurations available.

2.10 Integration with other Desalination systems:

MED-MVC can be integrated with other thermal desalination technologies to
improve the overall performance of the system.

Yinan et al. [33] presented a desalination system that consists of a membrane
distillation system integrated with a mechanical vapor compression. Theoretical and
experimental results showed that at 1000 kg/h feed flow rate with 1% salt content, the
system produced 875 kg/h at a PTFE membrane area of 75.24 m? with 3.31 kW power
consumption. Swaminathan et al. [80] proposed a novel design of mechanical vapor
compression system where the preheater of the system is replaced with a membrane
distillation system. The system is reported to reduce the cost of water by about 6%.
Furthermore, the conductive gap configuration of the MD system is found to lead to the

highest saving followed by air gap and permeating gap systems.
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Alasfour and Abdulrahim [81] developed a model for a hybrid system that consists of
MVC and MSF. They studied the influence of temperature difference of MVC thermal
performance. Results showed that the increase in temperature difference resulted in
increasing the specific power consumption and exergy destruction. However, specific heat

transfer area and water production decrease.

211 ZLD:

The brine rejected from desalination technology is usually thrown back to sea without
any added treatment. This may have a harmful impact on the environment. Zero liquid
discharge technologies are used to minimize the amount of brine rejected. Some research

studies on the performance of the MV C system consider zero liquid discharge.

A single effect mechanical vapor compression unit for zero-liquid discharge
application was proposed by Randoon et al. [82] .The model goal is to reach a near zero
liquid discharge. The feed of the system is concentrated brine, vapor is extracted from the
feed in the evaporator which concentrates the feed further. The rejected brine is in near
saturation conditions. Feed is being supplied at a salinity of 68.513 g/kg and the brine is
rejected at 73.33% concentration. The system produces 7.441 kg/s of freshwater at a price
of 0.038 US$/gallon and has a specific power consumption of 37.722 kWh/kg.

Dahmardeh et al. [83] theoretically compared the configurations of single/multi-effect
evaporation interconnected with single/multi-stage mechanical vapor compressors for high
salinity water treatment of 70 g/kg with the aim to reach near zero liquid discharge. The
multi-effect single vapor recompression system showed the best performance among the
other configurations. The system specific power consumption is reported to be in the range
of 64 to 193 KWh/m®,

Han et al. [84] developed a model of mechanical vapor compression desalination
system designed for zero discharge. The system is analyzed from an energy and exergy
perspective. The system was found to reach a zero discharge when the brine concentration
exceeding 25% of the feed, the power consumption in a single stage is found to increase
with the increase of brine salinity. Another observation is that the multi-stage design
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reduces power consumption. A 15.07 % reduction in power is achieved when the number

of stages increases from 1 to 2.

MVC has been analyzed theoretically for zero or near zero liquid discharge
applications. Studies done on this technology indicate that this process is highly power
consuming and lucrative, work needs to be done to reduce the power consumption

associated with zero liquid discharge.

2.12 Heat exchanger:

The evaporator is an important part in evaporation desalination systems. The most
popular type of evaporator used in designing the system is the falling film evaporator. Very
Few researchers studied the effect of the evaporator type on the total performance of MVVC
systems. For example, EI-Dessouky and Ettouney [85] studied the effect of using plastic
based material in the heat exchanger in a single effect mechanical vapor compression. The
analysis focused on the effect of tube material on the specific power and the heat area. The
specific power consumption was found to be independent of the construction material and

depends solely on the compression ratio.

Jiang et al. [86] developed a mathematical model for a double effect parallel connected
mechanical vapor compression system that utilizes both falling film evaporator and forced
circulation evaporator for treating wastewater with high salinity. The system performance
was analyzed and the effect of different parameters on the system was examined in the
study. The results showed that based on a trade-off between power consumption and heat
transfer area, the optimum values of evaporation temperature and saturation temperature
difference could be calculated. The proposed system was compared against a conventional
multi-effect evaporation crystallization system with the same capacity and showed better
performance. The specific energy consumption is found to be 130.3 and 739.2 kJ/kg while
the exergy efficiency is 49.1% and 32.4 % for the MVR system and the conventional

system, respectively.
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2.13 Effect of Operating Parameters:

Many researchers studied the effect of different parameters on the MVC performance.
Some of the findings that have been identified from the literature are, increasing the
temperature difference is found to reduce the specific heat transfer area however, it
increases the power consumption [16], [34], [36], [54], [60], [72], [82], [83], [85], [87],
[88]. Also, another finding is that, increasing the evaporating temperature results in more
production [26], [30], [34]. Increasing the number of effects is also found to enhance the
system performance and results in less specific power consumption [12], [20], [44],[45],
[60], [66]. Another parameter that affects the system performance is the feed temperature
and flow rate. Researchers reported that increasing the feed temperature and/or flow rate
results in better performance since this reduces the energy requirements[31] [89]. Feed
salinity, brine boiling temperature have also been examined Increasing the feed salinity is
found to reduce the recovery ratio although it results in a lower specific power
consumption[19]. Higher boiling temperature reduces the power consumption [36], [71].

Some of the work done to evaluate the effect of the different operating condition is
done experimentally by Bahar et al. [29] they studied different operating conditions on a
mechanical vapor compression pilot unit with two vertical evaporators with brine
recirculation producing 1 m®/day of freshwater. The effect of the brine concentration on
the performance was investigated within the range of 20,000 to 33,000 ppm, also the effect
of the compressor speed on the system performance was studied. They found that the unit
has a better performance on lower brine concentration (increasing the brine concentration
reduces the water production). Additionally, increasing the compressor speed was found to
enhance the system performance. A maximum PR of 2.52 was reached in their analysis.

Nevertheless, Aybar [90] modelled a desalination system with mechanical vapor
compressor and studied the effect of evaporation side pressure, condenser side pressure,
the water inlet temperature on the compressor work and the mass flow rate. The study
concluded that increasing the pressure does not have a significant effect on the compressor
work. However, water production increases substantially. Another finding is that when the
inlet temperature is higher than the evaporator side temperature the system has better

performance compared to the opposed situation. Increasing the water inlet temperature
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results in less work. For example, increasing the inlet temperature from 75 to 85 °C reduces
the work from almost 115 to almost 85 kW. The specific power consumption is reported
to be 11.47 kWh/m? at 50 kPa evaporation side pressure and 62.5 kPa condensation side

pressure with 85 °C water inlet temperature.

Likewise, IBRAHIMI et al. [87] presented theoretical economic and thermal analysis
of a single-effect mechanical vapor compression unit. The study demonstrates the effect of
unit capacity and temperature difference on the water production cost. They concluded that
the increase in the pure water flow rate increases the power consumption and the total area
of heat transfer linearly. The analysis also revealed that elevated temperature difference
was found to decrease the heat transfer area but increases the power consumed. Increasing
the temperature difference from 1 to 10 °C increases the specific power consumption from
almost 5 to 32.5 kwWh/m?3. However, it reduces the required specific area from 7.5 to 0.75

m2. The cost of 1.5 €/m? freshwater unit cost was achieved in the study.

It can be observed from looking at the literature several values for the specific power
consumption for the MED-MVC. Table 1 summarizes the values that have been reported

in this work.
Table 1 : Summary of some of the reported SPC for the MVC system.

Number of Power  SPC Unit Comments Ref
stages source Cost
kWh
$/m?3
single - 10-13  1.7-2.3  The values are for a system [19]

with and without brine

recirculation.

Multiple - 7.67- 0.86-  The number of effects changes [20]
11.36 1.19 from 2 to 6.
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- - 8.35 - The system employs [23]
evaporator-condenser-
separated unit
single - 55.6 - The system is used to treat [34]
wastewater at evaporating
temperature of 80.1 °C
single PV 14.4 - The evaporation temperature is  [43]
at 70 °C.
Multiple SORC 4.18 0.94  The system has 16 effectsand  [44]
produced 52.6 kg/s at 60 °C
steam temperature.
Multiple - 13.9 1.7 PCF [45]
13.7 1.7 FF
23 2.7 PF
30 3.0 BF
Single PV 15.7 7.29  The temperature differenceis  [55]
3.5°C.
Multiple SORC <1 - - [67]
Multiple SORC 3.6 - - [68]
Single - 9 - The compressor used is a twin-  [72]
SCrew compressor
Multiple - 6.76 0.865 PCF [78]
7.35 0.842 PF
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8.6 0.867 FF
single 37.722  10.04  The system is used for ZLD [82]
Single/multiple 64-193 - The system is used to treating  [83]
water with high salinity.
single 5-32.5 1.55 Changing the temperature [87]
difference from 1 to 10 °C
The cost has been evaluated at
3 °C temperature difference
single 10.5 3.81 [88]
single 11.47 - Water inlet temperature is set ~ [90]

at 85 °C.
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Table 2 provides a summary of all the cited papers in Chapter one and Chapter two
concerning the MVC technology.

Table 2 : Summary of MVC papers.

Ref no. Economic Analysis approach Summary

[12] \

Theoretical

¢ The evaporator unit resulted in the most
exergy destruction.

e The water cost is found to be less
when calculated by exergy-based
model compared to the simple model.

e Increasing the number of effects
resulted in less power consumption,
higher exergy efficiency.

e Increasing the number of effects from
1 to 2 results in a significant TWP
reduction. Further increase in the
effect results in higher TWP.

e Compressor work has a higher impact
of the system transient behavior
compared to sea water temperature.

¢ Reducing the inlet seawater
temperature results in less freshwater
production and pr and increases the
SPC.

[13] X

Theoretical

¢ MED-MVC has 20% higher efficiency
compared to MSF technology.

[14] \

Theoretical

¢ The system was found to consume more
energy when compared to membrane
distillation for onshore applications

[15] X

Experimental

¢ The power consumption was found to
increase with increasing the discharge
pressure when treating oil byproduct
water.

[16] X

Theoretical

e Smaller temperature difference results in
lower power consumption but higher
heat exchange area.

e Increasing the brine boiling temperature
increases the compressed vapor
temperature and reduces both the
compression ratio and SPC.

[19] \

Theoretical

e The power consumption without brine
recirculation is lower.

e Salinity variation has a smaller effect on
power consumption.
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e The evaporator is the largest exergy
destructor.

¢ The evaporator cost is the largest
compared to other components

[20]

\ Theoretical

e Increasing the number of effects results
in less power consumption.

e The evaporator is the largest exergy
destructor.

¢ The evaporator contributes to the
highest capital cost.

e There is an Optimum number of effects
that results in the lowest water cost.

¢ Higher compressor efficiency results in
less water cost, less sec and higher
exergy efficiency.

[21]

\ Theoretical

e Three evaporators provide the lowest
cost per unit of the product.

e The evaporator is the largest exergy
destructor.

¢ The evaporator contributes to the
highest capital cost.

e There is an optimum point for
compressor efficiency at which the
product unit cost is the lowest.

[22]

v Theoretical

¢ The feed pre-heaters have the lowest
exergy efficiency and the highest
relative cost difference.

[23]

X Theoretical

¢ Evaporator-condenser-separated MVC
system used in sewage treatment found
to have SPC of 8.35 kWh/mé.

¢ ECS-MVC unit has the largest exergy
destruction among other components
(56.8%).

[24]

V Experimental

¢ The system performed better in
atmospheric pressure compared to
vacuum.

[25]

X Experimental

o Water injection increases compression
ratio, evaporation rate and reduces
temperature difference.

[26]

X Experimental

¢ Using rotating disk evaporator, the
highest COP recorded was 20.98.

e The COP rises as the evaporating
temperature rises.
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¢ The evaporator and condenser pressures
drop with the increase in the compressor
frequency.

[27]

Experimental

e Powering MVC with wind is found to
be attractive and 15 m3/h water
production in achieved with wind
energy input of 300kW.

[28]

Experimental

e Increasing the rotation speed of the twin
SCrew COmpressor increases power
consumption, volumetric flow rate and
volumetric efficiency.

¢ Water injection increases the isentropic
efficiency.

[29]

Experimental

e Increasing the brine concentration
results in less distillate flow rate while
increasing the recirculation rate results
in more distillate flow rate.

e Increasing the compressor speed results
in more distillate flow rate and PR.

[30]

Theoretical

Experimental

¢ The water production increases as the
evaporator temperature increases it also
improves the heat coefficient.

[31]

Theoretical

Experimental

e Power consumption is reduced for
higher feed temperature.

¢ Higher feed temperature results in better
production.

e Increasing the feed concentration
reduces the freshwater production
however it increases the power
consumption.

[32]

Theoretical

Experimental

e Increasing the speed of a root
compressor that powers an MVC unit is
found to increase the evaporation rate
and the power consumption of the
COMPpressor.

e Increasing the compressor pressure
results in more power consumption in
the compressor and less power
consumption in the auxiliary heat, it also
increases the evaporation rate and the
SMER.

e Increasing the feed temperature results
in less power consumption and more
evaporation rate.
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[33]

Theoretical

Experimental

¢ A hybrid desalination system
(MD+MVR) that combines mechanical
vapor compression and membrane
distillation resulted in of 3.31 kW power
consumption to produce 875 kg/h fresh
water from 1000 kg/h saline water with
1% salinity.

[34]

Theoretical

Experimental

e The specific power consumption is 55.6
kWh/m3 for a single effect MVVR system
that treats wastewater.

e Increasing the evaporating temperature
increases the evaporation rate.

e Increasing the temperature difference is
found to increase both the evaporation
rate and the power consumption while it
reduces the specific heat transfer area.

[35]

Theoretical

Experimental

e Increasing the evaporator temperature
increases the water production.

e The production rate rises by 72% when
the salinity drops from 40% to 20%.

[36]

Theoretical

e Power consumption is reduced by
increasing the boiling temperature.

¢ The heat transfer area is reduced for
higher temperature differences; however
higher temperature difference increases
the power consumption.

[38]

e The MVC has the second highest second
law efficiency compared to other
desalination technologies examined.

[42]

¢ The evaporator and the condenser
account for the largest capital cost.

¢ The evaporator is the largest entropy
producer in the desalination unit and the
second in the entire system following
the photovoltaic thermal panels.

[43]

Theoretical

e Although improving economic
performance, a higher evaporation
temperature decreases energy efficiency.

e There is an optimum value for both the
compression ratio and the compressor
efficiency.

e Increasing the system capacity reduces
the water cost.

¢ The evaporator accounts for the largest
capital cost.
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o Higher sea water temperature lowers the
cost and the power consumption.

[44]

Theoretical

e Increasing the number of effects and
reducing the compression ratio results in
less specific work, solar field area and
water production cost.

e Compression ratio reduction to a
specified limit (CR = 2) may improve
cycle performance while lowering SPC.

[45]

Theoretical

e Lower steam temperature operation
results in increased MED-MVC system
second law efficiency and decreased
SPC and twp.

e In comparison to BF and PF, the PCF
and FF configurations require less work
to achieve an equal amount of distillate.

¢ PCF showed the highest second law
efficiency among the other
configurations and bf ranked the last in
term of second law efficiency.

e Increasing the number of effects and
reducing the operating temperature
results in less exergy destruction and
less SPC and water cost.

¢ BF has the highest water production cost
while PCF and ff have the lowest value.

¢ The evaporator units are the components
with the highest investment costs.

[46]

Theoretical

¢ Using wind/PV hybrid system with
storage device driven MVC desalination
is found to meet the water needs in
different cases studies in Morocco.

e Increasing the plant capacity reduces the
water production cost.

[48]

Theoretical

¢ Using external steam results in lower
thermal performance and higher capital
cost.

e Lowering the splitter ratio of the brine
recirculation results in lower product
cost.

e Lower compression ratio results in less
cost and work.

[49]

Theoretical

e There is an optimum value for the
compressor efficiency that results in the
least freshwater cost

35



[50]

Theoretical

¢ Application of a DWC can drastically
lower the price of producing water units
by a maximum of 35% reduction in the
cost.
Note: In DWC the condensate is

collected in the form of droplets over a
hydrophobic surface

[52]

Theoretical

e The evaporator results in the highest
exergy destruction in the MVC unit with
55.08%.

e The PTC accounts for 69.53 of the
exergy destruction in the startup unit.

e The PV unit has 85.79% exergy
destruction percentage in the plant.

e PV area variation is most influenced by
the change in temperature difference.

[54]

Theoretical

e Increasing the PV area increases the
water produced.

¢ High brine temperature reduces energy
consumption.

e High energy difference reduces the heat
transfer area but increases the power
consumption.

[55]

Theoretical

e The MVC powered by PV has higher
water cost compared to RO-PV.

[56]

Theoretical

e MVC system powered by wind is found
to be feasible.

¢ The production increases as the
temperature difference decreases.

[57]

Theoretical

¢ Water cost of MVC wind-powered
system can be from 1.10 to 1.50 $/m?®
for proper sites.

[59]

Theoretical

e MV C powered by solar photovoltaic-
lithium ion-diesel is found to be more
costly than RO powered by the same
hybrid system, but it shows more
reliability than the RO.

[60]

Theoretical

e Increasing the number of effects results
in higher product, higher brine salinity,
higher pr, lower heat transfer area, lower
brine flow rate and lower power
consumed by the pump.
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e Lower ambient temperature lowers the
power required by the sea water pump.

e Increasing the temperature difference
results in less heat transfer are but more
power consumption

[62]

Theoretical

e Installing a desalination system powered
by the excess energy produced by a
hybrid diesel wind in winter in star
island in New Hampshire is found to be
technically feasible but not
economically attractive.

[63]

Theoretical

e Increasing the PV contribution in a
hybrid system of PV-wind used to drive
a MVC system reduces the CO>
emission and water unit price however it
reduces the accumulated amount of
water produced.

[64]

Theoretical

e Integrating solar with diesel is found to
reduce carbon dioxide emissions by 179
ton/y for system that produces 120 m®/d.

[65]

Theoretical

e Integrating MVC with orc to power the
compressor is feasible.

e Turbine inlet pressure has an optimum
value that results in the best
performance.

e Higher top temperature and lower
ambient temperature results in better
production

[66]

Theoretical

¢ SPC of less than 1 kwh/m? for MVC
system powered by supercritical organic
Rankine cycle with 14 effects in FF
configuration is achieved for seawater
feed salinity of 42,000 ppm.

e Increasing number of effects results in
less SPC, less vapor temperature, less
brine mass flow rate, less solar field area
and more brine concentration.

[67][68]

X

Theoretical

e Increasing the number of effects
resulted in less area of the solar
collectors, less SPC but higher specific
area of the MED system.

e Increasing the high pressure of the ORC
results in less solar collector area and
less thermal energy consumption.
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e There is an optimum value for the high
pressure in the ORC that results in the
best cycle efficiency.

e Increasing the feed salinity increases the
specific area of the MED system.

¢ SPC of 4 kWh/m?3 for MVC system
powered by supercritical organic
Rankine cycle with 14 effects in FF
configuration is achieved for seawater
feed salinity of 100,000 ppm.

[69]

\/

Theoretical

e Higher operating temperature results in
lower power consumed, less heat
transfer area and small compressor but
results in more pre-treatment needed to
prevent fouling and corrosion.

[70]

\/

Theoretical

e For the COg trans critical cycle there is
an optimal value for the turbine inlet
pressure that results in the best values
for both water production and the GOR.

o Lower temperature difference results in
better system performance.

e Lower ambient temperature results in
more water production.

e The combined system is found to be
feasible.

[71]

X

Theoretical

¢ Using water injection in twin screw
compressor may reduce power
consumption by up to 7.3%.

¢ The begging of the compression point is
found to be the best point for water
injection.

e Increasing brine boiling temperature
results in less mass ratio of water
injected heat transfer area and power
consumption.

e Increasing injection pressure results in
more SPC and mass ratio of water
injected.

e Increasing the salinity results in more
compressor inlet volume flow rate, it
also increases the feed to distillate ratio.

[72]

X

Theoretical

e The mass fraction of water injection is
less than 5% in twin screw compressor.
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e Increasing temperature difference
results in less heat transfer area and
more power consumption.

e Using water injection reduces power
consumption.

[73]

Theoretical

e Using water injection in twin screw
compressor increases compressor inlet
volume flow rate.

e Increasing temperature difference
results in more power consumption.

[74]

X

Theoretical

¢ Using water injection increases the
performance of an MRV system with a
twin-screw compressor.

¢ The isentropic and volumetric efficiency
of the compressor become not too
dependent on the water injection flow
rate after a certain value is reached.

e Increasing the rotating speed increases
the freshwater production.

[76]

Theoretical

¢ Using combined centrifugal and twin-
screw compressor is better than cascade
two stages centrifugal compressor for
high saturation temperature and also
showed better system performance.

[77]

Theoretical

e Increasing the inlet skew angle increases
the pressure ratio and efficiency of the
compressor.

[79]

Theoretical

e Increasing the operating temperature
lowers the specific heat transfer area.

e Compared to the MEE-P/MVC system,
the MEE-PC/MVC system uses less
specific power and requires specific
transfer area.

¢ At higher operating temperatures, the
MEE-P/MVC system's conversion ratio
declines.

¢ The top brine temperature has no effect
on the MEE-PC/MVC systems'
conversion ratio.

[80]

\/

Theoretical

e Using md as a replacement for pre-
heater heat exchanger in MVC unit
reduces water production cost by up to
6%.

e Increasing the operating temperature
increases water production savings.
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[81]

X

Theoretical

e Increasing the brine temperature results
in less values of inlet volume flow rate
to the compressor, feed to distillate
ratio, specific heat transfer area and
pressure ratio. Also, it results in less
exergy destruction.

e Increasing temperature difference
results in less water production and
more exergy destruction and power
consumption.

[82]

\/

Theoretical

e Increasing the temperature difference
between the evaporator and the
condenser results in less specific heat
transfer area while it increases the SPC.

e In a near-ZLD system increasing the
feed salinity results in the increase in the
specific heat transfer area, however it
reduces the RR.

¢ The economic evaluation found that
NPV is 15.029 m€, IRR of 17.39% and
the capital and operating expenditures
are 594.93 k€ yL.

e And 854.40 k€ y-1 for a feed with 70
g/kg salinity.

[83]

\/

Theoretical

¢ MEE with single vapor recompression
system in ZLD application has in terms
of energy consumption and operational
costs, performs the best for desalinating
wastewater compared to the other
proposed configuration with 0.193—
0.064 kWh/kg SPC.

e Increasing evaporation temperature
results in less required specific heat
transfer area and compressor work.

e Increasing temperature difference
results in less required specific heat
transfer area but more specific power
consumption.

[84]

X

Theoretical

e Increasing the number of effects reduces
the profit however it reduces the power
consumption.

e Increasing the outlet concentration
increases freshwater production and
increases the power consumption.
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[85]

\/

Theoretical

e Using plastic PTFE shell-tube for
construction of evaporators and plate
preheaters resulted in higher specific
transfer area compared to using metal
alloys because the low thermal
conductivity but has the lowest specific
cost.

e Increasing the brine top temperature
reduces SPC while increasing the
temperature difference increases the
SPC.

[86]

Theoretical

¢ The performance of parallel-connected
double-effect MRV evaporation
crystallization system is better than the
conventional system with 82.2% and
51.5% higher COP and exergy
efficiency, respectively.

[87]

Theoretical

e Increasing the temperature difference
results in less specific heat transfer area
and more power consumption.

e Increasing the product flow require
more total heat transfer area and more
power.

[88]

Theoretical

e Increasing temperature difference
results in more power consumption

e The MVC has 37% less water
production cost compared to the TVC.

[89]

Theoretical

e Increasing sea water temperature results
in an increase in the RR.

e Increasing the feed flow rate results in
more distillate.

¢ The increase in both the RR and the feed
flow rate results in less SCOW.

[90]

Theoretical

e Increasing the water inlet temperature
lowers the compressor work.

e Increasing the pressure does not have a
significant effect on compressor work.

e Increasing the pressure increases the
mass flow rate gradually.

[91]

Theoretical

e There is an optimum salinity value that
results in the best system performance
and cost for MV C system.
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The review showed the instances of using twin-screw compressor with evaporation
desalination units and it shows improvement in the system performance. The idea of using
twin-screw compressor with evaporative distillation is implemented by few research
studies on only single and dual effect systems. Hence, more research is required on this
topic. To our knowledge no other work that is available in the literature studied the
performance of the twin-screw compressor integrated with multi-effect desalination
system. The presented research introduces a model of MED system integrated with twin-
screw compressor and applies both energy and exergy-economic analysis on the system.
Water injection is used to improve the isentropic efficiency of the compression process to
reduce the compression work in order to improve the overall system performance. The
compressed vapor in the final stage is mixed with a small amount of water to de-superheat
it when using the twin-screw compressor. This thesis presents a model for multi-effect
system integrated with twin-screw compressor for both parallel cross and forward feed
configuration and compare the performance of the proposed system with the conventional
MED system.
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2.14 Objectives:

The specific objectives are as follows:

e To develop a mathematical model based on mass and energy balance to evaluate
both design and the operation of the system.
e Toassess MED-MVC desalination process performance.
e To compare different MED-MVC layouts in order to find the one that performs best
in terms of energy consumption.
e To carry out economic and second law analysis of the systems considered.
Results and discussion for the parallel cross and forward feed configurations are presented

in Chapter three and Chapter four, respectively.
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CHAPTER 3

Parallel Feed Configuration

This chapter presents a design of parallel cross feed multi-effect system with a twin-screw
compressor with water injection to improve the system performance. The chapter contains
the mathematical equations of the system. The system has been analyzed and evaluated in
terms of energy, exergy, and exergy-economic point of views and compared with the
performance of the conventional configuration in terms of the specific power consumption,
the exergy efficiency, and the cost of the produced water. The effects of different operating
conditions including number of effects, steam temperature, compressor efficiency, and
injection pressure on the system specific power consumption, exergy efficiency, exergy
destruction, and final product cost are examined in this chapter. Other factors like interest
rate, plant life expectancy, and electricity cost effect on the final product cost are also

investigated.

3.1 System description:

In this study a parallel cross feed MED system that produces 52.616 kg/s of desalinated
water is considered in two configurations i.e., configuration one: MED with normal
compressor and configuration two: MED with twin-screw compressor. The selection of the
parallel cross feed configuration is due to its lower power consumption compared to the
other available configurations[78][79]. The system model is described using mass, energy
balance and exergo-economic equations to calculate all the mass flow rates, temperatures,
power consumption and the product cost. The model is solved using Engineering Equation
Solver (EES) software.
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3.1.1 Configuration One:

The system contains evaporators, pre-heaters, a compressor, and pumps as shown in Figure
9. The feed F is heated from T to Trin brine and distillate pre-heaters. The feed F enters
each stage at Tr with almost the same quantity at each stage as shown. Steam flows into the
first evaporator where it condenses in the tubes. The latent heat of condensed steam heats
the feed from Ts to saturation temperature of the first effect, T: and some of the feed
evaporates into D1 at Tvs. It is important to state that the vapor temperature Ty is less that
T by the boiling point elevation, BPE. The amount that evaporates in the first effect flows
into the tubes of the next effect and condenses; releasing the latent heat that heats the feed
of this effect and evaporates part of it. This process is repeated until the last effect. The
vapor that is generated in the last effect is compressor by using a conventional compressor
to Tsand used as the heat source for the first effect. The brine in each effect is passed to
the next effect and it is cooled from Tj into Ti.1. This causes some of the brine to flash. The
flashed vapor joins the vapor generated in the effect to be used as a heat source for the next
effect. The feed flow rate F; is adjusted to maintain the salinity of the brine under the
maximum allowable concentration[9]. The sensible heat in the brine and distillate are used
to heat the feed before it enters the effects. Figure 11 shows the inputs and outputs for each

effect.

3.1.2 Configuration Two:

In this configuration the conventional compressor is replaced by a twin-screw compressor
with water injection. The water for injection is taken from the distillate after the preheater
as shown in Figure 10. The process of injecting water during the compression process
improves the isentropic efficiency and results in less work consumption as demonstrated

in Figure 12.
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Figure 10: PCF MED with twin-screw compressor.
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3.2

3.2.1
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Figure 11: Inlet and outlet streams of the it effect for PCF.

Mathematical Model:

Assumptions:

Steady state conditions.

Heat loss to the environment is negligible.

Kinetic and potential energies are neglected in the energy balance.
The dead state is taken at the atmospheric temperature and pressure of 20 °C and
101.3 kPa.

The efficiency of pumps is 80% [92].

Sea water has a cost of 0 $ [93].

The price per unit for electricity is 0.06 $/kWh [12].

Plant annual availability is 90% [94].

Interest rate is 5% [95].

Amortization period, t, 25 years [95].

Specific labor cost 0.1 $/m*[96].

Maintenance cost is 15% of the capital cost.

The above-described systems are modelled and analyzed using the following equations.
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3.2.2 Mass, Energy, and Exergy analysis:

Vapor generated to form distillate:

D=D1+4+D2+D3...4Dn

Temperature drops across the evaporator.

_Ts—Tn

AT
N

Vapor temperature
Tvi=Ti— BPE

Where i is the effect number, i=1, 2.... n

Fraction of the flashed vapor from the brine

_ CoxXAT
Y= hfg
Energy and mass balance
Dfi=y. Bi1
S5 _F_,
Sg—Sg D
F1=D1+B1
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The following equation describes energy and mass balance of the effects shown in Figures
(10,112)

First stage:

(Dn + Df,n + minjection) X hfg,steam = D1 X hfg,l + F1 X Cp X (Tl — Tf) (8)

2" stage:
Dl X hfg,l = D2 X hfg'z + Fz X Cp X (TZ — Tf) (9)
3" to the n stage:
(Dicy + Dfy1) X hgiq =Dy X hegi + F; X Cp X (T; = Tf) (10)
Where:
i=1,2,3...n

The mentioned equation from (1) to (10) describes the mass and energy balance for the
twin-screw compressor by removing the term minjection from these equations this gives mass

and energy balance for the conventional MED system.
System performance:

The specific power consumption is defined as the power consumed to produce a unit of

fresh water; it can be expressed as:

(11)
SPC=——
mg X 3.6
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Where W is the real consumed power in KW described in the T s diagram shown in

Figure 12 and can be calculated as:

1- Conventional compressor

(D[n] + Ds[n]) X (hss — hy[n]) (12)
ng X n,

W =

2- Twin-screw compressor:

(d[n] + Df[n]) X (hZS - hv [n]) + (d[n] + Df[n] + minjection) X (h35 - hMP) (13)
ng X n,

W =

Pv

Figure 12: T-s diagram of the compression process.
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The Second Law Analysis is based on the exergy balance and indicates that the difference
between the sums of the exergy in the fuel and the exergy in the product equals the total of

the exergy loss and destruction. This gives the following general equation.

. . . . 14
szroduct = zxfuel —Xp — X, (14)

While the exergy efficiency is defined as the exergy of the system useful exergy output to

the system exergy input and can be expressed as:

Xp (15)
Nexergy = W x 100

Applying equation (14) for each component in the system gives the following set of

equations:

first effect:

Exergy destruction=Dn. eXsteam+F X eXfeed-D1Xexp,i-B1Xexs,i-DnXeXcond (16)

Second effect:

Exergy destruction a7
= D1 X eXD_l + erx]feed - DZ xexD'z - BzxexB’Z
- Dlxexcon,l

3" to the n effect;
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Exergy destruction (18)
= Dj_q X exp(—1) + FXeXpeeq + Dppi—1X€Xpp i1
— Dyxexp; — Bixexp; — (Di—1 + Dgpi—1)X€Xconi—1

3.2.3 Exergo-Economic analysis:

Exergoeconomic analyses are conducted for each component for both abovementioned
configurations. The cost flow approach is used to analyze the system. By combining the
fixed cost and stream cost, this technique determines the cost of each flow stream that
passes through all system components. The correlations in Table 3 are used to compute the
fixed cost, often known as the current cost or capital cost. The fixed cost is then converted
to fixed cost rate using the equations summarized in Table 4.

Table 3: Capital cost correlations.

Correlation NO. Description Reference
Z,, (19) Evaporator/Condenser [97]
=250 Q Cost
X ATm™1
% APt_O'Ol
X APs™01

Z pumyp (20) Pump cost [45]

=13.92 x r'nfeed
% APO.SS % e1.05

where:

e = Npump
1- L p—

Zpy (21) Pre-heaters cost [98]
=1000

x (12.86 x AR}
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Z comp (22) Compressor cost [99]

=794.68 x W
+66.11

53



Table 4: Fixed cost rate equations.

Equation Description Equation NO.
Z snnual = Zcomponent X CRF Annual fixed cost (23)
Z gnnual Fixed cost rate (24)
Zannual

~ 365 x 24 x 3600 x availability

CRF — ix({@+1" Capital recovery (25)
S (i+1Dm -1 factor

After calculating the fixed cost rate, then the stream cost is calculated by using the

following general equation:

Cproduct = Cfuel + Zcomponent (26)

According to the above equation, the product cost is equal to the fuel cost rate plus the
fixed cost rate. All system components' stream costs are assessed using this equation. The
following equations are obtained by applying the general stream cost equation.

The cost of the feed stream after the feed pump is calculated using the following equation.

Csw = Zpump + (Celect X WFP) (27)

Where W;p is the feed pump work and can be calculated by:

Wep = F X AP X Voo (28)

The stream after the feed pump is divided into two streams passing through the pre-heaters.
The stream cost of the flow after the pre-heaters is calculated as:
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Distillate pre-heater:
CFD = CSW,D + CD,in - CD,out + ZPH,dis (29)
There are two outlets from the distillate pre-heater and one auxiliary equation is needed.

This equation is based on the equality of the average cost of the distillate entering and

exiting the distillate pre-heater and can be expressed as:

CD,i _ CD,o (30)
XD,i XD,o
Brine pre-heater:
CFB = CSW,B + CB,in - CB,out + ZPH,brine (31)

The brine pre-heater has two outlets, and one auxiliary equation is needed based on average
cost of the inlet and outlet brine to the brine pre-heater and can be expressed as:

CB,i — CB,o (32)
XB,i XB,o

Both streams are then added together, and the stream is then divided between the system

effects.

The cost of the compressed steam equals the cost of the vapor generated in the last effect
added to cost of electricity, and the fixed cost rate of the compressor and can be expressed

as:

Cs = Cv,n + W x Cetect + Zcomp (33)

The input cost in the evaporators includes the feed cost and the steam cost. Thus, the cost

of the vapor coming out from the evaporator can be expressed as:
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Cv,l = Cf,l + Csteam - Ccond - Cb,l + ZEV,l (34)

Since there are three outlets from the evaporator including vapor, steam condensate and
brine, two additional auxiliary equations based on the equality of the average cost between
the steam and the condensate as well as between the feed and the brine of the first effect

are needed. These equations are expressed as:

Csteam _ Ccond (35)

Xsteam XCond

Cos _ Ga (36)

Xp1  Xpa

The general stream cost for the 2" to the N effect can be calculated using the generalized

equation expressed as follow:
Coi = Cpi + Cpizq + Cp i1 — Cyconaim1 — Cpi + Zgyi @37)

Vapor is the product of the evaporator, and the input parameters are feed seawater, vapor
generated in the previous effect and brine from the previous effect. and as mentioned the
evaporator has three outlets, including the generated vapor, condensed vapor of the
previous effect and brine. That mean two auxiliary equations are needed and can be

expressed as:

Cv,i—l _ Ccond,i—l (38)

Xyi-1 Xp,i-1

Ch,i _ Cr i (39)

Xpi Xk
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The product stream cost equal to the sum of the distillate stream cost, brine cost, chemical

cost, maintenance cost and labor cost and can be expressed as:
. < (40)
CD == CB,TL + z CD,i + OM

i=1

And hence the product cost in $/m® can be expressed as:

. C (41)
CP = 7D
Compressor work:
W _ @at D) X (Cy X Tany) X (PRT —1) (42)
B ncomp
3.3  Results:

In this chapter, MED driven with twin-screw compressor performance is studied and
compared to the performance of MED system with conventional compressor without water
injection. The results and findings from performing the analysis are demonstrated in this

section.

3.3.1 Model validation:

The mathematical model presented in section three is validated by comparing the SPC for
configuration one, obtained by using equation 42 with the results reported in [78] using
data in Table 5 as the inputs. Figure 13 shows a very good agreement between the two sets

of variables.

57



Table 5 : Input data for model validation.

Parameter Value
Distillate flowrate kg/s 35
Steam temperature Ts°C 72
Sea water temperature Tsw °C 21

Evaporation temperature in the last effect 40

°C

Feed temperature Tr °C 36
Feed salinity g/kg 35
Brine salinity g/kg 70

10

DOLiterature @Model

SPC [KWh/m?]

Figure 13: Validation of configuration one against the data obtained from Jamil and Zubair [78].
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3.3.2 Energy and exergy analysis:

The model is implemented to predict the performance of system in terms of the SPC and
exergy efficiency additionally the twin-screw compressor is compared with the results of
the conventional configuration using normal compressor. The results from this analysis are
shown in Figures (14-20). Figure 14 shows the impact of the number of effects on the
specific power consumption for both configurations. The results from the figure
demonstrate that increasing number of effect results in lower specific power consumption
for both configurations. Increasing the number of effects results in less vapor in the last
effect which requires less compression work and hence less specific work. For example,
increasing the number of effects from 3 to 8 effects results in lowering the specific power
consumption from 30.87 and 35.94 to 13.36 and 15.77 kWh/m?3 for twin-screw and normal
compressor configurations, respectively. The figure also demonstrates that the
configuration with twin-screw compressor has less specific work compared to the
conventional configuration. The injection of water during the compression process
improves the isentropic efficiency of the compression prosses and results in less specific
work. The twin-screw compressor configuration has 14.11 and 15.28 % less specific power
consumption at 3 and 8 number of effects, respectively compared to the conventional
configuration at the same number of effects.
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Figure 14: The influence of the number of effects on the specific power consumption PF.

Meanwhile, Figure 15 illustrates how the exergy efficiency is affected by the number of
effects for both configurations. The figure shows that increasing the number of effects
results in higher exergetic efficiency. This is because increasing the number of effects
results in less energy requirements as demonstrated in Figure 14. Increasing the number of
effects from 3 to 8 effects results in increasing the exergetic efficiency from 9.308 and
9.016 to 18.79 and 18.03 % for the twin-screw and normal compressor configurations,
respectively. The figure also depicts that the twin-screw compressor configuration has
higher exergetic efficiency compared to the normal compressor configuration. This is
because as explained earlier the twin-screw compressor has less power requirements
compared to the conventional compressor because of the better isentropic efficiency
regarding the compression process.
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Figure 15: Number of effects vs exergy efficiency for PF.

Figure 16 illustrates the influence of the number of effects on the exergy destruction on
both configurations. The figure shows that increasing the number of effects results in less
exergy destruction in the system, the figure also shows that the twin-screw compressor
configuration has less total exergy destruction compared to the normal compressor
configuration which supports the results demonstrated in Figure 15. Increasing the number
of effects reduces the exergy destruction from 5592.24 and 6554.39 to 2155.4 and 2613.91

kW for the twin-screw compressor configuration and the normal compressor configuration,
respectively.

61



OTwin compressor

@ Normal compressor

Exergy destruction kW

3 4 5 6 7 8
Number of effects

Figure 16: The impact of the number of effects on the exergy destruction PF.

Illustrated in Figure 17 is the response of the specific power consumption to the steam
temperature for both configurations. The figure depicts that increasing the steam
temperature results in higher specific power consumption for both configurations.
Increasing the steam temperature requires a higher compression ratio which requires more
power and hence results in higher specific power consumption. the figure also shows that
the twin-screw compressor has less specific power consumption compared to the normal
compressor configuration and this difference in the specific power consumption increases
with increasing the steam temperature. At lower steam temperatures the process tends to
be close to the saturation line compared to higher temperatures thus the effect of water
injection on the compression process is more noticeable at higher steam temperatures. For
example, the difference between the twin-screw compressor and normal compressor
configurations in term of the specific power consumption increases from 10.39 to 26.09 %

when increasing the steam temperature from 60 to 105 °C.

62



~
ol

Twin compressor

[o)]
()]

Normal compressor

()]
ol

N=4 n,= 0.8 i=5% C,,=0.06 $/KWh

SPC [KWh/m?]
N
(8]

w
ol

Typical operating range

60 65 70 75 80 85 90 95 100 105
Steam temperature [°C]

Figure 17: The effect on the steam temperature on the specific power consumption PF.

Shown in Figure 18 is the effect of the steam temperature on the exergy destruction in both
configurations. The figure shows that increasing the steam temperature results in higher
exergy destruction in both configurations. The figure also depicts as expected the
configuration with the normal compressor has higher exergy destruction when compared
to the twin-screw compressor configuration. As an example, increasing the steam
temperature from 60 to 105 °C increases the exergy destruction from 2797 to 9243 kW in
the twin-screw compressor configuration while it increases the exergy destruction in the

normal compressor configuration from 3148 to 12760 kW for the same temperature range.
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While Figure 19 illustrates the impact of the compressor efficiency on the specific power
consumption for both configurations. Again, as shown in the previous figures configuration
one has higher specific power consumption compared to configuration two due to higher
superheated steam. The figure shows that higher compressor efficiency lowers the specific
power consumption. Increasing the compressor efficiency results in less power
requirements to achieve the specified compression ratio. To illustrate, increasing the
compressor efficiency from 40 to 90% lower the SPC from 55.68 to 24.75 kWh/m? for
configuration one which is more than 55 % reduction in the specific power consumption.

This also lowers the SPC in configuration two from 47.56 to 21.14 kWh/m?®which is 55.60

% reduction.
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Figure 18: The effect of the steam temperature on exergy destruction PF.
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Figure 19: The impact of the compressor efficiency on specific power consumption PF.

Additionally, Figure 20 shows the effect of the compressor efficiency on the exergetic
efficiency for both setups. Increasing the compressor efficiency as explained in Figure 19
lowers the energy requirements and hence results in better exergetic efficiency as
illustrated in Figure 20. Increasing the compressor efficiency from 40 to 90% increases the
exergy efficiency from 4.95 to 11.13 % in setup one and from 5.72 to 12.88 % for

configuration two.

Exergy efficiency [%]
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10.5 Normal compressor
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8.5
<& Typical compressor efficiency >
6.5
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Compressor efficiency

Figure 20: The effect of the compressor efficiency on the exergy efficiency PF.
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3.3.3 Exergo-Economic analysis:

The results from using equations [19-41] are presented and discussed in this section. The
mentioned equations are used to calculate the product cost by using the cost-flow method.
Each stream is represented as a flowing cost in this study, much as flowing energy and
exergy. The cost of each stream entering or leaving each component is assessed after a
separate analysis of each component has been conducted. The flow cost of each stream in

a six-effect system is shown in Table 6.

Table 6: Flow cost of each stream entering and leaving each effect.

Effect; Cri s Cp $/s Cpi $/s C,i$/s

1 0.01025 0.003834 0.06427 0.02825
2 0.007857 0.001101 0.09136 0.00794
3 0.007476 0.0002717 0.1051 0.001435
4 0.007346 0.00004228 0.1096 0.00438
5 0.007449 0.0001083 0.1079 0.01352
6 0.008762 0.00027 0.105 0.0252

Final product 2.413 $/m3
cost

The collected findings are shown in Figures (21-27). Figure 21 shows how the final
product cost is influenced by changing number of effects. The figure shows that increasing
the number of effects from 3 to 8 effects results in lower final product cost for both setups
this because as explained from the results illustrated in Figure 14 ; increasing the number
of effects lower the power requirements in the system which consequently results in less
cost associated with electricity, it also lower the size of the compressor and hence less
capital cost. This is translated to a lower overall final product cost as shown in the figure.
For example, in configuration one increasing the number of effects from 3 to 8 lower the
final product cost from 4.86 to 2.3 $/m® which is 52.76 % reduction. While, for

configuration two this lowers the cost from 4.185 to 1.97 $/m*
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Figure 21: The impact of number of effects on the product cost PF.

Figure 22 shows the effect of the steam temperature on the final product cost for both
configurations. The figure illustrates that increasing the steam temperature results in higher
final product cost. The figure also demonstrates that increasing the steam temperature
increases the difference between the two configurations in terms of the unit cost of the
freshwater produced. This is best explained by the results found in Figure 17, which shows
that increasing the steam temperature results in higher SPC and also it increases the
difference in the SPC between the two setups. Increasing the SPC results in higher cost of
power and larger compressor size. Increasing the steam temperature from 60 to 105 °C
increases the freshwater cost by 71.47 and 65.12 % for setup one and setup two,

respectively.
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Figure 22: Effect of steam temperature on the product cost PF.

On the other hand, Figure 23 depicts the effect of the compressor efficiency on the final
product cost. Increasing the compressor efficiency results in less final product cost. This is
because higher compressor efficiency results in less cost associated with power input and
capital cost as explained from the results given in Figure 19 and hence lower final product
cost. The figure shows that increasing the compressor efficiency from 40 to 90 % lower
the unit cost from 7.54 to 3.44 $/m? for the configuration with the normal compressor.

Similarly, this lowers the product cost for the twin-screw compressor configuration from
6.45 to 2.95 $/m? at the same conditions.
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Figure 23: Effect of compressor efficiency on the product cost PF.

Figure 24 shows the effect the electricity price has on the final product cost for both
configurations for 3 and 6 number of effects at the same conditions. As discussed, earlier
configuration one has higher specific power consumption compared to configuration two.
The increased energy requirements result in higher final product cost for the same number
of effects as illustrated in Figure 24. The figure demonstrates that increasing the electricity
cost from 0.01 to 0.1 $/kWh increases the final product cost for configuration one from
1.38 to 7.65 $/m?at 3 number of effects which is higher by more than five folds. while it
increases the final product cost for configuration two from 1.20 to 6.57 $/m? at the same
conditions. The figure also shows that increasing the number of effects from 3 to 6 effects
lowers the final product costs by 74.5 and 75.47 % for configuration one and configuration
two, respectively. This result shows that the electricity price plays a crucial role in
determining whether this technology is economically feasible or not and should be

considered when studying different possible locations for applying this technology.
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Figure 24: Effect of the electricity cost on the product cost PF.

While Figure 25 demonstrates the impact of plant life on the final price of the freshwater
produced from both setups. The figure shows that increasing the life of the system
expectancy results in lower freshwater price for both configurations. Increasing the life of
the plant from 15 to 30 years lowers the final product cost from 4.01 to 3.81 $/m? for
configuration one. However, under the same conditions it lowers the final product cost for
configuration two from 3.45 to 3.27 $/m3. Comparing these results with the findings in
Figure 24 it can be concluded that the electricity price has more impact on the final product

cost when compared to the life expectancy of the system.
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Figure 25: Effect of plant life on the product cost PF.

While Figure 26 shows how is the final product cost is affected by the interest rate. The
interest rate affects the per capita cost of the plant and hence the final product cost.
Increasing the interest rate from 1 to 10 % increases the final product cost from 3.68 to
4.10 $/m? for setup one and from 3.16 to 3.52 $/m?* for configuration two which is 10.2 %
increase in the produced freshwater unit cost.
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Figure 26: The influence of the interest rate on the product cost PF.
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The purpose of using twin-screw compressor with water injection is to reduce the power
consumption and obtain lower final product cost. One of the important factors that
influence the amount of power reduced in the twin-screw compressor is the pressure of the
injected water. Figure 27 shows the effect of the injection pressure on the specific power
consumption, exergy efficiency and the final product cost at 4 number of effects. The figure
shows that increasing the pressure at which that water is injected results in higher specific
power consumption. This increase in the power requirements results in less exergy
efficiency and higher final product costs. From these results it can be concluded that that
the injection of water should be at the begging of the compression process to ensure the

least power consumed, higher exergy efficiency and the least unit cost of the produced

freshwater.
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Figure 27: The effect of injection pressure on the SPC, Product cost and Exergy efficiency PF.

3.3.4 Sensitivity analysis:

In this section, an extensive sensitivity analysis is conducted to assess the impact of key
operational parameters on a system's performance. This analysis is crucial for identifying
the parameters that have the most pronounced effects on the system's efficiency, energy
consumption, and cost-effectiveness. The selected parameters for this study, namely
compressor efficiency, number of effects, and temperature, were chosen due to their
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fundamental roles in system operation and potential influence on critical performance
metrics. Compressor efficiency is systematically varied within the realistic range of 0.7 to
0.9, reflecting typical efficiencies achievable in such systems. The number of effects is
considered across a range representing different stages in multi-effect processes, tailored
to the specific configurations and operational settings. Temperature is analyzed over a span
from 60°C to 80°C, covering operational temperatures commonly encountered in these
systems. Each parameter is explored at five levels to comprehensively span the chosen
range. The focus of the sensitivity analysis is on three primary output variables: Specific
Power Consumption (SPC), Exergy, and Cost. SPC directly measures the system's energy
efficiency, Exergy provides insights into the quality and utility of the energy used, and Cost
is vital for assessing economic feasibility. Systematically varying these input parameters
within their defined ranges and observing their impacts on SPC, Exergy, and Cost allows
us to determine the most influential factors. This understanding is pivotal for prioritizing
optimization efforts, leading to enhanced overall performance and cost-efficiency. Upon
analyzing the operational parameters across SPC, Exergy, and Cost, distinct trends emerge,
with compressor efficiency consistently standing out as the most influential factor in each
case. Figure 28 shows the effect of the input parameters on the SPC. On the other hand, the
exergy trend is shown in Figure 29. Additionally Figure 30 shows how the cost is
influenced by the input parameters.

3.3.4.1 Compressor Efficiency:

Efficiency of the compressor shows a profound impact across all parameters. As efficiency
increases from 0.7 to 0.9, there is a significant decrease in SPC (from approximately 18.57
to 29.16), indicating a strong inverse relationship. Simultaneously, Exergy shows an
increase with better efficiency, illustrating its positive correlation. In terms of Cost, a
similar trend is observed as efficiency improves, Cost decreases, reinforcing efficiency's
role in enhancing operational economy.
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Figure 28: SPC trend.

The number of effects demonstrates a moderate influence. In the context of SPC, an
increase in the number of effects correlates with a decrease in power consumption, albeit
to a lesser degree than efficiency. Its impact on Exergy and Cost is less marked, suggesting
that while it contributes to system performance, its influence is secondary to efficiency.
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Figure 29: Exergy trend.

Temperature's role is the least pronounced. An increase in temperature leads to a mild
increase in SPC and Cost. For instance, a rise in temperature from 60°C to 80°C might be
associated with a slight increase in these parameters. In the case of Exergy, the increase
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with temperature is also observed but is comparatively modest next to the impact of
efficiency.

Overall, these numerical trends underscore compressor efficiency as the key driver in
optimizing system performance, particularly in reducing SPC and Cost while enhancing
Exergy. The number of effects and temperature, while influential, have a less significant
impact within the examined ranges. This analysis is crucial for informed decision-making
in system design and operation, especially in energy-intensive processes where efficiency,
cost-effectiveness, and optimal energy utilization are essential.
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CHAPTER 4

Forward Feed Configuration

This chapter presents the design of a forward feed multi-effect system equipped with a
twin-screw compressor featuring water injection for enhanced performance. The chapter
encompasses the mathematical equations describing the system. An in-depth analysis and
evaluation of the system are conducted from energy, exergy, and exergy-economic
perspectives similar to the analysis done in chapter Three. A comparison is made between
this system's performance and that of the conventional configuration, focusing on specific
power consumption, exergy efficiency, and the cost of the produced water. The impact of
various operational conditions, such as the number of effects, steam temperature,
compressor efficiency, and injection pressure, on specific power consumption, exergy
efficiency, exergy destruction, and final product cost is examined. Additionally, the chapter
investigates the influence of factors like interest rate, plant life expectancy, and electricity
cost on the ultimate product cost.

4.1  System description:

In this chapter a forward feed MED system is considered for analysis. The system has been
analyzed in two configurations i.e., configuration one: MED FF system integrated with
normal compressor and configuration two: MED FF system integrated with twin-screw
compressor with water injection. The main objective of this research is to compare the
performance between the two configurations in terms of specific power consumption,
exergy efficiency and the final product cost. The system model is described using mass,
energy balance and exergo-economic equations to calculate all the mass flow rates,
temperatures, power consumption and the product cost. The model is solved using

Engineering Equation Solver (EES) software.
4.1.1 Configuration One:

The main parts of the system are evaporators, pre-heaters, compressors, and pumps. The
stream of feed at temperature T¢ is first heated from T to Ts in brine and distillate pre-
heaters. The feed then enters the first effect at Tr. The compressed steam loses its latent
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heat in the tube side of the heat exchanger in the evaporator. The feed is heated in the first
effect to the saturation temperature of the first effect, T1, and part of it evaporates, referred
to as D1. The rest is passed to the next stage as the feed of that stage. The part that has
evaporated in the previous stage is passed to the next stage as the source of heat. This
process is repeated for all the following effects. However, in the last effect, the generated
vapor is passed to the compressor to generate the steam that enters the first effect at a
temperature Ts. Steam flows into the first evaporator, where it condenses in the tubes. The
latent heat of the condensed steam heats the feed from T+ to the saturation temperature of
the first effect.

4.1.2 Configuration Two:

In this configuration the conventional compressor is replaced by a twin-screw compressor
with water injection. The water for injection is taken from the distillate after the preheater
as shown in Figure 31. The process of injecting water during the compression process

improves the isentropic efficiency and results in less work consumption.

Y /——\FL \

R A
" " T BH § 2—
Brine Brine Brine

7

Y
Y
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Figure 31: FF integrated with twin-screw compressor.
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Figure 32: Inlet and outlet streams of the it effect for FF.

4.2 Mathematical Model:

4.2.1 Assumptions:

The same assumption in Chapter Three in the subsection 3.2.1 are implemented in this

chapter.

4.2.2 Mass, Energy, and Exergy analysis:

In this section mass and energy equation of the system are provided in the following

equations.
Vapor generated to form distillate:

D=D1+D2+D3...4+Dn (1)

Temperature drops across the evaporator:
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_ Ts—Tn ()

Vapor temperature
Tvi= Ti— BPE 3)

Where 1 is the effect number,i=1,2....n

Mass and energy balance at the first stage:

mfl = D1 + Bl (43)
(Dn +m injection) X hfg = mf X Cp (Tl - Tf) + Dl X hfg,Tv(l) (44)
mf X Xf = Bl X Xb,l (45)

Mass and energy balance 2" stage to n stage (i = 2 to n):

Bi_y=B; + D; (46)
Di_y X hfgrowy = Bi X hpuy +Di X hgryy — Biog — 1 X hyi_yy 47)
Bi_1) X Xp@y = Bi X Xp(i—1) (48)
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System performance:

The specific power consumption is defined as the power consumed to produce a unit of

fresh water; it can be expressed as:

(11)
SPC = ———
mgy X 3.6
Where W is the real consumed power in kW and can be calculated as:
3- Conventional compressor
o @ [n]) X (hss — hy[n]) (49)
Nng X N,
4- Twin-screw COmpressor:
W = (D [n]) X (hZS - hv [Tl]) + (Df[n] + minjection) X (h3s - hMP) (50)
- ng X n,

The Second Law Analysis is based on the exergy balance and indicates that the difference
between the sums of the exergy in the fuel and the exergy in the product equals the total of
the exergy loss and destruction. This gives the following general equation.

. . . . 14
ZXproduct = ZXfuel —Xp — X, (14)

While the exergy efficiency is defined as the exergy of the system useful exergy output to

the system exergy input and can be expressed as:
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X (15)
Nexergy = W x 100

Applying equation (56) for each component in the system gives the following set of

equations:
1% effect:
Exergy destruction=n,xex,., + m; X ex; — D; X exp; — By X exp, (51)
— D, X ex.ona
2" to the n effect:
Exergy destruction (52)

= Di_lxexD_l-_1 + BL-_1><exB‘L-_1 — DixexD_l- - BixexB_i

= Di_1X eXconai-1
Compressor:

Exergy destruction = W + my,; X ex,,; + D, x exp, — (D, + my;) X eXgoqn  (53)

inj
Distillate pre-heater:

Exergy destruction = (1 — alpha) x m; x (e, — e;) + my X (econ[n_l] - edﬁ"al) (54)
Brine pre-heater:

Exergy destruction = alpha x m; x (e, — e;) + my, x (ey[] — €y, ) (55)
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4.2.3 Exergo-Economic analysis:

Exergoeconomic assessments are carried out for each component in both of the
aforementioned configurations. The same equation in Table 3 and Table 4 are used in this

section.

After determining the fixed cost rate, the stream cost is computed using the general

equation below:

Cproduct = Cfuel + Zcomponent (26)

According to the preceding equation, the product cost is equal to the fuel cost rate plus the
fixed cost rate. With this equation, the stream costs of all system components are

calculated. The general stream cost equation yields the following equations.

The cost of the feed stream after the feed pump is calculated using the following equation.

Csw = Zpump + (Celect X I/VFP) (27)

Where Wpp is the feed pump work and can be calculated by:

Following the feed pump, the stream is separated into two streams that pass through the

pre-heaters. The flow cost after the pre-heaters is estimated as follows:
Distillate pre-heater:

CFD = Csw,D + CD,in - CD,out + ZPH,dis (29)

The distillate pre-heater has two outlets, and only one auxiliary equation is required. This
equation, which can be stated as, is predicated on the equality of the average cost of the
distillate entering and departing the distillate pre-heater:
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CD i CD,o (30)

Brine pre-heater:

CFB = CSW,B + CB,in - CB,out + ZPH,brine (31)

The brine pre-heater has two outlets, and one auxiliary equation based on the average cost
of the inlet and outlet brine to the brine pre-heater is required, which can be stated as:

CB,i CB,o (32)

XB,i XB,O

Both streams are then added together, and the stream is then divided between the system
effects.

The compressed steam cost is equal to the cost of the vapor generated in the last effect plus
the cost of power and the fixed cost rate of the compressor and can be stated as:

Cs = Cv,n + W x Cetect + Zcomp (33)

The input cost in the evaporators includes the feed cost and the steam cost. Thus, the cost
of the vapor coming out from the evaporator can be expressed as:

Cv,l = Cf + Csteam - Ccond - Cb,l + ZEV,l (34)

Because the evaporator has three outputs, vapor, steam condensate, and brine, two more
auxiliary equations based on the equality of the average cost between the steam and the
condensate, as well as the feed and the brine of the first effect, are required. These equations
are written as:

(35)

Csteam _ Ccond

Xsteam Xcond
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Cb,l _ ﬂ (36)

Xp1  Xp1

The general stream cost for the 2" to the N effect can be calculated using the generalized
equation expressed as follow:

Cv,i = Cv,i—l + Cb,i—l - Cv,cond,i—l - Cb,i + ZEV,i (56)

The evaporator produces vapor, and the input parameters include feed seawater, vapor
produced in the previous effect, and brine produced in the preceding effect. As previously
stated, the evaporator has three outlets: produced vapor, condensed vapor from the

preceding effect, and brine. That means two auxiliary equations are required, which can be
written as:

Cv,i—l _ Ccond,i—l (38)

Xp,i-1 Xp,i-1

Coi _ Coia (39)

The product stream cost equal to the sum of the distillate stream cost, brine cost, chemical
cost, maintenance cost and labor cost and can be expressed as:

. - (40)
CD = CB,H + z CD,i + OM

i=1

And hence the product cost in $/m® can be expressed as:

Cp (41)
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4.3 Results:

In this section, the performance of a MED system driven by a twin-screw compressor is
evaluated and compared to the performance of a forward feed MED system driven by a
normal compressor without water injection. This section displays the results and findings
of the analysis.

4.3.1 Energy and exergy analysis:

The model is employed to evaluate system performance in terms of SPC and exergy
efficiency; additionally, the results of the twin-screw compressor are compared with those
of the conventional configuration employing a normal compressor. Figures (33-44) depict
the findings of this analysis. Figure 33 Shows the effect of the number of effects on the
specific power consumption for the two configurations. The figure shows that increasing
the number of effects results in lower power consumption for both configurations. This is
because a higher number of effects results in lower vapor in the last effect compared to
lesser number of effects which require less compression work, and this is translated to
lower specific power consumption as seen in the figure. For example, increasing the
number of effects from 3 to 8 lower the specific power consumption from 38.7 to 19.62
kWh/m? for the normal compressor configuration while this lower the specific power
consumption for the twin-screw compressor from 33.17 to 16.58 kWh/m? the figure also
shows that the twin-screw compressor configuration has lower specific power consumption
compared to the normal compressor configuration at the same conditions. This is as
explained earlier using the twin-screw compressor with water injection results in higher
isentropic efficiency which lower the required work by the compressor. To illustrate at 8
number of effects the SPC for configuration one is 19.62 kWh/m? while it is 16.85 kWh/m?®
for configuration two at the same number of effects which is 14.12% reduction.
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Figure 33: The impact of number of effects on a specific power requirement FF.

While Figure 34 illustrate how the exergy efficiency is affected by the number of effects
in the MED system for both setups. The figure depicts that increasing the number of effects
increases the exergy efficiency. The exergy efficiency depends on the power consumption
of the system (lower power consumption results in higher exergy efficiency) and by
looking at the results in Figure 33 this explains why higher number of effects results in
higher exergy efficiency. For example, increasing the number of effects from 3 to 8
increases the exergy efficiency from 7.66 to 12.38% for configuration one while it
increases from 8.82 to 14.49% for the twin compressor configuration. the figure also shows
that configuration two has better exergy efficiency compared to configuration one and this
is also explained by the results in Figure 33 (implementing twin-screw compressor lower
the power consumption in the system compared to the normal compressor) which results
in higher exergy efficiency. For example, at 8 number of effects this is 14.6 % increase in

the exergy efficiency.
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Figure 34: The influence of Number of effects on the exergetic efficiency FF.

However, Figure 35 illustrate the response of the specific power consumption to the steam
temperature for the two configurations. The figure shows that increasing the steam
temperature results in higher specific power consumption for both configurations.
increasing steam temperature results in higher compression ratio and hence higher power
consumption by the compressor the figure also shows that the twin compressor
configuration has lower specific power consumption compared to the normal compressor
configuration. This difference increases with the increase in the steam temperature. This is
because at lower temperature the compressor steam tends to be closer to the saturation line
while at higher temperature the steam becomes more superheated. For example, at 60 °C
steam temperature the SPC power consumption is 19.4 and 17.36 kWh/m® for
configuration one and configuration two respectively which is 10.51 % reduction in SPC
while at 105 °C the SPC is 84.98 and 62.37 kWh/m? for setup one and setup two

respectively which is 26.6 % reduction in the power consumption.
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Figure 35: The specific power consumption response to the steam temperature FF.

Figure 36, on the other hand, shows how the compressor efficiency affects the specific
power consumption for the two layouts. Again, as seen in the preceding figures,
configuration one uses more specific power than configuration two since the amount of
superheated steam is higher. The graph demonstrates that a more efficient compressor uses
less specific power. Less power is needed to achieve the desired compression ratio when
the compressor efficiency is increased. As an example, the SPC is lowered from 62.17 to
27.63 kWh/m? for configuration one by improving the compressor efficiency from 40 to
90% represents a reduction in the specific power consumption of more than 55%.
Moreover, this reduced the SPC in configuration two by 55.60%, from 52.98 to 23.55
KWh/m?,
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Figure 36: The impact of the compressor efficiency on the specific power consumption FF.

Figure 37 also depicts the influence of compressor efficiency on exergetic efficiency in
both settings. Improving compressor efficiency, as shown in Figure 36, reduces energy
requirements and, as a result, improves exergetic efficiency, as shown in Figure 37.
Increasing the compressor efficiency results in less wasted energy in form of heat which
leads to a higher proportion of useful work output. Raising the compressor efficiency from
40 to 90% raises the exergy efficiency in setup one from 4.47 to 10.06% and in
configuration two from 5.18 to 11.65%. Choosing a compressor with higher efficiency

yields to less specific power consumption and hence better exergy efficiency.
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Figure 37: The effect of compressor efficiency on the exergy efficiency FF.
4.3.2 Exergo-Economic analysis:

Similar to the analysis done in Chapter Three, the outcomes of using the exergy-economic
equations were presented and discussed in this section. The cost-flow approach was used
to compute the product cost using the equations provided. Each stream was viewed as a
flowing cost, in the same way as flowing energy and exergy were. Following a thorough
examination of each component, the cost of each stream entering or exiting the component
was calculated and the results are presented and discussed in Figures (38-44). Figure 38
depicts how the number of affects influences the ultimate product cost. The figure shows
that increasing the number of effects from 3 to 8 effects results in a lower final product cost
for both setups. This is because, as explained in Figure 33, increasing the number of effects
reduces the power requirements in the system, resulting in less cost associated with
electricity. It also reduces the size of the compressor, resulting in less capital cost, as seen
in the figure, this translates to a cheaper overall product cost. In configuration one, for
example, increasing the number of effects from 3 to 8 reduces the final product cost from
7.43 t0 4.23 $/m?®, a 43.07% savings. Configuration two, on the other hand, increasing the

effects number from 3 to 8 reduces the cost from 4.99 to 3.19 $/m3.
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Figure 38: The impact of number of effects on the freshwater production cost FF.

Figure 39 depicts the impact of steam temperature on end product cost in both
configurations. The graph shows that increasing the temperature of the steam results in a
higher final product cost. The figure also shows that increasing the steam temperature
increases the difference in the unit cost of freshwater produced between the two setups.
This is best explained by the results in Figure 35, which demonstrate that increasing the
steam temperature resulted in higher SPC as well as a larger difference in SPC between the
two settings. Increased SPC results in greater power costs and larger compressor size.
Raising the steam temperature from 60 to 105 °C increases the freshwater production cost

from 3.67 to 31.36 $/m? for configuration one while it increases from 2.91 to 9.46 $/m?®.
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Figure 39: The product cost response to the steam temperature FF.

Figure 40, on the other hand, demonstrates the influence of compressor efficiency on final
product cost. Improving compressor efficiency leads to lower final product costs. This is
because increased compressor efficiency results in reduced power input and capital costs,
as demonstrated by the results in Figure 36, and thus lower final product cost. According
to the graph, increasing compressor efficiency from 40 to 90% reduces unit cost from 12.06
to 5.48 $/m? for the setup with the conventional compressor. Similarly, for the same
conditions, this reduces the product cost for the twin-screw compressor design from 8.29
to 3.79 $/m°.

92



135

125 F

115 F
— 105 }
95
85 &
75 F
6.5
55 F
45 F
35
25

Twin compressor

—— Normal compressor

Product cost [$/m?

N=4 ,T,=70 °C,i=5% Cy,=0.06 $/kWh

0.4 0.5 0.6 0.7 0.8 0.9
Compressor efficiency

Figure 40: Effect of the compressor efficiency on the product cost FF.

Figure 41 depicts the influence of the electricity price on the final product cost for both
configurations for three and six effects under the same conditions. As previously stated,
configuration one has a larger specific power usage than configuration two. As seen in
Figure 41, greater energy cost result in higher final product cost for the same number of
effects. The chart shows that increasing the electricity cost from 0.01 to 0.1 $/kWh raises
the final product cost for configuration one from 3.13 to 11.73 $/m? at three effects, while
raising the final product cost for configuration two from 1.46 to 7.51 $/m3 at the same
conditions. The figure also shows that increasing the number of effects from 3 to 6 effects
lowers the final product costs by 30 and 23 % for configuration one and configuration two,
respectively at 0.01 $/kWh electricity cost. This result shows that the electricity price plays
a crucial role in determining whether this technology is economically feasible or not and
should be considered when studying different possible locations for applying this

technology.
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Figure 41: The effect of the electricity cost on the final product cost for different number of effects FF.

Figure 42 depicts the effect of the plant life on the final price of freshwater provided by
both setups. The graph indicates that increasing the life expectancy of the system results in
lower freshwater prices for both configurations. Extending the plant's life from 15 to 30
years reduces the final product cost for configuration one from 6.4 to 6.07 $/m®. Under the
same conditions, however, it reduces the end product cost for configuration two from 4.40
to 4.20 $/m3. When these results are compared to the data in Figure 41, it can be inferred

that the power price has a greater impact on the final product cost than the system's life
expectancy.
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Figure 42: The influence of the plant life expectancy on the product cost FF.

Figure 43 depicts how the interest rate affects the final product cost. The interest rate
influences the financial cost of the plant, and thus the end output cost. Raising the interest
rate from 1% to 10% raises the end product cost from 5.87 to 6.54 $/m? for setup one and
from 4.05 to 4.53 $/m?3 for configuration two. These numbers show that the interest rate is
a significant factor in term of deciding whether or not to invest in this technology.
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Figure 43: The effect of the interest rate on the product cost FF.

The use of a twin-screw compressor with water injection is intended to reduce power usage

and lower final product costs. The pressure of the injected water is a significant aspect that
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influences the amount of power reduced in the twin-screw compressor. Figure 44 depicts
the influence of injection pressure on particular power consumption, exergy efficiency, and
final product cost for 4 number of effects system. According to the graph, raising the
pressure at which water is pumped results in a larger specific power consumption. This
increase in power demand leads to lower exergy efficiency and higher end product costs.
Based on these findings, it can be concluded that water injection should occur at the start
of the compression process to ensure the least amount of power consumed, the highest

exergy efficiency, and the lowest unit cost of the produced freshwater.
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Figure 44: The impact of the injection pressure on the SPC, Exergy efficiency and the product cost FF.

4.3.3 Configurations comparison:

Figure 45 and Figure 46 show a comparison between the two configurations operated by
twin-screw compressors in terms of specific power consumption and product cost. The
figures show that the PF configuration has a lower specific power consumption compared
to the FF configuration which aligns with the results reported in the literature. Figure 45
shows that the PF resulted in lower specific power consumption ranging from 8.1 to 12.2%.

while the product cost difference between the two configurations ranges from 20.4 to

24.5%.
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Figure 46: Product cost for PF and FF configurations with twin screw compressor.
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CHAPTER 5

CONCLUSION

This chapter serves as a synthesis of the findings from Chapters 1 and 2, encapsulating the
identified insights within the realm of MVC technology. Additionally, it encapsulates the
outcomes of Chapters 3 and 4, highlighting the enhanced performance of the MED-MVC
system when utilizing a twin-screw compressor with water injection in contrast to the
conventional compressor. The multi-effect desalination system with a mechanical vapor
compressor (MED-MVC) stands as a reliable and versatile technology for freshwater
production. It adeptly extracts clean water from various sources, including brackish and
seawater, and exhibits potential for applications beyond water scarcity, such as in oil
exploration by-product separation. The pivotal component, the compressor, is typically
powered by electricity, though studies propose low-grade energy from thermal cycles. Key
findings from the MED-MVC research include:

The system driven by a twin-screw compressor in parallel feed configuration
demonstrates superior performance compared to the conventional compressor-driven
system. Specifically, the twin-screw compressor configuration exhibits an average
reduction of 15.28% in Specific Power Consumption (SPC) in comparison to the
conventional compressor setup, showcasing the advantages of employing twin-screw
compressors in MED systems. However, in the forward feed configuration, the twin-
screw compressor setup displayed a 15.5% reduction in SPC.

As for the impact of the number of effects, increasing their count in the PF system
yields a notable decrease in SPC, with an average reduction of 15.29% for each
additional effect. The system's exergy efficiency also sees improvements, with an
18.97% peak value achieved for an 8-effects configuration. While these values for the
FF are 12.83% and 14.49%, respectively.

Further exploration highlights the significant influence of steam temperature on power
requirements and exergy destruction. In the PF configuration Higher steam
temperatures result in elevated power requirements, averaging an increase of 8.03%
per 10°C temperature rise. Additionally, enhancing compressor efficiency proves
beneficial to the system's performance, as a 1.11% decrease in SPC is realized for every
1% increase in compressor efficiency. On the other hand, these values for the FF
configuration are 9.88% and 1.11% respectively.

Considering economic factors, an increase in the number of effects leads to a decrease
in the final product cost, with an average cost reduction of $0.442 per cubic meter of
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freshwater produced for each additional effect in the PF configuration. Conversely,
higher steam temperatures correspond to an increased cost of freshwater production,
with an average cost rise of $0.96 per cubic meter for every 10°C temperature increase.

Notably, electricity cost has a more pronounced impact on the produced water price
compared to the plant lifespan. Moreover, a higher interest rate contributes to elevated
final product costs, with a shift from 1% to 10% interest leading to a 11.4% cost
increase for produced water.

Examining injection pressure reveals that injecting cooling water at the start of the
compression process results in lower SPC, this approach also increases exergy
efficiency and decreases freshwater costs.

Notably, the utilization of two twin compressors significantly reduces power
consumption by 23.76% compared to the conventional compressor configuration, and
an additional 11.11% reduction compared to a single twin compressor.

The sensitivity analysis highlights efficiency as the dominant factor influencing
Specific Power Consumption (SPC), Exergy, and Cost in desalination systems,
emphasizing the need for optimization to enhance overall performance. These insights
guide the pursuit of more efficient and economically viable desalination technologies.

99



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

A. Saud, H. Saleem, and S. J. Zaidi, “Progress and Prospects of Nanocellulose-
Based Membranes for Desalination and Water Treatment,” Membranes 2022, Vol.
12, Page 462, vol. 12, no. 5, p. 462, Apr. 2022, doi:
10.3390/MEMBRANES12050462.

I. C. Karagiannis and P. G. Soldatos, “Water desalination cost literature: review
and assessment,” Desalination, vol. 223, no. 1-3, pp. 448-456, Mar. 2008, doi:
10.1016/J.DESAL.2007.02.071.

J. J. Feria-Diaz, M. C. Lopez-Méndez, J. P. Rodriguez-Miranda, L. C. Sandoval-
Herazo, and F. Correa-Mahecha, “Commercial thermal technologies for

desalination of water from renewable energies: A state of the art review,”
Processes, vol. 9, no. 2, pp. 1-22, 2021, doi: 10.3390/pr9020262.

C. Chen, Y. Jiang, Z. Ye, Y. Yang, and L. Hou, “Sustainably integrating
desalination with solar power to overcome future freshwater scarcity in China,”
Global Energy Interconnection, vol. 2, no. 2, pp. 98-113, Apr. 2019, doi:
10.1016/J.GLOEI.2019.07.009.

A. Unnarkat et al., “Solar Energy in Water Treatment Processes—An Overview,”
pp. 421-446, 2022, doi: 10.1007/978-3-030-98202-7_17.

M. A. Soleimanzade, A. Kumar, and M. Sadrzadeh, “Novel data-driven energy
management of a hybrid photovoltaic-reverse osmosis desalination system using
deep reinforcement learning,” Appl Energy, vol. 317, p. 119184, Jul. 2022, doi:
10.1016/J.APENERGY.2022.119184.

M. A. Jamil and S. M. Zubair, “Effect of feed flow arrangement and number of
evaporators on the performance of multi-effect mechanical vapor compression
desalination systems,” Desalination, vol. 429, pp. 76-87, Mar. 2018, doi:
10.1016/J.DESAL.2017.12.007.

P. W. Bohn, M. Elimelech, J. G. Georgiadis, B. J. Marifias, A. M. Mayes, and A.
M. Mayes, “Science and technology for water purification in the coming decades,”
Nanoscience and Technology: A Collection of Reviews from Nature Journals, pp.
337-346, Jan. 2009, doi: 10.1142/9789814287005_0035.

100



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. A. Darwish and H. K. Abdulrahim, “Feed water arrangements in a multi-effect
desalting system,” Desalination, vol. 228, no. 1-3, pp. 30-54, Aug. 2008, doi:
10.1016/J.DESAL.2007.05.039.

S. M. Habib, A. Hamed, A. Y. Youssef, M. Kassem, and A. Hanafi, “Dynamic
Modeling and Simulation of the Forward Feed MED-TVC (multi-effect distillation
- thermal vapor compression) Desalination Plant,” Journal of Advanced Research
in Fluid Mechanics and Thermal Sciences, vol. 92, no. 1, pp. 190-211, Feb. 2022,
doi: 10.37934/ARFMTS.92.1.190211.

M. Al-Sahali and H. Ettouney, “Developments in thermal desalination processes:
Design, energy, and costing aspects,” Desalination, vol. 214, no. 1-3, pp. 227—
240, Aug. 2007, doi: 10.1016/J.DESAL.2006.08.020.

M. L. Elsayed, O. Mesalhy, R. H. Mohammed, and L. C. Chow, “Transient and
thermo-economic analysis of MED-MVC (multi-effect distillation mechanical
vapor compression) desalination system,” Energy, vol. 167, pp. 283-296, Jan.
2019, doi: 10.1016/J.ENERGY.2018.10.145.

H. Chung, H. Jeong, S.-H. Choi, and S. G. Park, “The Evaluation of Energy
Consumption for Thermal Type Seawater Desalination between MED-MVC
(multi-effect distillation mechanical vapor compression) and Conventional MSF

(multi-stage flashing),” Vth International Symposium on “Fusion of Science &
Technology, pp. 18-22, 2016.

S. R. Osipi, A. R. Secchi, and C. P. Borges, “Cost assessment and retro-techno-
economic analysis of desalination technologies in onshore produced water
treatment,” Desalination, vol. 430, pp. 107-119, Mar. 2018, doi:
10.1016/J.DESAL.2017.12.015.

X. Zhang, X. Zhang, R. Liao, B. Shi, L. Wu, and K. Liu, “Experimental study on
energy consumption of mechanical vapor recompression evaporation method for
recovery of water from oily wastewater,” Desalination Water Treat, vol. 179, pp.
98-105, 2019, doi: 10.5004/dwt.2020.25054.

M. Ibrahimi, A. Arbaoui, L. Ouzizi, and Y. Aoura, “Embodiment design of a
mechanical vapor compression desalination unit,” Proceedings of 2015 IEEE
International Renewable and Sustainable Energy Conference, IRSEC 2015, pp. 1-
6, Apr. 2016, doi: 10.1109/IRSEC.2015.7454950.

Z. Zimerman, “Development of large capacity high efficiency mechanical vapor
compression (MVC) units,” Desalination, vol. 96, no. 1-3, pp. 51-58, Jun. 1994,
doi: 10.1016/0011-9164(94)85156-5.

101



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. A. Darwish, S. E. Aly, and K. A. Fathalah, “Comparative study between
conventional and vapor compression multi-effect desalination systems,”
Desalination, vol. 49, no. 2, pp. 153-167, Jan. 1984, doi: 10.1016/0011-
9164(84)85028-6.

M. A. Jamil and S. M. Zubair, “On thermoeconomic analysis of a single-effect
mechanical vapor compression desalination system,” Desalination, vol. 420, pp.
292-307, Oct. 2017, doi: 10.1016/J.DESAL.2017.07.024.

M. A. Jamil and S. M. Zubair, “Design and analysis of a forward feed multi-effect
mechanical vapor compression desalination system: An exergo-economic
approach,” Energy, vol. 140, pp. 1107-1120, Dec. 2017, doi:
10.1016/J.ENERGY.2017.08.053.

A. Almoghrabi and G. Fellah, “THERMOECONOMIC APPROACH FOR
EVALUATING THE PERFORMANCE OF MULTI-EFFECT- MECHANICAL
VAPOR,” Journal of Engineering Research, no. 33, pp. 37-50.

A. A. Mabrouk, A. S. Nafey, and H. E. S. Fath, “Thermoeconomic analysis of
some existing desalination processes,” Desalination, vol. 205, no. 1-3, pp. 354—
373, Feb. 2007, doi: 10.1016/J.DESAL.2006.02.059.

H. Wu, Y. Li, and J. Chen, “Analysis of an evaporator-condenser-separated
mechanical vapor compression system,” Journal of Thermal Science, vol. 22, no.
2, pp. 152-158, 2013, doi: 10.1007/s11630-013-0606-1.

Y. Li, H. Wu, X. G. Liang, C. Rong, and H. Chen, “Experimental study of waste
concentration by mechanical vapor compression technology,” Desalination, vol.
361, pp. 46-52, Apr. 2015, doi: 10.1016/J.DESAL.2015.01.036.

J. Yang, C. Zhang, Z. Zhang, L. Yang, and W. Lin, “Study on mechanical vapor
recompression system with wet compression single screw compressor,” Appl
Therm Eng, vol. 103, pp. 205-211, Jun. 2016, doi:
10.1016/J.APPLTHERMALENG.2016.04.053.

H. Wu, Y. Li, and J. Chen, “Research on an evaporator-condenser-separated
mechanical vapor compression system,” Desalination, vol. 324, pp. 65-71, Sep.
2013, doi: 10.1016/J.DESAL.2013.06.004.

U. Plantikow, “Wind-powered MVC (mechanical vapor compression) seawater
desalination — operational results,” Desalination, vol. 122, no. 2-3, pp. 291-299,
Jul. 1999, doi: 10.1016/S0011-9164(99)00049-1.

102



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

J. Shen, Z. Xing, K. Zhang, Z. He, and X. Wang, “Development of a water-
injected twin-screw compressor for mechanical vapor compression desalination
systems,” Appl Therm Eng, vol. 95, pp. 125-135, Feb. 2016, doi:
10.1016/J.APPLTHERMALENG.2015.11.057.

R. Bahar, M. N. A. Hawlader, and L. S. Woei, “Performance evaluation of a
mechanical vapor compression desalination system,” Desalination, vol. 166, no.
1-3, pp. 123-127, Aug. 2004, doi: 10.1016/J.DESAL.2004.06.066.

N. H. Aly and A. K. EI-Fiqi, “Mechanical vapor compression desalination systems
— A case study,” Desalination, vol. 158, no. 1-3, pp. 143-150, Aug. 2003, doi:
10.1016/S0011-9164(03)00444-2.

G. Liu et al., “Performance of MVR (mechanical vapor recompression)
desalination system with variable operating conditions for wastewater treatment,”
Desalination Water Treat, vol. 178, pp. 21-31, Feb. 2020, doi:
10.5004/DWT.2020.24983.

H. Hong, W. Li, and C. Gu, “Performance study on a mechanical vapor
compression evaporation system driven by Roots compressor,” Int J Heat Mass
Transf, vol. 125, pp. 343-349, Oct. 2018, doi:
10.1016/J.IIHEATMASSTRANSFER.2018.03.098.

Y. Wang, B. Qiu, Z. Xiao, J. Liu, S. Fan, and X. Tang, “Hybrid desalination
system of mechanical vapor recompression based on membrane distillation,”
Membrane and Water Treatment, vol. 12, no. 3, pp. 115-123, May 2021, doi:
10.12989/MWT.2021.12.3.115.

Y. Zhou, C. Shi, and G. Dong, “Analysis of a mechanical vapor recompression
wastewater distillation system,” Desalination, vol. 353, pp. 91-97, Nov. 2014, doi:
10.1016/J.DESAL.2014.09.013.

J. Dong-sheng and W. Jun, “Performance of the mechanical vapor compression
desalination system,” Journal of University of Science and Technology of China,
vol. 39, no. 1, p. 76, 2009.

H. Ettouney, “Design of single-effect mechanical vapor compression,”
Desalination, vol. 190, no. 1-3, pp. 1-15, Apr. 2006, doi:
10.1016/J.DESAL.2005.08.003.

M. Marcovecchioa, P. Aguirrea, N. Scennaa, and S. Mussatia, “Global Optimal
Design of Mechanical Vapor Compression (MVC) Desalination Process,”
Computer Aided Chemical Engineering, vol. 28, no. C, pp. 1261-1266, Jan. 2010,
doi: 10.1016/S1570-7946(10)28211-1.

103



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

K. H. Mistry, R. K. McGovern, G. P. Thiel, E. K. Summers, S. M. Zubair, and J.
H. Lienhard, “Entropy Generation Analysis of Desalination Technologies,”
Entropy 2011, Vol. 13, Pages 1829-1864, vol. 13, no. 10, pp. 1829-1864, Sep.
2011, doi: 10.3390/E13101829.

D. M. Warsinger, K. H. Mistry, K. G. Nayar, H. W. Chung, and J. H. V. Lienhard,
“Entropy Generation of Desalination Powered by Variable Temperature Waste
Heat,” Entropy 2015, Vol. 17, Pages 7530-7566, vol. 17, no. 11, pp. 7530-7566,
Oct. 2015, doi: 10.3390/E17117530.

H. M. Ettouney and H. El-Dessouky, “A simulator for thermal desalination
processes,” Desalination, vol. 125, no. 1-3, pp. 277-291, Nov. 1999, doi:
10.1016/S0011-9164(99)00148-4.

N. Abdel-Jabbar, F. S. Mjalli, H. Qiblawey, and H. Ettouney, “Development of
Web based computer package for the simulation of thermal desalination
processes,” Chemical Product and Process Modeling, vol. 2, no. 3, May 2007, doi:
10.2202/1934-2659.1093.

B. Eisavi, H. Nami, M. Yari, and F. Ranjbar, “Solar-driven mechanical vapor
compression desalination equipped with organic Rankine cycle to supply domestic
distilled water and power — Thermodynamic and exergoeconomic implications,”
Appl Therm Eng, vol. 193, p. 116997, Jul. 2021, doi:
10.1016/J.APPLTHERMALENG.2021.116997.

L. Gao, Y. Hwang, and G. S. Kim, “Thermoeconomic Analysis of a Solar MVC
(mechanical vapor compression) Desalination System,” ASME International
Mechanical Engineering Congress and Exposition, Proceedings (IMECE), vol.
6B, doi: 10.1115/IMECE2018-86212.

M. A. Sharaf, A. S. Nafey, and L. Garcia-Rodriguez, “Thermo-economic analysis
of solar thermal power cycles assisted MED-VC (multi effect distillation-vapor
compression) desalination processes,” Energy, vol. 36, no. 5, pp. 2753-2764, May
2011, doi: 10.1016/J.ENERGY.2011.02.015.

M. L. Elsayed, O. Mesalhy, R. H. Mohammed, and L. C. Chow, “Performance
modeling of MED-MVC (multi-effect distillation mechanical vapor compression)
systems: Exergy-economic analysis,” Energy, vol. 166, pp. 552-568, Jan. 2019,
doi: 10.1016/J.ENERGY.2018.10.080.

D. Zejli, A. Ouammi, R. Sacile, H. Dagdougui, and A. Elmidaoui, “An
optimization model for a mechanical vapor compression desalination plant driven

104



[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

by a wind/PV hybrid system,” Appl Energy, vol. 88, no. 11, pp. 4042-4054, Nov.
2011, doi: 10.1016/J. APENERGY.2011.04.031.

M. A. Jamil, M. W. Shahzad, and S. M. Zubair, “A comprehensive framework for
thermoeconomic analysis of desalination systems,” Energy Convers Manag, vol.
222, p. 113188, Oct. 2020, doi: 10.1016/J.ENCONMAN.2020.113188.

A. S. Nafey, H. E. S. Fath, and A. A. Mabrouk, “Thermoeconomic design of a
multi-effect evaporation mechanical vapor compression (MEE-MVC) desalination
process,” Desalination, vol. 230, no. 1-3, pp. 1-15, Sep. 2008, doi:
10.1016/J.DESAL.2007.08.021.

F. GIUMA, “THERMOECONOMIC ANALYSIS OF A SINGLE EFFECT,
MECHANICAL VAPOR COMPRESSION DESALINATION UNIT,” i-

manager’s Journal on Mechanical Engineering, vol. 9, no. 3, p. 1, 2019, doi:
10.26634/JME.9.3.15797.

N. Lukic, L. L. Diezel, A. P. Fréba, and A. Leipertz, “Economical aspects of the
improvement of a mechanical vapour compression desalination plant by dropwise
condensation,” Desalination, vol. 264, no. 1-2, pp. 173-178, Dec. 2010, doi:
10.1016/J.DESAL.2010.07.023.

“Greenhouse Gas Emissions from Energy: Overview, IEA, Paris,” IEA, 2021.

M. A. Farahat, H. E. S. Fath, I. I. EI-Sharkawy, S. Ookawara, and M. Ahmed,
“Energy/exergy analysis of solar driven mechanical vapor compression
desalination system with nano-filtration pretreatment,” Desalination, vol. 509, p.
115078, Aug. 2021, doi: 10.1016/J.DESAL.2021.115078.

S. Morales-ruiz, J. Castro, J. Rigola, C. Oliet, and A. Oliva, “Dynamic
Performance of a Mechanical Vapor Compression (MVC) Desalination System,”
17th International Refrigeration and Air Conditioning Conference at Purdue, July
9-12, 2018, pp. 1-9, 2018.

M. Ibrahimi, A. Arbaoui, and Y. Aoura, “Design analysis of MVC (mechanical
vapor compression) desalination unit powered by a grid connected photovoltaic
system,” Energy Procedia, vol. 139, pp. 524-529, Dec. 2017, doi:
10.1016/J.EGYPRO0.2017.11.248.

A. M. Helal, S. A. Al Malek, E. A. Al Hammadi, and H. A. Al-Thani, “Economic
feasibility of grid-connected PV-RO (photovoltaic- reverse osmosis) and PV-MVC
(photovoltaic-mechanical vapor compression) small desalination units for remote
areas in The United Arab Emirates — A comparative study,” New pub: Balaban,
vol. 3, no. 1-3, pp. 241-251, 2012, doi: 10.5004/DWT.2009.466.

105



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. Karameldin and A. L. S. Mekhemar, “The Red Sea area wind-driven
mechanical vapor compression desalination system,” Desalination, vol. 153, no.
1-3, pp. 47-53, Feb. 2003, doi: 10.1016/S0011-9164(02)01092-5.

M. Forstmeier et al., “Feasibility study on wind-powered desalination,”
Desalination, vol. 203, no. 1-3, pp. 463-470, Feb. 2007, doi:
10.1016/J.DESAL.2006.05.009.

I. Chermiti, B. Hidouri, and A. Brahim, “WIND-POWERED DESALINATION
BY MECHANICAL VAPOR COMPRESSION,” International Journal of Energy,
Environment and Economics, vol. 20, no. 1, 2012.

M. Castro, M. Alcanzare, E. Esparcia, and J. Ocon, “A Comparative Techno-
Economic Analysis of Different Desalination Technologies in Off-Grid Islands,”
Energies 2020, Vol. 13, Page 2261, vol. 13, no. 9, p. 2261, May 2020, doi:
10.3390/EN13092261.

T. M. Ismail, A. K. Azab, M. A. Elkady, and M. M. Abo Elnasr, “Theoretical
investigation of the performance of integrated seawater desalination plant utilizing
renewable energy,” Energy Convers Manag, vol. 126, pp. 811-825, Oct. 2016,
doi: 10.1016/J.ENCONMAN.2016.08.002.

C. Koroneos, A. Dompros, and G. Roumbas, “Renewable energy driven
desalination systems modelling,” J Clean Prod, vol. 15, no. 5, pp. 449-464, Jan.
2007, doi: 10.1016/J.JCLEPRO.2005.07.017.

C. R. Henderson, J. F. Manwell, and J. G. McGowan, “A wind/diesel hybrid
system with desalination for Star Island, NH: feasibility study results,”
Desalination, vol. 237, no. 1-3, pp. 318-329, Feb. 2009, doi:
10.1016/J.DESAL.2005.07.054.

M. Ghazi, E. Essadiqi, M. Faqir, M. Mada, and A. Ben Abdellah, “Study and
Design of Hybrid Wind-Photovoltaic System for Medium Scale Mechanical Vapor
Compression Desalination Unit for Two Different Sites in Morocco,” Proceedings
of 2017 International Renewable and Sustainable Energy Conference, IRSEC
2017, Sep. 2018, doi: 10.1109/IRSEC.2017.8477239.

A. M. Helal and S. A. Al-Malek, “Design of a solar-assisted mechanical vapor
compression (MVC) desalination unit for remote areas in the UAE,” Desalination,
vol. 197, no. 1-3, pp. 273-300, Oct. 2006, doi: 10.1016/J.DESAL.2006.01.021.

W.F. He, C. Ji, D. Han, Y. K. Wu, L. Huang, and X. K. Zhang, “Performance
analysis of the mechanical vapor compression desalination system driven by an

106



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

organic Rankine cycle,” Energy, vol. 141, pp. 1177-1186, Dec. 2017, doi:
10.1016/J.ENERGY.2017.10.014.

E. Almatrafi, F. Moloney, and D. Y. Goswami, “Multi Effects Desalination-
Mechanical Vapor Compression Powered by Low Temperature Supercritical
Organic Rankine Cycle,” ASME International Mechanical Engineering Congress
and Exposition, Proceedings (IMECE), vol. 6, Jan. 2018, doi:
10.1115/IMECE2017-72230.

E. Almatrafi, F. Moloney, and D. Y. Goswami, ‘“Performance Analysis of Solar
Thermal Powered Supercritical Organic Rankine Cycle-Assisted Low-
Temperature Multi-Effect Desalination Coupled with Mechanical Vapor
Compression,” Journal of Solar Energy Engineering, Transactions of the ASME,
vol. 144, no. 2, Apr. 2022, doi: 10.1115/1.4052551/1120550.

E. Almatrafi, F. Moloney, and D. Y. Goswami, “Performance Analysis of Solar
Thermal Powered Supercritical Organic Rankine Cycle Assisted Low-Temperature
Multi Effect Desalination Coupled with Mechanical Vapor Compression,”
American Society of Mechanical Engineers, Power Division (Publication)
POWER, vol. 2, Oct. 2018, doi: 10.1115/POWER2018-7307.

J. R. Lara, G. Noyes, and M. T. Holtzapple, “An investigation of high operating
temperatures in mechanical vapor-compression desalination,”” Desalination, vol.
227, no. 1-3, pp. 217-232, Jul. 2008, doi: 10.1016/J.DESAL.2007.06.027.

W. F. He, W. P. Zhu, J. R. Xia, and D. Han, “A mechanical vapor compression
desalination system coupled with a transcritical carbon dioxide Rankine cycle,”
Desalination, vol. 425, pp. 1-11, Jan. 2018, doi: 10.1016/J.DESAL.2017.10.009.

Y. Alkhulaifi, E. M. A. Mokheimer, and J. H. AlSadah, “Performance optimization
of mechanical vapor compression desalination system using a water-injected twin-

screw compressor,” Journal of Energy Resources Technology, Transactions of the

ASME, vol. 141, no. 4, Apr. 2019, doi: 10.1115/1.4042087/368167.

J. Shen, Z. Xing, X. Wang, and Z. He, “Analysis of a single-effect mechanical
vapor compression desalination system using water injected twin screw
compressors,” Desalination, vol. 333, no. 1, pp. 146-153, Jan. 2014, doi:
10.1016/J.DESAL.2013.10.014.

Z. He, J. Shen, W. Chen, and Z. Xing, “Design and Performance Evaluation of a
Twin-Screw Water Vapor Compressor Design and Performance Evaluation of a
Twin-Screw Water Vapor Compressor,” International Compressor Engineering
Conference at Purdue, no. 1272, pp. 1-6, 2012.

107



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

G. Liu, X. Zhao, L. Liansheng, T. Bin, Y. Qichao, and Z. Yuanyang, “Analysis on
Performance of Screw Compressor in MVVR (mechanical vapor recompression)
system,” IOP Conf Ser Mater Sci Eng, vol. 604, no. 1, p. 012002, Aug. 2019, doi:
10.1088/1757-899X/604/1/012002.

M. Matuzovié, S. Rane, B. Patel, A. Kovacevié, and Z. Tukovié, “Analysis of
conjugate heat transfer in a roots blower and validation with infrared
thermography,” International Journal of Thermofluids, vol. 16, p. 100234, Nov.
2022, doi: 10.1016/J.1JFT.2022.100234.

J. Shen, G. Feng, Z. Xing, and X. Wang, “Theoretical study of two-stage water
vapor compression systems,” Appl Therm Eng, vol. 147, pp. 972-982, Jan. 2019,
doi: 10.1016/J.APPLTHERMALENG.2018.11.012.

M. N. Labib, S. S. Kim, D. Choi, T. Utomo, H. Chung, and H. Jeong, “Numerical
investigation of the effect of inlet skew angle on the performance of mechanical
vapor compressor,” Desalination, vol. 284, pp. 66-76, Jan. 2012, doi:
10.1016/J.DESAL.2011.08.038.

M. A. Jamil and S. M. Zubair, “Effect of feed flow arrangement and number of
evaporators on the performance of multi-effect mechanical vapor compression
desalination systems,” Desalination, vol. 429, pp. 76-87, Mar. 2018, doi:
10.1016/J.DESAL.2017.12.007.

H. T. El-Dessouky, H. M. Ettouney, and F. Al-Juwayhel, “Multiple Effect
Evaporation—Vapour Compression Desalination Processes,” Chemical
Engineering Research and Design, vol. 78, no. 4, pp. 662-676, May 2000, doi:
10.1205/026387600527626.

J. Swaminathan, K. G. Nayar, and J. H. Lienhard V, “Mechanical vapor
compression—Membrane distillation hybrids for reduced specific energy
consumption,” New pub: Balaban, vol. 57, no. 55, pp. 26507-26517, Nov. 2016,
doi: 10.1080/19443994.2016.1168579.

F. N. Alasfour and H. K. Abdulrahim, “The effect of stage temperature drop on
MVC (mechanical vapor compression) thermal performance,” Desalination, vol.
265, no. 1-3, pp. 213-221, Jan. 2011, doi: 10.1016/J.DESAL.2010.07.054.

A. Randon, S. Rech, and A. Lazzaretto, “Brine Management: Techno-economic
Analysis of a Mechanical Vapor Compression Energy System for a Near-Zero
Liquid Discharge Application,” International Journal of Thermodynamics, vol. 23,
no. 2, pp. 128-137, May 2020, doi: 10.5541/1J0T.673573.

108



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

H. Dahmardeh, H. A. Akhlaghi Amiri, and S. M. Nowee, “Evaluation of
mechanical vapor recompression crystallization process for treatment of high
salinity wastewater,” Chemical Engineering and Processing - Process
Intensification, vol. 145, p. 107682, Nov. 2019, doi: 10.1016/J.CEP.2019.107682.

D. Han, W. F. He, C. Yue, and W. H. Pu, “Study on desalination of zero-emission
system based on mechanical vapor compression,” Appl Energy, vol. 185, pp.
1490-1496, Jan. 2017, doi: 10.1016/J. APENERGY.2015.12.061.

H. T. El-Dessouky and H. M. Ettouney, “Plastic/compact heat exchangers for
single-effect desalination systems,” Desalination, vol. 122, no. 2-3, pp. 271-289,
Jul. 1999, doi: 10.1016/S0011-9164(99)00048-X.

H. Jiang, Z. Zhang, and W. Gong, “Design and evaluation of a parallel-connected
double-effect mechanical vapor recompression evaporation crystallization
system,” Appl Therm Eng, vol. 179, p. 115646, Oct. 2020, doi:
10.1016/J.APPLTHERMALENG.2020.115646.

M. Ibrahimi, Y. Aoura, and A. Arbaoui, “Economical and Thermal Study of a
Mechanical Vapor Compression Desalination Unit,” 13éme Congres de
Mécanique, vol. 1, pp. 13-15, 2017.

B. K. Youl et al., “Desalination Process Analysis using MVC (Mechanical Vapor
Compression),” 9 th International Conference on Sustainable Energy
Technologies, 2010.

C. Liu, M. Bi, and G. Cui, “Parameter optimization and economic analysis of a
single-effect mechanical vapor compression (Mvc) distillation system,”
Desalination Water Treat, vol. 201, pp. 75-85, 2020, doi:
10.5004/dwt.2020.26096.

H. S. Aybar, “Analysis of a mechanical vapor compression desalination system,”
Desalination, vol. 142, no. 2, pp. 181-186, Feb. 2002, doi: 10.1016/S0011-
9164(01)00437-4.

S. V. Surkov and H. Ghanem, “OPTIMAL OPERATIONAL REGIMES OF SEA
WATER DESALINATION PLANTS WITH MECHANICAL VAPOR
COMPRESSION,” Odes ’kyi Politechnichnyi Universytet. Pratsi, no. 2(52), pp.
54-58, Sep. 2017, doi: 10.15276/0PU.2.52.2017.08.

W. F. He, F. Wu, T. Wen, Y. P. Kong, and D. Han, “Cost analysis of a
humidification dehumidification desalination system with a packed bed
dehumidifier,” Energy Convers Manag, vol. 171, pp. 452—-460, Sep. 2018, doi:
10.1016/J. ENCONMAN.2018.06.008.

109



[93]

[94]

[95]

[96]

[97]

[98]

[99]

A. M. Elsafi, “Integration of humidification-dehumidification desalination and
concentrated photovoltaic-thermal collectors: Energy and exergy-costing
analysis,” Desalination, vol. 424, no. September, pp. 17-26, 2017, doi:
10.1016/j.desal.2017.09.022.

A. Abid et al., “Exergoeconomic optimization of a forward feed multi-effect
desalination system with and without energy recovery,” Desalination, vol. 499,
Feb. 2021, doi: 10.1016/J.DESAL.2020.114808.

H. T. EI-Dessouky and H. M. Ettouney, Fundamentals of saltwater desalination.
Elsevier, 2002.

Y. Wang and N. Lior, “Thermoeconomic analysis of a low-temperature multi-
effect thermal desalination system coupled with an absorption heat pump,” Energy,
vol. 36, no. 6, pp. 3878-3887, Jun. 2011, doi: 10.1016/J.ENERGY.2010.09.028.

Y. M. El-Sayed, “Designing desalination systems for higher productivity,”
Desalination, vol. 134, no. 1-3, pp. 129-158, Apr. 2001, doi: 10.1016/S0011-
9164(01)00122-9.

W. EI-Mudir, M. El-Bousiffi, and S. Al-Hengari, “Performance evaluation of a
small size TVC desalination plant,” Desalination, vol. 165, pp. 269-279, 2004.

N. Lukic, L. L. Diezel, A. P. Fréba, and A. Leipertz, “Economical aspects of the
improvement of a mechanical vapour compression desalination plant by dropwise
condensation,” Desalination, vol. 264, no. 1-2, pp. 173-178, 2010.

110



Published Articles:

1-Shamet, O., & Antar, M. (2023). Mechanical vapor compression desalination

technology—A review. Renewable and Sustainable Energy Reviews, 187, 113757.

DOI: https://doi.org/10.1016/j.rser.2023.113757

2-Shamet, O., Lawal, D. U., AlHariri, A. H., & Antar, M. (2023). Performance of Different
HDH Desalination Units Powered by Diesel Engine Generator Waste Heat. Process Safety

and Environmental Protection.

DOI: https://doi.org/10.1016/j.psep.2023.09.046

3-Shamet, O., Qureshi, B. A., & Antar, M. (2023). Energy and exergo-economic analysis
of a parallel feed multi-effect system integrated with humidification—dehumidification

system for brine recovery. Energy & Environment.

DOI: https://doi.org/10.1177/0958305X231204034

4-Shamet, O., & Antar, M. A. (n.d.). Energy And Exergo-Economic Analysis of Parallel
Cross Feed Multi Effect Desalination System Driven by Twin-Screw Compressor with

Water Injection (Under Review).

5-Ahmed, M. A. M., Shamet, O., Lawal, D. U., Antar, M. A., & Zubair, S. M. (n.d.). Proof
of Concept of the Regeneration Part in a Novel Desiccant-based Atmospheric Water

Generator (Accepted).

111



Conferences:

1- Energy and Exergo-Economic Analysis of a Forward Feed Multi-Effect
Desalination System Driven by Twin-Screw Compressor with Water Injection
Conference: Desalination for the Environment, Clean Water, and Energy Date:

May 2023 Location: Limassol, Cyprus Presentation Type: Poster Presentation

112



Name :0Osman Mohamed Osman Shamet

Nationality :Sudanese

Date of Birth :11/22/1996

Email :0sshamet@gmail.com

Address :Jabra Ave, Khartoum, Sudan 11111

Academic Background : Master of Science (MSc.) Mechanical Engineering, King

Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia. Bachelor of

Science in Mechanical Engineering, University of Khartoum, Sudan

113



