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Abstract: For future sustainable seawater desalination, the importance of achieving better energy
efficiency of the existing 19,500 commercial-scale desalination plants cannot be over emphasized.
The major concern of the desalination industry is the inadequate approach to energy efficiency
evaluation of diverse seawater desalination processes by omitting the grade of energy supplied.
These conventional approaches would suffice if the efficacy comparison were to be conducted for the
same energy input processes. The misconception of considering all derived energies as equivalent
in the desalination industry has severe economic and environmental consequences. In the realms
of the energy and desalination system planners, serious judgmental errors in the process selection
of green installations are made unconsciously as the efficacy data are either flawed or inaccurate.
Inferior efficacy technologies” implementation decisions were observed in many water-stressed
countries that can burden a country’s economy immediately with higher unit energy cost as well
as cause more undesirable environmental effects on the surroundings. In this article, a standard
primary energy-based thermodynamic framework is presented that addresses energy efficacy fairly
and accurately. It shows clearly that a thermally driven process consumes 2.5-3% of standard primary
energy (SPE) when combined with power plants. A standard universal performance ratio-based
evaluation method has been proposed that showed all desalination processes performance varies
from 10-14% of the thermodynamic limit. To achieve 2030 sustainability goals, innovative processes
are required to meet 25-30% of the thermodynamic limit.

Keywords: standard primary energy; primary energy; standard universal performance
ratio; desalination

1. Introduction

The world’s demand for increasingly scarce water is escalating rapidly, challenging its accessibility
for the life cycle and putting the global population at risk. The increase in water demand is mainly
due to the rapid growth of population and economic development. Water security underpins the life
cycle, economic growth and sustainability all over the world. In 2000, overall world water demand
was 4000 billion cubic meter and it is estimated to increase over 58% by 2030. The water demand is
expected to be much higher in developing countries, where over 93% additional water projections are
estimated as compared to developed countries [1-6].

Conventional water sources also called renewable resource such as surface water and ground
water are not able to patch up the gap between supply and demand of fresh water. This growing gap
can only be filled by non-conventional and non-renewable sources such as wastewater treatment and
seawater desalination. In some parts of the world, even after the application of wastewater reuse,
still there is shortfall of water that only can be filled by seawater desalination processes. During last
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20 years, steady growth in desalination capacities installation has been observed that is expected to
rise in the near future to fulfil world water demand. Installed desalination capacities are projected
to be doubled by 2030 in the Gulf Cooperation Countries (GCC) as well as in the world as shown
in the Figure la. Presently, 150 countries are operating over 19,500 desalination plants to produce
100 million cubic meters per day to fulfill the demand of a population of 300 million throughout the
world. Based on current processes, the share in the world desalination market and their respective
published specific energy consumptions, seawater reverse osmosis (SWRO) 60% at 3.5 Kilowatt hours
per cubic meter (kWhm-3) and thermally driven processes 40% at 17 kWhm-3, the total desalination
energy consumption is predicted and presented in Figure 1b. It can be noticed that with the projected
expansion of desalination capacities, the energy consumption for desalination is expected to reach to
2.4 Gigawatt hours (GWh) in 2030 as compared to only 1.4 GWh in 2018 [7-14].
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Figure 1. (a) World and Gulf Cooperation Countries (GCC) desalination capacities trend from 1985 to
2030 and (b) energy consumption by desalination processes [1-14].

The energy utilized in desalination processes is in the majority (80%) produced by thermoelectric
processes that consume huge amount of water for heat rejection to complete the thermodynamic cycle.
It is estimated that around 15% of water is evaporated in cooling towers to produce the required
power. World electricity demand is expected to increase twofold to 34 terawatt hours (TWh) in 2035
as compared to 2010 production level. Correspondingly, inter-linked water demand is expected to
increase to 790 billion cubic meters (bcm) by 2035 as compared to 583 becm in 2010. This high water
demand in thermoelectric power generation is due to low efficiencies of conventional cycles. In the
past, typical power plants were operated at 28-30% energetic efficiency that is recently increased
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to 50% due to rapid development in combustion processes and cascading operations as shown in
Figure 2 [15-20]. Recently, General Electric (GE) in partnership with EDF made history and set a
Guinness World Records title for operating the world’s most efficient combined-cycle power plant
at 62.22%. These gradual improvements in power plant efficiencies will help to save fossil fuel, CO,
emissions and additional water consumption [21,22].
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Figure 2. Combined cycle efficiency and environment impact trend from 1870-2018 [15-22].

It can be noticed that over a century (1880-1970), there was not much improvement in power plant
efficiency due to inefficient combustion and singly operated processes. The major improvement was
observed during 1970-2000 due to implementation of efficient combined cycle gas turbines (CCGT)
coupled with heat recovery boiler operated steam turbines. Noticeable improvement was also observed
when thermally driven desalination processes were integrated with CCGT power plants due to better
utilization of low pressure steam in water production before dumping into the condenser. Today,
combined CCGT and desalination processes are considered as most efficient cycle for power and water
production. In conventional combined CCGT power and desalination plants, primary fuel is supplied
to the gas turbine cycle where it combusts in a combustion chamber in the presence of compressed
air from the compressor. The hot and high pressure gases are then expanded through the gas turbine
to produce electricity. The gas turbine cycle consumes the major portion of fuel exergy due to high
irreversibilities in the combustion chamber. The remaining exergy in hot exhaust gas is then recovered
in the heat recovery steam generator (HRSG) to produce high pressure and temperature steam for
the steam turbine cycle. Typically, three turbines, namely high pressure, medium pressure and low
pressure, are arranged in cascading manners to maximize the steam potential utilization [23]. In the
combined arrangement, low-pressure steam is bled from last stage of the low-pressure turbine to
operate the seawater desalination cycle. These integrations improve the overall cycle performance
because the steam that bled from the last stage of low pressure turbine already utilized its maximum
potential but can still be useful for low-pressure desalination processes. This excellent thermodynamic
synergy of process integration can only be found in combined CCGT power and thermally driven
desalination processes [24]. Although the combined power and water production scheme is favorable,
their analysis is more tedious due to different grades of energy utilization by the processes. There are
lot of publications on combined CCGT power and desalination cycle analysis based on energetic and
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exergetic analysis but none is widely accepted due to limitations with all existing methodologies.
The energetic approach is unable to capture the quality of working fluid utilized by a process and hence
provides unfair apportionment of primary fuel in combined cycle arrangements. On the other hand,
the exergy analysis can capture quantity as well as quality of working fluid utilized in any process and
hence provide an accurate fuel distribution across all processes.2. Published Approach’s Limitations

There is plethora of literature available on CCGT power and desalination plants’ thermodynamic
analysis presenting various methodologies and different results. Most of the literature indicates that
gas turbines (GT) cycle consumes 75 £ 1% of input fuel exergy and remaining 25 + 1% is recovered
in heat-recovery steam generator (HRSG) via exhaust gases to produce steam for bottoming steam
turbine cycle. The steam turbines consume another 20% of remaining fuel exergy and bled steam carry
only 4 + 1% exergy for desalination cycles. The remaining exergy is dumped into the condenser in the
form of dead steam and lost in process irreversibilities [25-28].

In terms of desalination processes analysis, most of the literature presented quantitative or
energetic approaches since the 1970s. For example, Wade [29] presented five different schemes of
power and desalters including thermal and membranes and the cost was analyzed based on energy
consumed and power plant efficiency. Kamal [30] emphasized an energetic approach to compute the
payback for combine power and water production cycle. Saeed [31] estimated the proportions of fuel
utilized by each processes in a combined cycle based on a simple efficiency approach, output to input
ratio. Osman et al. [32] proposed energetic approach for cost estimation of a combine power and water
system. They conducted series of experiments to optimize the operational parameters of a boiler for
the highest efficiency. Al-Sofi et al. [33] presented first law of thermodynamics for dual-purpose plant
fuel cost allocation. They simply applied output to steam flow rate ratio for fuel cost distribution.
Mussati et al. [34] suggested a cost subtraction method in which the one product cost is predetermined
based on annual credit method and second output cost is calculated by subtraction. Darwish [35]
recommended fuel saving methodologies by four different schemes of individual plant operation.
He also highlighted the boiler optimization to adjust as per plant requirements. Wang et al. [36]
proposed an energetic approach based on input and outputs and also some exergetic analysis based on
output. Helal [37] and Lozano et al. [38] demonstrated energetic approach for tri-generation system
(power, cooling and desalination) cost apportionment. All these conventional quantitative approaches
can be only applied for comparison of the same energy input processes such as multi-effect desalination
(MED) to MED, multi-stage flash (MSF) to MSF, and SWRO to SWRO. The cross processes comparison
needed quantitative as well as qualitative analysis. This can be achieved by invoking the 2nd Law of
thermodynamics and exergetic analysis approaches.

Although some authors have highlighted the exergy accounting concept, all calculations were
performed using the energetic input of steam to the total output produced. Plenty of definitions
are proposed by the researchers for a desalination processes efficiency calculation based on second
law of thermodynamics [39-45]. The literature mostly showed that the exergetic approaches
were only applied to individual system performance analysis, not for combined cycle overall
cost apportionment. For example, Hosseini et al. [46] explained a total revenue approach for
economic analysis of dual-purpose plants. They utilized exergy to investigate the system components’
efficiency. Mistry et al. [47-49] presented second law analysis of desalination processes and ignored
the current best practices, combined power and water production for the best thermodynamic
synergy. Such approaches may be correct for stand-alone desalination processes but it did not
reflect the chorological evolvement of combine cycles to achieve current best efficiency. Similarly,
Lienhard et al. [50] outlined an exergetic analysis of desalination processes by considering them as
a black box. They derived a second law efficiency and thermodynamic limit by using Carnot work
approach. Again, the analysis was presented as a stand-alone system without combining it with
the power-generation system to represent real production practices. Fitzsimons et al. [51] conducted
detailed review of over sixty published articles on exergetic analysis. They showed that all articles are
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based on stand-alone desalination processes analysis with over 80% variations in the results due to
different approached and assumptions.

It can be noticed that, there are two major gaps in published literature. Firstly, most of the
literature is based on the conventional energetic approach for combined power and desalination
processes analysis that provides unfair apportionment of primary fuel by ignoring the grade of energies
utilized by the processes. Secondly, there is no common platform to compare all desalination processes
by incorporating different grades of energies in the CCGT arrangement. Even within thermally driven
processes such as MED and MSF the activation steam temperatures are different. Conventionally,
desalination processes are presented based on different kinds of energy for comparison purposes
such as electricity (kWh) and thermal (kWh). Even though the units are same, this comparison is not
fair as grade of energies are different. In this paper, we develop a detailed thermodynamic frame
work based on a standard primary energy (SPE) approach to resolve two main issues, namely; (i) an
accurate apportionment of primary fuel exergy across each processes in a combined cycle arrangement
based on their operational parameters; and (ii) comparison of all desalination processes at a common
platform called the standard universal performance ratio (SUPR), by converting different types and
grades of energies to standard primary energy. This can be achieved by invoking the second law of
thermodynamics where the primary energy can be supplied to achieve the same equivalent work of
the separation processes. The proposed approach circumvents the deficiency of derived energy units
(kWh) used singly, as these energy units omit the quality of supplied energy.

The SPE approach consider meaningful temperature ratios to complete thermodynamic cycle,
from the adiabatic flame temperature to the ambient reservoir. The proposed SPE methodology has
two requisites. Firstly, it is important to consider the current best available practice of power and
water production. Secondly, the operating inlet and out temperatures of actual separation processes in
the form of work or heat should be normalized to a common standard inlet and outlet temperatures.
The detailed methodology is presented in the following sections.

2. Thermodynamic Framework for Standard Primary Energy (SPE)

The separation processes can be modelled as a heat engine operating between heat source
temperature (T;) and reservoir temperature (T;). The heat engine will extract the same amount
of derived energy Q|E as the separation process and produce an arbitrary work (W,) as shown in
Figure 3.
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Figure 3. The standard primary energy (SPE) concept to emulate actual desalination processes.
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The derived energies utilized by the separation processes can be different in grades, so the
equivalent work approach is applied, where the simulated heat engine will produce the same arbitrary
work by operating between defined temperature limits of the standard primary energy (SPE). This is
performed by invoking the second law efficiency where the standard primary energy (Qspg |£H) for
the same work output can now be determined at the common platform conditions. The second law
efficiency is defined as the ratio of actual work (W,) to the ideal work of a separator supplied with the
derived energy Q|% The heat driven desalination process can be normalized to a standard primary

energy (SPE), (Q@?)MED' working across a common temperature levels where the heat it is assumed
to produce the equivalent work of the MED. Similarly, the work-driven reverse osmosis (RO) process

can also be normalized to the common energy units, i.e., the SPE, (Q\R{) - in the same framework.

Hence, by transforming thermodynamically into the SPE all forms of derived energy supplied to the
desalination processes, such as the work-driven or the heat driven separation methods, a common
platform for efficacy comparison is established for all desalination methods that are supplied with
assorted types of secondary or derived energies.

Conversion Factors for Derived Energies

To develop conversion factors from derived energy to primary energy based on the equivalent
work approach, the proposed thermodynamic framework is applied to a combined power and
desalination scheme. The typical CCGT + Desalination flow schematic with state points is presented in
Figure 4 and detailed thermodynamic framework is summarized in Table 1. Using the thermodynamic
state points of the flow diagrams and thermodynamic framework, exergetic proportions are calculated
for each component of the cycle.
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Fuel

l 1 3omw 3 l |
G & I &r () (o) 210w

Cooling water out

Cooling water in
5 Con ser

N = Condensate to HRSG
Thermal gesalination Sea water
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2 1030.0 912 1.25 946.3 2.8
3 225.0 834 114 3518.3 6.7
4 4.0 675 17 3255.1 7.2
5 71.0 403 2.7 2765.2 7.1
6 150.0 320 0.15 2585.2 8.1

Figure 4. Typical combined power and desalination system schematic and state points.
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Table 1. Combined cycle flow schematic and operational parameters. Proposed methodology to
calculate conversion factors and performance parameters.

Brayton Cycle (GT)

Carnot work Weinot = (1 - %)le
Second law efficiency Tlg, GT = EF: i %
Exergy utilization factor for GT cycle % of Exergy utilization = ST"“" + % of UL
Standard primary energy conversion werL = (QSPE> ( — %)ng SPE
Rankine Cycle (STs)
Carnot work Wlnot = ( TT) ( - QGT)
Second law efficiency ng st = Eam ~ v:,/\r%\
Exergy utilization factor for ST cycle % of Exergy utilization = (Q‘ggj% + % of UL
Standard primary energy conversion WL e = (QSPE> ( - ﬁ)ng SPE

Desalination Cycle

For the same equivalent work, the standard primary
energy is given by:

Sep sep T 7
Wearnot = (QSPE ) < Tadia >nE, SPE
WSep

Carnot work for separation

Second law efficiency of separation NE, sep = WTLM
v sep
. S WP
Actual separation work Waceglal = ﬁ
. . Qsep,
PE = 8% 1 9% of UL
SPE proportions for separation processes S o %o of U

UL: unaccounted losses that includes; (a) exergy of exhaust gas leaving from HRSG, (b) GT losses, (c) STs
losses and (d) exergy of steam condensed in the condenser

It was found that the Brayton cycle consumes 58.32% exergy of input fuel and exhaust gases at
639°C are dumped into the heat recovery steam generator (HRSG) for additional exergy re-utilization.
Steam from the HRSG is directed to Rankine cycle to produce additional power and all three turbines
consume 38.93% of input fuel exergy. It also includes internal losses and proportion of steam exergy
that condensed into the condenser. The bleed steam to fulfill the requirement of MED water production
only carries 2.75% of fuel exergy that also include all related losses. These exergy proportions are
translated into conversion factors (CF) for the convenience of plant operators and decision makers.
These conversion factors will help to convert different kind of derived energies to standard primary
energy to provided common platform for comparison of all kinds of separation processes. For example,
for typical example plant, one unit of electricity needs 2.0 units of standard primary energy due to
turbine and generator efficiencies. On the other hand, one unit of SPE can produce 36.36 units of low
grade steam needed to operate the MED cycle. The detail of SPE and conversion factors is presented in
Table 2. The major advantage of proposed SPE approach is the maximization of exergy potential by
pushing the temperature limits to adiabatic flame to ambient conditions. This shows superiority over
previously published primary energy approaches and other methodologies [52,53].
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Table 2. Summary of GT, ST and desalination plants analysis and conversion factors calculation.

Exergy Destruction Cumulative Exergy
Carnot Work (MW) (%) Destruction (%)
Gas turbine cycle

Gas turbine 563.0
Exhaust gas to ambient 18.5

Un-accounted losses share 21.0 58.32 58.32
Sub-total 602.5

2nd law efficiency 64.5%
Steam turbine cycle

Steam turbines 298.5
Re-heating 22.0
HRSG losses share 51.5

Condenser losses share 19.7 38.93 97.25
Un-accounted losses share 10.5
Sub-total 402.2

2nd law efficiency 50.1%
Multi effect desalination cycle

Multi-effect desalination (MED) heat source 18.0
Thermal vapor compressor (TVC) 529
HRSG losses share 3.44

Condenser losses share 1.39 275 100
Un-accounted losses share 0.18
Sub-total 28.3

Conversion factors (CF) from derived energy to SPE

For combined cycle gas turbine (CCGT)
electricity (weighted factor)
For MED 36.36

2.0 (equivalent to 50% CCGT efficiency)

3. Standard Universal Performance Ratio (SUPR)

The conventional unfair performance parameter of desalination processes now can be transformed
to a more accurate parameter based on the common platform of SPE. The new performance parameter
is called the standard universal performance ratio (SUPR) as shown in Equation (1).

Equivalent heat of evaporation

f distillat ducti
Standard Universal Performance Ratio (SUPR) = © ;IS,EI iniuet produiction 1)

N 2326 { 2}
T 36 x [or{ < slee by cra{ Sper Lo { S tengatic

m-

Table 3 presents the SPE and SUPR calculations based on the proposed methodology.
The converted standard primary energy-based results highlighted the inadequacy of conventional
reporting procedures that ignored the quality of energy supplied to cogeneration processes. It can be
seen clearly that in MED processes SPE consumption is the lowest, 5.5kWh/m?3spg followed by RO and
MSF processes. Even though MED processes efficiency is the highest but still they can achieve only
14% of thermodynamic limit. It shows that all conventional desalination process are not sustainable
as they only operate between 10-14% of thermodynamic limit. To achieve future sustainability goals,
separation processes need to attain 25-30% of thermodynamic limit, SUPR in the range of 200-250.
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Table 3. SPE and universal performance ratio (UPR) calculation of major desalination processes.

Specific Energy Consumption and Reverse Osmosis Multi-Stage Flashing Multi-Effect
Performance Ratio (SWRO) (MSF) Distillation (MED)
Electricity (kWh_gjec m™3) [54,55] 35 238 1.8
Thermal (KWh_,er/m™3) [54,55] - 95.0 68.0

Equivalent Standard Primary Energy (SPE) and standard universal performance ratio (SUPR)

Conversion factor for electricity

(weighted CFjec) 20
Conversion factor for thermal for less ) 36.36
than 130 °C operation (CFe;) ’
Standard primary energy (Q_spg) 7.01 7.77 5.47
Standard universal performance ratio
(SUPR) 92.30 83.15 118.12
SUPR % of thermodynamic limit 11.1% 10.0% 14.2%

To investigate the performance trend in the past and present, over 40 desalination plant data
was collected and performance parameters were calculated based on proposed SPE methodology as
presented in Figure 5. It can be noticed that for the last three decades, 1983-2016, marginal improvement
was observed in the performance of desalination processes. The insert shows that the performance
was improved from 5% of TL to 14% of TL. This improvement is attributed to better material and
pre-treatment facilities development of separation processes. These marginal improvements are not
sustainable for future water supplies.
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Figure 5. Commercial-scale seawater desalination processes performance trend from 1983-2016.

Recent hybridization trend of different desalination processes to overcome the individual
processes limitations have ability to achieve SUPR ~ 170 and energy efficiency up to 20% of TL [56-67],
Kudus to the thermodynamic synergy between cycles. There is a need for more innovative processes
that could maximize the input fuel exergy to boost water production, and it is plausible for process
design to achieve up to 30% of TL, meeting the goals of sustainable seawater desalination.
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4. Roadmap for Sustainable Water Supplies

As the all conventional desalination processes are operating far from the thermodynamic limit,
innovative processes are required to achieve future sustainability goals. The proposed SPE and SUPR
methodologies will help to investigate the best efficient desalination processes for future sustainability.
From past experience, it has been noted that the major improvements in desalination performance can
only be achieved by a paradigm shift in the technology or by thermodynamic integration of processes.
The peripheral improvements of processes such as control of fouling and scaling on the key surfaces can
achieve merely a gradual increment of efficiency, as can be seen in Figure 6. After almost three decades,
now desalination processes are on the verge of new discoveries or “out of box” solutions to achieve a
quantum jump in performance. We believe that improvement in the recent hybridization trend and
highly efficient graphene-based membranes development will revolutionize the desalination industry
to achieve an efficiency goal of 25-30% of TL. In addition, biodesalination that produce fresh water
using biological processes and the integration of nanomaterials in the desalination process for material
and system enhancement has been acknowledged to overcome the barriers and limitations that are
currently facing the desalination technology can be alternative options for future sustainability [68,69].

1000.0 0.78
‘ E{: Future innovative processes and materials SUPR=250
e —
-
S
o 100.0 H
=
& Present hybrid processes 6.5
2 and better membranes
g «
(1]
g
: 3
& 10.0 =
3 Z
o 4
=
4
4 66.7
g Efficient boiler technology
= 1.0 implementation
z
fa) Open distillers at ships
w
0.1 500
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Year

Figure 6. Desalination processes development since last 3 decades. The paradigm shift in technology
can help to gain a quantum jump in performance.

5. Conclusions

Conventional derived energy-based desalination processes’” efficiency comparison methods
cannot portray the essence of real efficiency. The present methodology falls short in giving a fair
comparison when assorted separation processes, consuming electricity and low-grade steam, are
involved. A common platform, based on the second law of thermodynamics and hence the second
law efficiency, has been demonstrated in this article that equitably translates the derived-energy to the
common platform of the SPE. It shows that the desalination processes consume only 2.75% of primary
fuel exergy in combined cycle arrangements. A new figure of merit, called the SUPR, is developed
that captures the energy efficacy accurately. Currently, all desalination processes are operating only
at SUPR values of 92-118, corresponding to 10-14% of TL. To approach higher efficiency levels, the
utilization of input fuel exergy must be maximized with excellent thermodynamic synergy between
processes to achieve 25-30% of TL. For future sustainability, alternative, new “out-of-box” solution(s)
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are needed. In closing, the shortcomings of quantifying the derived energy alone have been clarified.
A thermodynamically rigorous method, namely translation from the derived or secondary energy
to a common platform of standard primary energy (SPE) consumption, is absolutely necessary in
providing an effective comparison of all desalination processes.
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Abbreviations

GCC Gulf Cooperation Countries
MED multi effect desalination
MSFE multi stage flash

SRRO seawater reverse osmosis
TWh terawatt hours

GWh gigawatt hours

MWh megawatt hour

KWh kilowatt hours

BCM billion cubic meter

CCGT combined cycle gas turbine
GT gas turbine

HRSG heat recovery steam generator
ST steam turbine

SPE standard primary energy
SUPR standard universal performance ratio
TVC thermo vapor compressor
HP high pressure

MP medium pressure

LP low pressure

CF conversion factors

TL thermodynamic limit

W work

UL unaccounted losses
Subscripts

Th thermal

Ty adiabatic flam temperature
To ambient temperature

TL1 to TLS process temperatures

Elec electric

Ther thermal

a arbitrary

Rev reversible

Sep separator

References

1.  Tonner, J. Desalination Trends; A Report; Water Consultants International: Mequon, WI, USA; World Bank
Group: Washington, DC, USA, 2003.



Entropy 2019, 21, 84 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

IDA Newsletter. Available online: http://ida.enoah.com/portals/41/newsletter /issues/2015-11-12/article_
4.html (accessed on 1 November 2018).

Saif, O. The Future Outlook of Desalination in the Gulf: Challenges & Opportunities Faced by Qatar & the
UAE. M.S. Thesis, McMaster University, Hamilton, ON, Canada, 2012.

Shahzad, M.W.; Burhan, M.; Ang, L.; Ng, K.C. Energy-water-environment nexus underpinning future
desalination sustainability. Desalination 2017, 413, 52—-64. [CrossRef]

Saif, O.; Mezher, T.; Arafat, H.A. Water security in the GCC countries: Challenges and opportunities.
J. Environ. Stud. Sci. 2014, 4, 329-346. [CrossRef]

Trieb, F.; Muller-Steinhagen, H.; Miiller-Steinhagen, H. Concentrating solar power for seawater desalination
in the Middle East and North Africa. Desalination 2008, 220, 165-183. [CrossRef]

Zaib, Q.; Fath, H. Application of carbon nano-materials in desalination processes. Desalin. Water Treat. 2012,
51, 627-636. [CrossRef]

Mezher, T.; Fath, H.; Abbas, Z.; Khaled, A. Techno-economic assessment and environmental impacts of
desalination technologies. Desalination 2011, 266, 263—-273. [CrossRef]

Li, C.; Goswami, D.Y.; Shapiro, A.; Stefanakos, E K.; Demirkaya, G. A new combined power and desalination
system driven by low grade heat for concentrated brine. Energy 2012, 46, 582-595. [CrossRef]

Li, C.; Goswami, Y.; Stefanakos, E. Solar assisted sea water desalination: A review. Renew. Sustain. Energy Rev.
2013, 19, 136-163. [CrossRef]

Ghaffour, N.; Missimer, T.M.; Amy, G. Technical review and evaluation of the economics of water desalination:
Current and future challenges for better water supply sustainability. Desalination 2013, 309, 197-207.
[CrossRef]

AlMarzooqi, FA.; Al Ghaferi, A.A.; Saadat, I.; Hilal, N. Application of Capacitive Deionisation in water
desalination: A review. Desalination 2014, 342, 3-15. [CrossRef]

Darwisha, M.A.; Abdulrahim, H.K.; Hassan, A.S.; Sharif, A.O. Retrofitting the combined-cycle producing
electric power and desalted seawater to include district cooling in GCC. Desalin. Water Treat. 2015, 57,
5331-5344. [CrossRef]

Elimelech, M.; Phillip, W.A. The Future of Seawater Desalination: Energy, Technology, and the Environment.
Science 2011, 333, 712-717. [CrossRef]

Buggea, J.; Kjeera, S.; Blumb, R. High-efficiency coal-fired power plants development. Energy 2006, 31,
1437-1445. [CrossRef]

Fu, C.; Anantharaman, R.; Jordal, K.; Gundersen, T. Thermal efficiency of coal-fired power plants: From
theoretical to practical assessments. Energy Convers. Manag. 2015, 105, 530-544. [CrossRef]

Power Generation from Coal Measuring and Reporting Efficiency Performance and CO, Emissions; The International
Energy Agency (IEA) Report 2010; IEA: Paris, France, 2010.

CO; Emissions from Fuel Combustion; The International Energy Agency (IEA) Report 2017; IEA: Paris,
France, 2017.

Hammond, G.P; Howard, H.R.; Jones, C.I. The energy and environmental implications of UK more electric
transition pathways: A whole systems perspective. Energy Policy 2013, 52, 103-116. [CrossRef]

Hammond, G.P,; O’Grady, A. The implications of upstream emissions from the power sector. Energy 2014,
167,9-19. [CrossRef]

Drought, El Nifio, Blackouts and Venezuela, CO2 Emissions Variations in CCGTs (2016). Available online:
http:/ /euanmearns.com/co2-emissions-variations-in-ccgts-used-to-balance-wind-in-ireland/ (accessed
on 10 January 2019).

Kotowicz, J.; Brzeczek, M. Analysis of increasing efficiency of modern combined cycle power plant: A case
study. Energy 2018, 153-15, 90-99. [CrossRef]

Chase, D.L. Combined-Cycle Development Evolution and Future; GER-4206, (10/00); GE Power Systems:
Schenectady, NY, USA; Available online: https://www.ge.com/content/dam/gepower-pgdp/global/
en_US/documents/technical/ger/ger-4206-combined-cycle-development-evolution-future.pdf (accessed
on 10 January 2019).

Alyah, M.; Ashman, J.; Arisoy, A.; Gusev, A. Combined Cycle Power Plants. In Proceedings of the IMIA
Annual Conference 2015, Merida, Mexico, 26-30 September 2015; IMIA Working Group Paper 91 (15).
Darwish, M.A.; Abdulrahim, H.K.; Mabrouk, A.A.; Hassan, A.S. Cogeneration Power-Desalting Plants Using
Gas Turbine Combined Cycle. In Desalination Update; IntechOpen: London, UK, 2015; Chapter 6. [CrossRef]


http://ida.enoah.com/portals/41/newsletter/issues/2015-11-12/article_4.html
http://ida.enoah.com/portals/41/newsletter/issues/2015-11-12/article_4.html
http://dx.doi.org/10.1016/j.desal.2017.03.009
http://dx.doi.org/10.1007/s13412-014-0178-8
http://dx.doi.org/10.1016/j.desal.2007.01.030
http://dx.doi.org/10.1080/19443994.2012.722772
http://dx.doi.org/10.1016/j.desal.2010.08.035
http://dx.doi.org/10.1016/j.energy.2012.07.050
http://dx.doi.org/10.1016/j.rser.2012.04.059
http://dx.doi.org/10.1016/j.desal.2012.10.015
http://dx.doi.org/10.1016/j.desal.2014.02.031
http://dx.doi.org/10.1080/19443994.2015.1007172
http://dx.doi.org/10.1126/science.1200488
http://dx.doi.org/10.1016/j.energy.2005.05.025
http://dx.doi.org/10.1016/j.enconman.2015.08.019
http://dx.doi.org/10.1016/j.enpol.2012.08.071
http://dx.doi.org/10.1680/ener.13.00006
http://euanmearns.com/co2-emissions-variations-in-ccgts-used-to-balance-wind-in-ireland/
http://dx.doi.org/10.1016/j.energy.2018.04.030
https://www.ge.com/content/dam/gepower-pgdp/global/en_US/documents/technical/ger/ger-4206-combined-cycle-development-evolution-future.pdf
https://www.ge.com/content/dam/gepower-pgdp/global/en_US/documents/technical/ger/ger-4206-combined-cycle-development-evolution-future.pdf
http://dx.doi.org/10.5772/60209

Entropy 2019, 21, 84 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Almutairi, A.; Pilidis, P.; Al-Mutawa, N. Energetic and Exergetic Analysis of Combined Cycle Power Plant:
Part-1 Operation and Performance. Energies 2015, 8, 14118-14135. [CrossRef]

Almutairi, A.; Pilidis, P.; Al-Mutawa, N.; Al-Weshahi, M. Energetic and exergetic analysis of cogeneration
power combined cycle and ME-TVC-MED water desalination plant: Part-1 operation and performance.
Appl. Therm. Eng. 2016, 103, 77-91. [CrossRef]

Hamed, O.A. Thermoeconomic analysis of combined power cycle integrated with MSF/SWRO desalination
plant. Desalin. Water Treat. 2016, 57, 26552-26561. [CrossRef]

Wade, N.M. Energy and cost allocation in dual-purpose power and desalination plants. Desalination 1999,
123, 115-125. [CrossRef]

Kamal, I. Thermo-economic modeling of dual-purpose power/desalination plants: Steam cycles. Desalination
1997, 114, 233-240. [CrossRef]

Saeed, M.N. Fuel efficiencies, Allocation of fuel and fuel cost for power and desalination in dual purpose
plants: A novel methodology. Desalination 1992, 85, 213-229. [CrossRef]

Hamed, O.A.; Al-Washmi, H.A.; Al-Otaibi, H.A. Thermo economic analysis of a power/water cogeneration
plant. Energy 2006, 31, 2699-2709. [CrossRef]

Al-Sofi, M.A K,; Srouji, M.M. Fuel allocation in dual-purpose plants. Desalination 1995, 100, 65-70. [CrossRef]
Mussati, S.; Aguire, P.; Scenna, N. Dual-purpose desalination plants. Part II. Optimal configuration. Desalination
2002, 153, 185-189.

Derwaish, M. A. Fuel cost charged to desalters in co-generation power-desalting plants. Heat Recovery Syst.
CHP 1995, 15, 357-368. [CrossRef]

Wang, Y.; Lior, N. Fuel allocation in a combined steam-injected gas turbine and thermal seawater desalination
system. Desalination 2007, 214, 306-326. [CrossRef]

Helal, A.M. Hybridization-a new trend in desalination. Desalin. Water Treat. 2009, 3, 129-135. [CrossRef]
Lozano, M.A; Carvalho, M.; Serra, L.M. Allocation of economic costs in trigeneration systems at variable
load conditions. Energy Build. 2011, 43, 2869-2881. [CrossRef]

Spiegler, K.S.; El-Sayed, Y.M. The energetics of desalination processes. Desalination 2001, 134, 109-128.
[CrossRef]

Mistry, K.H.; Lienhard, V.J.H.; Zubair, S.M. Effect of entropy generation on the performance of
humidification-dehumidification desalination cycles. Int. J. Therm. Sci. 2010, 49, 1837-1847. [CrossRef]
Alasfour, F; Darwish, M.; Amer, A.B. Thermal analysis of ME-TVC+MEE desalination systems. Desalination
2005, 174, 39-61. [CrossRef]

Kahraman, N.; Cengel, Y.A. Exergy analysis of a MSF distillation plant. Energy Convers. Manag. 2005, 46,
2625-2636. [CrossRef]

Veza, ]. M. Mechanical vapour compression desalination plants—A case study. Desalination 1995, 101, 1-10.
[CrossRef]

Cerci, Y. Exergy analysis of a reverse osmosis desalination plant in California. Desalination 2002, 142, 257-266.
[CrossRef]

Sharqawy, M.H.; Zubair, S.M.; Lienhard, V.J.H. Second Law analysis of reverse osmosis desalination plants:
An alternative design using pressure retarded osmosis. Energy 2011, 36, 6617-6626. [CrossRef]

Hosseini, S.R.; Amidpour, M.; Behbahaninia, A. Thermoeconomic analysis with reliability consideration of a
combined power and multi stage flash desalination plant. Desalination 2011, 278, 424-433. [CrossRef]
Mistry, K.H.; McGovern, R K.; Thiel, G.P.; Summers, E.K.; Zubair, 5.M.; Lienhard, ].H. Entropy generation
analysis of desalination technologies. Entropy 2011, 13, 1829-1864. [CrossRef]

Mistry, K.H.; Lienhard, J.H. Generalized least energy of separation for desalination and other chemical
separation processes. Entropy 2013, 15, 2046-2080. [CrossRef]

Mistry, K.H.; Antar, M.A,; Lienhard V, JJH. An improved model for multiple effect distillation.
Desalin. Water Treat. 2013, 51, 807-820. [CrossRef]

Lienhard, ]. H.; Mistry, K.H.; Sharqawy, M.H.; Thiel, G.P. Thermodynamics, exergy, and energy efficiency in
desalination systems. In Desalination Sustainability: A Technical, Socioeconomic, and Environmental Approach;
Elsevier Publishing Co.: Amsterdam, The Netherlands, 2017; Chapter 4; pp. 1-85, ISBN 978-0-12-809791-5.
Fitzsimons, L.; Corcoran, B.; Young, P.,; Foley, G. Exergy analysis of water purification and desalination:
A study of exergy model approaches. Desalination 2015, 359, 212-224. [CrossRef]


http://dx.doi.org/10.3390/en81212418
http://dx.doi.org/10.1016/j.applthermaleng.2016.02.121
http://dx.doi.org/10.1080/19443994.2016.1152511
http://dx.doi.org/10.1016/S0011-9164(99)00065-X
http://dx.doi.org/10.1016/S0011-9164(98)00015-0
http://dx.doi.org/10.1016/0011-9164(92)80006-U
http://dx.doi.org/10.1016/j.energy.2005.12.011
http://dx.doi.org/10.1016/0011-9164(96)00007-0
http://dx.doi.org/10.1016/0890-4332(95)90005-5
http://dx.doi.org/10.1016/j.desal.2007.01.001
http://dx.doi.org/10.5004/dwt.2009.263
http://dx.doi.org/10.1016/j.enbuild.2011.07.002
http://dx.doi.org/10.1016/S0011-9164(01)00121-7
http://dx.doi.org/10.1016/j.ijthermalsci.2010.05.002
http://dx.doi.org/10.1016/j.desal.2004.08.039
http://dx.doi.org/10.1016/j.enconman.2004.11.009
http://dx.doi.org/10.1016/0011-9164(95)00002-J
http://dx.doi.org/10.1016/S0011-9164(02)00207-2
http://dx.doi.org/10.1016/j.energy.2011.08.056
http://dx.doi.org/10.1016/j.desal.2011.05.061
http://dx.doi.org/10.3390/e13101829
http://dx.doi.org/10.3390/e15062046
http://dx.doi.org/10.1080/19443994.2012.703383
http://dx.doi.org/10.1016/j.desal.2014.12.033

Entropy 2019, 21, 84 14 of 14

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

Shahzad, M.W.; Burhan, M.; Son, H.S; Oh, S.J.; Ng, K.C. Desalination Processes Evaluation at Common
Platform: A Universal Performance Ratio (UPR) Method. Appl.Therm. Eng. 2018, 134, 62-67. [CrossRef]
Ng, K.C,; Shahzad, M.W.; Son, H.S.; Hamed, O.A. An Exergy Approach to Efficiency Evaluation of
Desalination. Appl. Phys. Lett. 2017, 110, 184101. [CrossRef]

Semiat, R. Energy Issues in Desalination Processes. Environ. Sci. Technol. 2008, 42, 8193-8201. [CrossRef]
[PubMed]

Stillwell, A.S.; Webber, M.E. Predicting the Specific Energy Consumption of Reverse Osmosis Desalination.
Water 2016, 8, 601. [CrossRef]

Shahzad, M.W.; Burhan, M.; Ghaffour, N.; Ng, K.C. A multi evaporator desalination system operated with
thermocline energy for future sustainability. Desalination 2018, 435, 268-277. [CrossRef]

Ng, K.C; Shahzad, M.W. Sustainable desalination using ocean thermocline energy. Renew. Sustain. Energy Rev.
2018, 82, 240-246. [CrossRef]

Shahzad, M.W.; Burhan, M.; Ng, K.C. Pushing Desalination Recovery to the Maximum Limit: Membrane
and Thermal Processes Integration. Desalination 2017, 416, 54—64. [CrossRef]

Shahzad, M.W.; Ng, K.C. An Improved Multi-Evaporator Adsorption Desalination Cycle for GCC Countries.
Energy Technol. 2017. [CrossRef]

Shahzad, M.W.; Ng, K.C. On the Road to Water Sustainability in the Gulf. Nat. Middle East 2016. [CrossRef]
Shahzad, M.W.; Ng, K.C.; Thu, K. Future sustainable desalination using waste heat: Kudos to thermodynamic
synergy. Environ. Sci. Water Res. Technol. 2016, 2, 206-212. [CrossRef]

Thu, K; Kim, Yo.; Shahzad, M.W.; Saththasivam, J.; Ng, K.C. Performance investigation of an advanced
multi-effect adsorption desalination (MEAD) cycle. Appl. Energy 2015, 159, 469-477. [CrossRef]

Shahzad, M.W.; Thu, K.; Kim, Y.-D.; Ng, K.C. An Experimental Investigation on MEDAD Hybrid Desalination
Cycle. Appl. Energy 2015, 148, 273-281. [CrossRef]

Ng, K.C,; Thu, K;; Oh, S.J.; Ang, L.; Shahzad, M.W.,; Ismail, A.B. Recent developments in thermally-driven
seawater desalination: Energy efficiency improvement by hybridization of the MED and AD cycles.
Desalination 2015, 356, 255-270. [CrossRef]

Shahzad, M.W.; Ng, K.C.; Thu, K.; Saha, B.B.; Chun, W.G. Multi Effect Desalination and Adsorption
Desalination (MEDAD): A Hybrid Desalination Method. Appl. Therm. Eng. 2014, 72, 289-297. [CrossRef]
Shahzad, M.W. The Hybrid Multi-Effect Desalination (MED) and the Adsorption (AD) Cycle for Desalination.
Ph.D. Thesis, National University of Singapore, Singapore, 2013.

Shahzad, M.W.; Burhan, M.; Ng, K.C. The Fallacy of Energy efficiency for comparing Desalination Plants:
A Standard Primary Energy Approach. Nat. Clean Water 2019, 2, 1-7. [CrossRef]

Taheri, R.; Razmjou, A.; Szekely, G.; Hou, J.; Ghezelbash, G.R. Biodesalination—On harnessing the potential
of nature’s desalination processes. Bioinspir. Biomim. 2016, 11, 041001. [CrossRef] [PubMed]

Goh, PS,; Ismail, A.F.; Matsuura, T. Perspective and Roadmap of Energy-Efficient Desalination Integrated
with Nanomaterials. Sep. Purif. Rev. 2017, 47, 124-141. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.applthermaleng.2018.01.098
http://dx.doi.org/10.1063/1.4982628
http://dx.doi.org/10.1021/es801330u
http://www.ncbi.nlm.nih.gov/pubmed/19068794
http://dx.doi.org/10.3390/w8120601
http://dx.doi.org/10.1016/j.desal.2017.04.013
http://dx.doi.org/10.1016/j.rser.2017.08.087
http://dx.doi.org/10.1016/j.desal.2017.04.024
http://dx.doi.org/10.1002/ente.201700061
http://dx.doi.org/10.1038/nmiddleeast.2016.50
http://dx.doi.org/10.1039/C5EW00217F
http://dx.doi.org/10.1016/j.apenergy.2015.09.035
http://dx.doi.org/10.1016/j.apenergy.2015.03.062
http://dx.doi.org/10.1016/j.desal.2014.10.025
http://dx.doi.org/10.1016/j.applthermaleng.2014.03.064
http://dx.doi.org/10.1038/s41545-018-0028-4
http://dx.doi.org/10.1088/1748-3190/11/4/041001
http://www.ncbi.nlm.nih.gov/pubmed/27387607
http://dx.doi.org/10.1080/15422119.2017.1335214
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Thermodynamic Framework for Standard Primary Energy (SPE) 
	Standard Universal Performance Ratio (SUPR) 
	Roadmap for Sustainable Water Supplies 
	Conclusions 
	References

