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ABSTRACT

A Detailed Study of Desalination Exergy Models antheir Application to a
Semiconductor Ultra-Pure Water Plant
By

Lorna Fitzsimons

Ultra-Pure Water (UPW) is a high energy raw matetiaged in the semiconductor
manufacturing industry. However, to date, the paotidim of UPW has received little focus
in terms of energy consumption mitigation. Exergmlgsis is perhaps the most powerful
tool available in the search for industrial enegffyciency. The objective of this research
was to develop an approach for the exergy anabfsSemiconductor UPW plants in an
effort to characterise energy consumption. Howevellpwing an extensive literature
review, it became evident that several desalinagigrgy models were in current use, and
it was unclear which model was the most approprigtesenting a serious challenge to
researchers seeking to apply exergy analysis terwairification processes. A detailed
study and comparison of two predominant desalina¢giwergy models was undertaken to
determine the most appropriate model for UPW amerotvater purification applications.
Neither of these models was deemed suitable dumappropriate underlying model
assumptions. Two potentially suitable exergy catoh models were identified from the
broader literature and developed further for UPWliaptions. A novel method (based on
Szargut’s chemical exergy reference environmeng) eeveloped to calculate the chemical
exergy of electrolytic solutions at non-standarddistate temperatures. It was found that,
in general, the chemical exergy of ionic species wansitive to changes in dead state
temperature. The exergy models were applied to & pRnt in an effort to compare the
models and characterise the plant. In generaletleegy destruction rates were similar for
the three models, the hot water heat exchangeglb& main exception (and also a key
source of exergy destruction). Chemical exergy edovital for the calculation of several
process exergetic efficiency values and the assegson plant exergy losses. Following a
detailed assessment of the UPW plant exergy asatgsults, the most appropriate model
was identified.
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generation (KW/K)

Molar entropy of the reaction (kJ/mol.K)

Conductivity (siemens)

Absolute Temperature (K)

Specific internal energy (kJ/kg)
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On occasion, the chemical formula of a substanaeed as a subscript. In these cases, the subscript
refers specifically to the substance denoted bykteanical formula. The valence of ionic species is
often denoted by plus or minus signs, the numbéheplus or minus signs refers to the valence of
the ion, e.g. Céd signifies the calcium ion with a valence of twohét subscripts and superscripts

are explained as follows.
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aq Denotes aqueous species

Ch Chemical

cold Refers to heat exchanger cold stream

compound Denotes relevant compound under consideration

des Destruction (refers specifically toXes the rate of exergy

destruction)
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sol

Tr

used

Physical
The permeate stream (should be clear from thesgnt
Pressure

Refers to relevant process stage
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form

Denotes the reactants of a chemical reaction
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Raoultian (refers to activity coefficient), the me&ay should be clear
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Refers to the restricted dead state
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1 Introduction

Energy and water are two key inputs of the higldynplex semiconductor manufacturing
process, and both are used intensively [1-4]. Degsbeir status as important raw materials,
the goals of energy efficiency and water conseowatare relatively new in the
semiconductor manufacturing industry. Recent flattins in the cost of energy, the
depletion of fossil fuels, the current water sdgrcrisis [5-7], and the wide acceptance that
carbon footprint mitigation is necessary to redieeimpact of climate change, have led to
a greater focus on the effective and efficient oséhese resources. The conservation of
both has been highlighted as difficult challengeghe International Technology Roadmap

for Semiconductors (ITRS) [8].

Alongside environmental concerns, there is a str@uginess case for sustainable
manufacturing and the conservation of resources tlaa traditionally held corporate view
that an ultimate trade-off between the environmamd the economy exists [9, 10] is
changing. Corporate environmental responsibilityasmess has increased; at the time of
writing, the top five companies in Fortune 500 [1Ekxon-Mobil, Wal-Mart, Chevron,
ConocoPhillips and General Electric all report ocorgorate Social Responsibility (CSR),
including environmental sustainability, in somenfoor other. According to an earlier 2002
KPMG report, the main reasons given for such caigoresponsibility reporting were,
“enhanced reputation, competitive advantage and @astings[12]. Whether this
reporting is only paying lip service to stakeholgegssure, or not, is open to debate, but at

least companies are acknowledging stakeholder cosicegarding the need for sustainable



development. The efficient use of resources playisahrole in sustainable manufacturing,

and the ability to optimise resource inputs, susleergy and water, should be perceived
as a technological asset. There is also the groawoegptance of the incontrovertible fact
that the economy can only exist and thrive in thegtterm if the environment can sustain
the economy; theeconomyafter all, is embedded in the environmgR]”. The criticality

of a healthy natural environment is also illustdaterthen one considers that this

environment $erves as both the source of raw materials as agethe sink for the wastes

of industrial processeld 4]".

Since the industrial revolution, humankind’s congtion of natural resources hgsut him

in the position of a fantastic spendthrift [15]ih 1971 Georgescu-Roegen [15] stated that
the rate of natural resource depletion was linledur ability to sustain a growing global
population. At the time of writing his seminal wortkhe world’s population was between
three and four billion, now the population has mige almost seven billion (predicted to
reach nine billion by 2045) [16Hence, the efficient use of resources, althoughetated

to industrial cost bases, transcends various industectors and becomes an important

human issue.

In general, the manufacture of newer high technolagducts such as carbon nanotubes
and silicon wafers have high specific electricarggy requirements, largely due to the high
purity input materials, high dimensional accurang &ow production rate [17]. Although
energy intensive, the semiconductor manufacturimustry has been relatively slow to

adopt resource and energy efficiency, this is prignaa function of semiconductor



manufacturing industry economics and manufactupngcess complexity. Compressed
product life cycles, driven by Moore’s law, chamte semiconductor manufacturing
economics. For new technologies, the main objedsve® maximise yield quickly, and
therefore profit; in these efforts, energy effiagroften plays a minor role. Typically, in
order to speed up new process production, triedtestéd methods are used even though
they may not be energy efficient. The productiompaup for new device technologies is
highly challenging, and in this respect the sheempmexity of the semiconductor
manufacturing process plays a vital role in cydlasign inefficiency, or what Lovins [13,
18] terms, the ihfectious repititis”of the semiconductor industry design strategy. eldvh
technologies mature, a change from high profit mmsrgo commodity occurs [19], and
operating cost reduction, and hence energy efftgidbecomes more important to the
industry. At this stage, energy efficiencies carabkieved by retrofitting facilities systems
such as boilers, chilled water systems, air hagddiystems; the literature on these efforts

has been reviewed previously by the author, seeAgig A.

Ultra-Pure water (UPW) is used in large quantitrethe semiconductor industry; it is used
primarily for wet cleaning operations, where, doeits physical properties such as high
dielectric constant and high dipole moment, it isighly effective solvent. Typically, the
physical properties of UPW are combined with meaarprocesses such as megasonic
and quick dump rinsing to strip the wafer of impies. According to Peters [3jwo to
three million gallons of UPW per day is used inypi¢al 200 mm fab (semiconductor

fabrication plant). UPW is also used in other irtdas, such as the power and



pharmaceutical industries, but the purity of UPWedisn semiconductor manufacturing

applications far exceeds that of its other usek [20

UPW production has been selected as the targeteimiconductor manufacturing energy
reduction in this research. One of the principalsoss for selecting UPW as the focus of
this research thesis is its high energy intensitgording to two benchmarking studies [21,
22], UPW has the highest energy intensity of a# tilities used in semiconductor
manufacturing. Both the quantity and the quality WPW used in the semiconductor
manufacturing processes are expected to incredseiwith Moore’s Law [23, 24]. As the
quality of UPW increases to stricter purity levelse energy used to produce UPW is also
expected to increase and become lkey" issue of concerrj25]”. Semiconductor
manufacturing industry research to date has adedaatReduce, Reuse, Recycle’ strategy.
However, in light of expected increases in bothliggas well as quantity, and the resulting
increased energy demands, research into the ewbaygcterisation and optimisation of
UPW production is required in conjunction with tieduce, Reuse, Recycle’ strategy.
The current conservation strategy is not sufficiantself. However, little, if any, academic
research exists on UPW energy reduction, and élsisarch seeks to address this gap in the
academic literature. The reasons for choosing URWha focus of this research can be
summarised as follows;

* High energy intensity;

» Little focus to date;

» Expected increases in both quantity and qualityBiV used — limitations of the

‘Reduce, Recycle, Reuse’ approach in addressing®pected quality increases;



* Applicability of UPW to other industries.

Having chosen UPW as a focus for this energy réaluaesearch, the next step was to
determine which method to use in order to charmetethe use of energy in UPW
production. Looking further afield to the desalioat industry, it became evident that
energy reduction research was already a well estedul research area. The objective then
was to assess the methods used in the desalimatiostry, and to determine if any of these
methods were transferrable to UPW. Having revietet desalination literature, exergy

analysis was chosen as the key research methodology

Exergy, a thermodynamic property, combines the tFiemd Second Laws of

Thermodynamics to establish that energy should amdy be thought of in terms of

guantity, but also in terms of quality. Exergy refdo the quality of energy and the
potential ability of energy to do work; this potahtability is destroyed in systems due to
irreversibilities, and this lost potential can beaqtified using an exergy balance, which
calculates the system exergy destruction, or teedotential to do work. The First Law of
thermodynamics shows that energy is always condeivereal systems, exergy is never

conserved.

The relevant UPW and exergy research literatureevgsewed in Chapter 2. The main
sections of the literature review include a briggneral introduction to energy use within
semiconductor manufacturing, an overview of UPW ahiattempts to answer the

following questions;



» UPW, what are the industrial applications?

* What is UPW and how is it defined?

* How pure is the UPW used in semiconductor manufaxg@

 Why is it used in semiconductor manufacturing?

* How is UPW produced?
The literature review then considers general eneegluction efforts carried out in the
desalination industry with a focus on Reverse Osn@¥0) and other shared technologies,
and finally, exergy is introduced. Previous exerggearch in the desalination industry is
reviewed, and as a result of this literature reyieav basic methodology for the

characterisation of energy use in UPW productigoragosed.

Following the literature review, an initial comp=oh of two prevalent desalination exergy
models (termed the Drioli aqueous solution model &vwerci ideal mixture model) is

presented in Chapter 3. These two exergy models w@mpared by applying them to a
dataset in literature. The outcome of this prelemynanalysis work leads to the formulation
of the research hypothesis and research objedtiv€kapter 4, and the development of the
research plan. In Chapter 5, a detailed compar@dothe current desalination exergy

models is undertaken.

Chapter 6 details the author's development of Md@leln essence, Model C is a novel
approach which facilitates the accurate applicatibtine electrolytic solution exergy model
to water purification systems. A second potentiallijtable model for UPW applications,

the Szargut model, is detailed in Chapter 7. Commatandard chemical exergy values
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are used to undertake exergy analyses. Importantyhapter 7, a method is developed by
the author to calculate the chemical exergy of dogpecies, and hence electrolytic
solutions, at non-standard states (Model D). Tlangk in chemical exergy of ionic species

as a function of changing dead state temperatwaksdasinvestigated.

An exergy analysis of a semiconductor UPW plantnsgertaken in Chapter 8 using the
Cerci ideal mixture model, the developed Model @¢d @he developed Model D. The

models are compared and the plant is characteiisadrms of exergy flows, exergy

destruction and process rational exergetic effoyerCertain other relevant issues arising
from this research are also addressed, for exarnt@egelevance of chemical exergy at low
ionic concentrations and a comparison between skeotithe ideal mixture model and the
electrolytic solution model at relevant UPW planhcentrations. Finally, the conclusions

of this research and recommendations for furthekwoe presented in Chapter 9.



2 Literature review

The objective of this chapter is to assess the ighiad research on the energy
characterisation/optimisation of semiconductor UpMhts. The published literature in this
area is very rare. Consequently, it became negessareview the desalination industry
literature in order to select a suitable approdchwill become evident, this research spans
several disciplines and draws on elements from W&\ RO technology, but also from
desalination research, thermodynamics and exergyysis in particular. The literature
review in this chapter identifies the gaps in therdture and acts as a research focus;
however, due to the cross-discipline nature of tesearch there is ongoing, timely

incorporation of research findings from other acaigdields throughout this thesis.

2.1 Energy use in semiconductor manufacturing

Energy is used in the semiconductor manufacturimdustry via the electrical power
consumption to run the fab and all associated sies)s, and in the combustion of fossil
fuels for the plant boilers. The proportional bréakn of the electrical energy used in the
fab is shown in Figure 2-1; the electrical energgplit between the processing tools (35%)
and the facilities systems (65%) [26]. The faahtisystems generate the utilities required to
maintain the exacting purity, humidity, and tempera specifications of the cleanroom
environment but also the high purity utilities ugedsupply the processing equipment, for
example make-up air (MUA) and UPW. This breakdowaven in Figure 2-1 is based on

the average electrical use of 12 fabs [26].



Percentage of electricity use - average
of 12 fabs
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Figure 2-1: Percentage electrical energy breakdown, adapteddm [26]

Alongside studies assessing the proportional enesgyin fabs, indusy consortia such as
International Semiconductor Manufacturing Initi@i(ISMI), have also carried o
benchmarking studies between different fabs in rotdequantify the energy required
process wafers; generally, the metrics used are g&Yhunit of roduction or kWh per un
area of silicon. Both metrics are used to addresaberent difficulty in benchmarkir
different fabs; this difficulty arises because #ergy required to process wafers i
function of several factors, for examp

* The chipcomplexity and number of layet

* The quantity of wafers process¢

* The process maturity and operational expe!

* The fab location and climatic factc
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* The wafer and device dimensions.
In the literature, an average figure of 1.5 kWHidras been chosen as representative for the
electrical energy required per square centimetrsiliwon wafer processed and 1 MJfcm
has been selected for fossil fuels [1]. Energy c&da targets set by the ITRS 2007 report,
aim to reduce the energy intensity of semicondustanufacturing from 1.9 kWh/ciior

2009 to 1.2 kWh/cby 2016 [27].

Other energy benchmarking studies have been caouedon the various fab facilities
systems that produce the utilities used in the rzaturing process, and to maintain the
cleanroom environmental conditions [21, 22]. Insthéwo studies, the energy required to
produce one unit of the utility in question wascoédted for a specific fab model. The
energy intensities of the utilities are shown, gsanogarithmic scale, in Figure 2-2. Again,
as in the case of benchmarking overall fab enesgy the difficulty of comparing different
operational criteria remains; however, the benckingr exercise does facilitate
comparison between the energy impacts of the variilities used in the semiconductor
manufacturing process. One utility stands out iguFé 2-2, UPW has anefergy
conversion factdrof 10.2 kWh/n? [22]. This value is similar to theshergy indekvalue

of 9.55 kWh/m, calculated for UPW in the Taiwan benchmarking st[&hy}. Although the
energy intensities are given two different namaes, ae based on two different fab models,
both benchmarking exercises serve the same purp@se, quantify the energy intensity of
the fab utilities. When coupled with utility usagees, the key fab energy drivers can be

identified.
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Energy conversion factors (ECF) for fab utilities
100
10
£ 1
K=
S
-
5 01
w
0.01 i
ooor L I
Exhaust Vacuum Dry air PCW (20-25°C) PCW (32-37°C) UPW
Fab utilities

Figure 2-2: Energy conversion factors of fab utilities used IrSEMI S23 (logarithmic scale), adaptec

from [22]

It is important to state at the outset, that sermdemtor manufacturing energy reduct
research, reported in the academic literature, idixely rare. There are several reports
energy reduction projects undertaken by the semdiector manufacturing industr
including the reduction of air change rates in theanroom HVAC system; improd
boiler efficiency; the use of heat recovery; and ttse of dual temperature chiller loc
among others [285]. On a more strategic level, there have been fiviia taken tc
benchmark, manage and improve the use of enertheimdustry. These approaches h
been previously reviewed by the aut[36]. The cited publication assessed efforts suc
whole system optimisation, matching needs to c#épaa order to avoid ovesized
facilities energy demanc[37-39], and the development of the Total Energy Equivek
(TEE) method and TEE reporting tc[40, 41] The author concluded that energy effici

design las the most leverage at the design phase andhbalkatk of suitable inbui
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measurement equipment was a significant challemgéf¢ctive energy management in the
semiconductor manufacturing industry. Following extensive literature review, it is
evident that very few, if any, of these energy i efforts, have focused on reducing

the energy impact of UPW production.

2.2 UPW

UPW is used in the semiconductor industry for thet eleaning of the silicon wafer. It is
used at several different stages during the matwrfag process to rinse the wafer, and
also, to clean tool parts such as chemical mechbmptanarisation equipment. The
engineering properties of water such as high dipaenent, hydrogen bonding, and a high
dielectric constant (important for ensuring and ntaning the separation of ions in
solution), make UPW an excellent solvent [42, 4Bhese properties, coupled with
mechanical cleaning processes such as quick dummgi and megasonic cleaning, prove
highly effective at stripping the wafer of impue$. The primary semiconductor
manufacturing process technologies that use UPWitleewet benches and chemical

mechanical planarisation tools.

According toUllmann’s Encyclopedia of Industrial Chemisfd4], UPW is defined as,
“...having electrolytic conductivity less than 0.1 /@8. For comparison, the
theoretical conductivity of pure water is 0.054 gr/at 25 °C. To be classified as

ultrapure water, the ionic concentration must besléhan 20 pg/L.”.

Ultra-Pure water (UPW), as the name suggests,tisrarly pure water, but even under the

general term of UPW, different standards and pupitiprities exist for different UPW
12



using industries. There are several industrial iappbns for UPW including the power
generation, pharmaceutical and semiconductor inégq#4]. The purity specifications for
different industries vary depending on requirementise main priorities of the
pharmaceutical industry areeproducibility, reliability and documentatidnthe power
industries require low conductivity and silica lesjeand the semiconductor industry
requires minimal impurity levels [45]. Of the inddss using UPW, the semiconductor
industry has the most stringent specifications A, Meltzer states,it‘would be fair to
say that the sophistication of semiconductor puiEew preparation far exceeds that

practiced in pharmaceutical settinf0]".

Water purification plants were introduced into Heniconductor manufacturing process in
the 1960s. With the onset of Very Large Scale Iratgn (VSLI) in the 1970s, the
semiconductor industry began to focus on watertypuwstandards. Initially, the main
industry concern for water purity was resistivityr conductivity), and as the integrated
circuit geometry shrank in size, the specificatibmswater purity became stricter. In the
1960s the resistivity specifications were betwe8nahd 16 M.cm [47]. Current UPW
resistivity specifications are in the range of 1BI2.cm at 25°C, theoretically pure water
has a resistivity of 18.25 flcm at 25°C [47]. Aside from resistivity, other iorpant UPW
purity requirement metrics include maximum alloveatélues for impurities such as;

» Silicon Dioxide;

* Number of particles;

» Particle size;

* Bacteria;
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» Dissolved gases;

* Total Organic Carbon. [20, 48]

Conductivity is directly related to an important teiaquality metric - Total Dissolved
Solids (TDS). TDS is a measure of all the minedidsolved in water and is used later to
calculate mass and mole fractions for process watee relationship between TDS and
conductivity can be estimated by multiplying thendoctivity (uS/cm) of the water by a
factor of 0.64 [48], a second method of calculating TDS of a natural water sample is
given as the product of the conductivity by a faatothe range of 0.55 to 0.7 [20]. Meltzer
[20] does not state how to choose the appropratf in this range, and this is considered
in more detail later in the thesis. Although théioadly pure water is an ideal, the high

purity of UPW used in the semiconductor industrgrapches this ideal very closely.

The water purity objectives for different UPW agplions have already been discussed,
however, there are also varying UPW purity stanslantihin semiconductor manufacturing
applications for different product technologiesriBustandards vary depending on the line
width of devices, which is a measure of the microgbnic device dimensions; as line
width decreases, the UPW purity standards incresexample of standards for varying
line widths is shown in Table 2-1 where Type E{%.1he purity standard for water used in
producing devices with a line width between 0.28 &rbum and Type E-1.2 relates to
devices with a line width of between 0.18 and Qud® [48]. Table2-1 is adapted from
ASTM 5127-99: Standard Guide for Ultra Pure Wateedi in the electronics and

semiconductor industry [48]. The permitted ion anetal quantities are expressed in parts
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per trillion (ppt). This table highlights the inasngly stringent requirements as line width
decreases. For example, the permitted quantitiesewéral ions and metals, such as
calcium, magnesium, iron and copper, have decrdagedfactor of 10 as line widths have

decreased by a maximum factor of 2.7.

As purity standards increase, the energy requicegurify water, to these ever more
exacting standards, increases. One research 26§l ifnpirically investigated the impact
of increased water purity standards on energy copsan. The research showed that for a
reverse osmosis (RO) process, twice as much primaeygy was required (kJ/gallon of
UPW) to purify water from 0.01 ppm to parts petibil values (one order of magnitude),
than was required to increase the water purity fB2¥80 ppm to 0.01 ppm (four to five
orders of magnitude). As UPW purity standards iaseefurther, the energy required to

produce this purer water is expected to increas# pacome aKey issue of concefa5]”.

The question arises as to how these specificaiomsletermined, and whether these purity
requirements are necessary? This question is iaaoirom the energy perspective, due to
the increased energy demands with increasing vpai@y, and requires investigation. The
purity standards required by the industry are oftety limited by the resolution of the
current measurement technology [48]. In 1993 Meltzensidered whether these
measurement detection limited purity standards vem@ugh, and stated that thty.do

not necessarily reflect bounds that are sufficigather they are the best levels currently
possible and thus they must be tolergi2@].” This statement appears to infer that these
standards are not adequate. Later in the sameechbptvever, Meltzer argues that whether

or not greater purity standards are necessary finenpoint of view of their application, the
15



fact that higher purity standards are achievabteraeasurable drives tighter specifications.
So, on the one hand, the standards may not be setrmugh, on the other hand, the
standards are driven purely by current technolagyexements. There is obvious doubt
regarding the necessary purity levels. This caseedinology driving standards is not a
sound scientific basis for selecting purity staddar The issue of setting purity
specifications requires further research if a funeatal issue of the energy impact of UPW

is to be addressed.

Table 2-1: Semiconductor UPW standards adapted from ASTM 5127-99: Standard Guide for Ultra

Pure Water used in the electronics and semiconduatindustry in [48]

Type E-1.1 Type E-1.2

Resistivity, 25°C (M2.cm) 18.2 18.2
lons and metals (ppt)

Ammonium 100 50
Chloride 50 20
Fluoride 50 30
Nitrate 50 20
Sulphate 50 20
Aluminium 20 5
Boron 20 5
Calcium 20 2
Chromium 20 2
Copper 20 2
Iron 20 2
Magnesium 20 2
Sodium 20 5
Potassium 20 5
Zinc 20 2
Total (ppt) 500 172
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2.2.1 UPW conservation

The conservation of UPW is acknowledged as an itapblissue by both Semiconductor
Manufacturing Technology (SEMATECH) and the ITRS,Reduce, Reuse, Recycle’
strategy has been adopted by SEMATECH. In thealitee, the benefits and risks
associated with recycling UPW, and other variouducion and reclamation strategies
have been studied [49]. According to this studylibnefits of these strategies include;

* Improved feedwater quality, and as a result, impdoproduct water quality;

* Reduced UPW facility maintenance such as reducedbrane cleaning;

Reduced ion exchange regeneration, thereby lowedangexchange regeneration
chemical usage;

* Reduced feedwater and waste water treatment calts {o lower volume

requirements of feedwater and less wastewateoeps);

* Improved RO retentate quality for other reuse pseso
There are risks, however, and these include;

* The build-up of recalcitrant compounds;

* The introduction of compounds into the UPW systangxample, species that the
system was not designed to remove (e.g. the wetbsaste streams);

» Risk of biofouling.

This study also discusses some methods of UPWedsetion in processes, including;
* The use of quick spray rinsing instead of overfiwd quick dump method,;
* Improved rinse tank geometries;

* Megasonic cleaning;
17



* Idle flow rate reductions;
» Analytical monitoring of rinse-water quality.

Other recommendations advocate the use of hot U8 anld UPW as a conservation
method, i.e. hot UPW is more effective than cold #merefore less UPW is required for
cleaning processes. From the energy perspectiveeves, the use of hot UPW adds an
extra energy burden that should be evaluated wipeact to the quantity of ambient UPW
conserved (the ambient temperature depends onptweifis plant). Another issue is that
the outflow from certain process streams is naable for recycling, due to the presence
of unwanted organic compounds. Therefore, streaparagon for the different rinse
waters is required to segregate the recyclablamsisdrom the others. However, this has an
associated capital expenditure for extra plumbingsummary, there is great potential for
the Recycle, Reduce, Reuse strategy but the riséisttee benefits need to be assessed
carefully, particularly with respect to UPW recywi UPW use optimisation appears to
offer some easy wins, namely spray rinsing and avgad bath geometries, and reduced
idling flows. Again, risks remain, such as the pied for increased biofouling. Some of
these conservation efforts were undertaken andtespm the literature [50], including the
reduction of UPW idling flows, leak repairs, thepla@ement of faulty resistivity probes
and reducing the number of quick dump rinses. Th#3@/ reduction efforts resulted in a
saving of approximately 18.5 million U.S. gallonsrpyear without impacting wafer
quality, showing again that easy wins do exist. a\ways though, the impact of any

changes on quality (i.e. water purity) requiretdrassessment.
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Despite the industry acknowledgement that wateseation is vital, it is expected that
UPW requirements, in terms of quantity, quality amdmber of applications in the
manufacturing process, will increase with shrinkgegpmetries for next generation devices
in line with Moore’s Law [23, 24]. Regarding UPWetmain focus to date has been on the
conservation of water through the Reduce, ReuseRewcle strategy. However, the
present energy requirements of UPW, and the pestligrowth of future energy
requirements with increased UPW purity, point taigarthe necessity of energy

characterisation and optimisation.

2.2.2 The production of UPW

UPW is generated using a series of purificatiomtetogies such as reverse osmosis (RO),
ion exchange (IX), ultra-violet (UV) radiation, eteo-deionisation (EDI), various levels of
filtration, and degasification. A typical UPW plasthematic is shown in Figure 2-3 [51];
the first two unit processes in the diagram shoasvitiitial purification technologies used to
produce city water, which then acts as the feeémtatthe UPW plant. This city water will
generally undergo three purification stages, edaafescontaining a number of sequential
unit processes. The three loops typically compsaspre-treatment or make-up loop, a

primary loop and a final polishing loop.

RO is the engine of the UPW system, and theretendd first and second pass RO with
multiple stages in each pass. The distinction betwgvo-pass and two-stage RO can be
explained as follows; in two-pass RO, the produatawvor permeate from the first pass acts
as the feed water for the second pass, howevdwoistage RO, the retentate from the first

stage is used as the feed water for the second @tath are shown in Figure 2-4).
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Scale

Figure 2-3: Typical UPW plant technologies, adaptedrom [51]
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Figure 2-4: Two-Pass and Two-Stage RO
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According to Dey and Thomas [48], almost 80% of émergy used in UPW systems is
pumping energy to overcome osmotic pressure irR@emembranes and pressure losses
due to filtration processes. Meltzer [20], howeweifferentiates between the pumping
energy required to overcome osmotic pressure apdptiessure to achieve adequate
permeate flux across the membranes. According ttizBte osmotic pressure needs play
only a minor role in pumping energy requirementss s due to the low TDS of the
incoming feedwater, for example, feedwater with@STof 200 ppm only requires 2 psig
(pounds per square inch gauge) which is approxignatgual to 0.14 bar. This calculation
is based on a ‘rule of thumb’ also discussed in Bey Thomas [48], which states that for
quick calculations, for water rich in divalent iotise osmotic pressure is equal to 1 psig for
every 100 ppm of TDS (1.2 psig for water rich inQlJa However, given the low values for
osmotic pressure seen in high purity plants, tymeerating pressures are reported to be in
the range of 200-400 psig (approximately 14 to 88.bAccording to these figures, at least
one hundred times the pumping energy required ®roowne the osmotic pressure is
generally used. What is the excess pumping enesgg tor? It is used to ensure adequate
flux hence inferring that it is the membrane’s se&mice to flow which drives this energy

excess.

2.3 The RO process

In RO systems, the feed water, which is a mixtufepare water and impurities, is
pressurised using a high pressure pump. The feedfaivs tangentially to the membrane
surface, the permeate passes through the memtaaden reality a small proportion of
ionic impurities), see Figure 2-5. The retentatearcentrate refers to the liquid that cannot

pass through the membrane; the retentate flow m¢ralted by the concentrate valve. A
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number of these membranes are contained in a peessssel and a number of these

pressure vessels are contained in an array. Seaeels make up the RO process, see

Figure 2-6.
Module = Membrane Element + Pressure Vessel
l Concentrate
Feed Flow Valve
@ = Concentrate (Brine Reject) Flow
High Pressure
Pump

= Permeate (ProductWater) Flow

Semipermeable Membrane

Figure 2-5: RO cross-flow filtration [52]

Figure 2-6: RO arrays in a UPW plant[53]
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2.3.1 Osmosis and reverse osmosis

Osmosis is a natural phenomenon occurring whpeme* water flows from a dilute saline
solution through a membrane into a higher conceidra saline solutioh [48]. The
osmosis process is shown in Figure 2-7, the haglite concentrated liquid increases as
pure water passes across the membrane, this agatilrthe increased pressure in the high
column of liquid exerts a force which counteraties passage of the pure water through the
membrane and no further transport of pure wateestghace, this point of equilibrium is
called osmotic pressure [52]. If however, a pressarexerted on the concentrated side,
which exceeds the osmotic pressure, the phenomehoemosis is reversed; Figure 2-8
shows how pure water now flows from the more cotre¢ed side of the membrane to the

less concentrated side

OSMOSIS

Semipermeable
Membrane

Salt Water Pure Water

£ FLOW

Figure 2-7: Osmosig54]
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REVERSE
OSMOSIS
Pr re
— Semipermeable
Membrane
Salt Water Pure Water

Figure 2-8: Reverse Osmosi&4]

On a more scientific level, it is the differencecinemical potential between the fluids that
drives the osmosis process, always in the direatiolower chemical potential [55]. The

chemical potential of a pure substance is alwagatgr than the chemical potential of that
substance existing in a mixture due to the ent@pmixing. Osmosis occurs because the
chemical potential of pure water is higher than ¢hemical potential of water in aqueous
solution with other species; to attain equilibriymiyre water will cross the semi-permeable
membrane into the aqueous solution until the passagalted due to increased pressure

which exerts a force on the solution side of thentm&ne.

2.3.2 RO separation models and performance metrics

There are two main models which attempt to charizet¢he RO separation process, one is
the porous model of the membrane. The porous nufdiétle membrane assumes that the
flow through the membraneotcurs through the pores, which have a characterisize

distribution [48]". The alternative model that is widely acasgtfor RO systems is the
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solution-diffusion model. This model assumes trathecomponent of the high-pressure
solution ‘diffuses through the membrane in response to tmeesdration and pressure

differencé (originally from [56] in [48]).

The performance of an RO unit depends on many rgctocluding most importantly,

suitable feed water pre-treatment. To assure fanatluct water quality, UPW plants are
designed to complement the incoming feed wateradaristics to the RO unit so that
performance capabilities are not compromised. phestreatment is essential to minimise
fouling and scaling effects. Once the feed watesuisably pre-treated, the performance is
generally measured in terms of several importarttiose (1) the permeate water flux, (2)
the percentage salt rejection, and (3) the pergemntacovery. The permeate water flux can
be defined as the quantity of permeate water &tihper unit area of membrane per unit
time (n¥/m?/s); in imperial units, this is commonly referranlds gfd (gallons per square
foot per day). The water flu3, through the membrane is represented in its mogpleim

form by (2.1).

J, = AR, -M) (2.1)
In (2.1) A is the membrane permeability coefficient (experitaliy calculated for various
membranes, it characterises the membrane’s reséstarflow), Py, is the trans-membrane
pressure, andil - is the osmotic pressure of the feed water. As) (Butrates, for a given
membrane, the permeate flux is proportional todifference between the trans-membrane
pressure and the osmotic pressure of the feed wHter osmotic pressures dealt with in
UPW plants are not significant when compared tovagar, and therefore, the permeate
flux is primarily a function of the trans-membrapeessure. So, because the energy
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required for the RO process is electrical pump g@nethere is a necessary trade-off
between the operating pressure of the pump andénmeate flux rate; the lower the
operating pressure, the lower the permeate fluxcklethe efficiency of the pump is very
important to energy efficient RO. Therefore, imlearto maintain the same permeate flux
rate at a lower operating pressure, raising the Ionene permeability coefficienA is

necessary.

The salt flux through the membrane is given by)(2.2

J.=B(G-G) (2.2)
Equation (2.2) shows that the flow of salt acrdssmembrane is independent of pressure
but is a function of the difference in concentrat@cross the membrane whdas the
membrane permeability coefficient for the s&lf is the concentration of the salt in the
feed andCp is the concentration of the salt in the permeatiee Fecond important
performance metric, and particularly important &@W applications, is the percentage salt

rejection, see (2.3).

% salt rejection{ i%}x 10 (2.3)

.
The percentage salt rejection metric is a meastirineo permeate water quality and is
defined as unity minus the salt passage, where stHie passage is defined as the
concentration of the permeate divided by the cotmagan of the feed water. The recovery
metric is defined according to (2.4) as the volumetiow rate of the permeate water

divided by the flow rate of the feed water.
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% Recovery:%x 10 (2.4)

.
The recovery is controlled by the concentrate vaifvéhe recovery is too high, the flow
rate tangential to the membrane surface is noticgrit to prevent concentration
polarisation, as a consequence, salt rejectioreasars and permeate flow decreases. [43,

52]

Other main factors affecting performance includeeraping parameters such as
temperature, pressure, recovery and feedwater ntraten. These factors are shown in
Figure 2-9 where the direction of each arrow (witeach of the four plots) indicates the
relationship between the relevant performance meind the independent variables. The
feed concentration is controlled as much as pasdiplsuitable pre-treatment. Therefore,
regarding RO operating parameters, and specifiéysystem performance, the areas of
influence include pressure, temperature and regovates. As Figure 2-9 illustrates,
increased pressure, is beneficial to both permihateand salt rejection. Higher operating
temperatures increase the permeate flux but haetremental effect on salt rejection. The
operation of RO systems at higher recoveries hasgative effect on both the percentage
salt rejection and the permeate flux, this negatffect increases dramatically after a
certain percentage recovery. Feed concentratioreases have a negative effect on both
percentage salt rejection and permeate flux, agth@alt rejection performance decreases
steadily initially and then experiences a more drandecline in performance; permeate
flux falls off sharply initially and then more suily. Figure 2-9 shows the complexity
involved in parameter set-up, and importantly, hitng set-up often entails a trade-off

between permeate flux and percentage salt rejecddsp, two of these parameters,
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temperature and pressure are explicitly relatedptant energy consumption. The
temperature affects the viscosity of the wateruced viscosity means greater permeate
flux. However, in order to increase the temperatfrthe water, energy must be expended,
again involving a trade-off between the energy meguto heat the water and the increased
permeate flux as a result of this increased pemrigaw rate, but also with an added caveat
that increased temperature also increases salagmsBressure increases appear to be a
win-win situation with respect to permeate flux agalt rejection, but increased pressure
also has an associated energy cost. The influehgeessure on permeate flux can be seen
clearly from (2.1), what is not obvious is the riorear mathematical relationship between
salt rejection and pressure. The reason the pagesalt rejection increases with increased
pressure is that increased pressure causes indreasueate flux, however, due to the fact
that salt flux is independent of pressure, see), (2% salt flux does not change and

becomes more diluted leading to higher percentaljeegection [57].
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Figure 2-9: RO performance parameterd52]

2.4 Energy reduction in the desalination industry

Energy reduction efforts reviewed in the semicomdiumanufacturing industry literature

did not include research on the energy optimisatbtJPW plants. To assess the work
previously carried out in the field of energy retioig in water purification processes, it has
been necessary to turn to desalination energy ne@sebhe published literature shows that
the reduction of energy has become a very impoitsue and hence energy research in

desalination is already well established.

The most significant factor that has a bearing nargy consumption is the choice of
purification process. RO requires a lower energuirthan thermal processes [5, 58] such

as multi-effect distillation (MED) or multi-stagdéagh distillation (MSF). The operational
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energy requirements for different desalination rod#) collated from recent publications in

the literature, are shown in Table 2-2.

Table 2-2: Desalination energy requirements

Technology Energy requirements Reference
(kWh/m?)

Brackish water RO (core process) 1 [59]
Seawater RO with Energy recovery (core process) 2.2t0 2. [59]
Seawater RO (all auxiliary requirements) 5t07 [60]
MSF (all auxiliary requirements) 38.5 to12& [60]
MSF 20 [61, 62]
MED (all auxiliary requirements) 32 to 122. [59, 60]

RO requires the lowest energy input of common des#bn systems [63]. This is possibly
one of the main reasons for the use of membraneepses in comparison to thermal
distillation processes. RO is particularly costeefive for high energy cost regions like
Europe [63, 64]. The Arabian Gulf States are thgomexception due to the low energy
costs and the high salinity of the local seawate6{], for example, Kuwait uses only MSF
for desalination [61]. Although RO is considerededatively low energy desalination
process compared to thermal distillation procesggsat strides have been made in
lowering the energy footprint of the reverse osmgsiocess. RO processes in the 1970s

produced product water with an energy intensityapproximately 20 kWh/fh a value
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which had reduced to less than 2 kW® by 2004, see Figur2-10. According to reports
cited in referencef, 64], a recent value of 1.58 kWhfrhas been achieved under id
conditions (new membrane, low water flux at 42%oxery). Hovever, this low specific

energy value was obtained at the expense of peemealtity[64].

Energy reduction in Seawater Reverse Osmosis
30

25

20

15

10

5 L

. N -

Early distillation  Late 1970s Mid 1980s Late 1990s Early 2000s
systems SWRO SWRO SWRO SWRO

Tmeline for RO energy consumption

Specific energy consumption (kWh/m3)

Figure 2-1Q Decreasing energy consumption for RO processegjapted from [65]

RO desalination processes have significantly redlym®cess energy consumption. 7
main energy reduction improvements have come admat result of several factors, wh
are not mutually exclusiv
* Improved membranes, lower specific energy requiresnasita result of higher flu
[65, 66];
e Pump and motor efficiency improvements, and theai8¢SDs[63, 65];
e Studies in RO system optimisati[67-74];
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* The implementation of energy recovery devices tmémss the wasted throttling
valve energy, such as pressure exchangers, tudrgens, and Pelton and Francis

turbines [59, 64, 65, 75, 76].

Other research approaches seeking to reduce thgyeimapact of RO desalination
processes include;
* Pre-treatment and post-treatment of RO with thegration of other technologies
such as membrane distillation (MD) and nanofiloat{NF) [5, 58, 77, 78];
» Better membrane management strategies [79];
» The coupling of reverse osmosis with sustainablehrtelogies such as
solar/wind/wave power [80-85];
* Membrane fouling studies [86];
» The use of life-cycle analysis to benchmark androwe RO plant life-cycle
impact, including energy impact [87-90];
* The use of exergy analysis and/or thermo-econofoicshe characterisation and

optimisation of RO plants (references discusseskparate section).

Not all of these technologies are suitable forgamiconductor UPW process, for example,
wave power and wind power. It is not clear yet akeethe use of energy recovery devices
is economically or technically feasible in UPW pgarMoftah [76] researched the issue for
brackish water plants, either as a means to inerésed pressure, inter-stage pressure in
multi-stage RO systems, or inter-pass feed pres#seording to this cited study, the

pressure energy available for recovery is propodido the difference between the final
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RO stage retentate pressure and atmospheric pee3sis recoverable energy is then used
as a form of overall energy cost avoidance. Theneeucs of such a system are highly
sensitive to energy prices and are particularlsaative in high energy cost regions, like

Ireland.

However, there are more complicated factors affigcénergy recovery and these include
TDS, temperature, membrane type, number of membedgm@ents in pressure vessel,
fouling factor, recovery, and concentrate flowr§f€]. The applicability of a suitable

energy recovery device, most likely the turbine-pusombination or piston pressure

exchanger still requires detailed investigation.

Life-cycle analysis (LCA) is a cradle-to-grave apgeh, which measures the environmental
impact, including energy, of various stages in edpct’s life, e.g. product manufacture,
use and disposal. The energy required to manufaetod use a product is considered and
mitigating alternatives are suggested. Due to dloé that the main source of energy for RO
systems is electricity, an example of mitigationttmoels would be RO energy optimisation,
the sourcing of greener electricity, and the usevaste heat [88-90]. The approach does
consider the environmental impact of various des#ibn systems; however, it does not
easily facilitate process system energy charaet#ois, the focus of this research.
Essentially, LCA is a very useful indicator of plaanvironmental impact, i.e. it identifies
whatthe main negative environmental impacts are (gnierthe case of water production),

but it does not tell onBow to approach energy consumption mitigation. Thehoablogy
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that shows the most promise and offers the mosfjhinsnto process characterisation,

through the quantification of system irreversii@l, is exergy analysis.

2.5 Exergy analysis

Exergy analysis has been identified as a key tmotHe assessment of thermal and energy
processes by many energy researchers [91-96]. Tternh of exergy is based in the
development of classical thermodynamics in th® déntury. Sciubba and Wall [97] traced

the history of exergy from Carnot, Clausius andiiSito the availability”’ or Second Law
analysis of Keenan in 1932, and the coining of tdren “exergy by Rant in 1954, and
finally on to the applications of exergy analysis until 2004. Sciubba and Wall's key
review paper contains 2600 references relatingxergy in fields such as cryogenics,
power cycles, chemical processes, industrial amidwtural applications, and desalination.
As well as looking at the historical developmenteaérgy, the authors also looked to the
future of exergy analysis and the areas ripe foth&r investigation. Some of these
identified areas included the use of exergy ansalysithe field of thermo-fluid dynamics
applications, the extension of exergy analysishm life-cycle analysis approach, and the
inclusion of environmental concerns into thermoexoits. It should be stated that
Tsatsaronis [98] and Yantovski [99] both commerdedome alleged errors and omissions
of this review paper, to which the authors of teeiew paper then responded [100, 101].

Notwithstanding this argument and counter-argumémé, paper does provide a key

resource for exergy researchers.
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A second recent review paper reports that exergyysis has been applied to renewable
technologies such as solar power applications, \eimergy systems, geothermal systems
and biomass in the quest for sustainable developf®2]. From the energy perspective,

the application of exergy analysis has also bedaeneed to assess the energy utilisation
efficiencies of various countries including the L).8anada, Japan, and the U.K. [103,
104]. Therefore, it is evident that exergy analysisvidely used and accepted by many
leading energy experts as providing a powerful dasir the characterisation and

optimisation of thermal or energy systems.

The property exergy is used in an exergy balancequantify inherent process
irreversibilities. An exergy analysis is undertaksmn

» Calculating the rate of exergy destruction usingeergy balance;

* Using the exergy balance and exergy destructioesréd calculate the exergetic
efficiency of, (1) individual components within pesses, (2) processes, and (3)
overall process plant efficiency.

Although the rate of exergy destruction, initiallmay not be significant as a stand-alone
guantity, it does provide a critical benchmarkiogli both for the components within a
multi-component process and between similar pr@seshe rate of exergy destruction is

also an ideal platform for assessing possible p®péant improvements and optimisation.

Exergy analysis has been chosen as the means mafctdrasing the energy footprint of a
typical UPW plant. Exergy, a thermodynamic propersya theoretical measure of the

maximum available (or potential) work that a systesn do as it comes into equilibrium
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with its environment. As a corollary, therefore,ist also a theoretical measure of the
necessary minimum work input to bring a system fitarrelevant reference environment
to a desired thermodynamic state. The exergy atpamyt in a system is measured with
reference to the ‘dead state’, i.e. the state efsystem’s environment. In this thesis, the
environment is defined as a large system wherénteasive properties are not affected by
the plant processes under consideration. Commansfaf exergy include kinetic exergy,

potential exergy, thermo-mechanical exergy and dote&mexergy. When equilibrium

between the system under consideration and itg@ment is reached the opportunity to

do useful work no longer exists and the value @frgx is zero.

Exergy analysis incorporates both the First andoS@d.aws of thermodynamics, and
considers theuality and thequantity of energy in systems. An example of the difference
between the concept of energy quality and energytify is the throttling process; using
the First law, the throttling process occurs withii@rmodynamic loss, however, an exergy
analysis quantitatively accounts for this sourceenérgy waste [95]. In his PhD thesis,
O'Toole [105] carried out an exergy analysis of anp drying oven to identify system
components responsible for energy inefficiencied e@mpared it with an energy analysis
of the same process. Components responsible faigetiee and exergetic losses were
placed in a hierarchy of importance and the resolitained showed that the exergy
analysis and the energy analysis identified a diffeorder of components in the hierarchy.
The problem with solely using an energy balanceageess systems is that there is a
possibility of incorrectly identifying the most immpgant source of thermodynamic loss and

hence allocating improvement resources to the wpragess.
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The First Law energy balance can be considerechedaiv of conservation of energy

according to Kotas [92], theekergy balance may be looked upon as a stateméné ddw

of degradation of energy’The fact that energy in the scientific sense cabeacreated or

destroyed implies that it is an ever-available sewf doing work or causing change, what

one really means by the term energy is a true measlts potential to cause change, this

is elegantly proposed as a paradox by GaggioliRetd [106],
“When does the layman ascribe “energy” to a matéridhen it has a potential to
cause change for him. But that which is called gpdry the scientist is not this
potential; our energy cannot be produced or desttbyl herefore, if it were truly a
resource it would be nondepletable. We cannot westilis paradox by stating that
“it is conserved, but it idlegradable.” Because, if energy loses potentiatdase
change for us then energy cannot be a measureabfpibtential. The only true
resolution of the paradox is to realize that itasailability — potential energy —

which is the rational measure of this potentiat&émse change for us

It is potential energyhat is needed to make processesigaloing so, it is literally

used up- not degraded, not converted, but used up (coadyuin

This availability or potential energy described®aggioli and Petit is the property exergy.

As stated previously, the use of the exergy prgpastassess process irreversibilities
typically takes the form of an exergy balance. Hxergy balance equations are now
introduced (however, for the purpose of simplicighemical exergy is not discussed

presently but is considered in greater depth latethis chapter). When effects such as
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nuclear, magnetic, electrical, and surface tensi@ absent, the general exergy balance

equation for a control volume operating under sgesddte conditions is given by (2.5).

i i out

wheree the specific exergy is calculatedfollows (2.5)

2

e=(h-h)- (s 9+ %+ § = 4

The first term in (2.5) relates to the rates of rgyetransfer associated with any heat
transferst which may take place at various locatiopson the system boundary where
the instantaneous temperatureTjs The second term relates to the rates of exeegyster

associated with work transfer. The third and fouettms relate to the relevant transfers of

specific exergye into and out of the system by mass flow and X __ refers to the rate of

des

exergy destruction. Regarding the calculation efcHr exergye, his the specific enthalpy

at the relevant process stage under consideraliprs the specific enthalpy at the dead
state, T, is the temperature at the dead staite,the specific entropy at the relevant process
stage ands, is the specific entropy at the dead state. Theangimg terms refer to kinetic
and potential exergy wheM is the velocity at the process stalyyg,is the velocity at the
dead stateg is the gravitational acceleration, is the elevation at the process stage and

is the elevation at the dead state. When no heasfer takes place across the system
boundary, no work interactions occur and changethénvelocity and elevation can be

disregarded, (2.5) simplifies to (2.6).
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out

wheree is calculated as follo\ (2.6)

e=(h-R)-T(s 9

Using thermodynamic property relationships, thergxeate E can be calculated using
(2.7), wherec is the specific heat capacity,is the specific volume andP is absolute

pressure.
E= m[f cdT+ ¢ P- P- ;rf% dj\ 2.7)

If the flowing fluid under consideration is a liguand can be assumed incompressible, and
the specific heat capacity is assumed constangxergy rate can be calculated using (2.8),

where p is the density.

s L T, P-R
E—m[qT T c'gln(_l_o]+ p } (2.8)

As (2.8) shows, the exergy rate consists of a themamd a mechanical (or pressure)
contribution, this combined exergy rate is gengredkrmed thermo-mechanical or physical

exergy [92-95, 107, 108].

The exergy balance identifies processes or praomsponents responsible for the greatest
exergy destruction. A complementary approach isaioulate the exergetic efficiency of
processes and process components. There are seeesans of exergetic efficiency

discussed in the literature, for example, the samgtergetic efficiency and the rational
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exergetic efficiency. The simple exergetic effiadgns a ratio of the exergy output to the
exergy input of the system (the sum of the exetggass out divided by the sum of the
exergy streams in). The rational exergetic efficietakes account of the objective of the
system under consideration. For example, consideraa exchanger, one common purpose
of a heat exchanger is to increase the exergyeotthd stream at the expense of the hot

stream, and therefore, the rational exergetic iefiicy is the ratio of the increase of the

exergy of the cold streamE_, to the decrease of the exergy of the hot stréin, , see

cold

(2.9) [95, 109].

Exergetic efficiency of heat exchangeFAsEFﬂ (2.9)

ot

Kotas [92] defined rational efficiency as the raticthe desired exergy outp,, ., output

to the exergy used,_,. The desired exergy outplis‘the sum of all exergy transfers from

sed *

the system, which must regarded as constitutingdéstred output, plus any by-product,

which is produced by the system. The desired outputetermined by examining the
function of the systenk,_, is the required exergy input for the process tgpbgformed

[sic] [110]". Using the approach of Kotas [92], the d&ion of the rational exergetic

efficiency of a heat exchanger can be further egfias the change in thermal exergy of the

T

cold streamAE_ , divided by the decrease in thermal exergy of thiestreamAE; . plus

cold

) and chemical exergyAES" and AES)

the change in both pressurag’, and AE;,

hot

) of

the hot and cold streams. Thus, the desired exautput, the exergy used, and the rational
exergetic efficiency of a heat exchanger can beutated according to (2.10), (2.11) and

(2.12) respectively.
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E =AE,, (2.10)

Desired output

E.Used = AE-II--Iot + A .EEold + A .E'bj-|ot+ A .E((:Zr:)Id-'- A Eiho (2 11)

Exergetic efficiency of heat exchange
AE.-Crold

DE] + DB, + OB +AES) + AES, (2.12)

Note that (2.11) and (2.12) include chemical exdayycompleteness although these terms

typically cancel in heat exchanger analyses.

The exergetic efficiency can also be thought oteamms of product exergy (P) and fuel
exergy (F). The product exergy is the sum of thed &xergy, the exergy destruction (D)
and the exergy losses (L), see (2.13). Exergy $osaa be defined as exergy streams that
add no further exergy value to the process. [111]

P=F-D-L (2.13)
The exergetic efficiency can then be calculatedgi§?.14).

D+L
F

Exergetic efficiencyzg = % (2.14)

This development of exergy losses takes stock effélet that not all exergy streams are
valuable; this is best explained by comparing theecof the exergetic efficiency that does
not consider exergy losses with a case that ddes &acount of the exergy losses.
Excluding exergy losses, the product exergy isngefiaccording to (2.15).

P=F-D (2.15)
The exergetic efficiency is then given by (2.16aisimilar manner to the previous analysis

of (2.14).
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Exergetic efficiency g = }g (2.16)

Comparing (2.14) and (2.16), it is clear that thepte exergetic efficiency does not take
into account the fact that some ‘exergy out’ stregjo to waste (exergy losses), thereby

over-estimating the exergetic efficiency.

Rational exergetic efficiency considers the purpokéhe system, and the use of exergy
losses considers that some exergy streams go te.wdsally, the purpose of the system
should be assessed and defined, all waste strdaoukide identified and, either used for

some other useful purpose, or discounted from etiergfficiency calculations.

For systems changing in composition, there is alshemical exergy term which must be
taken into consideration and this term is addethéophysical exergy to give total exergy.
However, before discussing chemical exergy in tiatae rational exergetic efficiency of a
process, where the sole function is to change lileencal exergy, is defined. Based on the
preceding discussion of Kotas rational exergetiiciehcy definitions, the desired exergy
output, the exergy used and the exergetic effigierica separation process like RO can be

calculated using (2.17), (2.18) and (2.19) respelbti

£ =B - (EZ+ EX) 2.17)

Desired output —
Eueea = E —(ER"+ EZ) + W (2.18)

ECh _(ECh 4+ EC
Exergetic efficiency of the RO procesj,;ih (I.Epph E'T,h)‘ (2.19)
B - (B + ED)
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In the preceding equations, the subscript® andR refer to the feedwater, the permeate
and the retentate respectively, and the supersa@ptand Ph refer to chemical and

physical. Note that the work term is omitted frone texergetic efficiency in the case of
RO; in this thesis, the RO pump and the RO modutecansidered separately and the

electrical work is attributed to the pump.

Chemical exergy can be thought of as the theofetiaimum potential work that a
system can do as it changes reversibly from themaohanical or physical equilibrium to
total equilibrium or the dead state. Thermo-meatenequilibrium has been termed the
“restricted dead statf94, 95]' in contrast to the dead stafEherefore, chemical exergy
represents the maximum theoretical work that pmeesste products could do as they are
allowed to dissipate and interact with their enmim@nt at environmental temperature and
pressure. Thehemical exergy term can be split into a reactivengical exergy term and a
nonreactive chemical exergy term [112, 113]. Tletige term relates to electrostatic bond
energy and the non-reactive term relates to theesaration of the species in the system
under consideration relative to the concentratidntltat species in the reference
environment [114]. The latter non-reactive termsidars the mixing of system species at
different concentrations from that of the refererc@ironment, some authors consider the
mixing chemical exergy terms as physical exergyp[1Alternatively, total system exergy
can be thought of as the combination of thermo-raeidal exergy, chemical exergy and a
separate mixing exergy term [112]. In this documehémical exergy is defined as exergy

which is not physical (or thermo-mechanical).
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Regarding the calculation of chemical exergy, andn effort to consider and quantify the

natural capital of the earth’s resources, seveegkarchers have modelled the earth
(atmosphere, lithosphere and hydrosphere) as dasthneference environment or standard
reference state. The reference environment isifitabsnto three categories, (1) gaseous
reference substances (atmosphere), (2) solid refersubstances (lithosphere) and (3)
reference substances dissolved in seawater (hydeosp The standard reference
environment has been used as the basis for congpthien standard chemical exergy of
elements and compounds [116-119]. Suitable referespecies from the three

environmental categories are ascribed to each eletbased on different criteria) and the

chemical exergy is calculated according to theresfee environment category.

Different chemical exergy values of elements anchaounds arise from the fact that the
natural capital of the earth is made up of diffemubstances ofa”particular composition
which differentiates them from the surrounding emwvnent, and a distribution which
places them in a specific concentratiffl7]". However, while there is debate in the
literature on the most appropriate way to modeladard reference environment, there is

general consensus on what conditions a suitaldeer@ée environment should satisfy;

Thermodynamic equilibrium conditions;

Similarity to the natural environment (Earth simitha criterion);

* Practicality from a technical perspective;

Should consider economics in the allocation of daath exergy values. [120, 121]
The natural environment is not in equilibrium, heee as pressure, composition, and

temperature change with regards to location ance,tiand therefore, satisfying the
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reference environment conditions is not an eady [tH&0]. As a consequence, significant
compromises have to be made [95]. Several modetsfefence environments have been
developed [93, 103, 106, 118, 119, 122-124]. Thes®mus models can be considered as
either partial or comprehensive reference envirotm§l17]. The intricacies of all these
models are beyond the scope of this thesis, aréftite, only a brief overview of some

key contributions is given, rather than an exhaadist.

The comprehensive reference environments can ldediwp into four criteria;

* Szargut’s criterion;

» Chemical equilibrium criterion;

» Chemical stability criterion;

» Abundance criterion. [117]
Ahrendts [122] imposed a chemical equilibrium erge on the environment based on
interactions between the atmosphere, the hydrospdrad the lithosphere. He considered
various depths of the earth’s crust and found that modelled environment was very
different from the real environment at depths othigan one metre [95, 103, 122].
Kameyama et al. established a criterion of chemstability and used Clarke numbers
(estimating the abundance of elements in the eacdhist) as an indicator of economic
value [123]. This model was deemed unsuitable ki Man Gool and Szargut for several
reasons, (1) the fact that economic value doeganot part of traditional thermodynamic
theory, and (2) on the basis that the use of tregk€lnumber for estimating material
abundance has little correlation to economic maviedes of metals [103]. Szargut et al.

disputed the Kameyama et al. model on the groumatssome of the compounds selected
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as reference species for chemical elements, wersuitable for elements such as fluorine,
bromine, chlorine and iodine, because they werielglto form in the environment [117,

118]. On the whole, according to Szargut et al.7[1the chemical equilibrium and the
chemical stability criteria contravene the Eartikirity criterion and are therefore not

suitable methods for natural capital evaluation.

Van Gool [103] attempted to bridge some of the gapsing from, what he considered,
curiosities between exergy thermodynamic theory ragdilar thermodynamic theory. Van
Gool's attempts to reconcile exergy theory anditi@mhl thermodynamic theory included
the abandonment of the use of the Abundance aniteand the use of only well defined

thermodynamic data in the reference system devedopm

Several of these exergy environmental referende st@dels were compared by Munoz
and Michaelides [120] by calculating the chemicadrgy rates and the exergetic efficiency
for a cogeneration plant, a coal-fired plant argkathermal plant. The cited authors found
that several reference environment models gave siemjar results (including models by

Szargut et al., Ahrendts, and Kameyama et al.)otlig major difference between these
models was the relatively high chemical exergy @alaf water in the Szargut et al. model.
Other findings included the observation that then\@ool model led to high chemical

exergy values for air. The authors found that altifothe chemical exergy rates may differ,
it is the calculation of exergy destruction that important for assessing system
irreversibilities, and in that case, the standaeflerence environments cancel out.

Consequently, the choice of reference environmeaotimes largely irrelevant.
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Other authors base chemical exergy calculationspatific characteristics of the process
under consideration rather than standard chemicaigg environments [106, 124, 125].
The debate continues regarding the most appropagteoach. Szargut et al. [117] called
for consensus on reference environments in a 260feence paper and the adoption of an
international legal reference environment. In thegper, several of the aforementioned
reference environments were reviewed, and morentegaochemical data [126] and other
recent accurate data [121] were included in ordeetise and update the tables of standard
chemical exergies. The authors advocated the g®iect one reference environment, that

proposed by Szargut and his colleagues.

The Szargut criterion model acknowledges that tbheymamic equilibrium does not exist

[93, 117], and that reference species should beserhdo reflect the most probable
interaction between the substance under considaratid the environment [117]. Szargut’'s
criterion facilitates selection of the most apprata reference substance for a particular
element from a potential group of stable and n#juraccurring abundant reference

substances. Essentially, Szargut’'s criterion distdhat if the stability of the considered
reference substances is within a certain threshwith respect to the Gibbs energy of
formation (considered separately for various elésdne to geological uncertainties), then
the most abundant reference substance will be ohdsbowever, the substance exceeds
the chosen stability threshold, then the most stedfierence substance from the group will
be chosen as long as the choice does not contralienEarth similarity criterion. This

should become clearer with some examples taken faargut et al.; in this example

47



consideration is given to the most suitable refegesubstance for the element Sb using
Szargut’s criterion [117],
“...in the case of Sb, the substance,Sbis more abundant than &b,
nevertheless, according to Szargut’s criterion,Csb which is much more stable,
will be taken as a reference substance.
Another point of note is that nitrates such as @aji and NaNQ are not chosen as
reference substances for various elements, be@eugsethough they are the most stable,
they are not abundant in the natural environmend, therefore, contravene the Earth

similarity criterion.

Once the specific reference substance has beeerclaasording to Szargut's criterion, a
reference reaction can be formulated for the elén@nly the element in question, the
specific reference substance and other refereneeiespmake up the reference reaction.
Again, for the purposes of clarity, an example lté teference reaction for the element

calcium is shown below, this example is taken f[88].

Ca+% Q +CQ - CaCqQ (2.20)
The element under consideration is allowed to reaitt the chosen reference substances,
in this case, the reference specieOgfhas been chosen for oxyged, for carbon and

the specific reference speci€aCQ, for calcium. The standard molar chemical exergs of

compound or element (calcium in this example) dantbe calculated using an exergy

balance for the reference reaction, see (2.21).
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B = ARG +) Ve =) v (2.21)
p

-
In (2.21) A.g is the standard molar Gibbs energy of the reactien,the difference in
molar Gibbs energy between the products and thetameis at the standard temperature and
pressureV is the stoichiometric coefficient in the balanceterence reactiong <" is the

molar standard chemical exergy (calcium carbonatéhe case of the product, carbon
dioxide and oxygen in the case of the reactants). subscriptp andr signify the products
and the reactants of the reference reaction raspBgtand the superscrigfh denotes
chemical. The over-bar denotes molar propertiesurddy, by definition, the use of the
reference reaction method to calculate chemicalggxassumes that the standard chemical
exergy of the other reference substances in theramede reaction is known. At the
fundamental level, the methods for calculating #tendard chemical exergies of the
reference species and elements (each with a refedatum level in one of the following,

atmosphere, lithosphere or hydrosphere) are disdussgreater detail in Chapter 7.

The chemical exergy of reference species (inclugilegnents and compounds) which use
the atmosphere as a reference datum level is atdculas a function of dead state
temperature and the ratio of their respective ngatial pressures in the environment to
the standard atmospheric pressure, i.e. their atdnohole fraction in the environment,
assuming the ideal gas model. Elements and compotivat can be modelled in this
manner include oxygen, nitrogen, carbon dioxidetewsapour and helium. The periodic
table of elements and their respective datum reéerdevels are shown in Figure 2-11,

which is based on data in [117] and on a graphegaiesentation in [121].
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The chemical exergy of solid reference speciesguiie lithosphere as the datum level
substance is also a function of the reference temtyre and the mole fraction of the
species under consideration in the environment. &¥ew it is difficult to estimate the mole
fraction of solid reference species in the earthist with any degree of certainty, a method
has been developed in [118]. Values have been egdet new geochemical or geological
data has come to light; research in this particataa has been carried out by Ranz [126]

and Grigor’ev (private communication detailed idT)).

The method to determine the standard chemical gxa&rglements which use seawater as
the datum level substance (hydrosphere) was oligirdeveloped by Morris [119].
However, in contrast to the lithosphere datum, maceurate data are available on the
composition of substances which use the seawatemdand thus calculations of chemical
exergy are more exact [117]. The chemical exerggnoélement with a seawater reference
datum level is a function of the Gibbs energy o formation of the reference ion or
unionised reference species, the valence of tleearde ion, the standard chemical exergy
of hydrogen gas, the standard molarity and actiedgfficient of the reference species in
seawater, the standard temperature and the ptaafaser [119]. Certain substances whose
chemical exergy was originally calculated basedtlmm seawater datum in [119], e.qg.
elements from the second column of the perioditetalnch as calcium and magnesium
(existing as positive divalent ions in seawaterjenghanged to a lithosphere datum level in
later publications [117]. The reason for this chaung datum level was that the chemical
exergy values for these ‘column 2’ elements catedlaising the seawater datum, when

later used to calculate the values of chemicalgyxef certain compounds common in the

50



Earth’s crust which contained these elements, tesuh negative values of chemical

exergy, hence the datum level was changed tottiesphere [117].

Sc | Ti | V| Cr|[Mn]| Fe
Y | Zr | Nb Tc | Ru
La | Hf | Ta Re | Os
Ac

Ce | Pr [Nd |Pm|Sm | Eu | Gd | Tb | Dy | Ho | Er [ Tm | Yb | Lu

Th | Pa| U [ Np| Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lw

Atmosphere as reference datum
Hydrosphere as reference datum

Lithosphere as reference datum

Insufficient data available

Figure 2-11: The periodic table of elements theireference datum levels, based on data j17]

Rivero and Garfias [121] later proposed some vianatto the elemental reference datum
levels illustrated in Figure 2-11, based on certaiomalies they found when the seawater
salinity was increased, for example, in the casehef Red Sea. Rivero and Garfias
proposed solid reference datum levels for certdements, however, Szargut et al.
maintained their choice of seawater reference ddtmelements such as zinc, silver,

copper, nickel and lead, on the basis that, (Iessed salinities in the seas seldom arise,
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and (2) the deviations were not large and coulcadmepted considering the previously
mentioned inaccuracies associated with the lithesplas a reference datum level. It is
evident that there is still some debate on theaghof reference datum levels for various
elements. However, the arguments put forward bydsiteet al. regarding the choice of

reference datum, particularly with respect to itieobphere inaccuracies, are valid and the
Szargut model outlined in [117] is adopted as tiamdard reference environment in this

thesis when applicable.

In summary, regarding the importance of exergy yams| Bejan et al. [95] state that the
rational exergetic efficiency is,
“...generally more meaningful, objective and usefuhthay other efficiency based
on the first or second law of thermodynamics, idirig the thermal efficiency of a
power plant, the isentropic efficiency of a compogsor turbine, and the
effectiveness of a heat exchariger
With respect to exergy destruction (termed exeapgses by Szargut), Szargut [93] states
that exergy destruction must only be acceptedisf it
“...indispensible for the reduction of investment exganes. Exergy losses
without any economic justification should be trebées the result of an engineer’s

error”,

The fundamental difference between the traditiemargy balance of the First Law and the
exergy balance incorporating the Second Law is ¢m&trgy is conserved, exergy is not.

Although exergy analysis offers a more comprehengicture of energy flows, it is still
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not as widely used as traditional methods [110\weleer, looking at the quantity of recent
exergy papers, this appears to be changing andje®eralysis is becoming more widely
used for various applications. Monographs on exeagy be found in the thermodynamics
literature by Ahern [91], Kotas [92], Szargut et [@3, 116] and Dincer and Rosen [127].
Chapters on exergy analysis are included in Bjaatsaronis and Moran [95], Bejan [94],

and thermodynamics text books by Moran and Shp0d®] and Cengel and Boles [128].

2.6 Exergy analysis of reverse osmosis plants

Exergy analysis has been applied by several rdsegroups, to various types of
desalination plants including Multi-Stage Flash @®SMulti-Effect Evaporation (MEE),
Multi-Effect Distillation (MED), Vapour CompressioDistillation, Co-generation plants
(combining power generation and distillation), Hdification-Dehumidification
desalination cycles and RO systems [5, 7, 58, 81,78, 78, 80, 111, 129-151]. Exergy
analysis has also been used as a modelling outusoftware package for the design and
simulation of various desalination processes [152}1As the main focus of this thesis is
the energy characterisation and optimisation of RM\Uplant, a detailed review of the
exergy analysis of thermally driven distillatiorapts is not given; these technologies are
not shared with UPW, and have a much larger engngyexergy destruction footprint than
membrane processes. For example, one study [13tpaed the exergy destruction of
various seawater desalination techniques; as showable 2-3, the exergy destruction of

RO is almost a third lower than vapour compressdlstillation or multi-effect evaporation.
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Table 2-3: Exergy destruction in desalination systas, adapted from[131]

Desalination system Exergy destruction
(kWh/ton) (J/mol)
RO 0.98 63.8
Electro-dialysis 12.87 834
Vapour compression 2.77 179
Multi-effect evaporation 2.83 183
Multi-stage flash 4.89 316.5

The main focus of this section is therefore to @nésan in-depth review of the exergy
analysis of desalination processes common to UPAjcplarly RO. There are several
different approaches to the exergy analysis of BK2r in the literature, which can be
broken down into different categories althougheheroften some crossover in theme;

» A focus on the exergy model itself and the thernmaahyics of desalination;

The development of computer models to calculateggxand exergy destruction;

» The use of exergy analysis to assess the exerdgyudisn in different system
configurations;

* The development of a computer model combining thasport model equations
with exergy to predict the exergy destruction wichanging operating parameters
such as pressure;

* Thermoeconomics - a focus on system design whiel agergy as a factor in the

trade-off between the cost of producing the syséem the cost of operating the

system.

One important issue that comes to attention inlitleeature is the number of different

models and approaches that have been used by yaseearch groups. Table 2-4 shows
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exergy models which have been used for desalingtivposes and the literature reviewed
indicates that the model differences typically trel@ the chemical exergy terms. One body
of research has used what is termed in this théssDrioli aqueous solution model [5, 7,
58, 77, 78]. Another approach has used a diffemeodel, termed the Cerci ideal mixture
model [134, 136-138, 141, 146, 147]. In the authopinion, the sheer amount of different
exergy models in the literature presents a diffichlallenge to the increased utilisation of
exergy analysis as a tool for desalination enemnosation. In a recent paper, Tsatsaronis
[113] advocated the need for symbol and nomendatuniformity in exergy analysis,
although this consensus is desirable, the differem@xergy calculation models evident in

Table 2-4 is a more pressing issue.
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Table 2-4: Desalination exergy model equations

Relevant Exergy or specific exergy equation varigis Specific nomenclature Source

@ is a factor which accounts for the
Px_X X electrolytic nature of the salt, [129-131]
e=h=h-Ts 9+ R ﬁln—s—(p & Ry is the gas constant for water
S 0

Xg

Exergy calculations based on Not applicable [111, 140]
Leyendekker, Thermodynamics of Seawater, Part 46 19

T) P-P
e= Cp(T_ T-Tn T_j + P - N, Rln ¥, C, is the specific heat capacity [5.7,58,77,78]

0

C C
whereN_, = |:1000—Z—':|/ MW, ank, =N, /|: N+, AG j|
P PMW

Variations of the following equation
e=h-h-T(s 9 [134, 136, 137, 141, 144

Not applicable, see main nomenclatufe 147, 154-156]
whereh=mfh+ m{fand = mfgr mfg R b x § )

. [131, 157]
e= CPW(T—'L'— I'n—j“‘ VOP- P+ Xu -4y C, ., is the specific heat capacity of .
T The chemical exergy
o pure water term is also proposed in
Whererl -, )= R'I;Z X In— [131].
a

0
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Other variations in the application of exergy asayto RO systems, and the obtained
results, also exist. One approach that has not beesidered in the model comparison,
although it may be considered in the future forragpnate calculations, is that of Spiegler
and El-Sayed [131]. Although, essentially a thercom@mics study, the exergy destruction
calculations of this cited research are proposed uifferent manner to other research
groups; in this case, the rate of exergy destroasocalculated by multiplying the dead
state temperature by a flow rate andeacess generalised driving fofaenjugated to that
flow rate. Regarding RO, the driving force conjwaghto the flow is defined as the excess
pressure used in the process divided by the teryseraf the water. This conjugated
driving force is then multiplied by the molar volenof pure water to give the molar
entropy creation rate, which in turn is multiplibg the dead state temperature (according
to the Gouy-Stodola relationship). Utilising the latovolume of pure water entails one
important assumption, i.e. that the membrane iseptty semi-permeable and that only
pure water is transported across the membrane.absismption is not entirely valid due to
the low salt passage in RO. However, there arefitgerte this approach as it offers a
simple method for calculating the rate of molar rgyedestruction and enables ready
comparison between different RO configurations. IR® molar exergy destruction
calculations, all that is required is the excessgure measurement and temperature of the
water. The authors used this method to calculateetergy destruction rates of different
desalination methods by using relevant driving ésrconjugated to the various relevant
flows, e.g. in the case of electro-dialysis thidb@sed on excess voltage conjugated to the
electric current flow. The various exergy destroctrates were shown previously in Table

2-3.

57



Exergy research has been carried out by severalpgrasing the Cerci ideal mixture
model, introduced earlier in this section. Essdgtithis model, developed by Cerci [134,
136], considers brackish water [136, 137, 141]jeavgter [138] as an ideal mixture of pure
water and solid NaCl(cr). The total enthalpy anttagy of the ideal mixture are calculated
using the mass fractions of the ideal mixture dtrests. The incoming water
concentration in this ideal mixture model is trelats the dead state concentration. The
choice of dead state definition in the Cerci idemkture model is contrary to the Drioli

agueous solution model which treats pure watehasléad state.

Cerci [136] calculated the exergetic efficiencyadbrackish water reverse osmosis plant in
California to be 4.3%. After proposing an alternpkant design (incorporating an energy
recovery device) the exergetic efficiency increaged.9%. As a proportion of the overall
system exergy destruction, the maximum componeeatggxdestruction took place in the
RO membranes (74.1%). Improvement suggestionsldot pfficiency included membrane
replacement (which was not considered an econoptioroby the plant management) and
the use of an energy recovery device. One aspebeaxergy analysis that appeared to be
lacking in the cited paper [136] was the calculaid pump exergy losses. Excluding pump

exergy analysis assumes that the pumps are 1008eeff

Pump exergy losses were considered in later reségr&ahraman et al. [137]. Part of this
work again considered the exergy analysis of akishavater RO plant. However, possibly
due to the pump inclusion, the results of this gxaanalysis were somewhat different to

the results obtained by Cerci [136]. In this cdse groportional system exergy destruction
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was reported as follows; 39.7% for the pump andomahits and 36.2% for the RO

module. The overall system efficiency was repoes®.4%.

Similar work to [136, 137] was carried out on adkiah water RO plant in Jordan [141].
The findings of this work (including pump exergyasyses) were an overall plant exergetic
efficiency of 4.1% and the following proportionatezgy destruction; Throttling valve 1,

26.4%, Throttling valve 2, 25.4%; Pumps, 19.6%; R®%; RO 2, 12%. Suggested plant
improvements included the use of energy recovewcds and the use of VSDs for high

efficiency pumps and motors. [141]

Although similar in overall exergetic efficiency @erci [136], the distribution of exergy
destruction in Aljundi [141] is quite different the findings of Cerci [136] and Kahraman
et al. [137], particularly with regards to the ttiliag valves. The lower contribution of RO
exergy destruction was evident in [137]. One olmtionm is that both analyses [137, 141]
involve a two-stage RO module and that this, calipkgh the pump exclusion of [136],

may have caused some of the differences in exeggywuttion distribution results.

Using the model developed by Cerci, Bouyazani .ef1dl6] studied configurations linking
RO to a Rankine cycle, this thermal coupling wasfbto increase the permeate flux but to
the detriment of permeate quality, the temperatiusesalt rejection relationship was
previously discussed and is shown in Figure 2-® dited authors found that there was an
optimum temperature which resulted in the permsaliaity not exceeding 1000 ppm. This

optimum operating temperature resulted in the mawimenergetic and exergetic
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performance. It should be stated that 1000 ppmnisais high for potable water, let alone
UPW applications. However, the analysis showedtrtde-off between higher feed water
temperatures, which results in greater permeate lut also poses a risk to permeate
quality. Following an extensive literature revieiv,appears that the reporting of these
parametric optimisations or inclusion of exergytdegion or exergetic efficiency in the

analysis has not been published for semicondudgMviplants.

Work carried out by researchers using the Driolieamys solution model approach includes
the analysis of various integrated membrane syst&mergy analyses were used as a
means to assess the energy impact of various woftews and how these flow
configurations affect permeate quantity and qualiynd brine concentration. Flow
configurations involving RO pre-treatment and pmsa&tment were assessed, including the
use of NF as an RO pre-treatment step and thefud® pa thermal membrane distillation
process, as a post-treatment step. NF improvedeid water to the RO module by
reducing the osmotic pressure and thereby enabliggation at higher recovery factors,
which consequently results in increased RO perni{@@le The use of MD ensures a higher
permeate recovery and a lower flow rate of morecentrated retentate. However, these

integrated system benefits require a higher eniengyt. [58]

The preceding research approach was further deselop include microfiltration as a
secondary pre-treatment process and membrane lisgdian (MCr) as a post-treatment
step. MCr is a very interesting technology whickemgpes on RO retentatehis innovative

technology uses evaporative mass transfer of Velatolvents through microporous
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hydrophobic membranes in order to concentrate f#dtions above their saturation limit,
thus attaining a superheated environment wheretalysnay nucleate and grow7]".
Thus, rather than solely viewing the retentate agste stream requiring disposal, MCr
facilitates the recovery of salts present in seawya&. g. calcium sulphate, sodium chloride
and magnesium sulphate. This is an important cerslidn as the disposal of retentate
brine in seawater desalination may become an impbissue, bearing in mind that not
long ago the atmosphere was viewed as an interteirsatik for production wastes such as

carbon dioxide.

In the cited research [77], exergy analysis wagl useassess the energy impact of the
various process flows, and the introduction of ggpeecovery devices. The authors stress
that energy, although important, is not the onlyedaining factor for process flow
selection, and factors such as increased perm&ats {increased universal recovery),
permeate quality, salt recovery, or in essenceativeost, must be considered [5, 77]. So,
in other words, the specific exergy destructiorthis important factor. Hence, the energy
impact can be reduced in several ways, (1) inangatsie amount of product for the same
energy input, (2) obtaining the energy from a ‘g source, (3) improving the energy

efficiency of the process, and (4) different conalbions of all three.

Other research, running in parallel with the int#gd membrane technology research,
centres on the development and optimisation of MEcording to one study, the cost of
desalination using Memsfillwill be reduced to $0.26/n This research is still at a

relatively early stage and optimisation is ongoinp morphological parameters such as
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porosity, tortuosity and thickness; physical prdiesrsuch as thermal conductivity; and
operating conditions such as temperatures andréd®s. From an energy perspective, MD
is a thermal process and thus has a higher energgct than RO. However, it is not

limited by issues concerning RO, for example, catregion polarisation. [78]

The use of exergy analysis in the integrated mengbpproach facilitated comparison
between different integrated membrane plant condijons (leading to different exergy
destruction distributions). However, it is not cleghether the use of NF as a pre-treatment
for RO is viable in UPW applications. If the furarti of the NF modules is to reduce the
osmotic pressure of the feed water to the RO madtihen it is uncertain whether NF pre-
treatment will be of benefit to the already low @dim pressures seen by UPW RO
modules. The same applies to the post-treatmeROoivhere the suitability of the retentate
concentration for either MD or MCr is again queséble. Both issues may warrant further

investigation.

Romero-Ternero [111, 140] used specific seawateerntbdynamics based on
Thermodynamics of Seawatgy Leyendekkers and the methodology of Valero lawszhno

in their Curso de termoeconomi the University of Zaragoza, as the basis forgke
calculations used in his research. An exergy aisbyfsa seawater RO plant (with energy
recovery) in Tenerife was undertaken. Although #specific exergy calculation method,
based on specific seawater characteristics canaotgplied directly to UPW, other
elements of the exergy analysis can be used, nyotiadldefinition of system exergy losses,

and the inclusion of these losses in exergy efiityecalculations.
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One element of Romero-Ternero’s work that is simitathe Cerci ideal mixture model
approach is the dead state exergy concentratiomititafi - given as incoming water
salinity, as opposed to pure water in Drioli aguesolution model. However, it differs
from the preceding exergy analysis work revieweddte, because each exergy stream in

the analysis is defined as either a fuel (F), @pco (P) or a loss (L) (see (2.13) and (2.14)).

Romero-Ternero also ascribes exergy costs to flagre the exergy cost of any flow is
the exergy cost to produce it, essentially a cutivddaexergy calculation, an interesting
approach which considers the exergy value addeghelt previous process stage. This
would imply that the exergy further upstream inwsagial processes is more valuable than
the exergy of early process stages and that thesg\elosses or exergy destruction should
be minimised where possible. However, the inclusibthe exergy losses, leads to some
anomalies in the author’s opinion, which are nogcdssed. The plant analysis was broken
down into a pre-treatment section, a core-procesion and a distribution section. The
results obtained included an exergy destructiomkzfewn as follows; 80% of the exergy
destruction occurred in the core processes (ROppuaive, and turbine);

* RO module, 34.5%

* Pelton turbine, 23.7%

» High pressure pump and regulation valve, 21.5%.
However, the most interesting result is the oveza#irgetic efficiency of the plant 48.5%.
This reported efficiency value is very high in carpon to the previously discussed
results of Cerci and Kahraman et al. [136, 137].aWh particularly interesting is that the

equation used by Romero-Ternero to calculate thexgetic efficiency should result in
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lower exergetic efficiency due to the inclusionexiergy losses, see (2.14). The reason for
this unusual result in the author’s opinion, carpart, be ascribed to Romero-Ternero’s
treatment of the exergy losses in the RO modude, the retentate has a negative exergy
flow rate. According to Romero-Ternero, the negatquantity, obtained for the exergy
losses in the RO retentate stream, relates topgbeefitial use of rejected chemical exergy
with respect to seawater. Commonly, this potenisad is wasted in desalination facilities
where rejected brine is merely returned to the Jéwen this loss of exergy represents the
impact of waste on the surroundinfisl1].” This negative value for RO retentate was
explained in a different manner by Cerci [136], whlained the negative quantity of the
retentate as the work input required to bring #tentate to the dead state (the dead state
being at a lower salinity than the retentate). Heavewhat is important is that when this
negative quantity is used in the exergetic efficieaquation, it has the effect of increasing
the overall plant exergetic efficiency, which isuoter-intuitive. For example, the use of
(2.14) to calculate the exergetic efficiency foe thegative exergy losses reported in the
cited paper (-436 kW) results in the aforementiohegh exergetic efficiency of 48.5%.
However, when the absolute value or the magnitddihe exergy losses rather than the
negative value is used, which is more intuitive, exergetic efficiency of 21.2% is
obtained. The approach taken by Cerci to calculeeexergetic efficiency involved, what
he termed, taking thdifferencebetween the exergy rate of the retentate streamttend
exergy rate of the permeate stream — thiferencewas termed riet salinity discharge”
This value was then divided by the total exergy itite plant. However, the exergy of the
retentate is a negative quantity, so in realityc®Ceummed the two (although he describes it

as adifferencg; as in the case of Romero-Ternero, this negatalae of exergy for the
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retentate should be classified as a magnitude. rloty to Van Gool [103], in order to

calculate the exergetic efficiency, both the exergyuts and outputs should be positive.
However, despite the author’'s reservations aboat dkergetic efficiency results, the
method of breaking down the exergy streams intalyety fuel and losses offers valuable
insight into process analysis. So too does theideration of cumulative exergy as a

means to focus attention on upstream exergy ddistnuand losses.

Recently, Abdulrahim and Alasfour [158] performednalti-objective optimisation of a
hybrid MSF-RO plant, unfortunately for this RO exgmodel review, the paper focused
on the optimisation procedure, and as a result,ettexgy model used to calculate the
exergy destruction in the RO membranes was notribesc Tchanche et al. [159]
undertook an exergy analysis of micro-organic Raakiower cycles for a small scale solar
driven RO desalination system. The exergy analfggigsed on the Rankine cycle and did
not include the RO process. A similar analysis, thig time for a combined solar organic
Rankine cycle with RO desalination process, wasemhout by Nafey and Sharaf [160],
again the chemical exergy term of the desalinghimtess was not discussed. However, in
other desalination research work, Nafey has adoptewtions of the Cerci model, see
references in Table 2-4. Gasmi et al. [161] perfminma study of an industrial RO
desalination unit and although the feedwater dglisi characterised in the cited reference,

the chemical exergy model is not explicitly stated.

The previous section has attempted to outline sofhtbe differences in the approach to

exergy analyses used in RO applications. It isextidhat there are a number of methods
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and models. However, following an extensive rev@whe literature, there appears to be
no research comparing these different desalinai@rgy models. Therefore, it is unclear
whether the choice of model is important, whethesé exergy models give similar results

when applied to water purification, or indeed, Wiggtthese models are all valid.

The extension of exergy analysis, referred to @sntbeconomics, exergoeconomics or
entropy generation minimisation has also been usedptimise desalination system
performance, the thermoeconomics approach comhhersnodynamics and economics
and aims to optimise overall system cost. Capitdl @xergy costs are allocated to system
processes and the objective is to optimise ovegatem cost. Thermoeconomic analyses
have been performed by several researchers folimksan systems [61, 62, 80, 130-132,

139, 140, 142, 145, 148, 162].

2.6.1 RO exergy simulation models

A significant challenge in RO exergy analysis ie #imulation and modelling of proposed
improvements to mitigate exergy destruction andease system efficiency. The reason for
this complexity is that the factors which influertbe plant energy consumption also have a
large bearing on water quality performance. Thigtgies to UPW where purity
specifications are critical. The relationship betweemperature, pressure, recovery and
TDS/feed concentration on RO performance metrics ilastrated previously in Figure
2-9, and thus, in order to simulate suggested gsteprovements, a model that combines

exergy calculations and the transport equation&@ris desirable.

66



The transport equations for the calculation of peate flux and percentage salt rejection
(for specified water quality and permeate flux satean be modelled using membrane
manufacturer’'s software like Filmtec membranes ROstware from Dow [163], or
IMSDesign® from Hydranautics [164]. ROSA softwasbown in Figure 2-12, facilitates
the calculation of a specific energy value for gas membrane choices. For example, low
pressure membranes require less feed pressurdasthdve a lower specific energy. This
is a direct result of their higher permeability ttals. However, there is a caveat, i.e. the
lower pressure membranes may not have the sameejgaltion capabilities as their higher
pressure counterparts for various feed water ctexatics. For UPW, this is critical and
requires careful evaluation. The ROSA softwareudates the specific energy for different
membrane types, but importantly, it also calculétesrelevant ionic salt rejection for that
membrane. However, it does not directly link thesrgy calculations to the transport
equations. One possible way to overcome this liimitawould be to assess the low
pressure membranes with respect to the permeatiétyquend then use the relevant

temperatures, pressures, and concentrations fifeaedht exergy calculation program.
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=1 ROSA Control Panel
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| Sodium (Na) | 7Ee75 1711088 3422 78675  Feed Parameters
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|Boron (B) [ 0 na| na.| n.a. Adjust Anions
System Temp: 25.0 T System pH: 7.80 [ ave Water Profie to Library | Adjust All lons

Figure 2-12: ROSA water specifications excerp{163]

There are several publications relating to simafdtnodelling programs, which aim to
combine RO and exergy simulation. One program be#éding blocks for simulation in an
object oriented approach [152], and another degelmpcess flow sheets from an icon
library using Visual Basic language [153, 154]. €dh al. [152] reported the development
of a software program for the thermodynamic andntieeconomic analysis of integrated
power and desalination plants. The program endbtesreation of flow sheets made up of
process blocks that can bpafametrically described by means of some prope[1ig2]”.
Description parameters include isentropic efficierand specific energy. The software
consists of process building blocks including R@athexchangers, valves, and pumps
among others, and calculates heat and mass balamedsding exergy balances.

Capabilities extend to a comprehensive thermoecanamalysis. Unfortunately, the case
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study presented in the cited publication, considetsupled power and MSF plant, and not
RO. On this basis, it is difficult to assess thagiole application of th8uilding Blocks
Software for Water and Energy Systems (BBW&8)e high purity requirements of UPW

RO systems.

A design and simulation package was developed bdgyNet al. [153, 154]. Figure 2-13

illustrates some of this tool’'s calculation capties. One of the cited publications does
contain a case study for seawater RO [153]. Repadsults were compared with ROSA
and show good correlation: a 2% (>ROSA) differewes reported in the permeate salinity
calculations and a 7% (<ROSA) was found in the fpesbsure calculations. The main
benefit of the package over ROSA is that it doastain exergy calculation capabilities
(including recovery pressure energy). Also, impattig the exergy calculations used in the
package take account of exergy losses in efficiezadgulations. The exergy calculation
model for the simulation package [154] is basedhenideal mixture model by Cerci [134,

136]. There are two concerns, (1) whether the pgekis accurate for high purity

applications (seawater feed salinity used in thalysis was 45,000 ppm with a 30%
recovery), and (2) whether membrane substitutiatregghtforward, i.e. for the energy and

exergy comparison of low pressure membranes.
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Fig. 11. Panel of the RO svstem flow sheet (VDS package).

Figure 2-13: RO simulation package excerpfl53]

Mehdizadeh [7] developed a mathematical model combithe Drioli agueous solution

model equations with a multi-solute RO analyticaldal in an effort to model the changes
in exergy with respect to different plant operatic@nditions for both and RO and an

integrated NF and RO plant. The reported methodleés/the membrane module into a
number of completely mixed cells; it is an iteratapproach similar to a finite element type
analysis. The concentration of the first cell réaém and permeate is calculated, the first
cell retentate acts as the feed to the secondandliso on. The advantage of this model is
that the rejection rate for each solute is caledasimilar to ROSA, and it is combined

with exergy calculations. The disadvantage is thatRO transport equations, described in
the work, are difficult to follow and assess beea$) the nomenclature is incomplete, and

(2) the concentration equations are not clearlyampd. According to the reported results,
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the integrated NF/RO plant performed better thanRI® plant, with higher permeate flux
and lower exergy destruction. However, it shouldnbéed that the plant feed water had
high salinity (45,000 ppm). Considering just the B@Ocess, it was found that the specific
exergy destruction rate decreased, the recovergased and the percentage salt rejection
rate increased with increased operating pressatefavourable outcomes due to higher
operating pressures. It should also be noted, henyvévat the favourable outcomes resulted
in an operating recovery of only 9%, low even bywwater standards. The model is
interesting, if the equations can be assessed;@ngared to ROSA, the exergy calculation
capability makes the program an interesting altereato the two previous simulation

packages.

2.7 Discussion

This chapter has reviewed the literature on UPWdpection energy mitigation, which is
rare. Questions have been posed regarding the sigces$ such stringent UPW quality
specifications and the suitability of energy resgveevices for UPW applications. These
important questions merit further investigation.wéwer, following an in-depth review of
energy reduction in the desalination literaturegergy analysis has been chosen as the

analytical tool to model and characterise UPW potida processes.

To date, the application of exergy analysis to abt@rise a UPW production plant has not
been reported in the literature. Before undertaldngh an exergy analysis, the correct
choice of exergy calculation model must be cargfabnsidered. Based on the literature

reviewed, it is evident that there is a varietyegérgy models used in desalination exergy
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applications. Due to the fact that the merits amitétions of these models have not been
previously assessed in the literature, it is uncleaether any, or all, of these models are
suitable for the exergy analysis of a semicondudYV plant. It is also interesting that the
reference environment models for calculating isignchemical exergy, proposed by
several key exergy researchers, have not beendesadi in specific desalination exergy

analyses.

A methodology for the characterisation of UPW pdansing exergy analysis is proposed.
The basis of this methodology is exergy analysabse, (1) it offers keen insight into the
system exergy and energy flows, and (2) it providegery suitable platform for process
system benchmarking. The proposed methodology eauimmarised as follows;

1. Choose analytical model — exergy analysis;

2. Measure the plant operating parameters of interest;

3. Apply exergy model,

4. Analyse results;

5. Assess potential improvement;

6. Model improvement opportunities/make recommendattorthe system owner.

There is at least one major obstacle to the praposethodology, i.e. which is the most
appropriate model for the exergy analysis of a UBMht? An initial investigation is
outlined in the next chapter. Another important sidaration is the choice of exergetic

efficiency definition. Ideally, the exergetic efenicy should take account of the system
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function. The selection of the most suitable exengydel will most likely involve the

synthesis of other models and approaches, or pgsttie development of a new model.
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3 Preliminary model comparison

This chapter outlines the comparison of two prevatkesalination exergy models using a
dataset from the literature in an effort to detemnihe most appropriate model for UPW
exergy analyses. The preliminary model comparisas wwresented at the HEFAT

conference 2010 [165].

3.1 Exergy model comparison

According to the literature review, the recent gyeanalyses of desalination plants are
predominantly carried out using two key models.r€here other models, which have been
tabulated in Table 2-4. However, the model comparig this chapter consists of the two
current and predominant desalination exergy modelsrder to differentiate them and to
avoid the use of long-winded terms, the two modiedsn now on are termed Model A,

which refers to the Drioli aqueous solution modeld Model B, which refers to the Cerci

ideal mixture model.

Other models in Table 2-4 have also been considasetiave been disregarded for several
reasons. Spiegler and El-Sayed [131, 166] prop@sedodel based on simplifications

applicable to distillation processes such as regoxaios approaching zero and salt free
product water; this model has been used to caraUWED exergy analysis [129]. These
specific assumptions do not relate to reverse osmigsalination, and thus, this model is
not considered further. For the more general casegier and El-Sayed [131] derived the

same model as that used by Uche [157], an appwhidi uses the ratio of the activity of
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various species to calculate the chemical exergywé¥er, Spiegler and El-Sayed deem
this model unsuitable for seawater desalinatiothergrounds thatmiost of the activities of
salt species are either unknown, uncertain or diffito evaluate..[131]". This particular
approach is readdressed later in this thesis uh&present, only Model A and Model B

are considered.

3.2 Model A and Model B

There are some key differences between Model AMwodel B, (1) the choice of the dead
state definition, (2) the modelling of the aquesotution, and (3) the equations used to
calculate the specific exergy at the relevant psctages. Model A treats water as an ideal
agueous solution of ions (including chloride, sodjsulphate, calcium and magnesium).
For Model A, the dead state is defined as pure wateambient temperature and
atmospheric pressure. As a consequence of thissdataddefinition, the chemical exergy is

at a minimum in the purest water state.

Model B treats water as an ideal mixture of sodalnoride(cr) and water; the dead state is
defined as the salinity of the incoming water atbemt temperature and atmospheric
pressure. Therefore, the chemical exergy calculasg this model is at a minimum at

incoming water salinity before purification.

How does one select the most appropriate modeldanithese two models give different
exergy analysis results? To investigate these munsstan initial model comparison was

undertaken using a dataset from the literaturel{fial findings showed some interesting
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differences between the models, which in this aragtave been assessed at the basic
level. A more detailed investigation is reporteddnapter 5. The model equations are now

introduced.

3.2.1 Model A — the Drioli aqueous solution model

Model A, which has been applied by several reseaschtreats the system under
consideration as an ideal aqueous solution. In phicular model, the general exergy
equation (2.7) is calculated using (3.1) when titerisive system measurements consist of
temperature, pressure and concentration, and twnioressible fluid model is assumed.
Equation (3.1) can be broken down into the sunhde terms, (1) a thermal exergy term,
(2) a pressure exergy term, and (3) a chemicalggxérm, see (3.3) to (3.5). The
researchers using Model A refer to chemical exagygoncentration exergy. However, as
discussed in the literature review, in this thestn-physical exergy is referred to as
chemical exergy. Importantly, the dead state isnddf as pure water at ambient absolute

temperaturel,, and atmospheric pressui.

E= m{c(T— - cyn(%} P,'OF% - N, RiIn x (3.1)

0
The total exergy is the sum of thermal, pressucecemical exergy, see (3.2).
E=E +E"+E™ (3.2)
The thermal exergy ternk" is calculated using (3.3) wherais the mass flow rateg is
the specific heat capacity, is the temperature at the process stage underdevason and

T, is the temperature at the dead state.
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E' = m[ qT-T)- cTIn (;H (3.3)

0
The pressure exergy terfi” is calculated according to (3.4) wheReis the pressure at
the process stage under consideratiBnjs the pressure at the dead state ands the
density of the solution.

: P-P
EF =rm —2 3.4
5 o4

And the chemical exergy terfi" is calculated using (3.5).
E" =-m( N, RTIn x,) (3.5)
Nsol IS calculated using (3.6).

- (1000—2?0'}

sol MW

sol

(3.6)

According to the authors [5], the units Nf, are defined as the number of moles of the

solvent per unit weight of the solutio@, is the concentration of speciegdefined by the

authors as the weight concentration of the relespaties per litre of solution) andVM\W,

ol

is the molar mass of the solvent (pure water ia taise). The mole fraction of the solvent
X, (number of moles of the solvent divided by the banof moles of the solution) is then
calculated according to (3.7).

Nsol (3 ) 7)

In (3.7) B is the number of particles generated on dissecisnd MW is the molar mass

of species .
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The derivation of the Model A chemical exergy tdsynthe relevant authors is not detailed
in the published literature. Consequently, for ithigal model comparison in this chapter,
the results obtained by the authors in the citéereace [5] are used as the basis for the
model comparison. A detailed assessment of the ichémxergy term by the author is

undertaken in Chapter 5.

This aqueous solution model approach has beenhysedrious research groups; however,
there is a slight discrepancy in the literaturedMaein the terminologies used to describe the
thermal and pressure exergy equations. Criscuali @rioli [58] and Mehdizadeh [7]
define the thermal exergy terf@’ as (3.8), which in this work and the majority ohet
publications is considered the general exergy eguat

E=m(h-h)- (s 9] (3:8)
In other work, including work carried out by thenegaresearch group, the thermal exergy
term is defined as (3.3), for example, Molinariaét[167], Drioli et al [5], Macedonio et
al. [77], Al-Obaidani et al. [78] and Macedonio andoli [168]. When considering Model
A in this thesis the latter definition is used. 8wairce of this discrepancy may arise from
changing definitions in the literature, for examptermal exergy is defined as the sum of
physical and chemical exergy by Szargut et allik6]. However, in later work by Szargut
[93], physical exergy is divided into two parts) @ltemperature dependent part, and (2) a

part that depends on pressure.
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3.2.2 Model B —the Cerci ideal solution model

Model B, developed by Cerci for his PhD dissertatjt34, 136] forms the basis of the
exergy research carried out by several authorsréfaéin et al. [137, 138], Aljundi [141],

Nafey et al. [154] and Bouzayani et al. [146, 147])

In Model B the saline solution is treated as aralideixture of NaCl and pure water,
seawater is dilute, a typical seawater salinity36f000 ppm equates to a mass fraction of
3.5%. According to Cerci, a dilute solution has asmfraction of 5% or less: on this basis,
he defines seawater as an ideal solution [136].tdte exergy of an ideal mixture can be
found by calculating the enthalpy and entropy o fdeal mixture constituents and
multiplying them by their respective mass fractio@ne key assumption of the ideal
mixture model is that the different mixture constiits do not interact at the molecular
level, and therefore, the enthalpy of mixing isazeks a result, the specific enthalpy of the
mixture at a certain temperature and pressureualeq the sum of the specific enthalpies
of the mixture constituents multiplied by the m&sstions of the mixture constituents at

the same temperature and pressure, see (3.9).
hn =2, mEh=(mf B)+( mf f) (3.9)
In (3.9) mf denotes the mass fraction and the subsciiptsi, s and w denote ideal

mixture, the specidsunder consideration, salt and water respectively.

Salt is treated as an incompressible solid (crysédl Thus, the specific enthalpy of salt at
a certain temperature is calculated by first assgysalt a reference enthalpy value at a

reference temperature, for example, the enthalpsattfis equal to zero at 0°C. Then the
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enthalpy of salt at the required temperature isutaled by adding the enthalpy of salt at
the reference temperature and the product of tleeifsp heat capacity of salt by the
temperature difference between the temperaturatefdst and the reference temperature

(where the enthalpy of salt is assigned a zeroeyasee (3.10).
h(T)= (T, )+ ¢( T- T,) (3.10)

The specific entropy of an ideal mixtusg, is calculated in a similar way, see (3.11).

Sn =2, mfs=(mf 9+( mf 3 (3.11)
However, the entropy of mixing of an ideal mixtisenot zero due to the fact that mixing is
an irreversible process, and therefore, the entrojpyhe ideal mixture, at a certain
temperature and pressure, is greater than the duiiheo entropies of the mixture
constituents if they existed alone at the same ¢éeatpre and pressure. The molar entropy
of each constituent in an ideal mixture is given(Byl2), whereR is the universal gas

constant and; is the mole fraction of constituent

§=S,u(T. P— Rn (3.12)
The final term in (3.12) is always positive becadle natural logarithm of the mole
fraction of constituenttis alwaysnegative (except in the pure state when the malgiém

is equal to unity and the last term is zero). Hetloe molar entropy of the ideal mixtusg

can be calculated using (3.13).

Sn = (X2) +(%3)
X[ S pud TP~ RN X[+ X[ 750d TP~ R (3.13)
Xs§s pure(T’ H+ XN_SNpur(i -I’- B_ Fe )én )5" )\d/n &
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Equation (3.13) calculates the molar entropy of itteal mixture at constant temperature
and pressure; in order to calculate the specifitopg the last equality term is divided by
the molar mass of the ideal mixture. The molar nedigbe mixture is the sum of the mole

fraction of each constituent multiplied by the nmateass of the respective constituent, i.e.
ZXi MW . Dividing the universal gas constdRby the molar mass of the mixture, results

in the specific gas constant for the ideal mixtBg The specific entropy can then be

calculated using (3.14).

Sm = mL%pure( -I: B+ mtx/ §/pur£ -’r P_ & !«] g(- w )S (314)
The specific entropy of salt, existing in the psgtate as an incompressible solid, can be

calculated using (3.15), analogous to the speeiftbalpy of salt calculated previously.

ST = Ty)+ gln[le (3.15)

ref

Using this approach requires the use of both magsvele fractions, conversion between

these quantities can be calculated using (3.16)2A4d) [128, 136].

X, = M, (3.16)
MW, [1 —1} + MW,
mf,
Xy = 1MWS (3.17)
MW, | —-1|+ M
W{mfW } Ve

In the two preceding equations is the mole fractionMW is the molar massnf is the

mass fraction, and the subscrigsand w refer to salt and water respectively. Summing
the entropy and enthalpy calculation terms, i.e9)(&nd (3.14), and considering the
enthalpy and the entropy at the dead state (giyethd superscripDS), the equation to
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calculate the total exergy rate (refer to (3.8)a &jpecific process stage (supersdt is
given by (3.18). Note that the subscriptsre and the references to the entropy being a
function of temperature and pressure are droppresliccinctness.

[(mf,h) +(mf, ] =[(mER+( mf, §]™

E=m _([mis+mis- R(dn x on 3" (3.18)
\o[mhs + mt,5— RO An g o 3™

3.2.3 Application of the two models to a dataset

The models described in the previous sections wengpared using measurement data in
the literature [5]. The published information indéd seawater composition, NF and RO
rejection rates, temperatures, pressure and coatiens. The main process parameters are

shown in Table 3-1.

Table 3-1: Process parameters for the dataséd]

Process stage Mass flow rate  Temperature (K) Pressure Concentration
(kg/hr) (bar) (mg/l)

1 1050000 293 1 34654
2 1050000 293 2 34654
3 55000 293 1 34654
4 995000 293 1 34654
5 995000 293 11 34654
6 245000 293 10 61852
7 245000 293 1 61852
8 750000 293 1 25733
9 750000 293 69 25733
10 231000 293 68 82567
11 231000 293 1 82567
12 516000 293 1 270
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The process stages included various pumps, micetidn (MF), NF, throttling valves

(TV) and RO; a process schematic is shown in Figtte

, MF NF RO
5 S 12
Q 3 6 10
Pump 1 Pump 2 Tv1  Pump3 TV2
7 11

Figure 3-1: Desalination process stages from datasedapted from [5]

To facilitate this comparison, results and inforimatfrom [5] were used to develop a series
of MATLAB programmes to calculate the exergy radesording to the Model B approach.
The X-Steam function, which is essentially a seeleictronic steam tables available for
download at the MATLAB central website [169], wased to calculate the water

properties. The calculation sequence is showngurgi3-2.

To validate the author's use of the X-Steam fumctand the MATLAB calculation
programmes, exergy rate values were calculatedrf@lternate dataset in the literature and
were subsequently compared with exergy rate valb&gined by Cerci for the same dataset
[136]. Rather than the X-Steam function, Cerci uBedineering Equation Solver (EES)
software [136], the results of the comparison drews in Table 3-2, which shows

negligible difference between the two approaches.
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Define mass flow rate, dead state salinity,
dead state temperature and dead state
pressure, molar mass of water and salt,

universal gas constant.

Define temperature, pressure and salinity at
process stage in question

Calculate mass fractions of salt and water

Calculate mass and mole fractions of salt and
water and salt at process stage

Calculate mole fractions of salt and water

Calculate the molar mass and gas constant of
the mixture at process stage

Use X-Steam function to calculate the specific
dead state enthalpy and entropy of pure water

A 4

Use X-Steam function to calculate the specific
enthalpy and entropy of pure water at process
stage

Calculate the molar mass and gas constant of
the dead state mixture

Calculate the specific enthalpy and specific
entropy of the mixture at process stage

Calculate the specific dead state enthalpy and
entropy of salt

Calculate the specific exergy and multiply
by the mass flow rate to get exergy rate

Calculate the specific dead state enthalpy and
specific entropy of the mixture

Figure 3-2: Model B exergy calculation sequence ugj X-Steam[169]
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Table 3-2: MATLAB program comparison for original p rogram validation

Stage MATLAB model exergy rates (kW) Exergy rates frohmetliterature (kW)
[136]
1 0 0
2 31.81 31.82
3 28.42 28.43
4 3.39 3.38
5 0 0
6 27.04 27.05
7 25.65 25.66
8 159.46 159.46
9 40.52 40.44
10 -3.73 -3.74
11 -18.17 -18.13
12 -24.79 -24.73
13 -32.09 -32
14 39.22 39.14
15 39.22 39.14

The concentration values of Model A (cited in Tablef reference [5]) were used as the
basis for the salinity values for Model B. Salingydefined differently to concentration, the
concept of salinity was originally deviseds'a measure of the mass of dissolved salts in a
given mass of seawatg70]", or the mass fraction of sea salts. Generallyénliterature,
regarding Model B, salinity is equated to a maastion of NaCl; this was corroborated via
email [171]. However, in order to use the concditmadata in the cited dataset for the
Model B analysis, the concentration values (mgllistrbe converted to mass fractions. To
convert from mg/l to mass fraction requires thesitgrEquating the mass fraction (ppm)
and concentration (mg/l) is common for dilute agusesolutions, but doing so assumes that
the density of the aqueous solution is equivalenthe density of water at 4°C (1000
kg/m?). However, seawater at 20°C and a typical saliniigss fraction of 3.5% has a

density of approximately 1025 kg/maccording to the UNESCO International Equation of
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State of Seawater [172], which is a function ofirsgl, temperature and depth (or
equivalent pressure). As the process water gets rooncentrated, for example, the
retentate streams of the NF and RO processesgetigtyl increases. Consequently, due to
increasing density, the direct conversion betwegfl end ppm becomes increasingly less
accurate. Calculating an accurate density valueetwmh stream is cumbersome. As an
approximation, the International Equation of StateSeawater can be used to estimate
density based on the dead state temperature andeldnant salinity. Salinity can be
calculated as a function of the amount of chloi¢he seawater [170]. However, due to
the targeted ionic rejection of the NF and RO psees, the retentate and permeate streams
are strictly no longer seawater. Therefore, catmgathe salinity based solely on the
chloride content is not feasible, one option isise the total salts concentration rather than
the more correct salinity input. This is a reaséea@pproximation based on the previously
cited original purpose of the salinity concept. Hoer, there is another issue which must
be considered, i.e. calculating the density usimg International Equation of State for
Seawater requires an input of total salts (saliraya mass fraction not a concentration in
mg/l but conversion from mg/l to mass fraction riegsl the density. To overcome this
issue, the density was approximated as follows;

1. Equate concentration (mg/l) and mass fraction, thée value as an input to the

International Equation of State for Seawater acutate density;
2. Use the density value obtained to convert mg/l &ssrfraction;
3. Use the mass fraction of the total salts as thrigalalue for Model B — this value

is then equated to the NaCl mass fraction (asheeliterature).
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The concentration values obtained from the citéefreace [5] were converted from mg/l to

a salinity value; the results are shown in Tabk 3he second column in the table shows
the concentration values in mg/l, the third coluoumtains the estimated density values
obtained using the International Equation of Stdt8eawater, and the final column shows
the percentage difference in ‘effective salinitg’ @ result of the mg/l to ppm conversion.
As expected, the process retentate streams (dhaayess 10 in Figure 3-1) exhibit the largest

percentage differences due to the estimated densityases.

Table 3-3: Conversion from concentration values (m@) to salinity (ppm)

Stage Concentration Estimated Salinity (ppm) % Diff.
(mg/l) Density (kg/m) mg/l versus mf
1 34654 1024.5 33825.3 2.4
61852 1045.4 59165.9 4.3
8 25733 1017.7 25285.4 1.7
10 82567 1061.6 77776.0 5.8
12 270 998.4 270.4 -0.2

Using the relevant density value gives a betteénigal(ppm) estimate than solely equating
mg/l with mass fractions. It is acknowledged the tnternational Equation of State for
Seawater is only strictly valid for salinities betwn 0 and 42, and therefore, the densities
calculated are approximations. To check the genadality of calculations, the density of
an aqueous solution (a mixture of NaCl and My®@las estimated by interpolating (and
weighting) relevant data on aqueous salt solutiof$73]. The results were compared with

the International Equation of State for Seawater strowed very good correlation.
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3.2.4 Model comparison Results

The exergy rates calculated at each process stagg Models A and B are shown in Table
3-4. It is evident that the exergy rates calculdigdoth models are very different; this is
expected due to the different salinity dead stafenifions and the resulting differences in
chemical exergy. The negative exergy rate valu¢sanast column of Table 3-4 have been
explained in the literature in different ways, ék) a measure of the work input required to
bring the retentate salinities back to the origidead state salinity [136], and (2) as the
“potential use of rejected chemical exergy with eesgo seawatefl11l].” However,
where the models should not be expected to difegifecantly is in the exergy change or
exergy destruction in each of the process stages.change in exergy was calculated for
each process stage; the change in exergy (or grgyerestruction\E is defined in (2.6).

A negative AE value signifies that exergy has been destroyedhgmusitive value signifies
that exergy has been added to the system (for dganip the three pumps). The fact that
the pump exergy destruction has not been considerean oversight and this was
commented upon previously in the literature reviwthe pump exergy destruction had
been considered, the distinction between exergpgdhand exergy destruction would not
exist. The comparison between the ‘change in exeatgs’ calculated by each of the
models is shown in Table 3-5 and Figure 3-3. Itlesar that there are some considerable
differences between thAE values calculated by Model A and Model B. R¥E due to
the three pumps, the percentage difference isangeland varies between 2.5 and 3.2%.
However, it is the two important separation proesgbat yield the significant differences,

namely the NF and the RO processes, 23.6% and 28e8pectively. The percentage

difference inAE between the models for the throttling valves, 6d8d 7.7% respectively,
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is most likely a direct result of the preceding Bitd RO separation processes, although

this is not fully discernable due to the integrateatelling approach of Model B.

Table 3-4: Comparison of exergy rates calculated usy Model A and Model B

Stage Model A Model B
Exergy rate Exergy rate
(kJ/hr) (kJ/hr)

1 2808300 0

2 2913300 101625

3 148800 0

4 2659500 0

5 3654500 962822

6 1334700 -858894

7 1113400 -1066672

8 1541300 1226921

9 6638300 6199037

10 3048909 -238405

11 1502074 -1666071

12 11327 3926046

Table 3-5: Comparison between the change in exerggtes calculated using each model - Model A and

Model B

Grouped Stage Processes Model A Model B % Diff.

AE (kJ/hr) AE (kJ/hr) AE

1 Pump 1 105000 101625 3.2

MF -105000 -101625 3.2

2 Pump 2 995000 962822 3.2
NF -778500 -594795 23.6

TV1 -221300 -207778 6.1

3 Pump 3 5097000 4972116 2.5
RO -3578064 -2511396 29.8

TV ?2 -1546835 -1427666 7.7
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Comparison of exergy change calculated using Model A and Model B
6000000
H Model A
— 4000000 (kJ/hr)
=
~N
%]
=2 2000000 Model B (kJ/hr)
&
. A
£
& -2000000
&
-
O  -4000000
-6000000
Pump 1 MF Pump 2 NF TV1 Pump 3 RO TV 2
Process stages

Figure 3-3. Comparison of exergy change calculated using Motdé and Model B

Why do these models differ? There are three magsipiities that can be investigate(1)
the dead state definitio(2) the modding of the aqueous strea and (3) the exergy model

calculation equationirst, consider the dead state definition.

The influence of the dead state salinity was tebiedmending the dead state definitior
the serieof MATLAB programs For Model Bthe dead state was-defined as pure water
at ambient temperature and pressiequivalent taModel A), and the MATLAB program
were rewritten accordingly. The results of thisastigation are shown Table 3-6 and

Table 3-7.
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Table 3-6: Comparison of exergy rates calculated ugy Model B for both the original dead state and

the amended dead state (for comparison purposes MelA is also shown)

Stage

© 00 ~NO Ol WN P

e
N B O

Original DS

Model B
(kJ/hr)

0
101625
0
0
962822
-858894
-1066672
1226921
6199037
-238405
-1666071
3926046

Amended DS

Model B
(kJ/hr)

-8111370
-8009744
-424881
-7686488
-6723666
-2751547
-2959324
-4566914
405202
-2022906
-3450572
-60112

Model A
(kJ/hr)

2808300
2913300
148800
2659500
3654500
1334700
1113400
1541300
6638300
3048909
1502074
11327

Table 3-7: Comparison of the percentage exergy chge calculated by Model A and Model B - the
results are shown for both the Model A/Original dea state Model B comparison and the Model

A/Amended dead state Model B comparison

Grouped Process Original DS Amended DS

Stage %Diff. %Diff.
(kJ/hr) (kJ/hr)

1 Pump : 3.2 3.2
MF 3.2 3.2

2 Pump : 3.2 3.2
NF 23.€ 23.€

TV 1 6.1 6.1

3 Pump < 2.t 2.t
RC 29.¢ 30.5

TV 2 7.7 7.7

The calculated exergy rates for Model B, using btite original salinity dead state

definition (incoming seawater) and the amended#gldead state definition (pure water),
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are shown in Table 3-6, which also shows the exealys calculated using Model A.
Originally, it was thought that the main reason Wiy exergy rates calculated using Model
A and Model B were significantly different was aué of the different salinity dead states;
Table 3-6 shows that this is not the case. Whemsdhgity dead state was amended to pure
water, all the previously positive Model B exerggeas (Table 3-4 column 3) changed to
negative values, except State 9 which undergoesge pressure exergy input due to the
high pressure pump. Mathematically, due to the al®eérdead state, (3.18) simplifies to

(3.19) shown below.

{[(meQ)+(m(Nm]PS_[( m] Ds}
_To{[mfs§+ mf,s— R( i ¥ dn Mps_[ $DS}

E=m (3.19)

There are two causes of the negative exergy rai@scdome about as a result of the
amended salinity dead state, one cause relatebages in enthalpy and the other to
changes in entropy;

1. At the majority of process stages—h, <0, this occurs because the enthalpy of water

in the pure state is now greater than the enthafhe ideal mixture, see (3.18) and
(3.19). The lower enthalpy of the ideal mixturelige to the presence of the salt (i.e. the
heat capacity of salt in the ideal mixture loweng toverall enthalpy of the ideal
mixture). There are two exceptions, process stgasd 10, where the high pumping
pressure input counteracts the negative value thiagpy differences. Process stage 10
is still at relatively high pressure, the pressingp tangential to the RO membrane is 1

bar (from 69 bar at process stage 9 to 68 baraegs stage 10).
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2. At all process stages— g >0. Therefore, when multiplied by-{,), the product is
always negative. In the original dead state sglidéfinition s— g <0except for cases

where the salinity at the relevant process stage giaater than the dead state salinity

(NF, RO, and their respective throttling valved)ede exceptions contributed to

negative exergy rates in the original dead stafi@itien.
Table 3-7 column 3 shows the absolute percentdtgretice of exergy change calculated
by the models (previously shown in the last colwhiiable 3-5). The last column of Table
3-7 reports the absolute percentage differencexefgg change, but this time using the
amended dead state definition. These results itedtbat the dead state definition has very
little impact on the exergy change calculationshwéspect to the original model dead state
definition. There is a slight change in the RO psx; a 0.7% increase. However, this
increase is relatively insignificant when companeth the magnitude of the exergy change
calculation differences between the two models.rdfoee, based on the preceding results,
the salinity dead state definition does not havsigmificant impact on theAE values
calculated by the two models. However, it does hameimpact on the exergy rates

calculated using the Model B MATLAB programs.

3.3 Summary

In summary, this initial model comparison, basedoarcess information obtained from a
dataset in the literature, presented some intagestiesults which merit further
investigation. The exergy rates calculated usingd®&loA and Model B differed

significantly; exergy rates calculated using Mo#eéare positive, exergy rates calculated
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using Model B can be positive or negative (depemdin the stream concentration with
respect to the salinity dead state). Although nadigned than the exergy rates, there are
significant differences between the exergy deswoatates calculated for the NF and RO
processes using Model A and Model B. The amendad dtate did not have a significant
effect on the exergy destruction rates calculatéh Wodel B, however, it did have an

important influence on the exergy rates calculatieghch process stage.

Considering that the principal purpose of an exeapalysis is to identify system
irreversibilities and to focus improvement efforthjs 29.8% deviation in RO exergy
destruction between the two models is a matteroofcern. Based on this preliminary
investigation, it would suggest that either, on¢hef models is reasonably accurate and the
other model is significantly over- or under-estimgtthe exergy destruction in the key

separation processes or neither model is suffigiaaturate.
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4 Research plan

The objective of this research is to develop arute approach to characterise and
benchmark UPW production plants. There are two gleax exergy calculation models
used in the desalination literature, Model A anddeldB, which differ on the basis of, (1)
the specific exergy calculation equations, (2) mhedels chosen to represent feed water
composition, and (3) the dead state definitionsgesehtwo models were compared using a
dataset in the literature in Chapter 3. It was tbuhat the exergy destruction rates
calculated using the two models for the key sepmargirocesses differed significantly, a

23.6% difference for the NF process and a 29.8%@reifice for the RO process.

A preliminary investigation into the dead stateimigbn showed that the choice of dead
state salinity does not have an important effecthenexergy destruction rates calculated
using the two models. However, the choice of deaatk salinity does have a significant
impact on the exergy rates calculated at the vanpracess stages and dictates whether the

exergy rate of the retentate is a positive or negatalue.

Further investigation will be undertaken to estblihe cause of these model differences;
however, based on early findings, the author hygsisies that;
* A more accurate model exists than either Model Avimdel B, and a new best
approach is needed to deal with the exergy anatysis®W systems.

The testing of this hypothesis will be carried aatording to Figure 4-1.
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Apply Models A, B and the

e Assess model differences

Recommendation to system
o Assess key areas of exergy ——»

owner

Figure 4-1: Planned work outline
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4.1 Develop more accurate model

Table 2-4 collates various exergy models that Heeen applied to desalination systems. In
the author’s opinion, however, a more accurate inexists, and this more accurate model
takes an intrinsic chemical exergy term into actowhich the author believes may have
been overlooked in Model A and Model B. This insi;chemical exergy term, often based
on standard chemical exergy values, is includethé exergy model equations of key
exergy authors [92, 93, 95] (although not spediffdar desalination exergy calculations).

Once the more accurate model has been determirvedl,be applied to the UPW plant.

4.2 Apply Models to UPW plant

The models will be applied to a UPW plant; thisveerthree purposes, (1) it provides a
means to compare the models, (2) it provides a smeanalidate the approach, and (3) it
provides a means to characterise and benchmatiRNh¢ plant. The developed model will
be used to gauge the accuracy of both Model A aadeViB. The factory SCADA system
provides most of the flow rate, pressure, and teatpee measurements required for this

model analysis. Other measurements can be obtamredocal instrumentation.

4.3 Analyse results

The results of the model comparison will be analy8ased on the literature reviewed, it is
expected that the main sources of exergy destructii take place in the RO core

processes. Although the developed model shouldhéeaniost accurate model, it may not
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necessarily be the best model for UPW exergy aizalybis will more than likely depend
on several factors including;
» The computational complexity of each model and ¢basideration of possible
trade-offs between complexity and accuracy;
* The level of information provided by the measuremarstrumentation — for
example, how conductivity is measured.
The last point is particularly relevant to UPW gkaas conductivity measurement is vital to
assure the permeate purity specifications. Howetrer, granularity of the conductivity
measurement may not suit the different models.example, in the literature, the Model A
concentrations have been calculated using theafleé&ection rates for NF and RO. One of
the reasons for this is probably due to the natidirthe multi-solute water model used.

These factors should be weighed up when seledimfést exergy model for UPW plants.

Other areas for consideration include the salidi®ad state definition and whether it is
more appropriate or intuitive to define the deaatessalinity as pure water or incoming
water salinity. The results will be analysed. Imgnment suggestions will be made, likely
improvements may come from the use of low pressueenbranes and high efficiency

pumps. Recommendations, based on the exergy asyakyibe made to the system owner.

4.4 Thesis

The final stage is the thesis write-up.
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4.5 Novelty of research

Based on the literature reviewed, no published arebe has addressed the issue of
semiconductor UPW production exergy characterig&tjgtimisation. In the semiconductor
industry the main UPW focus to date has been tldué® Reuse, Recycle strategy. The
benefits and risks of this strategy have beenrmedlin the literature review. Although the
issues of UPW conservation and energy conservaigme been highlighted as important
industry objectives, little regard has been givemeducing the energy required to produce
UPW to the exacting semiconductor manufacturingistiy standards. Energy reduction
research in the desalination literature is welbleshed, and having assessed various
approaches, exergy analysis shows the most proasis® method to characterise UPW
production energy. Thus, there are two novelty dact here, (1) the energy
characterisation/optimisation of UPW has not bemmgeted previously, and (2) exergy
analysis has not yet been applied to a UPW plamsalnation plants, which have
previously undergone exergy analyses in the lteeatdiffer from UPW plants with
regards to process intensity (i.e. recovery ratespber and various types of sequential

processes) and criticality of application.

Another novel element of this research is the eataln and comparison of desalination
exergy models. Various models have been appligtigniterature to desalination plants,
however, a detailed assessment and comparisoesd thodels has not been undertaken to
date. Having reviewed the desalination exergy aeslyn the literature, it is evident that
several models have been used, and although cestdohications (using one specific

model) have referenced the work of other reseascfusing a different exergy model), the
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suitability of exergy model choice has not beenstjpeed and no one model has been
advocated in favour of others. In other words, meciesalination exergy analyses appear to
have been carried out in isolation with regardsetecting the most appropriate exergy
model. The comparison of two predominant exergyalitegtion models in Chapter 3

identified key model differences in the NF and Ré€pagation processes. These findings

would suggest that the model differences are mkat¢he chemical exergy terms.

Munoz and Michaelides [120] did compare variousr@xeeference environment models
for the analysis of several power plants. Howeirethat analysis, the cited authors were
essentially comparing standard chemical exergyreaf® environments. Munoz and
Michaelides commented that the use of differergrezfce environment models cancel out
when calculating process exergy destruction rexylin similar exergy destruction rates.
The comparison of Model A and Model B undertakefrapter 3 found that this expected
similarity in exergy destruction values did not mcdue to the different model approaches.
Hence, this proposed research also shows an elehaovelty in the form of comparing,

evaluating and synthesising the work of other nesesas.
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5 Model A and Model B: a detailed comparison

The purpose of this chapter is to further develmp work of Chapter 3, which identified
significant differences in exergy rates and exedggtruction rates calculated with two
prevalent exergy desalination models. The prelinyi@@alysis in Chapter 3 considered the
dead state definition as the possible cause of MAdend Model B differences. Here,
following a re-assessment of the key exergy litemtrather than just the desalination
exergy literature, the two models are broken dowd eompared and contrasted on the
basis of both physical exergy and chemical exehdgdel A does have one important
advantage over the Model B approach in this resjact that is the breakdown of exergy
into the thermal, pressure and chemical exergy derthus facilitating a clearer

understanding of the various system exergy flows.

This comparison is once again based on a datasattfre literature [5], the main process
parameters are shown in Table 3-1. Part of thiskweas presented at the IEESE-05
Conference 2010 [174]. It should be stated thatesainthe research presented at the
IEESE-05 conference was at an early stage, and ¢hapter presents a more

comprehensive analysis.

5.1 Physical exergy comparison

Exergy is the theoretical maximum potential of depag work as a system comes into

equilibrium with its environment,
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“When the pressure, temperature, composition, uglocielevation of a system is
different from the environment, there is an oppoitiuto develop work. As the
system changes to that of the environment, therappty diminishes, ceasing to
exist when the two, at rest relative to one anqthes in equilibrium. This state of
the system is called the dead s{&g)].”
Generally, key exergy authors differentiate systeqargy into two parts, the exergy that
arises from, (1) a difference in the thermal andmeaical properties between the process
stage state and the dead state, and (2) the exbagyarises from a difference in
composition between the process stage and thestia&dat the dead state temperature and

pressure.

Physical exergy is concerned solely with thermo+dmaeecal equilibrium [92-95] or what
has been termed, the restricted dead state [@]haw the states of a system differ in
thermal and mechanical equilibrium from the defidedd statewithout any change of the
chemical composition of the considered substafg®”. Accordingly, in the desalination
process under consideration (Figure 3-1), the phl/sixergy at each process stage can be
described as the exergy that arises from the diffes in thermo-mechanical properties

between the process stage under consideratiorhandgtricted dead state.

First, the physical exergy is calculated using Ma&leConveniently, this is the summation

of (3.3) and (3.4) resulting in (5.1).

EPh = m{qT— T- c]’ln(;j{la;%ﬂ (5.1)
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Again, this equation is derived under the assumptiof the incompressible fluid model
and constant specific heat capacity. The desadimatirocess shown in Figure 3-1 is
regarded as isothermal, and as a result, the theromaponent of exergy is negligible,

leaving only the pressure exergy contribution.

The incompressible fluid model assumes that thesitlenf a fluid is not a function of

pressure and is constant. In seawater applicatites,density does change at various
process stages, not due to increasing pressute ndreasing or decreasing concentration,
and this has an influence on the magnitude of phy/stxergy which decreases as the

density increases, see (5.1).

Regarding Model A, and using process informatiota deom the cited reference [5], the
specific physical exergy (kJ/kg) can be calculdtgddividing the pressure exergy (kJ/hr)
by the mass flow rate (kg/hr), see Table 5-1. Theesdy values can be calculated with
further analysis of these published results andsa@vn in Table 5-2. The density is
approximated by dividing the differential presstegem P-Po) in kilopascals by the specific
exergy (kJ/kg), and where possible, the densityeslhave been calculated from the
process information given using this calculationhaf¥ the density values could not be
determined from the differential pressure value, dgample, for process stages at dead
state pressure, equal density values were attdbite process stages with equal
concentration values. To demonstrate; considergssstage 2 in Table 5-2, the density
can be calculated from the differential pressureieszaand the specific exergy at process

stage 2, this value is then used to determine ¢nsity values at process stages 1 to 5. The
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density at process stage 8 (which is at the dese ptessure and thus cannot be determined
on the basis of differential pressure) is deterghifrem process stage 9 which is at the

same concentration as process stage 8 and so forth.

Table 5-1: Model A physical exergy rates based oresults in[5]

Process Physical Mass flow rate (kg/hr) Specific
stage exergy rate (kJ/hr) physical exergy (kJ/kg)

1 0 1050000 0
2 105000 1050000 0.100
3 0 55000 0
4 0 995000 0
5 995000 995000 1.000
6 221300 245000 0.903
7 0 245000 0
8 0 750000 0
9 5097000 750000 6.796
10 1546836 231000 6.696
11 0 231000 0
12 0 516000 0

Table 5-2: Model A density values

Process stage Model A P-Po (Pa) Calculated
Specific physical exergy Density (kg/m)
(kJ/kg)

1 0.000 0 1000
2 0.100 100000 1000
3 0.000 0 1000
4 0.000 0 1000
5 1.000 1000000 1000
6 0.903 900000 996.4
7 0.000 0 996.4
8 0.000 0 1000.6
9 6.796 6800000 1000.6
10 6.696 6800000 1015.5
11 0.000 0 1015.5
12 0.000 0
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To facilitate previous model comparison work in Qles 3 estimated density values at
various concentration levels were calculated ireotd convert given concentration values
(mg/l) to salinity values in parts per million (ppnThe earlier density values of Table 3-3
differ from the density values calculated usinggess information in Table 5-2. The

percentage difference in values between Table BdZTable 3-3 is a maximum of 4.7% at

process stage 6. The density values in Table 23ised to compare the physical exergy
calculated using Model A and Model B, rather thiae values in Table 5-2, because they

better reflect the changing densities as a re$albiacentration changes.

The next step in the physical exergy model comparis to calculate specific physical
exergy using Model B. It is more difficult to diffentiate between the physical and
chemical exergy parts of Model B as both are irstesgl due to changing mass fractions
throughout the process stages, and importantlydifference between the mass fraction at
a particular process stage and the dead statétyatiass fraction. Based on the definition
given at the start of this chapter, physical exengglysis is not concerned with the changes
in specific exergy due to the difference in maastfons between the various process stages
and the restricted dead state or the entropy oihgpiterm. Using this approach, the specific
physical exergye™ can be calculated using (5.2) below; this deroratis based on a
simplification of (3.18).

ePh — thPS( hVPS_ Q/RD5+ mg Pﬁ,]s PS hs R?J

“TImE (9= 93+ mfC ¢ s

The superscripteSandRDSrefer to the relevant process stage and thectstrdead state

(5.2)

respectively. The mass fractionsf, and mf, can be calculated at the process stage under
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consideration from given concentration values i {Sing the method outlined in Chapter
3. Based on (5.2) and using the XSteam functiord][16 calculate the entropy and
enthalpy of water, and the thermodynamic propedfesolids to calculate the enthalpy and
entropy of salt [136], the specific physical exeagyeach process stage was calculated, the

results are shown in Table 5-3.

Table 5-3: Model B specific physical exergy baseda@oncentration values in5]

Process Stage Conc. (mg/l) Density (kgjm Salinity (ppm) Specific physical
exergy (kJ/kg)
1 34654 1024.5 33825.3 0
2 34654 10245 33825.3 0.097
3 34654 10245 33825.3 0
4 34654 10245 33825.3 0
5 34654 1024.5 33825.3 0.968
6 61852 1045.4 59165.9 0.848
7 61852 1045.4 59165.9 0
8 25733 1017.7 25285.4 0
9 25733 1017.7 25285.4 6.629
10 82567 1061.6 77776 6.180
11 82567 1061.6 77776 0
12 270 998.4 270.4 0

The specific physical exergy results calculateshgidioth Model A and Model B can now
be compared and assessed. Table 5-4 shows thatisheslatively little difference in the
specific physical exergy calculated using each madé.5% difference at process stage 6
and a maximum difference of 2.1% at process st@gé $hould be noted that the Model A
values incorporate the amended density values,tl@aidthe Model B values are based
solely on the physical specific exergy and do rotsider the dead state definition salinity

values when calculating the specific exergy at gaokess stage (according to the physical
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exergy definition). Based on the process stagegewtiee largest percentage differences
occur, i.e. the most concentrated process stages @0, the differences in physical exergy
are more than likely due to differences in the dgnsalculations of Model A and the

comparable mass fractions of Model B. The processessothermal, and consequently, the
differences must relate to pressure exergy. Thdtsegresented in Table 5-4 would suggest
that the significant exergy result differences fdun Chapter 3 were not caused by the

physical exergy calculation models outlined in ggstion.

Table 5-4: Comparison of specific physical exergyalues calculated using Model A and Model B

Process stage Model A (kJ/kg) Model B (kJ/kg)

(amended density values)

1 0 0

2 0.098 0.097

3 0 0

4 0 0

5 0.976 0.968

6 0.861 0.848

7 0 0

8 0 0

9 6.682 6.629
10 6.311 6.180
11 0 0
12 0 0

5.2 Chemical exergy

Chemical exergy is the maximum work potential osystem (due to differences in
composition) as the system changes from thermo-amécdl equilibrium at the restricted

dead state, to that of the dead state. Accordir@zswgut [93],
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“Chemical exergy expresses the exergy content cdulbstance at environmental
temperature and pressure

The molar chemical exergy of an ideal mixture/soluts given by (5.3) [92, 93, 95, 109].

g =Z Xe"+ R'([Z Xn (5.3)

In equation (5.3)e“" the molar chemical exergy of the ideal mixtureisioh is a
combination of two contributions, an intrinsic cheah exergy contribution from each of
the mixture speciesand a contribution from the entropy of mixing tenwhich has the
effect of reducing the total system chemical exeiidyere is consensus in key engineering
exergy texts on what defines chemical exergy [9219®]. However, due to the nature of
the natural environment and the fact that it is inoéquilibrium, several chemical exergy
calculation models and standard chemical exerdggagxist [95], (standard typically refers
to 298.15K and atmospheric pressure or 1 bar).r8kewé these chemical exergy models

have been discussed in the literature review.

The chemical exergy term of Model A, see (3.5)different from the widely accepted
chemical exergy term in (5.3) with respect to bibid sign of the natural logarithm and the
intrinsic chemical exergy contribution term. RegagdModel A, the dead state of the
agueous solution is defined as pure water; accgidithe chemical exergy calculated
using (3.5) is positive when the mole fraction diter is less than unity and zero in the
pure water state. Another point of note is thatltveer the mole fraction of water in the

agueous solution the greater the contribution ergbal exergy.
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The origin and suitability of the Model A chemiaatergy term requires investigation. As
discussed previously in Chapter 3, the derivatibthe Model A chemical exergy term is
not detailed by the relevant authors in the publisiiterature. However, based on an

examination of (3.5), it is evident that when tNg, and rm terms are excluded, the Model

A chemical exergy simplifies to (5.4), which is mdieal to the equation defined by Szargut
[93, 116] to calculate the molar chemical exergy vediter obtained from seawater

desalination.

8" =-RTIn x, (5.4)

The use of (5.4) and (3.5) to calculate the chelngigargy of desalination process streams
requires consideration; the chemical exergy caledlashould intuitively represent the
potential work output as the system moves fromntieemechanical equilibrium to the dead
state. Generally, the dead state of the systemdesalination process occurs when the
concentrated brine is allowed to mix with localwater as the brine is returned to the sea,
and therefore, the chemical exergy should reflaet maximum potential work that the
brine could do if it was allowed to mix with locsawater. However, the chemical exergy
calculated using (5.4) and (3.5) calculates theggxef the brine based on the theoretical
work potential of the brine mixing with one mole mire water. A more realistic chemical
exergy should not model the mixing of the brinehwithe mole of pure water but rather
with local seawater (Model B). The differences uhdeg the separation models of Model

A and Model are discussed in greater detail late¢his chapter.
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The chemical exergy calculated using Model A anddl&édldB can be compared as follows;
the specific chemical exergy of Model A can be glted from values presented in the
literature [5]. To do this, the chemical exergyerétJ/hr) is divided by the mass flow rate
(kg/hr). Regarding Model B, the specific chemicaemrgy is coupled with the physical
exergy. The specific chemical exergy can be caledlay subtracting the calculated Model
B specific physical exergy from the total speciixergy calculated in Chapter 3, i.e. the
specific exergy version of (3.18) minus (5.2), €&8).

(M= m{>)+ R*Tm{™- mf %y

2| [P mpy e P e } (55)
TSRO X Xt T+ RICx MR x ¥ x W XY

The specific chemical exergy is therefore a functofn(l) the product of the dead state
enthalpy and entropy of each constituent and tHerdifice in the mass fractions of each
constituent between the various process stages andettk gate, (2) the dead state
temperature, and (3) the difference in the entropynixing terms between the process

stage and the dead state.

The Model A and Model B comparison for specific cheahexergy is shown in Table 5-5.
The values for specific chemical exergy are diffedkre to the inherent model differences,
and thus, there is little point in calculating a petage difference value. It is noted that the
magnitudes of specific chemical exergy appear to ivdasi for both models in process
stages 6 to 11; however, as will become evident, thisstout to be coincidental. The
choice of dead state reference for both models mdwmtstiie chemical exergy is at a
minimum, in terms of magnitude, at process stage M (ather stages of equal

concentration) for Model B and a minimum at procgage 12 for Model A. The values of
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chemical exergy are all positive for Model A and nimey either positive or negative for
Model B. Regarding Model B, the values are negatilien the concentration of salts in the
ideal solution at the process stage under consideratigreater than the incoming stream
(seawater salinity). These values strongly suggesthbatdiculation of chemical exergy is

the key source of the model differences.

Table 5-5: Comparison of specific chemical exergyf Model A and Model B

Process Model A Model B

stage (kJ/kg) (kJ/kg)
1 2.67 0.00
2 2.67 0.00
3 2.71 0.00
4 2.67 0.00
5 2.67 0.00
6 4,54 -4.35
7 4,54 -4.35
8 2.06 1.64
9 2.06 1.64
10 6.50 -7.21
11 6.50 -7.21
12 0.02 7.61

5.3 Assessment of chemical exergy results

The preceding results lead to several other questimhsi@as of investigation. The results
in Table 5-5 show that the chemical exergy valuesutaied using Model A and Model B
are not readily comparable. Regarding the modé&trdifices, there are again three possible
options where Model A and Model B differ, (1) theadestate, (2) the model of the aqueous

solution and (3) the chemical exergy calculation model
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5.3.1 Dead state reference

First, the dead state is considered. Now that the plyaicd chemical exergy have been
decoupled, it is worth investigating the possibilifyamending the Model A dead state
reference to that of Model B (local seawater saljretyd assessing the effect on chemical
exergy results. In Chapter 3 the dead state of ModebB amended to the dead state of
Model A, and it was found that this change in deatiesteference resulted in negligible
change in the exergy destruction rate calculatethettwo dead states but did result in
significant changes in the calculated exergy ratessdpitly, it is solely the chemical exergy
under consideration. Model A calculates the molanubal exergy at each of the process
stages according to (3.5), which in turn appears tbased on (5.4). The molar chemical
exergy term of (5.4) relates to the minimum workunfp separate one mole of pure water

from seawater of water mole fractiog),. Therefore, at process stage 1, the molar chemical

exergy relates to the exergy to separate one moleatdr from local seawater of mole
fraction x,, (the subscripv nin x,, denotes the mole fraction of water at any process
stagen). This incoming salinity can subsequently be used agdfeence in all other
process stage chemical exergy calculations. In additiorthe amended dead state
references, now consider the chemical exergy in tefnspecific values rather than molar
values. At process stage 1 the chemical exergy is ie@sahe specific chemical exergy to
separate one kilogram of pure water from seawateradé fractionx,, minus the specific
chemical exergy to separate one kilogram of purtemfom seawater of mole fraction
X, .- Consider the specific chemical exergy at the ofinecess stages where changes in

concentration occur, for example at process stage &Nthretentate (refer to Figure 3-1

below which has been shown below again for ease efarte).
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Figure 3-1: Desalination process stages from datasedapted from [5]

The specific chemical exergy is the minimum work infguired to separate one kilogram

of pure water from seawater of the NF retentate nh@etion x,, minus the specific

chemical exergy required to separate one kilogrampuk water from seawater of

incoming seawater mole fractiox,,, and so forth for the various process stages.

Mathematically, for each process stage, this is givendlar form by (5.6).

e =-RFIn x,~(- RYIn ¥)= Rarn% (5.6)

n

Accordingly, if x,, > X,,, the molar chemical exergy is positive. In this cds® mole

fraction of the incoming water is greater than thearfraction of water at the relevant
process stage, and thus, the salinity of the incomingrvis lower than the salinity of the

relevant process stage. However, when < x,,, the molar chemical exergy is negative
and whenx,, = x,, the molar chemical exergy is zero. This is contraryht® negative

chemical exergy values obtained for Model B in Tédbe
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Referring back to the Model A chemical exergy, se8)(to (3.7), it is evident that, , in

(5.6) is unity, see (5.7) below.

g"=-RTIn x = R}]’In% (5.7)

Using a common, more appropriate, dead state referémeehemical exergy values are
easier to compare, these amended values are showibla 3-&. However, as Table 5-6
shows, the values of specific chemical exergy are diffiérent. The incoming seawater
chemical exergy is equivalent but the similarities #émete. Even if the negative signs in
Table 5-6 are deemed arbitrary, and the chemicatggxis considered as the departure
from a composition reference, and therefore, onlyntlagnitude of chemical exergy is of
concern, the values are not similar. The amendedygxaead state reference results in
different values of specific chemical exergy for MbAeut it does not wholly account for

the chemical exergy differences between the two teode

Table 5-6: Comparison of the specific chemical exgy calculated using Model A (both the original and

amended dead states) and Model B

Process stage Original dead state Amended dead state
Model (kJ/kg) Model A (kJ/kg) Model B (kJ/kg)
1 2.67 0 0
6 4,54 1.87 -4.354
8 2.06 -0.61 1.636
10 6.50 3.83 -7.212
12 0.02 -2.65 7.609
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5.3.2 Seawater agueous solution model

The next point to investigate is the seawater modéis Bection considers several
guestions. First, does the Model A method for calcugatiie mole fraction of water result
in a similar mole fraction to that obtained in Modg:l and does this influence the molar
chemical exergy calculation? Second, if the moéetions differ and result in different

values of molar chemical exergy, will equating thelerfractions reduce this difference?

The mole fraction of water was estimated for the eatration value at process stages 1 to
5 using the Model A calculation procedure for bofiermical and total exergy outlined in

Figure 5-1. Calculating the Model A mole fractioh water involves two-stages, first
Zﬂ,q | pMW is calculated, see Table 5-7. This summed value is teed in (3.7) to
calculate the mole fraction of the solvert,, i.e. water according to the Model A
terminology, (x, and x,,, are used interchangeably here depending on whatparticular
model or a general model is under consideration). &act value ofx,, used in the

dataset is not stated explicitly in the cited refeeef], however, it was estimated to be
0.99998 from the published chemical exergy ratelt®sund other relevant process data

using a commercial software model Excel™.

The mole fraction estimation method is now detailede Vhalue of the Model A mole
fraction was calculated iteratively using a develogadel™ model. First, the chemical
exergy rate value was calculated using the densityeviar process stages 1 to 5 in Table

5-2. Using the relevant density value of 1000 Kg/emd assuming that the dissociation
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values (B) were unity, resulted in a 0.8% difference betwées published chemical

exergy rate results and the results calculated byutafor process stage 1. According to
the Excel™ model, a density value of 1009.75 Kggave a very accurate approximation to
the published results (although this density value iatgreéhan that obtained in Table 5-2).
Notwithstanding this discrepancy in the density valthes density value of 1009.75 kgfm
resulted in a mole fraction value of water of 0.999@sing a density value of 1000 kg/m
also resulted in a mole fraction value of 0.99998)fdct, it was found that the mole
fraction of water was not sensitive to density valugagithe Model A approach. This was
tested for the process stage 1 concentration valueaodensity range of 1000 kgirto
1024.5 kg/m, resulting in a maximum 0.000044% difference betwie mole fractions of

water at density values of 1000 kd/end 1024.5 kg/f).
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Define mass flow rate, specific heat capacity,
dead state temperature and dead state
pressure, density, molar mass of solvent,
universal gas constant.

—»  Sum the three exergy term rates

}

"

Define seawater salts, molar mass of salts,
concentration of salts, dissociation of salts,

density of seawater For stages that involve a change in

l concentration

Calculate 2p;,C;/ pMW, Define rejection rates

} }

Calculate volumetric flow rates from mass flow

Calculate Noq and X, rates and density

} }

Calculate permeate concentration from reject

Calculate specific chemical exergy rates and volumetric flow rates

l ‘,

Calculate the retenate concentration from the
equation C;= QiCi— Q,C,/ Q;

Where r is the retentate, p is the permeate and f is the feed

Calculate chemical exergy rate

l ,,

Use these values to calculate salinity or
concentration at relevant stage

Calculate pressure and thermal exergy rates =

Figure 5-1: Model A calculation procedure
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Table 5-7: Model A mole fraction calculation - stag 1

Species B G p MW, B.CilpMW, (mol/g)
(g (a/h) (g/mol)
cr 1 19.345 1000 355 0.00054493
Na 1 10.752 1000 23 0.00046748
SO4 1 2.701 1000 96 2.8135E-05
Mg* 1 1.295 1000 24.3 5.3292E-05
ca” 1 0.416 1000 40 0.0000104
K* 1 0 1000 39.1 0
HCO3 1 0.145 1000 61 2.377E-06
Total (g/l) 34.654 Z BC, 0.00110661
PMW,

The Model A approach resulted in a mole fraction goocess stage 1 of 0.99998, this
compares with 0.989 for the mole fraction calculat@dthe same process stages using
Model B, a percentage difference of approximatély However, although the percentage
difference between the two mole fraction values iy @fo, when these two mole fraction

values are used to calculate the molar chemicalggx€rRT,In x,), the results are

significantly different. A mole fraction of 0.989 e@tes to a molar chemical exergy of
26.95 kJ/kmol whereas a mole fraction of 0.99998 tegutb a molar chemical exergy of
0.049 kJ/kmol due to the natural logarithm term. Té&son for this difference in mole
fraction values is due to the way each model calesl#te mole fraction of the seawater
constituents. In Model B, the salinity of seawater igdusecalculate the mass fraction of
water and from that value, the mole fraction of avatan be calculated using equation
(3.17). Essentially, the mole fraction is a functiortre molar mass and mass fractions of
salt and water, which can be obtained from the totmcentration of salts. Regarding

Model A, the mole fraction is obtained by first aditing the N
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concentration, density and molar mass of the wated ten X, a function of

concentration, density, dissociation number and th&ammass of the various seawater
constituents, see (3.5) to (3.7). The different modetion values obtained using the two

approaches may be an important reason for the mdtesletices.

It is interesting to note that, according to the arghdefinitions of the terms in (3.6), the

units in the equation do not appear to balance. ammation, theZQ/,o term

calculates the mass fractions of the solutes (i.e. unghtvef the solutes divided by unit

weight of solution). However, the units reported hg tauthors [5] for theN_, term in

sol
(3.6), i.e. number of moles of the solvent per urgighit of the solution, require that the
units of the numerator are unit weight of pure watigided by unit weight of the solution,
(i.e. units of the mass fraction of the solvent watidgwever, on closer inspection of the
numerator in (3.6), the mass fraction of water is X@30 minus the mass fractions of the
solutes but unity minus the mass fractions of the sollités.not clear whether this is an

oversight on the authors’ behalf or if there is souwedsoning behind theN_, term

sol
calculation. It is evident, however, that the malaction of water calculated using the

Model A approach is greater than that of the ModapBroach

The approaches used to calculate the mole fractiotieeaklevant species are different in
Model A and Model B. The next step is to investigatether the use of identical water
mole fraction values will negate the chemical exatdferences shown previously in Table
5-6. To test this, the water mole fraction valuesagheprocess stage, calculated according

to Model B, were substituted into the Model A molaewical exergy equation. The results
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are shown in Table 5-8, where the Model A molar doahexergy is shown for both the

original and amended dead states.

Table 5-8: Comparison of Model A molar chemical exgy calculated using Model B mole fractions,

shown for both the original and amended dead states

Process Xw Amended mole fractions Amended mole fractions
stage Model B mole Model A (kJ/kmol) and dead state
fractions Model A
(kJ/kmol)
1 0.989 26.946 0.000
2 0.989 26.946 0.000
3 0.989 26.946 0.000
4 0.989 26.946 0.000
5 0.989 26.946 0.000
6 0.981 46.732 19.786
7 0.981 46.732 19.786
8 0.992 19.568 -7.379
9 0.992 19.568 -7.379
10 0.975 61.678 34.732
11 0.975 61.678 34.732
12 9.999E-01 0.195 -26.751

The Model A values (calculated using both the amemntded state and mole fractions) are
compared with the molar chemical exergy values od&ld in Table 5-9. The molar
chemical exergy for Model B was obtained by muftipy the specific chemical exergy
values shown in Table 5-5 by the respective molar maggseatieal mixture at the various
process stages. Importantly, even though the moladrnscand dead state reference have

been equated for Model A and Model B, the valuegjare different for all stages except
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those stages at incoming seawater salinity. Lookingaatel5-9, the magnitude of molar
chemical exergy calculated using Model B is gredtantthat of Model A, generally, by a
factor of four. The negative values for Model A aviddel B have already been explained

and are considered as a magnitude or a departureafreference state.

Table 5-9: Comparison of molar chemical exergy valkes calculated using both Model A (with Model B

mole fractions for water) and Model B

Process stage Model A -Amended dead state and  Model B - molar chemical
mole fractions - molar chemical exergy exergy (kJ/kmol)
(kJ/kmol)

1 0.00 0.00

2 0.00 0.00

3 0.00 0.00

4 0.00 0.00

5 0.00 0.00

6 19.79 -81.78

7 19.79 -81.78

8 -7.38 30.00

9 -7.38 30.00

10 34.73 -137.22

11 34.73 -137.22

12 -26.75 137.10

The final area of consideration is to evaluate theedging principles of the two chemical
exergy calculation models used in Model A and Model TBis assessment is not
straightforward because the Model A separation assangptiave not been detailed in the
literature by the relevant authors. However, anluateon in Cengel and Boles [128]
concerning the limiting minimum work of separatiar fin ideal mixture can be adapted

and applied to the two Models.
121



5.3.3 Calculation model principles

Based on the analysis to date, chemical exergy is &ne source of the model differences.
The defined dead states and the water mole fractffareahces have been investigated and
identified as sources of chemical exergy deviatiorwbeh the models. Based on an
equivalent dead state definition and water moletitvac it was found that the molar
chemical exergy was approximately four times greatezn calculated using Model B in
comparison to Model A. In this section, the princigéefind the models are investigated in

order to determine which of these models is the mqdicaple for desalination purposes.

Model A appears to specifically consider the molar dbalrexergy as a function of the
mole fraction of pure water in seawater; i.e. tHeepiseawater constituents are implicit in
this mole fraction. However, based on an analysis img€leand Boles [128], the Model A
chemical exergy equation considers a particular chseparation when one mole of pure
water is separated from a large quantity of seawakair analysis is reproduced, although
adapted slightly, in Appendix C, and shows that thel®@d chemical exergy term is still

rooted in the entropy of mixing term of (3.13) gBdL8).

Essentially, the chemical exergy of Model A is detaedi from the minimum work input
to separate one mole of water from seawater (treeth ideal mixture of water and salt).
This equates to the minimum work input to separatenthéure completely minus the
minimum work input to separate the mixture if onelenaf water is removed from a large

number of moles of water in seawat@{,(>1). Consider the difference between the two
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principles. The minimum work input to completely sepa an ideal mixture into its
constituents at any process stage is given by (5.8¢ntinepy of mixing term [128].
W, =—RTD. xlIn x (5.8)

The minimum work input required to separate a prostssam that does not involve
complete separation is less than that of completeraipa and can be calculated by
subtracting the minimum work input to completely sapa each of the outgoing streams
from the minimum work input to completely separdtie thcoming ideal mixture [128].
This is illustrated in Figure 5-2 where seawater is sgpdrinto almost pure product water

(relative to the incoming seawater) and brine.

. Product water out
Seawater in

.| Separation (almost pure)
Wy = ~RTO6aI %1% 00 %) provess Wpo = =R, %+ %00 %)
n = ~RTONIN 3+ Nyin x) Wiin2 = ~RT(N,2In X, NoIn X))

Brine out

Wiing = ~RTo(%,35IN X5+ %I %)

Wm|n3 RT( N\IBIn 2%/3-’- NSIn )§3)

Figure 5-2: Minimum work of separation of seawater(based on analysis i1i128])

Looking at Figure 5-2, the minimum work for the sei@n of seawater (of mole fractions

X, and x,,) into two process streams of mole fractions and x,, and x,, and X, ,

respectively, is therefore given by (5.9).
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Wmin :V\(nin 1_(\A(nin 2+ V\(nin 9 (59)

The Model A exergy equation principle is illustraiadrigure 5-3 where one mole of pure
water is extracted from a large quantity of incomsgawater, resulting in a practically
identical outgoing brine composition with respecthe incoming seawater. In this case the
minimum work input for separation is given by (5.183cause the minimum work of

separation for the pure water is zero.

. 1 mol of pure water
Seawater in ¢
» Separation ou -
process _
_ Wmin2 =0
Wminl - R-IE)( Nvlln %1t Nlln >§1)

Brine - practically the same
composition as incoming seawater

Wmin3:_R-|(-)[( Nvl_l)ln X1t Nlln >§1]

Figure 5-3: Minimum work of separation of seawaterased on the extraction of one mole of pure water

(based on analysis ii128])

Wmin = VVnin 1= V\(nin 3: - R-Eln \% : (510)

Then, according to the discussion in section 5.3.1 (f#paly, the amended salinity dead
state for Model A), the chemical exergy at any pssc&tage is the chemical exergy at the

relevant process stage minus the chemical exergy aatimity dead state reference. The
124



most appropriate exergy reference state is the ingpioital seawater salinity, as this is
generally also the natural sink for the outgoing deaabn plant process streams. Figure
5-4 shows the principle behind the Model A exerdgwation for outgoing brine (process
stages 6 and 10) and incoming seawater or feedwh&chemical exergy calculated for
the lower process in Figure 5-4 is subtracted fromctiemical exergy calculated for the
top process in order to amend the salinity dead dta@ever, there is one very important
consideration which becomes apparent when tryingetset the dead state reference in
light of the underlying Model A principles. This issaecurs because it has already been
assumed in Model A that the brine is practically td=h to the incoming seawater since
only one mole of water has been extracted from tlo®ming seawater ideal mixture.
Therefore, there is an implicit assumption that theebhas the same mole fraction of water
as the incoming seawater, and consequently, theredslheuho difference in chemical
exergy between the two process stages. This is a fléweiModel A approach when used
for plant analyses as opposed to the theoretical claéraxergy value of water obtained

from desalination proposed in Szargut and Morris.[93]

The Model B chemical exergy equation at any stagenadecoupled from the physical
exergy equation, calculates the complete separafitihe two mixture constituents at the
process stage mole fractions minus the complete sepadidtitie two constituents at the
dead state mole fractions, see (5.5) for the entodpyixing terms (note that (5.5) also

takes the change in mass fractions at dead statdmnémal entropy into account).
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Brine in Separation 1 mol of pure water
— —»
process out

Practically the same
composition as brine

Seawaterin | Separation | 1 molof pure water
process out

Practically the same composition as
incoming seawater

Figure 5-4: Model A molar chemical exergy of brineand incoming seawater stages

Of the two models, which is the most appropriate fesalination exergy analysis
purposes? From the exergy analysis perspective, shoelddparation of water from
seawater be analysed on the basis of the chemicajyegéwater, which in turn is based
on the extraction of one mole of water from a lagigantity of water in an ideal mixture of
salt and water according to Model A, or should itdased on Model B? This depends on
the context. Theoretically, in seawater purificatpocesses, the chemical exergy of water
may be modelled as the extraction of a proportiopat@all quantity of water from a large
ideal mixture reservoir. As a general model for dalting the chemical exergy of water
which has been produced from desalination, the MAdwablar chemical exergy term (5.4)
may be appropriate and has been cited for this purposezargut and Morris [93].

However, the use of Model A to carry out a plantlgsia is not suitable. The principle
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underlying Model A implicitly assumes that there is ligegle change in brine
composition, but at the various process stages, includiagorine stages in the analysed
dataset, the model is used to calculate the brine fraailBon and chemical exergy which is
substantial in comparison with the seawater salinityifgapreviously assumed that there
is negligible change). The suitability of Model Bgaeding the modelling of aqueous
streams as an ideal mixture of solid salt and waternsidered further in the following

chapters.

5.4 Summary

In summary, the differences between Model A and Md8lehre caused by, (1) the
difference in the defined dead state, (2) the diffiee in the way in which the mole fraction
of water is calculated, and (3) the differences & uhderlying model assumptions, which
lead to different chemical exergy equation termeti¢e¢able differences in mole fraction
calculations were identified in this chapter, howeesen when the salinity dead state and
mole fraction of water were equated, the molar éhahexergy calculated by Model A and
Model B was shown to differ by a factor of four appnoeately. The separation principle
underlying the Model A molar chemical exergy termaswidentified from an alternate
source in the literature and it was found that thengbal exergy calculation term in Model
A considers a special case of separation, i.e. thaain of one mole of pure water from a
large quantity of seawater. Based on the author’ssassmnt of this assumption, it was
determined that although the Model A molar chem&adrgy term may be suitable as a
theoretical method to calculate the exergy of wdtem desalination, Model A is not

suitable for plant exergy analyses.
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6 Model C

This chapter details the development of Model C. Tlagondifference between Model C
and Models A and B is that Model C does not treaici@treams such as seawater and
UPW incoming water as ideal mixtures/solutions but aekadges that as electrolytic
solutions, they do not behave ideally. The chemixargy term detailed in this chapter is
rooted in existing solution thermodynamics researchwéver, the approach developed in
this chapter, which seeks to accurately apply theggxéerms to water purification
processes is novel in its thorough and accurate detation of an appropriate aqueous
solution model and the use of ionic strength caloutetito determine the most appropriate

activity coefficient calculation model.

6.1 Model C selection

Based on the results obtained in Chapter 5, the aségpothesis defined in Chapter 4
requires adjustment, i.e. Model A is not deemed apjatepfor water purification exergy
analyses, and thus, is not considered further for URM pxergy analyses. However, the
need for an appropriate UPW exergy model remainiowing a refocused literature
review of the broader chemical exergy and solutibarmodynamics literature, two
potentially suitable alternative approaches haven lidentified, (1) a chemical exergy
model based on the Szargut reference environmesht2ara chemical exergy model based

on the solution thermodynamics literature.
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Szargut developed standard chemical exergy tableéshvpinovide a very sound basis for
computing the chemical exergy of elements and congi®and thus evaluating the earth’s
natural capital. However, the use of standard chémaieagy tables, and indeed the overall
Szargut model approach, has both advantages andraiidades. First, although standard
chemical exergy values are straightforward to usegardtly simplify the use of exergy
analysis, they are only strictly valid for dead statestandard temperature and pressure.
The limitations of the standard exergy tables pawitylregarding standard temperature
are problematic. Not all real life processes occwtatdard values and it is often necessary
to account for other thermodynamic states. Reseaashbleen, and is currently being,
carried out to address this issue, and these developarentiscussed in greater detail in
Chapter 7. Without the use of the standard exergiggalthe fundamental calculation of
chemical exergy values is quite complex. There ae ahcertainties associated with the
chemical exergy of species, whose chemical exergy isedthosphere as a reference

datum level, as discussed previously in Chapter 2.

Second, and this can be seen as both an advantagdisadaantage depending on one’s
viewpoint, the use of the standard chemical exergyageh takes a broader perspective of
the natural environment, and importantly, considerssiabe interactions between process
streams and this wider environment that may not nechs$arirelevant to the process
being analysed [93]. Some authors [125] advocateéeel for practical limitations to be
factored into the dead state definition. In the calevater purification, is this broader
perspective necessary or valuable to understand adityuprocess flows? This presents

an interesting research question: how does the glatrapective differ from the local
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perspective for desalination or water purificatioergy analyses? This question in essence
considers whether it is more appropriate to referéineechemical exergy of every species
in the process streams to the final, most likely, fofrthat species as it interacts with the
environment or if it is more appropriate, as in theecaf Model A and Model B, to just
consider the difference in concentration betweenptioeess stream and the defined dead
state. Model A and Model B adopt the latter approaltieit using a different underlying
assumption regarding the separation of the streamsu3éef the Szargut approach, and
thus, the calculation of exergy in desalination otewgurification applications from the
global natural capital perspective, is rare in therditure. The Szargut model is discussed in
greater detail with regards to the exergy analysisl@ftrolytic solutions for desalination

purposes in Chapter 7.

The remainder of this chapter considers the developoieModel C from the solution
thermodynamics perspective, and this relates only ¢o difference in concentrations
between the process stream and the dead state. Irespisct, it is the same approach as
Model A and Model B. Importantly however, the aquegolution is not treated as an ideal
mixture but as an electrolytic solution. The varioygpraaches of the four considered
models are compared in Figure 6-1 on the basis of aewgteria such as the chemical

exergy calculation approach, solution modelling separation assumptions.
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Desalination chemical
exergy models

A

Chemical exergy based solely
on difference in concentration —
Models A, B and C
(i.e. Drioli model, Cerci model
and Model C respectively)

Chemical exergy
calculated according to
datum reference level -

Szargut model

A

Ideal Mixture — Models
A and B

A

Non-ideal mixture,
electrolytic solution -
Model C

A

Non-ideal mixture,
electrolytic solution —
Szargut model

v

Separation model, one
mole of pure water
extracted from seawater,
negligibly changing brine -
Model A

Careful consideration of the physical and chemicakgxelefinitions is also required.
Importantly, the ability to differentiate clearlyetiveen chemical and physical exergy is
necessary for understanding process flows and sites afyegestruction. The physical
exergy model is relatively straightforward: the asstioms of an incompressible fluid did
not result in significant differences in physical exeoglculation according to the results
obtained in Chapter 5. Constant specific heat capeciiften assumed thus facilitating the
simple integration of (2.7). These assumptions are aeamed for the relevant applications

later in this chapter. Therefore, for the developtme#nModel C, the breakdown of total

y
A
Separation model,
separation into streams
of varying mole fractions
— Model B, Model C and
Szargut model

Figure 6-1: Breakdown of desalination exergy approghes
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exergy into physical and chemical exergy is prefemwedr the integrated approach of
Model B, which is largely in agreement with key egemonographs and publications
reviewed previously. The choice of the most approprenemical exergy model is once
again the main issue. How does one calculate the exdrg system at a process stage
which is at thermal and mechanical equilibrium budiéerent concentration to the dead
state? This involves use of the chemical potentialastigd molar Gibbs energy, which
according to Pitzer and Brewer’s revision of the ctagsxtThermodynamicby Lewis and
Randall [175] has led to many misunderstandings,
“Of all the applications of thermodynamics to chemistgne has in the past
presented greater difficulties, or been the subject aemasunderstanding, than
the one involved in the calculation of what has eatloosely been called the free
energy of dilution, namely the difference in the doahpotential or partial molar

free energy of a dissolved substance at two concentrations

The chemical exergy at constant temperature and peeasises due to the difference in
chemical potential between the state of thermo-nméchhequilibrium (restricted dead

state) and the dead state. This difference in chempatehtial is determined by the change
in Gibbs energy as the concentration changes at caristaperature and pressure, see
(6.1). The Gibbs energy is a function of temperatpressure and concentration (number of

moles),G = f(T, P, N).

oT pon, 0PN oN PTN(i# j)
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At constant temperature and pressure, the Gibbs ergesglely a function of the change in
concentration of the relevant species. Utilising tlokS Telations or Maxwell’'s equations,
and the definition of chemical potential of constitit i as the change in molar Gibbs

energy at constant temperature, pressure, compositiathef mixture constituentg

where j Zi, u =::WG(T, P, N, constant, the change in Gibbs energy can be written as

(6.2).

dG=-SdT+ VdR-> 1 dN (6.2)

At constant temperature and pressure (6.2) simplifiés.8).
dG= z M dN (6.3)

Equations (6.1) to (6.3) define chemical potentsld it is this difference in chemical
potential between the restricted dead state andeé state that provides the driving force
to perform chemical work, see Figure 6-2. Chemiwvakk is analogous to the more
common forms of work such as electrical and hydraulickwPower or work can be
thought of as the product of a relevant flowing eatrand a potential difference, i.e.
electric power is the product of a potential diffeze and electric current, hydraulic power
is the product of a potential difference arising frampressure difference at two ends of a
conduit and a volumetric flow rate [106]. Then cheahiwork is the product of the
difference in chemical potentials at two states amdctirrent, in this case the molar flow

rate [106].
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T, P,y

Process stage

Restricted dead
state To, Po, 4

A

Semi-permeable
membrane into Exchange of work or
flow device heat

A

Dead state To, Po, Mo

Figure 6-2: Restricted dead state to dead state viheoretical semi-permeable membrane

The chemical work potential of a substance as it com&s equilibrium with its
environment can be derived theoretically by undéntalan energy and entropy balance of

the mass interaction and mass transfer between thietexbtdead state and the dead state
through a semi-permeable membrane [125N lis the molar flow rate of constituentand
M is the chemical potential of constitueinthen an energy and entropy balance can be

undertaken to derive the chemical exergy that redutim the mass transfer that occurs
between the restricted dead state and the dead Siate.consider the energy balance, see
(6.4), noting thatQ into the system is considered positive anbut of the system is

positive.

134



Q-W=>) NK°-> NH®® (6.4)

RDS
The entropy balance is given by (6.5) wheyg is the rate of entropy generation.

Tg — zs: Ni3DS _ Z N—SRDS_ 8 (6.5)

RDS

Eliminating Q between (6.4) and (6.5) results in (6.6).

W=> N -5 -2 NCh™ T8~ Js (6.6)

RDS DS

Noting that (h">-T, 59 =4 and (h*°-T,;5%)=x", the maximum work
obtainable from the transfer of mass from the resttid=ad state to the dead state is given
by (6.7).

B =3 N (U™~ 4% 6.7)

The preceding analysis was based on a derivation icitdereference [125].

To calculate the chemical exergy of each constituena solution or mixture under
consideration from (6.7), all that is needed is a rmg¢arevaluate the difference between
the chemical potentials for each constituent. Thi®ligtively straightforward for an ideal
gas in an ideal gas mixture (a mixture of idealegdsehaves as an ideal gas). For example,
consider the waste products of combustion, which candmelled as an ideal gas mixture,
the potential to do work exists due to the differeimcpartial pressures of the gases in the
environment between the restricted dead state andeth state. The change in chemical
potential depends on both the change in enthalpytl@madhange in entropy between the
restricted dead state and the dead state. By defipit@re is no temperature difference
between the restricted dead state and the deadFtaten ideal gas the change in enthalpy

between two states is a function of temperature al@mel therefore, at constant
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temperature, there is no change in enthalpy betweeideal gas at two states of differing
partial pressures. The change in entropy for an idaalin an ideal gas mixture is a
function of temperature and pressure. Thus, at contgangerature the change in entropy
is solely a function of pressure, and can be derive the TdS relations, see (6.8) where
dh=0.
Tds= dh- vdF (6.8)

Using the ideal gas equation of state and Dalton’sdapartial pressures, the change in
entropy can be calculated as follows, wh®F and P °are the partial pressures of the

ideal gas in the atmosphere at the dead state anelstineted dead state respectively.

SPS — gRPS— _ SVdP:— DS—RdP:— mn |:i>53 e m XDS

RDST RDSP E)EDS )I(RDS

(6.9)

The molar chemical exergy of an ideal gas is obtalnechultiplying the change in entropy
by the dead state temperatdie see (6.10).

DS

g =~REIn> (6.10)

RDS

Hence, the molar chemical exergy of an ideal gasusetion of the dead state temperature

and its concentration difference between two states.

Equation (6.10) moves ahead slightly in an effordémonstrate how chemical exergy is
calculated. In the general case the calculatioh@tthemical exergy of an ideal gas should
really be thought of as a two-step process. First,difference between the chemical

potential of an ideal gas at each relevant conaBoir and the chemical potential of the
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ideal gas in its pure state, or more correctlysitsndard statecan be calculated using
(6.11).

U(T,P,x)=u (T, P, x=1)+ RTInp (6.11)
The standard state for an ideal gas is defined asathexgsting in the pure statg £1) at

standard pressure (1 bar) and standard temperaturel$288. Second, the chemical

exergy resulting from the difference in concentratizalues between two states, for
example, between the restricted dead state and Htedlate, is calculated by subtracting
the values for each state obtained in step 1. Theichepotential of the pure substance
M (T,P,x=1) in (6.11) cancels in (6.12).

RDS

AT RX™) =4 (T, B, )= RTIn ™= Rfln ¥ R

L (6.12)
X

S

This chemical potential term is the unitary chempmatential and is defined as the standard
state concentration for ideal gases, although the atdratate concentration can change

depending on the system of interest.

For the purposes of UPW plant analysis, the use of X6pt€sents a problem, the
derivation was based on the ideal gas equation of,ssad although this equation is
relevant for flow streams which can be modelled aglaal gas mixture, it does not apply
to non-ideal gas systems. What is the alternative df itteal system approach is not

appropriate?

First, the various types of solutions must be considesedplution is defined asa“

condensed phase (liquid or solid) containing several subst115]". There are several
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classifications of solutions, perfect, ideal and na@aldOne definition of @erfectsolution

is that it obeys (6.11) over the complete range ocentrations (Raoult’s law). Aideal
solution obeys Raoult’s law for dilute concentrationyoHowever, there is a special class
of ideal solution, theitleal dilute solutio{115]", where the change in chemical potential
of the main solvent can be modelled according tal{g dnalogous to theektremely dilute
solutions [94]” referred to by Bejan. According to Pitzer amfewer’'s revision of
ThermodynamicElL75], this approach is deemed valid for a liquich@olid that may act as

a solvent in infinitely dilute solutions.

Finally, for non-ideal solutions, an activity coefficieny is required to adjust the mole
fraction for the departure from ideal gas, perfettition or ideal solution behaviour case,
see (6.13).

HTP,X)=u (T, P x=D+ RTIny x=4 (T B, x 1+ RTn, (6.13)
The product of the activity coefficient and the mbiction of constituent is termed the

activity a .

Based on the concept of th&éal dilute solution[115]”, one would expect that the
difference in the chemical potential of water, asriain solvent in an ideal dilute solution,
could be calculated according to Raoult’'s law. Heeve this simplification may not be
valid for an aqueous solution of ions because an relgtit solution behaves quite
differently from a non-electrolytic solution and sg#aonsideration must be given to this

deviation in behaviour.
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An electrolyte can be defined as a substance thatcii$ss into ions in an aqueous
solution. Arrhenius was the first to discover that ¢ertalutes dissociate into electrically
charged ions. The behaviour of these solutes at lowerdrations was expected to follow
ideal solution behaviour at low concentrations butas observed that their behaviour was
fundamentally dissimilar to non-electrolytic solutiongedo long range electrostatic forces
between the ions [175]. Based on these findings, elgtd#s should not be modelled

according to (6.10) but according to (6.13).

Hence, applying the same approach to calculate iffierethce in chemical potential
between two concentration levels of an electrolgt@n aqueous solution as that used to
derive (6.12), one would expect that the changehemical potential could be calculated
from (6.14).

1 (T, B X5%%) = 14 (T, B, ™)

 RDS 6.14
=RT,In )I(FeDsyi RDS_ RTIn P(Di/i DS R7In a ( )

DS

There are two extra complications however, whenlimgawith electrolytic solution

thermodynamics. The first is relatively straightfiard: the definition of the mole fraction
of an electrolyte can lead to ambiguities [176k& &laCl for example, the mole fraction of
NaCl in an ideal mixture of NaCl and water was wledi earlier for Model B using a

variation of (6.15).

— NN Cl
X a 6.15
NaCl NNaCI Nw ( )

However, NaCl is a strong electrolyte at the terapees under consideration in this thesis
(i.e. NaCl dissolved in water does not exist as INa@lecules in water but as Nand Cl
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ions). Hence, the more traditional definition oétmole fraction for a strong electrolyte

used in solution chemistry is (6.16) [176], wheBeis the number of ions generated on

dissociation of the electrolyte (two for NaCl) is the number of moles and the subscripts

NaCl andw refer to the dissociated electrolyte NaCl and wagspectively.

Xnacl = Alvecr (6.16)
IBNNaCI + NW

The difference between the two approaches canlustrdted by considering a 1 M NaCl
solution, i.e. one mole of NaCl in one kilogramvedter (55.5 moles of water). In the first
case, using (6.15), the mole fraction of NaCl ikwated to be 0.0177. Adopting the
approach of (6.16) results in a mole fraction @338, almost twice that of the first case.
Pitzer termed the latter approach tingote fraction on an ionized bagik77]". In a similar
manner, the mole fraction of water can be calcdlateng (6.17).

N
X, = ———— (6.17)
ﬁNNaCI + Nw

This approach is different to that used to deteentime Model B mole fractions, see

Chapter 3, section 3.2.

It is almost universal to use the molality scaleewldealing with electrolytes due to the fact
that molality is independent of the temperature pnessure of the solution, and also,
equations tend to be simpler using the molalitylesq@oncentrations in electrolytic
solutions are generally dilute, leading to very Brsalute mole fraction values) [176].
Molality is defined as the number of moles of tbh&te in one kilogram of the solvent i.e.
water. Conversion from solute concentration or niesstion to molality is carried out as

follows:
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* To convert from the concentration of the soluté, (g¢. grams of solute per litre of
solution) to the mass fraction of the solute (g/g, grams of solute per gram of
solution) divide by the density of the solution;

* To convert from the mass fraction of the solutenilality divide the solute mass
fraction by the product of the molar mass of thieteo(g/mol) and the mass fraction
of water (g/g, i.e. grams of water per gram of 8oh);

* Finally, multiply by one thousand to change frorargs of water to kilograms.

It should be noted that the molality of the solistendefined for the pure state of the solute
[176]. The change in chemical potential of an etdgte between one concentration and the
concentration in the standard state, written inrtiodality scale, is shown in (6.18) where
C, is the concentration of speciesM; is the molality andy; is the activity coefficient of
species, andC’ is the standard state concentration of electralytzies .
H#(T,P,G)=4(T,P,C)+ RTIn My =4 (T R C)+ R, (6.18)
Equation (6.18) leads to the second complicatiba:dtandard state is defined differently
for the solutes in agueous solutions (electrolyed non-electrolytes) from that of the
unitary chemical potential standard state appliedbl ideal gases. The standard state is
different for the solute and the solvent, i.e.sitasymmetrical for aqueous solutions. In
order to mirror the simple relationship betweendhemical potentials in (6.11) and (6.18)

the value ofM, )/ in the standard state must be unity. To expldi(8.11) is revisited, it is

evident that the use of the pure stéite.x = 1) as the standard state simplifies matters

greatly and that the final term is essentia’Wln%. To maintain the same relationship in
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(6.18) the standard state must be defined so thgy/)" =1 and therefore('\l\/f‘y‘)° =M,y.
iV

To facilitate this, the standard state is definedaaone molal solution and the activity
coefficient is set to unity at one molal concendrat This specific activity coefficient is
termed the Henryan activity coefficient, and thigp@ach is universally used as the
standard state for solutes [176]. The differencechemical potential between the
electrolyte (or solute) at the restricted deadestisttherefore given by (6.19), where the
activity coefficienty,,; is the Henryan activity coefficient.

(T P MRDS)_ T P DSy — R | MiRDSyHiRDS— R I q ROS
Mg, /oy Vi, M(o’ O'M )_ -EnMRDS RDS Ina
i Hi

(6.19)

DS

Presently, the solvent water is considered. Thedsta state for water is analogous to the
ideal gas example, i.e. the standard state of vimtdefined as pure water, except in this
case, the activity is used rather than the molgtitma to correct for the departure from ideal
behaviour. Again, to replicate the chemical potntelationship of (6.11) and (6.18), the

activity of pure water in the standard state isesptal to unity,x ) = g therefore in the
standard state whex =1 the activity is equal to unity and thug =1. The activity

coefficient used when the standard state is the gubstance is termed the Raoultian
activity coefficient. The difference in chemicaltpotial resulting from the differences in
the concentration of water between the restrictedddstate and the dead state can be

calculated using (6.20) where the activity coefiiti y,, is the Raoultian activity

coefficient of water.
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(6.20)

The activity coefficient of water is not greatlyffdrent from unity even in concentrated
electrolytic solutions [116, 176], for this readtwe activity coefficient of water is assumed
to be unity in this research. Thus, the exergy afewis a function of the mole fraction

ratios. An alternative approach is to use the omnuefficient, see the cited reference
[176]. The activity of water can change dramaticadit high electrolytic solution

concentrations, temperatures and pressures (Swutiose to saturation, temperatures of
500 to 900°C and pressures up to 15,000 bar [1FHj)vever, these parameters are not

relevant to the concentrations, temperatures agsbpres considered in this research.

Marin and Turegano [112] outlined a methodology dalculating the chemical exergy of
agueous electrolytic solutions whereby the chenegalrgy of each species was calculated
using activities rather than mole fractions acawgdio (6.14) albeit based on a different
derivation approach than that used here. Equaidd) has also been used for calculating
the exergy of ionic species in river water [1789]1 Beawater [157] and proposed for
calculating the concentration exergy of a body atex [180]. However, in the author’s
opinion, the chemical exergy term proposed in [18@onfusing; the concentration exergy
term in the main body of the journal article isehed from a ratio of activities to a ratio of
concentrations in the appendix section. The comagon ratio is not necessarily equivalent
to the activity ratio and the point of using theidty is that it accounts for a number of
standard states and it maintains the relationshtgden the chemical potentidbf any

component i in any system under any condifiof6]’. Several attempts by email were
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made to discuss this issue with the correspondinboa of the cited reference [180],

however, to date, no response has been forthcoming.

Equation (6.19) appears relatively straightforwatdifortunately, calculating activity
coefficients of electrolytic solutions can be coeyphnd is based on theories of the long-
range and short-range forces which exist betwees. iBrobably the most famous of these
theories is the Debye-Huckel theory [181, 182]. Tdréc strengthl and composition of
the aqueous electrolyte solution determines thet napgropriate activity coefficient

calculation method. The ionic strength can be dated using (6.21).
:EZMi;Z (6.21)
2
In (6.21) | is the ionic strength of the electrolytic solutiod; is the molality of ionic

constituenti and z is the valence of the ion. Some authors [43, 183) use molarity in

(6.21) instead of molality, the difference betwedkea two approaches is assessed later in

this chapter.

The applicability of several activity coefficienalculation models as a function of ionic
strength has been discussed in Stumm and Morgdh, tb@ir analysis is reproduced here;

1. The Debye-Huckel model (6.22) which is suitablednrapproximate ionic strength

| <10° (=0.009

logy =-AZ1 (6.22)
2. The Extended Debye-Huckel model (6.23) which idaflé for an approximate

ionic strengthl <0.1
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logy; = —Aiﬁ (6.23)

3. The Guntelberg model (6.24), which is suitabledorapproximate ionic strength of

I <0.1 M and is useful in solutions of several gldgtes.

logy = —Ai% (6.24)

4. The Davies model [185], which is suitable for arpraximate ionic strength of
| <0.5 M [184], see (6.25). The Davies equation typicadtguits in an error of
1.5% at an ionic strength less than 0.1 M and a %006 error at ionic strength

measurements between 0.1 and 0.5 M [186].

logy =-AZ (%— O.SIJ
(6.25)

In the preceding equations (6.22) to (6.25) thdfmpent A is a function of the dielectric

constant ] of the solvent and the temperature and is give(6I6).
_3
A=1.82x10° 0T )2 (6.26)

The coefficientB is also a function of the dielectric constant émhperature and can be

calculated using (6.27).

1
B=50.300JT)?2 (6.27)
These coefficient values are detailed in [184]. Tiedectric constant of water, which a

function of temperature is given by (6.28) [187].

0=78.54 1 (0.004579(~ 298)) (110 TOT¢ 288y) (28 10 +298))| (6.28)

Finally a is a parameter which is dependent on the sizeeoibtinin angstroms.
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As outlined, there are several simple activity Gorit calculation models suitable for
relatively low ionic strengths. However, before chimg a suitable method to calculate the
activity coefficients of an aqueous electrolyteusion, the product streams must first be
assessed. An incoming water analysis conductecbalfoof the industry partner was used
to determine the ionic strength of the solution #mel identity and proportion of the main
ionic constituents; these are key elements in oeténg the choice of suitable activity
coefficient calculation method because the accucddhese methods is dependent on a
suitable input. The incoming water analysis is shaw Table 6-1, the water analysis is
very detailed and includes many species with a eatnation of less than or equal to 1
mg/l, to simplify the identification of the mainegirolyte constituents, an assumption is

first made that the influence of these minor iaroastituents is negligible.
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Table 6-1: Incoming UPW plant water analysis

Cations
Aluminium (Al)
Boron (B)
Barium (Ba)
Cadmium (Cd)
Calcium (Ca)
Chromium (Cr)
Copper (Cu)

Iron (Fe)
Potassium (K)
Lithium (Li)
Magnesium (Mg)
Manganese (Mn)
Molybdenum (Mo)
Sodium (Na)
Nickel (Ni)

Lead (Pb)
Antimony (Sb)
Strontium (Sr)
Vanadium (V)
Zinc (Zn)

Anions

Silicon (Si)
Fluoride (F)
Chloride (CI)
Nitrite (NO2)
Nitrate (NO3)
Sulphate (SO4)

Others

pH (at 25°C)

Conductivity (at 25°C)
M-Alkalinity (CaCOs)
P-Alkalinity (CaCQ)
Phosphate (P£- Inorganic
Ammonium (N)

Filtered (mg/l)

20
<0.5
13
46

7.8
580
210

<0.1
<0.1

Total (mg/l)

<0.1
<0.5
<0.1
<0.1
93
<0.1
1.7
<0.1
1.8
<1
6.9
<0.1
<0.1
10
<0.1
<0.1
<0.1
0.2
<0.1
<0.1

3.2

Units
pH units
uS/cm

mg/l

mg/I
mg/l
mgN/I
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The water analysis under consideration does natifgpbicarbonate or carbonate ions
(major anions typically found in natural waterspwever, these can be determined from
the M-Alkalinity and P-Alkalinity values given inable 6-1. Alkalinity can be defined as
the ability of water toresist changes in pRt3]”. The alkalinity measure of a natural water
sample is largely determined by the carbonate sysievo measures of alkalinity are
commonly used, P-Alkalinity and M-Alkalinity (theames P and M refer to the method of
titration to a pH value) [48]. The ratio of P-Alkaity to M-Alkalinity in a water sample
allows the determination of the type of carbongiessent in a water analysis. If the P-
Alkalinity is zero, as in this instance, the quanbtf bicarbonate ions in terms of calcium
carbonate equivalence is given by the M-Alkalirj#$], which according to Table 6-1 is
210 mg/l. Converting from calcium carbonate equimak in ppm to bicarbonate in ppm
uses the relationship in (6.29). The equivalenigheis defined as the molar mass divided
by the valence.

equivalent weight of CaC(
equivalent weight of ion

ppm as CaCO= ppm as ion (6.29)

Conversion factors have been tabulated by Dey dmuhmas for common ions, the M-
Alkalinity in the incoming plant water analysis ual can simply be divided by the factor
specific to bicarbonate 0.82 [48]. Using this agto and assuming that at these relatively
low concentrations, the ppm is equivalent to mtji€ bicarbonate ion concentration is
calculated to be 256 mg/l. This assumption is shawnbe valid at the relevant
concentrations and at a temperature of 25°C latdris chapter when molarity is converted
to molality for the ionic strength calculationsclading the bicarbonate ion but excluding
the ions with a concentration less than or equal tmg/l, the TDS value of the water

sample is 448.4 mgl/l.
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The next step is to carry out a cation/anion baamdich is a useful exercise to determine
the validity of water analyses based on the priecipf electrical neutrality. In the
cation/anion balance the major ion quantities apFessed in terms of electrical equivalent
units, termed equivalents or milliequivalents piene) (eg/l or meq/l respectively). The
concentration (mg/l) is divided by the molar magenl) to determine the molarity (mol/l),
then the valence of the specific ion is multipllegdthe molarity to calculate the electrical
equivalent value (meg/l) [183]. To maintain elemfineutrality, the sum of the cations and
the anions should balance; a percentage differehless than 5% is considered reasonable
for routine calculations [183]. The results of ttegion/anion balance are shown in Table
6-2, the percentage difference between the catéonsthe anions is -3.71%, which is
within the acceptable error limit cited in [183]hd resulting negative value indicates a
surplus of anions, possibly due to the exclusiothefminor cations in Table 6-1 (values <
1 mg/l) in the cation/anion balance. Having cated the bicarbonate concentration and
the general validity of the water analysis, theportional concentration of cations and
anions can now be determined. The proportional eatnation of the major cations is
shown in Figure 6-3 and the proportional concemnabf the major anions in Figure 6-4.
As the figures show, the predominant cation isiagadlowvhich accounts for 82% of the total
of major cations, and the predominant anion is rbimaate, accounting for 76% of the

major anion total.
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Table 6-2 Cation/anion balance for water analysi

Main Cations

Calcium (Ca)
Sodium (Na)
Magnesium (Mg)
Potassium (K)
Copper (Cu)

Main Anions

Bicarbonate (HCg)
Sulphate (S¢)
Chloride (Cl)
Nitrate (NQ)

% Difference

Concentration
(mg/l)
93
10
6.9
1.8
1.7

Concentration
(mg/l)
256
46
20
13

-3.71

Molar mass
(g/mol)

40.08
23
24.31
39.1
63.5

Molar mass
(g/mol)
61
96
35.5
62

Molarity
(molll)

2.32
0.43
0.28
0.05
0.03

Molarity

(mol/)
4.20
0.48
0.56
0.21

Valence Equivalents

2 4.64

1 0.43

2 0.57

1 0.05

1 0.03

Sum of cation: 5.72
Valence Equivalents

-1 -4.20

-2 -0.96

-1 -0.56

-1 -0.21

Sum of anion: -5.93

Sodium
9%

Magnesium
6%

82%

Proportional concentration of major cations

Potassium
2%

H Calcium

M Sodium

B Magnesium
M Potassium

= Copper

Figure 6-3: Predominant cations in UPW water analysi
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Proportional concentration of major anions
Chloride

6%\

Nitrate
4%

Sulphate
14% .

M Bicarbonate

B Sulphate
Chloride

B Nitrate

Bicarbonate
76%

Figure 6-4: Predominant anions in UPWwater analysis

Comparing the main constituents of the incomingewanalysis with seawater (sFigure

6-5 and Figure 6% it is evident that the major constituents infboases are different.

seawater, sodium and chloride are the most impbitais whereas in the incoming wa
analysis, calcium and bicarbonate are thedominant ions. Based on tlseawater ionic
composition, it is understandable why seawater has been modealedan idee
mixture/solution of solid NaCl and water for centaieawater exergy analys[146, 147].
However, the Model B method of treating water asdaal mixture of solid salt and wai
has also been used to perform an exergy analystsdckish water purificatio[136, 137,
141] This leads to two questions; first, is the Nadd avater model appropriate for natu
waters other than seawater or should the water hmeflect the constituents of the acti
agueous solution under considern, i.e. where sodium and chloride are not

predominant ionic constituents? Second, is theafisen ideal mixture of solid salt a
water appropriate when the behaviour of ideal smhgt and electrolytic solutions is ve

different even at low conceiations [175]?
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Proportional concentration of major seawater

cations
Calcium__ Potassium

3% 3%

Magnesium
10%

H Sodium
B Magnesium
H Calcium

) M Potassium
Sodium

84%

Figure 6-5: Predominant seawater cations, based on data [170]

Proportional concentration of major seawater
anions

Sulphate
12%

Bicarbonate
1%

M Chloride
M Sulphate

I Bicarbonate

Chloride
87%

Figure 6-6. Predominant seawater anions, based on data [170]

The first question in the preceding paragraphleveat, but should not really be signific:
if the use of the ideal mixture odel of solid salt and water is applicable to waikant

analyses. In that event, the specific heat capacitythe molar mass of the solid salt (s
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salts) in question can be used in the model in diethe specific heat capacity and molar
mass of solid NaCl, see Chapter 3. However, tis¢ diuestion becomes pertinent in light of
guestion 2, i.e. if the ideal mixture model of dadialt and water is not suitable, because
then, depending on the choice of agueous solutiodem the activity coefficients of the
different constituents are different. For examplee activity coefficient of sodium, a
monovalent ion, at a solution ionic strength ofl0N, is 0.9, however, at the same ionic
strength, the activity coefficient of calcium, aaient ion, is 0.68 [184]. The rate at which
these activities change as a function of changorgci strength is also different, and
therefore, should have an effect on the exergyutations for UPW plants as the ionic
strength of the aqueous electrolyte solution changéh changing purity. These questions
are addressed in Chapter 8. AccordingMater Treatment: Principles and Desif8], the
activity of the electrolyte specieshouldbe considered but is generally ignored in water

treatment applications.

6.2 Model C physical exergy term

It is expected that the physical exergy of Modeli@ be calculated using (5.1) based on
the incompressible fluid model assumption. Firspwéver, some other relevant

assumptions are examined. Due to the fact thaetheder streams are much lower in
salinity than seawater, the density of the stre@m®ated as the density of pure water. The
total salt content of seawater is approximately088,mg/l [5, 170] as opposed to 448.4
mg/l for the incoming UPW plant water analysis @xhson the total major ion

concentrations in Table 6-2). For each of thesmisalvalues at 25 °C, the densities of the

two waters are calculated as 1023.3 Kgfon seawater and 997.4 kgfrfor the incoming
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UPW plant water, the density of the incoming phaater is closely comparable to reported
thermodynamic properties of pure water at the semmerature 997.05 kghfi88]. The
two non-pure water density values were calculatgdguthe density calculation function
written in MATLAB, based on the UNESCO InternatibEmuation of State for Seawater
[172]. Therefore, it is expected that the changilegsity values at various process stages
will not be as relevant to the exergy calculatiassn the case of seawater (this expectation
is reassessed when the retentate concentratiothe &PW plant are calculated). Several
researchers have used the thermodynamic propeftimsre water for density and specific

heat capacity calculations in river water exergaglgsis [178-180].

The incompressible fluid model assumption for pweder can be examined according to
the data in Table 6-3, which was adapted from tked aeference [188]. Considering
density as a function of both temperature and presst the following operating
parameters of interest, i.e. 278.15 K to 298.15# & bar to 25 bar, it is evident that there
is little change in density as a function of botlegsure and temperature. The percentage
differences over the temperature range at conptassure are shown in the final column of
Table 6-3, and over the pressure range at constampterature in the final row of this table.

(This  was further checked by estimating the total iffedential

dp(T,P)=(0p/0T), dT+(dp/d B_ dF). Hence, the density of the UPW plant water is

treated as a constant, the average density oveemmgerature range of interest (excluding
the relevant temperatures of the heating watenerhbt water heat exchanger). The density
of the heating water in the hot water heat excharsggevaluated separately because of its

relatively high temperature but is again evaluated the average density over the
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temperature range at 1 bar (i.e. temperatureseointoming and outgoing heating water).
The effect of increased pressure, i.e. 6 bar (aJpaperating pressure for the UPW plant
heat exchanger), on the temperature-density raktip was investigated and was found to

be negligible at these higher temperatures.

Table 6-3: Density (kg/nf) of water as a function of temperature and pressw, adapted from NIST data

in [188]
% Diff.
Temperature (K] 278.15 283.15 288.15 293.15 298.15 (Temperature)
Pressure (bar)
1 1000 999.7 999.1 998.2 997.1 0.3%
5 1000.2 999.9 999.3 998.4 997.2 0.3%
10 1000.4 1000.1 999.5 998.6 997.5 0.3%
15 1000.7 1000.4 999.8 998.9 997.7 0.3%
20 1000.9 1000.6 1000 999.1 997.9 0.3%
25 1001.1 1000.8 1000.2 999.3 998.1 0.3%
% Diff.
(Pressure) -0.1% -0.1% -0.1% -0.1% -0.1%

The specific heat capacity of water in exergy asialyquations is often assumed to be
constant within certain temperature ranges [5, 198, 180], i.e. the average specific heat

capacity value of water between the relevant petieam temperatures, see (5.1). This
, . T T, C,(T)
assumption facilitates the approximation _[?fcv(T)dT by ¢,(T,-T) andJ‘T ?dT by

¢, In(T,/T). However, many of these previously cited exergseasments took place at
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constant temperature. To assess the accuracy @btigant heat capacity assumption for
the UPW plant, the values of the constant volunecifip heat capacity at one bar were
plotted over the same temperature range as thdtprsgiously in the density analysis, see
Figure 6-7. This graph shows excellent correlatwith the second order polynomial

equation displayed on the graph and in (6.30). ddedficient of the squared term is small,

however, the values of temperature are in kelvid therefore, the squared term is not

negligible.
c,(T)=-3x10°T?+ 0.0157+ 2.501 (6.30)
Specific heat capacity (kJ/kg.K) as a function of
temperature
4210
x S~
4.200
%o 4.190 T~
< 4150 T~ y = -3E-05x2 + 0.015x + 2.5017
§ 4.170 \\ —
§ 4.160 \
_::.3 4.150 \
£ 4140 ~
‘-;: 4.130
@ 275 280 285 290 295 300
Temperature (K)

Figure 6-7: Specific heat capacity of pure water aa function of temperature, based on NIST dat#188]

Integrating this function between the relevant terafures 278.15 K and 298.15 K and
comparing the results with the product of the ageraalue of the specific heat capacity
and the change in temperature, it was found treaettvas a 3.7% difference (86.64 kJ/kg

for the definite integral versus 83.47 kJ/kg foe tbroduct average specific heat capacity
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and the difference in temperature). A similar asslyvas undertaken to assess the change

in entropy using average values of the specifid lvapacity, i.e. the change in entropy
calculated usingc,In(T,/T) versus the integration of the functiﬁﬁ@dT, again

resulting in a 3.7% difference between the two aaphes. The change in specific entropy
varies between 0.2898 kJ/kg.K for the average 8pduoeat capacity and 0.3008 kJ/kg.K
for the definite integral. The accuracy of the gtiehl integration was checked by
comparing it with numerical integration programmastten in MATLAB (Simpson’s
rule). To reduce potential errors, the approachd usedetermine the relationship between
the specific heat capacity and temperature show6.80) is applied when calculating the

physical exergy contribution (for the relevant t&argiures).

Importantly, there is a possible source of confusiegarding the use of specific heat
capacities, for a liquid (modelled as an incompl#ssubstance) it is widely accepted that
the specific heat capacity is termedather than the, and ¢, used for gases [109, 128].
However, in thermodynamic tables, values for bptandc, are reported for liquid water at
standard temperature and pressure [188]. Basederthermodynamics facilitating the

breakdown of the standard exergy equatenh-h — T(s g into (2.8), the reported

values ofc, inthe cited referend&88] are selected in favour of thgvalues.

In reality, the specific heat capacity of wateaiinction of both temperature and pressure,
Figure 6-7 shows how the specific heat capacityngha over the relevant temperature
range at one bar. Both temperature and pressurgebare involved in the UPW exergy

analysis, for example, the heat exchangers. Vansatiof the specific heat capacity
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(kJ/kg.K) with both temperature and pressure dustilated in Table 6-4. The final column
and row of this table show respectively, (1) thecpetage differences between the specific
heat capacity at 278.15 K and the specific heaadfpat 298.15 K at constant pressure,
and (2) the percentage differences between theifispbeat capacity at 1 bar and the
specific heat capacity at 25 bar at constant teatpies. It is evident that the specific heat
capacity varies more significantly with temperatutean with pressure. For an

incompressible fluidc, = ¢(T) [109] and this is largely supported by the datawshan

Table 6-4.

Therefore, based on the analysis of the data inr€i¢-7, Table 6-3 and Table 6-4, the
assumptions that the UPW plant water can be matlelte an incompressible fluid are
valid, two possible exceptions being the heatingewa the UPW plant hot water heat
exchanger and the density of the RO retentatersrearhich are assessed in due course.
The effect of the other salinity values on denstgot expected to be significant. However,
the assumption that the specific heat capacitybeatreated as an average value over the
temperature range can result in errors. Over tleyaat temperature ranges, the specific
heat capacity will be treated as a function of terafjure and integrated to determine the
Model C physical exergy values. Although not coesid in great detail in this thesis,
ideally, the specific heat capacity of pure wathowdd be compared to the relevant
electrolytic solution (at the relevant concentmasioof the specific ionic species). This

requires further research.

158



Table 6-4: Specific heat capacity (kJ/kg.K) at contant volume as a function of both temperature and

pressure, adapted from data inf188]

% Diff.
TemperaturgK) 278.15 283.15 288.15 293.15 298.15 | (Temperature)
Pressure (bar)
1 4.205 4.191 4.174 4.157 4.138 1.6%
5 4.203 4.189 4.173 4.155 4.136 1.6%
10 4.201 4.187 4.171 4.154 4.135 1.6%
15 4.199 4.185 4.169 4.152 4.133 1.6%
20 4.197 4.183 4.167 4.150 4.131 1.6%
25 4.195 4.181 4.165 4.148 4.130 1.5%
% Diff.
(Pressure) 0.2% 0.2% 0.2% 0.2% 0.2%

6.3 Model C chemical exergy term

Regarding the Model C chemical exergy equationsthfe purposes of practicality, certain
assumptions must be made, which in this researehdaven primarily by one major
constraint, point 1 below and to a lesser exterjidigt 2;

1. The practical plant measurement limitations;

2. Activity coefficient calculation complexity verstise model accuracy.
First, consider point 1; the main method of meagutihe purity of the water in UPW plants
is in terms of electrical conductivity measuremetitss not practical to perform detailed

water analyses at various process stages.
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According to some authors [48, 157], electrical ductivity measurements can be used to
estimate the TDS in a water sample using an appabe correlation between conductivity

and TDS DS(mg/ ) = Conductivitir & ¢cm0.64). However, the relationship between
the electrical conductivity at 25 °C reported irblea6-1 (580x4S/ cm) and the TDS value

448.4 mg/l obtained by summing the ion concentratian Table 6-2 (including the
bicarbonate ion but excluding minor ions) does atmy this relationship. In this specific
case, the ratio of the TDS to the electrical cotiglitg is 0.773. According to Sawyer et al.
[189], the ratio linking electrical conductivity danTDS can vary from 0.55 to 0.9.
Application of the commonly used 0.64 ratio in tmstance results in an under-estimation
of the TDS value by 17.2%. The reason for thih&t electrical conductivity measurement
depends not only on the concentration of the iomy/lj, but importantly, it depends on the
specific ions present (and the relevant temperp{d@9]. Thus the blanket application of
the 0.64 factor to relate electrical conductivihdarDS without attempting to take account

of the specific ionic species present in the wssenple may result in significant errors.

To account for the varying contribution of indiveluions to the overall electrical
conductivity measurement, the major ions in natwater have been ascribed conductivity
factors (1S/cm per mg/l) based on their individual abilitiesconduct electrical current,
these values, obtained from a United Nations Emwirent Programme (UNEP) manual
[190] are listed below;

» Cations

0 Ca" (2.6); Mg"(3.82); K'(1.84); Nd(2.13);
* Anions
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0 HCO5(0.715); CI(2.14); SQ(1.54); NQ(1.15);
The summation of the product of the concentratibeach ion (mg/l) and the conductivity
factor uS/cm per mg/l) of the respective ion can be usedpgproximate the electrical
conductivity of the incoming water analysis. Wheplgéed to the major ions in Table 6-2
(excluding copper as no value was available indtexd reference [190]), the percentage
difference between the measured electrical condtictialue (580uS/cm at 25°C) and the
approximated value using conductivity factors (@04S/cm at 25°C) was calculated to be
4%. Hence, this approach provides a reasonablyraecunethod of calculating the

electrical conductivity from the ions present.

lonic molar conductivity values at 25 °C (S%mol) have been published in the literature
[186, 189]; these values when multiplied by the amity of the ions (mol/ict) also
determine the conductivity contribution of the widual ions (S/cm at 25°C). However, in
contrast to the UNEP conductivity factors, ioniclanaconductivity values are determined
at infinite dilution, i.e. when the current carrgiability of the ions is not affected by other
ions in the solution. Infinite conductivity factofsimilar to the UNEP conductivity factors)
can be developed from molar conductivity value (tfolar conductivity divided by the
molar mass of the ionic species). The UNEP condigtiactors and the infinite dilution
conductivity factors (developed from the molar coctivity values cited in [186, 189]) are
compared in Table 6-5. According to Table 6-5, tmnductivity factors of calcium,
magnesium and sulphate exhibit the greatest chéegeeen infinite dilution and the

dilution used to determine the UNEP conductivitgtéas (percentage differences of 11.7%,
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12.5% and 7.4% respectively), this is due to thedater likelihood of forming ion pairs,

thus reducing electrical conductivity.

Table 6-5: Comparison of conductivity factors

lonic Molar conductivity Conductivity factor at infinite UNEP
species (S.cn?/mol)[186, 189] dilution (#S/cm per mg/l) Conductivity factor
(uS/cm per
mg/I)[190]
ca” 118 2.94 2.6
K* 73.5 1.88 1.84
Mg*™* 106.1 4.37 3.82
Na' 50.1 2.18 2.13
Cr 76.3 2.15 2.14
NO5 71.4 1.15 1.15
SO, 159.6 1.66 1.54
HCOy 445 0.73 0.716

When the infinite dilution conductivity factors veerused to estimate the electrical
conductivity of the incoming plant water, the valwas calculated to be 655/cm at
25°C, a percentage difference of 10.8% betweenstimmation of the infinite dilution
conductivities and the measured electrical condifgtvalue. The reason for this over-
estimation of the electrical conductivity is dueth@ fact that in real solutions, for certain
electrolytes, ion pairing takes place, and consetlyjethe measured conductivity is less
than the theoretical conductivity value determinatl infinite dilution. Relevant
conductivity factors can aid in assessing the uglidf simplifications made to model the

UPW plant water streams.
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To model an electrolytic solution using an ele@kiconductivity measurement when one
does not have regular, accurate, water analysasre@sqcertain approximations. A full
breakdown of ionic species is very difficult to efolate from one electrical conductivity
measurement. Thus, the author proposes the foltpmiethod;

* The TDS value is estimated from the electrical cmtigity measurement using the
0.773 factor previously determined: without reguiaater analyses, an assumption
is made that the major ionic species in the wabemat vary greatly over time;

* Due to the difficulty of extrapolating several dletytes from one conductivity
measurement, a second assumption is made thatotbeimic species is the
electrolyte calcium bicarbonate (Ca(Hg£(the main ionic species in the incoming
water analysis were calcium and bicarbonate ions);

» Calcium bicarbonate does not exist as a commoatrelgte but only as the
dissociated ionic species calcium and bicarbonates,i consequently, the
concentration of the separate ions in the eled&adk/apportioned on the basis that
one mole of calcium ions and two moles of bicartbenans combine to form one
mole of the calcium bicarbonate electrolyte (mataass 162.1 kg/kmol). Mass is
conserved, and therefore, an aqueous solution storgsiof 448.4 mg/l of the
calcium bicarbonate electrolyte contains 110.9 nod/lcalcium ions (40.1/162.1
multiplied by 448.4 mg/l) and 337.5 mg/l of bicanabe ions (2(61)/162.1
multiplied by 448.4 mg/l).

The concentrations of calcium and bicarbonate ldetan the last bullet point naturally
differ from the measured values in Table 6-1 anbld®-2. The relationship of interest,

however, is that between the concentration (md/l)he relevant ions and the electrical
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conductivity. This poses an important question Wwhigquires investigation: will modelling
the consistency of the incoming water solely asigai and bicarbonate ions result in large

errors in electrical conductivity estimations?

When the UNEP conductivity factors of the calciund dicarbonate ions (2.6 and 0.715
respectively [190]) are multiplied by the proposedic concentrations of calcium and
bicarbonate ions (110.8 mg/l of calcium ions and.83mg/l of bicarbonate ions), the
electrical conductivity is estimated to be 52@%/'cm, an absolute percentage difference of
9.5% compared with the measured conductivity valug80 uS/cm at 25°C in Table 6-1.
However, if the contribution of the calcium and dribonate ions to the electrical
conductivity is calculated using the infinite dikt conductivity factors of Table 6-5, 2.94
and 0.73 respectively, the percentage differenopsito an absolute value of 1.4% (572.2
versus 58QuS/cm at 25°C). This result would imply that theinite dilution factors are
more appropriate than the UNEP conductivity factorghis case. This is reasonable due to
the strong dissociation of the calcium and bicadtenons in natural waters thus reducing
the need for the lower UNEP conductivity factoresbimate electrical conductivity values.
Therefore, for this water analysis, it is reasoeatd model the TDS as calcium and

bicarbonate ions if the infinite dilution condudtyfactors are used.

Interestingly, if the TDS value was apportionedwsssn sodium and chloride ions in the
same manner and the relevant concentrations weltghead by the sodium and chloride
UNEP conductivity factors the percentage differetetween estimated and measured

electrical conductivity would be 26.9% (792.8/cm at 25°C versus 58/cm at 25°C).
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A relationship linking the electrical conductivignd the concentration of calcium and
bicarbonate ions can be developed, based on thmatendlilution conductivity factors, see
(6.31), whereC is the concentration (mg/IIMW is the molar mass (kg/kmoli;F is the
infinite dilution conductivity factor £/S/ cmper mg/ ) (see Table 6-5) andEC is the
electrical conductivity S/ cm). The factor of two relates to the stoichiometnonber of

bicarbonate ions, the subscripts refer to the ispiecies calcium and bicarbonate and the

electrolyte calcium bicarbonate.

MW_ .. 2MW_
Ceagricay, | T (CF ) +———>—(CF ) |= EC(u ¥ ch (6.31)
I\/IWCa(HCQ)2 MWCa( HCQ),
Inserting the relevant values, (6.31) simplifie¢632).
1.28 ¢4 heay, = EC @S/ cm (6.32)

In the case of RO membranes the use of the memionaneafacturers’ rejection rates can
also be considered to estimate TDS at various psosgages when available although this
tends to be proprietary information (average iomiection rates of 99.5% are typically
guoted). This rejection rate method was used bglDet al.[5] for a seawater desalination
process. It was notable in the cited referencd, ttiea potassium ion was neglected in the
exergy analysis, possibly due to a lack of membregjection rates for potassium.
However, there is one key drawback in the use afinal rejection rates as a sole indicator
of TDS; the rejection rates change with respeaht@nges in key RO operating parameters
such as recovery rate, temperature, pressure advéter concentration, see Figure 2-9.
Rejection rates also vary according to the speafenmbrane (and tend to be higher for

divalent ions than monovalent ions). If detailed Rfction data and water analyses are
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available, then ideally, this approach could beduse tandem with the electrical
conductivity measurement (to serve as an accuraegkd. In this thesis, the method
outlined previously to convert electrical conduityivmeasurements to TDS is used because

it is the most reliable indication of TDS from tb@W plant.

Now consider point 2 (page 159), the choice of agaesolution model has a significant
effect on the activity coefficient calculation colafty; the more complex the modelled
electrolyte solution, the more complex the activitpefficient calculation. Several
modelling choice examples are listed below andethieguire the exclusion or inclusion of
various terms which are discussed presently;
(1) Various models can be chosen based on the straigihe electrolyte, i.e. the
extent of dissociation;
(2) The aqueous electrolytic solution can be modelledymmetric (e.g. electrolyte
pairs with equal valences such as ad Cl, considered 1:1);
(3) The aqueous electrolytic solution can be modellecasymmetric (e.g. Caand
HCO; (1:2));
(4) The aqueous electrolytic solution can be modellsdpare (only one paired
electrolyte, e.g. Naand Clor Ca* and HCQ);
(5) Multi-component with a shared ion (e.g."Nad Cland Md™ and Cl);
(6) Multi-component with non-shared ion (e.g."Nand Cland Md™*and SQ");
(7) Multi-component with electrolytes and non-electtely [175, 191-198]
These more complex modelling choices require a Bétyckel type term (the first term in

(6.22) to (6.25)), which accounts for the long-rangnic interactions, and several virial
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coefficient terms, which account for the short-ramgteractions between ions of opposite

sign, like sign and neutral species.

Ideally, industry requires the simplest model whaclequately reflects the behaviour of the
agueous solution. To determine this the ionic gfiterof the solution must be calculated;
the ionic strength can be calculated using (6.dhe results are shown in Table 6-6.
According to Table 6-6, the ionic strength of thBW incoming plant water is equal to

0.00893 M. For comparison purposes, the ionic gttewas also calculated using molarity
instead of molality, and negligible difference waand at the relevant concentration and a
temperature of 25°C (0.00893 M using molality tecakate the ionic strength and 0.00891
M using molarity values). When the solution was eltetl as a simplified solution

consisting of calcium and bicarbonate ions as dised previously, the ionic strength was
calculated to be 0.00832 M. Hence, the simplifmatdf the electrolytic solution does not

have any bearing on the selection of activity dogfht calculation model.

The ionic strength of the incoming UPW plant wage0.00893 M, which is considerably
less than the ionic strength of seawater (a TDS5000 mg/l) of approximately 0.7 M
[170, 183]. These values of ionic strength are vemgortant because they are used to
determine the most appropriate activity coefficieaticulation method. Based on the
calculated ionic strength value of 0.00893 M, tloévity coefficients can be calculated

using a selection of equations (6.22) to (6.25)
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However, the use of (6.22) requires some furthesickeration. According to an analysis of
the range of validity for Debye-Huckel theory ihermodynamicg175], the limiting

values cited in Stumm and Morgan [184] may not perapriate for ions other than
monovalent electrolytes due to ion pairing (theoasgion of polyvalent ions) and the

resulting invalidity of Debye-Huckel theory assuiops.

To minimise potential errors (6.22) is not consadkfurther, even though it appears to be
relevant at the ionic strength value calculatedth@ incoming plant water. The model

chosen to calculate the activity coefficients fog tJPW plant exergy analysis is the Davies
model [185] for one main reason; errors in accutta@ye been quantified in the literature

for the Davies model allowing reasonable confidendée results (1.5% at < 0.1 M [186]).
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Table 6-6: lonic strength of incoming UPW plant waér

Anions/ Concentration  Molar mass Molarity Density of Mass fraction Molality Valence miz’
Cations (mg/l) (g/mol) (mol/1) solution of water (mol/kg) squared (?)

(kg/n) (kg/kg)
Calcium (Ca) 93 40.08 0.00232 997.4 0.99955 0.00233 4 0.00931
Sodium (Na) 10 23 0.00043 997.4 0.99955 0.00044 1 .00024
Magnesium (Mg) 6.9 24.31 0.00028 997.4 0.99955 @860 4 0.00114
Potassium (K) 1.8 39.1 0.00005 997.4 0.99955 0.8000 1 0.00005
Copper (Cu) 1.7 63.5 0.00003 997.4 0.99955 0.00003 1 0.00003
Bicarbonate (HCg) 256 61 0.00420 997.4 0.99955 0.00421 1 0.00421
Sulphate (SQ) 46 96 0.00048 997.4 0.99955 0.00048 4 0.00192
Chloride (Cl) 20 35.5 0.00056 997.4 0.99955 0.00057 1 0.00057
Nitrate (NQ) 13 62 0.00021 997.4 0.99955 0.00021 1 0.00021
Total (mg/l) 448.¢ lonic strength  0.52m;z? 0.0089:
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In the literature the use of (6.22) has been pregpdsr determining the activity coefficients
in seawater due to the fact that seawater is deengambd example of a diluted solution
[157]. However, according to Stumm and Morgan’s4[l@nalysis of various activity
coefficient calculation models, this is not a shblgacalculation model based on the ionic
strength of seawater (0.7 M). Importantly, basedh&nionic strength of seawater, none of
the equations (6.22) to (6.25) is suitable. Thifuither supported by Millero [170] who
states that even the extended Debye-Huckel law(@.23)) ‘Serves as a limit in dilute
solutions; however it fails at the high ionic stgtn of seawater.”.. Model failure at the
ionic strength of seawater is due to deviations dw&ur from the initial assumptions at
higher ionic strength and hydration effects [170plues of seawater ionic activity
coefficients are compared in Table 6-7, which sho@3 measured values of activity
coefficient [119], (2) values calculated using tvedended Debye-Huckel model (6.23)
[119], and (3) values calculated using the Pitzedeh (discussed in section 6.5) [121]. It is
evident that there is good correlation betweemtasured values and the Pitzer model for
most species, the carbonate ion being the majaptxn, although it is noted that there is
a slight difference in the ionic strength values (M for the measured values versus 0.68
M for the Pitzer model values). The Debye-Hucketeaded model differs from the

measured values more so for the divalent metaltivanrs the monovalent metal ions.
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Table 6-7: Seawater ionic activity coefficients, keed on data inf119, 121]

lon Measured values at Pitzer Model at 1I=0.68 Debye-Huckel extended
1=0.7M M Model at I=0.7 M

Na" 0.68 0.653 0.71
Mg 0.23 0.236 0.36
ca” 0.21 0.211 0.28
K* 0.64 0.614 0.64
Cr 0.68 0.703 0.64
SOo4 0.11 0.128 0.17
HCO3 0.55 0.559 0.68
COo3 0.02 0.045 0.2

It is important to consider the choice of activigefficient calculation model carefully.
More suitable general equations for higher conegioins are detailed in the literature [191-
193, 195, 197, 198] and researchers have deternsogdble activity coefficients for
seawater based on these and other appropriatéyctefficient calculation models [170,
199, 200]. Thus, a different approach for the daloon of activity coefficients should be
adopted for seawater exergy analyses than the chettad is proposed for UPW plant

analysis.

6.4 Proposed Model C approach

For the Model C physical and chemical exergy terthge methodology, calculation
procedure, assumptions and modelling decisionsoanbe summarised as follows;
1. The incoming UPW plant water analysis is studiedatermine the principal ionic
species — cations and anions;

2. Specifically, as a result of the incoming water lgsia, the UPW plant water is
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modelled as an electrolytic solution consistingalcium and bicarbonate ions, the
relationship TDS=0.773x EC is used to convert electrical conductivity
measurementsyS/ cm) to TDS (mg/l) of calcium bicarbonate;

. The incompressible fluid model is assumed. Theitlenkthe plant water is treated
as a constant (i.e. the average density over teeamt temperature range) and not a
function of salinity for the purposes of calculgtithe physical exergy and the
molalities (and hence the ionic strength). The ingatvater in the hot water heat
exchanger is the only exception due to its relatilegh temperature, it too is
considered as a function of temperature alone;

. The specific heat capacity of water is treated dsnation of temperature where
applicable;

. Equation (6.19) is used to calculate the molar c¢baimexergy for the solute
(electrolyte) at each relevant process stage;

. The mole fractions of the electrolytic species avater are calculated using the
approach of (6.16) and (6.17), and not that of &dgl (refer to Chapter 3, section
3.2.2);

. The activity coefficient of water is assumed toumity and the chemical exergy of
water at each relevant process stage is calculetiag (6.20), thus, the activity of
water is assumed to be equivalent to its moleifvart

. The choice of activity coefficient calculation mbde primarily determined from
the ionic strength of the electrolytic solution baiso from the specific
characteristics of the ions under consideratiog, ealency and ion association

likelihood:;
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9. Based on point 8, the activity coefficients in teecific case are calculated using
the Davies model, see (6.25);
10.The coefficientA in the Davies model is acknowledged to be andtdtekas a
function of temperature as it involves both an mipltemperature term and a
dielectric constant term which is also a functidntemperature, see (6.26) and
(6.28). Variations of the coefficie®t with temperature are tabulated in [175], but
can be determined over a more precise temperangeusing (6.26) and (6.28).
11.The system is defined as the UPW electrolytic smustream;
12.The thermo-mechanical dead state is defined asamhigient temperature of the
incoming UPW process water and pressure of 1 bar.
13.The salinity dead state is defined as an aqueousicgo comprising 135 ppm of
calcium bicarbonate (the TDS in river waters vatiesm 70 to 200 ppm, the
average value is selected, calcium and bicarbooateare the main ionic species in
European rivers [170]);
Regarding the salinity dead state, it was originplanned to use a water analysis from a
location near the discharge points of the wastemtaeatment plant into the River Liffey,
contact was made with the Osberstown waste wagart plersonnel and a water analysis
was forwarded to the author. However, unfortunatéhe analysis mainly focused on
potential organic pollutants and did not contaia tiecessary ionic breakdown to determine

TDS.
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6.5 Seawater activity coefficient calculation

The methodology has been outlined for the UPW ptaeimical exergy calculations. Due
to the higher ionic strength of seawater, the disheDavies model to calculate the activity

coefficients is not appropriate and a differentrapph is required for seawater.

In the literature, the determination of seawateiviag coefficients, activity coefficient

calculation methods can be broken down into twonmegproaches, (1) a specific ion
interaction model, and (2) an ion pairing model([LThe specific interaction models are
reliable for calculating the major ionic constittemand the ion pairing method is reliable
for calculating the minor ionic components [170]jrsE consider an overview of the

specific interaction and ion pairing models.

The Pitzer models are specific interaction modeld are reliable for the calculation of
activity coefficients in various electrolyte solutis including seawater; they are reliable far
beyond the ionic strength of seawater. Dependinthermodel used, the Pitzer equations
can be used over the entire concentration rangé, [198]. They are semi-empirical
however, and consist of a Debye-Huckel term whitoants for the long-range interionic
effects and several virial terms to account forshange ionic interactions. The calculation
of these virial terms involves the use of severatameters including specific ion

interaction terms that are fitted to measured \sabfevarious electrolyte solutions.

Bromley [201, 202] developed a model to calculdte &ctivity coefficients of strong

electrolytes (ions that dissociate fully) to ani@strength value of 6 M using only one
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additional parameter B’ valué€) to the typical Debye-Huckel term. This parameberB
valu€, specific to various salts and ions, was tabulatethe cited reference (again fitted
to data for strongly ionised salts). The model psga by Bromley is limited and is not
suitable for certain electrolytes such as bivalewtal sulphates (CaSGnd MgSQ),
which are common in seawater, due to their incotaglmisation and thus they cannot be
considered strong electrolytes. To treat multi-congnt solutions, Bromley suggested the
use of a single complex salt with a characterigtezameter value, which could be
calculated from the specific parameters of thevesie ions in the multi-component

solution.

Unfortunately, in order to extend the use of eitier Pitzer or Bromley specific interaction
models to natural waters, the specific interactioodels were limited because suitable
parameters for bicarbonate, a major ion in natwaters, were not presented. Specific
interaction parameters for this ion are necessarfatilitate calculation of the activity
coefficients. Pitzer et al. [203] later addrest#el lack of bicarbonate parameter data by
determining ion interaction parameters for Mg(HECand Ca(HC®Q),. The interaction
parameters of Mg(HC£), and Ca(HC@), were calculated on the basis of mixed solutions
dominated by chloride in electrochemical cells, ebhithe authors advocated, were

appropriate for seawater due to chloride beingrhgr cation.

Millero [170, 204] used the ion pairing method talotilate the activity coefficients of
various solutes in natural waters. The ion pairmgthod, used typically by marine

chemists, calculates the total activity coefficiefitan ion in solution as a function of the

175



product of the activity coefficient of the free ion the solution and the ratio of the
concentration of the free (uncomplexed) ion ingbkition to the total concentration of the
ion in the solution, see the cited reference [1ftB]a worked example for the major
components of seawater. However, the ion pairingehbas limitations and is not reliable
at ionic strengths greater than 1 M [170]. Thed®izquations are suitable for a wide range
of ionic strengths and compositions, and in thedcivork [170], the use of the Pitzer
equations is demonstrated for the calculation efaétivity coefficients of a generic cation
and anion in a simplified seawater medium {MdNa', CI and SQ"). Activity coefficients
can be calculated based on a full seawater meduansimplified seawater medium (e.g.
Mg™™, Na', CI and SQ"), the activities of the main salts have been taedl for both in
Table 6-8, which is based on data in [170]. As shawTable 6-8, the use of the simplified
medium results in little difference in activity dbeient calculated for the major ions,
strongly favouring the use of the simpler modetabbonate is the notable exception (a
6.9% difference). This deviation can be explaingdhe difference in the way bicarbonate
interacts with, (1) the many constituents of seawatnd (2) the limited sodium
chloride/magnesium sulphate medium. Bicarbonateighe predominant ion in seawater,

however, and thus, this 6.9% deviation can be cégle
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Table 6-8: Activity coefficients of the major ionsin seawater calculated for various media, based on

data in [170]
lon NaCl and MgSQ Seawater
Na' 0.668 0.667
K* 0.629 0.628
Mg 0.240 0.240
or- 0.215 0.215
cr 0.668 0.667
HCOy 0.597 0.556
o 0.115 0.113

Based on the non-ideal behaviour of electrolytaetré desalination exergy analyses in
seawater applications should consider the use aWater activity coefficients rather than

the traditional ideal mixture approach. In recesdng, much work has been carried out in
the field of modelling electrolyte solution actieis and the application of this research to

seawater exergy analyses is strongly recommended.

6.6 Summary

This chapter has investigated the thermodynamicghef chemical exergy term and
determined the most appropriate choice for elegimbolutions. A thorough and accurate
approach has been developed for the exergy analiytie UPW plant using this chemical
exergy term (Model C). The Model C exergy calcalatierms are separable. The physical
exergy definition is similar to the Model A physiaxergy term except that the specific
heat capacity is not treated as a constant butfascéion of temperature over the relevant

temperature ranges. However, the chemical exergy i® different to both Model A and
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Model B. Importantly, Model C not only determiné® texergy calculation terms but how

the UPW aqueous streams are modelled.

Following a detailed assessment of the UPW plasdnring water analysis, the system was
modelled as an electrolytic solution of calcium abgarbonate ions. A specific
conductivity factor of 0.773 was determined to t@l@DS and electrical conductivity for

the exergy analysis.

An approach to calculate the activity (incorporgtactivity coefficients, molality and mole
fractions) of the relevant species was outlinedyadRe@ing the solutes, the chemical exergy
term uses activity coefficient values calculateihgsthe Davies model. The choice of
activity coefficient calculation model was deterednby calculating the ionic strength of

the solution under consideration 0.00893 M (UPWhplacoming water).

Due to the relatively high ionic strength of seawd0D.7 M), the Davies and the Debye-
Huckel models are not suitable for the calculatmin seawater activity coefficients.
However, this chapter also considered and recometende application of the more
accurate Pitzer models for the calculation of distigoefficients in seawater desalination

exergy analyses.
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7 Model D

Chapter 7 details the development of Model D, gor@gch based on the Szargut model to
calculate the chemical exergy of electrolytic solus. The Szargut model is different from
Models A, B and C because it takes a global natoaglital view and calculates the
chemical exergy of each substance with respedtgortost likely, final interactions of that
substance and the environment. Commonly in exengyyaes, standard chemical exergy
values are used, and these values are calculated dr standard dead state reference.
However, based on the literature reviewed, no rekehas investigated whether these
standard chemical exergy values are appropriatettfer exergy analyses of systems
modelled as electrolytic solutions (e.g. water fication processes) at various dead state
temperatures and other non-standard states. Taet (1) develops a method to calculate
the chemical exergy of ions and electrolytes at-standard dead state temperatures, and
(2) investigates the changes in chemical exerdii@ionic/electrolytic species with respect

to standard dead state temperatures.

7.1 Reference datum levels for the elements

The Szargut model and its use of reference datugldexnd reference species to calculate
the chemical exergy of the elements was introdilcéghapter 2. The Szargut model seeks
to standardise the calculation of chemical exerdly vespect to the reference environment.
The rules of standardisation for open systemsepeduced here from the cited reference

[116];
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» “If the processes under consideration are chemite, reference level should be
adopted separately for each chemical element tagargin the chemical reactions.
If in the process a component is taking part, whdsamical constitution is constant
(e.g., a solvent having unchanged chemical cotigtity the reference level can be
separately adopted for such a component.

* As reference species for the calculation of exetigg,common components of the
environment should be adopted.

 The mean parameters of the conventionally adoptednmon components of the
environment, in the location under consideratiae.(ithe ambient temperature, the
partial pressure in the air, or the concentrationseawater or in the external layer
of the earth’s crust) should be taken as the zevellfor the calculation of chemical
exergy.

» If an exact calculation of the chemical exergyngossible because of the lack of
sufficiently exact thermodynamic data, the caldalatshould be made with
currently available data and the result should becepted as a conventional

standard value of the chemical exergy of the el¢meter consideratiof.

Each element or substance is allocated a referdatem level, i.e. the atmosphere,
lithosphere or hydrosphere. A reference speciaiasated according to Szargut’s criterion
as discussed previously in the literature revielwwe Themical exergy of the reference
species is calculated independently [93], i.eoéginot depend on the chemical exergy of
other substances. The chemical exergy of the elearesubstance under consideration can

then be calculated by formulating a reference reacdfsee (2.21)) using only reference
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species and the substance in question. As willlbecapparent, this is strictly only the case
for the atmosphere and lithosphere reference ddewels, the hydrosphere requires a
different approach, which is discussed later i thapter. Due to the fact that each new
elemental chemical exergy calculation depends oevipusly calculated reference
substance chemical exergy values, there is, byss#gea ‘calculation order’. For example,
the chemical exergy of the reference species imthmsphere should be calculated first:
the chemical exergy of species such as water vapH@(g)) and carbon dioxide (GDis
determined from their respective partial pressuneshe environment. Using reference
reactions, these chemical exergy values can indemased to calculate the chemical exergy
of the elements hydrogen and carbon respectivdlichwsubsequently serve as constituents

for the exergy calculation of compounds using (7.1)
& Compouna =0 (G + D, VE (7.1)
In (7.1) &4 pome IS the standard molar chemical exergy of the comgownder

considerationA. g is the standard Gibbs energy of formation of tampoundy is the

stoichiometric coefficient of each element in tlenpound ande®"" is the standard molar
chemical exergy of each element, the subs@iptfers to each of the elements under
consideration. Rivero and Garfias [121] mappedctdeulation order for the elements and
showed the relationships and dependencies of al d@lemental chemical exergy

calculations on previously calculated values ofrcical exergy.

To facilitate the undertaking of exergy balanceakdtions, Szargut introduced the concept

of standard chemical exergy [116]. As a result,stendard chemical exergy values could
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be tabulated and used in exergy balances witheudled to formulate a reference reaction
in order to calculate the chemical exergy of thecggs of interest. Although the concept of
standard chemical exergy and the tabulation ofesalre of great help for processes which
occur at similar temperature and pressure, thisotsthe case for many other processes.
According to some authors [95], slight differencasout the standard values can be
neglected. The term ‘slight differences’, howevesr,ambiguous. When do dead state
temperature changes cease to be negligible? Latdnis chapter, the chemical exergy of
aqueous solutions as a function of changing desid s#mperatures is investigated. First, in
order to use or amend the standard chemical exeafiyes, an understanding of the

chemical exergy calculation method is necessary.

7.1.1 The atmosphere as a reference datum level

The chemical exergy of reference species of elesr&nth as nitrogen or substances such
as carbon dioxide and water vapour, are relatigalyple to calculate using the ideal gas
model previously discussed in Chapter 6. The stahcd@mical exergy of these substances
is a function of the standard temperature and theventional mean ideal gas partial

pressure in the environment and is calculated uSir®).
=Ch® R 3
g =—R'I'°In?=—RTIn X (7.2)

In (7.2) P’ is the standard pressure definedla1325< 10Pa, and P’is the conventional

mean ideal gas partial pressure in the atmospferés the standard temperature (298.15
K) and x" is defined as the standard conventional moleitragcif i in the atmosphere and

Ris the universal gas constant (0.0083145 kJ/mol.K).
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When the reference species are not elements, &ngle, in the cases of carbon dioxide or
water vapour, the calculated chemical exergy of riéference species can be used to
calculate the standard chemical exergy of the adgnwarbon or hydrogen in this case,

using a reference reaction.

To illustrate the method, consider the chemicarg@x®f hydrogen gas with its reference
species water vapour. With standard conventionampartial pressure in the atmosphere
of 0.022 bar [116], the standard chemical exergyatier vapour is calculated to be 9.49
kJ/mol. Then, to calculate the chemical exergy loé element hydrogen, a reference
reaction must be formulated, see (7.3) below.

H2+%o2 L H,0 (7.3)

The reference reaction by definition contains ahly substance under consideration, the
specific reference species for that substance ofimer reference species, whose chemical
exergy has been previously calculated. The genmefatence reaction equation (2.21) is

adapted for this specific reference reaction igd)(7.
= A T e 1o 24
eHZ_ Rg+eH20 26‘02 ()

The Gibbs energy for the reaction is calculatecb&0-228.57 kJ/mol, thermodynamic
values for the enthalpy of formation and molar epyrwere taken from Appendix B of the

cited reference [176]. When considering chemicattiens, the molar values of enthalpy

and entropy are the standard molar enthalpy of &iom A_h" and the standard molar

entropy s~ for the species under consideration. The Gibbsggnier the reaction can be
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calculated using (7.5) which is defined as theeddhce in the molar Gibbs energy of

formation between the products and the reactarttseafeference reaction.
ARG =Ah -TAGS =A T, o~A (G, —%A F Gy (7.5)
The chemical exergy of oxygen (3.97 kJ/mol) is ghted using (7.2) for a conventional
mean partial pressure of oxygen 0.2039 bar [11i6hlly, the chemical exergy of hydrogen
gas can be calculated by inserting the obtainedegainto the adapted reference reaction
(7.4), see (7.6).
€y =-(-228.57)+ 9.49- (0.5)(3.93 236.07 kJ/n (7.6)

Hence, the standard molar chemical exergy of hy&hogas is calculated to be 236.07
kJ/mol. This is in agreement with the standard abahexergy of hydrogen (236.1 kJ/mol)

reported in [117].

Note that the conventional mean ideal partial presssin the atmosphere listed in Table 2
of reference [117] are incorrect, it appears thatwrong units (kPa) have been used in this

table, e.g. the conventional mean partial presstiteydrogen is given as 2.2 kPa in Table

2-4in [116] and incorrectly ag.2x 10 kPa in Table 2 of [117].

7.1.2 The hydrosphere as a reference datum level

The approach to calculate the standard molar clermiergy of species using seawater as
a reference datum level is different from the twoeo reference datum levels. The specific
method is based on a model developed by Morris][M@re the standard molar chemical

exergy of the species under consideration can loalated from (7.7).
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éCh":j[—AF@°+ Z¢) =2, V€" -2.303RT ¢ ph- Rin( M)} (7.7)

N

In (7.7) j is the number of reference ions or molecules ddrivem one molecule of the
element under consideratioA. g is the Gibbs energy of formation of the refereioreor

non-ionised references speciess the valence of the reference ion (positive egative),v

is the stoichiometric coefficient of the additiorlémentse in the reference ion. On the

right of (7.7) 8" is the standard molar chemical exergy of tite element in the

reference ionM " is the standard molality of the reference speciezawater ang is the

activity coefficient of the reference species iawater. The pHerm in (7.7) stems from
the definition of pH as the negative logarithm tasé 10 of the concentration of the
hydrogen ion [116], see (7.8). Thus, the constahiies 2.303 is the ratio of the natural

logarithm to the base 10 logarithm.

pH =-log(M,.¥,,.) (7.8)

The model basis and the associated terms of (feAh@wn in Figure 7-1, which is adapted
from [116]. The model can be described as folloase mole of the element under
consideration and the number of moles of any amlthii elements in the reference species
enters an electrochemical cell with a hydrogentelde at the standard temperature and
pressure; the hydrogen ion in a one molal idealtswi at standard temperature and
pressure flows into the cell if the reference isnpositive and leaves the cell if the
reference ion is negative; hydrogen gas in thedstahstate flows away from the cell in the

first instance and into the cell in the latter catbee isothermal change in concentration
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takes place for the hydrogen ion and the referspeeies between the standard state one

molal solutions and the standard or conventiondahties in seawater [116].

The standard chemical exergy of the element undmisideration is the maximum

theoretical work that the substance could do ifwas allowed to react at standard
temperature and pressure with the appropriateeneder species. As (7.7) and Figure 7-1
illustrate, the chemical exergy of the element uesfion is comprised of a number of
contributions;

* The Gibbs energy of formation of the reference nanus the chemical exergy of
the other elements which make up the referencéthenfirst and third terms on the
right of (7.7));

» The redox (oxidation/reduction) reaction involvithg transfer of electrons from the
hydrogen electrode in the electrochemical cell,the second term on the right of
(7.7). Redox reactions are discussed in greatail digter in this chapter;

* The change in concentration of the hydrogen ionveen the 1 M standard state
solution in the electrochemical cell and the comeion of the hydrogen ion in
seawater (the fourth term on the right of (7.7)Qtenthat the second and fourth
terms of this equation are different in sign to cast for the positive/negative
valence of the reference ion;

* The change in concentration of the reference iomfthe 1 M solution in the
electrochemical cell to the standard seawater ilghe final term on the right in

(7.7)).
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Figure 7-1: Elements with seawater as reference dan level, adapted from[116]

7.1.3 The lithosphere as a reference datum level

For the calculation of the chemical exergy of refiee species, with a reference datum

level in the lithosphere, the calculation of cheahiexergy is relatively straightforward and

analogous to the atmospheric reference speciesatiBqu(7.2) is used to calculate the

standard chemical exergy of the reference speicidhijs case however, the value xf is
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defined as the standard conventional mole fractibin in the environment, whereis a
solid reference species. The determination of thiedsard conventional mole fraction in the
environment for each reference species is an appation becausethe earth’s crust is a
very complicated mixture of solid solutions andexact calculation of its components is

impossiblg117]”. Szargut [118] developed a method to estenthis value, see (7.9).

N
X =G MW (7.9)

In (7.9) n, is defined as the mean molal concentration ofeleenent under consideration
in the earth’s crust (mol/kg), is the number of atoms in the element under cenaitbn
in the molecule of the reference species, is the fraction of the element under

consideration appearing in the form of referenexigs, andMW" is the mean molar mass
of the upper layer of the continental part of tlhetlgs crust [93]. The chemical exergy of
each respective element is again calculated usiedesence reaction containing only the
specific reference species for that element aneérotbference species whose chemical
exergy is known. The assessment of geological ¥anian the lithosphere is beyond the
scope of this thesis, so the values of standar@mooincentration for the reference species

are taken without further consideration from [117].

7.1.4 The standard chemical exergy of water

The tabulated standard molar chemical exergy oidigvater is 0.9 kJ/mol [93] in contrast
to 9.49 kJ/mol for water vapour calculated earlidow is the standard chemical exergy of

liquid water calculated? Szargut [93] details twcethods. First, for areas under
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consideration which are remote from the sea, thedstrd molar chemical exergy of water
is calculated as a function of the relative hurgidstusing (7.10).

§" =-RTIng (7.10)
The tabulated standard chemical exergy value ofewa 0.9 kJ/mol, and therefore,
according to (7.10), the standard relative humidi&yue used to calculate the chemical
exergy of water is 0.696. The higher the relativentdity value, the lower the chemical

exergy. Thus, the chemical exergy of water is $imesio changes in location and time, in

terms of relative humidity and temperature.

Second, for areas close to the sea, the molar cakexergy of water can be calculated
using a desalination model approach [93], previpusscussed in Chapter 5, where the

chemical exergy of water can be calculated usintl{)7
8" =-RTIn ¥ (7.11)
Based on an ideal solution, (7.11) is identicathte chemical exergy term of Model A

(excluding theN_, and mass flow rate terms of (3.5)). For a typgsdwater mass fraction

sol
of salt (35,000 ppm or 3.5% mass fraction) and mesponding mole fraction of water

0.978 using the Model C approach, the molar chdnexxargy equates to 0.055 kJ/mol, a
factor which is sixteen times lower than the cheiniexergy of water reported in the

standard chemical exergy tables. There is a sagmfi difference between the values of
molar chemical exergy using the two different ajpples. Should the two methods result
in such different chemical exergy values? Seawdésalination is an energy intensive
process, and this low chemical exergy value doésppear to adequately reflect the work

input required to purify seawater. This leads bickhe discussion of the appropriateness
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of the model assumptions underlying Model A in Gbap and whether it is appropriate to
model seawater desalination as the extraction efroale of pure water from an infinitely
large ideal mixture of salt and water? Also, itlisar from the discussions in Chapter 6 that

electrolytic solutions do not behave as ideal sohst

The previous sections have outlined the mannerhitiwthe standard chemical exergy is
calculated. When one considers standard chemicalgextables retrospectively, it is
evident that there is ‘a lot going on in the backgrd’. It may appear superfluous to
discuss the calculation of standard chemical ex@mgsuch detail but understanding the
calculation of standard chemical exergy is impdrtbacause the tables are somewhat
limited with respect to non-standard referenceestalhere are limitations to the Szargut
model, primarily the complexity of the chemical execalculations when states other than
the standard state are considered but also pdténaacuracies associated with the
lithosphere calculations. On the other hand, thepecof the Szargut model is highly
commendable with its consideration of the finalsinikely interactions of process wastes

with the natural environment.

7.2 Application to water purification exergy analysis

The Szargut model can be applied to mixtures ahdisos; the molar chemical exergy of
non-ideal solutions is determined from (7.12) whtdre molar chemical exergy of the
solution is the sum of the molar chemical exergyhef individual constituents multiplied

by their respective mole fractions, the entropyniting term reduces the overall chemical

exergy.
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E"=) xe"+ R, Mn a (7.12)

Equation (7.12) is an elegant expression in thatntiolar chemical exergy is pre-defined

with respect to the global dead state.

The chemical exergy of electrolytic solutions regsifurther consideration because the
chemical exergy of an electrolyte in an aqueousitswl is treated differently to the
chemical exergy of the solid species in an aquenligtion. According to Szargut et al.
[116], the standard molar chemical exergy of actebytei in an aqueous solution can be

calculated using (7.13) where the subscript ¢(kgjotes aqueous.

Ch

€ =8 +A Gy —A: T (7.13)
Thus, the difference between the standard chensixalgy of an electrolyte (where the
standard state of the solute is defined as a oral mxqueous solution) and the substance in
guestion is the difference between the standarthsGémergy of formation of the aqueous
species and the standard molar Gibbs energy ofafitom of substance. For example,
consider a one molal solution of sodium chloridéeTstandard molar chemical exergy
value of solid NaCl is reported in the standardnaical exergy tables, i.e. 14.3 kJ/mol [93,

117].

—~Ch°®  _—=Ch® —e —e
€Naci(ag = Enact T2 F Onaci ag 2 FOnac (7.14)

The Gibbs energy of formation of the NaCl elect®lgnd the Gibbs energy of formation
of solid NaCl are reported in the thermodynamidasp-393.133 kJ/mol and -384.138
kJ/mol respectively [205]. Hence the chemical exesfjaqueous NaCl is calculated to be

5.3 kd/mol, this is similar to the value of 5.1rkdl reported in [93]. This difference in
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results may arise from slightly different values@ibbs formation energy, the data used
here [205] was based on a standard state of 2%8d 1 bar. Szargut’s values are based
on a standard state of 298.15 K but at 1.0132598jr Standard chemical exergy values
for several electrolytes, based on the above apprbave been tabulated in the literature

[93].

However, based on the incoming UPW plant wateryseal in Chapter 6, the calculation of
standard chemical exergy using the approach odtlime the previous paragraph is
problematic. The main electrolyte in the UPW plée¢dwater is calcium bicarbonate
Ca(HCQ),, and this substance does not exist as a commotradjee but only as calcium
and bicarbonate ions in solution. Data on the Gaergy of formation for the electrolyte
and the non-ionised substance are very rare (follgwn extensive search, no data were
found). Consequently, the calculation of the chamiExergy must be approached in a

different manner.

7.2.1 Determination of the chemical exergy of Ca(HC Oj3), using
individual ionic chemical exergy values

An approach based on the calculation of the stahaeniar chemical exergy of individual
ions rather than the electrolyte is proposed. T® thés approach, it is first necessary to
investigate whether the sum of the chemical exefgye individual ions is equivalent to
the standard molar chemical exergy of the eledieol@onsider the electrolyte NaCl and its
dissociated ions Naand Cl. The chemical exergy of the individual ions is neported in
regular sources of standard chemical exergy d&ad99, 116, 117, 119, 121]. However,

using the same approach as that for the calculafidghe chemical exergy of electrolytes,
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see (7.13), the chemical exergy of certain indigldons can be calculated. The chemical
exergy of the sodium ion can be calculated usints)7

e =B +A Y, ~ A G (7.15)
Based on tabulated standard chemical exergy daf@3ijhand Gibbs formation data in
[205], the chemical exergy of the sodium ion iscaidted to be 74.7 kd/mol according to

(7.16).

€7'=336.6+ (-261.9r & 74.7 ki/m (7.16)

The chemical exergy of chloride ion is now calcedhtin this case, the calculation proves
to be more ambiguous because the standard cheewiealy tables provide values for both
Cl(g) and Cj(g). Thus an understanding of the formation reactod chloride ions is
required to determine the correct input data. Tévenétion of an aqueous ion can be
modelled as a redox reaction [205, 206]. The reeaxtion for the formation of the sodium
ion is shown in (7.17).

Na+ H* - Na +% H, (7.17)

In general, for a catioM of positive valence, the redox reaction can be written as (7.18)

and as (7.19) for an aniod of negative valence

M +zH* » M* +§ H, (7.18)

X +% H, - X +]3 H (7.19)

The specific redox reaction is shown for the claerion in (7.20); this reaction can be used

to determine the values required to calculate taadard molar chemical exergy of the
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chloride ion, see (7.21) and (7.22). The standasthnchemical exergy of the chloride ion

is calculated to be -69.43 kJ/mol.

%CI2+%H2 -~ CI"+H" (7.20)
ene Lo o1 .

e’ :Eeg,'; +0. G, _EAF 4, (7.21)

éf::‘_°=%(123.6)+ ¢ 131.228}% (C (7.22)

Summing the standard molar chemical exergy of ¢isiusn and chloride ions (74.7 kJ/mol
and -69.43 kJ/mol) results in the standard molanthal exergy of the sodium chloride
electrolyte 5.27 kJ/mol, this compares well withe tetandard chemical exergy of the
electrolyte calculated earlier, 5.3 kJ/mol. The soirthe chemical exergy values of the
cation and anion is approximately equivalent tostendard molar chemical exergy of the
electrolyte. The single ion exergy approach was algplied to, and validated for, the
electrolyte HCI (with the chemical exergy of thedhygen ion calculated to be 118.05
kJ/mol using (7.13)) . This approach can be relatazk to the properties of ions in solution
discussed in Wagman et al., whet@e' properties of the neutral strong electrolyte in
aqueous solution in the standard state are equath® sum of these values for the
appropriate number of ions assumed to constituee rttolecule of the given electrolyte
[205]". Therefore, if it is possible to calculateetchemical exergy of the bicarbonate and
calcium ions, the chemical exergy of the electmlshould equate to the sum of the two

ionic chemical exergy values.
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However, the calculation of the chemical exergyhef bicarbonate ion is also problematic
because it exists as an ion and not as a solichgeayis substance which can be simply
modelled as a redox reaction, as was the case h®rchloride and sodium ions.
Consequently, there are no Gibbs formation datah@mical exergy data for the non-
ionised substance HG@o enable the calculation of the chemical exerfthe ion using
the same approach as that used previously. Thidgrocan be overcome in a roundabout
manner by making use of the reported standard nobkamical exergy of other electrolytes,
i.e. data in [93]. There is published standard malaemical exergy data for sodium
bicarbonate, and therefore, the chemical exergyicdrbonate can be calculated once the
chemical exergy of sodium is known. The standardbmchemical exergy of sodium has
been previously calculated to be 74.69 kJ/mol. Térorted value for the electrolyte
sodium bicarbonate is 21.4 kJ/mol [93], and hetioe standard molar chemical exergy of
the bicarbonate ion is calculated to be -53.29 &ll/ifhe standard molar chemical exergy
of calcium is calculated to be 175.52 kJ/mol ugind3) with updated calcium exergy data
reported in [121] and Gibbs formation energy dat§205]. As discussed in the literature
review, the reference datum level for calcium, atiter ‘column 2’ elements, was changed
from the hydrosphere reference datum to the lithespy and therefore, the more recent
data are used. The standard molar chemical exefggalkeium bicarbonate can be

calculated as follows.

=Ch~° — =Ch~° —Ch°
€ a(Hcay), = €cq T2 eHCO; (7.23)

Inserting the previously calculated values int@4J, the molar standard chemical exergy

of the electrolyte calcium bicarbonate is calcudatebe 68.94 kJ/mol.
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€anog), =175.52+ 2¢ 53.29 (7.24)

There is an alternative approach for the calcutatibthe bicarbonate ion, and that is to use
(7.1). The author was reluctant to use this equoatidially because the ‘compound’ under
consideration was an ion, and thus, there was aetorthat the equation may not have
been valid. However, now having calculated a reablke value for the chemical exergy of
the bicarbonate ion, the results of the two apgreacan be compared. The standard molar
chemical exergy of the bicarbonate ion can be tatied using the specific version of (7.1)

below, see (7.25).

=Ch° _ 1—Ch° —Ch*

eHco; _AFcho; +E & t€ *t7§

3

) (7.25)
=-586.77+ (236.1y 410.257 (3.9

In (7.25) standard molar chemical exergy valuesewaken from [93, 117] and the Gibbs
energy of formation value from [205]. Using thispapach the chemical exergy of the
bicarbonate ion is calculated to be -52.5 kJ/mbk Two values for bicarbonate show good
correlation, however, the new value is chosen tweipreviously estimated value of -53.29
kJ/mol as it is likely to be the more accurate eal is certainly a more straightforward
and flexible method of calculating the chemicalrgye particularly at non-standard states.
The chemical exergy of the calcium bicarbonatetedgte can now be updated as 70.52

kJ/mol.

7.2.2 Gibbs energy of formation of aqueous ions

Returning to (7.13) now, it is important to consitlee Gibbs energy of formation for the

aqueous electrolyte. The Gibbs energy of formatwran aqueous species consists of the
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enthalpy and entropy of formation of the aqueouscEs. The standard enthalpy of
formation for aqueous species is reported in thegmamic tables [205]. The entropy of

formation for an aqueous ion can be calculatedguia general equation (7.26) [205].

AS =§t=5,— D, VS (7.26)

NIN

In (7.26) §,°(aq) is the standard absolute molar entropy of the moguestionzis the valence
of the ion (positive or negative)§;2 is the standard absolute molar entropy of hydrogen

gas,v ands’ are the stoichiometric coefficients and standésbhute molar entropy of the
other elements in the aqueous ion respectivelis &vident that (7.26) is the entropy of

reaction (A S') for the redox reactions in (7.17) to (7.20), whehe standard molar

entropy of the hydrogen ion is zero by convention.

By way of example, consider the Gibbs energy ottiea/formation for the sodium ion
using (7.27).

BTy (ag = O,

N& ( ag - TA: S\a( an

. . 1. . (7.27)
whereAFsNa+(aq) = SN.»;( ” +§ $, " Ra

Using thermodynamic data from [205], where the alpyr of formation of the sodium ion

is reported as -240.12 kJ/mol, the molar entropythef sodium ion, hydrogen gas and
sodium are reported as 59 J/mol.K, 130.684 J/mahH 51.21 J/mol.K respectively, the
valence of the sodium ion is one and the standampérature is 298.15 K, the Gibbs

energy of formation is calculated to be -261.92mk) using (7.27).
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7.3 Chemical exergy as a function of the dead state temperature

Standard chemical exergy values are limited to detates at standard values of
temperature, pressure and humidity. In the liteeagiandard chemical exergy values are
commonly taken from tables without further consadien [180, 207]. Other researchers
[105] have considered chemical exergy changes famaion of dead state temperature

variations using the simplified equation developgdotas [92].

This section develops an approach to calculatechieenical exergy of ionic species as a
function of dead state temperature and seeks testigate whether changes in chemical
exergy as a function of changing dead state tertpesa are negligible for agueous
solution applications at relevant dead state teatps¥s and average local relative humidity
values. This work is an extension of others’ reseanotably the cited references [206,
208]. The change in the chemical exergy of ions @ledtrolytes as a function of the dead

state temperature has not been examined or repgartkd literature to date.

Kotas [92] developed a method to correct the chalmexergy for variations about the
standard temperature for both ideal gases andgjasals (the method serves as a reasonable
approximation for real gases). The Kotas methodaidgunction of the enthalpy of
combustion and the temperature differences undesideration [92]. Ertesvag [208]
investigated the variations in chemical exergy a$apus fuels and atmospheric gases as a
result of changing dead state conditions, i.e. egapires, pressures and relative humidity.
It was found that maintaining a constant mole foacof water vapour in the air as dead

state temperature varies, a typical approach inlitteature, led to tnrealistic, or even
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unphysical, situations when the temperature hasemban a small variatiorf208]". In

fact, maintaining a constant mole fraction of watapour in the air resulted in an increase
of chemical exergy with increasing dead state teaipee, however, when the mole
fraction of water vapour in the air was allowedvery at constant relative humidity, the
chemical exergy of the gases under consideratiamedsed with increasing dead state

temperature.

In current PhD research Brammer [206] has developemethodology to determine
changes in the chemical exergy of various elemandsreference species as a function of

variations in dead state temperatde The change in chemical exergy of a substance with
respect to changes ify, depends on how each component of (2.21), (7.1Y.®&), (7.7),

and (7.9) to (7.13) is influenced by changes inpgerature. Brammer extended the work of
Ertesvag [208] to include the reference specieseaanmhents in the hydrosphere and the
lithosphere. Brammer found that, (1) changes inoapheric composition, i.e. changing

values of the mean molar fraction of the referesecies in the atmosphere as a function

of changing values of, see (7.2), and (2) changing values of the Gillesgy of reaction
as a function ofT,, had the greatest overall effect on chemical exemues. The first

point above relates directly to the work carried loy Ertesvag regarding changing values

of relative humidity.

For reference species in the lithosphere, Brammend little data relating changing

conventional mean mole fraction values to changé€g i(speciation changes as a function
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of temperature wheres is given by (7.9)). However, based on a hypotiaétanalysis

undertaken, changes in the conventional mean mabtidn of the reference species were
deemed negligible in comparison with changes in @ibbs energy of reaction. For
elements with the hydrosphere as a reference dbtweh (see (7.7)), the effects of dead
state temperature variations on molality and agtieoefficient values were found to be
small in comparison to changes in the Gibbs en@fgformation of the reference ion,
however, changes in pH with respect to temperatueee not negligible and were

responsible for a non-linear relationship betwesngerature and molar chemical exergy.

The application of the Szargut exergy model to Uplst exergy analyses is considered in
terms of the research of Ertesvag [208] and Brani@®3]. The objective is to investigate
how the chemical exergy of aqueous ionic solutidmsnges with respect to changes in the
dead state temperature, and importantly, whetresetivariations are significant for UPW
exergy analyses. Their work is extended to accepatifically for aqueous ionic streams.
Hence, for UPW water streams modelled as electcodgilutions, the focus is on changes

in the chemical exergy of the substances of intex€g, and specifically, this includes;

1. Changes in the chemical exergy of water, see (7.10)

2. The change in the chemical exergy of the non-iehsggecies, the first term on the
right of (7.13). This is considered for certain @ps relevant to typical cations and
anions in natural water (i.e. sodium, magnesiungiwa, and chlorine for Na
Mg™, Ca™ and Cl respectively);

3. Changes in the Gibbs energy of formation of thewaht aqueous ions, i.e. the
second term on the right of (7.13);
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4. Changes in the Gibbs energy of formation of the-iooiised species, the last term
on the right of (7.13); again, this is consideredthe aforementioned species and
their relevant ions;

5. Changes in the chemical exergy of the bicarbomateas a function of temperature;

6. Changes in the activity coefficients as a functaintemperature, see (7.12); this
issue was previously discussed in Chapter 6;

7. Changes in the chemical exergy of other chemi@hehts/compounds used in the

UPW production process.

7.3.1 Chemical exergy of water as a function of dea  d state temperature

The chemical exergy of water, which is a functidrredative humidity, can be calculated

for different values ofT;, using (7.10). A typical relative humidity for East Ireland is

0.77; this value was calculated from climatic dg@9] as the average relative humidity
recorded for Dublin Airport over a 30 year cyclessiming a constant value of relative
humidity (0.77), the relationship between the cluahiexergy of water and dead state
temperature is linear. Table 7-1 shows how the nuiamical exergy of water varies with
temperature, increasing from 0.604 kJ/mol to 0.8d8nol as the temperature increases
from 278.15 to 298.15 K, an absolute percentagteréiice of 7.3% over the 20 K
temperature difference. The value of water repoirtethe standard chemical exergy tables
is 0.9 kd/mol, which is based on the standard iveldtumidity value of 0.696 discussed

previously.
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Table 7-1: Molar chemical exergy of water at 0.7 7elative humidity as a function ofT,

To (K) g°" (kJ/imol) To (K) g°" (kJ/imol)
278.15 0.604 290.15 0.631
279.15 0.607 291.15 0.633
280.15 0.609 292.15 0.635
281.15 0.611 293.15 0.637
282.15 0.613 294.15 0.639
283.15 0.615 295.15 0.641
284.15 0.617 296.15 0.644
285.15 0.620 297.15 0.646
286.15 0.622 298.15 0.648
287.15 0.624 299.15 0.650
288.15 0.626 300.15 0.652
289.15 0.628

7.3.2 The chemical exergy of the non-ionised specie s as a function of

dead state temperature

Considering the aforementioned ions of interestnatural waters, the change in the
chemical exergy of the non-ionised species, asmmtifon of dead state temperature,
depends on two factors;
1. The change in the Gibbs energy of the reaction éetwthe standard temperature
and temperature of interest;
2. The change in the chemical exergy of each of tlere@ece species in the reference
reaction.

The Gibbs energy of reaction at the relevant teatpez T and the standard pressure of one

bar can be calculated using (7.28) whagh (T) is the molar enthalpy of the reactionTat

and A S(T) is the molar entropy of the reactionTat

AG(T) =ANT-TAH T (7.28)
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The change in the Gibbs energy of reaction betweerstandard state temperature and the
temperature of interest at standard pressure casalbalated by subtracting the standard

Gibbs energy of reaction equation (7.29) from ()..28
AG =Ah -TASS (7.29)
Therefore, the change in the Gibbs energy of reactietween temperatur€ and the
standard temperatufe” can be calculated using (7.30).
AG(T)-AgT =ANN-A - (B ZT- B9 (7.30)
First, consider the change in the enthalpy of reacbetweenT and the standard
temperatureT’, i.e. the first two terms on the right of equatigh30). The enthalpy of
reaction at temperaturd can be calculated using (7.31), which is a statencd
Kirchhoff's Law, whereA.C.(T) is the change in molar heat capacity of the reacét
constant pressure as a functionof When A.C, is treated as a constant (7.32) can be
used.
AN(T)=A R + _[;ART:P('I') dT (7.31)
Ah(T)=A h +A T T-T) (7.32)
For pure solids, liquids, and gases, valuescCpf can be calculated as functions of
temperature using power series such as the MailkeyKer Shomate equations [176]. The

Shomate equation is shown in (7.33) wheie defined asl (K) /1000 and the coefficients

A to E are defined separately for each pure substanseurces of thermodynamic data, for
example, the NIST Chemistry web-Book [210]. The i8hte equation has one important
advantage over the Maier Kelley equation; it ievaht for temperatures down to 0 K

whereas the Maier-Kelley equation is intended éonperatures above 298.15 K [176].
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C. = A+ Bt+ Cf+ Dt +'[E2 (7.33)

The change in molar heat capadaitythe reactionA.c, for a substance can be calculated

by integrating an amended version of (7.33), se&4jAvhere the delta values of each of
the coefficients are defined as the difference betwthe sum of the coefficients of the

products and sum of the coefficients of the redstanthe relevant reaction, for example,

AA=>" A->' Aand so forth for each coefficient value.

p r

ALE

t2

AT, =D A+A Bt+A Cf +A DEf+ (7.34)

Performing the integration and taking note of tkedirdtion of t as T /1000, the second

term on the right of (7.31) can now be calculatednf (7.35).

AB(T*-T7) , B,QT- T?)
2(1000) 3(1000 )

1 1

j';AREPdT:ARA(T— T)+

L ADT*-T)

4(100G ) (7.35)

When the Shomate coefficients are not tabulatea fewbstance, e.g. the specific reference

species of calcium CaGQA C, may be treated as a constant over short temperatur
ranges of approximately 100 K [205]. The values’QEt, are then simply the sum of the

standard molar heat capacity of the reactants minessum of the standard molar heat

capacity of the products (each multiplied by thacttiometric coefficients of the relevant

reaction), i.e.ZvE; —Z VG, and these molar heat capacity values can beevetfi
p r

directly from thermodynamic tables, for example§R0
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Now consider the molar entropy of formation termg74.30). Combining Kirchhoff's Law

and the fact that at constant presswi®= (G / T) dT, the entropy of formation at a
temperatureT can be calculated using (7.36) whénc, is treated as a function of

temperature, and by (7.37) whénc, is treated as a constant over the temperature.range

dT (7.36)

AS(T) =48 + [ 2l

AS(T)=ASS +AR_CPIn; (7.37)

Finally, inserting these values for changes in &ipth and entropy of the reaction into

(7.30), two relations of Gibbs energy of reactioe abtained, (7.38) wheAC, is treated

as a function of temperature and (7.39) whentiteiated as a constant.

AG(T) =Dk + J’;ART:P(D dT-Ags( T 1)- f%%m d  (7.38)

AT =075 +8,2LT- )= 3(T- D= B e (7.39)

These two equations can be used to calculate thegels in the Gibbs energy of reaction
with respect to temperature. Once the chemicalggxealues of the other reference species
in the reference reaction are known as a functiodead state temperature, the chemical
exergy of the element/compound under consideratidhe relevant dead state temperature

T, can be calculated.

Next, changes in the chemical exergy of the refsgespecies in the atmosphere are
considered. The mean molar fractions of the atmedpineference species are a function of

the mole fraction of water vapour in the atmosphereich in turn is a function of the
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relative humidity. The mole fraction of water vapoat various values of dead state

temperature can be calculated using (7.40) [20&revl is the relative humidityP,,,(T,)

is the saturation pressure of water (barjatand P is the atmospheric pressure (bar).

j— sal (T )
Kot = (7.40)

Noting thatg= P, I P,(T) the mole fraction of water vapour simplifies By ., / P,

20(9)

which is valid for ideal gases.

The mole fraction of the atmospheric reference iggeas a function of the dead state

temperature can then be calculated using (7.48] [@dere x°”*" is the mole fraction of
the atmospheric reference spedigs dry air.

% = (1= %00 ) X" (7.41)
For example, variations in the chemical exergyfgen as a function of temperatufg

at constant relative humidity (0.77) and atmosphpressure of one bar are shown in Table

7-2. The saturation pressure valuesTatwere obtained using the XSteam function in

MATLAB [169] and the mole fraction of oxygen in dir was obtained in the cited
reference [116]. According to Table 7-2, the valuafs chemical exergy increase
monotonically with temperature, an absolute peagmdifference of 8.41% in the value of
chemical exergy from 278.15 K to 298.15 K. The tieteship is not linear due to the non-
linear variation of the water vapour mole fractwith the saturation pressure at different
values of dead state temperature. Values for ther@tmospheric reference species can be

calculated in a similar manner.
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Table 7-2: Chemical exergy of @at 1 bar and 0.77 relative humidity

T o(K) Psa(To) Xo, in dry air %o, (To) e
(ba) (kd/mol)

278.15 0.009 0.210 0.208 3.626
279.15 0.009 0.210 0.208 3.640
280.15 0.010 0.210 0.208 3.654
281.15 0.011 0.210 0.208 3.668
282.15 0.012 0.210 0.208 3.683
283.15 0.012 0.210 0.208 3.697
284.15 0.013 0.210 0.208 3.712
285.15 0.014 0.210 0.208 3.727
286.15 0.015 0.210 0.207 3.742
287.15 0.016 0.210 0.207 3.757
288.15 0.017 0.210 0.207 3.772
289.15 0.018 0.210 0.207 3.787
290.15 0.019 0.210 0.207 3.802
291.15 0.021 0.210 0.207 3.818
292.15 0.022 0.210 0.206 3.833
293.15 0.023 0.210 0.206 3.849
294.15 0.025 0.210 0.206 3.865
295.15 0.027 0.210 0.206 3.881
296.15 0.028 0.210 0.205 3.898
297.15 0.030 0.210 0.205 3.914
298.15 0.032 0.210 0.205 3.931
299.15 0.034 0.210 0.204 3.948
300.15 0.036 0.210 0.204 3.965

The chemical exergy of water vapour as a functibdead state temperature at constant

relative humidity (0.77) is shown in Table 7-3.
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Table 7-3: Chemical exergy of water vapour as a fugtion of T,

T (K) P T) ) Std Pressure X000 §§?O(g) % Diff. vs.
(bar) (bar) (k3/mol) T
278.15 0.009 0.77 1 0.007 11.577 20.50%
279.15 0.009 0.77 1 0.007 11.439 19.54%
280.15 0.010 0.77 1 0.008 11.336 18.81%
281.15 0.011 0.77 1 0.008 11.21¢ 17.95%
282.15 0.012 0.77 1 0.009 11.089 17.00%
283.15 0.012 0.77 1 0.009 10.970 16.10%
284.15 0.013 0.77 1 0.010 10.860 15.25%
285.15 0.014 0.77 1 0.011 10.740 14.30%
286.15 0.015 0.77 1 0.012 10.614 13.28%
287.15 0.016 0.77 1 0.012 10.497 12.32%
288.15 0.017 0.77 1 0.013 10.374 11.28%
289.15 0.018 0.77 1 0.014 10.260 10.29%
290.15 0.019 0.77 1 0.015 10.142 9.25%
291.15 0.021 0.77 1 0.016 10.031 8.25%
292.15 0.022 0.77 1 0.017 9.906 7.09%
293.15 0.023 0.77 1 0.018 9.790 5.98%
294.15 0.025 0.77 1 0.019 9.671 4.83%
295.15 0.027 0.77 1 0.020 9.551 3.63%
296.15 0.028 0.77 1 0.022 9.439 2.49%
297.15 0.030 0.77 1 0.023 9.317 1.22%
298.15 0.032 0.77 1 0.024 9.204 0.00%
299.15 0.034 0.77 1 0.026 9.090 -1.25%
300.15 0.036 0.77 1 0.027 8.969 -2.62%

As Table 7-3 shows, the mole fraction of water wapo the atmosphere increases with
increasing dead state temperature, and consequ#rglghemical exergy of water vapour
decreases. Although the mole fraction of water vapo the atmosphere at constant
relative humidity is not linear with respect to ojgas in the dead state temperature, the
relationship between the chemical exergy and destd &emperature is linear. However, if
the water vapour mole fraction was treated as ataoh the chemical exergy of water
would increase linearly with increasing dead stataperature. This ‘opposite behaviour’

resulting from the treatment of the mole fractidnwater vapour as a constant has been
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discussed in the literature [208]. Note also thed standard chemical exergy of water
vapour atstandard relative humidityeported in the literature is 9.5 kJ/mol, whichais
3.2% difference compared with the chemical exetg¥98.15 K reported in Table 7-3 at a

relative humidity of 0.77.

Regarding the reference species in the lithospihésevery difficult to estimate changes in

the conventional mean mole fraction of the refeeespecies with respect to changegjn

see (7.9) [206]. According to Brammer [206], anddzhon hypothetical changes of species
fraction with temperature, changes in the chemésargy of the reference species in the
lithosphere can be neglected in comparison with dhanges in Gibbs energy of the
reference reaction. Thus, ignoring possible chamgepeciation of reference species as a
function of temperature, the chemical exergy of riéference species can be calculated by
multiplying the conventional mean mole fractiontbé species in the lithosphere by the

relevant values offy, i.e. according to (7.2). Hence, the chemical gxaf the reference

species in the lithosphere increase linearly wittreéasing dead state temperature. Also
examining (7.2), the lower the mole fraction of tie&rence species in the environment the
more sensitive the chemical exergy of the referesperies to changes in the dead state

temperature.

Having outlined the method, the chemical exergy tié calcium and magnesium
(lithosphere as a reference datum level) can nowabsulated as a function of changing
dead state temperature at constant relative hum{@i7). First, consider calcium. The
standard Gibbs energy of the reaction can be @kulilaccording to the reference reaction
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shown in (7.42) using (7.43). The standard Gibberggnof the reaction was calculated to

be -734.43 kJ/mol.

Ca+CQ +% Q - CaCQ (7.42)

By = B¢ Teaco =B Tea B Tog =58 1T (7.43)
Next, the change in the Gibbs energy of the reac® a function of temperature can be
calculated as a function of temperature using (71B@ relevant values @.c, andA.s’
were calculated to be 0.00478 kJ/mol.K and -0.26488nol.K respectively for the
reference reaction. The values of the change ibh&#mergy of the reaction as a function of
temperature are shown in Table 7-4. This table shinat the Gibbs energy of the reaction
changes relatively slowly at the relevant tempeestua percentage difference of 0.72% for
a 20 K temperature difference, approximately 0.03@%oevery degree of temperature

change.
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Table 7-4 : Change in the Gibbs energy of reactioas a function of T, for the formation of CaCO;

Temperature T(K) ALg(T) kd/mol A.G kd/mol % Diff. vs. T
278.15 -739.73 -734.43 0.72%
279.15 -739.46 -734.43 0.68%
280.15 -739.20 -734.43 0.65%
281.15 -738.93 -734.43 0.61%
282.15 -738.67 -734.43 0.57%
283.15 -738.40 -734.43 0.54%
284.15 -738.14 -734.43 0.50%
285.15 -737.87 -734.43 0.47%
286.15 -737.61 -734.43 0.43%
287.15 -737.34 -734.43 0.40%
288.15 -737.08 -734.43 0.36%
289.15 -736.81 -734.43 0.32%
290.15 -736.55 -734.43 0.29%
291.15 -736.28 -734.43 0.25%
292.15 -736.02 -734.43 0.22%
293.15 -735.75 -734.43 0.18%
294.15 -735.49 -734.43 0.14%
295.15 -735.22 -734.43 0.11%
296.15 -734.96 -734.43 0.07%
297.15 -734.69 -734.43 0.04%
298.15 -734.43 -734.43 0.00%
299.15 -734.17 -734.43 -0.04%
300.15 -733.90 -734.43 -0.07%

The changes in the chemical exergy of each of #fierence species as a function of
temperature are now considered in addition to tenges in the Gibbs energy of the
reference reaction. The specific reference spefdescalcium is calcite (CaCg) with

additional reference species carbon dioxide andj@exyAccording to the method outlined
previously to calculate changes in the chemicatgxef reference species as a function of
temperature (at constant relative humidity), théues of the molar chemical exergy of

calcium as a function of changifig have been calculated and are shown in Figured2 a

Table 7-5. Figure 7-2 shows that there is a limekationship between the molar chemical
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exergy of calcium and the dead state temperafjrée. €5 = -0.2789T (K }+ 814.4. The

value of the molar chemical exergy of calcium dases with increasing dead state
temperature. Over the 20 K temperature range betw2£.15 and the standard
temperature, there is a 5.57 kJ/mol differencehan rhagnitude of chemical exergy and a

percentage difference of 0.76%.

Chemical exergy of calcium (T) (kJ/mol)

738.000

737.000
736.000 SN y =-0.2789x + 814.42

735.000 \ Rt
734.000 \

733.000 \

732.000 \
731.000 \

™~

730.000

Chemical exergy of calcium (kJ/mol)

275 280 285 290 295 300 305

Temperature (K)

Figure 7-2: Chemical exergy of calcium at constantelative humidity (0.77) as a function of §
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Table 7-5: Changes in the chemical exergy of calaiuat constant relative humidity (0.77) as a functio

of Ty
T (K) ARg(T) éé::cq égzh éggz éé:: % Diff. vs.
kJ/mol kd/mol kd/mol kd/mol kJ/mol T
278.1* -739.7: 17.37 3.65 18.4¢ 736.8: 0.76%
279.1¢ -739.4¢ 17.4: 3.64 18.52 736.5¢ 0.72%
280.1°¢ -739.2( 17.4¢ 3.6E 18.5¢ 736.2¢ 0.68%
281.1°¢ -738.9:¢ 17.5¢F 3.67 18.6¢ 736.0( 0.64%
282.1* -738.67 17.62 3.6¢ 18.7: 735.7: 0.61%
283.1¢ -738.4( 17.6¢ 3.7C 18.7¢ 735.4¢ 0.57%
284.1°¢ -738.1¢ 17.7¢ 3.71 18.8¢ 735.1° 0.53%
285.1°¢ -737.81 17.8( 3.7% 18.9: 734.8¢ 0.49%
286.1¢ -737.6 17.87 3.7 18.9¢ 734.6 0.46%
287.1¢ -737.3¢ 17.9: 3.7¢ 19.0¢ 734.3 0.42%
288.1°* -737.0¢ 17.9¢ 3.7 19.1: 734.0¢ 0.38%
289.1¢ -736.8: 18.0¢ 3.7¢ 19.2( 733.7¢ 0.34%
290.1°¢ -736.5¢ 18.12 3.8( 19.27 733.5( 0.31%
291.1¢ -736.2¢ 18.1¢ 3.8z 19.3¢ 733.2: 0.27%
292.1* -736.0: 18.2¢ 3.8¢ 19.4( 732.9: 0.23%
293.1¢ -735.7¢ 18.3( 3.8 19.47 732.6¢ 0.19%
294.1¢ -735.4¢ 18.37 3.87 19.5¢ 732.3¢ 0.15%
295.1¢ -735.2: 18.4: 3.8¢ 19.61 732.1( 0.11%
296.1°¢ -734.9¢ 18.4¢ 3.9C 19.6¢ 731.8: 0.08%
297.1¢ -734.6¢ 18.5¢ 3.91 19.7¢ 731.5¢ 0.04%
298.1¢ -734.4: 18.62 3.9¢ 19.82 731.2¢ 0.00%
299.1¢ -734.1° 18.6¢ 3.9t 19.8¢ 730.9¢ -0.04%
300.1¢ -733.9( 18.7¢ 3.97 19.9¢ 730.6¢ -0.08%

A similar analysis was carried out for magnesiummoading to the reference reaction (7.44)

with the specific reference speci@dg,Si,Q,( OH),(lithosphere), commonly known as

talc, and other reference species silicon dioxitteo§phere), water vapour, and oxygen.

3Mg+4SiQ + H,0(@+> Q - Mg Si G OH, (7.44)
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As was the case for calcite Shomate equation cdefis are not readily available for talc,
and consequentlyA,C, was treated as a constant. The Gibbs energy ofafosn, molar
entropy and molar heat capacity of talc were obthifrom the cited reference [211].
Values for the conventional mean mole fraction dican dioxide and talc in the

lithosphere were obtained from [117]. Based ondhleulated values of\.C, (-0.00829

kJ/mol.K) andA S  (-0.501 kd/mol.K), the results are presented ibl@&-6 and Figure

7-3.

Chemical exergy of magnesium (T) (kJ/mol)

624.50

624.00 ™~

\ y =-0.1174x + 656.91
623.50 \ )
623.00 \
622.50

622.00 \
N

275 280 285 290 295 300 305

621.50

Chemical exergy of magnesium (kJ/mol)

Temperature (K)

Figure 7-3: Chemical exergy of magnesium at constarelative humidity (0.77) as a function of
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Table 7-6: Chemical exergy of magnesium at constantlative humidity (0.77) as a function of §

= —Ch —Ch — —Ch —Ch o Di ¢
TR Ag(M) & 5o, Ch C G )6 Diff. vs. T

(kdmol)  (ky/moly ~ (kI/mol) — (kImol)  ymol)  (kI/mol)

278.15 -1874.88 20.01 1.28 11.58 3.63 624.25 0.38%
279.15 -1874.38 20.08 1.28 11.44 3.64 624.14 0.36%
280.15 -1873.88 20.15 1.29 11.34 3.65 624.02 0.34%
281.15 -1873.38 20.22 1.29 11.22 3.67 623.90 0.32%
282.15 -1872.88 20.29 1.30 11.09 3.68 623.79 0.30%
283.15 -1872.38 20.37 1.30 10.97 3.70 623.67 0.28%
284.15 -1871.88 20.44 1.31 10.86 3.71 623.55 0.26%
285.15 -1871.38 20.51 1.31 10.74 3.73 623.44 0.25%
286.15 -1870.88 20.58 1.32 10.61 3.74 623.32 0.23%
287.15 -1870.38 20.65 1.32 10.50 3.76 623.21 0.21%
288.15 -1869.88 20.73 1.33 10.37 3.77 623.09 0.19%
289.15 -1869.38 20.80 1.33 10.26 3.79 62297 0.17%
290.15 -1868.88 20.87 1.34 10.14 3.80 622.85 0.15%
291.15 -1868.38 20.94 1.34 10.03 3.82 622.73 0.13%
292.15 -1867.87 21.01 1.34 9.91 3.83 622.62 0.11%
293.15 -1867.37 21.09 1.35 9.79 3.85 622.50 0.10%
294.15 -1866.87 21.16 1.35 9.67 3.87 622.38 0.08%
295.15 -1866.37 21.23 1.36 9.55 3.88 622.26 0.06%
296.15 -1865.87 21.30 1.36 9.44 3.90 62214 0.04%
297.15  -1865.37 21.37 1.37 9.32 3.91 622.03 0.02%
298.15 -1864.87 21.44 1.37 9.20 3.93 621.91 0.00%
299.15 -1864.37 21.52 1.38 9.09 3.95 621.79 -0.02%
300.15 -1863.87 21.59 1.38 8.97 3.97 621.67 -0.04%

For magnesium, the difference in the magnitude ofamchemical exergy is 2.34 kJ/mol
over the 20 K temperature range, with a percentifference of 0.38%. The slope
displayed in Figure 7-3 is less than that of Figdr@ signifying lower sensitivity to
changes in dead state temperature than calciumrésen for this may be the presence of
water vapour as a reactant in the reference remofionagnesium, which was shown to be
very sensitive to changes in dead state temperafitieough the change in the Gibbs
energy as a function of dead state temperatureahamportant effect on changes in the

chemical exergy of calcium and magnesium, changeshé chemical exergy of the
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reference species are also important, some matteasmthers. An analysis of the chemical
exergy of oxygen and carbon dioxide, referenceispeaf calcium, showed that these two
species exhibited a percentage difference over & 28mperature range (278.15 K to
298.15 K) of -8.42% and -7.43% respectively, wherthee percentage difference for the
chemical exergy of water vapour over the same teatypes range was 20.5%. Hence, the
presence of water vapour aseactantin the reference reaction of magnesium counteracts
the reduction in the chemical exergy of magnesiwhijch occurs as a result of the
reduction in Gibbs energy of the reaction. Accogdio the results obtained for calcium and
magnesium, the chemical exergy of both elements doéchange significantly within the
relevant temperature range but this will be congddurther in light of the relevant final

ionic chemical exergy.

Presently, the chemical exergy of two other elesiea$ a function of dead state
temperature are calculated, sodium and chlorineghwform major ionic components of
natural waters, the sodium and chloride ions. Hference datum level for these species is
the hydrosphere, and thus, they require a diffeepygroach, see (7.7). According to
Brammer’s findings [206], the effect of the lastntein (7.7) on chemical exergy, with
respect to changes in the dead state temperatusamall in comparison with the other
equation terms. Brammer also found that changgsHinwith respect to temperature were
responsible for a non-linear relationship betwdendhemical exergy and temperature. The
explanation for this is evident when one consideesnon-linear relationship between pH
at temperatureTl with respect to pH at standard temperatliretemperature derived by

Millero [212], see (7.45).
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pH(T)= pH + AT- T)x10°+ B T- T)’x10*
whereA=-9.702 2378+ 3.885 B= 1.123 0.083 0.8 (7.45)

andx=pH - 8

However, before the chemical exergy of sodium andrme as a function of dead state
temperature can be calculated, there is one fudbwplication to be considered. Based on
the model derived by Morris ((7.7) and Figure 7thg changes in the chemical exergy of
hydrogen as a function of temperature must alscabrilated. This requires calculating the
Gibbs energy of the reaction not only for the fotiora of the reference ion (the first term
on the right of (7.7)) but also for a second rafesreaction, i.e. the formation of water
vapour from hydrogen and oxygen. The chemical gxefghydrogen was calculated and
was found to decrease linearly with increasing dgate temperature. Increasing the dead
state temperature from 278.15 to 298.15 K resuhea 1.42% difference in the value of
chemical exergy. These results are similar to tesabitained in the literature by Ertesvag
[208] who found that the chemical exergy of hydrogen increased 0.7-0pg¥10°C of

lower ambient temperatute

Based on the reference reaction for the formatiothe chloride ion, see (7.20), and using
constant values for the last term of (7.7) accagydim Brammer’s findings, the chemical
exergy of chlorine as a function of the dead stemeperature was calculated and is shown

in Table 7-7 and Figure 7-4.
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Figure 7-4: Chemical exergy of chlorine at constantelative humidity (0.77) as a function of |

Activity coefficient and molality values of =0.63 and M__ =0.566 mol/kg were

obtained from the cited reference [117]. The valhfabe change in the molar heat capacity

and the molar entropy of the reaction used to tateithe Gibbs energy of reaction of the

chloride ion as a function df, were calculated to bA.T, (-0.1678 kJ/mol.K) and\;s" (
-0.1204 kJ/mol.K). The magnitude &, with respect to the value oh.S" is unusual,
in the case of calcium and magnesium the valuA @f, was two orders of magnitude less
than the corresponding values AfS". However, for chlorine, the magnitude AfT, is

greater thanA. S . These relevant magnitudes are interesting becthesemolar heat

capacity terms in (7.38) and (7.39) have been ddenegligible by Szargut [208]. An

analysis of these terms for calcium and magnesiurthé author showed that indeed the
contribution of theA.C, terms was very small in comparison to thes’ terms. With

regards to magnesium, there was a 0.0003% differbetween the change in the Gibbs
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energy of the reaction calculated with and withiat AC, terms at 278.15 K. However,

in the case of chlorine, the difference although &ry small, i.e. a 0.09% difference in

the change of Gibbs energy of the reaction at &7K,lis two orders of magnitude greater
than the case of magnesium. When &, values are available, calculating the two extra

terms using a spreadsheet is not computationaliynda and therefore, they have been

included for accuracy when available in this thesis

Table 7-7: Chemical exergy of chlorine at constantlative humidity (0.77) as a function of

TK) |z en(T) ARG, (T)  PH( &5 (M) %Diff. vs. T
(kJ/maol) (kJ/mol) (kJ/mol)
278.15 2 -1 239.22 -133.520 8.34 121.47 -2.29%
279.15 2 -1 239.03 -133.411 8.33 121.62 -2.16%
280.15 2 -1 238.87 -133.302 8.31 121.74 -2.06%
281.15 2 -1 238.70 -133.191 8.30 121.88 -1.94%
282.15 2 -1 238.52 -133.081 8.29 122.02 -1.82%
283.15 2 -1 238.35 -132.969 8.27 122.16 -1.71%
284.15 2 -1 238.19 -132.857 8.26 122.29 -1.60%
285.15 2 -1 238.02 -132.745 8.25 122.43 -1.49%
286.15 2 -1 237.84 -132.631 8.24 122.57 -1.37%
287.15 2 -1 237.68 -132.518 8.22 122.71 -1.25%
288.15 2 -1 237.50 -132.403 8.21 122.85 -1.14%
289.15 2 -1 237.34 -132.288 8.20 122.98 -1.03%
290.15 2 -1 237.16 -132.173 8.19 123.12 -0.91%
291.15 2 -1 237.00 -132.057 8.17 123.25 -0.81%
292.15 2 -1 236.83 -131.940 8.16 123.40 -0.69%
293.15 2 -1 236.66 -131.823 8.15 123.54 -0.57%
294.15 2 -1 236.49 -131.705 8.14 123.68 -0.46%
295.15 2 -1 236.31 -131.587 8.13 123.82 -0.34%
296.15 2 -1 236.15 -131.468 8.12 123.96 -0.23%
297.15 2 -1 235.97 -131.348 8.11 124.11 -0.11%
298.15 2 -1 235.81 -131.228 8.10 124.25 0.00%
299.15 2 -1 235.64 -131.107 8.09 124.39 0.11%
300.15 2 -1 235.47 -130.986 8.08 124.54 0.23%
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As Table 7-7 shows, the change in the chemicalggxef chlorine as a function of the dead
state temperature, in terms of percentage differersc greater than that of calcium and
magnesium. Importantly, the chemical exergy of ghk increases with temperature as
opposed to the chemical exergy of both calcium @mwaginesium which decreased as the
dead state temperature increased. As Figure 7:sstibe chemical exergy of chlorine as a

function of dead state temperature can be repreddnt a second order polynomial, i.e.

%" =0.00021* (K ¥ 0.0317 K } 98.2 in contrast to the linear relationships over the

Cl”
temperature range evident for both calcium and msigm. For practical purposes the
relationship is evidently linear over the temperatwange under consideration. The

temperature is very unlikely to exceed this rarggenfost applications.

A similar approach was used to calculate the chalng@gergy of sodium as a function of

dead state temperature, based on the referend@retor the formation of the sodium ion

(7.17). Having calculated values 01;6; (0.0326 kJ/mol.K) and\.S" (0.0731 kJ/mol.K),
and using constant values fgr . =0.65 and M . =0.486 mol/kg from [117], the

chemical exergy of sodium was calculated as a inmadf dead state temperature. The
results are shown in Table 7-8 and Figure 7-5. dlimical exergy of sodium decreases
with increasing dead state temperature in the saareer as calcium and magnesium, the
magnitude of percentage difference is also sindhe values obtained for these other two
elements. However, unlike calcium and magnesiunsimilar to chlorine, the relationship
between chemical exergy and dead state temperatwenstant relative humidity is not

linear but a polynomial of second order due to tlwm-linear variation of pH with
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temperature, see Figure 7-5. Again, over the teatpes range, the relationship is linear for

practical purposes.

Table 7-8: Chemical exergy of sodium at constant tative humidity (0.77) as a function of

TK ] Z e(T) ALG,.. (T) PH(T)  &SY(T) %Diff. vs. T
(k3/mol) (kJ/mol) (kJ/mol)
278.15 1 1 239.22 -260.46 8.34  338.30 0.56%
279.15 1 1 239.03 -260.54 8.33  338.20 0.53%
280.15 1 1 238.87 -260.61 8.31 338.12 0.50%
281.15 1 1 238.70 -260.68 8.30  338.03 0.48%
282.15 1 1 238.52 -260.75 8.29 337.94 0.45%
283.15 1 1 238.35 -260.82 8.27  337.85 0.42%
284.15 1 1 238.19 -260.89 8.26  337.76 0.40%
285.15 1 1 238.02 -260.96 8.25  337.67 0.37%
286.15 1 1 237.84 -261.04 8.24  337.58 0.34%
287.15 1 1 237.68 -261.11 8.22  337.48 0.31%
288.15 1 1 237.50 -261.18 8.21  337.39 0.29%
289.15 1 1 237.34 -261.25 8.20  337.30 0.26%
290.15 1 1 237.16 -261.32 8.19  337.20 0.23%
291.15 1 1 237.00 -261.40 8.17 337.11 0.20%
292.15 1 1 236.83 -261.47 8.16  337.01 0.17%
293.15 1 1 236.66 -261.54 8.15  336.92 0.15%
294.15 1 1 236.49 -261.61 8.14  336.82 0.12%
295.15 1 1 236.31 -261.69 8.13  336.72 0.09%
296.15 1 1 236.15 -261.76 8.12  336.62 0.06%
297.15 1 1 235.97 -261.83 8.11  336.52 0.03%
298.15 1 1 235.81 -261.91 8.10 336.42 0.00%
299.15 1 1 235.64 -261.98 8.09  336.32 -0.03%
300.15 1 1 235.47 -262.05 8.08  336.22 -0.06%
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Figure 7-5: Chemical exergy of sodium at constantalative humidity (0.77) as a function of §

7.3.3 Change in the Gibbs energy of the reaction fo  r the formation of

the aqueous ions as a function of dead state temper  ature
In this section the second term on the right a3y is calculated for the relevant ions. The
change in the Gibbs energy of the reaction forftimmation of the aqueous ions chloride
and sodium has been calculated in the previousoseuthile calculating the chemical

exergy of chlorine and sodium. The change in theb&ienergy for the formation of the

aqueous ions calcium and magnesium are now coesider

The reference reactions of the calcium and magmegias are shown in (7.46) and (7.47).

Ca+2H* - Ca* + H, (7.46)

Mg+2H* — Mg** +H, (7.47)
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Unfortunately, the molar heat capacity of the i@sot available in regular sources of
thermodynamic data, e.g. [173, 205, 210]. Howelased on the fact that the contribution
of the change in the molar heat capacity of thetrea terms in (7.38) and (7.39) was
previously found to be small and has been deemeyligitde by Szargut [208], the

omission of these terms from the relevant Gibbg@nequations should not affect the

accuracy of the calculations. The values/ofs” calculated for the formation of the ions

were 0.036 and -0.04 kJ/mol.K for the calcium araynesium ions respectively.

The changes in the Gibbs energy of the reactiortferformation of the ions calcium,

magnesium, sodium and chlorine, as a function efddstate temperature, are shown in
Table 7-9. As the dead state temperature incretse§;ibbs energy of the reaction for the
calcium and sodium ions decreases (i.e. become nega&tive). The opposite is true for the

magnesium and chloride ions. The magnitude of t@nge in Gibbs energy is greater for

both the sodium and chloride ions due to the greatiees ofA.S .
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Table 7-9: Change in the Gibbs energy of the reacth as a function of  for the ion formation

A-G(T) (kd/mol)

T (K) ca’ Mg*™ Na* Cr

278.15 -552.86 -455.60 -260.46 -133.52
279.15 -552.89 -455.56 -260.54 -133.41
280.15 -552.93 -455.,52 -260.61 -133.30
281.15 -552.97 -455.48 -260.68 -133.19
282.15 -553.00 -455.44 -260.75 -133.08
283.15 -553.04 -455.40 -260.82 -132.97
284.15 -553.07 -455.36 -260.89 -132.86
285.15 -553.11 -455.32 -260.96 -132.74
286.15 -553.15 -455.28 -261.04 -132.63
287.15 -553.18 -455.24 -261.11 -132.52
288.15 -553.22 -455.20 -261.18 -132.40
289.15 -553.25 -455.16 -261.25 -132.29
290.15 -553.29 -455.12 -261.32 -132.17
291.15 -553.33 -455.08 -261.40 -132.06
292.15 -553.36 -455.04 -261.47 -131.94
293.15 -553.40 -455.00 -261.54 -131.82
294.15 -553.44 -454.96 -261.61 -131.70
295.15 -553.47 -454.92 -261.69 -131.59
296.15 -553.51 -454.88 -261.76 -131.47
297.15 -553.54 -454.84 -261.83 -131.35
298.15 -553.58 -454.80 -261.91 -131.23
299.15 -553.62 -454.76 -261.98 -131.11
300.15 -553.65 -454.72 -262.05 -130.99

7.3.4 Change in the Gibbs energy of the reaction fo  r the formation of

the non-ionised species

The next step is to assess the change in the @rdygy of the non-ionised species, i.e. the
last term in (7.13). This section is brief becausg,convention, the Gibbs energy of

formation of an element at all temperatures is {2143].
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7.3.5 Change in the chemical exergy of the ions as a function of the

dead state temperature

Finally, the various terms of (7.13) can be brouglgether, the results are shown in Table
7-10 and Figure 7-6. The molar chemical exergyhef ¢alcium, magnesium, and sodium
ions decreases with increasing dead state temperdhe molar chemical exergy of the
chloride ion increases with increasing temperaaréboecomes less negative). Over the 20
K temperature range (278.15 to 298.15 K), the ceanghemical exergy is significant for
the chloride, sodium and calcium ions, percentafierdnces of 5.06%, 4.26% and 3.42%
respectively. Although the change in the chemigakgy for the magnesium ion (0.91%) is
not as great as the other ions, it is not negkgilVith regards to changes in the magnitude
of chemical exergy, the exergy of the calcium ighibits the greatest change 6.3 kJ/mol.
The chemical exergy of the chloride and sodium iohanges by 3.69 kJ/mol and 3.32
kJ/mol respectively. The relationship between terafpee and the chemical exergy of the
calcium and magnesium ions is linear. Regarding gbhdium and chloride ions the
relationship is a second order polynomial, reflegtithe results obtained earlier for the
chemical exergy of the respective elements. Howeasr Figure 7-6 shows, over the

relevant temperature range, a linear approximasi@ppropriate.
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Table 7-10: Chemical exergy of various ions at cotant relative humidity (0.77) as a function of §

T (K) gen, % Diff. gch % Diff. gch % Diff. gch % Diff.
Ca Mg** Na* Cl
vs. Ty vs. To vs. To vs. To
(kd/mol) (kd/mol) (kJ/mol) (kd/mol)

278.15 183.98 3.42% 168.65 091% 77.84 4.26% -72.79 5.06%
279.15 183.66 3.26% 168.58 0.87%  77.67 4.06% -72.60 4.81%
280.15 183.35 3.09% 168.50 0.82%  77.52 3.87% -72.43 4.59%
281.15 183.03 2.93% 168.42 0.78%  77.36 3.67% -72.25 4.36%
282.15 182.72 2.76% 168.35 0.74%  77.19 3.46% -72.07 4.11%
283.15 182.41 2.59% 168.27 0.69%  77.03 3.26% -71.89 3.87%
284.15 182.09 2.43% 168.19 0.64%  76.87 3.06% -71.71 3.64%
285.15 181.78 2.26% 168.12 0.60%  76.71 2.86% -71.53 3.39%
286.15 181.46 2.09% 168.04 0.56%  76.54 2.64% -71.35 3.14%
287.15 181.15 1.92% 167.96 0.51%  76.38 2.44% -71.16 2.89%
288.15 180.84 1.75% 167.89 0.46%  76.21 2.22% -70.98 2.64%
289.15 180.52 1.58% 167.81 0.42%  76.05 2.01% -70.80 2.39%
290.15 180.21 1.40% 167.73 0.37%  75.88 1.80% -70.61 2.13%
291.15 179.89 1.23% 167.65 0.32%  75.72 1.58% -70.43 1.88%
292.15 179.57 1.06% 167.58 0.28%  75.54 1.36% -70.24 1.62%
293.15 179.26 0.88% 167.50 0.23%  75.38 1.14% -70.05 1.35%
294.15 178.94 0.71% 167.42 0.19%  75.20 0.91% -69.86 1.09%
295.15 178.63 0.53% 167.34 0.14%  75.03 0.69% -69.67 0.82%
296.15 178.31 0.36% 167.26 0.09%  74.86 0.46% -69.49 0.55%
297.15 177.99 0.18% 167.19 0.05%  74.69 0.23% -69.29 0.27%
298.15 177.68 0.00% 167.11 0.00%  74.52 0.00% -69.10 0.00%

299.15 177.36 -0.18% 167.03 -0.05% 74.34 -0.23% -68.91 -0.28%
300.15 177.04 -0.36% 166.95 -0.09%  74.17 -0.47% -68.72 -0.56%
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Figure 7-6: Chemical exergy of various ions at cotent relative humidity (0.77) as a function of §

7.3.6 Chemical exergy of the bicarbonate ion as a f unction of dead

State temperature

The bicarbonate ion is formed in natural waters rwhelcite, carbon dioxide and water
react to form the calcium and bicarbonate ions [18%he chemical exergy of the
bicarbonate ion cannot be calculated in the samenaraas the other ions previously
considered, i.e. modelled as a simple elementaixegiaction. Resulting from the analysis
carried out in section 7.2.1, the molar chemicatrgy of the bicarbonate ion can be
calculated by considering how each term in (7.28nges with changing dead state

temperature. Changes in the chemical exergy ofdgair and oxygen as a function of dead
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state temperature have previously been calculdtadng acted as reference species in
previous reference reactions. This leaves for clamation the chemical exergy of carbon
and the change in the Gibbs free energy of thedtian of the bicarbonate ion as functions

of dead state temperature.

The molar chemical exergy of carbon as a functiotead state temperature was calculated
by;
1. Calculating the change in the Gibbs energy of fdionaas a function of dead state

temperature according to the reference reactidbj7a value of -0.2876 kJ/mol.K
was calculated foA S ;

2. Calculating the change in the chemical exergy efréference species in (7.48), i.e.
CO, (O, was previously calculated).
C+0, - CO (7.48)
Values for the molar heat capacity of the bicarlb®rian are not available in common

sources of thermodynamic data [173, 205, 210], tuedefore, the molar heat capacity

terms have been neglected. The value fo§" was calculated to be -0.2876 kJ/mol.K.

Based on (7.25) and (7.48), the chemical exergh@bicarbonate ion was calculated over
the relevant temperature range and the resultshemen in Table 7-11. According to these
results, the chemical exergy of the bicarbonatestoows significant sensitivity to changes
in the dead state temperature, a 9.65% differemzk a change in the magnitude of
chemical exergy of 5.63 kJ/mol over the temperatarege (278.15 to 298.15 K). The

change in the Gibbs energy of formation is the neaintributing factor for the significant
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change in the chemical exergy of the bicarbonate ¢aused by the relatively high value
calculated forA 5 . The chemical exergy changes undergone by theeelfsnpractically
cancel each other over the temperature rangetheedecrease in the chemical exergy of
hydrogen (multiplied by its stoichiometric coeféait 0.5) is counteracted by the increase in
the chemical exergy of carbon and oxygen (multiplley the relevant stoichiometric

coefficient 1.5), see (7.25).

Table 7-11: Chemical exergy of the bicarbonate ioat constant relative humidity (0.77) as a functiorof

To
T (K) ALT(T) égg " égzh éﬁgo; % Diff.
(kd/mol) (kJ/mol) (kJ/mol) (kd/mol) (kd/mol) vs. 0

278.15 -592.52 239.22 409.13 3.63 -58.35 9.65%
279.15 -592.23 239.03 409.18 3.64 -58.0¢ 9.23%
280.15 -591.95 238.87 409.24 3.65 -57.79 8.78%
281.15 -591.66 238.70 409.30 3.67 -57.51 8.33%
282.15 -591.37 238.52 409.35 3.68 -57.23 7.89%
283.15 -591.08 238.35 409.41 3.70 -56.95 7.43%
284.15 -590.80 238.19 409.46 3.71 -56.67 6.97%
285.15 -590.51 238.02 409.52 3.73 -56.39 6.51%
286.15 -590.22 237.84 409.58 3.74 -56.11 6.04%
287.15 -589.93 237.68 409.63 3.76 -55.83 5.57%
288.15 -589.65 237.50 409.69 3.77 -55.55 5.10%
289.15 -589.36 237.34 409.75 3.79 -55.26 4.61%
290.15 -589.07 237.16 409.80 3.80 -54.98 4.12%
291.15 -588.78 237.00 409.86 3.82 -54.70 3.62%
292.15 -588.50 236.83 409.91 3.83 -54.42 3.13%
293.15 -588.21 236.66 409.97 3.85 -54.14 2.62%
294.15 -587.92 236.49 410.03 3.87 -53.85 2.11%
295.15 -587.63 236.31 410.08 3.88 -53.57 1.59%
296.15 -587.35 236.15 410.14 3.90 -53.28 1.06%
297.15 -587.06 235.97 410.20 3.91 -53.00 0.54%
298.15 -586.77 235.81 410.25 3.93 -52.72 0.00%
299.15 -586.48 235.64 410.31 3.95 -52.43 -0.54%
300.15 -586.19 235.47 410.36 3.97 -52.15 -1.09%
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7.4 Summary

The Szargut model has been examined in detailtarapplication to UPW exergy analyses
has been considered. One important limitation @r@zt standard chemical exergy values
is that the chemical exergy of the relevant specagferenced to a standard dead state.
This chapter, (1) developed a methodology to cateuthe chemical exergy of electrolytic
solutions at various dead state temperatures atativee humidity values, and (2)
specifically investigated the chemical exergy cleng relevant ionic species and found
that the chemical exergy of the ions was geneadlysitive to changes in the dead state

temperature. The developments of this chaptereaneetd Model D.

The ions under consideration included sodium, oidgr calcium, magnesium and
bicarbonate. It was found that the chemical exesfyjyhe majority of the ionic species
investigated changed significantly with changingluea of dead state temperature,
particularly the bicarbonate ion, which exhibited.65% difference change and a decrease
in the magnitude of chemical exergy of 5.63 kJ/m@r the relevant temperature range. In
terms of magnitude, the chemical exergy of theigaldon exhibited the greatest change in
molar chemical exergy, decreasing by 6.3 kJ/molr aye temperature range under

consideration with a percentage difference charh@4@%.
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8 UPW plant analysis

In this chapter Model B, Model C and Model D arediso undertake an exergy analysis of
a semiconductor UPW plant. The objectives of tmalgsis are to compare the exergy
models and to characterise the plant. The UPW plader consideration is several years
old. The plant layout and the data used to conthist exergy analysis, along with all

relevant assumptions, are considered in detailgpeidix B. The inlets and outlets to all
process stages are numbered. Certain processesnceaveral modules; the modules in
each process are designated by lower case leRersexample, the inlet to the second
module of the ion exchange process is termed lhcipal technologies in the make-up
and primary loops include first and second pas®-gtage) RO, ion exchange, electro-
deionisation and various levels of filtration fromulti-media filtration to one micron

filtration.

The boundary of each of the processes has beeataticby the presence of suitable

measurement equipment. For example, consider thenake-up loop heat exchangers, due
to the necessary assumptions resulting from almgemin-functioning measurement gauges
(detailed in Appendix B), certain pressures atitiet of one heat exchanger were equated
to the outlet of the process immediately upstreddnfortunately, assumptions such as these
may have the effect of attributing exergy destarctio the heat exchanger, when in fact,
some of the exergy destruction results from theeiprk between the two processes.
These assumptions have been unavoidable withirptbject constraints, illustrating the

importance of installing and maintaining suitableasurement equipment in an effort to

accurately characterise and manage plant energuogstion.
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Due to the lack of instrumentation in certain pssaEs in the polishing loop, only the make-
up and primary loops were evaluated. The greatestige in the concentration of the UPW
plant water occurs during these first two processps$, so from the perspective of the
exergy model comparison, the omission of the poigtoop is not important. Based on the
data in Appendix B, the resistivity of the prodwater at the end of the primary loop was
17.8 MQ.cm at 25 °C, the typical resistivity of the UPW tfary supply is 18.2 Mb.cm at

25 °C. The resistivity of the incoming UPW planttesais approximately 0.0024 ®cm at

25 °C. Therefore, the change undergone in the ptodater from the start of the make-up
loop to the end of the primary loop, in terms dfisévity, can be described by a factor of
over 7000. Regarding the polishing loop, the faofdncreased resistivity is approximately

unity.

The UPW plant exergy analysis did not considerekergy of organic compounds for one
main reason, i.e. the instrumentation in the twsi loops of the UPW plant measures the
concentration of species in terms of conductivityr@sistivity solely. Several researchers
[179, 180] have considered the chemical exergyrgamic matter in natural waters based
on measurements such as Total Organic Carbon (TCI@&mical Oxygen Demand (COD)

and Biological Oxygen Demand (BOD); however, tmformation was not available at the

various process stages in the make-up and primapsl

8.1 Exergy analysis of the plant processes

The exergy analysis of the UPW plant is broken dawa two focus areas, (1) the model

comparison, and (2) the characterisation of thatpBoth the exergy rates and the rates of
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exergy destruction at the various process stagee baen calculated using the three

models.

The system was defined in Chapter 6 section 6theastream of the UPW product water in
the plant. The thermo-mechanical dead state wasedeés the ambient temperature of the
incoming UPW water (16 °C), pressure of 1 bar, seldtive humidity of 0.77. The same
thermo-mechanical dead state was adopted for @etimodels. For Models B and C an
average ionic concentration (135 ppm), typical afdpean river water [170], was defined
as the chemical (or ionic concentration) dead stasediscussed in Chapter 7, regarding
Model D, the intrinsic chemical exergy values avmewhat pre-defined with respect to the
Szargut reference environment. Importantly howewdodel D considers changes in
intrinsic chemical exergy resulting from non-stambdead state temperatures and relative

humidity values.

Based on the assessment of the incoming UPW platérywa factor of 0.773 was used to
relate electrical conductivity and TDS (see Chaptsection 6.3). Regarding Model B, to
maintain the approach of Cerci [136], the aquealigtion was defined as an ideal mixture
of solid NaCl and water. The Model B approach egsiaalinity or total TDS to a mass
fraction of NaCl [171], apparently, irrespective dhe ionic aqueous solution.

Consequently, the NaCl mass and mole fractionshat various process stages were
determined from the TDS values, which in turn wdetermined from the conductivity

measurements using the 0.773 factor. The Model igatgans are discussed in detail in

Chapter 3 section 3.2.2.
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Regarding Models C and D, the aqueous solutiondefised as an electrolytic solution of
calcium and bicarbonate ions. The approach usefdYaalculate the physical exergy, (2)
define the electrolytic solution, and (3) calculdte activity of the electrolytic species and
water was essentially identical for both Model @ &hodel D (see Chapter 6 section 6.4).
The key difference between Model C and Model D wtees calculation of the chemical

exergy term. The Model C chemical exergy was cated according to (8.1).

. : RDS MRS . (MY)ice
£ = RT| Nn s+ N in ey o 8.2)
X (My) o 2 (MY e
The Model D chemical exergy was calculated accorthn(8.2).
ES" = NW_QNCh"' I\!)a_%s;lh + .'\ch_égq
(8.2)

SRT[ RLIn X7+ NI MY+ Ny In(M)225 |
The superscripts RDS and DS in (8.1) and (8.2)r refehe restricted dead state under
consideration and the dead state. For both ModeidCModel D, the molar flow rates were
calculated from the mass flow rates of the relevgpdcies (based mainly on SCADA
volumetric flow rates), which in turn were based apportioning the TDS between the
relevant species according to the method outlime@hapter 6 section 6.3. The activity
coefficients were calculated using (6.25), the titéa of the electrolytic species and the
mole fraction of water were calculated accordinghte methods discussed in Chapter 6

section 6.1.

Now consider the characterisation of the UPW plamgrgy destruction at the relevant
process stages was calculated using the exerggdeatmuation for steady state operation,

see (2.5). For the processes under consideratitreitdPW plant, the equation simplifies
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to the sum of exergy rates and any electrical vimpkits entering each process minus the
sum of the exergy rates leaving each process. Xbgetic efficiency of the important
process stages was also calculated and was basled kational exergetic efficiency, which

considers the specific function of the process undasideration.

8.1.1 Examination of assumptions for UPW exergy ana  lysis

Before the results are presented some model assmnspivhich were discussed previously
in Chapter 6, are re-examined briefly. In gendatalas found that the use of the average
specific heat capacity (cresulted in minor errors when compared with titegration of ¢

as a function of temperature (less than 0.25% Her rhajority of process stages). The
relevant functions were fitted according to NISTadfl88]. There were two exceptions,
however, the hot water heat exchanger heating s&tsm (process stages 5 and 6), which
resulted in absolute percentage differences ofcequpiately 3.7% for the incoming heating
water and 10.5% for the outgoing heating water.ikaintegrated all the specific heat
capacity values as a function of temperature ferdbmparison, they were subsequently

used to calculate the physical exergy values.

Density values were treated as a constant witlexiseption of the heating water stream in
the hot water heat exchanger. As proposed in Ch&ptection 6.2, the density of the
system was calculated at the first pass RO retetaticentrations to investigate possible
changes in density due to increased concentratiegligible difference was found between
the average density value calculated over the teatyre range for pure water and the
average density calculated over the temperatugertor the RO retentate concentrations, a

percentage difference of 0.09% (998.2 ky/mersus 999.07 kglfinusing the density
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calculation model written in MATLAB). Thus, the sardensity value of pure water (998.2

kg/m®) was used for the retentate streams.

8.2 UPW exergy analysis results

The results are broken down into two main sections;
1. The model comparison, which is a general analysthe exergy rates and exergy
destruction rates calculated using each of the le@l¢he various process stages;
2. The plant characterisation which consists of;

a. An analysis of the exergy destruction results entdy the principal sources
of thermodynamic irreversibilities in the UPW plantke-up and primary
loops;

b. An analysis of the rational exergetic efficiency pbcesses and process

modules.

8.2.1 Model comparison — exergy rates and exergy de  struction rates

The exergy rates and exergy destruction rates lesédcliusing the three models can now be

compared.

8.2.1.1 Exergy rates — model comparison

The total, physical and chemical exergy rates ¢aied at each process stage using Model

B, Model C and Model D are shown in Table 8-1.
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Table 8-1: Comparison of exergy rates calculated ugy Model B, Model C and Model D

Process Process stage Total exergy rates (kW) ey sixergy rates (kW) Chemical exergy rates (kW)
Model B Model C Model D Model B Model C & ModelB  ModelC Model D
Model D

Multi-media filters 1b 10.1 11.8 799.2 11.8 11.8 -1.63 0.074 787.4
1c 9.7 11.4 767.8 11.3 11.3 -1.57 0.071 756.5

1d 9.3 10.8 732.4 10.8 10.8 -1.49 0.067 721.7

2b 9.7 11.4 798.7 11.3 11.3 -1.64 0.074 787.4

2c 9.3 10.9 767.3 10.9 10.9 -1.57 0.071 756.5

2d 8.9 10.4 732 104 104 -1.5 0.067 721.7

Pre-heat heat exchangers 3 (Produc 27.8 32.7 2298.1 325 325 -4.69 0.212 2265.6
3 (Heating) 109 119.5 5027.7 119.2 119 -10.16 0.455 4908.7

4 (Product) 32.2 37.1 2302.5 36.9 36.9 -4.68 0.210 2265.6

4 (Heating) 73.6 84.2 4992.3 83.7 83.7 -10.16 0.455 4908.7

Hot water heat exchangers 5 (Produc 32.2 37.1 2302.5 36.9 36.9 -4.68 0.211 2265.6
5 (Heating) 689.1 686.1 1417.8 690.7 686 -1.59 0.068 731.8

6 (Product) 53.7 58.4 2323.7 58.4 58.2 -4.69 0.210 2265.6

6 (Heating) 490.4 524.2 1255.9 492 524.1 -1.59 0.069 731.8

Biocide/anti-scalant treatment 7 53.7 58.4 2323.7 58.4 58.2 -4.69 0.209 2265.6
8 53.7 58.4 2323.7 58.4 58.2 -4.69 0.209 2265.6

RO pre-filters 9 53.7 58.4 2323.7 58.4 58.2 -4.69 0.209 2265.6
10 51.1 55.8 2321.1 55.8 55.6 -4.68 0.209 2265.6

Sodium bisulphite treatment 11 51.1 55.8 2321.1 55.8 55.6 -4.68 0.209 2265.6
12 51.1 55.8 2321.1 55.8 55.6 -4.68 0.209 2265.6
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Table 8-1: Comparison of exergy rates calculated ugy Model B, Model C and Model D

Process Process stage Total exergy rates (kW) Ry sixergy rates (kW) Chemical exergy rates (kW)

Model B Model C Model D Model B Model C Model B Model C Model D

& Model D
First pass RO high pressure pumps/RO inlet 13a 27.5 29.9 1296 29.9 29.8 -2.4 0.098 1266.2
13c 27.7 30.1 1303 30.1 30 -2.41 0.099 1273
1l4a 58 60.5 1326.6 60.4 60.4 -2.39 0.098 1266.2
l4c 47 49.5 1322.3 49.5 49.4 -2.41 0.099 1273
First pass RO 15a 16.8 15.3 941.2 15.3 15.2 1.54 0.133 926
15¢ 17.1 15.6 958.8 15.6 155 1.54 0.128 943.4
16a 10 13.9 354.1 13.3 13.4 -3.38 0.510 340.8
16c 6.2 10.1 339.7 9.5 9.5 -3.37 0.521 330.2
17a 2 5.9 346.1 5.4 5.4 -3.38 0.510 340.8
17c 1.8 5.7 3354 5.2 5.2 -3.38 0.521 330.2
RO tank inlet 18 41.3 37.5 2384.9 37.4 37.1 3.89 0.329 2347.8
RO tank outlet/Primary distribution pumps inlet 19 41.3 37.5 2384.9 37.4 37.1 3.89 0.329 2347.8
Primary pumps outlet/Caustic treatment inlet 20 56.8 53 2400.4 52.9 52.6 3.89 0.329 2347.8
Caustic treatment outlet 21 56.2 52.9 2400.4 52.9 52.6 3.31 0.217 2347.8
First pass RO high pressure pumps/RO inlet 22b 18.8 17.6 800.5 17.7 17.6 1.11 0.072 782.9
22c 18.4 17.3 784.7 17.3 17.2 1.08 0.071 767.5
22d 19.1 18 815.3 18 17.9 1.13 0.074 797.4
23b 56.1 55 837.8 55 54.9 1.1 0.072 782.9
23c 57.1 56.1 823.5 56 56 1.08 0.071 767.5
23d 56.9 55.8 853.1 55.8 55.7 1.13 0.074 797.4
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Table 8-1: Comparison of exergy rates calculated ugy Model B, Model C and Model D

Process Process stage Total exergy rates (kW) Ry sixergy rates (kW) Chemical exergy rates (kW)
Model B Model C Model D Model B Model C Model B Model C Model D
& Model D
Second pass RO 24b 19.5 18.4 702.6 18.3 18.3 1.18 0.112 684.3
24c 20.2 19.2 682.1 19.1 19.1 1.15 0.108 663.1
24d 21 19.9 707 19.8 19.8 1.19 0.112 687.2
25b 6.2 6.3 104.9 6.2 6.3 -0.04 0.000 98.6
25¢ 6.9 6.9 111.4 6.9 6.9 -0.03 0.000 104.4
25d 6.8 6.7 116.9 6.8 6.7 -0.03 0.000 110.2
26b 15 1.6 100.2 1.6 1.6 -0.04 0.000 98.6
26¢ 1.6 1.7 106.1 1.7 1.7 -0.03 0.000 104.4
26d 1.7 1.7 112 1.8 1.7 -0.03 0.000 110.2
Electro-deionisation process 27b 20.9 19.7 723.3 19.7 19.6 1.23 0.115 703.7
27c 19.9 18.8 696.3 18.7 18.7 1.17 0.111 677.6
27d 20.1 19 695.5 18.9 18.9 1.18 0.110 676.6
28b 14.8 13.7 642.8 13.7 13.6 1.11 0.108 629.2
28c 14.8 13.7 643.8 13.7 13.6 1.11 0.108 630.2
28d 14.7 13.6 639.9 13.6 135 1.1 0.108 626.3
29b 1.3 1.2 75.6 1.2 1.2 0.12 0.009 74.4
29c 0.9 0.8 48.1 0.8 0.7 0.07 0.005 47.4
29d 0.9 0.8 51.1 0.8 0.8 0.07 0.005 50.3
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Table 8-1: Comparison of exergy rates calculated ugy Model B, Model C and Model D

Process Process stage Total exergy rates (kW) ey sixergy rates (kW) Chemical exergy rates (kW)
Model B Model C Model D Model B Model C Model B Model C Model D
& Model D

Primary mixed bed ion 30b 14.3 13.2 653.9 13.2 131 1.13 0.110 640.8
30c 13.7 12.6 625.3 12.6 125 1.08 0.105 612.8
exchange 30d 14 12.9 639.1 12.9 12.8 1.1 0.108  626.3
31b 13.2 12.1 652.8 12.1 12 1.13 0.110 640.8
3lc 12.6 11.6 624.3 115 115 1.08 0.105 612.8
31d 12.9 11.8 638.1 11.8 11.7 1.1 0.108 626.3
One micron cartridge filters 32 38.1 34.9 1914.6 34.8 34.6 3.31 0.323 1880
33 37.5 34.4 1914.1 34.2 34 3.31 0.323 1880

UPW tank inlet 34 314 28.8 1602.1 28.6 28.5 2.77 0.270 1573.6
Diverted flow to RO tanks 35 6.1 5.6 312 5.6 5.5 0.54 0.053 306.4
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First, the total exergy rate (kW) is considerede Tibtal exergy rates calculated using
Model B and Model C are similar in terms of magdéuat each process stage. However,
the Model D exergy rates are much greater in magdeithan the other two models. The
total exergy rate does not facilitate ready congmaribetween the models. Therefore, the
next step is to assess the models in terms of dpket physical and chemical exergy. One
disadvantage of Model B is its integrated chemiaatl physical exergy calculation

approach, leading to an aggregate exergy value.ethad of decoupling the Model B

physical and chemical exergy was presented in @h&pand this approach is used again to

break down Model B into physical and chemical exerg

Looking at the physical exergy results, it is evid#hat, for the majority of process stages,
the physical exergy values are similar. There i wotable exception, the outgoing heating
water stream in the hot water heat exchanger (psostage 6). The physical exergy
calculated according to Model B is 492 kW and ttosnpares with a value of 524.1 kW
calculated using the Model C/Model D approach,lzsohlute percentage difference of 6.5%

which is now assessed.

The presence of salt in the Model B physical exargigulations (in contrast to the pure
water of the Model C/Model D approach) was inveséigaand ruled out as the cause of the
differences in the following manner. The Model Bypisal exergy for the heating water at
process stage 6 was calculated for pure water antpared with the physical exergy
calculated for the ideal mixture at the relevarit saass fractions. There was negligible

difference between the physical exergy values, Kd82including the relevant salt mass
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fractions and 492.1 kW for pure water. Next, thggital exergy was broken down into its
thermal and pressure terms and assessed, the ause of the difference was found to be

the manner in which the change in the specificrim#ieenergy(u—u,) was calculated. In
an effort to compare and determine the most apjatepvalue of(u-u,)the change in

specific internal energy was calculated in four syafil) using the XSteam function in
MATLAB [169] at the relevant temperatures and puess (250.8 kJ/kg), (2) the product of
the average,qover the temperature interval) and the tempegatifference (242.5 kJ/kg),
(3) using NIST values of internal energy at thewant temperatures and pressures (250.5
kg/mol [188]), and finally (4) rechecking, refitgrand re-integrating the NIST, data (the
same value as previously calculated as part obtegall physical exergy calculation, i.e.

268.8 kJ/kg).

The change in internal energy values calculatedgugie MATLAB XSteam function and
the NIST internal energy data are very similar. Wbhempared with the XSteam and NIST
values, the use of average values resulted in a percentage difference of 3.8%as
expected that the average values would result mmeserror due to the fact that the heat
capacity is not constant over the temperature ramgeer consideration. The main issue,

however, lies with the 6.5% difference between fitted data and the tabulated NIST

data/XSteam values. Theoretically(T) - u(T) = f ¢(T) dT and therefore fittingc, (T)

data and integrating seems like a reasonable agproghe deviation is due to the
difference between the manner in which the relepaoperty tables are constructed from

fundamental relations (i.e. the Helmholtz function steam tables according to the cited
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reference [109]) and the fitting of, data to a very specific temperature interval using

Excel™, see Figure 8-1. This is an interestingifigdhat requires further research.

Specific heat capacity (kJ/kg.K) as a function of T(K)

4.2
415 ~. y = -1E-05x2 + 0.0029x + 4.3176

) \ R2 =0.9999
4.05 \
4 \
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Figure 8-1: Specific heat capacity (9§ as a function of temperature over the specific taperature range

(289.15 to 361.15 K)

The physical exergy calculated using Model B wasashto be almost identical at process
stage 6 for both pure water and the ideal mixtUmeating the stream as pure water
simplifies the MATLAB programmes required to cat@ physical exergy. The most
concentrated process stage 16¢ can now be corsidieitecan be shown that the physical
exergy of the most concentrated stream in the URMM gan be treated as pure water, it is
evident that all less concentrated streams canirbgliSed to pure water. The physical
exergy for the ideal mixture was calculated to B8 %W while the physical exergy of pure
water was calculated to be 9.54 kW. Therefore, r@ieg to the approach developed to

break down Model B total exergy into physical am@mical exergy contributions, and at
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the relevant mass fraction values of NaCl, therenegligible difference between the
physical exergy of pure water and the physical g@xef the ideal mixture. In general, there
are very minor differences between the physicargxealculated using the de-coupled
Model B and the Model C/Model D approaches, thevmater heat exchanger being the

main exception.

According to Table 8-1, the three sets of chenmesairgy rates are dissimilar. The Model B
and Model C chemical exergy rates differ in genbyabne order of magnitude. The Model
D chemical exergy rates include an intrinsic cheinexergy term, and thus, they are
significantly greater in magnitude than the othgo tmodels. Model B chemical exergy
rates are both positive and negative. The chersixatgy rates calculated using Model C
and Model D are positive at all process stagesaRing Model B, the greatest chemical
exergy rate value -10.16 kW occurs at process stdgand 4 for the pre-heat heat
exchanger heating water stream. It is however fsigmt that this is also the largest
volumetric flow rate in the UPW plant (507°#m calculated from the heat exchanger mass
energy balance), chemical exergy rates being auptarf the mass or molar flow rates and
the specific or molar chemical exergy respectivdlyis Model B finding coincides with
the largest chemical exergy rate calculated usiroglé¥ D, 4908.65 kW for the heating
water at process stages 3 and 4. The chemical \exates calculated using Model C are
generally small. The largest chemical exergy ratkies occur at process stages 16a and
17a (0.51 kW), and 16c¢ and 17c (0.52 kW), i.e fitts¢ pass RO retentate streams and post
throttling valve streams. It is interesting thatesh retentate streams are the most

concentrated process stages in the UPW plant. &gniiv the Model B and the Model D
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chemical exergy rates, which coincided with thehhiglumetric flow rates, the first pass
RO retentate volumetric flow rates are relativetyali in comparison with other make-up
loop flow rates. Thus, one would expect the molaargical exergy values to be significant.
With respect to analysing the plant, the chemicadrgy rates offer greater insight,
however, in order to compare the manner in whigmgbal exergy is calculated using the
three models, the molar chemical exergy approa@d der the model comparison in

Chapter 5 facilitates a clearer view.

8.2.1.2 Exergy destruction rates - model comparison

The exergy destruction rates arising due to ir@hdities in the UPW plant processes are
now assessed in terms of the model comparison gidastruction rates calculated using
the three models are presented in Table 8-2. At fitance the key source of exergy
destruction in the UPW plant make-up and primagpis the hot water heat exchanger,
and this finding pertains to all three models. Eergy destruction rates calculated using
Model C and Model D are identical for the vast mi&joof processes. Consequently, only
one percentage difference value is reported, he. gercentage difference between the
exergy destruction rates calculated using Modeh@® lodel D, shown in the final column

of Table 8-2. The reason that, on the whole, trerg@xdestruction rates are identical for
Model C and Model D is due to the cancellation led tntrinsic chemical exergy in the

process exergy balance when no chemical reactlas tplace. Intrinsic chemical exergy

cancellations have been noted several times ihiténature [105, 120].

Looking at the results in Table 8-2, it is eviddmt the exergy destruction rates calculated

using the three models are very similar. Theret@meexceptions in terms of percentage
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difference values; the caustic treatment (sodiunrdwide) (49.2%) and the hot water heat

exchanger (20.6 %).

The caustic treatment is considered first, althougls acknowledged that the exergy
destruction rates under consideration are notfsignt (1.2, 0.7 and 0.6 kW for Model B,
Model C and Model D respectively). It is an inteigg process stage, however, because it
is the only stage where the Model C and the ModedxBrgy destruction rates are not
identical. During the caustic treatment, accordinghe data in Appendix B Table 1, no
changes in temperature or pressure occur. Therboisgver, a work input from the
chemical metering pumps, which is identical forrathdels. The important change taking
place is the increase in ionic concentration causethe caustic injection treatment. The
chemical reaction occurring between the system #ma sodium hydroxide is not
considered in detail due to the reasons relatingasage rates outlined in Appendix B
(page B3). However, the results of the chemicattrea are manifest in the increase in
ionic conductivity from the RO tank (process sta@8sand 19) to the second pass RO,
where a conductivity measurement is in situ. Thmécigoncentration changes from 6.3 ppm
at process stage 20 to 23.2 ppm at process stage@lAppendix B Table 1. Thus, the
differences in the exergy destruction rates retaikely to differences in the chemical

exergy values calculated by each of the models.
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Table 8-2: Comparison of exergy destruction ratesatculated using Model B, Model C and Model D

Process

Multi-media filters

Pre-heat heat exchangers

Hot water heat exchangers
Biocide/anti-scalant treatment

RO pre-filters

Sodium bisulphite treatment

First pass RO high pressure pumps

First Pass RO
Throttling valves
Exergy losses

RO tank
Primary distribution pumps

Process

module

b
c
d

Model B

0.5
0.4
0.4
31
177.2
0.6
2.6
0.6
55.5
55.7
31.3
23.8

4.3

1.8

1.8
20.2

Exergy destruction (kW)

Model C

0.5
0.4
0.4
30.9
140.7
0.6
2.6
0.6
55.5
55.6
31.3
23.8

4.3
5.9
5.7
1.8
20.2

Model D

0.5
0.4
0.4
30.9
140.7
0.6
2.6
0.6
55.5
55.6
31.3
23.8

4.3
346.1
335.4

1.8

20.2

% Diff.
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Table 8-2: Comparison of exergy destruction ratesatculated using Model B, Model C and Model D

Process Process

module

Caustic treatment

Second pass RO high pressure pumps b

c

d
Second pass RO b

c

d
Throttling valves b

c

d
Electro-deionisation process b

c

d
Primary mixed bed ion exchange b

c

d

One micron cartridge filters

Model B

1.2

34.7

38.3
35.2
30.5
29.9
20.1
4.7
5.3
5
38.8
31.9
30.9
11
11
11
0.5

Exergy destruction (kW)

Model C

0.7

34.7

38.2
35.2
30.3
30
29.2
4.7
5.3
5
38.8
31.9
30.9
11
1.1
11
0.5

Model D

0.6

34.7

38.2
35.2
30.3
30
29.2
4.7
5.3
5
38.8
31.9
30.9
11
1.1
11
0.5

% Diff.

49.2

248



The hot water heat exchanger has previously bescusBed with regards to physical
exergy. Presently, the 20.6 % difference in thergyxelestruction rates is considered in
terms of total exergy. It is evident that this éifnce does not relate to chemical exergy
because the concentration of the system remainstamdnduring the process. (This
statement requires justification: there are vergandifferences in chemical exergy which
have been attributed to round off errors, see T8klecolumns 8 and 9.) Therefore, the
differences in exergy destruction calculated byriuelels are caused by the differences in

physical exergy calculated using Model B and Mdci#llodel D, already discussed.

One very important set of values shown in Tabler8kates to the UPW plant exergy losses
(shown in bold type), sometimes termed externalrgxedosses in the literature. The
aggregate values for Model B, Model C and Modelr® &8 kW, 11.6 kW and 681.5 kW
respectively. The three values vary in magnitudee Model B exergy losses are
approximately one third the value of the Model @rgy losses. The Model D values are

much greater in magnitude than the other two models

The significance of these exergy losses is nowidersd. Theoretically, with respect to
Model B and Model C, if the exergy loss streamsenafowed to mix with water at the
dead state, the exergy loss values signify the mmaxi work obtainable, i.e. the sum of
thermal work, pressure work and chemical (in trasecconcentration) work. Regarding
Model D, the exergy loss value again representstleeretical maximum amount of
thermal and pressure work that could be obtainedweder, it also considers and

quantifies, (1) the exergetic value of water (whishbecoming an increasingly valuable
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natural resource), and (2) the chemical exergyhefelectrolyte, which is a function of the

chemical exergy of the relevant elements and ti$senergy of formation of the ions.

In the literature the exergy losses have been titoofgin different ways, (1) the impact of
the process waste on the environment [111], otH&)work input required to bring the
more concentrated stream to the dead state coatient{136]. Exergy losses, however,
should also always be thought of as a potentiakvgource, for example, a difference in
temperature can pre-heat the incoming UPW plaeastr a difference in pressure can

drive a turbine, and a difference in chemical po&ican perform chemical work.

The key advantage of Model D (and the entire Szargadel approach) is that it not only
quantifies the overall possibilities of the worlatimay be developed from exergy losses, it
appropriates &alueto natural resources such as water in terms af gvailability in the
natural environment, unlike the other two modelsiciwhonly consider changes in
concentration. The technologies to harness thenpally available work may not be
available or feasible at present but this apprasuds provide a theoretical framework of

possibility with respect to the natural capitatiod earth.

8.2.2 UPW plant characterisation

In the previous section the exergy destructionsrafethe plant were assessed in terms of
the model comparison and it was found that theggxdestruction rates calculated using
the three models were similar for the majority odqesses. The notable exception was the

hot water heat exchanger. Here, the plant exergyrudgion is considered in terms of the
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processes responsible for the majority of exerggtrdetion. The Model D exergy

destruction rate values are used for this analysis.

8.2.2.1 Exergy destruction rates

Exergy is delivered to the UPW plant in the formtleé incoming UPW feedwater at a
certain temperature, pressure, concentration, ass fiftow. Subsequently, exergy is added
at various process stages, e.g. by combining niess fand electrical work inputs to the
pumps and the electro-deionisation process. The®a,td thermodynamic irreversibilities
such as heat transfer across a finite temperatuiféereshce, throttling and
mixing/separation, exergy is destroyed. The furthewnstream in the plant the exergy
destruction takes place, the more costly the exelggtruction in terms of cumulative

exergy inputs.

The exergy destruction rates, calculated using MBgere shown in Table 8-3. The top
ten processes in terms of exergy destruction, wicmhtribute 98.4% of total exergy
destruction for the make-up and primary loops, sihewn in Figure 8-2, where an
aggregate value has been calculated for procesgesaveral modules, such as the RO and

EDI processes.
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Table 8-3: UPW plant exergy destruction rates caldated using Model D

Process

Multi-media filters

Pre-heat heat exchangers

Hot water heat exchangers
Biocide/anti-scalant treatment

RO pre-filters

Sodium bisulphite treatment

First pass RO high pressure pumps
First Pass RO

Throttling valves

RO tank

Primary distribution pumps

Caustic treatment
Second pass RO high pressure pumps

Second pass RO

Throttling valves

Electro-deionisation process

Primary mixed bed ion exchange

One micron cartridge filters

Process Model D

module (kW)

b 0.5
0.4
0.4
30.9
140.7
0.6
2.6
0.6
a 555
55.6
313
23.8
8.0
4.3
18
20.2
0.6
b 34.7
38.2
35.2
30.3
30.0
29.2
4.7
53
5.0
b 38.8
31.9
30.9

O 9 O 9 O

o O T Q 0 T aQ o

o O

11

0.5
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Exergy destruction rate (kW)

Hot water HX

First pass RO high pressure pumps
Second pass RO high pressure pumps
Electro-deionisation process

Second pass RO

First pass RO

Pre-heat HX

Primary distribution pumps

Second pass RO throttling valves

First pass RO throttling valves

0 20 40 60 80 100 120 140 160

Figure 8-2: Top ten sources of exergy destructiomithe UPW plant make-up and primary loops

According to Figure 8-2, and based on the availgidet measurement data, the main
source of exergy destruction in the UPW plant maxesnd primary loops is the hot water
heat exchanger (HX). Other major contributors ofrgy destruction, in order of

importance, are the first and second pass RO higgspre pumps, the electro-deionisation

process and the second and first pass RO processes.

In the case of the hot water heat exchanger, hmatfer takes place over a relatively large
temperature difference. The incoming heating waeat a temperature of 361 K and
incoming product water at a temperature of 294 Ktukally there is always a trade-off
between a large temperature difference and exeessat transfer area. However, these

losses should be accounted for with a sound ecan@tionale.
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The magnitude of the exergy destruction in the R§D Ipressure pumps is interesting: the
UPW plant pumps are fitted with either VSDs or moteanagers, typically viewed as
potential options to improve pump energy efficienbievertheless, the aggregate exergy
destruction in the first pass RO pumps was caledlad be 111 kW and 108 kW for the
second pass RO pumps. Typically, there are twb fizsss RO pumps in operation at any
one time, increasing the pressure of an averagvier flow rate of 130 hr from 4.7
bar to between 10 and 13 bar. The electrical wapkii was measured as 75 and 86 kW for
each of the two pumps. Regarding the second paspur{ps, there are typically three in
service. The pressure of an average flow rate ofdhr is increased from 4.2 bar to

approximately 21 bar, with an electrical work inpfiapproximately 75 kW.

According to Figure 8-2, the next most importantirses of exergy destruction are the
electro-deionisation process and the second paspr&@ss. These processes occur in the
primary loop and are thus located relatively fawdstream in the process sequence. RO
process improvements can potentially be soughtutirothe use of low pressure
membranes which reduce the operating pressuresredqio achieve similar permeate
fluxes. Software packages such as ROSA [163] fawlithe swapping of membranes to
determine different pressure requirements. Howegdlag to the criticality of the water

purity, all potential process changes should befaldy assessed.

8.2.2.2 Exergetic efficiency

The exergetic efficiency of the processes resptndilr the top ten sites of exergy
destruction is now considered. Each module in #devant processes is compared where

applicable, potentially highlighting poor perforneanin similar equipment. In addition to
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individual modules, like processes are also conthakecording to the rational exergetic
efficiency approach discussed in the literaturdengy the exergetic efficiency should be

defined according to the function of the process.

The function of the heat exchanger is to heat of twe product stream. According to the
literature review, the rational exergetic efficigntor heating purposes is commonly
defined as the increase in exergy of the cold stréizided by the decrease in exergy of the
hot stream [95, 109]. The rational exergetic eficly of the heat exchangers was

calculated using (2.9).

The rational exergetic efficiency of the RO higregsure pumps can be defined as the
increase in exergy of the product stream dividedhieytotal electrical work input, which is
identical in structure to the pump energy efficienequation discussed in the cited
reference [214], signifying that mechanical energyequivalent to exergy. (When the
process is isothermal, the results obtained usii®) @re identical to the results obtained

using the Kotas approach.)

Exergetic efficiency of the pumps%z— (8.3)

The rational exergetic efficiency of the electroedésation modules relates to the change
in the chemical exergy of the incoming product watbus increasing its purity. The

rational exergetic efficiency for the EDI can bdcotated according to the approach of

Kotas [92] using (8.4), (8.5) and (8.6), whelE&" is the chemical exergy rate}" is the
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physical exergy rate, and the numerical subscrhigter to the relevant process stages

discussed in Appendix B.

E.Desired output:‘ ( . C8h + Eggh)‘ (84)
EUsed E2P7h ( E2F;3h + E2 h) + WZO (85)
‘ ECh _ Ch +E gh)‘

Exergetic efficiency of the EDI=
EPh (EPh + E29h) + W29

(8.6)

The rational exergetic efficiency of the RO modukeslefined in the same manner except
that the electrical work input is zero in (8.6) a&ese the electrical work in the RO process

has already been included in the RO pump calcuigtisee (2.19).

The function of the throttling valves (often termsmhcentrate valves for RO) is difficult to
define; the valves reduce the pressure exergyeoR@ retentate streams. In seawater RO
desalination processes, this pressure exergy enafsed to perform useful work, for
example, to pressurise a second stream using peesschangers or to drive a Pelton
turbine. The throttling process is a source of gxafestruction. It seems counter-intuitive
to define the exergetic efficiency of a largely vefsl process. According to Cornelissen,
the rational efficiency cannot be applied pufely dissipative systems, because no desired
product can be defined in this cadd0]”. The rational efficiency of the throttlingalves

is therefore undefined.

The rational exergetic efficiencies of the relevardcesses are reported in Table 8-4. It is
acknowledged that the exergetic efficiencies aleutated in different ways for certain
processes, depending on the function of the sysbeinthe rational exergetic efficiency
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does facilitate direct comparison between differemidules in the same process and

between like processes.

Table 8-4: Rational exergetic efficiencies of therpcess stages and modules responsible for the majgr

of the exergy destruction

Process Module Rational exergetic efficiency (%)
Hot water heat exchanger 12.5
Pre-heat heat exchanger 13.1
Second pass RO pumps b 51.9

c 50.4

d 51.8
First pass RO pumps a 355

c 25.8
Primary distribution pumps 435
EDI b 0.006

c 0.008

d 0.008
Second pass RO b 0.13

c 0.124

d 0.131
First pass RO a 1.7

c 2.3
Second pass RO throttling valves b Undefined

c Undefined

Undefined

First pass RO throttling valves a Undefined

c Undefined

For example, according to Table 8-4, the second p&gh pressure RO pumps have a
higher rational exergetic efficiency value than fimst pass RO pumps. The rational
exergetic efficiency of the primary distributionrpps falls somewhere between the two.

Looking at the individual modules now, the effiatees of each of the second pass RO
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pumps are similar. However, the efficiencies of tihie first pass RO pumps vary between
35.5 and 25.8%, highlighting the poorer performan€anodulec. Assessing the data
relating to modulec in Appendix B Table 1, it is evident that the m@® of the product
water is increased from 4.7 bar to 10 bar usingk\®5of power. In contrast, module

increases the pressure from 4.7 bar to 13.1 bag &G kW of power.

The rational exergetic efficiency of the EDI proges very low in comparison to the RO
process. However, there is a mitigating factor, avhshould be highlighted. The EDI
efficiencies include the electrical work of the tieers and brine recycling pumps whereas
the electrical work of the RO process is includedthe RO pump calculations. The
inclusion of the electrical work input lowers thational exergetic efficiency of the EDI
process. It should also be stated, that when #wtradal work is excluded, the efficiencies
are still very low, 0.048%, 0.062% and 0.057% fadulesb, c andd respectively. At the
EDI module level, the efficiency of moduleis approximately 40% lower than modules
and d. This is a consequence of the higher electricalggodrawn by the modulé

rectifiers (based on the electrical measuremeiat diatained, see Appendix B Table 1).

The first pass RO process has an exergetic eftigigalue greater than ten times that of the
second pass RO process. At the module level, ttendepass RO modules are all similar
in terms of efficiency. In contrast, regarding first pass RO modules, the efficiency of
modulec is approximately 26% higher than modalepossibly due to the higher pressure
drop or different concentration values for the tmodules, see Appendix B Table 1. The

significantly lower exergetic efficiency valuestbe second pass RO process (and the EDI
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process) are very interesting. As the purity of pneduct stream increases, the exergetic
efficiency of the RO and EDI processes get prodgvebs lower. Based on (8.6), the
rational exergetic efficiency reduces if, (1) thenge in chemical exergy decreases, (2) the
exergy used increases, or (3) a combination ofwtloe As the purity of the water increases
further downstream in the process sequence thegeharthe chemical exergy can only get
smaller, so unless the exergy used to purify theemw@duces in tandem with the changing

chemical exergy, the purer the water the lowerttergetic efficiency.

There is one important issue with respect to tiselte in Table 8-4, which requires further
consideration, and this pertains to the exergefiiciencies of the heat exchangers.
According to the reported exergetic efficienciesTable 8-4, there is very little difference
between the exergetic efficiency of the hot wateathexchanger and the pre-heat heat
exchanger, with exergetic efficiency values of $2.and 13.1% respectively. Yet, the
exergy destruction rates calculated for the hoewhaeat exchanger far exceeded that of the
pre-heat heat exchanger, 140.7 kW and 30.9 kW césply, see Table 8-3. The difference
in exergetic efficiencies calculated using (2.9¢slmot appear to adequately represent the
hot water heat exchanger exergy destruction faatpfihe heat exchanger efficiencies were

calculated again using the Kotas rational efficieapproach, see (2.12).

A comparison of the heat exchanger rational exergsticiencies is shown in Table 8-5.
There is a significant change in the exergeticcedficy of the pre-heat heat exchanger
using the Kotas rational efficiency, increasingnirdl3.1% to 22.5%. The exergetic

efficiency of the hot water heat exchanger alsogases, from 12.5% to 13.8%. The Kotas
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rational efficiency results better reflect the eiffnces in the exergy destruction rates of the
two processes.

Table 8-5: Comparison of rational exergetic effi@ncy for heat exchangers

Process Common rational exergetic Kotas rational exergetic
efficiency (%) efficiency (%)

Hot water heat exchanger 12.F 13.¢

Pre-heat heat exchanger 13.1 22.F

8.3 Assessment of the results in light of other research
objectives

In this section the UPW exergy analysis resultscmsidered in light of other research
objectives, which have been discussed in the inotton and the literature review but also
as other questions have arisen throughout thisrelseThese issues are addressed under
separate headings and include the following conafabs;

1. For UPW applications, which model is the most apgede or do the models
give similar results?

2. Does the use of the ideal mixture model in liethef electrolytic solution model
result in different chemical exergy values at ral@MJPW concentrations?

3. Does the approach developed in Chapter 7 to caécthe chemical exergy of
electrolytic solutions affect the UPW plant cherhiegergy rates in comparison
to standard chemical exergy values?

4. Is chemical exergy important for UPW applicationrscan it be ignored, thus
simplifying the approach?
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5. Finally, regarding Model D and the Szargut modah the UPW flow streams
be treated as the chemical exergy of pure water,can the ionic species be

neglected in the analysis, thus simplifying therapph?

8.3.1 Which model is the most appropriate or do the models give

similar results

Starting with the second part of the question reigarthe similarity of model results, this
depends on which results are being considered.eXxbggy rates look dissimilar, which is
largely due to the inclusion of the Model D intimmghemical exergy, see Table 8-1. The
physical exergy rates calculated using the Modah8 the Model C/Model D approach are
relatively similar except for the hot water heatleanger, and the chemical exergy rates are
dissimilar for all three models. However, when thelifferent exergy rates were used to
calculate the UPW exergy destruction rates, thelteproved to be very similar, see Table
8-2. There were, however, two notable exceptiolg taustic (sodium hydroxide)
treatment and the hot water heat exchanger. Theomefor the hot water heat exchanger
differences was due to the different ways in whib change in internal energy was
calculated. It is difficult to say which value iset more correct. Intuitively though, fitting
and integrating the specific heat capacity as atfan of absolute temperature to the data
over thespecific temperature rangés the better approach (Model C/Model D). However,
it was not really the choice of model which causlee 20.6% difference in the exergy
destruction rates obtained for hot water heat exgbabut how the changes in the internal

energy were calculated.
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Differences in the exergy destruction rates catedldor the caustic treatment process
resulted essentially from a chemical reaction, whaithough could not be formally

included in the exergy balance, manifested itgelhcreased electrical conductivity at the
relevant process stage. For a separation or mpingess, where no change in chemical
composition (no chemical reaction) takes placengka in concentration are governed by
mass concentration balance laws, thus the intriciseanical exergy terms cancel. This is
the reason why the Model C and the Model D exersgtrdction rates were identical for all

processes except the caustic treatment procesdfelct, the chemical exergy destruction

rates were determined by each of R In a terms at the inlets and outlets of the process

stages. When changes in chemical composition ocwither Model B nor Model C is
suitable as they only consider changes in condemttaHowever, even if chemical
reactions are not an important consideration fepecific plant analysis, Model D has an
important advantage over Model B and Model C, dvad is the representation of chemical

exergy losses.

8.3.2 Ideal mixture model versus the electrolytic s  olution model

(calcium bicarbonate versus sodium chloride)

This issue was originally considered in ChapteTlte intention initially was to break the

issue into two parts: the first part would have stdared whether the use of calcium
bicarbonate salt in lieu of the sodium chloridé¢ saModel B affected the chemical exergy
calculation results. However, calcium bicarbonatesdnot exist as a solid salt crystal, and

therefore, no value of specific heat capacity fo $olid salt was available in the regular
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thermodynamic data sources. Thus, the analysisnetipossible. Nevertheless, the issue

heading this section is more interesting than theeanentioned one.

Rather than carry out an analysis of the entirelo@ps, only the first pass RO process was
considered, mainly because this particular proeesapsulated the greatest concentration
differences of any process in the UPW plant, fetilig chemical exergy assessment at
three different concentrations (302 ppm for the fe€@dwater, 5.5 to 7.7 ppm for the RO
permeate and 1111.3 to 1147 ppm for the RO remnt&or the purposes of this
assessment, the chemical exergy rates were cadufar NaCl using the Model C
approach, primarily because this section focuseshow concentration changes are

modelled.

The main changes in setting up the calculation thadimg NacCl in lieu of Ca(HCg»
occurred as a result of, (1) apportioning the Thg8veen the sodium and chloride ions,
and (2) the calculation of the ionic strength actvdy coefficients (the valence of both
ions is one in the case of sodium and chloride)idfisst, the difference in chemical exergy
was considered for calcium bicarbonate when thal inexture model was used instead of
the electrolytic solution model; the results areveh in Table 8-6. The chemical exergy
rates in Table 8-6 admittedly are small with respgr UPW plant exergy rates.
Nonetheless, there is a notable difference betweenise of the electrolytic model and the
ideal solution model to calculate chemical exerggticularly for the RO feedwater
(25.1%) and the RO retentate (16.1%). The diffezdyetween the modelling approaches is

negligible at the RO permeate purity levels. Athhgyrity, the models are almost identical,
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this occurs because the ideal mixture model andetbetrolytic model are identical at

infinite dilution (returning to Raoult’s and Hensylaws). As the concentration increases to
the RO feedwater levels, the chemical exergy retédsulated by the models diverge. As
concentration increases further still to the R@médte levels, the models appear to begin

converging again.

Table 8-6: Comparison of chemical exergy rates caltated using the electrolytic solution model and ta

ideal mixture model for aqueous solution (calcium tzarbonate)

Process stage Ideal mixture Ca(HGR Electrolytic solution % Diff. Electrolytic vs.
(kw) Ca(HCO;), (kW) Ideal mixture Ca(HCQ),

l4a 0.123 0.098 25.1

l4c 0.124 0.099 25.1

15a 0.132 0.133 0.4

15¢ 0.127 0.128 0.6

16a 0.592 0.510 16.1

16¢c 0.605 0.521 16.1

Next, the same analysis is carried out for thetegic solution modelled as an aqueous
solution of sodium and chloride ions, see Table &4 the results show, the percentage
difference in chemical exergy rates is lower thanthe calcium bicarbonate analysis, a
maximum percentage difference of 10.7% betweenideal mixture and electrolytic
models in comparison with 25.1% for the calciumabionate electrolyte. The same pattern
is repeated as the concentrations change, howéeepercentage difference values are less

than half the values reported in Table 8-6.
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Table 8-7: Comparison of chemical exergy rates caltated using the electrolytic solution model and ta

ideal mixture model for aqueous solution (sodium doride)

Process stage Ideal mixture Electrolytic solution % Diff. Electrolytic vs.
NaCl (kW) NaCl (kW) Ideal mixture (NaCl)

l4a 0.228 0.205 10.7

l4c 0.229 0.207 10.7

15a 0.245 0.245 0.2

15¢c 0.235 0.235 0.3

16a 1.095 1.021 7.2

16c 1.119 1.044 7.2

Finally, the chemical exergy rates calculated udimg electrolytic solution model are
compared for both calcium bicarbonate and sodiuloricle, see Table 8-8. The chemical
exergy rates of the aqueous solution, modellednaslectrolytic solution of sodium and

chloride ions, are approximately twice that of taécium and bicarbonate ions.

Table 8-8: Comparison of chemical exergy rates caltated using calcium bicarbonate versus sodium

chloride
Process stage Electrolytic solution Electrolytic solution
Ca(HCG;), (kW) NaCl (kw)
l4a 0.098 0.205
l4c 0.099 0.207
15a 0.133 0.245
15¢ 0.128 0.235
16a 0.510 1.021
16¢c 0.521 1.044
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The latter comparison is somewhat disingenuoushat the same TDS values were
apportioned between both electrolytic solution medd the UPW plant incoming water
could be appropriately modelled as sodium and atdoions, the factor relating TDS and
electrical conductivity would be different from tHiactor derived in this thesis (0.773).
However, it does serve to illustrate an importaoinp and that is the chemical exergy

values obtained depend on how the relevant solugiomdelled.

8.3.3 Model D versus the Szargut model standard che mical exergy

values

The chemical exergy rates calculated usstgndard chemical exergy values were
compared with the chemical exergy rates obtainedguthe Model D chemical exergy
values derived in Chapter 7. The standard cheneixatgy value for water is 0.9 kJ/mol
[93, 116] and the standard chemical exergy valoegshe calcium and bicarbonate ions
were calculated to be 175.52 kJ/mol and -52.5 Klfespectively in Chapter 7. In contrast,
the Model D chemical exergy values were calcul&dok 0.628 kJ/mol, 180.52 kJ/mol and

-55.26 kJ/mol for water, the calcium ion and theabibonate ion respectively.

The results are presented in Table 8-9 which onbns the first pass RO process because
the difference in values was found to be systematicording to the results in Table 8-9,
there are significant differences between the cbah@xergy rate values calculated using
the two approaches, an absolute percentage differeh43%. As found previously, the
increase in the magnitude of the chemical exergulte should not impact on the exergy
destruction rates due to the cancellation of thensic chemical exergy terms. However,

with respect to any UPW plant exergy losses, th# 48fference is important. Using
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standard chemical exergy values in this case exbutt the significant over-estimation of
the theoretical potential of the exergy losseseidgym useful chemical work. This finding
is based on a dead state temperature of 289.15dkuetr, according to the results
obtained in Chapter 7, greater differences in tiendcal exergy values were obtained as
the difference between the dead state temperatestandard temperature increased.
Thus, it is expected that the difference in resbiétween the two approaches would

increase in magnitude as the dead state tempedduareased.

Table 8-9: Comparison of chemical exergy rates caltated using standard chemical exergy values and

the Model D chemical exergy values

Process stage Std chemical exergy Model D (To, @) Absolute

(kw) (kw) % Diff.
1l4a 1814.1 1266.2 43
l4c 1823.8 1273 43
15a 1327 926 43
15c¢ 1352 943.4 43
16a 487.6 340.8 43
16c 472.4 330.2 43
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8.3.4 Is chemical exergy important for UPW applicat ions or can it be
ignored thus simplifying the approach

This question is similar to that of Section 8.Jhaywever, it is now considered specifically
in terms of the most important objectives of anrgyeanalysis;

1. To determine the most important exergy destrucdites;

2. To determine the exergetic efficiency of plant @ssxand modules;

3. To determine exergy losses.
In essence, the question is whether or not theuskui of chemical exergy affects the

results obtained for the objectives listed above?

First point 1 is considered. For the assessmeatexiergy destruction rates obtained using
both total exergy and physical exergy were compar€dere were two distinct

considerations, (1) does the sole use of the palysixergy rates affect the percentage
difference in exergy destruction between the mqodeid (2) does the sole use of physical

exergy rates affect the magnitude and hierarclii@exergy destruction rates?

It was found that the use of physical exergy inl@ total exergy did not affect the
percentage differences between the exergy destructtes calculated using the three
models. (The total exergy destruction rates caledlausing the various models were
previously shown in Table 8-2.) According to theykesults of this investigation, which
are shown in Table 8-10, there was one major eiagpihe caustic treatment, previously
addressed in detail. The magnitudes and hierardhyh® exergy destruction rates,

calculated using Model D, are shown in Figure &&cording to these results, neither the
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hierarchy of exergy destruction rates nor the magdei of exergy destruction rates is
affected by the choice of physical exergy in lieutatal exergy rates. Therefore, to
characterise the significant exergy destructioesaif the UPW plant, it was found that

chemical exergy could be ignored.

Table 8-10: Comparison of total exergy destructiomates versus physical exergy destruction rates,

effect on model comparison

Process Process Total exergy Physical exergy
module % Diff. between the % Diff. between the
models models
Hot water heat exchangers 20.6 20.6
Caustic treatment 49.2 0.0

Next, the exergetic efficiency values are consideF®r the heat exchangers and pumps, no
change of chemical exergy takes place, and thugnwhe chemical exergy terms are
included, they cancel, leaving only the physicargy terms for consideration. In contrast,
however, regarding the RO and EDI processes, thiened exergetic efficiency is a
function of the change in chemical exergy. Consetiyefor these two processes, chemical

exergy is necessary to ascertain the rational exergfficiency.

Finally, the exergy losses are considered, a casgrarof total, physical and chemical
exergy losses for the three models is reportedablél 8-11. According to these results,

exergy losses do significantly differ dependingvamether chemical exergy is included or

269



not, particularly with regards to Model B and Mod2] where the chemical losses are

significant contributors to total exergy losses.

Table 8-11: Comparison of exergy losses - total, pkical and chemical exergy losses

Aggregate exergy losses Total exergy Physical exergy Chemical exergy
losses (kW) losses (kW) losses (kW)

Model B 3.8 10.6 -6.8

Model C 11.6 10.6 1

Model D 681.5 10.6 670.9
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Figure 8-3: Comparison of exergy destruction rateand hierarchy of exergy destruction rates — physidarersus total exergy
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8.3.5 Can the UPW flow streams be modelled as the ¢ hemical exergy
of pure water thus simplifying the approach (Model D/Szargut

model)

This question is important because the use of bieenaal exergy of pure water greatly
simplifies the approach. To address this questio&,chemical exergy rate of pure water
was calculated at the relevant mass and molarridd@s using (8.7).
B =N,&" (8.7)

For similar reasons to the electrolytic solutioeAtl mixture model comparison earlier in
Section 8.3.2, the results were only consideredHerfirst pass RO process. The chemical
exergy rates of both pure water and the electbaiution are shown in Table 8-12. The
percentage difference values between the two mnodetihoices are shown in the final
column. According to these results, it is eviddvdttthere is very little difference between
the two approaches. At the most concentrated fiothé UPW plant, i.e. the first pass RO
retentate (process stages 16a and 16c¢), the abgaidentage difference is less than 0.5%.
Therefore, it would appear that the UPW plant flsikeams could be modelled as pure
water. However, there is one other important carsitibn, the rational exergetic efficiency

calculations.

The rational exergetic efficiency of the RO and HEi2l processes is defined according to
their function, and that is to change the chemésargy of the incoming feedwater. When
the chemical exergy of pure water is used in thi@mal exergetic efficiency calculations,

the efficiency is zero because no change in chéneixargy is inferred. Regarding the
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exergy losses, however, it is evident from thislgsis that less than 0.5% of the total

exergy losses relate to the electrolytic species.

Table 8-12: Comparison of chemical exergy rates aallated for the UPW streams modelled as an

electrolytic solution and pure water

Process stage Electrolytic solution Pure water % Diff. Electrolytic

Chemical exergy rate Chemical exergy rate solution vs. pure

(kW) (kw) water
1l4a 1265.3 1266.2 -0.1
l4c 1272 1273 -0.1
15a 926 926 0
15¢ 943.4 943.4 0
16a 339.3 340.8 -0.4
16¢c 328.6 330.2 -0.5

8.4 Summary

An exergy analysis of the UPW plant make-up andnary loops was undertaken.
Although the exergy rates calculated using theetimedels were different, in general, the
exergy destruction rates calculated using eacheofriodels were very similar. This finding
is contrary to the findings of Chapter 3, when éixergy destruction rates of Model B and
Model A were compared. The caustic treatment, dude implicit chemical reaction, and
the hot water heat exchanger, due to differencéisarcalculation of the change in specific
internal energy, were key exceptions indicating tha choice of model still has a bearing

on exergy destruction rate calculations for cerpaocesses.
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The make-up and primary loops of the UPW plant weharacterised in terms of both
exergy destruction rates and rational exergeticieffcy. The hot water heat exchanger
was found to be responsible for the highest ratexefgy destruction, followed by the RO
high pressure pumps and the EDI process. Regardatignal exergetic efficiency
(considering only changes in chemical exergy), Bi¥ process had the lowest value,
followed by the second pass RO process (excludiagsecond pass RO pumps). The fact
that these two processes, (1) have the lowest exergfficiency values, (2) are relatively
high in terms of exergy destruction rates, and&(®) located downstream in the process
sequence indicates to the author that they shoeldprorities in terms of exergy
performance mitigation. However, it was also ndtest, (and this is largely a consequence
of the UPW plant objective), the purer the prodwater requiring further purification the
lower the exergetic efficiency will generally ba terms of rational exergetic efficiency
(considering only changes in physical exergy),tthiettling processes were undefined. The
exergetic efficiency of other relevant processe®nter of ascending rational efficiency
were the hot water heat exchanger (using the Kmatzsnal efficiency approach); the pre-
heat heat exchanger (Kotas approach); the firg P& high pressure pumps; the primary
distribution pumps; and the second pass RO higbspre pumps. Following an extensive
literature search, there are exergy analysis results for UPW plamtgth which to

compare these results.

Several desalination exergy analyses found thatéyerity of exergy destruction occurred

in the RO core processes. If the RO pumps werecansidered separately to the RO
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process in this research, the results of this amalywould concur with the desalination

findings (based on the aggregate RO pump and R€egsexergy losses, see Figure 8-3).

For the most part, as already stated, the modeés similar results, however, Model D is
the most appropriate for UPW applications for savezasons;
1. The quantification of the exergy losses, partidyleegarding the exergetic value of
water;
2. The flexibility of the approach to consider chenhieactions typical of many water

purification plants.

The chemical exergy values depend on the modedippgoach. The percentage differences
between the electrolytic solution model and thealdeixture model are more significant
for the ionic solution modelled as calcium and Hiomate ions than that of sodium and
chloride ions. More than likely, this is due to flaet that the calcium ion has a valence of
two, and thus, the activity of the ion differs maignificantly from the mole fraction than,
for example, monovalent ions like sodium. Imporgrthe chemical exergy values depend
on how the incoming plant water is modelled. Apptyan inappropriate conversion factor
to relate electrical conductivity and TDS and heneadelling the stream inappropriately

can lead to significant errors in chemical exerglgalation.

The chemical exergy rates of aqueous solutionsutzed using Model D, were compared
with the chemical exergy of aqueous solutions uiegSzargut standard chemical exergy

values. A significant difference was found betwdabe two approaches, an absolute
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percentage difference of 43% at each of the UPWitgaocess stages. The findings of
Section 8.3.5 would suggest that this 43% diffeeeisgpredominantly due to differences in
the chemical exergy value of water. This is inténgs because during the reference
environment comparison of Munoz and MichaelidesO[12liscussed previously in the

literature review, the high chemical exergy of watethe Szargut reference environment
was commented upon in comparison with the chengigatgy of water in other reference
environments. The Szargut chemical exergy of wiatéighly sensitive to changes in the
relative humidity, and therefore, the use of staddalues of relative humidity can result in
significant differences in chemical exergy valueBhis should be an important

consideration for water purification processes.

The importance of chemical exergy in the exergyyamof UPW plants was assessed, i.e.
whether chemical exergy could be ignored in UPWIlieations and whether chemical
exergy could be modelled as pure water rather #maelectrolytic solution. In general, it
was found that the use of only physical exergy Iteduin negligible difference for the
calculation of the UPW exergy destruction ratesher hierarchy of processes responsible
for the main sites of exergy destruction. Howeweith respect to the determination and
understanding of plant exergy losses, chemical ggxevas found to be important.
Regarding the exergetic efficiency calculationghaf key separation processes, modelling
the flows as an electrolytic solution was necessargbtain non-zero values of rational

exergetic efficiency.
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8.4.1 Overview of research

Following a detailed assessment of both semicondwtd desalination industry energy
mitigation approaches, the focus of this reseahelsis was determined to be the exergy
analysis of a semiconductor UPW plant. However, eignificant challenge became
evident following an extensive literature reviewdafsalination industry exergy analyses: of
the several exergy models detailed in the litemtwhich is the most appropriate exergy
model to use? Various desalination exergy analgpesared to have been conducted in a
vacuum and didn't seem to consider the similarityddferences between the various
approaches (or indeed the validity of different raghes). Also, it was unclear, whether
chemical exergy would be important in the UPW plkxergy analysis at the relatively low
ionic concentrations typical of UPW plants in castr to other more concentrated

applications such as brackish water or seawatealidaton.

Model A and Model B, two prevalent desalination rggemodels, were compared using a
dataset in the literature and it was found thatetkergy destruction rates calculated using
each model differed significantly. Further researgbhich involved de-coupling the
physical and chemical exergy terms of Model B andiradepth analysis of the two
modelling approaches, determined that Model A wassnitable for plant exergy analyses
due to inappropriate underlying model assumptioglating to the definition of the

chemical exergy term.

Research, which focused on the electrolytic sotulierature, determined that electrolytic

solutions behave quite differently to ideal mixsreven at relatively low concentrations.
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The next objective, then, was to determine a moiatde chemical exergy model, which
did consider electrolytic solution behaviour. Twmtgntially suitable models were
identified, (1) a model solely concerned with carntcation differences based on the
thermodynamics of electrolytic solutions, and (Zhedel suitable for electrolytic solutions
based on the Szargut reference environment. Anraieclapproach was developed to
ensure correct the application of these electol@olution models (Model C). The
incoming UPW plant water was carefully assessedetermine the suitability of the factor
relating the TDS and electrical conductivity measaents; the suitability of the activity
coefficient calculation model was matched with ibeic strength and valence of the
relevant ions; and the specific heat capacity ambily data were carefully assessed at the
relevant UPW plant parameters. (The same accurpoach was used for the
subsequently developed Model D.) Model D was deyxedowhich enabled the calculation
of the intrinsic chemical exergy of electrolyticl#ions and ionic species at non-standard
dead state temperatures and relative humidity.al$ ¥ound that the chemical exergy of
ionic species was generally sensitive to changegad state temperature. For example, the
chemical exergy of the bicarbonate ion changed .6%$% as the dead state temperature
changed from standard temperature to a dead stegetature of 278.15 K, at a relative

humidity of 0.77.

Finally, Model B, Model C, and Model D were applieal the UPW plant make-up and
primary loops in an effort to compare the modeld aharacterise the plant in terms of
exergy flows, exergy destruction, exergy losses mattbnal exergetic efficiency. The

results of the UPW plant exergy analysis have ligsrussed in detail in this chapter.
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9 Conclusions and recommendations

The conclusions and recommendations of this rekdhasis are now presented.

9.1 Conclusions

» Exergy analysis is a powerful tool to characteti$®V plants.

* The results of exergy analyses depend on the exmayel used and how the
aqueous solution under consideration is modelled.

* To undertake a water purification plant exergy gsial the exergy model should
reflect the electrolytic behaviour of the relevatteams and consider an appropriate
separation model. On this basis, the current, pnaalnt exergy models are not
appropriate;

o The Drioli ideal mixture model (Model A) is unsuila due to underlying
chemical exergy model assumptions — separation igleél mixture
assumptions;

o The Cerci agueous solution model (Model B) is utadlé because it models
an agueous ionic solution as an ideal mixture bl salt (cr) and water; the
integrated nature of the model does not faciliteiEsar understanding of
physical and chemical exergy rate flows.

» At the typical UPW plant concentrations the us¢hefideal mixture model resulted
in significant differences in the calculation ofechical exergy when compared with

the electrolytic solution approach. Differenceswsstn the ideal mixture and
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electrolytic solution approaches were greater wthensolution was modelled as
calcium and bicarbonate ions as opposed to sodnghtlaloride ions.

Although the total exergy rates calculated usirgttiree models were different, the
exergy destruction rates for each of the modelsveanilar in magnitude. There
were two exceptions, the hot water heat exchanger tae caustic treatment
process. Regarding the hot water heat exchangerast found that the physical
exergy value depends on how the change in intenmaitgy is calculated, and this
varies between the typical values in thermodynadai@a tables and the integration
of a suitable polynomial relating the specific heapacity to absolute temperature
over the specific temperature range. The caustatrtient differences were caused
by an implicit chemical reaction and served tosiltate model differences in the
calculation of chemical exergy.

Although chemical exergy proved to be negligibleidentifying the processes
responsible for the majority of exergy destructionthe UPW plant, chemical
exergy is important to ascertain exergy lossesthadational exergetic efficiency
values of several UPW plant processes, and thos)aéhot be neglected.

The processes most responsible for exergy desiruati the UPW plant were the
hot water heat exchanger; first and second pas$iBl®pressure pumps; and the
electro-deionisation process. When the second R&sgrocess was considered in
total (pumps, RO module and throttling valve), @sathe site of greatest exergy

destruction.
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The processes with the lowest exergetic efficiemajues (based on changes in
chemical exergy) were the electro-deionisation @ss¢ the second pass RO
process; and the first pass RO process.

The processes with the lowest exergetic efficief@sed on changes in physical
exergy) were the hot water heat exchanger; theheat-heat exchanger; the first
pass RO pumps; the primary distribution pumps; #red second pass RO high
pressure pumps.

The Kotas rational efficiency definition resultedmore appropriate results for the
heat exchangers and is recommended over the conme@inexchanger rational
exergetic efficiency.

The intrinsic chemical exergy values of aqueousci@olutions were found to be
very sensitive to changes in the dead state termyerand relative humidity.

The use of Model D had a significant impact onéRergy loss rates calculated for
the UPW plant, a percentage difference of 43% immarison with the Szargut
model standard chemical exergy rates.

Model D is the most appropriate model for the eyxagalysis of UPW and other
water purification plants for several reasons, i{ljacilitates the assessment of
chemical reactions in the plant, (2) it offers arenappropriate interpretation of
exergy losses, and (3) it considers the exergetiosevof one of the earth’s most

prized resources, water.
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9.2 Thesis contribution

This research thesis has made a novel contribtdiknowledge on several levels;

The research undertaken in this thesis has compgheatherits and limitations of
current desalination exergy models and has atteimjoiebridge the existing gap
between the desalination exergy approach and tpeoagh of other key exergy
researchers;

An accurate approach has been developed for tHeaign of exergy analyses to
UPW plants and other water purification procesddsdel C and Model D;

A novel method to calculate the chemical exergyel&ctrolytic solutions as a
function of dead state temperature and relativeitlityn(i.e. non-standard states)
has been developed - Model D;

The developed models (Model C and Model D) havenhesed to undertake the
exergy analysis of a semiconductor UPW plant anghpaoed with the current,
predominant desalination exergy model;

This is a first presentation of a UPW plant exeagglysis in the literature.

9.3 Recommendations for further research

Further research is required to determine whetheh $nigh UPW purity standards are

really necessary.

It was not feasible to consider the exergy analgéithe UPW plant polishing loop due to

the lack of necessary measurement equipment. Trereif measurement data were to
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become available, the polishing loop should be ss&xb The assessment should also be

extended to consider the exergy flows and exerggde in fab UPW demand loops.

Further research is required to determine the lhdagiof exergy destruction mitigation,
which was based on the hierarchy of processesifigehtas responsible for both high
exergy destruction rates and low rational exergeficiency. This however, would require

close consultation with the industry partner.

Further research could also consider an economatysie. Certain processes are not
adequately characterised by exergy analyses. Fam@e, the exergy destruction of the
mixed bed ion exchange was found to be negligiblinis research. However, although the
exergy destruction rates were insignificant, the exchange resins require intermittent

regeneration and thus may require additional cemattbn in economic terms.

Further research is required to assess the diffeechetween the electrolytic solution and
ideal mixture models at seawater salinity levelse Model C and Model D approaches
developed here should be applied to a seawatefirdggan plant facilitating comparison
with Model B at the relevant salinity values. Th®gnsed research would use the more
accurate Pitzer models to estimate the activityffments at the relevant ionic strengths,

instead of the Debye-Huckel model or other lessii@te models.
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Appendix A

Review of Cleanroom Energy Reduction Efforts

Abstract

Semiconductor manufacturing takes place in a tgbtintrolled cleanroom environment.
Maintaining this environment at the required speatfon, and the supply of utilities to
semiconductor tools, is generally viewed in termfs facilities service provision.
Traditionally, utilities supplied to semiconductopbls were seen as being ‘on tap’ and little
regard was given to their conservation. As semigotat fabs age, in conjunction with
their respective product technologies, product ipnafargins decrease. Combining this
typical pattern of reducing profit margins with cemt increasing energy costs, the
conservation of energy becomes an important factathe control of operating costs.
Energy and resource reduction, and the improvednlemanagement of cleanrooms in
semiconductor manufacturing have been highlighted déficult challenges by the
International Technology Roadmap for Semicondudidi®S) 2007 Executive Summary.

This paper is a review of energy reduction effargsried out in the semiconductor
manufacturing industry. The main focus is to highti opportunities for energy

conservation by assessing various energy reduntegsures reported in the literature and
to evaluate them in conjunction with a cleanroorsigie guide, the reported economic
benefits are collated and tabulated.

Introduction

Energy efficiency, and the ability to deploy energgving technologies, is a source of
competitive advantage in today’s semiconductor rferturing environment. Traditionally,
utilities supplied to semiconductor tools and egarge in general were seen as being ‘on
tap’ and little regard was given to their consevafl]. Energy and resource reduction,
and the improved thermal management of cleanroemsemiconductor manufacturing
have been highlighted as difficult challenges by liternational Technology Roadmap for
Semiconductors (ITRS) 2007 Executive Summary [2je Dbjective of this paper is to
review some of the efforts that have been, andbaieg, carried out to reduce energy
consumption in semiconductor fabs. First some itrgicharacteristics are discussed.

Semiconductor Industry Economic Characteristics

Rapidly changing semiconductor technology, drivep kloore’'s Law, results in

compressed product life cycles. Speed to markebrhes an important source of
competitive advantage where timely new producbghiiction can result in very large profit
margins. Fabs are built quickly and energy efficiegenerally plays a small role in overall
construction considerations [3]. For the newlyaduiced product, the focus is on ramping
up to production quickly and maximising early protyields and revenue. Product output
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and quality are the key drivers initially, howevas, fabs and their related technologies age,
product profit margins diminish. This change frolgrthmargin new product to commodity
requires greater operating flexibility and cost ag@ment. Combining this typical pattern
of reducing profit margins with current increasergergy costs, the conservation of energy
becomes an important factor in the control of ofpegecosts.

Energy use within Fabs
According to ISMI* [4],

“The global semiconductor industry could save ne®B0 million per year in energy
costs—or enough electricity to power a small city—imking modest improvements to
its tools and facility support systems...

There are various complimentary approaches to neg@nergy consumption, or indeed its
environmental impact, in existing fabs. There acess optimisation view, i.e. by making

processes as efficient as possible greater pramuput is achievable for the same energy
input [1, 5], this fits in with the Lean Manufacitng philosophy. A second approach,

relating to supply chain management, is to investigwhether more cost effective or

energy-efficient energy suppliers exist, or perhapgther energy can be obtained from a
sustainable source, thus lowering carbon footpAnthird approach is to measure and try
to understand the main drivers of fab energy compsiam and how they are interrelated.

Once understood, reduction efforts are targetedogpiately. There is a both a push and a
pull element to consumption, understanding and toqpreéag both better directs reduction

efforts. Ideally, all three elements should be edsed; however this paper primarily

reviews energy reduction efforts from the latterspective.

Semiconductor manufacturing takes place in a tygtahtrolled ultra-clean environment, to
put the environment into context, a class 1 cleamras 10,000 times cleaner than a
hospital operating theatre [6]. Maintaining thisathroom standard is generally the remit of
the facilities group and is viewed in terms of seg\provision. The facilities group supplies
utilities required for both the cleanroom and thpemation of the semiconductor
manufacturing equipment (SME). Utilities includepess cooling water (PCW), ultrapure
water (UPW), bulk gases, make-up air (MUA) and irewtated air for the HVAC system.
The semiconductor manufacturing process is highdynmlex, and product quality is
dependent on both the environmental quality ofdleanroom, and the quality of supplied
utilities. A detailed description of the manufadtigr process is beyond the scope of this
paper, but simply put, the process consists oflieosi wafer undergoing hundreds of
processing steps as layer upon layer of integrakectronic circuitry is built, despite the
number of processing steps tolerance dimensionthatangstrom (I8m) level are
common.

Review of Facilities Reduction Efforts

The literature reviewed can be broken down into geaeral areas, the first addresses the
supply side of energy and reviews papers describamgl quantifying facilities
improvements at existing and new fabs. Improvenadfarts are reviewed under various

1 ISMI: International SEMATECH Manufacturing Initige
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utilities headings. These improvements are assasdeght of a guide for energy efficient
cleanroom design [3]. This Lawrence Berkeley Nalobaboratory guide aims to make
energy saving recommendations, while at the same éicknowledging that efficiency has
often taken a back seat to other cleanroom coradides such as cleanliness, temperature
and humidity control. Although primarily a cleanroadesign guide, the document offers
relevant case studies and challenges some indostrys. The second area, the focus of a
second paper, relates to energy demand and revieveelatively new concept of SME
energy management. It should be stated that therityapf the literature on fab energy
reduction found, consisted of various project r&pan energy reduction efforts and the
associated monetary savings.

Heat Recovery

The use of heat recovery is a highly effective asdnomical source of relatively low
temperature thermal energy. Substantial economefiie have been reported in several
case studies.

Fabs generate thermal energy, heat generated bynahefacturing equipment, lighting,

and people in the cleanroom (‘q’ in Figure 1) mb& removed to meet the tight
temperature control requirements. Heat in the ctean is removed via PCW, exhaust
systems and re-circulated air cooling, Figure latHecovery from the re-circulating air

path was used by a fab in Taiwan [7] to reducedhergy used by the MUA handler
heating coils and the re-circulation cooling colffie MUA system was further improved
by implementing heat recovery between the pre-hgatnd pre-cooling coils of the MUA

handlers, Figure 2. The pre-cooling coil doubles ap a pre-heating coil after

dehumidification, this approach was also used seraiconductor fab in the United States
[8]. This fab also used refrigerant heat of condéna to pre-heat incoming city water
prior to de-ionisation (UPW), the reduced steamsoomption resulted in annual savings of
over $1,000,000. A Tokyo fab construction proj&jtysed return PCW loop heat recovery
to pre-heat MUA air before conditioning and prethiedustrial water prior to purification.

Similarly, the pre-heating of industrial water atheé use of heat recovery for heating loads
were utilised by a large semiconductor manufactirghe United States. To supplement
the use of heat recovery, variable volume pumpmd) ¥SDs (variable speed drives) for

fans were used to increase heat recovery loop gredfigiency. This heat recovery loop

was predicted to result in an 85% reduction in ratgas during full production as boiler

heating requirements drop. [10]

The construction of a new Texas Instruments fab §i&d a holistic approach to design for
sustainability and energy efficiency. Heat recoweas used for MUA pre-heating, the pre-
heating of industrial water, and general exhauat hexovery was used for space heating.
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Figure 2: Traditional Versus Heat Recovery MUA handers (adapted[7]

Exhaust

Exhaust is replaced by MUA to maintain the posiforessurisation of the cleanroom, the
MUA handlers take in outside air, dehumidify/hurfiydihe air as appropriate, the air is
then reheated to the required temperature and isdpia the cleanroom. Various exhaust
types generated by SME include general fab exhalSC exhaust and acid exhaust.
General exhaust is essentially warm air, contam$azardous chemicals, and is usually
exhausted to atmosphere. It was stated in the que\paragraph that general exhaust was
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used for space heating in the holistic design aggref Texas Instruments. VOC and acid
exhaust must undergo specific treatments befonmeggoi atmosphere.

Exhaust efficiency is addressed in the guide faergy efficient cleanroom design. The
results of an International SEMATECH study in 20@ind that exhaust specifications
were greater than necessary in several piecessahi@om equipment - wet benches, ion
implanters, vertical furnaces and gas cabinetsinGiged exhaust flow resulted in some
significant flow reductions including a 56% redoctiin wet bench exhaust and a 62%
reduction in ion implant tool “right cabinet”. Exhst flow reductions for similar tool types

in a semiconductor manufacturing plant are predide result in annual savings of

$33,000; this is based on $4 per cubic feet peenwdtexhaust. [3]

General exhaust was returned to the re-circulaingath in the Tokyo fab [9], this type of
heat recovery was not reported in the other falggneeduction reports. According to the
authors, the cost of cooling the°8exhaust air, using the re-circulated air cooliogs,
was less than the cost of de-humidifying the MUAh& exhaust types such as solvent and
acid exhaust were benchmarked against similar taots re-set accordingly; the authors
discovered that certain tools requiring exhausttlparely for maintenance reasons had
been left open inadvertently. In the Tokyo fab, r@dding exhaust issues resulted in MUA
reduction of 20,000fhour. [9]

Chilled Water Loops and Free Cooling

The energy efficient cleanroom design guide adexctie use of a dual temperature chiller
loop. Typically, there are two different temperatuequirements for the chilled water
plant; first, the lower temperature requirementvpes chilled water for MUA de-
humidification (25-30% of chiller load). Secondetimedium temperature requirement
provides PCW and re-circulation air cooling (60-J0%here are two approaches taken, in
the first approach a single low temperature chiflemt is used, this satisfies the MUA
dehumidification requirements. In this case, thelion@ temperature requirements are met
using heat exchangers and a mixing loop. The se@pmoach is to have a dual
temperature chilled water plant loop. A case stoicsented in the design guide illustrates
the savings potential of the dual temperature ehitbop: a cleanroom campus requiring
2,370 tons of MUA cooling and 1,530 tons of re-glation air and PCW cooling used a
dual temperature chilled water system ofF2or the low temperature, and $5for the
medium temperature loop. Annual savings were apprately $1,000,000; the initial
investment for the system was $2,000,000 resuitirggsimple payback of 2 years. [3]

The use of cooling tower ‘free cooling’ (coolingater systems typically have an efficiency
of 0.05-0.15 kWr/ton of refrigeration versus chillefficiency of 0.5-0.7 kWi/ton of
refrigeration) provides an efficient alternative ¢billed water cooling, cooling tower
applicability depends on wet bulb temperature arghown in Table 1.
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Table 1: Free cooling application (adapted3])

At least 3000 hours/year where wet bulb temperatisre Applicability
below: (F)
55 PCW
45 PCW and Re-circulated air cooling
35 All chilled water use

Two of the fab energy reduction [10, 11] publicaB@adopt different views on the issue of
dual temperature chiller loops. One manufactures @ssingle temperature loop although it
has a higher energy cost, referring to the deciam@a Win-los€ strategy, i.e. those with
lower capital but higher energy costs [10]. It ddobe noted that the manufacturer’s
decision to opt for a single temperature loop wased on a simple payback model, it was
reported that a study was again underway at thecseductor manufacturer to assess
another system configuration again with a split ploolThe Texas Instruments fab
construction has a dual plant tandtch needs to capacitya 4CF loop meets
dehumidification needs and other needs are mdid$4F loop [11].

In the case of a fab in Israel [12, 13], efficiesgciwere generated in the heat recovery
chilled water system by integrating two separatatrod systems for water temperature
leaving the cooling tower and water temperaturdéirexithe condenser into a single control
system that optimises energy use under vari@msbient conditions and chiller thermal
load variation$. Savings of approximately $198,000 were calculdtem the inception of
the optimal control system in 2004 to previous 2fi§ares.

Air Change Rates, Demand Controlled Filtration, FF) and Minimum Pressure
Drop

According to the cleanroom design guidelinés,the pressure drop of an air delivery
system is the design parameter with the largesaanpn the power required by the system
[3].” Of the three commonly used airflow systemidas, pressurised plenum, ducted high
Efficiency Particulate Arresting (HEPA), and Fartdti Units (FFUs) there are significant
energy efficiency variations. Figure 3 shows thsuls of a benchmarking exercise, the
average efficiency (cfm/kW) of re-circulation sysie are shown for class 10 and class 100
cleanrooms. The best in class re-circulation sysiseu the pressurised plenum design and
had an efficiency rating of 10,140 cfm/kW. The solaéic of the best in class system is
shown in Figure 4. Design efficiency is due to lpvessure drop, VSD controlled axial
fans, and the fact that there is no restrictivetidgdn the air path. [3]

FFUs and ducted HEPA systems have similar averaggsuned energy efficiency, see
Figure 3. FFUs do have certain advantages in ket &are easy to install, portable, easy to
control, they do have significant unit energy-aéfitcy variations across their operating
range however. Tests carried out by the LawrerexkIBy National Laboratory revealed
efficiency variations of a factor of three or maneer typical operating conditions. If FFUs
are required, the guide advocates the selectiorthef most efficient unit and the
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optimisation of operating parameters. Essentiallgatever airflow system is chosen the
key is to reduce the pressure drop where posdifile,is achieved by lowering the face
velocity in air handlers, choosing low pressurepdfifters, and optimising the airflow
design path including the size of ducting diame€r.

While design of air handling systems plays an irtgeudr role in design for energy-
efficiency, it is only applicable to new cleanro@mnstruction. For existing cleanrooms a
major energy consideration is the selection ofthange rates (ACR). ACR, according to
the guide, are based on outdated and often nontgwesvidence, the rates do not take
account of increased filtration efficiency sincee ti990s. In reality, a number of
semiconductors operate at lower ACR than recomntengighout increasing particle
counts. Larger ACR result in over-sizing of re-alation fans and hence, increased energy
use. In contrast, lower ACR has a large impactaoneinergy (Fan Law). As people are the
largest contamination source in cleanrooms, lovge®CR may be possible when the
cleanroom is unoccupied. [3]

Research has been carried on demand controlleatibh, two studies have attempted to
control airflow based on cleanliness monitoringngsparticle counters. Results showed
that greater airflow is not always cleaner duehtodffects of turbulence and optimisation is
possible. A control system was developed linking &peed (VSD), room cooling and
particle count information, although still at thenéasurement and verification phgse

annual energy savings are predicted to be $51,G8@d on an initial investment of
$167,000. [14]
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Figure 3: Average Measured Efficiency of re-circuléion system typeq3]
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Figure 4: Re-circulation air handling systems desig schematic at facility C[3]

The large semiconductor manufacturer [10] redudedncoom bay airflow from 0.46 m/s
(90 fpm) to 0.37 m/s (72 fpm) and reduced cleanrditter coverage from 50% overall
coverage to 33%. Duct diameters were reduced toAHHEHRgh Efficiency Particulate
Arresting) filters to take advantage of capital tceavings. Again this is one of the
organisations Win-lose strategi€'s For the Texas Instruments fab [11], specificflaw
energy-saving ideas include the optimal use of FF&h Filter Units) and HEPA filters,
again HVAC face velocity was reduced to reduceeiaergy. Pressure losses in the HVAC
were reduced by using the “big duct, small fan g@gle”; this is contrary to the HEPA duct
size reduction in the previous study, where capitadt savings were deemed more
favourable than the potential energy savings.

Boiler efficiency

The implementation of boiler efficiency measures aemiconductor manufacturing plant
in the United States resulted in annual energynggvof $293,500. The primary efficiency
outcomes reported, were the pre-heating of comtrustir using the hot flue gases prior to
exhaust, and the pre-heating of boiler feedwatérgua feedwater economiser to again
make use of the hot flue gases. These two measaresd a dual-reduction purpose, the
boiler fuel was reduced due to the increase inethtbalpy of the feedwater, and the fan
energy was also reduced as a result of the redtm@bustion airflow. Other savings were
obtained from variable speed feedwater pumpingraddcing fan power costs by reducing
excess air in the combustion furnace. [8]

A8



Vacuum Pump Optimisation

The use of vacuum pumps in the semiconductor ingldigpically accounts for 5-20% of
total cleanroom electrical consumption. There aagsvof significantly reducing vacuum
pump energy consumption. The selection of an efficpbump, combined potentially with
the use of an idling protocol integrated with tidES and measures such as optimum pump
location beside SME could result in 50-90% vacuwmp energy reduction. [3]

Miscellaneous

Other energy reduction efforts include, the usa bigh pressure atomising humidifier (in
lieu of air atomising humidification) [10, 11], theptimisation of air compressor
effectiveness by successfully sequencing the eifferoperating characteristics of one
rotary screw and several centrifugal compressof. [The use of co-generation was
adopted in the Tokyo plant [9], but after investiga by the large semiconductor
manufacturer [10], was deemed too expensivewould have created its own NO
problem, and could not pay back on life-cycle castsurrent energy ratésOther energy
efficiency measures in the Texas fab [11] inclute tse of demand controlled ventilation,
natural and/or highly efficient lighting and, impantly, ensuring quality insulation and
infiltration installation. It is estimated that wieéhe Texas plant is up to full production
operating cost savings of $4 million per year vaiél achieved. Energy cost reduction is
estimated at 20% and water use reduction at 35%.

A summary of the various projects is given in TableFor the purposes of the table the
following abbreviations are used;

* Fab A: NEC Corp. Semiconductor plant, Tokyo, 198y plant construction [9]

» Fab B: United Microelectronics Corporation, Taiw&002, 200mm existing plant
[7]

* Fab C: Large U.S. Semiconductor, 2003, United Statew and existing plants at
various U.S. sites [10]

* Fab D: Tower Semiconductor, Israel, 2003-2005 13,

» Fab E: Texas Instruments, existing fab Dallas Te2Z490 [8]

* Fab F: Texas Instruments, Texas fab - 220,000 sdeat cleanroom, 2007, holistic
approach to new fab construction [11]
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Table 2: Summary of energy reduction efforts

Fab

Main Energy Reduction Efforts

Total Savings/Benedit

Co-generation, Heat recovery, Optimise refrigerat efficiency,
Cooling tower, Increase PCW delta T.

Overall 18% reduction of energ
28% reduction for HVAC systemd

MUA handler heat recovery, General Exhaust heatovery,
Cleanroom pressure reduction, Exhaust benchmarking.

$686,300 (converted fron

Taiwanese dollars)

Heat recovery, HEPA filter coverage reduction aeduced airflow
velocity, Variable volume pumping and VSDs, Optiatisn of
operating characteristics of 1 rotary and 4 cemgaf compressors
High pressure atomising humidifier.

Small heat recovery program
$207,000 annual saving
,High Pressure Humidification
700,000kWh/year energy saving

Increase in chiller water setpoint, most effitiechillers as leag
chillers, cleaning of chiller condensers, Optimigirtooling load
distribution between chillers, Integrating of heatovery chiller ang
cooling tower control systems.

Capital investment of $20,00
resulted in overall project annu
savings (2 phases) of $198,000

22

MUA heat recovery, pre-cooling heat used for ating MUA, Pre-
heating of incoming city water prior to purificatio Preheating o
boiler feedwater, Boiler Combustion air preheating.

$1,369,000 annual savings
1.1.year composite simple payba

Holistic approach - Heat recovery, Big duct - Brfen, VSDs, Dual
Temperature chilled water loop, Vacuum pump efficie- idle signal
protocol, High pressure MUA humidification, Attemiti to detail on
insulation and infiltration, Solar water heating.

$1 million in operating costs in 1§

year
On completion $4 million annua
savings

Discussion

Energy efficiency efforts can be applied to bottwnand existing fabsNew fab and
facilities design offers scope for innovative ernesgving ideas, however, there can be
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reluctance in the industry to adopt a new potdgtiatkier design over the safety of the
‘tried and tested’ approach. Considering the inwesit required to construct a new fab, this
attitude is understandable, the cost for fab féediwas reported as exceeding $500 million
in 2003 [10]. Building in energy efficiency at tliesign stage offers high leverage, the
holistic approach adopted by Texas InstrumentHerTiexas fab results in potentially large
operating savings, $4 million in predicted annuatrgy savings [11]. Large savings are
also evident in the adoption of the dual-tempegatahilled water loop, $1,000,000
operating energy savings and 2 year simple pay[&icknd in the use of heat recovery to
reduce steam costs [8], over $1,000,000 and 0.8 siegle payback. However, smaller
scale investments can also be fruitful; the $20,686o-fit capital investment by Tower
Semiconductor resulted in annual energy savingd 88,000 [12, 13].

The literature shows that various economic mettaodsused to evaluate energy reduction
efforts; these vary from simple payback to a 10rydat Present Value model. Cohen
argues that a simple payback analysis for energings evaluation is not an effective
method to evaluate potential energy reduction ptsjeand that thelife-cycle/net present
cost model is more appropriate for long productionm@ups’ [10]. Simple payback
analysis resulted in the choice of a single tempesachiller loop; according to the paper
this choice was now being re-visited. These vanatiin assessment methods highlight the
conflict that exists between short payback expextatand valid energy saving initiatives
with longer term benefits. This is particularly éras energy costs continue to fluctuate.
Naugthon makes a valid point,

“While many environmental initiatives are driven bsgulatory forces, energy
conservation is driven by paybacks and return owestment (ROI). Demands on
available capital have prevented many energy cosrdEm projects from being
implemented, and SME suppliers driven by equipmperibrmance have little incentive
to improve the energy performance of their prod{tt.”

The Texas Instruments report quantifies the paestvings available when design for

sustainability is integrated into construction @ano mention however is made of how the
facilities were sized. The over-sizing of facilgidriven by peak demand predictions, and
the addition of various capacity safety marginglesign, is potentially one of the main

causes of energy waste. Below are some pointsrisider in the management of energy
resources.

For new fabs

* Ensure management commitment to energy efficiency

» Adopt a holistic approach to design for sustainighbéind energy efficiency

» Size facilities as accurately as possible consigerealistic expansion margins, use
an accurate simulation or suitable model

* Optimise total cleanroom heat dissipation systems

» Choose optimal cleanroom design to minimise pressdnmops, optimise the
interaction of high efficiency components withirahroom systems

» Although the economic pressure exists to constfalbs quickly, consider the
longer term energy and cost savings of design fmtagnability and energy
efficiency
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» Use the highest efficiency utility generation sysse
» Educate workforce on the energy impact of procdssices, product choices,
behaviour etc.

Although not ideal, retro-fit projects offer sigicdént potential for energy saving
improvements, the supply and the demand side afggrniegas been addressed, below are
some recommendations for existing fabs.

For existing fabs

* Ensure management commitment to energy conservation

» Use reasonable economic tools for evaluating eneffggient projects

* Manage cleanroom heat dissipation effectively

» Educate workforce on the energy impact of procesgces, behaviour etc.

» Understand main drivers of energy consumption dmeir tinteraction within
cleanroom and facilities systems - educate, measteturn to/challenge
specification, benchmark, monitor and control

» Use the highest efficiency utility generation sysse retro-fit for efficiency where
possible.

Conclusions

This research has reviewed semiconductor manufagtuenergy reduction projects

available in the literature. Energy efficient seomductor manufacturing is a relatively new
goal; the review shows that a large quantity of literature on the topic consists of

facilities based reduction projects for new andsemxg fabs. The literature primarily

discusses project reports outlining and quantifyiimgrovements, several of these have
been tabulated, see Table 2. Significant energyngavare possible and have been
demonstrated through successful case studiegjuabtemperature chilled water loop. One
key point of note is that energy project assessmethods that expect rapid return on
investment, such as simple payback, hinder potestiergy efficiency efforts.
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Appendix B

UPW Plant measurement data

1. Introduction

Information is provided here regarding the souraemeasurement data used in the F24
UPW exergy analysis, e.g. flow rates, temperatupesssures and changes in chemical
composition. The measurement data were obtain@ad &raombination of two sources. The
most important source of data was the factory SCAdyatem Cimplicity, any SCADA
data obtained from Cimplicity are denoted by (Shed measurement data, not available
on Cimplicity, were obtained from on-line instrunt@&ion and are denoted by (O). There
are reservations about the accuracy of the measutedata obtained from the on-line
instrumentation due to irregular calibration; inntrast, the SCADA instrumentation is
regularly calibrated. The SCADA data form the basisvarious process control loops
throughout the UPW plant and are considered aceuvdhere there has been a choice of

data source, the SCADA data have been used.

When any required measurement instrumentation wasvailable at a particular process
stage, certain assumptions were made and datatalexe (with or without modifications)
from the most suitable locations either upstreand@wnstream of the process stage in
guestion (as deemed most appropriate by the autbecjsions made regarding the choice
of the most appropriate location depended on factach as distance between processes,
changes in elevation, insulation etc., these as8ang) alongside any modifications, are
reported in the next section. The on-line instrutagon in some sections of the plant left
something to be desired. For example, consideptingary mixed bed ion exchange: of the
four modules, only one module had two working puessgauges (inlet and outlet
pressure). Pressure gauges on the heat exchangees ssarce; the hot water heat
exchanger had only one pressure gauge. Anothécudiff was encountered when trying to
discern the incoming water temperature: on one fonathe industrial city water inlet
temperature gauge displayed a temperature of 6f{approximately 16 °C) while the

incoming product water temperature gauge of thehpet heat exchanger displayed a
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temperature of 3.5 °C (although no heating or capbf the water occurred between the
two measurement locations). However, based on akevssits to the plant and monitoring
changes in the measurements, the author choseastdikely measurement values. Again,

this is not ideal, but unfortunately it was theecas

The exergy rates were calculated at the locatitwsvs in Figures 1 and 2, flows of the
product water, including any recycled streams, shewn in Figure 3. The ionic

concentration of the UPW plant water was calculdtedn conductivity measurements
using the relationship developed in Chapter 6. Wh@mductivity measurements were not
available at process stages, the ionic concentratras inferred using mass balance
equations for the electrolyte. The ionic constimenf the plant water was based on the
UPW incoming plant water analysis, discussed irailét Chapter 6. Changes in the

chemical concentration of the product water, wheytccurred, are detailed in Section 2.

Flow rates, including recycled flows, were checkednsure that flow rates in one plant
location agreed with other expected aggregate fades in another location. Due to the fact
that this measurement data collection was a snapghtfferent plant flows taken over a
period of approximately fifteen minutes, the sumoratof flow rates from different
locations, which were expected to be identicalemftliffered slightly. However, the data
were checked to ensure that there was a reasomaittd between flow rates in different
plant locations. Although an assumption was made tte plant operates at steady state,
the regular sampling frequency (approximately evergeconds) indicated that the plant
flow rates were dynamic (although they did not g@egreatly in magnitude). For example,
consider the second pass RO retentate flow rateishvare recycled to the first pass RO
inlet (see Figure 3). The summation of the secass RO retentate flow rates did not tally

exactly with the difference between the summatiérthe RO feedwater flow and the
summation of the MMF flow rates (i.eZQ25 ¢ZQ13—Z Q,), there was a difference of
approximately 4 rfihr. So, which flow rate data should be used, §fjothetical second
pass retentate flow rates which balance the fass RO flow rates, or (2) the second pass
RO retentate data (at a different sampling timeapd@ In this particular case, the flow rate

difference is problematic because the flow rate thiedconductivity of the second pass RO
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reject help to determine the conductivity of theaming plant water (see Figure 3). This
issue was resolved in the following manner;

1. The flow rate and concentration data obtained ftbe second pass RO retenate
stream were used to determine the average conduadfthe RO reject stream;

2. The difference between the RO feedwater flow rated the combined MMF and
second pass RO retentate flow rates was used agtbad pass retentate flow rate
(solely in order to determine the concentratiothefincoming UPW plant water);

3. The hypothetical flow rate of the second pass R@ntate stream and the actual
concentration data from the second pass RO reéestedam were combined, and
hence used to determine the conductivity of thenmag feedwater.

A less complicated example was observed with reédpethe electro-deionisation process
outlet and the primary mixed bed ion-exchange jmibiere there was a flow rate difference

of 0.6 m°’/hr, in this case the actual values were used.

Chemical dosing processes such as anti-scalantibioand sodium bisulphite were
neglected in the overall exergy analysis for twasmns. First, dosage rates are controlled
using analytical chemical detection equipment, #hg.amount of chlorine/chloramines in
the RO feedwater is monitored as it causes degoadaf the RO membranes, when the
concentration of chlorine exceeds a certain thigslsodium bisulphite is injected into the
system. Therefore, the flow rates of these chemicahnot be modelled as steady state
operations. Second, the chemical composition of ah#-scalant and biocide and the
chemistry involved in the dosing processes is bdyhie scope of this thesis. Neglecting
the chemical exergy of these additives should estlt in significant errors, for example,
sodium bisulphite, an organic compound, is not laotelyte, and therefore, it should not
affect the conductivity reading downstream in thestfpass RO modules. Sodium
hydroxide, added prior to the second pass RO pspcesised to regulate pH. In this case,
sodium hydroxide is a strong electrolyte, and tthes change in concentration due its
addition is assumed to manifest itself as the cekangoncentration between the RO tanks
inlet (process stage 18) and the concentratioineaRO feed pumps inlet (process stage 22).
The electrical work used by the metering pumpsnduded in the exergy analysis,

however.
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The data for the electrical work (kW) inputs to thmin pumps were provided by the
electrical technician and was obtained from eitiher variable speed drives or the pump
motor managers. The electrical work inputs to tleeteo-deionisation process comprised
of the relatively small electrical work input tcethrine recycle and metering pumps and the

main input to the EDI rectifiers. The electrical nkoto the rectifiers was calculated
according to the following equatiokly =V x Ix+/3 where V and | are the voltage (V) and

current (A) andy/3 relates to the three-phase power factor.
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2. Process Stages

1. Multi-media filters (MMF) inlet - each filter is de signated by the letters a, b, ¢

and d:
i

Measured flow rates (S) in situ, assumed to beadstflow device;
Pressure gauges (O) in situ;

Temperature (O) taken from the industrial city evainlet immediately
upstream of the process;

The concentration of the incoming water was aelitbmplex to calculate.
The first conductivity measurement (S) availablehe plant was located at
the first pass RO process; however, that valuauded a contribution from
the second pass RO recycled retentate stream (gpeeF3). The

concentration of the incoming plant waty (mg/l) can be calculated using

the following equation » Q xC, => Q;C;— Y. Q.C,(mass balance for

the electrolyte). However, due to the dynamic rexfr the data sampling,
the summation of the second pass RO retentateréiteg was not equivalent

to the difference between the summation of the fiess RO feedwater flow
rates and the summation of the MMF flow rates, }eQ, # > Q+ > Q.

As outlined previously in Section 1, the concemrabf the second pass RO

retentateC,, was calculated using the actual second pass FRQtage flow

Z Q25C25
Z Q25

retentate ZQZS. was calculated as according to the following eiguat

rates, i.eC, = . The hypothetical flow rate of the second pass RO

D> Qs =>.Q;=>.Q. Then finally the concentration of the incoming

_ Z Q13C13 - Z Q25,x C25

water was calculated as follow§; = whereQ and

2.Q

C refer to the volumetric flow rate (kgfnof the aqueous solution and the

concentration (mg/l) of the calcium bicarbonatecetdyte in the aqueous
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solution respectively, and the numerical subscrighsr to the process stages

shown in Figures 1 and 2;

2. Multi-media filters (MMF) outlet:

Measured flow rates (S) in situ;

Pressure gauges (O) in situ, however, two out efttinee outlet pressure
gauges on the three in-service MMFs appeared ndietevorking as the
pressure gauges displayed equivalent incoming amdomg pressures
(where one would expect to see a pressure drodiitradion process). The
other gauge showed the expected pressure drophigrbasis, the same
pressure drop was attributed to all three MMF meslul

Temperature (O) taken from the industrial city watget upstream of the
process; assumed to be an isothermal process;

Concentration, see point 1.

3. Pre-heat heat exchanger inlet — product water andédating water:

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdik a steady flow
device;

Flow rate of the heating water not available, caliad by means of a mass
energy balance using thermodynamic properties mhgted from the
XSteam function in MATLAB {{689 MATLAB Central weh#}}, i.e.

- Mg (Mo in = Mooigour)
(hHot out h—(ot in)

Pressure (O) of the incoming product water wasmedgd as the MMF

Mo

outlet pressure upstream of the process;

Pressure (a combination of (S) and (O)) of the nmog heating water can
be calculated by subtracting a delta P value (8) & pressure difference
between the incoming and outgoing heating watesinfthe outgoing
heating water pressure (O) measurement in situ;

Temperature (O) of the incoming product water ta;si
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vi.

Vii.

viil.

Temperature of the incoming heating water takemfthe condenser water
supply temperature (S) in another part of the plaitih the assumption of
negligible heat loss due to excellent insulation;

Concentration of the product water, see point 1;

Concentration of the heating water, see point 1.

4. Pre-heat heat exchanger outlet — product water anteating water:

Vi.

Vii.

viii.

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdik a steady flow
device;

Flow rate of the heating water not available, caliad by means of a mass
energy balance, see point 3;

Pressure (O) of the outgoing product water in situ;

Pressure (O) of the outgoing heating water in situ;

Temperature (S) of the outgoing product water t; si

Temperature (O) of the outgoing heating water tiu; Si

Concentration of the product water, see point 1;

Concentration of the heating water, see point 1.

5. Hot water heat exchanger inlet — product water andheating water:

Flow rate (S) of the product water was taken assttremation of the MMF

flow rates upstream of this process stage, assumdoe a steady flow

device;

Flow rate of the heating water was not availablat, Wwas calculated by
means of a mass energy balance, see point 3;

Pressure of the incoming product water, estimétech the pre-heat heat
exchanger outgoing pressure (O) directly upstream;

Pressure of the incoming heating water, not avig/apressure drop was
assumed to be similar to the pressure drop of thehpat heat exchanger,
thus the incoming heating water pressure was akdlas the sum of the
delta P value in the pre-heat heat exchanger angréssure of the outgoing
heating water;
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Vvi.

Vii.

viil.

Temperature (O) of the incoming product water ta;si

Temperature (O) of the incoming heating wateritun; s

Concentration of the product water, see point 1;

Concentration of the heating water is assumed tthéesame as the UPW

incoming plant water, see point 1.

6. Hot water heat exchanger outlet — product water andheating water:

iv.
V.
Vvi.

Vil.

viil.

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdik a steady flow
device;

Flow rate of the heating water not available, baltglated by means of a
mass energy balance, see point 3;

Pressure (O) of the outgoing product water, assutmdze identical to the
RO pre-filters downstream of this process stage;

Pressure (O) of the outgoing heating water in situ;

Temperature (S) of the outgoing product water t; si

Temperature (O) of the outgoing heating water tiu; Si

Concentration of the product water, see point 1;

Concentration of the heating water, see point 1.

7. Chemical feed (biocide/anti-scalant) treatment inle

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdoe a steady flow
device;

Pressure (O) of the product water taken from thepiR&filters inlet directly
downstream of the process;

Temperature (S) of the outgoing product water takem hot water heat
exchanger product water outlet directly upstreanthid process, assuming
that there was negligible heat loss due to exceitesulation;

Concentration, see point 1; in this thesis the tamithl chemical exergy of

the chemical treatments has been neglected fore¢asons, i.e. the dosage
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is intermittent and cannot be treated as steadg atad the author is unsure
of the exact chemical make-up of the various treats
Electrical work input to the metering pumps wasvied by the electrical

technician.

8. Chemical feed (biocide/anti-scalant) treatment ouét:

Flow rate (S) of the product water was taken asstremation of the MMF
flow rates upstream of this process stage, assumdoe a steady flow
device;

Pressure (O) of the product water taken from thepiR&filters inlet directly
downstream of the process;

Temperature (S) of the outgoing product water takem hot water heat
exchanger product water outlet directly upstreassuming that there was
negligible heat loss due to excellent insulation;

Concentration, see point 1.

9. RO pre-filters inlet:

Flow rate (S) of the product water was taken asstmemation of the MMF
flow rates upstream of this process stage, assumdoe a steady flow
device;

Pressure (O) of incoming product water in situ;

Temperature (S) of incoming product water takermfrbot water heat
exchanger product water outlet upstream of thisgss, assuming that there
was negligible heat loss due to excellent insutatio

Concentration, see point 1.

10.RO pre-filters outlet:

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdik a steady flow
device;

Pressure (O) of outgoing product water in situ;
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Temperature (S) of the outgoing product water talkem hot water heat
exchanger product water outlet upstream of thega®cassuming that there
was negligible heat loss due to excellent insutatio

Concentration, see point 1.

11.Chemical feed (sodium bisulphite) treatment inlet:

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdik a steady flow
device;

Pressure (S) of the product water taken from the R&filters outlet

directly upstream of the process;

Temperature (S) of the outgoing product water takem hot water heat
exchanger product water outlet, assuming that twaenegligible heat loss
due to excellent insulation;

Concentration, see point 1;

Electrical work input to the metering pumps wasvided by the electrical

technician.

12.Chemical feed (sodium bisulphite) treatment outlet:

Flow rate (S) of the product water was taken assttremation of the MMF
flow rates upstream of this process stage, assumdoe a steady flow
device;

Pressure (S) of the product water taken from the R&filters outlet

directly upstream of the process;

Temperature (S) of the outgoing product water tadkem the hot water heat
exchanger product water outlet, assuming that twaenegligible heat loss
due to excellent insulation;

Concentration, see point 1.
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13. First pass high pressure pumps inlet — each RO mothiis designated by letters

a, bandc:

Flow rate for each pump was equal to the RO inlet frate for the

associated RO module, calculated from eitli@r=Q,+ Q, or the %

Qp

Recovery value (S), i.€ Recovery==, whereQ; is the volumetric flow
F

rate of the feedwateQ, is the volumetric flow rate of the permeate (SJ an
Q; is the volumetric flow rate of the retentate (Shte here that the total

feedwater flow rate for the RO modules is greal@ntthe summation of
MMF flows due to second pass RO retentate flow ¢kegyassumed to be a
steady flow device;

Pressure (O) — pump suction pressure taken fronR@eore-filters outlet
directly upstream of the process, (pump suctiosgqes (O) were available
on the two in-service RO modules, however, the valoes differed greatly
despite having the same water supply, thus the RCfilper values were
selected instead) ;

Temperature (S) of incoming product water (pumptisactemperature)
taken from the associated RO module downstrearhisfprocess, assumed
to be an isothermal process;

Concentration of the product water calculated fritve first pass RO inlet
conductivity measurement (S);

Electrical work W inputs to the pumps were proddey the electrical

technician:

14.First pass high pressure pumps outlet was assumed be identical to first pass
RO inlet:

RO inlet flow rate, see point 13, assumed to beady flow device;
Pressure (S), i.e. the pump discharge pressureveisi;

Temperature (S) of the pump discharge stream tiikemthe associated RO
module;

Concentration of the product water calculated fritv first pass RO inlet

conductivity measurement (S).
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15. First pass RO permeate water:

Flow rate (S) of the permeate water in situ;

Pressure (O) of the permeate water gauges in gittwio of the three gauges
were broken. Based on a discussion with the UP\WWnie@n the permeate
pressure and the reading on of the pressure gatlygegressure of the
permeate stream was assumed to be 1.2 bar (geegpIE);

Temperature (S) of the permeate water in situ,gg®@ssumed isothermal,

Concentration of the permeate water was calculfitech the permeate

conductivity measurement (S) in situ.

16. First pass RO retentate water:

iv.

Flow rate (S) of the retentate water in situ;

Pressure (S) of the retentate was in situ;

Temperature (O) of the retentate in situ, process assumed isothermal;
Concentration of the retentate stream was calail&tem the following

equationQ.C. = Q G + Q G, (mass balance for the electrolyte), where
Q: is the volumetric flow rate of the feedwater, peat 13,Q, is the flow
rate of the permeate (S) aqg}, is the flow rate of the retentate (S), and the
incoming feed watelC. and permeatéC, concentrations were calculated

from the conductivity measurements (S) in situ.

17.Retentate water post throttling valve:

Flow rate (S) of the retentate water in situ;

Pressure (S) of the retentate post throttling vahessure was assumed to be
1 bar (gauge pressure), based on discussion vatbBW technician;
Temperature (O) of the retentate in situ, process assumed isothermal,

Concentration, see point 16 above.
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18. RO tanks inlet:

The potential flow rates into and out of the ROk&amre manifold, see
Figure 4. There is a possible recirculation floanfrthe primary distribution
pumps downstream, which cannot be quantified imiljdhere is also the
potential to divert flows from primary and polisloop processes
downstream. To simplify the problem, assumptionsewaade that, (1) the
RO tanks are steady flow devices, (2) flow is ordgely recycled from the
primary distribution pumps, and cleaning and regainen flows are seldom
used, and consequently, these flow rates are tremtezero for this exergy
analysis, and (3) the difference between the flates into and out of the
RO tanks is solely provided by the one micron age filters downstream
of the process. The final assumption was made aftecking the flow

control valve of the primary mixed bed ion excha(fgdy closed), no valve

showing a diverted flow from the polish mixed beth iexchange was

evident on Cimplicity. Thus the flow rate into tHeO tanks can be

calculated as follows, Q=) Qs*t>.Q,+> Q4 and

Qs =D.Q,~ Q. Qs+ Y. Q,9, WhereQ is the volumetric flow rate and the
numerical subscripts refer to the process stagégures 1 and 2;

Pressure (O) was assumed to be 1 bar (gauge pgssur

Temperature (O) taken from the first pass RO upsiréhe temperature at
all three sources of RO tank inlet flow was ideaii¢

Concentration at the RO tanks inlet includes a rgaution from the RO
permeate concentration streams upstream, the B&it i@nd the one micron
cartridge filter outlet streams downstream in thecpss; it can be calculated
using the following relationship,

_ D QCis Y] QueCogt Y. QuCy

QX Q2 Qs

where Q and C refer to the volumetric flow rates (kginand the

Cl 8

concentration of the electrolyte (mg/l) respectvelnd the numerical

subscripts refer to the process stages shown urésdl and 2.
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19.RO tanks outlet assumed to be identical to Primarglistribution pumps inlet:

Flow rate was taken as the summation of the tet@bsd pass RO feedwater
flow rates downstream of this process stage, whicturn were calculated

according to point 13;

Pressure was estimated to be the 1 bar (gaugeupgswhich in turn was

based on an estimation of the height of waterhs RO tank using the

following equationP = pgh, where P is the gauge pressure (Pap, is the

density of the aqueous solution (kdjmg is gravitational acceleration

(m/s) and h is the height of the aqueous solution in the tank based on
conversation with UPW technician the height of teter was assumed to
be 10.2 m approximately;

Temperature (S) was taken from the RO modules divaars of this
process;

Concentration taken from the RO tanks inlet, septdi®;

Electrical work W inputs to the pumps were provideg the electrical

technician.

20.Primary distribution pumps outlet assumed to be idatical to sodium

hydroxide treatment inlet:

Flow rate was taken as the summation of the tet@brsd pass RO feedwater
flow rates downstream of this process stage, see p8;

Pump discharge pressure (S) in situ;

Pump discharge temperature (S) was taken from theri®dules directly
downstream of this process;

Concentration taken from the RO tanks inlet, sest{di®;

Electrical work W inputs to the caustic meteringrs were provided by

the electrical technician.

21. Sodium hydroxide treatment outlet:

Flow rate (S) was taken as the summation of tha& ®econd pass RO

feedwater flow rates downstream of this procesgestsee point 13;
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Pressure was taken from the primary distributiompsi outlet (S) directly
upstream of this process;

Temperature (S) was taken from the RO modules tthrelownstream of
this process;

Concentration (O) was calculated from the RO taoket conductivity

directly upstream of process.

22.Second pass high pressure pumps inlet assumed to lentical to sodium

hydroxide treatment outlet — each RO module is deghated by letters a, b, ¢

and d:

Flow rate for each pump was calculated accordingadiot 13, assumed to
be a steady flow device;

Pressure - the pump suction pressure was taken fifzen primary
distribution pumps outlet (S) upstream of this gsx;

Temperature (S) was taken from the associated R@uimodirectly
downstream of this process, assumed to be an rewdlherocess;
Concentration (S) of the product water calculateminf the conductivity
measurement in situ (any change in concentratibmndsn the RO outlet and
this stage is assumed to result from the NaOHrtreat);

Electrical work W inputs to the pumps were provideyl the electrical

technician.

23.Second pass high pressure pumps outlet was assuntedbe identical to the

second pass RO inlet:

Flow rate of the RO feedwater was calculated acogrb point 13;

Pump discharge pressure (S) in situ;

Temperature (S) of the pump discharge stream tlikemthe associated RO
module in situ, assumed to be an isothermal process

Concentration (S) of the product water calculatednfthe RO conductivity

measurement in situ.
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24.Second pass RO permeate water:

Flow rate (S) of the permeate water in situ;

Pressure (O) of the permeate water in situ;

Temperature (S) of the permeate water in situ,ptlogess was assumed to
be isothermal;

Concentration of the permeate stream was calculfited the permeate

conductivity measurement (S) in situ.

25.Second pass RO retentate water:

Flow rate (S) of the retentate water in situ;

Pressure (S) of the retentate was in situ;

Temperature (S) of the retentate water in situ, ghecess was assumed
isothermal;

Concentration of the retentate stream was calailatng the following

equationQ-C. = QG + QG;, whereQ and C are the volumetric flow

rate (n¥/hr) and concentration of the electrolyte (mg/Bpectively, and the
subscripts-, P andR refer to the feedwater, the permeate and the adtent
respectively Concentrations (mg/l) of the feedwater and permeetee

calculated from the conductivity measurements {S)tu.

26.Retentate water post throttling valves:

iv.

Flow rate (S) of the retentate water in situ;

Pressure (S) of the retentate post throttling vakas assumed to be 1 bar
(gauge pressure), based on a discussion with UENitzan;

Temperature (S) of the retentate water in situ, ghecess was assumed
isothermal;

Concentration, identical to point 25.

27.Electro-deionisation (EDI) inlet — product water:

Flow rate (S) of the product water was in situ, floev of the product water
was modelled as steady flow;
The pressure (S) of the incoming product water wastu;
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The temperature (O) of the product water was im sit

The concentration of the product water was caledlatising resistivity
measurements (S) in situ at the inlet of each Ebduie;

Electrical work W of the EDI, calculated using d§&) on VA rectifier in
situ, a second electrical work input due to the emegy and brine

recirculation pumps was provided by the electrieahnician.

28.Electro-deionisation (EDI) outlet - product water:

Flow rate (S) of the product water was in situ;

The pressure (S) of the outgoing product wateriwagu;

The temperature (O) of the product water in sitasumed to be an
isothermal process;

The concentration of the product water was caledlatising resistivity

measurements (S) in situ at the outlet of eachra@dule.

29.Electro-deionisation (EDI) outlet - reject water:

Flow rate (S) of the reject water was calculatethadifference between the
volumetric flow rates of the incoming product watend the outgoing

product waterQ. = Q, + Q, where Q is the volumetric flow rate (Phr)

and the subscripts, P andR refer to the feedwater, the product water and
the reject water respectively;

The pressure of the outgoing reject water was matlable, this water is
recycled to the RO tanks, pressure was assumedetd Ilbar (gauge
pressure);

The temperature (O) of the reject water in sitsuased to be an isothermal
process;

The concentration of the reject water was calcdlatsing the following

equationQ.C. = Q.G + @ G, (mass balance for the electrolyte), where
Q: is the volumetric flow rate of the feedwater (&), is the flow rate of

the product water (S), an@; is the flow rate of the reject (see point 29i
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above), and the incoming feed wat€r and outgoing product watet,

concentrations were calculated from the resistimgasurements (S) in situ;

30.Primary mixed bed ion exchange (IX) inlet:

i.  Flow rate (S) of the product water was in situuassd to be a steady flow
device;

ii.  The pressure (O) of the incoming product water imasitu (however, only
one set of incoming and outgoing pressure gaugesaaed to be working,
thus these two pressure values were attributeldetother two in-service IX
modules);

iii.  The temperature (O) of the product water was um sit

iv.  The concentration of the incoming product water lsarcalculated from the

EDI outlet concentrations upstream, calculatednaavarage from resistivity

Z stczs
Z st

volumetric flow rates (rfihr) and concentrations (mg/l), and the numerical

measurements (S), i.eC,, = where Q and C refer to the

subscripts refer to the process stages in Figure 2.

31. Primary mixed bed ion exchange (I1X) outlet:
i.  Flow rate (S) of the product water was in situ;
ii.  The pressure (O) of the outgoing product watertin s
iii.  The temperature (O) of the product water in situ;
iv.  The concentration of the outgoing product water wasitu, again this can
be calculated using resistivity measurements (S);
v. Chemical work of the primary mixed bed IX (cann& éstimated using

exergy analysis but can be considered by costganeration chemicals).

32.0ne micron cartridge filters inlet:
i.  Flow rate (S) of the product water was taken frompgrimary mixed bed 1X
upstream, assumed to be a steady flow device;

ii.  The pressure (O) of the incoming product wateitun s
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The temperature (O) of the product water taken ftioenprimary mixed bed
IX directly upstream of this process, with the asption of negligible heat
loss due to excellent insulation, assumed to beahermal process;

The concentration of the incoming product water waken from the
primary mixed bed IX outlet upstream, calculatedings resistivity

measurements (S).

33.0ne micron cartridge filters outlet:

Flow rate (S) of the product water was taken frbmgrimary mixed bed IX
upstream, the aggregate flow;

The pressure (O) of the outgoing product water wastu;

The temperature (O) of the product water was tdk@n the primary mixed
bed IX upstream of this process;

The concentration of the incoming product water wadsen from the 1X

outlet upstream; this was calculated using resigtimeasurements (S).

34.UPW tank inlet:

Flow rate (S) of the product water was calculatedh& difference between
the aggregated flow of the primary mixed bed IXtugem and the flow rate
into the RO tanks attributed to point 35 upstreage (point 18);

The pressure (O) of the product water was takaheapressure at the outlet
of the one micron cartridge filters directly upsine

The temperature (O) of the product water was tdk@n the primary mixed
bed IX upstream of this process;

The concentration of the incoming product water wasen from the IX

outlet upstream; this was calculated using resigtiaeasurements (S).

35.Post one micron cartridge filter stream (diverted b the RO tanks):

Flow rate (S) of the product water was taken asdifference between the
flow rate into the RO tanks, i.§_Q; + > Q, and out of the RO tanks, i.e.

>"Q,,, see point 18;

The pressure (O) of the outgoing product water wastu;
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lii.  The temperature (O) of the product water was tdi@n the primary mixed
bed IX upstream of this process;
iv.  The concentration of the incoming product water wasen from the IX

outlet upstream; this was calculated using resigtiaeasurements (S).

Finally, the data obtained from the SCADA systemmglicity and the on-line

instrumentation (based on all the preceding assomgptin Section 2), are shown in Tablel.
Only the process equipment in service on the dathefdata collection is shown in the
table (e.g. 1la (MMF (a)) was not in service on dlag in question). Also note that the
previously discussed gauge pressure values have teeverted to absolute pressure

values.

Q15—>
RO permeate

flow Qx To Second pass RO
Qe ——» Qie Primary —————————————»
EDI reject flow » distribution
RO tank pumps >
To miscellaneous
Q— cleaning, caustic

Miscellaneous flows from Primary mixed regeneration etc.

bed ion exchange, 1 micron filters and
polish mixed bed ion exchange if
required

|

Recycle flow

Figure 4: Possible flow configurations for the RO anks
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Table 1: Process data from UPW plant

Conductivity
Process Process stage Q (ith) T (K) P (bar) |(uS/cm @ 25°C) W (kW)
1b 81.4 289 6.2 411.4
1c 78.2 289 6.2 411.4
1d 74.6 289 6.2 411.4
2b 814 289 6.0 411.4
2c 78.2 289 6.0 411.4
Multi-media filters 2d 74.6 289 6.0 411.4
3 (Product water) 234.2 289 6.0 411.4
3 (Heating water) 507 295 6.9 411.4
4 (Product water) 234.2 294 5.3 411.4
Pre-heat heat exchangers 4 (Heating water) 507 293 5.8 411.4
5 (Product water) 234.2 294 5.3 411.4
5 (Heating water) 78 361 7.3 411.4
6 (Product water) 234.2 297 51 411.4
Hot water heat exchangers 6 (Heating water) 78 349 6.2 411.4
7 234.2 297 51 411.4 0.6
Biocide/anti-scalant treatment 8 234.2 297 51 411.4
9 234.2 297 51 411.4
RO pre-filters 10 2342 297 4.7 4114
11 234.2 297 4.7 411.4 0.6
Sodium bisulphite treatment 12 234.2 297 4.7 411.4
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Table 1: Process data from UPW plant

Conductivity
Proces Process stage Q (i) T (K) P (bar) (uS/cm @ 25°¢) W (kW)
13a 130.9 297 4.7 390 86
First pass RO high pressure pumps 13c 131.6 297 4.7 390 ~
1l4a 130.9 297 13.1 390
RO inlet 14c 131.6 297 10.0 390
15a 95.8 297 2.2 7.1
15¢ 97.6 297 2.2 9.9
16a 35.1 297 10.2 1435.1
16¢c 34 297 6.6 1481.1
17a 35.1 297 2.0 1435.1
First pass RO 17c 34 297 2.0 1481.1
RO tank inlet 18 242.9 297 2.0 8.2
RO tank outlet (Pumps inlet) 19 242.9 297 2.0 8.2 35.7
Primary pumps out (Caustic inlet) 20 242.9 297 4.3 8.2 0.6
Caustic treatment outlet 21 242.9 297 4.3 29.9
22b 81 297 4.3 29.9 72
22¢ 79.4 297 4.3 29.9 77
22d 825 297 4.3 29.9 73
. . 23b 81 297 20.9 29.9
First pass RO high pressure pumps 3c 294 597 519 299
RO inlet 23d 825 297 20.8 29.9
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Table 1: Process data from UPW plant

Conductivity
Proces Process stage Q () T (K) P (bar) |[(uS/cm @ 25°C) W (kW)
24b 70.8 297 5.8 1.7
24c 68.6 297 6.5 1.7
24d 71.1 297 6.5 1.7
25b 10.2 297 18.6 225.6
25¢ 10.8 297 19.6 209.0
25d 11.4 297 17.7 205.8
26b 10.2 297 2.0 225.6
26¢ 10.8 297 2.0 209.0
Second pass RO 26d 11.4 297 2.0 205.8
27b 72.8 297 6.2 1.7 33.9
27¢ 70.1 297 6.1 1.7 27.6
27d 70 297 6.2 1.7 26.3
28b 65.1 297 4.0 0.06
28c 65.2 297 4.0 0.06
28d 64.8 297 4.0 0.06
29b 7.7 297 2.0 15.2
29c 4.9 297 2.0 23.1
Electro-deionisation process 20d 52 297 20 21.7
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Table 1: Process data from UPW plant

Conductivity
Proces: Process stage| Q (ith) T (K) P (bar) |(uS/cm @ 25°CG) W (kW)
30b 66.3 297 3.6 0.06
30c 63.4 297 3.6 0.06
30d 64.8 297 3.6 0.06
31b 66.3 297 3.0 0.055
31c 63.4 297 3.0 0.056
Primary mixed bed ion exchange 31d 64.8 297 30 0.056
32 194.5 297 2.9 0.056
One micron cartridge filters 33 1945 297 28 0.056
UPW tank inlet 34 162.8 297 2.8 0.056
Diverted flow to RO tanks 35 31.7 297 2.8 0.056
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Appendix C

The Model A equation for the molar chemical exeajywater can be considered as a
special case for the separation of one mole ofxdurd@ component from a two component
mixture, this analysis is reproduced (although &ethglightly) from Cengel and Boles [1].
Consider the extraction of pure water from a large component ideal mixture of water
and salt. The entropy of mixing is therefore thenimum amount of work required to
completely separate the mixture into its constitseand thus, the minimum separation
work per mole is given by (1).

Wrin = =R, In %+ %In %) 1)
If the total work is considered, the minimum wofkseparation is given by (2).

Win =—RTON,In %+ Nin Y (2)
Now consider the work to separate one mole of wiaten a large ideal mixture of water
and salt, i.e.N,, > 1. This can be calculated by subtracting the woduired to separate
the remaining mixture when one mole of water is raoted, i.e.
-RTI(N,-DIn »,+ NIn x] from the original minimum work of separation, sg&).

Subtracting the two leads to (3), which is the Md&lenolar chemical exergy term.

V_vmin == R-IE) ln )SV (3)
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