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Process industriesn New Zealanduse 214.3 PJof processheat, of which
approximately 63%is fossilfuels. Despite increasing energy demands, depleting
fossil fuel resourcesindpressureto reduce Greenhouse Gas emissidag; grade
heat in largescale processing sitas still not fully utilsed. This thesis presents
methods totarget, optimise and desigmore practicaheat recoverysystemsor
large industrial sites, i.d.otal Sits,andovercometechnicallimitationsof current
methods Original contributions of this thesis to literaturenclude novel
developments and applications in six aregsa hewTotal Site Heat Integration
(TSHjtargeting method; Unified Total Site Targeting (UT§Whichsetsrealistic
targetsfor isothermaland non-isothermal utilitiesand heat recovery vide utility
system ii) a new TSHI optimisation and utility temperature selection method to
optimise Total Cost of the utility systemi) a new Utility Exchanger Network
synthesisand design method based on the targeishievedby the UTST method
and optmal temperatures from optimisation method; g new method for
calculating assisted heat transfer and shaft wdik further improve TSHI
cogeneration and performancgev) examination ofheat transfer enhancement
techniques in TSHI tachievehigher heat reovery and lowerequired area by
substituting conventional utility mediums by nanofluids in the utility system; and
vi) a spreadsheet software toohlled Unified Total Site Integration &pply the

developed methods to real industrial cases.

Thedeveloped methodshave been applietb three largeindustrial case studies.
Resultsconfirms that heat recovery and utility targets obtained frothe UTST
method were lower but more realistic to achieva practicewhen compared to
conventional TSHImethods Thethree industrial case studies represent a wide
variety of processinghdustries In summary, the oveestimation of TSHLargets
for the three case studies from using the conventional method compareteo
new method are 0.2 % for the Sodra Cell Varé Kr&fulp Mill,22 %for a New
Zealand Dairy Factory, afdL % for Petrochemical ComplekieTotal Annualised
Costs (TAQr the three case studies arainimisedusing a newderivative based
approach.Resultsshow TAC reductionst.6% for Kraft Pulp MillD.6% for Dairy
Factory, and 3.4 % for Petrochemi€almplexcase studiedn addition, sensitivity



analysis for the optimisation is undertakefhe UTST method with its modified
targeting procedure is demonstrated to generatesimpler Utility Exchanger
Network desigrs compared toconventionalmethods, whichconfirmthe original
targets arerealistic and achievabléd new method for calculating assisted heat
integration targets applied toan example Total Siteroblem increasd heat
recovery by 1,73KW, whth is a 21% increase Trotal Siteheat recosery, and
increasedshaft work by 8&kW. Lastly, the addition of nanoparticles to create a
closed nanofluid heat recovery systems shdvest recovery from liquidiquid
heat exchangers increaset5 %to 9 %using an intermediate fluid with 1.8ol. %

CuOl/water
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Chapter One

LYUNRRdzOUAZ2Y

1.1 Background

The process industries us&0 % of global energy consumption with an annual
growth expectation of 2.26 for process heat and 2% for electricityin 2015
(International Energy Agency, 201@&nergyintensive processes, such as oil and
gas refineries, chemical and petrochemicals, cement, iron and steel, and pulp and
paper plants, as well dargenon-energyintensiveprocesses, such as textile and
food and beverage industries, currently account for 89 % of total industrial heat
consumption Despiteincreasing energy demands, depleting fossil fuel reserves,
pressure to reduce Greenhouse Gamissions and increasingenergy prices,
energy in the form of lovgrade heat is stilhot fully utilised Globally, 87 % of
energy inputsin 2015 from oil, natural gas, coal, nuclear, and renewables
convertedinto heat and electricity, poweredthe various sector®f econonies,

such & transport, building and small industri€égternational Energy Agency,
2016)

New Zealand's economyhgghlydependent on agricultur@elated industries such
asmeat processing, dairy factories, and pulp and paper processes wbithally
operate in thelow temperature range (<20°Q. Therefore, to continue New
%St yRQa a&ant®@mypditivedssSrawsnt @8d and forest products
trade markets and compete with economies of developing countries like China,
reducing production costahile suppling high quality products ismportant. For

this reason, more attention to theoptimisation and targeting of energy

consumption othe processing of primary produdssof extraordinary importance.

In NewZealandt is estimated that total indstrial heat demand is approximately
27 % oftotal national primary energy use.Food, meat, dairy and beverage
processing plants athe largestenergy users ithe New Zealand economy. Other
significant energy users includd andgasrefining, chemicamanufacturing, pulp

and paper and wood processingigurel-1 shows process heat energy use from



manufacturingin New Zealandderived from coal, natural gasvood, and

geothermal
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Figurel-1: Estimated pocess heat use fomdustrial sector of New Zealand based on
2016 data(Atkins, 2017)

Industrial energy efficiency can be vastly improved 3D %) by applying the
engineering concepts of Process Integration (Plyfeen fieldand retrofit desig

6 Yt SYS OPRrocessiinteniation is a holistic approach to process design and
optimisation that looks at how a collection of processes or systems are best
integrated. Process lrggration methods, which includ®inch Analgis (PA),
primarily aim to reduce energy and resource usage and emissions in industrial
plants and has been successfully applied across many industries. It achieves this
by providing a framework for systematic and rigorous systems analysis to
understand intrinsic thermodynamic requirements of industrial production
systems witha speciakmphasis on the efficient use of energy and water, and the
minimisation of environmental impact§ Y f S Y S OMorerspesifically, Heat

Integraion (HI) techniquessuch ad?A, have been developet:

i. determine targets fohot and coldutility use
ii. provide insigh@aboutthe process utility needand
iii. design effective heat exchanger netwsiknd utility systemgor maximum

energy recoveryand eficient supply of that utility

Fgurel-2represents energy flows in a typical process plant. Process heat demand
of the plant is satisfied by different levels of pressamd temperature)in a

cogeneration system. Fire heaters csatisfyhigh temperatureheating demands

2



in the site. Alsothe refrigeration systensatisfiesthe sitS Qa@w temperature
coolingdemands; cogeneration system is usedéisfyda A 4 SQa Ll2anh& NJ RS Y|
balanced by power imports and/axportsto/from the site. The residual heat

from the siteQ @rocess and utilitgystens can be rejected to the ambient air and

cooling water systenfOluleye et al., 2016)
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Figure 1-2: Energy flows in a typical process plaf®luleye et al., 2016)

Dhole and Linnhoff1993)introduced the concept o& Total Site (TSwhich is a
cluster of zones, plants and processedamated on a single sitéhat are served
by a commonutility system.The idea of Total Site Heat IntegrationSH) is to
recover heat through the TS utility system indirecfg a resultadditional energy
efficiency gains have been realised in the ttadal high temperaturechemical
process industryg.g.oil and gas refineriesThe TS concept provides more energy
saving perspectives for each individual plantithe overall cluster Todate, TSHI
has been successfully applied dlustersof high tenperature plants, such as oil
and gas refineries, petrochemigalhnts power plants andteel makindgactories,
which are typically operated continuouslyHowever, these conventional
techniques face additional challenges when appliedrtacessesuch asneat and
dairy processes, pulp and paper, and recently bioenergy procéisaesperate
and generate waste heat at much lower temperatures (<120M2ny of these
processedend to beoperatedin a semi and nonrcontinuousmanner and to
transfer heat from oe part of the site to anothepart requires the use of

isothermal and norsothermal utilities.These typs of processes are common in



New Zealand and developing a modified TSHI method that can haneke

difficulties isimportant for the New Zealand picessing industry.

1.2 ThesisAim

The aim of this research is to developproved and unifiedmethods for TSHI
targeting, optimisation and network desigor industrial sitesto spanthe full
range of processing temperatureand thermal utility types The exteded
methodology will be demonstrated and explained by being applied to three

industrial case studiesvhich include:

I. a Kraft Pulp Mill plant (including combined heat and power system,
evaporators, and two hot water utility loops)

ii. a large Dairy factoryincluding utility and dryer exhaust integration,
evaporators, chilled water system and hot water utility locmd

iii. a PetrochemicalComplex producing a wide range of chemical and

petrochemical products.

To achieve the overall ainfirst, a robust and imgoved energy targeting
procedure for site-wide heat integration viaindirect heat transferbetween
different plants will be established. Tmew methodmustapplyto processesvith

both isothermal and nofisothermal utilities. Utility levels (including miber of

and temperature/pressure levels) will be considereahd a systematic
identification and selection criteria fdhe selection ofthe optimal utilities in TS
will be establishedThe secondiim of the thesis is to develog unique method

for optimalselection of utility temperatures and number of utility maifis new
optimisation method must be able to be appliéd both isothermal and non
isothermal utilities and to existing energy targeting methods and the new
targeting method presented in thiiesis. Finally the third aim is to develop a new
Heat Exchanger Network (HEN) design method that will be aldgrtihesisand
design Heat Exchanger Networks based onnéw developed targeting method.

A key output of the research will be a software spisheet tool using the
developed methodology that can model the performance and economic viability

of each lowhigh temperature process and whole TS industrial cluster.



1.3 ThesisOutline

Chapter2 thoroughly reviavs thekey literature and advances in the areas e,

PA, andlr' SHthat are most relevant to the thesis aim. It examines the current state
of the art forTSHI targeting method# highlightghat there isa potential for heat
recovery of lowgrade wasténeat. However, there is a noticeable deficiency in the
literature connecting low temperature ankigh temperatureTSmethodologies.

In this thesislow temperature processesefer to the processes that operate
below 120 °CThe shortcoming is that heat cevery opportunities between high
andlow temperatureplants are not fully exploited becausetbg lack of methods

to evaluate the potential heat recovery.€. targeting) and design of the heat
recovery system, including the definition of utility levelsd temperatures, and

design of the Heat Exchanger Network (HEN).

Chapter3 presentsa brief overview of the thesis structure. Challenges of the
conventionalTSHImethods for targeting, optimisation and HEN design for-non
isothermal utilitiesis laid out Keyresearch questions of this thesis are also raised
in Chapter3. In the second half of the chaptehree industrial case studiea Kraft

Pulp Mill Plant in Swedei, largeDairy Factory in New Zealand, and a European
Petrochemical Complexvhich are studied in this thesis aiatroduced This
chapter also demonstrates an overview of an EXtspreadsheet software tool
that has been developed to target industrial plants including individual processes
and aTS.The subsequent four chaptegesent the details of the method and

results of themethodas applied to theéhree industrialcasestudies.

Chapter4 presents a new TSHI targeting methodology that calculates more
achievable and realistic TSHI targets for sites that use isothermal and/er non
isothermal utilities compared to Conventional Total Site Targeting (CTST)
methods. The newmethod is called tle Unified Total Site Targeting (UTST)
method. Qritical differences and improvementdetween the new UTST method
and CTST methodwe highlighted in this chapterThe newmethod has been
applied tothe three case studies to evaluaits merits compared to he CTST

methods



Chapter5 develops a new utility temperature selection and optimisation method
for TSHLIt highlights the importance of correctly selecting the optimal utility
temperatures of theoptimisableutilities and the impact these temperatures have
on heat recovery tagets and Total Annualised CosA()) set by TSHIhechapter
introduces a systematic procedure base on Mathematiddlogranming (MP)
techniques such as derivative based analysis, thermodynamic concepts such as
exergy destruction, anéconomicmetrics suchas utility cost.Total Annualised
Cost isexamined astte main objective function inthe optimisation procedure
The newutility temperature selection and optimisatiomethod haswider appeal
than just USTS methothenewmethodis applicable for all tygs of TSHmMethods.
The evolution of th&excelM spreadsheet software tool has been completed based

on optimisation procedure in this chapter.

Chapter6 focuses on HEN synthesis and design in TS. It comgaligsExchanger
Networks (UEN) thaare strictly designed to achieve the targets for tilGHI
methods.Practical UEN structures are synthesised aachparedfor Kraft Pulp

Mill case study. It highlights the importance of series and parallel matchegin th
UEN and how these matches mayeatea dependency otwo or more separate
processes, whereperational and control issues may occur, higher piping costs
may be imposed, and utility target temperatures may not be achieved in the
consecutivegprocessesf one or moreprocessesvere to be out of servicdn this
chapter, TS targets have been calculated using developed software tooand
networks have been designed with the help of Supert&§tdr both the CTST and
UTST methods.

Chapter7 discussesurther developmentson T3Hlarea The first half of Chaptef
introduces the influence of a new assisted heat transfer method on the TS. It
presents a new method for calculating assisted heanhdgfar and shaft work
targetsfor an examplel'S problem. Resulteavebeenexaminedto discover how

heat recovery pocket spans Pinch Region to increase TS heat recovery and its

effect on shaft work generation.

Thesecondhalf of this chapter highlights thienplementation of nanofluids as a
Heat Transfer Enhancement (HTE) technique .id$ b casetudy, the effect of

replacing water with various nanofluids as the heat transfeedium in an

6



industrialHeat Recovery Loop (HRdIodelled.Selection of diffeent nanofluids
and implementation of the selected nanofluid in thERL system of another large

dairy factory in New Zealand has been studiasl acasestudy.

Chapter 8 summarises themajor findings of the reearch and provides

recommendations for areas of future work.






ChapterTwo

[ AUSNY GdsINB wSOASS

2.1 Introduction

The literature relevant to the thesis aim broadly falls into the closely related
categories of Process Integian (Pl)and Total Site Heat Inggation TSH) as
shown inFigure2-1. ThePI research field isnormousand, as a result, the scope

of this literature review chapter is limited to those areas of research that are most
relevant to the thesis aim. In the first section, a comprehensive definition isf Pl
presented. Pls divided into two categories Heat Integration ) and Mass
Integration (MI)where each section can be studied using Pinch Analysis (PA) and
MathematicalProgranming (MP) techniques. Subsequently, based on the thesis
aim, development of PA and MP for kHve been reviewed. TSHIprovides the
opportunity of interplant HI for a cluster of processes. Both PA and MP can be
applied on TSHI studie¥he goal is to designldeat ExchangeNetwork (HEN)
based onTSHIto economicallytransfer energy between sevalr plants using

centralised utility system

Process Integration

4 N
Heat Integration Mass Integration
( Intra-process 1 ( A
Heat Recove ) )
Pinch Towml Sit i - Mathematica Pinch Mathematical
0 ite Aeat Integratio Programming " Programming
Analysis g g Analysis 9 7
Hybrid
Method
Inter-proces
Heat Recovery
. J . J
- J

Figure2-1: A general overview of PI in the literature.

In the TSHEkection, development of the methgdncludingexisting methods and
Heat Recovery Loop (HRhgthod ¢ as a special case, optimisation, and HEN
synthesis and desighave beerreviewed Finally, the opportunity of using Heat
TransferEnhancement (HTE) techniques asaditionaltool to improve Heat

Recovery (HR) will be revied



2.2 What is Procesintegration?

Pl covers a wide range @pplicationsand includesa family of systematic

methodologies fointegrating andcombining whole processes or several parts of

processes to reduce the consumption of resources, such as energy and mass,

and/or harmfu emissions into the environmert Y SYS O S Blistartédd> HAMO0 0
mainly as PA, also known as Pinch Technology, based on HI motivated by the world

energycrigs of the early 1970s

The most popular definition of Pl has been adopted by the Internati&nergy
Agency(Gundersen, 2000)hich is:

W{eadsSYFHraAO yR 3ISySNIf YSGK2Ra T2N) RSaAdy
ranging from individual processes to Total Sites, with special emphasis on the

efficient use of energy and reducing envir@yi  t STFFSOG aPQ

ElHalwagi(1997)has presented another general conceptual definition for Pl, by

his definition:

Wt N2POS&aa LYdSaANIXidAzy Fa | K2fA&aGAO | LIWINRBIO
SYLKIaArasSa 0KS dzyAde 2F GKS LINRPOS&aao®Q

Pl has akey role in addressing energy efficigncand waste heat
utilisation/recoveryin the process industries. There are three approaches to PI:

i) graphical methods including PA; MP methods; and iii) hybrid approaches

(Klem&® | Yy R Y NI Pppli@tioX of Rltemhmiques to a wide variety of

industries has helped realise meaningful increases in energy efficiency thtmigh

improvedprocess and Total Sitdevel integrationd Y SYSOX HAamMo0 0

HI has been extensively used in the process industries (such as oil and gas refining,

chemical, petrochemical, pulp and paper, foadd beverageand steel making)

and power generation plants over the last 40 year§ t SYSO 'y R YN} @l yal X
HI providessystematicdesign and optingation procedures for energy recovery

usingHeat Exchangédetwork HEN. Numerous definitions have been defined for

HI, which always refers to the combinatiofh steady state, sergontinuous or

batch processes and process streams to achld¥at Recovery(HR)via a heat

exchanger.
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Snce the first foundation of PI irthe 1970s and 1980s, many challengesd

analogousextensionshavebeen considered. Example$the variety of research

directions over the recentightyears are:

T

A =2 =42 4 =4

Combined mass andenergy integration inprocessdesign(Gassner and
Maréchal, 2010)

Material andresourceconservationnetworks(Foo, 2013)
Simultaneougdargeting anddesign of HENWan Alwi and Manan, 2010)
Application of Exergy Analysis as a Pl technf@laeghaleslami et al., 2011)
Study on propertypbasedresourceconservationnetwork (Saw et al., 2011)
Carbon Emissions Pinch Aysas (CEPA) femissiongeductionwithin the
electricity sector (Atkins et al., 2010a)

Reduction of air pollution anddarmful emissions in large industri¢Sinaki
et al., 2011)

Improvingenergyrecovery througtsoft data optimisation(T. G. Walmsley
et al., 2013)

TSHIncomoratingthe water sensibleheat (Liew et al., 2014c)

Heat recovery and thermeconomic optimisation of dairy plantd. G.
Walmsley et al., 2015a)

TSHWith district heating Liew et al., 2013nd coolindLiew et al., 2016)
Design and integration of evaporation systems including vapour
recompression (T.G. Walmsley, 2016)

Processnodification of Total Sit€TS)for capital cost reduction(Chew et
al., 2015a)

Pl concepd, methodsand applicatims have been well explained iseveral books

ddzOK Fa o/ KSYAOFf tNROSaa E®ap At AWK Ly

lyFfeaAa FyR t NB O 287) dngrécériykg diahdbgbk of o &

Process IntegratiorMinimisationof Energy and Water Use, Waste and Emisgions

byY t S Y2813)

2.3 Development of Pinch Analysia Graphical Todior Pl

PA is an elegant insight and graphical technique for HI targeting and HEN design

(Linnhoff and Hindmarsh, 1983} has beenwell-utilised in the process industry

11
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as a tool to maximise energy saving adtfidand reducing overall energy demand

and emissions within individual process urflgackl and Harvey, 2013a)

In the early 1970sthe first work was performed by Hohmarih971)in his PhD
thesis at the University of Southern California, USA. He ioted
thermodynamiebased reasoning for evaluating the minimum energy
requirements of a HEN synthesis probl#moughapplication of a Feasibility Table
(FT) His results were not extensively publishedyond his thesiswith the

exception of only one confence presentatiofHohmann and Lockhart, 1976)

Two other research groups have developed concepts of HI, based on PA, building
onconceptsF NB Y | 2 KY I yy Gisst it theSUK, LirkiHE and Blower
presenteda two-part paperin synthesis of HEN, Systematic generation of energy
optimal networks (Linnhoff and Flower, 197&nd Evolutionary generation of
networkswith various criteria of optimalityFlower and Linnhoff, 1978followed

up by the Linnhof2 BhD thesi¢Linnhoff, 1979)The Problem Table Algorithm (PTA)
was introduced by Linnhotthileat ETH Zuric{Linnhoff, 1972)During remaining
years ofthe 1970s, Linnhoff in his PhD thesis at the University of Laetgsmined

the potential of HI by using thermodynamic second law analysis in the context of

chemical process desigfLinnhoff, 1979)

The secondgroup was from Japan, at the Chiyoda Chemical Engineering &
Construction Co., Ltd. Tsurumi, Yokohamaeydeveloped HEN synthedimsed

on definition and construction o€omposite Curve@CQ (Umeda et al., 1978)
introduced optimum watemeallocationin a refinery(Takama et al., 1980and
constructedthe TemperatureEnthalpy (TH) diagram for heat integrated system
synthesigltoh et al., 1986)

Figure2-2 presents a schematic CC of a process and the Pwichdo Y SYSO Si I f o
2010) Based on the fact that heat can only be transferred from higbdotwer

temperaturesHR is restricted by the shape of the @@d reduction of an external

heating utility is accompanied by a comparal@eluctionin cold utility demand

(Linnhoff and Flowerl978) HR between hot and cold streams is restricted by the

shape of the CCs.The point that presents the smalleshinimum approach

0 S Y LIS NI (ezii@tica distaiicé between hot and cold CCs) represents a

bottleneck for HR and referred to as theHeat Recovery Pincimputting a range

12



2 T miketables a determinatiorof a nearoptimal trade-off between capital

(investment) and operating (energy) costs.

A
T
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Figure2-2: A schematicof CCs and Pinch implicatiossY f SYSO SiG | £ ®X wnmno

A set of design and performance targets fdENs as the Pinch Design Method
(PDM)wereintroduced by Linnhoff and Hindmar§h983) followed by extensions

to the original PA method, such as targeting minimum total g@alberg and
Morari, 1990) targeting heat exchanger she{lshmad and Smith, 198%argeting
pressure drop (Polley et al., 1990)stream specific minimum appoach
temperatures(Shenoy, 1995andapplicaton to retrofits(Ciric and Floudas, 1989)

In general, the Pinch concept may be applied to any system that may be
characterised by supply and demand profiles in terms of quantity anditgual
Applications of PA beyond HI include hydrogen netwdil@wvler et al., 1996)
reducingwastewatereffluent as well as fresh water in process plants based on PA
(Wang and Smith, 1994Mass Integratiorof water networks (Foo, 2009) mass
exchange networkg§EHalwagi, 2006)carbon constrainegnergy planningFoo

et al., 2008b)and energy investment constrained energy planning for electricity
sectors(M. R. W. Walmsley et al., 2014a0d ransport sectorgM. R. W. Walmsley

et al., 2015) Other developed applications of PAinclude utility system
optimisation (Shenoy et al., 19984listillation columng(Bandyopadhyay, 2007)
fired heater integrated networkgVarghese and Bandyopadhyay, 2Q0Fatch
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processntegration(Majozi, 2005)andsemicontinues proessintegration(Atkins
et al., 2010hb)

PA method is well explained in detail in the Chemical Process: Design and
LYGSaNI A2y G/ KSYAOIf t NP OSmith(R00%haSck A Iy | YR L
Gt AYOK 1yl faara | ykemu2na)doadindusyydverdiewd G A 2y é o8
2F I L A& LINBaSyatSR Ay GKS allFyRoz221 27F 21 {
t NEPOSaXAgASEO SO [t PT HAnyo

In conclusionthe important strength of the PA approach to Pl is the targeting
stage wheresoundperformance targets are determined prior to the design stage.
To be of greatest valugargets should be achievable and realtstio properly
provide critical guidance in the design stafgg the engineerregardingthe

performance limitations and inherent compromises within a system.

2.4 MathematicalProgranming Concept ofPI

MathematicalProgramming(MP)in Pltypically solves netwdrsuperstructures to

find feasible and optimal design8. NX @ &Gl 3Sa 2F at (§SOKYAI dzS
started at late 1980s and early 1090s in parallel to PA develop(Rapoulias and

Grossmann, 1983MP deals mainly with HI, simultaneous optimisation and Hl,

and synthesis or retrofit of HEIReduction in utility consumption is ntite only

advantages of using MP simultaneous approaches, such techniques can lead to

reducing raw material intakgLang et al.,, 1988)MP combines algorithmic

methods with fundamental design concef{Biegler et al., 1997)t is capable of

optimising both single and multrobjective problems including HEN retrofit

(Furman and Sahinidis, 2002)

MP offers many advantages and a number of disadvantages over other
approaches. Main capabilities of MP agtimality, feasibility, andntegrality of

the produced solutions. In this approachs@ution carbe optimised with respect

to a single objective optimisation amulti-objectiveoptimisation By applying MP,

an appropriate tradeoff between capital and operating costs, revenue, and

rangeof environmental footprints can bestablishedd Y SYSO S | f @S Hamno

Disadvantages of the MP approach cansbenmarisedas difficulties in problem

formulation. Aso, direct impact andadjustment of the solution at the critical
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design decision points are not always quite crystal clear. This makes RA, as
graphical method, vital for the industryto provide increased efficiency and
industrial acceptance at initiatepps. Another important issue with MP approach
is the MPbase solutions are usually locally optimal while industrial plants within
extremely competitive economiesequire the best possible globally optimal
solutono Yt SYSO S Ff ®X wnmno

A very good irdepth review of major applications of MP techniques in the
synthesis and planning of sustainable processgsdsented byGrossmann and
GuillénGoséalbez2010) Detailed application of MP methods in apisation of
TSHI systems gesentedin Sectior2.5.5

2.5 Total SiteHeat Integrationg TSHI

One of the mosimportant developments of Pl i§SHlalsoknown as Total Site
Analysis (TSA), Total Site Integration (088ite WideIntegration.TSHtombines
hot and cold utility requirements of eachdividual process to allow fdvetter HI.
Figure2-3illustrates the general concept @iSHIn an industriatlusterof process
plants, including continuous, semi, and non-continuous processes operating in
high andor low temperatures. The clusteemploys a centralised utility system
with a variety of isothermal and nosnsothermal utilitieswhich areused and

generated within the system

Centralised Utility System Industrial Cluster of Process Plants
(Including Isothermal and Noitsothermal Utilitieg (Including ContinuesSemt and NonContinues Processes with High ard Low Temperaturel
(T T = — — 2 5 )
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I
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Figure2-3: General view of a 311 system.
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The intermediate fluid that is used in indirect HI method is referred asbsebf

hot or cold utility. Utilities can be classifi@ato two groups: isothermal utilities
and nonisothermal utilities. In isothermal utilities, utility temperatiis assumed

to be constant while transferring heat during generation and consumption in
processes. For neisothermal utilities, significant temperature change normally
occurs during transferring heat through the plant.FAgure2-3 shows, the central
utility system generates therequired heat using both renewable anaon-

renewableenergy sources.

2.5.1 Direct versus Indirect TSHI

Twobasicmethods to recover heabetween multipleplants and processeslirect
HRand indiect HRmethods (Ahmad and Hui, 1991)he direcimethodintegrates
heatbetween individual processes by using process streams directly. The indirect
method integratesheat by applyingan intermediate fluid as heat carrier in fluid
loops across the plantAtkins et al., 2012a)Direct HI offers maximum energy
benefits in TSHI dhe overallplant. In this approach, different processesy be
combined and considered as a sintigge process to provide maximum energy
savingthroughthe maximum possible heat transfer acraiferent processeof

the plant. In practice, some disadvantagetse fromdirect Hlof a TSwhich are:

I.  Highcomplexty of HENwith likelihood of multiple steams crossing the
physical limit of each plant. Thus, thevestmentcost increases with
increasingiping,numberof pumps and compressor units.

ii.  Topologicalcomplexitymay be considered for chemical processes safety
hazards due to direct integration &dr awaystreams.

iii.  Low operational flexibility and controllability of the overall plant.

Indirect integration, on the other hand, by using an intermediate fluid (such as
steam, hot oil,and water) through a central utility system, enablgseater
advantagef flexibility and process control to kechieed; however, it reduces
energy conservation opportunities. Using an intermediate fluid, which helps in
transferring heat from one process to the other, by addition of different
minimum approach temperaturesvill reduce the interval of effective heat

transfer between pinchesComparing to the direct integratigrthe energy saving
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potential reducesand the number of heat exchangers increases. Therefore, the
trade-off is between the capital cost of extra heatalhangers and the operating
cost of pumping and utility usage seems to be inevitéBl&ins et al., 2012a)lhe
different options of direct and indirect HR for multiplergcesses/zonesre
illustrated schematically ifrigure2-4. As it can be seen iRigure2-4a, b, and e
direct HR is occurred whilegure2-4c and d a utility system is exploited for HR in
the TS.

Increasing Integration / Heat Recovery

1

|

|

|

MP D |
|

|

\

I

I
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I
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I
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I

I

[ | ] mil }
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System t :g — O—»i
I
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Totally Separated Site Direct Partial Cross-Plant / Indirect / Heat Recovery Loop Indirect / Utility System
Zonal Integration Zonal Integration Cross-Plant / Zone Integration ~ Cross-Plant / Zone Integration

@ (b) (©) O (€)

Totally Integrated Site

Figure2-4: Schematic grid diagram of various levels of integration on a site with multiple
processefzones using direct or indirecheat transfer(Atkins et al., 2012a)

Different Pinch Temperaturdocations of individual processes in the cluster
provide the potential for energy conservation through sitlevel integration.
Figure2-5 presents how TSHI concept provides energy saving perspectives for

each individual processithin a large plant.

Morton and Linnhoff(1984) demonstrated that theoverlap of two Grand
Composite Cunee (GCC)identifies the maximum possibleHR between the
processes. Ahmad and H{ii991)extended the concepbf indirect and direct
integration. Thar method prioritises integration of individual processes and zones
which they called areas of integrilAhmad and Hui, 1991pefore integrating

across an entirsite usingthe utility system(Hui and Ahmad, 1994)
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Dhole and Linnhoft{1993)explained the use of site source and sink profiles in
orderto present targets for steam generation and utilisation between processes.
Pockets in the GCC indicate the infnacess HR potentialnd, therefore, they
proposed to remove pockets from above and the belench of eachGCQStep

1, Figure2-5). Then, by shifting portions & CGabove and the below Pincthe

site saurce and sink profiles, known as Total Site Profiles (r&#§he constructed
(Step 2. Thenextstep is utility targeting in T&d the construction oSite Utility
Composie Curves (SUCGep 4. SUCC has two separate parts: Utility Generation
Curve and Utility Consumption Cuniy pinching these two curves, minimum
heating andcooiing requirementof the TS can be determine#indly, the Site
Utility Grand Composite Cle\[SUGC)an beplotted based on SUCC to estimate
Shaft Work Generation (SWG) potentadross theTS(Step 5added by Raissi
(1994). { K2NIif & FFOGSNI AdGa JAeyah (199F) sumnkaBs@dS f 2 LIYSy (i =
successful applications ®SHto an acrylic polymer manufacturing plant, several
oil refineries and a tissue paper mikthich all showed utility savings between 20

¢ 30 %.Theapplication ofSUGC@as been further extended by Perry et @008

to reduce carbon footprint through thmtegrationof renewable energy sourse

STEP 2: TS Energy Targeting
(Total Site Profile)

STEP 1: Individual Process Energy Targeting
(Grand Composite Curve)
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2.5.2 RecentDevelopmensand Applicatiors of TSHI

Inter-process integration through TSHI has recently ledeotifyingutility savings
in slaughter and meat processing by 3b(Fritzson and Berntsson, 200&rge
industrial parks in Japaby 53 % (Matsuda et al., 2009and Thailand by 286
(Matsuda et al., 2014two Chinese petrochemical complexa@g61 % and 76 %
(Feng et al., 2011x Malaysian petrochemical plaby 24.5 %Liew et al., 20143a)
chemical processing clusters by%?Hackl and Harvey, 201%3)nd Kraft pulp mills
by 13%(Bonhivers et al., 2014)

Notable developments to the TSHHargeting method includes: temperature
shifting using procesévarbanov et al., 20123nd stream(Fodor et al., 2012)
specific minimum approach temperaturegiich are known as conventionabHI
methods Other developments in the area arelication of TSHIto Locally
Integrated Energy SectofkIES)Perry et al., 2008heat exchange restrictions
(Becker and Maréchal, 201 2htegration of solar thermal energy into processes
with heat demandNemet et al., 2012¢keasonal energy availabilifiziev et al.,
2013a) centralised utility system planningLiew et al., 2013b) retrofit
investigations in T@Liew et al., 2014a)process modification$or capital cost
reduction (Chew et al., 2015b)minimisationof thermal oil flowrate in hot olil
loops (Bade and Bandyopadhyay, 20,14ariable energy availabiliffiew et al.,
2014b) TS utility system targetin@un et al., 2015pand TS mass, heat and power
integration using process Pl aptbcessgraph (P-graph)(Ong et al., 2017)

A sitewide HIstudy on a large industrial cluster performed by several researchers,
Matsuda et al.(2009)claimed that even a highly efficient individual plamil
further improve its energy efficiency by HSHackel et ali2011)showed that by
site-wide collaboration it is possible to ireaseHRand utilisation of excess heat

as well as reducing energy cost in a chemical cluster. Analitailed multiple
plant study in an industrial zone was performed to present a systematic
methodology to target and design wastdR systemsconsidering ecnomic
objectivesby Stijepovic and Link€011)

The principals of plus/minus technique in PA was suggested by Linnhoff and
Vredeveld(1984) It suggestghat the anmount of heat provided by hot streams
should be increased (+) or the amount of heat required by cold stresroslbe
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decreased 4 above the Pinch. Likewise, below the Pinch, the amount of heat
requiredby cols streams should be increased (+) or the amoditieatrequired

by hot streams should be decreasell Similar logic has been suggested for TSHI
by Vaideeswarafi2001) He introduced Process Utility Matrix (PUM) to evaluate
multiple utility targets in a TSHI system. Lateeniét et al.(2012a)extended the
application of PUM method toevaluate TS changes whickaccounts for
including/excluding of different processes. Chew et(2013b)studied process
modification potential introducinga two-step algorithm to enhance HR using

plus/minus techmjuein TSHI

A model for estimating cogeneration potential in a TS based on thermodynamic
concepts has been presented by Sorin and Hammd420685) The conceptof
extractable power and steam header efficiency to estimate cogeneratitengial

was presented by Harell (2004) using gaphical techniques. An algebraic
Slidza @1 £ Sy (2 T prdpdsédtiby ¥ahan and $ElalkagiR006) was
applied to abiomass base@ogeneration system. Simplicity and the linearity of
the model can be considered as the advantages and difficulty imashg the
header efficiency can be mentioned asajor disadvantages of the motle
Ghannadzadeh et af2012 presented a new shaft work targeting modelhich
calculates the temperature of steam mains, steflow rate and shaft power
generated by the steam turbines in expansion zones o&H&CE&om bottom to

top. They used a simple steam turbine expansiarded with a constant isentropic
efficiency. They claimed the new method offers more realistic estimates of the TS

cogeneration targets than previous models.

Bandyopadhyay et 2010)proposed a mdification of the Site Grand Composite
Curve (SGCCQC) that incorporates assisted heat transfer based on the theory of
Bagajewicz and Roder@000) Assisted heat transfer takes into account the
pockets of the process GCC, which were not considered by Dhole and Linnhoff
(1993) Bandyopatyay et al(2010)showed thata modified TSP an&GCnay
showincreasel HR potential. However, the economy ofetapproachmust be

explored, as an increased integration usaudylitionalsteam mairs can be costly.

Recently several researchers have investigatémy gradeindustrial heat, waste

to heat, and renewablegPerry et al., 2008)Varbanovl y R Y {(2811)S O
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investigated the potential of integrating reneWwi@s with varying availability. This
indicated that significant further energy savings can be achieved. Nemet et al.
(2012b)proposeda new methodology for maximising the use of renewables with
variable availabilityWalmsley etal. (2015b)presented the integration of solar
thermal with low temperature industrial sitevide plants.Chew et al.(2013a)
analysed the industrial implementation issues of &8d Atkins et al(2012b)
performedPlon the individual plants at a large dairy factory. Ala@lmsley et al.
(2013)applied soft data optinsation industrially on a large dairydiory. Low et

al. (2013) studied the opportunities for lovgrade HRin UK food processing
industry in continuation of the work by Fritzson and Bernts&f06) who studied
inter-process integation through TS to identify substantial savings in slaughter
and meat processinglr.G. Walmsle{2016)used hybrid TSPs to assist the design
of milk evaporation gstems. He showed that integrated vapour recompression

can reduce utility use anldw gradewaste heat.

Seasonal energy availability was studied by Liew e(2&l13a)and later by
Bonhivers et ak2014) Bonhivers et a[2014)analysed the HEN &faft pulp mills

and concluded a bridge between cooler and heater is essential to acheate
savings in an existing HEREecently, Liew et a{2017)reviewed TSHI application
for planning and design of the industrial, urban and renewable sysiEmey
identified the need for sustainable development of new TSHI approaches for

industrial,urbanand renewable energy system integiaii

2.5.3 Heat Recovery Loop TSHFor SemiContinuousProcesses

TSHhas primarily focused ohigh temperatureapplications where stearan be
exploitedasan integral part of theutility systemto recover heat and efficiently
produce power. Sinceteamis assumed to beisothermal in its generation and
consumption as a utility, a TS network is simple to design to achieva $k#
targets. However effectively applying conventional TSHI techniques to lower
temperature processing applications and sites (i.e.0<X2) is more challenging.
For these sites,TSHIis achieved viaa liquid (e.g.hot and cold watey as
intermediate fluid inutility systems or a dedicated indireEtRsystem(M. R. W.
Walmsley et al., 2013ajhermal storage is needed to balance the instantaneous

imbalances of thintermediatefluid flow between distinct processes. This system
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is called Heat Recovery Loop (HRRpdera and &gajewicz, 1999)igure2-6

presents a schematic of a conventional HRL system.

Process A Process B Process C
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5

Cold
Storage:
Tank

Y

!
C

Intermediate Fluid Circulating in
Heat Recovery Loop

+—O—|| < O—a|| ~O—

Process D Process E Process F

Figure2-6: A schematic of a conventional HRL system.

Initially, the concept ofHRL developedn consequences of batch processes
integration. Graphical and MP based targeting and design methods have been
developed forTSHIof batch processes. Kemp and MacDonél®87, 1988)
introduced the Time Slice Model (TSM) in order to deal with the-camtinuous
nature of batch processes and the method was later expanded by Kemhp an
Deakin(1989) Stoltze et al(1993)used a hybrid combinatorial optimisation and
PA method to target the number of heat storage tanks and their temperatures to
maximise inteyprocessHRsavings. Later Stoltze et €1995)refined the approach
and named it the Permutation Method. Theethod was further developed by
Mikkelsen(1998) who added gost-optimisationstage forfine tuningthe system
variables; however, the method hgwoven difficult to apply in practice. The
constraint of fixed temperature heat storage as applied in Stoltze €18@5)was
relaxed by CheandCiou (2009) enabling ncreasedHR after applying Mixed

Integer Linear Programming (MILP) to find the design with the minimum total cost.
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A graphical Pinch based methodology for indirddR assuming constant
temperature variable mass heat storageasintroduced by Krummenachend
Favrat(2001) Theydevelopedthe conceptthat a limiting supply temperature,
which causes Bleat Storage Pindind restricts increased HI without the addition
of a new storage temperaturdevel and its associated storage, piping, and
pumping costs The method was originallydeveloped for batch processes;
however, the principlealso applyo semicontinuous processes particularly when
multiple plants are integratedroa TS, as Sherrin and Nigd®95)showed by using

a heuristic basedmethod for TSHIof semicontinuous processes using an

intermediate closed hot and cold water loop system.

The use of HRIfor site-wide heat integration ofow temperatureprocesses was
investigated by Atkinet al. (2012b)and later formalised into a comprehensive
method by Walmslet al. (2014a) Other notable studies omarious parts of the
design, operation and optirsation of HRLsare: new thermal storage desighy
using a stratified tankWalmsley et al., 2009xhanging of storage temperature
for seasonal production changé€atkins et al., 2010b)utilisation and sizing of
thermal storage capacitfAtkins et al., 2012b)area targeting and storage
temperature selection for HRWalmsley et al., 2012Further, Walmsley et al.
(2013b) have explained the evaluain of heat exchanger sizing methods for
improving the area and storagemperature selection in HRLs, ahe integration

of industrial solause in HRT. G. Walmsley et al., 2015b)any of the results
from these HRL studies culminated in HRL targeting and design method, Chapter
Hn X A yndibékSf pdotess integratioinimisationof energy and water
dzA Sz ¢l adsS 6YRSESOIanANMas

The conventional control system af HRLmeasures and compares the outlet
temperature of theintermediate loop fluid from each heat exchanger to a
common hot or cold temperaturset point The flow rate othe fluid through each
heat exchanger is adjusted to achighe set pointtemperature. In this approach
hot and cold storage temperatures aheld constant over time This approach is
called the Constant Temperature Storage (Gppjoach Walmsley et al2013c)
introduced an alternative approach to HRL contmhich varys the set pointof

individual heat exchangers depending on their temperature driving force. This
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alternative approach is called Variablemperature Storage (VTS) due tte
mixingof different temperatures entering the tank¥.G.Walmsley et al(2014a)
have compared the two HRL control approaches to find the VTS system results in
a more effective distribution of temperature driving force between heat
exchangersThey showedbwer average loop flow rates giving reduced pressure
drop and pumping requirenmgs, and an increase inaverage temperature
differencebetweenhot and cold storage temperatusewhich increases thermal
storage density and capacityRecently, the use oMixed IntegerNonLinear
Progranming (MINLP model with economic objectives to optise hot water
circles has been presented by Chang ef2015) Laterthey extended their work
for the application of NNLP model iHRLgChang et al., 2016Another approach

is presented by Wang et gR015) which offers TS targeting as an initial stage
followed by HEN design and area targeting, Whg solved using Mixed Integer

Non-Liner Programming.

In general, he method of T.G. Walmsley et a(2014a) as well asprevious
graphical HRL methodate overly restrictive on thetructure of the HR network,
which define theinteractions between utility and process streambhe MP
methods, such asNang et.al2015) lackthe same insightasgraphicalmethods
and require specialised solves to find the best solutibimis demonstrates that
improvement may be possible despiiee advancements andherits of both the

graphical and MRpproachesn the area of HRL.

2.5.4 The Stateof-The-Art of TSHI Methods

SinceTSHIhas a strong foundation in Pl and has proven as a useful tool for
engineers to plan and make strategic decisions regarding energy conservation for
entire processing sites, several researchers have been working to extend the
method to achieve more meamgful targets, apply more practical constraimms

HEN, and increase the range of applicatidiss section reviews the most notable
developments in TSHI targeting aooimpareshe advantages and disadvantages

of the various methods to illustrate thgapin the knowledge for covering both
isothermal and nossothermal utility targets in a single procedureigure2-7
presents the six most common TSHI targeting methods ifitdy@ture and are

discussed in the following sectians
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a Total Zonal Targeting
TZT

(Ahmad and HuL991)

Process Pinch Analysis and Total Site Heat Integration Methods

b. Totally Integrated Targeting
TIT

(Hui and Ahma1994)

c.1. Global Method

C. Conventional Total Site Targeting

c.2. Process Specific Method

c.3. Stream Specific Method
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Figure2-7: Comparison between various PA and TSHI targeting methods.

2.5.4.1 Total Zonalargeting (TZT) Method
TZT methodAhmad and Hui, 19913 based orihe veryinitial concept of Pl and
PA presented by Linnhoff and Flowemnhoff and Flower, 1978n thismethod,

Figure2-7a,each process is consideredasingleplant and integrated separately.

Therefore, each process has separate targets and the final utility requirements, for

both hot and cold utilities, and #ghamount ofHRcan be obtained by summation

of utility requirements andHRof each individual plantAs shown irFigure2-4a,

TZT calculates the lowest HR targets within the TS.

2.5.4.2 Totally Integrated Targeting (TM¢thod

In this approachkigure2-7b, different processes are combined and considered as

a single process in the plant to provide maximum energy saving with the maximum

possible heat transfer across different pesses of the plantHui and Ahmad,
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1994) In practice the disadvantage®f direct H| as reviewed in Sectio2.5.],
devaluethe usefulnessf this method.In summary,TITmethod needs complex
networking withmanystreamspotentiallycrossing the physical limit of each plant,
increasing the cost ahtegrationas morepumps and compressoewe required.
Topological disadvantages and costs nago be consideredsuch as creating
safety hazards due to dice integration offar away streamswith lessoverall

operational flexibility and controllability of theite, Figure2-4e.

2.5.4.3 Conventional Total Site TargetiGi $TMethod

CTST method follows thaitial idea of TSHFor the traditionalhigh temperature
chemical process industry (e.g. oil and gas refineri¢¢dpwever these
conventional techniqueé~igure2-7c) face additional challenges when applied to
low temperatureand/or non-continuous processes (e.g. dairy processes, pulp and
paper plants). Y f S \eSaD (1997) introduced a procedure fo€TSTmethod,
referred to as the Aobal CTSTmethod. A modification to CTST methodvas
presented by Varbanov et a(2012) introducing process specific minimum
difference temperature method. Later, Fodor et @012)modified CTSTmethod

with the definition of stream specific minimum temperature difference method.

The schemic of diagram for CTST methods is presenteligure2-4d.

2.5.4.3.1 GlobalCTSMethod

This method is well explained in the literatu€emp, 2007pas the basic TSHI
method. Figure2-7c presents theglobal CTST method procedurEigure 2-8
illustrates the method graphbally. The first step is data extraction. By using flow
sheets, process heating and cooling demands are extracted as stream data for
further use to obtain HR targets for each process using PA. The next shep is
selectionof minimum temperature differen®  éif. ¢n general, selection of

K A 3 K S-Njvekathigheramount of utility demand but lower capital cost. The
2L aAGS A& mdWHEES i.§ BoNenkrgyscostk Bigh capital cost.
Supertargeting, energy targeting and experience are thrgpical ways of
aLISOA F e A Y Fnn(KemplBAOT)NeR, disAt 19 shiowin iffigure2-8, process
AONBFY (SYLISNI (dzNG th anlinkeBnediate lefiediRre scale oy k ¢
(T) and the Problem Table (PT) and related graphs such a&@Gnd Site

Composite CurvéSCQare constructed. In the next step, the pockets from the GCC
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are removed in the traditional manner and the sources and sinks segments are
extracted. Themafter a second shif(Figure2-8a) dza A y dmin ty th& atility
temperature scale (T), the extracted GCC segments are combined to gtet
source andsink profiles, i.e. TSHhen by using utility temperature and pressure
specifications, utility generation and consumption can bgeded from the TSP.
Finally,SUGCG plotted and SWG can be targeted.
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Figure 2-8: General overview of TS steps and temperature shifts in various CTST
methods.

2.5.4.3.2 Process Specifi€TSMethod

This methodmodifies the global CTST ethod by employing changes in TSP
O2yaidNHzOGAZ2Y I 32 N dnkpédfidation for heat éxchange a S LJ- N.
within each process and also between eachcessand each utility(Varbanov et

al., 2012) In this methodk Tmin,pp(process to process) for each plant needs to be

selected and the first shift is by usingk¥in » (Figure2-8b). Then the procedure

can be continued followingllobal CTST ethod. Then by using the relevant

individual specifications for minimum allowed temperature differefCBnin,pu

(K Tmin,pHU fOr heating utlities and k Tmin,pcufor cooling utilities) the extracted

segments can be shifted forward to the temperature scale of the utilitiésas is
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shown inFigure2-7c. Again, the rest of the procedure follows thense procedure

of global CTST ethod (Figure2-7).

2.5.4.3.3 Stream Specifi€ TSMethod

This method deals witlstreamspecifick fin inside each process by setting
RAFTFSNBY G Kk ¢ condangd @ldohusiripidikiedeyi ¢m between the
process streams and utility systeifodor et al., 2012)TheY S i K Algb@Em is
similar to previous mghods (Figure2-7c¢.3) however, the major differences are:
AYRAOGARdZE f aGNBIFY&a 06620GK LINEOSavdluel vR
based on the characteristics of the stream. Then, the first shift iSdaal A yeort. k ¢
When the pockets are removed, by usihg relevant individual specifications for
minimum allowed temperature differendeTcontusthe extracted segments can be
shifted forward to the temperature scale of the utilities; ,Tas is shown in
Figure2-8c. Once again, the rest of the procedure is followed the same procedure

of global CTST ethod (Figure2-8).

2.5.4.4 Heat Recovery Loop TargetMgthod

TheHRL method, dedicatedindirect HRsystem forlow temperatureprocesses
using nonrisothermal utilities (e.g. hot and cold water loopsis a standalone
method thatcan be conslered as aspecial case of conventiondSHImethods
Figure2-7d. Walmsley et al(2014a)presented a new method for targeting and
design ofHRLsusing VTSechnique This approach is based on the daily time
averageCC They showed that the method has morRpotential in comparison
with CTSechnique. The significant difference between this method and other
conventionalTSHImethods is this method requires defined inrfpaocess HEN to
be able to selectandidatestream £gments that need utility at the TS levéls a
result, HRL targets depend on the HEN desigmnle in conventional SHmethods
the targets may be determined prior to HEN synthe&snilar tothe Stream

{ LISOATAO [ ¢cdutor udlify Gtie@nRnaatcHest is used in this method.
After TSP construction, utility consumption targets and ifpencessHR may be
targeted. Figure 2-4c presents the schematicf (HENarrangementin the HRL

targeting method.
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2.5.4.5 Method Comparison and Discussion

Summarisingll above, the major limitation of conventiondaSHImethods is the
treatment of norisothermal utilities during the targeting process. In additithis
limitation will influencethe HEN synthesis and design based on the conventional
method targets. In conventiondiISHmethods, norisothermal utilities are often
treated in the same way of isothermal utilitida.the case of an isothermal utility,

its temperaturedoes not change while transferring heat during generation and
consumption. INTSHkargeting, isothermal utility representation is simplified by
showing only the constant temperature segments (i.e. horizontal lines), not
considering temperature changes preheaing, superheaing or subcooling
segments. Cooling water utility, at times, may also be considered a pseudo
isothermal utility by assuming a high cooling water flow rate, i.e. minimal
temperature change. For a nasothermal utility, sensible heat the primary
source of heat transfer, which means significant temperature change occurs
during its generation and consumption. As a result, upper and lower temperatures
are an important consideration for each naothermal utility. In low
temperature processes (i.e< 120°C) hot and cold water are considered as-non
isothermal utilities, which are shown as diagonal segment$-biplots, with the
slope beingnversely proportionato flow rate. Therefore nonisothermal utility
targets obtained using coewntional TSHmMethods are overly optimistic compared
the targets that can be achieved practicallyesetargetsare significantly lower,
based on HRL method, than targets that are calculated using conventional

methods as HRL method put more constraintHiN.

In CTSTmethod, nonisothermal utility target temperate can be achieved with
fewer constraints, i.e. CTST method inherently allows target temperature to be
met usinga single heat exchanger or using heat exchanger matches in series
and/or parallel cafigurations from any process in the plant. On the other hand,
the HRL method hasnadditional constraint that the nosothermal utility target

is restricted to be achieved with only one heat exchandéw. constraint on
conventional method network desigmay cause some operational, safety, and
control issuewhile for HRL method intrarocess HEN information is required in

targeting stage and networkconstraints are highly restrise. Detailed
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explanation on noxsothermal utility targeting optimisation and HEN design

challengesare presented in SectioB.2

Therefore,the gap in the literature is the ¢ of aTSHImethod that calculates
realistic and achievable targets for both isothermal and-ismthermd utilities. In
this context, the achievable target means one that accounts for feasible HR
constraints, and realistic target means one where the target temperature of the

utility stream is met with a single process in the TS

2.5.5 TSHI Optimisation: Number of Utility Mains and Utility

Temperatures

In parallel tothe developmentof graphicalTS methods, optimisation techniques

have been conducted to th& SHImethods to improve utilitytargets and HEN

synthesis and desigivarious methods in the literature fasptimisation ofthe

number of and temperatures of utility levels for steame( isothermal) utility

systemsand newmethodsbased on optimisation of neisothermal (i.e. hot water

or hot oil) utilities are presentedMakwana(1997)introduced Rcurve method in

his PhD thesis to optimise the existing utility system throtatlevel analysis.

R-Curves providelear evaluation of the site utility system, which is possible to

understand the characteristics and identify energy saving potential of the utility

system.Later, Makwana et al(1998)used the Reurve concept for retrofit and

operation management of existing T8 andvaideeswarar{200) proposeda

relation between cogeneration efficiency witheatto-power ratio usingthe R

curves. Kenney(1984) presented the concept of BurveAy GKS 06221 a9y SNE
| 2y aSNDI GA2Y Ay (K 8Betait aN® KinRugadnd Zhy(B0023 G NA Sa € Ay
appliedthe methodfor an industrial energy system followed Batsuda et al.

(2009)who appliedthe Rcurve concept t@ Japanese larggcalesite. Utilising the

industrial Rcurve conceptin analysing the TS utility systems to improve turbine

hardware model was presented/b/arbanov et al(Varbanov et al., 2004)

An accurate shafivork targeting model based on typical isentropic efficiencies of
steam turbines and rules of thumb for targeting the cogenematpotential of a
combined heat and power plant was introduced by Mavromatis and Kokossis

(1998)known aghe Turbine Hardware Model (THM). Later, the application of this
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model in an Indian sugar factory was studiecetdablsh cogeneration potential

(Raghu Ram and Berjee, 2003)

The use oMP techniques in TS in order to minisai costs of energy supply was
introduced by Marechal and Kalitventzé1f998) They also developeal method

to target TSutility system, which has changes in utility demands of different plants
(Marechal and Kalitventzeff, 2003peveral studies have applied MP based
methods to optimise the utility temperatures. Shang and Koko$2304)
proposed a methodology toptimise steam levels uder different operational
scenarios using a boiler and turbine hardware model. The study developed a
transhipmentmodel to represent a TS system and used libeation of steam
levels, the overall fuel requirement, the cogeneration potential and the cooling
utility demand asnajordecision variables tminimiseUtility Cost (UC) by applying

a multiperiod MILANodel Tarighaleslami et a{2010)presented an approach for
reduce cooling water cost as nésothermal utility. Later Hesas et al(2011)
studied the cooling water makeup cost in oil refineriésashant and Perr§2012)
useda MINLAnodelto determine thecost optimallocation and number of steam
levels to meet the process heating and cooling dema8ds. et al(2014)showed

that at the Site Pinch region theis noSWG potentialThey also showed that by
adding new gam mains within or away from the Site Pincan significantly
improve boiler steam savingjgh temperatureutility targets (>120 °C), and SWG.
Later they proposed a practical approach baseéxtendedsite composite curves

to provide realistic utility argets(Sun et al., 2015)The method only allows for
boiler feedwater preheating, steam superheating in steam generation, steam
desuperheating for process heating, and condensate HR from steam consumption.
Howels NE (KS YS(iK2R R-Bdhariabutiliséiihtd aScouhtl K SNJ y 2 y

Nemet et al. (2013)showed thatan appropriate tradeoff between investment
cost and utility cosimay not provide realistic results when only current utility
prices are considered during the optimisation of HENts whole lifetime. Later,
they proposed a new TS optimisation model including #edection of utility
pressurelevels forintermediateutilities to optimise total cost considering future
energy pricegNemet et al., 2015)The model o included thermal and hydraulic

parameters, such as pipeline layout design, pipe design, and insulation thickness
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and heat losses, whenynthesisingthe MINLP problem through the traeaff
between capital and operating cosRecently, Song et a(2017) presented a
modified MINLP model with an objective of TAC to determine the final-itert

HEN configurations.

Another approach taitility temperature optimisatiorisgraphical based methods.
Song et al(2016a)developed a new graphicahethod called Interplant Shifted
Composite CurvesJCCLto target the maximum HR for indirect HI between two
plants withoutbadc changes, such as infrastructure improvements, in the existing
HEN. ThéSCQCnethod selects streams with the potential to participate in the TS,
and determines maximum feasible HR as well as minimises the flow rate of the
heat transfer medium. Howeverhé method has not been applied to industrial
clusters with different level of utilitieBoldyryev et al(2014)developed anethod

to decrease capital cost by minimising heat transfer area for HR on TS using
different utility levels. In theimethod, heat transfer area is reduced by selection

of the appropriatetemperature ofintermediateutilities. Minimum heat transfer

area depends on slopes of TSP in each enthalpy interval.

ExergyAnalysis (EA3 another Plool for optimisation of process HParker(1989)
introduces a fast and easy algorithm for the enecgyital tradeoff in a HEN, but
in this method the effect of the capital tradeff on the utility system was not
taken into an accountDhole(1991)combines PA an&Ato for a multiple utility
optimisationproblems The methodshowed reducing thexergydestruction (ED)
in a HEN willltimately benefit the power generation in the utility plant. An Exergy
GrandCompositeCurve was used to minimise tlexergylosses in the HEN and
can be constructedrom the GCC by converting the temperature axis into Carnot
factor. A combinedPAand EAmethod is presented by Linnhoff and Dho{&992)

to optimise low temperature processesThey also studied the effect of utility
temperaturechange orEDin TS cogeneration targef®hole and Linnhoff, 1993)
Y £ S ¥tal((1997)estimated utility demads byexergyefficiency coefficients
based on maximum energy recovery design oféhére process.Tarighaleslami
et al. (2009)presented the merits ofxergy analysis ithe energyoptimisationof
large chemical plants such as ceudll refineries.Rivero et al(2004)usedexergy

and exergeeconomicanalysis on combined diiition unit of an oil refinery to
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achieve additional opportunities for PFollowed by optimisation of atmospheric
distillation unit ofa crudeoil refinery using exergprofiles (Tarighaleslami et al.,
2012) Hackl and Harve{2013b)used EAin the TS to target shaft work in sub
ambient and cryogenic processdsxergeeconomic andexergeenvironmental
evaluatiors of the coupling of a gared steam power plant with a TS utility
systemwere performed byKhoshgoftar Mansh etal. (2014). Karellas et a(2013)
usedEAto optimise waste HR systems in the cement industhe @rallelstudy
has beencarrying out in the steelindustry 6 Y I 6 | I.XGhaanadzadéh and
Sadeqzadel{2017a)combined Pinch and exergy analysis of athglene oxide
production process to boost energy efficiency toward environmental sustainability
Later, they used exergy aidedPA to enhance energy integration towards
environmental sustainability in a chlorireaustic soda production process
(Ghannadzadeh and Sadeqzadeh, 201Fbjhat et al(2015)combinedEAand
classicaHR optimisation via HENs in TSricrease HR between plantsowever,

they did not consider optimisation regarditC

2.5.6 Total SiteHeat Exchanger Network Desigmd Retrofit

The aim of the HEN synthesis and design is to recover heat from the process by
matching hot process streams and@plrocess streams to minimise the economic
objective. After HR between hot and cold streams, hot and cold utility are
imported to supply any energy requirement foEN EarlyHEN design based on
PA method was proposed by Tjoe and Linnlip#36)to provide retrofit targets

for utility consumption, and heat transfearea. However, in thisnethod, the
obtained area targets cannot reflect a complete area distribution within the HEN.
The method was extended by Patlyal. (1990)to take into account pressure drop
constraintsLater, Zhu ad Nie(2002)consideredoressure drop for HEfrassroot
design. In their methodthe pressuredrop is considered at both targeting and
design stages in a systematic mann8ubsequent research was conducted to

overcome Pinch design ntedd limitations.

Shokoya and Kotjabasaki$991) proposed a technique tantegrate the area
distribution of the existing HEN into the targeting stage. Téutiniqueproposed
more realistic area targets than the technigpeoposed by Tjoe and Linnhoff

(1986) Cost matrix method for HXE retrofit was introduced by Carlsson et al.
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(1993) They considered heat transfer area cost, equipment and pumping costs,
and physical distance betweehe pair of streamsln addition to minimisel 9 b Q a
heat transfer are€exchanger Minimum Approach Temperature (EMAT) has been
defined which is a degree of freedom that can enable reductions in the number of
heat exchangers needed for the HEN to achieve the process targets. In general
EMAT is equal or lower than global minimum approach temperature which shows
the minimum acceptale distance between CCs. This concept was
comprehensivey reviewed by Shenoy1995) Later, Akbarnia et al. (2009)
presentedanew approach ifPAconsidering piping costs in total cost targeting for
HEN.A correlation & piping costs for individual streams was presented that
includesfactors such as pipe size, pressure rating, and construction mateeial
heat exchanger cost plus piping cost, and consequently total cost. Raei and
Tarighaleslam{2011)used area efficiency coefficient to improve HEN area and
capital cost. Jin et al. (2008) combined PA and exergeeconomic analysis
determining optimal minimum approach temperature for HEN synthesis. In this
method, using a subsection integral d@alancedComposite Qurves(BCCexergy

consumption of heat transfer in HEM<alculated.

VariousMP andmodelling techniques such as MILP have been applied to improve
and optimise the scheduling and HEN design in the hbatocess by Lee and
Reklaitis (1995) Ciric and Floudg1989) proposed a systematic twstage
approach forthe retrofit design of HENSs. In the firstage DTmin is selectedand
calculations for minimum uitly cost are made. In the second stage, all possible
heat exchange matches are considered. To do this a MILP Ismadeequired.
Asante and Zh(1997)introduced a twaestage hybrid methodology for retrofit of
HENs. The method is based on identifying structural limitations to tRRetthe
existing HEN and modifyindpese limitations. Foo et al.(2008a)developed a
minimum unt targeting method for batch HEN desigrimemethodis an evolution

of batch mass exchange netwofmith et al(2010)presented a methodology for
HEN retrofit, which is applicable to complex industriavamps, considering
existing networks and constraining the number of modifications. The method
modifiedthe network Pinch approacfAsante and Zhu, 199%) be applicable in

HEN design in which the thermal properties of streams are temperature
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dependent. The modified mhbd combines structural modifications and cost

optimisation in a single step to avoid missing eeective design solutions.

The synthesis problem optimal HENs using multiple utilities was synthesised by
PonceOrtega et al.(2010) They developed a MINLP based on a stage
superstructure that contains all possible matches between hot and cold streams
in every stage Unlike previous MP approaches, in this model, exchanges of
process streams with utilities are allowed in eathgeof the superstructure to
determine the optimal location of hot and coldtilities. The model is able to
handle forbidden and restricted nbehes as well aisothermal and norAsothermal

process streams.

In the past decades, the synthesisd design of HEMave been well studied and
applied to several practical industrial casEer further HR and energy utilisation
improvement of TS, integt@n between HEN and its associated energy system
(i.e. centralised utility system) have been considemedlifferent cases such as
integration of HEN with Organic Ranki@yclg(Chen et al., 2014absorption cycle
(LiraBarragan et al., 2014frigeneration systemgHipolito-Valencia et al., 2014)

and thermalmembranedistillation systemgGonzale8Bravo et al., 2015)

The utility system is the heart of any industrial site enexggem. In recent years,

the synthesisand optimisation of the HEN as the utility systdrave been
considered by many research@rsy f SY S O Slilew kt &I(@C13bjpropesed

an improved Total Site Sensitivity Table (TSSdgterminethe optimal size o&a

utility generation system to be able to design backup generatorgpaidg system.

Na et al(2015)developed a modified superstructure containing a utility substage
considering multiple utilities. In their methodiility mainlocations areconsidered

to be fixed according to temperature and series conimt betweenutilities to
improve the model size and convergenddgew et al.(2014c) proposed an
extended Total Site Problem Tabl&lgorithm (TSPTA to target the minimum
utility requirement in a steam system that considers water sensible heat. Sun et
al. (2015)presented a graphical approach based on extended SCC to provide a
realistic TS utility targeting method accounting for bofieedwater preheating,

and steam superheating and desuperheating. Followed by Luo €Qdl6)who

presenteda simultaneoussynthesis othe utility systemand HEN incorporating
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steam condensate anloiler feedwater. In theimethod, TS HEN is composed of
several interlinked sENSs. They havermulated the links between sHHENS

and uility system.

A graphical method was proposed by Wang et(2014)to determine energy
target of interplant heat integration with three different indirect connection
patterns (parallel, split, and series) considering Site Pinch region. They showed
that the parallel pattern connection will always recover more heat, butunex

more complex networks and higher investment costs. When the heat quality
requirements of two heat sinkare similar, the split connection patterachieves

a better energycapital tradeoff. Series connection pattern is more attractive
when the heat gality requirement of two heat sinks are very different as it offers

shorter pipeline requirement.

Song et al(2016b)presented a new strategy to select streams for ifqpéaint HR

to achieve maximum possible HR via indirect HI. Usingatimique, the existing
HEN remains unchanged but the number of the participated streams may be
reduced. The technique has only been applteda two plant problem. They
extended their work introducing ISCCs to select participant plants and hot/cold
streans for interplant HI among three plants, which will be able to reduce the
number of participant streams before integration, while keeping energy targets

unchangedSong et al., 2016a)

Zhang et al(2016)presenteda MINLANodel forsimultaneousHEN design for HlI
using hot direct discharges/feeds between process plaRecently, Song et al.
(2017)presenteda modified MINLP model with an objective of TAC to determine

the final interplant HEN configurations.

As mentioned above, marstudieshave been conducted on HEN synthesis and
design irthe past decades; howey, these methods are baskon using one othe
CTSTmethods Nore of the mentioned HEN design methotsve considered
network synthesisincorporating both isothermal and nofisothermal utilities
using nonisothermal utilityconstaints in the network degin. However, there is
still a gap in literature to present UEN synthesis based SHlitechniques for

utility systems that usaeon-isothermalutilities, such as wateRecently, attempts
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have been made to improve HR in the HEN by using heat transfer eathant

techniques.

2.6 Heat TransfeEnhancement

Different concepts and methods have been proposed to minimise energy use in
process plants ranging from HR systems for individual processes to TSHI. In
individual processes,various techniques have been appli¢d increase heat
transfer rates in heat exchangers. These methods are known as Heat Transfer
Enhancement (HTE). Generally speaking, HTE techniquetivaded irto two

main groups: active techniques and passive technigurethe activetechniques

an extenal force is required, such as surface vibration, electrical or magnetic field,
or acoustic move on fluid. Passitechniques on the other handrequire no
external forcesRather passive techniques increase heat transfer by changing the
surface geomety or by adding some additives to the fluigbuminic and Huminic,
2012) Activetechniquesdue to their additional energy requirementre less

often considered in Pl methods, while passive techngjasee commonin Pl

literature.

TheHTEprocedure for HEMetrofit has been suggested by Zhu et @000) His
method s based on accounting for HTE effects in the application of PA techniques.
Pan et al.(2011) performed HTE tests for commercial shell and tube heat
exchangers usingurbulators for intensified tube side heat transfer. They
continued their work by presenting MILP based iterative method to retrofit design
HENgPan et al., 20120ptimiation oflarge scaldHEN with different intensified
heat transfer is their latest HTE study in Pl gifean et al., 2013Jsing HTE in PI

has many bendfs, and the three most popular ones are stated as:

i.  Enhanced heat exchangers require a less heat transfer area for a given heat
duty, thisis due to higher heat transfer coefficients.
ii. For a given heat exchanger, heat transfer capacity loarincreased
without any change in the physical size or area of the exchanger.
iii. Enhanced heat exchangers can achieve higher overall heat transfer
coefficients with the same or lower fluid velocities. This may lead to lower

friction, which means a reduction in the pumpirgguirements.
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These techniques, such as inserttngoulatorsin tubes and using helical baffles
in shells(Jafari Nasr and Shafeghat, 2008je useful for shell and tube heat
exchangers, which are a common heat exchanger type in chemical process
industries.Jafari Nasr et a(2015)also presented combinations between different
HTE techniques to achieve higher heat transfer ratgsvever,other techniques

are presented for HTE ofher heat exchanger types such as CFD analysis in-plate
fin heat exchanger@hoshvagh#liabadi et al., 2014Wang et al(2012)studied

the application ofintensfied heat transfer adHTE technique for retrofit of HEN.
Recently, Akpomiemie and Sm{2016)proposed HEN retrofit witHTE based on

an area ratio approacfor a HEN containing shell and tube heat exchangexter,
they considered pressure drop with HTE in HEN ret(ékpomiemie and Smith,
2017)

For many deades, adding solid micresized particles to conventional fluids for
HTE has been considered due to their high thermal conduc(8hgkarian et al.,
2014) However, in practice, operational problems, such as fouling, sedimentation
and increased pressure drop, occur by using these additives wdigstnades
industry from applying this type of HTEedhnique. Recent progress in
nanomaterials technology has made it conceivable to overcome these problems
by producing particles at amanoscale Compared to microsized particles,
nanoparticles are engineered to hakaativelylargersurface area, high obility,

less particle momentum and higher suspension stability. Suspiem of
nanoparticles in a fluidcreate a new category of fluids called nanofluids.

Nanofluids are a class of fluids with a suspension of r&red particles, which

aimstoenhance ¥ f dzA RQa KSI G | yR Y Daungthorgduk/ & ¥ S NJ LIS N.

and Wongwises, 2007Water, ethylene glycol, transformer and turbine oil, and
liquid paraffin are usually used as the base fluid, while metals andlrogides,
such as Cu, CuO®4, SiQ, TiQ, as well as nometallic particles, such as Multi
Wall Carbon NanotubeMWCNT) The sizs of the nanoparticlesare typically
<100nm.

Peyghambarzadeh et gR011)showed that using a nanofluid can increake
heat transfer coefficienvf car radiators by up to 40 %. Later he showed therall

heat transfer coefficienincreased with the application of dilute nanofluids in the
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car radiator(Peyghambarzadeh et al., 2013his research group demonstrated
that using 0.4 vol. % CuO/water ndhuad can increase the overall heat transfer
coefficient by up to 8 % in car radiatdidaraki et al., 2013Wuet al. (Wu et al.,
2016)presented the thermal performance of MWCNT/water nanofluids in helical
heat exchangers. Tohidi et £015)showed the combination of chaotic advection
and nanofluidglow in helically coiled tubes offers higher heat transfer coefficient.
Pantzali et al(2009)studied the efficiency of CuO/Wateanofluidwith 4 vol. %

of CuO nanoparticles as coolants in commercial plate heat exchangers. aradbari
Heris(2015)studied heat transfer coefficient @ milk pasteursation plate heat
exchanger using MWCNT/water nanofluid, and the &ftd hybrid MWCNT/water
and AbOs/water nanofluid mixture in plate heat exchangers has been studied by
Huang et al(2016) Raeiet al.(2017)showed adding 0.15 vol. % concentratgn
AlkQOs nanopatrticles to thevater can increase the heat transfer coefficient up to
23 % in double tube heat exchangdrecently, Shekarian et #2016)developed

a new set of equations combining Rapid Design Algorithm (RPéljey et al.,
1991) and both twisted tape tube insertsnd AbOs/water nanofluid as HTE
techniques to design shell and tube heat exchangéng results show that using
turbulatorsindividually and ire hybrid format with nanofluid can be effected on
design parameters of a typical heat exchanger by reducingréleired heat
transfer area up to 10 %&ach of these studiesvas at the laboratory scale,
meaning the implementation of nanofluids limrge scalendustrial applications is
not reported yet. Furthermore, the application of nanofluids, in combination with
'y AYyO0S3IANIGSR LINRPOSaaQa dziAtAdGe aeadsSy

2.7 Conclusios

Total Site Heat Integration is an effective method for desiglamfe scalautility
systems that serve large chemical processes, such as refineries, petrochemicals or
even lover temperature chemical and process plant§HIbf different chemical

plants might confront batch, sertgontinuous or continuous plants which are
clustered into one large siteTSHloffers direct and indirect heat integration
through a process or planthe direct HI can achieve more energy saving; however,

it is unlikely due to practical operation problems between severatesesin the

plant. On the other hand, indirect HI with a central utility system offers greater
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advantages of process control, fieity and optimum heat exchangers network
design, and has a lower energy recovery target compared to direct integration.
ConventionalTSHImethods mainlyfocus on targeting optimisation,and HEN
synthesis and design bigh temperatureprocesses that imerently use isothermal
utilities. Other special SHimethods such as HRL method that targets utility and
HR forlow temperature processes using nesothermal utilities, put more
constraint on the HEN, i.effectively applying TSHI techniques to procegsi
applications and sites that required nésothermal utilities is complex and
economically challengin@herefore, a lack of a unified method that could be able
to targetand optimise number of utility main and temperaturehafth isothermal
and nonisothermal utilities andbe able tooffer practical networkdesignis

obvious.
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Chapter Three
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3.1 Introduction

Total Site Heat Integration (TSHI) analysis provides a rigorous engge®ihod
for setting energy conservation targets for large mplant industrial processing
facilities. The purpose of this chapter is to provide an overview of theSHI
methods developed, outlines theaajorsteps andnethodthat arereportedin this
thess. TSHIconsists of three different stages, as shownFigure 3-1: i) TSHI
targetingmethods ii) utility systemoptimisatior; andiii) hea exchanger network

synthesis and design.

Figure3-1 shows the overview of the TSHI stages and method that are developed
in thisthesis. At the firststage a new TSHI targeting method will be proposéd.

be of greatest value to the engineelfSHI targets need to be realistic and
achievable in practice. As mentioned before, in tihiesis,an achievabletarget
means one that accounts fdeasible HR constraints, amadrealistictarget means

one where the target temperature of the utility stream is met viitha single
process in the cluster. Published studies have shown that the Conventional Total
Site Targeting (CTST) methods determimeaningful energy targets for high
temperature (>120C) processing sites, which primarily use steam utility.
However, for low temperature (<12C) processing sites that mostly use hot
water, a nonisothermal utility, the conventional methods often set o
optimistic targets. This is because these methods allow the utility target
temperatures to be achieved using series proea#i#ty heat exchanger matches
that could be located in different processéarmanycasesthe required network
design thatadiievesthe TSHitarget is highly likely to be uneconomic and
impractical, especially for necontinuous processing sites. Therefore, this thesis
aims to develop a new TSHI methodology to overcome the conventicaEl
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Figure3-1: Overview of TSHI stages and methogsesenied in thethesis.

The second stage will be axpansiornof the optimisation of the developed new
TSHI targeting method as well as optimal utility main and temperature satectio
Selection of the number of utility mains and the associated temperaturegiare
important degree of freedom for the maximisation of TSHhese can be done

using heuristicbased methods and MP based methods in conjunction with

heuristics.
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In thethird andlaststagein TSH evolutionary heaexchangenetwork and utility
exchanger network will be synthesised based on heat integration targets from the
new method.Asfound in Chapte®, limited researchhasbeen conducted on HEN
designincluding HRN antdEN synthesis in TS, excéipe special cas®f using
dedicated indirecHRsystens (M. R. W. Walmsley et al., 2013a)ledHRL.where

the networkpattern andstructure is fixed

Finally, other developments of TS#tich as assisted heat transfer methodraHI

and the implementabn of HTE techniques in T®ill be discussed i€hapter7.
Assisted heat transfer method provides a new opportunity to increase HR and
SWG targets in TSHI. It will be discussed how maximum as3iStditan be
targeted by comparing each HR pockets to the SUGCC using background
[foreground analysis. In the send half of Chapter7, the application of the
nanofluids as heattransfer medium in utility systems will be studied to achieve

higher HR and lower area targets in TS.

3.2 The Challenge of SHFfor Non-Isothermal Utilities

TSHIfaces several targeting, optimisatiorand HEN synthesis andlesign
challenges when noisothermal utilities are considered as a part of the central

utility system in plants.

3.2.1 ChallengesFaced in TSHI Targeting Stage for Neothermal

Utilities
One of the limitations of the convention&BHIs the treatment of norisothermal
utilities during the targeting process. In these methods, isothermalutilities
are often treated in the same way as isothermal utilities where the utility suppl
GSYLISNI GdzZNE A& GKS LINAYIFINE O2yaidNIAyldo
remains constant when theitility supplies different processes in a cluster of
industrial plants. For noisothermal utilities that are being consumed and
generated (i.e. TER), the utility target temperature may be an additional fixed
constraint. Pinching neisothermal utilities against the TSP presents an economic

challenge in designing the utility network.

Few TSHI studies have focused on targeting processes and sites thatilgri

require nonisothermal utilities; nor have they investigated the possibility of
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replacing isothermalitilities (e.g. steam) with nosisothermal (e.g. hot oil) to

increaseHR A contributing factor for this gap is the lack ol @HIimethod that

calcuates realistic and achievable targets considering both isothermal and non

isothermal utilities Figure3-2 presents a simple illustration of the problems faced

in applying conventional SHnd HRL targeting methods to a mygtiocess site

that requires norisothermalutilities.

a) Conventional Total Site
Heat Integration Method

Constraint Processes must return utilities

at its target temperature with no
constraints on the network

Heat Recovery
Target(CTS)

b) New Unified Total Site
Heat Integration Method

Constraint Each process must return

utilities at its target temperature with no

constraints on each process network

Heat Recovery
Target(UTST

¢) Heat Recovery Loop

Method

Constraint Each stream must return
utilities at its target temperaturdi.e. no
series heat exchangers allowed

Heat Recovery
Target(HRLY

Utility System

Utility System

Utility System

‘ Process+ ‘ Process é ‘ Process #

weam |[ Sveam
1 2

woam |[ Sveam woam |[ Steam
1 2 1 2

Process A

Process B Process C

Hot Water
T
v ‘{OO}“ :

Hot Water
u <—<-O_O?—n T
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N
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N
Process A ED C/

Process A
o

Process B © @

Process B &

Process B &

Process C O @

A
Process C © @

Process C O+

(\

*An Example for Noetsothermal Utility
T; Utility Supply Temperature
T; Utility Target Temperature

Normal Heat Exchanger Matc@

Heat Exchanger Match That are n
Allowed in The New Method

Figure3-2: Comparison othe frameworks and constraints foa) the conventional TSHI
method; b) the new Unified TSHI concepand g the HRLmethod, including example
hypothetical utility network designs.

In each of the three methods shownhkigure3-2 (including the new method), the

non-isothermal hot water loop is supplied at its supply temperature and must

return to its target temperature. The target temperature for nasothermal

utilities can be achieved a number whys,but is constrained deending on the

targeting method. Conventional TSHI inherently allows the target temperature to

be met using a single heat exchanger or using heat exchanger matches in series

and/or parallel configurations from any process as illustratedFigure3-2a. In

some cases, a series set of heat exchangers may be critical to achieving the TS

targets.On the other hand,iie HRL methods a special case of conventiof&HI

methods,has an additional constraint that the utility target temperature must be
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achieved with only one heat exchangers agrigure3-2c (i.e. it excludes heat
exchangers in series). The new method allows heat exchangers in parallel and
series to achieve the utility target temperature, if aodly if the heat exchangers

in series are from the same process as showriguoire3-2b.

The targets produced using conventional TSHI for-isothermal utilities are
therefore overly optimistic because it allowthe target temperature to be
achieved using series matches that could (in theory) be from different processes,

which is highly likely to be uneconomic and impractical.

3.2.2 ChallengesFaced in TSHI Optimisation and Utilitfemperature

Selection for NoAsothemal Utilities

TSHImethods face several challenges that mustreeognised inoptimisation
procedures. One of thehallengeswith optimisation of TSHImethods is the
compounding effecbf multiple optimisationvariables. Slight changes in utility
temperaure in TSHIcan impact on the heat exchanger unit target, causing a
discontinuity in the capital and total cost curvel$.can be difficulto distinguish
between the weights of each variable on optsation objectives. For example,
focusing solely ontotal cost asan optimisation objective obscures the

fundamentaltrade-off between capital and operating costs.

Anotherchallenge refers to hydraulic issues. In sites \atlge utility systens, an
optimisation method may drive nonisothermal utility to low temperature
difference causg unacceptablhigh utility flow rate pressure dropandpumping

requirements

Utility selectioncanbe considered as raother challenge, especially for the sites
that operate in the range of 89 120 °C. Water ason-isothermal utility is the
cheapest and the most available optiom many processes. However, in
temperatures close to 100 °C or above, water is likely to convert into the vapour
phase therefore, it must be pressused to stay inthe liquid phase which may
imposean extra cost tothe utility system. Oil has a wide applicable temperature
range, but lower thermal capacity withigher viscosity thatincreases hydraulic
isuuesand requires more electrical powemlso ituncertain safety and hazard

issuedor sitessuchaspharmaceuticahndfood processing plants.
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Another challenge with the optirstion of TS plantssthe selection onumberof
utility mains.An increasean the number ofutility mains is likely to improveHR
while there is a tradeff between investmat and utility costs as the piping work

isalways one of the major capital costs.

Utility temperature selection alsdas direct effect on utility cost and fuel
consumption. The appropriate utility temperature may increé®and decrease
the amount of utiity production requirement while it may also affect the number

of required utility mains

3.2.3 Challengedraced in TSHI Heat Exchanger Network Synthesis and

Design for NoAsothermal Utilities

Even though utilityprocess matches are important in targetistage to calculate
achievable and realistic targets, these matches are of great importance in
operation of the industrial plantonventionaTSHY SG K2 R4 Q | 9b a8y i KS&aA
designcreates a dependency on two separate and distinct processes and one of
the original rationales for T#8asto achieveHR between individual processes
without having these types afependenges These dependencies can cause major
operation issues especially in clusters containing-oontinuous processes. For
example, inFigure3-2a the hot water target temperature on the lower split is
achieved by two heat exchangers in series, the first match in Process B and the
second from Process C. If there was disturbance in the stream matched from
Process B, foexample due to its noAcontinuous nature, the target temperature
would not beachieved by the match from Process C alone. &salt, additional

cold utility, such as refrigeration, is consumed to ensure achievement of the target
temperatue (because this temperature is also its supply temperature as the hot
water is regenerated by process streams). If no additional utility is consumed and
the water utility is returned to the process for regeneration at a higher
temperature than its targetjt puts at risk process streams not reaching their
target temperature, especially in situations where the exchanger is a utility pinch.
As a resultin practice, these types of matches would ordinarily be considered

impractical as the operational risk acdntrol complexity outweigh the benefits
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To overcome this HENynthesisproblem in TSHI, Walmsley et §2013a)
presented a method for dealing with HI between continuous and-ocamtinuous
processeshat operate atlower temperaturegambient to ~20 °C) such as food
and dairy industries, using a dedicated indirel®system, which is often referce

to asa HRLIn this method,all the heat exchangers from HEN connected to the
HRL are considered as parallel to each other, as -@gfieed network structure.
Figure3-2c illustrates the general framework of how the HRL method allows a
dedicated hot water or hot oil system (e.g. a utility ssystem) to interact with
individual streams. Such a framework has additional constraints ltvegr the
inter-processHRtarget and requires information about process heat exchanger

network designs prior to targeting intgarocess heat integration.

3.3 KeyResearch Questions

Key engineering researchuestions includei) How to calculate realistic and
achievable targets for TSHI migiisothermal and noisothermal utilities through
application of PA tools such as tiReoblem TableRT), Composite CurveQC),
Grand Composite Curv&C(, Total Site Problem Tablg@ $PT), Total Site Profile
(TSP) Site Utility Grand Composite Curv8U5CQ? ii) How to select thecost
optimal utility temperature and mains for both isothermal and Agnthermal
utilities in the TS#i) What are the limitations of the CTST methods and hwege
limits affect TS targemg constraintsand utility-process hat exchangematches

in the HENdesign?These engineering research questions represent the gap in the
knowledge as well as a hurdle to the efficient use of generated process heat within
the TS.

3.4 Introduction to Industrial CaseSudies

Thescopeof the thessincludes investigation dhree industrial case studiessing

the new and conventional TSHI targeting, optimisation, and desigtnods

3.4.1 Kraft Pulp Mill

Sodra Cell Varo Kraft Pulp Mialso known as a Sulphate Pulp Mill in southern
Sweden(Bood and Nilsson, 2013)as been chosenas afirst case study and
represent intermediate temperature process. This plant was the first paper pulp

factory in the world to be transformed to totally chlorine free bleaching of the

47



pulp. The plant has a production capacity of 425,000 Air Dry ton pulp annually
within 10 different processesincluding 7 miscellaneoustreams which are
considered as an individual process together) waittotal of 64 streams available

for TS integration. Kraft Pulp Mill plant can be considered with both higHaamd
temperatureprocesses. The stream data for each individual existinggs®in the
Sodra Cell Vard Kraft Pulp Mill plant taken from Bood and Nil§2@h3)are
presented in Table 3-1, where T is supply temperature and:Tis target

temperature of process streams.

Table3-1: Stream data table for existing processes in the Kraft Pulp Mill case study.

Ts T; P
Process Stream °C (°C) (KW/°C)
Bleaching Coolirg of BB2 to AWRvhite wash 82.7 77.8 941.43
Cooling of BB4 83.2 715 787.69
Gas cooling after srep 4 99.7 90.1 30.52
Heating of KLR to filter 2&3 81.2 83.3 139.52
Heating of water to filter 4 1.9 46.5 321.46
HW to diluer screw feeder 1.9 65.0 280.98
Steam demand 148.4 148.5 97,480.00
Steam demand Step 2 184.8 184.9 14,980.00
Steam demand Step 4 184.8 184.9 30,520.00
Causticizing Cooling of green liquor 97.1 87.6 244.42
HW Heating 148.4 148.5  8,650.00
HW to lme washer 19 70.0 13.80
Mist condenser 84.1 68.4 404.65
Digestion Blowing Steam Condenser 103.3 103.2 165,850.00
Cooling od Acc.0 80.0 74.3 1,059.82
Cooling of hot liquor 165.4 146.5 94.60
Heating of white liquor 90.8 108.1 103.35
HW production 70.6 80.0 237.77
Steam demand 184.8 1849 202,000.00
Steam demand 148.4 148.5 34,700.00
Turpentine Condenser 90.1 50.5 28.28
Evaporator Steam demand for evaporator 148.4 148.5 517,930.00
Surface condenser 66.3 66.2 393,950.00
District Heating Caoling of V1 76.8 53.6 825.26
District heating demandaw mill 105.4 111.9 635.08
District heating to tomato farm 37.7 50.0 57.15
Office facilities heating 65.0 75.0 20.00
R7D facilities heating 49.2 54.7 7.64
Steam demand saw mill 148.4 1485 36,760.00
Miscellaneous 1 Cooling of BSB to bio cleaning 65.0 36.0 130.86
Miscellaneous 2 Cooling of V1 to bio cleaning 53.6 36.0 819.72
Miscellaneous 3 Heating demand, hot air to badkier 8.3 88.3 91.49
Miscellaneous 4 Leakage steam 99.6 99.5 7,180.00
Miscellaneous 5 Steam demand, chemical plant 148.4 1485 11,060.00
Miscellaneous 6 Turbine cooling 40.2 40.1 5,810.00
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Ts Tt CP

Process Stream (°C (°C (KW/°C)
Miscellaneous 7 VKT production 1.9 20.0 186.08
Paper Room Air cooling from air drier, Step 104.0 59.0 79.98

Air cooling from air drier, Step 2 59.0 50.0 996.33
Flash Steam condenser 129.1 129.0 13,950.00
Flash steam condenser 120.2 120.1 28,080.00
Heating of air to air drier 36.8 122.7 115.04
Heating of air to cyclondrier 4.3 1483 76.01
Heating of paper room facilities 3.0 34.9 15.64
Heating of paper room facilities 3.0 36.8 61.36
HW to BSBank 52.0 70.0 156.00
Steam demand, air drier 148.4 148.5 216,900.00
Steam demand, Wire Steam Box 148.4 148.5 28,760.00
WW demandn tank 2.7 52.1 156.48
WW toback watertank 1.9 45.0 79.33
Stripper Cooling of KLR 117.8 844 352.51
Heating of KLB 66.8 107.7 153.74
Heating of KLS 63.8 102.9 140.31
Steam demand MeOH column 148.4 148.5 8,050.00
Steam demand stripper 148.4 1485 30,070.00
Recovery Boiler Feed preheating 83.0 106.2 426.03
Flue gas cooling 204.5 133.2 138.63
Heating of VKT to feed water 16.1 17.0 148.89
Steam demand feed water tank 148.4 148.5 131,270.00
Steam demand recovery boiler 148.8 148.9 117,67000
Steam demand recovery boiler 148.4 1485 63,520.00
Steam demand, feed preeating 184.8 184.9 43,350.00
Wash Back water (Liquor tank 2 to AWP1 87.0 78.0 500.67
Filtrate tank diffuser to COP1 87.0 82.0 213.60
Thin liquor cooling to blow tank 67.9 38.3 138.18

3.4.2 LargeDairy Processing Factory

Thesecondndustrial case study is a large dairy processing factory in alazd
which representslow temperature processes (< 120°Chn peak production
periods about 14 million litres of milk are pressed daily athis plant that main
products are whole, skim anoutter milk powders; Cheddar, Colby, Egmont and
Mozzarella cheese; and butteFhe factory has 4 different processesvith 79
available streamsfor TSHI.Most of the processes in TS asemicontinuous
proceses Thestream data for each individual existing process in¢hse study

TSis presented iMable3-2.
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Table3-2: Stream data table for existig processes in the Daiffyactorycase study.

Ts Tt CP
Process Stream (°C (°C) (KW/°C)
AMF Process AMF 65.0 43.0 0.26
AMF Buttermilk 15.0 10.0 0.77
Cream 62.0 75.0 1.24
Qil 2 80.0 95.0 0.26
Rec. fat 12.0 55.0 3.36
Butter Process Buttermilk 12.0 6.0 17.81
Cream 73.0 85.0 31.19
Flav. Cream C 10.0 12.0 31.19
Flav. Cream H 22.0 10.0 31.19
Flavourtech 180.0 30.0 7.06
Casein Process COW water C 1 70.0 83.0 9.28
COW water C 2 35.0 30.0 9.28
Wash water 45.0 25.0 10.71
Wheyl 74.0 80.0 20.95
Whey2 47.0 9.0 20.95
Casein Whey  UF perm 1 44.0 75.0 61.85
Process UF perm 2 59.0 75.0 61.85
WPC Conc. 10.0 6.0 1.97
Cheese Process Milk 1 95.0 6.0 2.71
Milk 2 31.0 95.0 2.71
Mozz cheese 1 65.0 35.0 6.51
Mozz cheese 2 32.0 65.0 6.51
Whey 1 31.0 38.0 260.68
Whey 2 31.0 36.0 220.75
Whey cream 56.0 14.0 2.10
Whey separation 70.0 76.0 178.60
Cheese & Whey Cheese milk 1 59.0 75.0 118.60
UF Process Cheese milk 2 10.0 15.0 118.60
Skim milk 1 59.0 75.0 50.98
Skim milk 2 10.0 10.0 50.98
Cheese Whey Cheesavhey 40.0 10.0 153.08
Process HiFat 12.0 10.0 12.77
HiFat conc. 14.0 8.0 1.91
LoFat 12.0 101 9.00
LoFat conc. 14.0 8.0 1.63
Evaporator & Condensate 40.9 25.0 2.44
Dryer Process Condenser 41.0 40.9 5,490.00
WPC feed C 53.0 43.0 5.32
WPC feed H 43.0 65.0 5.32
Milk Powder & COW water 55.0 10.0 4.64
Lactose Process Lactose C 70.0 86.0 12.83
Lactose H 25.0 10.0 12.83
Retentate 10.0 8.0 2.13
Skim milk 10.0 8.0 7.25
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Ts Tt CpP
Process Stream °C (°C (KW/°C)
Milk separation Cream 15.0 9.0 24.73
& casein Raw milk 40.0 45.0 307.20
Process Skim milk 15.0 8.0 276.48
Standard skim 53.0 65.0 67.97
Standard skim 10.0 15.0 67.97
Milk separation Evap. Cond. 40.0 10.0 16.06
& casein Retentate 13.0 8.0 13.96
Process Skim milk 20.0 10.0 50.98
UF perm 16.0 35.0 44.12
Milk UF & CIP  DF water 30.0 10.0 0.84
Process Permeate 12.0 7.0 26.75
Retentate 12.0 7.0 9.22
P1 MPC Proces: Concentrate 1 45.0 70.0 4.69
Condensate 2 49.0 20.0 4.66
Condenser 50.0 49.9 5,52000
Retentate 65.0 80.0 8.50
P1 permeate Conc. Perm C 68.0 84.0 29.74
Process Conc. Perm H 12.0 10.0 35.02
Condensate 50.9 20.0 17.41
Condenser 51.0 50.9 16,800.00
Evap. Perm 15.0 7.0 12.78
UF perm 10.5 13.0 70.04
P2 Process Concentrate 54.0 60.0 5.86
Condenser 56.0 55.9 12,500.00
P3 Process Concentrate 65.0 78.0 10.33
P4 Process Concentrate 56.0 65.0 17.56
Retentate 64.0 79.0 59.10
P5 Process Concentrate 51.0 75.0 14.67
COW water 25.0 251 47.84
Milk 82.0 95.0 59.21
RO/Lactose Conc perm 2 44.0 58.0 26.09
evaporators Condenser 41.0 40.9 13,620.00
Process Dirty condensate 50.0 25.0 8.01
UF perm 12.0 32.0 97.36

3.4.3 PetrochemicalComplex

The last case study representsPatrochemical Complex with @uster ofhigh

temperature procesesthat is a located in Europe. Petrochemical complexes

operate continuouslywith higher processing temperatures than Kraft mills and

dairy factoriesThe Petrochemicalomplexhas 8 individual plants and a total 60

hot and cold streamavailablefor TSHIIn this thesis, very low temperature and

cryogenicprocesses of the plant are not considered in the Ti& available



individual plans and thestreams of the Petrochemical Complex to be studied as

TScasestudyare presented imable3-3.

Table3-3: Stream data table for existing processes in the Petrochemical Complex study.

Ts Tt CP
Process Stream °C (°C) (KW/°C)
Unit A C1 177.3 2134 92.00
H1 45.4 32.2 2.92

Unit B C1 113.0 3090 52.91
C2 73.4 309.0 39.93

C3 435 1430 9.65

H1 296.5 1444 102.72

H2 154.0 45.0 34.56

Unit C C1 143.0 350.0 81.99
Cc2 183.0 188.0 154.00

C3 115.0 131.0 138.00

C4 260.0 361.0 92.53

H1 318.0 236.0 21.44

H2 288.0 194.0 45.88

H3 203.0 119.0 17.42

H4 112.0 34.0 21.62

H5 169.0 101.0 14.06

H6 173.0 36.0 4.04

H7 105.0 45.0 104.95

H8 45.0 28.0 11.06

H9 128.0 54.0 0.90

H10 128.0 38.0 5.81

H11 37.0 33.0 6.86

H12 269.0 257.0 16.14

H13 276.0 85.0 5.37

H14 129.0 88.0 39.45

Unit D C1 192.0 212.0 60.72
C2 71.0 212.0 1.40

C3 50.0 151.0 7.68

H1 228.0 210.0 77.12

H2 210.0 92.0 32.18

Unit E C1 235.0 273.0 87.90
C2 243.0 260.0 60.44

H1 82.0 31.0 10.29

H2 113.0 46.0 51.68

H3 46.0 41.0 0.11

H4 46.0 30.0 4.78
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Ts Tt CP

Process Stream (°C (°C (KW/°C)
Unit F C1 257.8 259.0 79.35
C2 69.0 275.9 8.66
C3 255.1 257.3 815.40
C4 2925 293.7 138.73
H1 91.4 65.6 77.49
H2 91.4 53.9 12.35
H3 270.1 222.7 34.05
H4 175.4 45.3 23.97
H5 233.4 615 7.13
H6 274.1 58.9 0.60
UnitG C1 134.0 252.0 11.71
Cc2 299.0 321.0 81.15
H1 220.0 126.0 26.45
H2 233.0 224.0 14.17
H3 218.0 171.0 10.14
H4 282.0 187.0 9.86
H5 187.0 126.0 6.30
H6 329.0 77.0 2.20
H7 229.0 92.0 6.32
H8 111.0 62.0 36.71
UnitH C1 88.0 210.0 9.78
H1 211.0 129.0 9.72
H2 129.0 80.0 1.15
H4 131.0 93.0 3.84

3.5 Overview of Total Site Integration (UTSI) Software Tool

An ExcéM spreadsheet software tool called Unified Total Site Integration (UTSI)
software has been developed step by stdpring this research to be able to
calculate both conventional and new TSHI targetangl optimisationmethods.

The outputs of the UTSI software will be presented as the results of each
developed method ifChapters 4, 56, and 7 In this sectiona generdoverview of

the UTSI software is presented.

As is shown irFigure 3-3, the stream data can be added into the software
indicating process and stream name. Supply and target temperatures of each
streamare required. Either mass flow rate and specific heat (heat capacity flow
rate) or heat loacshould be definedln addiion, estimated streanheat transfer

coefficient(HTC) Yy RconffO¢ each stream can be specified at this stage.
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1 roces m s AH  ATem  HIC

2 kafs kd/kg*C kW . kWm¥C
3 |Bleaching Coolin of BB2 to AWP white wash 82.7 778 9414 ; .
4 |Bleaching Cooling of BB4 832 75 787.7 1.0 5.0
5 |Bleaching Gas cooling after srep 4 99.7 901 305 1.0 50
6 |Bleaching Heating of KLR to filter 2&3 812 833 1395 1.0 5.0
7 |Bleaching Heating of water to filter 4 19 465 3215 1.0 50
8 |Bleaching HW to diluter screw feeder 19 65.0 281.0 1.0 50
9 |Bleaching Steam demand 1484 1485 97480.0 1.0 | 5.0.|
10 |Bleaching Steam demand Step 2 1848 1849 14980.0 1.0 50
11 |Bleaching Steam demand Step 4 1848 1849 30520.0 1.0 50
12 |Causticizing Cooling of green liquor 971 876 2444 1.0 50
13 |Causticizing HW Heating 1484 1485  8650.0 1.0 5.0
14 |Causticizing HW to lime washer 19 700 138 1.0 5.0
15 |Causticizing Mist condenser 84.1 68.4 4046 1.0 50
16 | Digestion Blowing Steam Condenser 103.3 103.2 165850.0 1.0 50
17 |Digestion Cooling od Acc.0 80.0 743 10598 1.0 50
18 | Digestion Cooling of hot liquor 1654 1465 946 10 50
19 |Digestion Heating of white liquor 908 1081 1034 1.0 50
20 |Digestion HW production 706 800 2378 1.0 50
21 |Digestion Steam demand 1848 184.9 202000.0 1.0 50
22 |Digestion Steam demand 1484 1485 34700.0 1.0 5.0
23 |Digestion Turpentine Condenser 90.1 505 283 1.0 50
24 |District Heating Cooling of V1 76.8 536 8253 1.0 50
25 |Nictrict Haatinn Nictrirt hastine damand eau mill 1054 1119 A35 1 10 an

Summary Stream Data Utility Data HX Cost Data Derivatives Record PT | CC | SCC | GCC | BCC

READY 3

Figure3-3: Stream data sheetf the UTSI software tool.

FigureFigure3-4 showsUtility Data sheet in UTSI software tool. Utility type, supply
YR GFNBSG (.53 dvit costzil deat transfer coefficient are
inputted in this sheet. Also, the availability of the utility for optimti®n through

variation of utility supply/target temperaturesan be selected.

A B C D E F G H
4 AT cont Cost HTC

S/MWh

Run Utility Level

Default HU 3 :

HPS Hot 210.0 50 30.0 1.0 TRUE
LPS Hot 160.0 50 30.0 10 TRUE
HTHW Both 85.0 600 50 30:5 10 TRUE
LTHW Both 450 250 50 305 10 TRUE
Cw Cold 250 50 50 10 FALSE

W o~ & WN -

summary Stream Data | Utility Data | HX CostData | Derivatives | Record = PT

READY 29

Figure3-4: Utility data sheetof the UTSI software tool.
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Capital cost parametergcludinginvestment return duration, irgrest rate, and

operating period of the plant can be definedhtX Cost Data sheffigure3-5).

A B C D E F G H
s —— HX Cost =a+bA®
3 |+ B3 eNcose=w (a +b ('1'"’;”—"”‘) )
: | i1+
- 12"; Annual Capital Cost = C X aron—1
9 Run 8300 hly

Figure3-5: Heat exchangedata sheetof the UTSI software tool.

In the ®ttingswindow, a variety oimnenus andptions for different purposes may
be selectedas shown irFigue 3-6. The UTSI software calculatdR and utility
targets individually for each processd for the TS.The tool also optionally
calculates SWG exergytargets, UC and TAC as weltlas Problem Table. It plots
CC, BCC, GCCs vaitidl withoutHR pockets, assiste@#t integration graphsfSP

and SUGCCSummarysheetshowsthe results summary.

Overide DT{min)
r 2 |
Pinch Analysis Il Torget A and
i Cost
Target Clear Target Shaft Target Advanced
Work Energy Curves
Settings Close Target Exergy
\ V.

Figue 3-6: Setting window andSummarysheet of the UTSI software tool.
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ChapterFour

~

' YATASR ¢{1L:¢INBSUGAY

4.1 Introduction

Application ofTSHmethodologiedhelps set targetfor maximum energy recovery

via heat exchargy and utility networkln conventional TSHthere are no network
synthesisconstraints (besides thermodynamics) for heat exchanger matches
between process and utility streams. This problem was recently recognised by
Sunet al. (2015) As the boiler feed water (neisothermal utility) pinched against

the TSP, theyecognisedhat the heat may need to be transferred from multiple
processes and that the network, although thermodynamically feasible, might be
too complexin practice(Sun et al., 2015 Conventional TSHI allows processity

heat exchanger matches in series from any process for the utility to reach its target
temperature and then returned to the central lty system(Figure3-2a). As a
result, conventional TSHI targets for neisothermal utilities can be overly
optimistic. The HRL method, on the otlemndpredefines the network structure

by having all HRL heat exchangers in parallel to one another (even within a
process)Such a tight constraint for the network lowers the inf@dant HRtarget

and often overlooks opportunities to increase energy efficie(likins et al.,
2012a) The gap irthe knowledgeis, therefore, the lack of an appropriate TSHI
method that realistically targets both isothermal and ni@othermal utility

consumption.

The aim of thishapteris to introduce an improved TSHI method that calculates
more realistic and achvable targets for nofisothermal utilities. The newethod
is referred as the Unified Total Site Targeting Method (UTST). Thisatbermal
utilities in this methodology include hot water system f@yw temperature

processes (e.g. food and beverage psmirg) and intermediate temperature

! The majority of this Chapter formed the basis of a full journal article cit§@asghaleslami et
al., 2017apublishel in Energy:

Tarighaleslami, A.H., Walmsley, T.G., Atkins, M.J., Walmsley, MLReW,.P.Y., Neale, J.R., 2017,
A Unified Total Site Heat Integration targeting method for isothermal andisathermal utilities.
Energyl19, 1@25. doi:10.1016/j.energ2016.12.071
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processes (e.g. pulp and paper processing), as well as hot oil systkeighin
temperature processes (e.g. oil refineries). The new method modified the
Conventional TSHI Targeting methods, whndrmally produces differen TS
targets for cases when neisothermal utilities are used in the TS system. Targeting
results from the new unified method are compared to the conventioh8HI
method usingthe three case studieshat were introduced in SectioB.4. The
effects of assumptions inherent in both methods that generate targets for TS

integration are illustrated and discussed.

4.2 Methods

4.2.1 A New Unified Total Site Heat Integration Targeting Method

This section explains the proceduritloe new Unified Total Site Targeting method.
The procedure has three Stages: Data Specification, Process level, and Total Site
level. Figure4-1 illustrates the Unified Total Site Targeting method procedure

using a flow diagram and lllustrative graphs.

4.2.1.1 Stage X, Data Specification
Step 1, Extract Stream Daté&ollowing conventional methodologies, the
parameters of process streams are defined using general process data sets (e.g.

process flow sheets).

Step 2, S8 Olmnk 2 Y (0 NA 0 &aji hh 2hi§ mettod; due to coveringide

NI y3S 27F LINE OS A a Swi EontlibutidniisNiSdd. YTheamignOmi FA O k ¢
temperature difference between process streams in each prode&sn(pg)) is

KTeontpi+KTeonpz Thed St SOUA2Y 2 F  GulshuBld 0OnsidetJBOA TA O k ¢
thermo-physicalproperties of the stream and the energypital tradeoff through

Supertargeting. For example, sonpeocess streams may be gases or viscous

liquids which have poor heat transfepefficient, or may be prone to fouling on

heat exchanger surfaces. For such cases, the overall heat transfer coefficient of a

heat exchanger will be low; therefore, the corresponding heat transfer area will

behigh! & | NX&adz (03I cesholllifelsalesteiSt @ KA IK k¢
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Stagel:

Data Specification

Stepl Extract Stream Data
Step2
Kk fonpg) Selection
T e Stage2:
~" FontPs) Shift forward to T
CQ/K ™ (s LA A Yook © Process Level
T T l
sccaee
T Determine PTgraph CC

Step4 SCOGCC for each process

sceecc-—f K l
c

Stens Target IntraProcess Hea
KH P Recovery

HeatRecovery
Pocket

™ l
) Stent Select Utility Data
) P Ly Of dzRAy 3
""" One Utility
Considered
T pinc = Two Utilities
S __uUtiity
U2 = Pinch
<—‘ Steps Target Utility Gene_ratlon
and Consumption
kH
Stages3:
H Shift forward to T
Total Site Level Stepo Usingt oy
- ‘ l
|
VHP$- | < | step1o Plot TSP
Site Source } V
HPS Profile ! ‘
MPS | Match Utility o
: . Steptl Generation and KH
Site Sinl i
EF‘;,S } [ . Consumption
"
/Cold Wateﬁ Hot Water ™
N Loop | Loop VHP.
o ; Step12 Plot SUGCC r ‘
Chilled Water } HPS H I
Utility Pinch ~ © kH MPSI Site Pinch[;
within Procestes Step13 Target Shaft Work Regi{\qi
Cogeneration I:; LPS L4
cw [] 1
! Chw \
END

Figure4-1: Unified Total Site Targeting (UTST) procedure.

4.2.1.2 Stage Z; Process Level Targeting

Step 3, Shift stream temperatures forwardntermediate temperatures (Y

For each process, sply and target temperatures of hot (source) and cold (sink)
AUNBIFYa INBE aKATGSR dzid Aghdo theyniRingdlate dzl £ LINZ

temperature scale, T according tcequation4-1,

. _F‘T- DTcont,P(m) | Sources

I < .

@)
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Wherek Teont,gm)andk Teont, gny@are minimumallowed temperature contribution for

process individual hot and cold streams.

Step 4, Determine Problem Table (PT), Composite Curve (CC), and GCC for each
processProblem Table can be calculated to determine the Pinch Temperature, CC,

SCC and GCC graphs for each individual process.

A X 4 oA

Step 5, Target intrprocess heatrecovertRi | NB S G a T2 Ndntiakiés 84St SOG SR
from the CC are obtained for each proseResults include the overall minimum

hot and cold utility targets foeach process.

Step 6, Select utilities including temperatures and pressures: Selection of the

utility temperatures/pressure levels affects intprocessHRtargets at the TS level.

After targeting THR these temperatures may be 4gelected (and optimised) to

increase intesprocesdHRtargets. Inselectionof utilities, the idea of soft and hard

(fixed) utility target temperatures should be considered. In this step, the minimum

temperaure difference for each utility kK(Tcont,ug)) iS Selected using a similar

LINE OSRdzZNB SELJX I Ay SR ’iybetyerSprdcessdandutiity S lj dzA O f

Streams |§( Tcont,P1+ T( Tcont,Ul.

Step 7, Remove pocketsollowing the CTST method, pockets whiepresent
opportunities for intraprocessHR are removed from GCC and heat source and
heat sink segments are extracted from GCC for all processes. Therefore, only the

net utility demands of the various processes are considered at the TS level.

Step 8, Taret individual process utility generation and consumptitergeting the
utility generation and consumption in the int@rocess targeting stage is an
important feature of the new method in targeting nesothermal utility use
where the supply and target teperatures of the utility may be important HR
constraints. This step is an important difference and improvement from the

previous work of Liew et a2012)

Table4-1 shows the general framework for the numerical analysis technique of
the utility targeting method. The first column of the framework consists of the
shifted temperature levels dhe both processstreams and utilities, arranged in

descending order of temperature. The inclusion of shifted utility temperatures in

the PT formulation is a small but important modification, which allows for the start
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and end temperature of each utility to be containedtihe PT temperature column.
Following the conventional PT methedlumns2 to 6 are determined. Column 6
represents the feasible process heat load cascade and columns 7 and 8 help
determine the heat capacity flowate corresponding to each utility (onlyb

utilities shown).

The minimum heat capacity flow rate (CP) value in columns 7 and 8 is the required
heat capacity flow rate of each utility, as indicated in the final entry of columns 7
and 8. It is noted that if the utility system contains more uébtthen more
columns can be added ftable4-1. Columns for each utility are ordered from the
lowest to highest quality utility (hottest cold utility to the coldest cold utility for
below the Pinch and coldest hot utility to the hottest hot utility for above the
Pinch). Where supply and targetnbperatures for two utilities overlap, the
calculation in the respective utility CP columns (columns 7 and 8) will also overlap.
Table4-1 demonstrates the procedure for below the Pinch; however, following
the samelogic starting from process Pinch Temperature, the table can be

calculated for above the Pinch.

Table 4-1: General framework for thealgebraictechnique of the targeting method.
Example specific to usingtd utilities below the Pinch.

1 2 3 4 5 6 7 8
Shifted Interval Feasible CP for CP for
Temperatures Interval @ NetCP aqH aqH Utility j Utility j+1
T K¢ CRetx K k H K CRu jx CRU jk+1
Tl Pinch H k d=0
1 k ﬂ: CFr)1et,1 R Il
T> H K CRu,12
2 R @ CRet,Z k |2
Ts H Kl CRu.13
3 kK ¢ CRets kK ks
T4 H Kl CRu,1)4 CRu,1)4
4 kK ¢ CRetas K L
Ts H Kl CRu2s
T H K1 CRu,2)k1
k k ﬂ: CFr)1et,k K Ik
Tk H Kl CRu,jk

MIin(CRuj)  MIin(CRUj
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To determine the heat capacity flow rate of each utility (i.e. columns 7 and 8),
Equation4-2 is appliedto non-isothermal utilities. Equatio®-2 was derived
graphically by finding the equation that determines the maximum CP of a utility
based on theutilities target temperature and each shifted temperature interval,
for which the utility may be applied. The minimumtioése calculated CP values is

the maximum feasible utility CP, which does not violate the Pinch constraint.

min{a DH;, & DH,,...4 DH, }- & (Qu,l’QU,Z"“’QU,J-l)
Uik = * * 2
fw) T

Equationd-2 only appliego the following conditions:

a DHy > akQU,l’QU,Z"“’QU,j-l)
Tsw,) ® Tk <T.j) i ColdUtility “3)
Tqu,j)® k >Tu, | Hotutlity

WhereQ, kHandCParerespectivelythe heat load of each utility, enthalpy change
of each temperature interval and heat capacity flow rate, ahénd Tsrepresent
shifted utility target temperature and shifted supply temperature respectively.

SubscriptdJ, jandk representa numberof utility and interval number.

Figure 4-2 illustrates how Equatio-2 can be derived from a GCC of a single
processThree nonisothermal utilities U,1, U,2, and U,3 areed to supply cooling

to below the pinch onthe GCC that contains two HR pocket$ie sipply
temperature of the coldest cold utility and target tempéuee of the hottest cold
utility are constraints. In addition GCC kinks are extra constaeuiredto
calculate the CP for each utilifgHH represents théotal amount of external cooling
enthalpy required The CP of the individual utility is calculated by dividing the
enthalpy required by the change is temperature (i.e. difference between the utility

supply and target temperatures).
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Figure4-2: Graphical approach for equation-2a.

Utility target temperatures can be divideohto two categories, fixed (hard)
temperatures and soft temperatures. Soft utility target temperatures, in this
context, refer to target temperatures that are neessential to be achieve&oft
temperatures may be changed by varying utility heat capdtity rates Hard
utility temperaturesrefer to temperature constraints that should be met. Where
a nonisothermal utlity will the both consumed and generated in TSHI, the utility
supply and target temperatures becomeportant constraints. The optimal
temperature selection for each neisothermalutility will be presented in future

work.

4.2.1.3 Stage J Total Site Level Tarijey

Step 9, Shift intermediate temperatures)(Torward to the utility temperature
scale (T): For each individual stream in eadhdividual process, shift the
extracted GCC segments to the utility temperature scalé) (Tising the

corresponding utilityk Teont, EQuation4-4.

er’ _ pr i s
ST - tU ources

o !1 ) cont,uU(m) ’ | (4-4)
ILT +DTcont,U(n) I Sinks

Wherek Teont,um)andk Teont,unyare minimumallowed temperature contribution for

specific heating and coolindilities.

63



Step 10, Construct Total Site Profile (T&BlJowing the conventional method,
apply the TST method to composite extracted heat source segments (from Step

9) into a Site Source Profile and heat sink segments into a Site Sink Profile.

Althoudh the new method does not use the TSP to target utility, the TSP plot with
process level utility targets remains a useful diagram because it can provide
additional information to the designer about the problem. Whexaitility does
not pinch against the FS it is an indication that one or more of the process GCCs
constrain the use of that utility. If this suegapoccur, the utility targets for the

new and conventional TSHI will be different.

Step 11, Match Utility Generation and Consumptiotility targets from each
process GCC are summed to determine gross and net TS ultility targets. The total
utility targets may be plotted on the TSP graph representing the Site Utility

Composite Curves.

Step 12, Construct Site Utility Grand Composite CEplewing the conventional
methods, Site Utility Grand Composite Cur&JGCCcan be constructed to
obtain the TS Pinch Temperature region, the excess and deficit of each utility, and

targets for power generation and shaft work potential from the TS utilistesy.

Step 13, Target Shaft Work Cogeneratiosing the net utility requirements on
the SUGCC a target for shaft work generation may be calculated using a turbine

model or thermodynamically based on an isentropic expansion efficiency.

4.2.2 A Comparison Betwee Conventional and Unified Total Site Heat

Integration Targeting Methods

Figured-3 presents the targeting procedures of three conventional TSHI targeting

methods as well as the new unified TSHI targeting methidte considered
conventionalmethodsare: (1) global methodo Y SYS O S, {2) grdceds M phT 0
specificmethod (Varbanov et al., 2012and (3) streanspecificmethod (Fodor et

al., 2012)

Yt S Y S 01987 followeddprevious the TSHI method of Dhole and Linnhoff
(199308 ot aAy3a GFNBSGa 2y | 3t 20 kifgobaY A YA YdzY (S

(Figured4-3a.1). This method, as with many others, focused on exploiting the steam
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utility system to recover heat andrgduce power for large mulplant high
temperature processing site (e.g. oil refineries). Since steammnormally
considered isothermal in its generation and consumption &syh temperature

utility, the design of a TS network, which achieves TSHI w&rgirly simple

Later, Varbanov et a{2012)presented a processpecific minimum temperature

difference technique, as shown kigure4-3a.2. This method employed changes

Ay ¢{t O2yailiNHzGAZ2Yy I f FBpedifidakor or peessl f f 2 g Ay
to-process heat exchangend also procesw-utility heat exchange. The method

I RRSR I RSANBS 27F T NESBcHicatiodsdor dachpracBsg RA F T €
and utility, which resulted in improved targeting. A thsdb-set of conventional

TSHmethods is presented by Fodet al.(2012) This method applies stream and

utility specificY A Y A Y dzY (S Y LIS NI { daNBvhichas\prgdeditedl dsli A 2y 0 |
Figure4-3a.3. The targeting procedure is similar to previous methods, i.e. global

and process specific methods; however, there are significant changdangets

and cogeneration potential. The stream amudlity specifick gont methodprovides

an even greater number of degrees of freedom to the designer, which can be used

to improve the TSHI targets if such detailed data is available. The new method

follows from Fodor et al(2012)in using stream anditility specifick gont as the

basis of the procedure.

A criticd difference between the new methodrigure4-3b) and the conventional
methods is the level at which utility targeting is performed. The conventional
methods Figure4-3a) use the TSP, i.e. TS level, to determine the quantity needed
of each specified utility. Whereas the new method uses individual prd6€$3s

i.e. process level, to target utility use, before transferring these targets to the TS
level and looking for heahtegration within the utility systemHigure4-1). This
subtle change allows the engineer to know more about how each utility interacts
with individual processes. In the new method, the utility system is constrained to
supply utilities to and return utilities from each process at specified tempieest

With respect to noAsothermal utilities, this means sequential utilpyocess
matches are allowed within a process to meet fixed utility supply and target
temperatures. Sequential utilitprocess matches are disallowed between

processes, as is intently acceptable within the convention@lSHimethod. This
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is an important advantage for application of thew method to norrcontinuous

processes or for clusters which contain one or more seasonal processes.

a Conventional Total Site Targeting CTST b. Unified Total Site Targeting UTST
- . (Proposed Methodl
a.1. Global Method a.2. Process Specific Method  a.3. Stream Specific Method
(Klemes et aJ1997) (Varbanov et aJ 2012 (Fodor et al 2012
START START START START
k2 L2 v L2
c
-% Extract Stream Data Extract Stream Data Extract Stream Data Extract Stream Data
8o
8% ! I ¥
(% ‘ K fhingiobay Selection ‘ K fhinery) Selection ‘ ‘ K Gonpg) Selection ‘ K fonipg) Selection
[ [ [
| | | |
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Using Y& fhingiobay Using & inpry 1 a A Yedegk ¢ 1 & A YeRegk ¢
I ! i !
Determine PTgraph CC Determine PTgraph CC Determine PTgraph CC Determine PTgraph CC
SCQOGCC for each process SCQGCC for each proceps SCQGCC for each proceps SCQCGCC for each process
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g I
<
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and Consumption
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i i i
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]
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)
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o
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Match Utility Generation Match Utility Generation Match Utility Generation Match Utility Generation
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END END END END

Figure 4-3: Comparison between various Conventional and Unifid&HItargeting
methods.

4.3 Application of TSHMethods to Industrial Case Studies

This section examines three case studies to demonstrate the merits of the new TS

targeting method for both high antbw temperature processes, which require

isothermal and norisothermal utilities, compared to the conventional TS method,

CTST. These case studies contain a variety of continuous andontmnuous

processes. The CTST and theSsUTmethods have been implemented into an
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ExcelM spreadsheet software tootalled Unifiel Total Site Integration (UTSI)

softwarefor application to the three case studies.

4.3.1 Case Study I: Sodra Cell Varo Kraft Pulp Mill

This case study addresses the meritfs UTSTmethod for targeting a non
continuous Kraft Mill that spans a wide temperature range where two utility hot
water systems are useful for IR The case study is based on the Sédra Cell Varo
Kraft Pulp Mill plant as explained in Secti@%.1 Minimum temperature
difference and individual minimum contribution temperatures are from the same
as used by Bood andilsson(2013) Several utility streams including HR®S
HTHW and LTHW systems are assumed in this study to cover the required
temperature ranges in TSHI as shawiable4-2. Where Tt is hot temperature

and Toq IS cold temperature, and fPs pressure range of each utilitiPower
generation has been consideredthis casestudy.The VerHigh PressurS&team
(VHPS) which enters to the turbine is taken at 450 °C anllag0 Shaft work
targets are based on thGCGn conjunction with the Medindrlores andPicon
Nufiez turbine mode(2010) GCCs for each individual process within TS are

presented inAppendk A.

Table4-2: Required utilities for Kraft Pulp Micase study.

Utility Name Utility Type  Tcod(°C)  Thot (°C)  Pr(bary)
High Pressure Steam (HPS) Hot 209.9 210.0 15
Low Pressur&team (P$ Hot 159.9 160.0 9
High Temperaturéiot Water (HTHW) Both 60.0 85.0
Low Temperaturédot Water (LTHW) Both 25.0 45.0
Cooling WatefCW) Cold 25.0 *

*Soft utility temperature

TS targets are presented Figure4-4 for both CTST and UTST methods. Dashed
lines present the CTST method while solid lines present the UTST method. As
illustrated in Figure4-4 both methods require the same amount of HPS of 27.7
MW. TheLPSlemand of UTST is only 0.16 MW higher than CTST method.

Both methods target the same amount of HTHW utility consumption. However,
the HTHW generation target reduces from 39.4 MW for CTST to 26.7 MW for UTST.
The LTHW utilitgonsumption targefor CTST mébd is only 0.13 MW higher than
UTST method targetsiowever, the LTHW generation target is 74.2 MW for the
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UTST versus 76.5 MW for the CTST method. The split between HTHW and LTHW
in the UTST shows the method tends to require higher quality utilities UTI&T
method has 3.0 MW lower shaft Work generation compared to UTST method
which rejects 15 MW heat to CW system. TSHR in the UTST method is 0.2 MW
lower than the CTST due to the pinched consumption of HTHW and LTHW
(Figure4-5). As demonstrated, the UTST method is able to effectively target dual
non-isothermal (hot water) utility systemsTable 4-3 provides a detailed
comparison of gross and net utility consumption and generatavgets for both

CTST and UTST methods for this case study. Gross targets in CTST method refers
to targets shown on TSP while net targets represent the actual targets from SUGCC.
As such, gross targets in UTST method refers to the summation of targetgexthi

in each process individually, while net targets are what the utility system must
deliver from boilers and thermal generation process. The optimal selection of the
number and temperatures of utilities for the UTST method will be presented in

Chapters.

Legend E— Q
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Figure4-4: Total Site Targets for both CTST and UTST methods in Kraft Pulp Mill.
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Figure4-5: SUGCC for blo CTST and UTST methods in Kraft Pulp Mill.

Table4-3: Process leveBWG, HRand utility targets, and acomparison of SWCEHR and
utility targets for two TSHimethodsfor the Kraft Pulp Mill.

Process Levelnd Total Sitd argets

Procesg L Vit | ‘o 1 ik SWG Hot Utility Consumptioh  Cold Utility Consumpticn

Targeting HPS LPS HTHW LTHW HTHW LTHW CW
Method MW MW MW MW MW MW MW MW MW MW MW
Bleaching 325 00 141 98 46 938 0.0 182 0.0 0.0 0.0
Causticizing 09 77 09 00 00 09 0.0 0.0 5.3 2.4 0.0
Digestion 234 213 43 27 202 32 0.0 00 20.7 0.6 0.0

District Heating 8.0 184 0.8 13 0.0 8.0 0.0 0.0 0.0 18.4 0.0
Evaporator 518 394 00 113 0.0 518 0.0 0.0 00 394 0.0
Miscellaneoud 00 38 0.0 0.0 00 0.0 0.0 0.0 0.0 3.8 0.0
Miscellaneous: 0.0 144 00 00 0.0 0. 0.0 0.0 0.0 0.0 14.4
Miscellaneous: 7.3 00 00 1.7 00 1.2 3.7 2.4 0.0 0.0 0.0
Miscellaneous« 0.0 0.7 00 00 0.0 0.0 0.0 0.0 0.7 0.0 0.0
Miscellaneous! 1.1 00 00 00 00 1.1 0.0 0.0 0.0 0.0 0.0
Miscellaneoust 0.0 06 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.6
Miscellaneous™ 34 00 00 08 0.0 0.0 0.0 34 0.0 0.0 0.0
Paper Room 452 00 168 108 00 299 6.2 9.1 0.0 0.0 0.0
Recovery Boile 35.7 00 99 75 3.0 326 0.1 0.0 0.0 0.0 0.0
Stripper 38 00 118 03 0.0 3.8 0.0 0.0 0.0 0.0 0.0
Wash 00 97 00 00 00 00 0.0 0.0 0.0 9.7 0.0

CTST (Gross) 213.0 115.9 58.6 49.3 27.7 1421 10.0 33.2 394 765 0.0
CTST (Net) 169.8 72.7 101.8 37.0 27.7 142.1 0.0 0.0 294 433 0.0
UTST (Gross) 213.1 116.0 58.6 46.3 27.7 1422 10.0 331 26.7 742 15.0
UTST (Net) 170.0 72.9 101.6 37.0 27.7 1422 0.0 00 16.8 41.1 15.0

Cold utility generation
Hot utility generation
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4.3.2 Case StudyiiNew Zealand Dairy Processing Factory

Thesecondcase study illustrates the advantages of the UTST method for targeting
of primarilylow temperatureprocesses. The case study is based on a large New
Zealand dairy factory as explained in Sec8ah2 Five different utilities are used

in the case study to cover the required temperature ranges, as presented in

Table4-4. GCCs for each individual process within TS are presenfgupiendk A.

Table4-4: Required utilities for Dairy Factory case study.

Utility Name Utility Type Tcod°C) Thot (°C) Pr(bar)
Low Pressure Steam (LPS) Hot 179.9 180.0 10
High Temperatte Hot Water (HTHW) Hot 64.0 84.0
Low Temperaturédot Water (LTHW) Both 25.0 45.0
Cooling Water (CW) Cold 24.0 25.0
Chilled Water (Chw) Cold 0.0 2.0

*Soft utility temperature

Figured-6 presents the TiSs and targets for both the CTST method, in dashed lines,
YR ' ¢{¢ YSGK2RI Ay &a2f A RconfofR2ypZHdt eadhz2 NJ (1 KS
AUGNBEFYZ GKAOK mhghoarSaFCuagdssued for tie 2lustation.

As can be seer,PSdemand increases from 1.1 MW in the CTST method to 2.3
MW in the UTST method. HTHW demand slightly decreases from 13.7 MW in the
CTST method to 13.6 MW Wi STmethod. For this case study, Utility Pinches on

the TSP that occur in the Conventional TS methoe,nat present in the UTST
method. For the UTST method, Utility Pinches occur on GCCs at the Process Level
in the utility targeting step. Utility Pinches areecessary inTSHI to achieve
maximumHR LTHW consumption significantly decreases from 3.3 MW T&TC

to 2.0 MW for UTST. On the other hand, LTHW generation decreases from 7.5 MW
for CTST to 4.7 MW for UTST. CW targeabstantiallydecreassfrom 2.9MW for

CTST to O.RIW. ChW consumption targets, W, are the same in both

methods.
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Figure4-6: Total Site Targets for both CTST and UTST methods in Dairy Factory.

Figured-7 plots the Site Utility Grand Composite Curves for both the CTST method,

in dashed lines, and thdTST method, in solid lines.
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Figure4-7: SUGCC for both CTST and UTST methods in Dairy Factory.
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For this case study, both methods result in the same Site Pinch Region. However,
quantity of utilities are different, which impacts on the HR and power generation
opportunities related to each method. Figure4-7, a difference of 1.3 MW in HR
between the methods is seen, where CT8msumedotal 14.6 MW of hot utiliy

and 11.9 MW of cold utility versus 16.0 MW of hot utility and 1@\ of cold

utility in the UTST method. This difference is due to the consumption and
generation targets for the LTHW. The more conservative targets for the LTHW
system in the UTST methoesult from the increased constraints around how the
non-isothermal utility interacts with the various processé&sis constraintsause

Utility Pinches to occur within individual processes, rather than on the TSP.
Table 4-5 presents a comprehensive comparison of gross and net utility
consumption and generation targets for both CTST and UTST methods for the dairy

processing factory case study.

Table4-5: Process levaHR and utility targets, and eomparison ofHR andutility targets
for two TSHimethodsfor the Dairy Factory.

Process Levaind Total Sitdargets

Hot Utility Cold Utility
Process / 1 Mot 1 ¥%od 1 WR  Consumptioh ConsumptioA
Targeting Method LPS HTHWLTHW LTHW CwW Chw

MW MW MW MW MW MW MW MW MW
AMF 02 00 00 00 01 01 o00 00 0.0
Butter 00 11 04 00 00 00 07 00 04
Casein 02 11 00 02 00 00 00 06 05
Casein whey 29 00 00 00 29 00 o00 00 0.0
Cheese 40 01 04 00 40 00 00 00 01
Cheese & WheyUF 33 00 00 00 27 06 00 00 0.0
Cheese whey 00 47 00 00 00 00 00 1.7 3.0
Evap/dryer 01 06 00 00 01 00 00 06 00
Milk powder & lactose 0.2 04 00 02 00 00 01 00 03
Milk sep & casein 27 21 00 00 24 03 00 00 21
Milk UF 05 08 03 00 00 05 00 00 0.8
Milk UF & CIP 00 02 00 00 00 00 o00 00 0.2
P1 MPC 02 07 00 00 02 00 06 00 0.0
P1 permeate 05 22 02 05 00 00 20 00 0.2
P2 00 13 00 00 00 00 13 00 0.0
P3 01 00 00 01 00 00 00 00 0.0
P4 10 00 00 05 06 00 00 00 0.0
P5 11 00 00 08 04 00 00 00 0.0
RO/Lactose evaps 08 00 16 00 04 04 0.0 0.0 0.0
CTST (Gross) 179 152 29 11 136 33 75 02 75
CTST (Net) 147 119 6.2 11 136 00 4.2 02 75
UTST (Gross) 179 152 29 23 137 20 47 29 75
UTST (Net) 16.0 133 49 23 137 00 238 29 75

ICold utility generation
Hot utility generation
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