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ABSTRACT

High energyintensive industrigsncluding steel, chemicals, cement, ahgiminium contribute

to about 75% of the industrial emissioncaton dioxideglobally andexpelling large amounts
of unrecovered waste heat into the atmosphere.tiYete has beenehallengeof studies that
are conducted on recovering waste heat inaflaeninium industry, especially in cashouse
facilities, due to echnical difficulties such as energy fluctuations in mass flow rate and
temperature. In this studihe waste heat to power system is designed to generate pmaer
freshwatelin a casthouse facility with 18 furnacdsy evaluating three methods in which the
temporalwaste heat from holding fuaces can bdamped an@xploited. Thesemethodsare:
(1) implementing aemporalair injection,(2) optimising furnaces operation time shitind(3)
integrating sensible thermhkat storage. Organic Rankine Cyidaised for the waste heat to
power conversionThe appropriatéhermal energy storagiesignand a thermodynamic model
of anOrganic Rankine Cyclare investigated usirtgmporalflue gas datshatarecollected on
site from three furnacesReverseOsmosistechnology isappliedto produce water using the
generated electricityResults show that sensible htarmal energy storage the most suitable
technology fodamping thdluctuations ofwaste heaBy utilising waste heat from 18 remelting
furnaces, a net power output of 323 kW can be produced tatepaReverseOsmosisplant
supplying 2419 rhof freshwater daily saving up to 2000 metric tons ofirbon dioxide
emissions annuallyThis study gives @ompréensive approacto deal with temporal waste
heat in aluminium furnaces for smootbgeneration
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INTRODUCTION

High intense energy industries such as chemical production, iron & steel, cement,
aluminium and paper contribute to 75% of the industrial emissior@zaobon dioxide COy)
globally. Producing thes@ecessarynaterials requires a significant amount of enengginly
asprocesdeat that varies in quantity and temperature. A large portion of this heat is dumped
into the atmosphere carrying harmful gases that contribute negatively to the environment. The
industly sector is responsible for 36% of global final energy consumption and 24% of total
COz emissiong 1]. In particular, thealuminiumindustry is significant as it is one of the most



mailto:w8n@windowslive.com
mailto:mohamed.ali@ku.ac.ae

Alnahdj W., Alj M. Year 2021
Electricity and Water Cogeneration Utilizing Alumintm Volume9, Issue3, 1080381

abundant metals on the eartbmprising 8% of its crust. It has th@ost considerablatility

after steel due to its remarkable characteristics such as ductility, resistance to corrosion, thermal
and electrical conductivity, and lightweight giving it an extraordinary advantage to be used in
a wide range of applications.

Unfortunately, aluminium is rarely found in its original formin the aluminium
industry, smelters and furnaces require a large amount of ematigyan average of 15 MWh
per ton in theprimary manufaturing process?|. Almost 50%o0f the consumedenergy is
wastedin the atmospherevhere this energgpproximatelyrepresentg0% of the production
cost[2]. A survey by Nowicki and Gossel|3] was done to identify and quantify waste heat
based on a sampiéduminiumfacility, Alcoa Deschambault Quebec (ADQ) smeitteQuebec,
Canada. This study pointed out three main areas of potential: smelters, anode baking furnaces,
cast/holding furnace3he studyfinds that heat losseés the anode baking sectmiainly occur
in surface flue gases, exfiltratipand heat flux through the walls. The flue gases exiting as a
combustiomproductcarty about 5 MW of constant heat for a single furnace repriegpit,000
MWh/year at a temperature approaching 300Furthermore, thstudy identifies the potential
of exfiltration air that is used in the anode cooling section carrying a total of 4.1 MW, or 36,000
MWh/year with a range from 6TC to 1200°C. The heat flux in the baking furnace is most
accessible at the top of the surfagéh about 2.7 MW of constant heat or 24,000 MWh/year
at a temperature varying between 2@0and 1100C.

Another major contributor to energy loss in prima& secondary aluminium
manufacturing isnetal remelting antiolding funaces. Metal castingequres a tremendous
amount of heat, accounting for 6% of the total energy consumptionthe casthouse
facility [4]. Egilegoret al.[5] studied the technical and economic feasibility of implementing
a heat pipe heat exchanger to recover heat from three indusidksling low-pressure
aluminium diecasting specifically from the heat treatment process where access heat
temperatures reach 400 °C The study showed promising results in implementing this
technology with a payback period of less than 3 years.

The purpose of a hding furnaceon the other hands the name impliess to maintain
a uniform temperature of the moltaluminiumduring the alloying procedsefore entering the
casting process as batches. There are two main types of holding furnaces; corblasstibn
ard electricalbased heating. The energy delivered by the combubtiead holding furnace
to the metal is based on direct heat through impinging convection and radiation of the natural
gas combustiondme. The flame is generatby a set of burners thateadesigned, allocated,
and oriented to supply the maximum possible amount of heat to the metal and furnace walls to
reach a targeted spoint temperaturén the metal. The flames exhaust gases circuatee
furnace and then flowut through the furnacghimney possessing more than 55% of its high
quality heat that is cooled down by entrained air to be discharged to the atm¢sphGees
fired holding furnaceareconsidered to be less efficient due to their poor design and operation
conditions compared with electrielbhsed holding furnaces that consume one third to half less
energy|6].

Nowicki & Gosselin[3] also pointed out the significant heat loss in holding furnaces
in ADQ casthouse. For casting to take place, the metalpeett temperature should be
maintained high enough the furnace. The survey conducted in ADQ stated thduthace
door iskept open for coolinglown the furnace to maintain the furnace temperature uniform
and within the furnace refractory operation limifThis inefficient technique results in high
quality energy with temperatures exceeding 60C to be radiated to the castouse
environment (around 12,000 MWh/year). Flue gas products in the holding furnaces contribute
to the heat loss with 24,000 MWh/year at temperatures aboV6@Iimmo and Hassdn|
studied the energy losses by implementing the second law of thermodynamics tindetezm
exergy losses and the causes of energy degradation within the holding furnaces and suggested
actions for minimsing the losses. The numerical simulation model that was validated with on
site measurements of the furnace resulted in high exergycdestrthrough the furnace walls
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(544 kW), accounting for nearly 34% of the total significant exergy destrucliBhsThe
second mostonsiderableexergy destruction was in the exhaust stream (516, kiNich
accounts for 32% of the total significae®ergydestructiong8]. After that comes thexergy
destructioncaused bynetal radiation (493 kW) and metal convection (54 kW). Furthermore,
an average of more than 40% of waste heat by flue gasesalwommiumremelting furnaces
was reported ind], showingthe possibility of recovering 25% of the thermal power delivered
by the burner accounting for more than 60% of the flue gas exhaust by ohegditising it in
heating, absorption chiller and electrical work by an Organic Rankine Cycle (ORC).

Waste heat recovery

Waste heat recovery (WHR) can be classified in several;wagsway is tsort based
on the utilsationmethod, which can be either passive or active. Passiligation means that
exchangdeat at the same or lower temperature lestelh as using heat exchangers for internal
waste heat recovery (IWHR). It utili sesthe heat for certain applications or pegses such as
district heating or thermal energy storage (TES). Aadtitkesation meanghat he waste heat
can be convertetd another form of energguch as MehanicalVapourCompressiofMVC),
sorptionabsorptionheat pump/chiller, or waste heatgower (WHP) using thermodynamic
cycles or thermoelectric technolo@yj. Another way of classifying waste heat can be either
by its source composition or iismperaturein many cases, waste heat is catesgorinto high
(T > 650°C), medium (232 < T< 65€C), and low (T 232°C) [9].

In many thermal processesspecially iraluminiumand steel furnaces, thermal power
and heatfluctuations are present mainly in mass fiates andemperatures. High fluctuations
in temperature and mass floates constrain the system desegpecially in WHP applications
such as using an ORBecauseome organic fluidslecomposet high temperatures. On the
contrary, low temperatures V@ a risk of producing wetvapoursthat would affect the
expandes efficiencyandservice Ife due to possible erosion. These challerugesplicate or
in some casedail to find a suitable desigrespecially with high ranges of mass flow and
temperature fluctuatits, to comply with safe operation and optimal output. Furthermore,
transient input of waste heat also leads the system to operated@sajh conditionswvhich
decreasethe efficiency of the system significantly and creates some vibrational loads on the
rotating shafts and uncertainties in operat®meview study has been conducted thoroughly
on the aluminium industryputlining the aluminium manufacturing processlthe state of the
art technologies used in the seg¢torcluding the waste heat recovery technoldgy).
However, the study has not pointed out the challenges and the characteristics of the variable
waste heat associated with the holding and remelting furnaces.

Several studiesvere conductedo minimise the effect ofthe flue gasesthermal
fluctuations for WHP systemsThe resulting suggestionsan be classified into tweain
categorieshownin Figure 1:

(1) modifying stream control, which can be implemented to both the waste heat stream and the
recovery cyclavorking fluid stream,
(2) usinganintermediatelTES systento absorb andampthethermal fluctuation$11].

JiménezArreola and hisco-workers[12] assessed the potential of generating power
through an ORC in an cffesign operation from fluctuating exhaust gases exiting a steam
generator plant. Thigwdy compared utiing internal combustion engine (ICExhaust gases
waste heaih operating an ORC with two candidate evaporator heat exchangers (HEX), double
pipe HEX and plate HEX. The results indicated that the double pipe HEX design has twice the
heat transfer area as the plate HEX has due to the chatige heat transfer characteristics.
Also, they found that when the ICE load is reduced to 60% of the full load, the ORC engine
does not respond by the same amount of redygtioreasures 72% of the ORC full log?].
Nevertheless, utding temporalsourcewaste heat in a palbad mannemwithout thermal
storagewill resultin inefficient energy conversion and infeasible waste heat recovery
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Anothertechneeconomic analysis was performéar retrofitting an ORC to three
industrial waste heat applications thag¢ correspondintp three operational scenarios: (1) hot
air exhaust from clinker cooling with temperature fluctuations only, (2) rolling mill reheating
furnace exhaust gases with mdlssv fluctuation, and (3) electric arc furnace exhaust gases
with both temperature andass flow fluctuatios| 13]|. The study compared different solutions
for each case scenario basedG, savingsand the Levelized Cost of Electricity (LCOE).
With regard tothe first case (WHR from clinker cooling), a comparisess considereodf
integrating an intermediate oil loop, air injection to the source heat, heat soupes$ylatent
heat storage using two tanks, and a single sensible heat thermal storage. This comparison
suggested that implementing latent heat storage had the higgesavngs and the lowest
LCOE. As for the rolling mill reheating furnace, only-pgssing access masw and two
tank thermal storageeveconsidered. Bypassing 75% of the highest mélssv showed better
results in terms oEO; savings In contrast, the electric arc furnasgh both temperature and
mass fluctuations, implementing an oil loop without storhgel the best LCOE followed by
the twotank sensible TEShe latent heat TES etved better recovery resulting in higher£0
savings 13].

An important study of designing and comparing @RCdirect evaporators fora WHR
consideringhe dynamicbehaviourof flue gases from dieselengine was conducted hy4].

The study foased on optingingan ORC evaporator at a design point anthétsaviourunder

the variability of the source considering thermal inertia. Phase change materials (PCM) as a
latent heat TES were previously proposed for furnaces héngtgtemperature fluctations

with quasisteady mass flow ratesuch as electric arc furnaces [inl,13,14]. Although,
another study proposed using aluminium alloy based TES teecover a quasstonstant
temperature witlsignificantvariability in mass flow rate from a reheating furnace).

Solutions to thermal power fluctuations
on WHP systems
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Figurel. Solutions for thermal power fluctuation suggested by researchérs

Sensiblethermal energy storage

The TES technology has emerged to be onéhefattractive topics for researchers in the
last decades due to its potential of contiiigito many applicationsincluding renewable
technology, industrial WHR, heating & cooling, heat pumps, buildings, and even
transportation. TES systems vary in their methods, technologies, functionality, capacities and
applications. There are thrdeading technologies in TES systems: sensible, latent and
thermochemical heat storggeach of which has its unique charag®es For all TES
technologies, properties of the materials should be takercamsideration for selection to
ensure good performance, durability and safety.

Sensible heat storage is the most mature and widely implemented method compared to other
methodgdueto its simplicity, where the materiakither solid or liquigstores the energy its
specific heat capacity. The materials experience no phase change in this process of
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heating/coolingand the materials used in this methave usually water, oils, mégn salts,
sand, rocks or concrete. The low cost of these matandiheir abundant presence allowed it
to be the cheapest technology.

Although manyinvestigatiors were conducted assessing sensible thermal storages, yet
there was a lack of studies cowtked on industrial waste heat recovery. This is due to several
issues associated with sensible heat storage. One of the main issues is that the heat transfer is
limited to the specific heat where no phase change occurs to increase the capacity of the heat
absorbed by the materjghus, large heat storages are required. Another issue is that although
fluctuation of the power is decreaséde temperature outlet of the sensible TES is usually
dynamig especially in high fluctuation input. Furthermore, preesssuch as heating furnaces
have high-temperature rangeshich can limit candidate materials.

Several esearch papers studied tempavabkte heat recovefyom industrial processes by
integrating TES of several technologidsstudy proposed a novel mathnatical model for
simulating transientonditions in aconcrete passiveensible TEShat shows alignment with
experimental data within 2% of errdrl8]. Another study provided experimental and
computational analysis farpackeebedTES to recovewaste heat up to 52& atanindustrial
scale[19]. Moreover, a practical case studysomultiproduct batch process a textile plant
investigated both a direct heat recovery using pinch point analysis as well as an indirect heat
recovery[20]. The indirect heat recoveproposedconsisted olising aclosed intermediate
loop and heat storag&his method enabled the recovery of 5% of the total energy consumed
daily in the plant.

Furnace Flue Gases

Reverberatory gafired furnacesas shownn Figure 2, are common in thaluminium
industry for remeltinggndmetal holdingand alloying.

Figure2. Reverberatory gafired metal holding furnace

Fuel and air are supplied to the furnace burners withl®% of excess air for complete
combuston. There are mainly two types of burners usedewerberatory gaBred furnaces
standard coléhir burners oregenerative burnerélthough the regenerative burners are more
efficientthanthe former, usinghemfor insufficient loads will result in inefficient performance
[21].

Standard everberatory gafired remelting furnacesexpel about 3060% of their high-
quality energy through the chimné®2|. Figure 3 illustrates the heat flow schematic in a
typical molteametal holding furnace.
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Figure3. Energy losses in a reverberatory remelting furnace

The main source of energy comes from the combustidnel which is natural gas in this
caseandthe molten metal consumes a small portion of the total energy tdhesapetal in its
molten condition aa specific set point. The rest of the input fuel energy will leave the furnace
as waste heat through the furnace walls, frequent door opening and flue gases. Flue gases leave
the furnace aatemperature around 70C beforetheyget cooled by entrained cold air. The
flue gas waste heat has high energy potential because of its high temperatumenbbe of
burners and their loadlepend on the furnace metddach capacity and the main taskelting,
holding, and alloying

———F1 Temperature
———F2 Temperature
—— F4 Temperature
— SUm Temperature
----- F1 Mass Flow
77777 F2 Mass Flow

F4 Mass Flow

o= == o5um Mass Flow

Temperature [°C]

300

Mass Flow Rate [kg/s]

o — LV B T T

0 50 100 150 200
Time [min]

Figure4. Temporal flow and temperature measurements for three furnaces over a single batch

The furnace operation is controlled by a feedback control system that receivgmmiset
temperatee from the metal thermocouple, locateddas® below the metal surface, to switch
the flame of the burner on and off. Therefore, the measured flue gas flow rate and the
temperature vary with time, as shownHigure 4 for three furnaces, F1, F2, and F3. The
exhaust gas temperature and species concentration measurements are taken from a tab located
between the furnace and its chimney exit before it mixds tvé atmospheric air.

This study considers flue gases collected from tlaleeniniumholding furnaces operated
in batch mode. Several fluctuation management techniques are implentedé&tdrmine the
best alternative in achieving a smooth output of waste hatintludes (1) an optimsation
model of schedulin@ timeshift between batche$2) temporalcold-air injection to the flue
gas and (3) integratingensible thermal storagehe heat output will be used to model an ORC
and RO plant to utide the excess heat for power and water produchitso, the analysis will
be extended to include the wdiion of remelting furnacesrhis approach provides the
following contributions:
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- Assessmenif the potential energy recoveryatuminiumreverberatory furnaces

- A novel approach of reducing input fluctuations through ogtittin modelling.

- Investigaing the most suiablealternative for the temporalvaste heatecovery.

- Assessment dhe potential of power and water generation from aluminium industry waste
heat.

- Assesment ofthe appropriate material for the TES used to recover waste heat.

METHODS

This study investigais the best approach among three propasetiniquesto provide
steadystatethermal energy out of &xansientwaste heat sourcé&his is done to assess the
potential of recovering waste heat from holding and remeiltewvgrberatoryfurnaces to
produce electricity and watéeFemporal flue gas temperature and mass flow rate are nedasur
onsite as shown ir-igure 4. These measurements are fed to three developed srfodé¢he
three proposed teclyues of damping the waste heat fluctuatioeluding (1) Particle Swarm
Optimization (PSOjnodel (2) hot/cold flow stream mixingemporal modeland(3) transient
computational fluid dynamics (CFD)odel The concept of theensibleTESis chosen due to
its maturity and reliabilityas well as it is most suited for the higheegy fluctuations that are
present in the processes.

7/ 7 /
/Furnace 1 / ; Furnace 2 ,.f / Furnace 3 /

i

r Flue gas
/’/Mas;""'\-\_\_‘

Air injection - ‘*'-:: Fluctuation >

Slgmf_lca nt PSO
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<._Fluctuation -~
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ORC TES

Figureb. Flow diagram of the waste heat recovery system for holding furnaces.

Figure 5 shows the flow diagram of throposed techniques methods order. Thegath
is to assess the furnaces flue gas exergy using thermodynamic exergy analysis to evaluate the
potential feasiblevork. Three furnaces flue gasassflow rates and temperaturesita are
collecedin Excel sheet and made as input file for the three techniques models. The first
model is a flow mixing thermodynamics model usthg IPSEpro interfaceThe two inputs
arethe flue gas data sheet and a temporal cold air stream that will lower the maximum peak
temperature and inease the total mass flow rate. If the resultant flow does not damp
fluctuations ofboth mass flow and temperatutieenthe next technique will be implemented
and so onuntil it satisfies the ORC best operation condition and praiheemost out of the
flue gas potential work.

The following subsections will describe the three methods governing equations as well as
assumptions and boundary conditions.

Flue gases exergy quantification
Flue gas exerggode is written otMATLAB to estimate the maximum dlable work
that can be delivered at the dead stataditionwhere thealuminiumplant is located. The total
exergyflow is calculated based on the measured flue temperature and flawltattedfrom
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threemetal holdingfurnaceslIf temperature and fle rates are varieés shown irFigure 3,
then exergy is varied accordingly.

The specific exergyor steadystate steady flowSSSH, where kinetic and potential
energies araegleced, can be expressed as

Q QQ  Yi o (1)

This is the maximum available woner unit masshat can be produced by flow at
temperaturd and dumped to a dead state at temperdiwfi€]. The specific enthalpi and
specific entropys are dynamically calculated using the measured heat source temperature. The
total exergyflow O is:

O a 10 (2

As it can be seen from this equation, the resultant exergy fluctuation will be even higher
thaneach term in the equation due to the multiplication.

Air injection

The collected stream of flue gas has high variability in temperature as well as mass flow.
In this assessment, the stream is injected with cold air to help cooling the stream to suit the
ORC as well as observing the stream output in terms of iloa&ssThe stable temperature and
masdlow will enable to utilse the waste heat directly to genenadever by the ORC. This can
be done through a control system that measures the amount of air required tospesafica
temperatureAir injection will reduce the maximum temperature; however, it will not reduce
the fluctuation significantly. The fluctued flue gas flow rate will mix with a fluctuated cold
air stream that maintasrthe total amount of energy with lower quality becaat¢he low
average temperature of the resultant mixture of hot and cold flow streams.

Particle swarm optimisation algorithm

The main goal ofttis methods to optimise the operation time shift betwearcluster of
three furnaces to gerate a total temporal flue gas flow rate and temperature that is much
smoother than a single furnadeis possible taninimise either the standard deviation or the
difference between the peaks amplitudes of the total fluctuated slgmslmethod is avel,
and up to the knowledge of the authorshas not been studied so farhe particle swarm
optimisation (PSQ algorithm is one of the carthtemethods for such optirsation because
of its feature and applicability in similaowerand energyrelatedtechniquesas explained in
the following paragraphshe expected output of this algorithm is to answer this question:
what is the best operation tirstiftamong the three furnaces to get the most smoothed results?

PSO is considered one of the evalantry algorithms based on artificial intelligence

thereforeit is widely applied in engineering and scientific resedtctl. The PSO was already
implemented in the field of power generatiand power systems accountifay 5.8% of the
total PSO applications with more than 39 papers were published.8]. The concept of this
modelis inspired by the phenomena of a bird flock flying in search of food where each particle
position corresponds to a possible solutaomd therebya flock of"n" particles will iterate and
move in search of an optimal solution. The conditions of the particles are altered in the
influence of three factorghe own particleinertia, the prticle’'smost optimal position, the
swarms most optimal positiof?6]. Thefollowing equatios change the position and speed of
a particle

0 00 i N W wi Q (0 (3)

&) ®w U (4)
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where 0 and@ arethe velocity and position of th& particle with d andk indicatingthe
dimension and iteratigmespectively 5  and™Q represent the personal best position and
the global best positiolAmong theconstants that regulate the equation in terms of particle
movementsw represents the inertia of particlesaited in the previous positipwhile cand

o arethe acceleration constants aac set tdbe 2 in most applications. Alsd, andi
represent random numbarsthe range of 0 td [23]. Therefore, applying this method will
explore the optimum operag) time delay between the furnaces by trying two objective
functions at a timeminimising the standard deviation and mingng the difference between
the lower and the higher peaks value. Therefore, applying the PSO model thé fmest
suitable as it enables exping the optimum operatig-time shift between furnacest will be
performedby shifting the input profiles im systematic and directed manivestead ofthe
geneticagorithm that is based on altering several variables each iteration in-assetomsed
manner. The saip of the model is summaed inTable 1. The algorthm code is developed
on MATLAB.

Tablel. PSOmodel setup

Obijective function Minimise standarc Minimise high/low
Deviation peak difference

Constraints Unbounded Unbounded

Maximum iterations 5000 10000

No. of particles 100 100

Dimensions 2 2

Computationfluid dynamicmodelling

The main objective of theomputation fluid dynami¢CFD) modelling is to investigate and
design the appromte sensible TES solid structure that will be able to diffuse the waste heat
fluctuation in the solid structure and produce uniform temperature. This solid structure
comprises a solid block that has theefgas and HTF running in tubes installed in it. The solid
block must be seminfinite enough with the appropriate thermal diffusivity transport
phenomendo damp the dynamic waste heat components provided by the flue gas tubes to a
uniform temperature lbere it reaches the HTF tubebherefore the sizes of the solid block,
flue gas tubes, HTF tubes, and the distance between tubes as well as the solid thermal
diffusivity, must be investigated and optsadl to maximée the gain of heat recovery.
Obviously, it is acomplex engineering problem that can be investigated either experimentally
or using a sophisticated CFD modEhe experimental investigation is significantly expensive
and exhaustivenot only costwise but also timavise. The availability ofa high-speed
computing cluster allows us to develop several CFD models to reach the appropriate TES block
design.

3D transientCFD model was developexh STARCCM+ platformAs shown inTable
2, the appropriate physiés implementedo simulate the fluid flow and heat transfer governed
by the laws of mass, momentuand energy conservatiaguationg5)i (8). These physgl
laws include fluid flow turbulence, heat conduction, convection and radiation. In addition, an
implicit transient time step was used for the transient simulat@yimdrical coordinates (g,
2) areused to describe the continuity, momentum and energy equations for the flow running in
the tubes. Cartesian coordinatesy(z) are used to describe the transient conduction heat
transfer in the solid blocK he following are the mathematical representatof the governing
equations; where the mass and momentum equations are presented respectively:
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—— n )oY nyonot @ (6)

where"Qdenotes gravity acceleratiofihe stress tenséris given by:
‘ . . C

té ) ) - ®0 (7)
o
wherel is the unit tensgrand:
y
T—‘ O Y | Y o»n (8)
T 0

wheren is the visous dissipation function.
The energy equation of the heat trangfiehe solid blocks given by:

TY TY T 'Y TY
To | o e 1a

(9)

Certain boundangand initial conditionsare assigned in the three computational domains, solid block,
flue gas tubes and oil tub&ssolve the mathematical problefs for the momentum equation, the no

slip condition is set on thiebesboundaries. For the TE®Iid block, adiabatic walls werapplied on
thewall's boundaies Furthermore, the thermal properties of the solid blocks were evaluated based on
both the literaturé 27| and the thermophysical database JMatRwfor HTF, a commercial fluid
DowthermA was usegdand the thermalrpperties were evaluated based on the dataphedgtedby

the oil manufacturer20, 21]. Table 2 andFigure 6 summarizehespecifications and properties of
themoddling setup.

Table2. Summaryof the model setip

Physics Model

Dimensions 3D

Time Implicit transient model

Energy Segregated flow and solid energy

Equation of state |deal gas

aU, R e-pverageddNgier-Stokes, reata b |-@, at w
layers, exact wall distance, two layers dlinall treatment
Radiation Surface to surface, gray

Fluid properties  Vary with temperature

Solid properties  Vary with temperature

Turbulent

Walls No-slip conditionand_ zeo-_resistance conta_ct on the fluid
domain tubesandadiabatic wallsn the solid block

Mesh Polyhedrali finite volume

Mesh cells 1.3 to 20million

Prism 2 prism layers with 1.1 expansion rate
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Figure6. CFD submodelsetup

Regardng the accuracy and stability of the developed models, a sensitivity analysis was
conducted with three mesh sizegtguremesh size independesndn addition in the transient
models, a sensitivity analysis was conducted on the number of iterationsHdmeastepms
well asvarying the time step for the simulations to prove that the results are independent of the
solvingtime resolution

Organic Rankine gcle

Organic Rankine cycleQRQ) is used to convert the flue gas waste energy into useful
electricty. The TES medium is required to damp the flue gas energy fluctuation and smoothly
operate the ORC. The produced electricity can be used to opfezaiyerse osmosiRQO)
plant to supply the cas$touse with the desalinated water requireddioect chil (DC) casting
mould After implementing the three models of ORC using§Hpro software, the efficiencies
and output power were the highest when isopenteaseused as the working fluidind a
recuperate heat exchangeas addedFigure 7a shows a layout of a simple ORC with its
corresponding Ts state. The liquid fluid is first compressed by a pump from stad€ And
after thd, evaporated by the heat source from stati® 2 reaching to saturated vapo The
saturated vapo goes through an expander in which a shaft is driven to generate power from
stage 84. Finally, the exhaust vapo goes through a heat sink (mainly a wateoled
condenser)n stage 41. Another cofigurationis shown in Figure 7b, which uses a heat
exchanger to preheat the stream coming out of the pistage2i 5 by utilising the exhaust
heatexiting of the expandein stagedi 6.
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Figure 7. Layout of simple OR((a) andrecuperated OR()
The mass balance of the OR@mponentss given by
Bd& Bd& (10)
and the energy balance is given by:
BO Bw BaQ Ba 10 (114)
W G Qho a Q Qho aQ 1,0 aQ Q
For the ORC cycte

BO Bw T (11b)

The thermal efficiency is the ratio of thetpower output to the inptieat ratevhich can
be expressed by:

e e (12)

C

Reverseosmosisunit
The RO is a process of water desalination based on membrane technology where the
membrane allows water molecules to penetrate and blocks the salts from entering. This is done
usingthe high-pressure flow of water spfed by powerful pumpsand this procescan be
expressed by the equatidmsiow.
Massvolumebalance:
w W W (13)
Salt balance:
WY oY oY (14)

Salt rejection:
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YY p — pmum (15)

Specific powerconsumption

0 - (16)

where Vs the volumesSis the salt concentration, and safystsf, p, bdenotefeed, permeate,
and bringrespectively.

Figure 8 shows the schematic of the RO plant equipped with an energy recovery
component that recovers the pressure of the brine to be used in the feed water stream based on
positivedisplacement

seawater in |::\'/-h % % permeate

seawater pump main HF pump

booster pump -

=:> brine out

Figure8. RO water desalination plant for waste heat recovery

RESULTS AND DISCUSSION

By using eq (1), the exergy of the flow is calculated through a MATLAB cdaoie24-
hour duration.Figure 9 shows the severe variation in exergy due to the mass flow and
temperature fluctuations. The average exergy of the flow from the three furnaces W,195 k
whereas the minimum and maximum exefigws are 15kW and 600 KV, respectively. Thse
valuesgive aninsightinto the scale of the WHR system that can be applied. However, if the
study was to be scaled up to includeth# 18 holding furnaces available in the plartast
house then the system could recoverore heatfrom an average of 3.5 MW. In aduiib,
utilising waste heat frortheremelting furnaces hashigher potentiafor heat recovery due to
the substantiabmount of energy required for melting scraptals It is estimated to have 20
times more exergy than holding furnaces.

0 5 10 15 20
Time duration [h]

Figure9. Exergy flow of three furnaces for 2v¥ur operation
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