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CHAPTER I NTRODUCTI ON
Chapter 1: |l ntroducti on

1. 1Background
Over the past few decades, the world has experi
consumption and electricity wusage, driven by va
expansion, and ted®dkrspliogy eddvancementds versi fy e
the worl dbés energy demands continue to b[el]Jmet by
Regrettably, the combustion of these fossil fuel
and greenhouse gases (GHGs), exacerbating enviro
acid rain, aphagocnsienmaueentclhyanget -¢ ar komcy atl ¢ fof iexipe
alternatiacés eve the goal set by the Paris Agr e
temperature rise to well p8]ow 2 AC above preino
As a weuboal energy cagriei mboastimagerlgy thdlergdae st
t hat of diesel and gasoline, hydrogen has been
conventiondl4] fAodsdsiitli ofnuad Il sy ,a rihnypdor notgagnntm & tee rwieaali @ &1 S
i ndustries, includrondeammonireafsynnigesiafpl] veget s
According to the Hydrogen Council, a United Nat:.
it is estimated that a hydrogen production capac
current capacity wikhr-hbentequitadgetbJa&diveedn®d Ot K €
the significant projected [ Ypraccu ¢ tlgthilnadi y dr s ge p o we
gener at i[o psfregee loe spr oduction of hydrogen is i mpe
Demand in million metric tonnes H, i ll)’::;'\f:‘:.‘i:_:lerulinn.

600 T '

s00 1 Transportation

400 4 ) Industrial energ)

300 4 Building heat

200 A

100

and power

New feedstock
(CCU, DRI)

Existing

feedstock uses

2015 2020 2030 2040 2050 CCU: Carbon capture and utilisation

DRI: Direct reduced iron

Fig:.1 Forecast for wor[l8wi de hydrogen d



CHAPTER I NTRODUCTI ON

Despite being the most abundant el ement in the u
is not readily aVemkeabhe dorBadub to f{#sThliisght w
necessitates specific chemical conversion or de
such as hydrocarbons. It is iIimportant to note tF

their prod{gdB8] DdDmecsomansocneshydr ogen acqui sition met
sources through the steam reforming process. Thi
which is associated with carbon emissions and a
produ¢ tt.dMhren car bon emi ssiderrs vferdo mh yhdyr dorgcecna ralrcen ¢ a |
it is termed NHpwevdwgdpogdodoti on of brdawt rhayldr ogs
it is challenging to capture all <claX ®,Ofl Ajhimossiton
i mportance, these-rmathad sbeadsegade mfduneolns Ansbsn stshi d i rf used
depl actcehandat esnlcoguitod al gwagwnti magnsi ti oning to a

economy sourced by renewable energy respaBtes i s
Green hydrogen, derived from electrolysis powel
conventional darsean ahcyedoruossg efnuedr oducti on as it [
throughout prodf@id®Oijlom ensenmceée )| i shaei water el ectro
water molecules into their constntaaeantlusdmmehy g
clean el ect rriendvwalpleegsrc 2f@Joolnar ener gy can be har
hydrogen production by integrating a solar phot
converts solar energy -sptotell@di pdioviceeng stthoe darbiuvned
wi despread availability of sol ar energy, it i s
hydrogen production, particull[a2.2]yGriere nr ehgyidorog ewi t
be produced by coupling the electrolyzer with a
power conversion. Although onshefkeawtinde,t uobfi aile

turbines holad droerataefrf oprodtacbnitei gr een hydrogen pro

consistent wind capacity28pund in offshore envir
I n addition to solar and wind energy, sustainab
common met hod for producing green hydrogen using
the available economi ¢ 2.48yAm otploevrer md roe ed fefcd a toil wes
evaluating hydrogen production potenti al by | eve
and curtailed due to reduced demand or 1increase
rai nyn siermdrmuwmer [ .6 pWhisl e t he wuse of renewabl e e
production is environmentally friendly, its indu
including substanti al i nvest ment requir,ememe s a
ongoing advancement in renewable energy technol o
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are expected to reduce the overall cost of greer
effective than convent[ @861l steam reforming proc
Besides the electrochemical process, green hydro
as dar k f[e2r8ipernkt afteiroment ati on involves anaerobic |

into biohydrogen [a2n9d| vol atial @rfoat sy ngcites hnol og)

of hydrogen evolution, flexibility i[rm3.65punesvterrat e
it faces challenges in fully degrading organic
the volatile fatty acids generated by dark fern

hydrogen producti on thbeyr i mhotao sfeegruneennttiaatli vneo dbea ce m|

fermentative bacteria under optimised clohd]iti on:

Neverthel essmodehy beqoert ealonomically unviabl e
pretreatment, reactors, supplemehB8®Blenared imeesar
research including process optimisation has beenr

feasi bl e i-mhetge aft erdmaratr&t i on syst em.

Mor eover, gover nddendt caved!| dwi doba oanmoe i ng hydrogen
bi amsyf undiimigti ati ves t hat t ascckal lee tibhaen end I3 shtyadcr loegse
productiimst,anFdbee UK government has allocated A5
devel opment of new btieoowhamsd leo dhiyedBRpaanvse rntgi nggr e en h

derived from multiple production routecsurflmirng nd:

gl obal warming aedatbhée maitedeschraemage . adopitgiiovnotoafl gr
t o esthaybdiribsghsiead di st sy U PBEE]re nfeegtyerci mgt util i sat
with regional suppll 33 beddedeeh opgsnyespticcanssi e meched a-c
burgeoesaeagr,chwheaerrea sever al studies delved into t

i ntegrating stbhsatsaidn a bkelceh ntoyl dorgd geesn wi t h{ B.4power sy

1.2Sustainabl NetHydarmrrlogen

Di stributed energy generation entails decentral]
di stributed networ k, and wi ff B.3¢apacghtti eosf gtehnee r cal
trandihtei cmo,nceptufdfi ci et selnfergy system fully sup
the rise as it enhances energy3®ecenity, whheei mi
of green hydrogkhShsaschknawogi es eyt 'omtetne et i oas da
a versatile energy <carrier. Such systems al so h
electricity based [@iFlirgeiRi bnstlr ategsi g memt hplde o

baskHS wkioanlki sts of renewabl e energy sources, ba
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The intermittent and shifting nature of <certain

susceptible to time and seasomnrdaelmawnar iianfibBad pasn c e

Therefore, di spatchabl e backup power sources o
supercapacitors are often integrated into the sy
[ 39]I n recent years, there hhmaess ddk eain @ rngecyr esatsd rnagg @
capability to fulf-tkelrmtheeasqonal gmener gprstongg:
and f |l [e4&«0pHyldirtoygen serves to balance supply and
by renewabl es, and can also be wutilised for po
hydrogen storage methods i ncl udeyosgteonriicn gl ihgyudirdo,g

underground storageal s pgdepifle 6tk dafteer hlyadrrgpegen st

undergone significant advancement | ately4.8hd i s

/—[ Renewable Resources ]—\ /{Backup Systems]\

TN

=

Sollar Wi'nd

i mS———— _E =
@ . Energy storage

¢ —————-

I
I
: f @ : \ : \_ system )
I H [Tm_‘ v v
L. > J X | -
ooo —_L‘U-J-L 4 )
Hydrogen Fuel cell
Prod'uction f /m I l
o & OIS prth
@_@ I Building Industry
- A A
WP O ([ )| J
@ w Y A—
Compressor Storage ;[ End Consumers ]—/
Hydrogen Chain J—/
Renewable energy Hydrogen supply Fossil fuel-based energy  Final consumed energy
@ @ —@—
Fib.:2 Exampg e eheyhd r tbhpesDeE$ 4.4 |
Hydr ogednecrta i fi cation i si sonely otfwehhiscen cirnivtoil cvaels agsep
electricityCdmoimdeéryidmg gtelme | ower volumetric ener
is deployed instead of the turbine to maxi mise

4
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energy directly into electricity wit-mr ondi@ddt] hi ghe
Fuel cel l t ec hnolhiggyh lhyo | edfsf ipcrioemmits eanads eanvi r on met
ener gy ,s glauttiicoru | rau 1l &l areas | acking access to t
associ adledac twiitcha l infrastructu4.&€lurnenhtal yatitbder ar
di verse array of fuel <cell technol ogies capable
the proton exchanpngoel tneenmbcraarnbeo nfauteel fcueelll] £4®BM ¢, and
tohe varying working principles and applicati ons:¢
most appropriate technology for meeting the el ec

Devel opi rggenermtuli onal -bgsedn®BEHdrcognpnd ex probl em,

through consideration ofFmamea otuesc ltoincsa lr ad tna rsd @pm

to evaluate the potenti al DES configurations actr
ensur e alignment wi t h speci fic conditions i nvc
requi rledare]le h s e, the wutilisation of model |l ing and

designing and operating the DES that satisfies a

Thaf or emelhBE o nckeds i gneds ctad emereetgisomaalll demands. I n
Renewabl e Energy Agency (I RENA) published a repo
Energy I nnovation Action Pl ant efrom sst read dmpeh é&dwa iy
required for developing] 4Bpassestiaonabhe hgpdoogenf e
emphasise the extensive uti leixpdtoiran i ®n @rfedrhehyn
hydrogen and renewabliefemeéamsnisalu aites .r edemc e h io
chain pl antnh antgv omovckesl addressing WVaed®wusckaspelec
production methods, stor ageus etsr aonfs phoyrdtraotgieonn., di s

An innovative stratggeenohgevelgem a bypsdynaichhabalte (
an avgarsda e col |l ect i osnubanned wtbro&nt shpeo rstudpcpcloyn dd magi nt ot
Environment UNrBEdP®p @amime t he gl obal annual biomass

with the majority consisting of wood.Ollmaadietsi, omalr
met hods of managi ng etclbenmppeoswasge wugpeag iasclfedti
| andf[iS5lHoowegv er, t hese approaches can potentially
to uncontrolled GHG emissions, surf ace 5an.d 5grjour
By harnessing organic waste for hydrogen product
aiding in the pursuit of carbon neutrality, but
creathidemverthel ess, the sust atitmiadH yed rdeegveen opuEemlity
hi ndered as it involves numerous stakepowdrder s

coordination among supply chain particlipPants6land
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This underscores the wurgentsumdead nfadbrd er sug@ar oyh cih

effectively addressing stutsiteahyidarbdaden yi rcdownscterryn.s i

1. 3Summary of Chall enges

As outlined earlier, two key research areas that
econ:omeg dddgieem hbyadsDebd§aesnnd t he devel opment of GHSC
chall enges have been identl.fhbleedw.whi ch are summa

Tabll.el Summary dforchalstangadl e hydrogen net\

Challeng Description
I ntermitteny Variability of renewable res:
renewabl e r seasonal bi omass supply) aff

unpredictabq Act hgldrogen and electricity

[ 38] f Determining optimal equipmer
demankdallsemdiermagli ng to either
i nadequate capacity, i mpact.i

Balancing vy Green hydrogen production <co
conflicting due to -inhsecapveéahature and
objedti7vesiq High flammability and | ow mi
safety concerns.
T Comprehensi veaeedaldud to,ir o @encvoi nro

and safety aspects.

| nhepuernitt vy T Biological or thermocatal yti
constraint a gas mixture of hydrogen an
hydrpgen 5S9 Some hydrogen applications h

Agrmoa st e co 9 Smaddal e and di sper sed agr.i
and facilit collection challenging.
[60, 61] f Plantation owners areemeWwabtl
secdwag to perceived risks.
T Strategic |l ocations of green

to optimise the overall cost

Selection ¢ Evaluating multiple hydrogen
technol ogy and transportation modes req
transportatq Thorough analysis to ensure

[ 62] requirements.
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1. 4Aim of Resear ch

This research aims to address potenti al chall er
hydrt®geed DESs and the development of GHSCs, as

studydewielllbompovati ve structured frameworks by in
mat hemati cal pr ogmakimingg meahlwade ogs&meawor ks ar e
of fer practical guidance to industrial pr-acti ti c

based i ndustthraitalalnegtnwormiksh &staebkthahevdhdesicen €@ 0
l everaging soWwasrteessmdimgye gareek nbihy dir aglelhiapg edyetsi a
bi ogenic waste management twh.iJlhdes assduvbassreagiuregntd esceecrt |

the research objectives of this study.

1. 5Research Objectives

Tespecific objectives of this study are |isted a

1. To identify the opti mal c o n fbiagsuerda t O EeSu ppdhdadtie geno
hydrogen and electricity.

2. To determine the ideal -bapadi DESsenhspriong gupp
mi ni mal oper @&tniecmy!l. wasstag eand

3. To devise a GHSC-wastegratlil gt a osuabgmedivhtoriden s p o1
consideri ng itnrei palsep ebcatst.o m
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Chaptlkirt@rature Review

2. 1Hydrogen I ntegration

Hydrogen network synthesis can be considered a:
optifmi eéasgldr cge@s unmapntdi onmmi ni rmiyde oweant elCschanglky, pr e
met hods for hydrogen network synthesis can be ca

based pinch analysis tleadsend quaet raerdatt iheals upreo gt amn

Hydrogen pinch analysis is a systaeamaaets fterchhyd
i mports without the necessity for detailed pr o
graphical representat i ®mBghiosr -baalsgeegbhrtrae tch ocda | fcaid a b
net work design was initially introduced by Towl €
value composite curves|[ b6fNehvegdtbgeeérssournt bes pamg os
met hod by Towler et al. did not consider the phy
net wor k. Subsequently, Alves and Towler extendec
principkcerpypyrating process constraints (represer
source and dirheér dgenansgli nks) along wifé6hipbhermatFenoi
and Manan employed a gas cascade analysis appr oc
problems with[ m@hetit pnkaei npilnicnhietsati ons of the pinc

i nadequacy of handling pressur el ncornesdproadsnee, s aln.
introdbheedoncept of average pressur e profil es,
conmmal ity with a sink ba&?2]d on pressure requirert

To optimise the hydrogen network with purificati
rule based on the mass balance of a hydié68én pur
Borges et mal.g oemmeptlroiyce dmeat hyodir oavg ¢ h ¢ dfieddre & ed imd g i a o
t hnei ni mMumsh hydrogen consumpropbonmalrpgtdf @8Engeeat
Further mor ebastelde piimsihghatnal ysi s approach has be
synthesis wouksi plhepvV @mpmuifiligecst Al arhsdbh@h pi nch

analysis technique provides straightforward and

hydrogen consumption before delving into the det
capability-stcoalhea ddels® ghnatrpg eolpleernmat i onal constraint
i mji7.ed

I n contrastbatsedt lpe nicms iaghatl ysi s technique, t he r

capable of concurrently addressing various cons
i ntegration networ k desi ghnst haes uospet ionfi ssau p eorns tprruocl

Lifuirst for mul atbead eal snapg érregntart u ctadr egr ogram for o

8
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refineries, addressing pressure constraints and
bendgf7i3t)]ki u and Zhang subsequently incorporated t
purification technol-ogiegkrmamaamr mpld eoyreammi mg xeMI N
choose appropriate puri7ffdil€he $budyeobvEumag ey da
the MINLP is notably superior to |inear progr amn
solution for hydrogen a[lF.btMevemt hel etshse, rtehfe ncea

potential connections in the refinery hydrogen n
Khaj ehpour et al. thus suggested the use of heur
wh ch eliminates redundant vari-abheexandeshandbygc

ti mM&@&8hereafteformuaated al mat hemati cal mo de | t h
for the network structure in ter ing.TCdfn stide rglnagc an
exergy analysis is a potent tool for assessing a
al. incorporated the exergy analysis concept int
exergy consumptni amretavfortkhevi hyhdrcognestraints on the

hydrogen purconyswimi hydBPpagemnor s

The |l iterature reviewed above assumed that the
operating t i-onpeer @it i g, t$imegl ewhen establishing |
assumption does not al i gnkewiftehe d setad a Rioypgmpadbsléatlai dair
[ 7,]per ati ng [t8émpaedrda]t pinfeBs2s,uma&3 ] vary, consequent|
hydrogen consumption and allocation. Hence, res
mat hemati cal model s to enable a more flexible hy
across dif fpeerrelfoddrsoipes aamomegx t Arhdneadl telhe aprrecedi ng

met hodol ogperfioord nhuyldiriogewh ineh weoaki sfeise gnt-he deme

consuming processes in every operaf8adbhbepdeivodetc
approach was i mplemented in a case study of a I
conditions in the diesel hydrotreating process

outcomes demonstpearnieadIté&htmiton henhraunctes cost savil

sinmdrei od design approach.

Tab2 edresents the compilation of recent l'iterat
empl oyed methodol ogi es, mo d el characteristics, i
studies have predominantl y fioocnu swidt ho na ospitni gmies i onb
closer review, it becomes apparent that none of
considerations of both multiple objectives and o
suclktoas savings, may yield a |i-mitedapdrespecticae
rewdbr |l d context. Ther ef oalej, e dthigvead,e ol lotmrdendt f ofr 4
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i nt egr ateimemr gkessiagsnh a cr uc

addr ess

Tab2.dli st of

c o nmpa keixn gd eecnivsiiroonn me nt s

Irieceydadt aogen fiomt egr ati on

i al riersheaarr crht asvyesntueem t woa re

. Operati
RefMetW0 Object perioc Maj or contri but
PA MP Sin¢cMultSing¢gMult
[8: V Vv Vv General_lsed_lmprO\
targetting interpl
[ 8¢ Vv Vv Vv I_ndlre-p‘,ltar_utn_trey_drog
with partitioning
- I ntegrated hydr o¢
[ 81 v v v hydrotreating uni:t
[8¢ V Vv Vv Relatlye damrsednt
analysis for hydrc
Maxi mi sation of th
C
[ 8¢ v v v ability of the net
Retrofit design o
[9¢ v v v network via flexit
[ 97 vV Vv Vv Subperlgd partlt.lc
uncertain operatinr
[ 92 Vv Vv Vv .I\/Iul—ptelrlod. i pd iame c th
I ntegration networ
[ 9: Y Vv Vv Improved near est
with pressure cons
[ 9 Vv Vv Vv Synt hesi s, flexibi
of hydrogen networ
Twetep-plabher hydro
[ 9ft V \% Vv \% design by combini
with mathematical
[9¢ V Vv Vv Retrofit procedur ¢
net wor ks.
[ 97 Vv Vv Vv Hydrpgen _network
and impurity gomrpt
Hybrid hydr ogen n
[9¢ v v v and synthetic plar
[ 7: Vv Vv Vv Synthe5|s of hydr
mu lsttiage compresso
[ 9¢ vV Vv Vv Pressure di screti

hydrogen network o

*

Not ep:i nReAh

a namatsh esmatMPcal programming.

10
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2. 2Hybrid Energy St-basgeé DnhnsHydboged Energy

Hi storically, energy supply infrastructure has Db
pl ants are designed to supply electricity to | ar
intricate transmiesmdlo0iOhase-sdiasgrckbatrahi seslt ener

high devel opment and maintenance costs while enc
the energy sector in developed countries is cul
towds greater reliance on distributed generatior

various -smahkct @d, dor -cdoinsntercitbgudt OcXdinii yssatpeprn o ac h h
mi ni mi sing power |l oss associated with the proxi
power systl[eMmOT2hHeel iaadboipltiitoyn of di stri buted energy ¢

engagement of consumers in their energylOs3uyppl vy,

Il i ght of the continuous depletion of conven
ironment atheushbtéegabdiiobhypf renewable resour

® S5 S

ome increasingly pivotafrtendhyguenelglddi mandsc

-~ T O

nsition, however, is not without <challenges,

sonal and daily climatic [VM@dbgdgakliiong Bhds@geol

q
O 92 9 o <

essitates the i mpl ement atddge otf e cihnnmoolvoagii evse tsc

iability Dends Effffée ctiiemeystodr age plays a vital

> 0
® ® @D O

rving as an energy buffer against|[ 1t0OBdtt at eemi

e commonly use®E&s heonmeervgeyr ,s twthreang ee miprl oyed al one

- O
—

r tleornny enef dYEZd4t emaigee battery usage can negat
deep di scharges or prol[olmggdi desi otdtbeat aolbdwd

0
0

demand mi smatch during periods of mi ni mum reso
enewabl eHereso,urtcleks . adoption of multi pDE$SSE8nergy
0

more advantageous in terms of enleXx@¥] supply reli
Considering the versatility of hydrogen as an el
back to electricity through fuel cell s, i Nt egr ¢
creating a mor e resiliiennatbi $ y[$lyeOg®@herialnes twidihe

demonstrated that sad emanae dswnigstbanticali eseltihamagh
usargeel ated i ssues on batteries but at[ ltlHe ddt
Taking thi, s $Smnammearc ceotunagl . proposed Bantmaghamabnc
electrolytic hydrogen technologies with battery
power demand of r emdtlel 3flehter esehncvibeads ea svtiaatbiloen sc 0 my
which batteries enhance sygtremrd efyfbirdide nscyystamd cd
through regular daily c¢cycling, while the hydrog

11
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remains within narrow | imits, thereby extending
t horough and reliable predicPVyrbrdfd tbhd tfeutyu raen d
energy storage system, Dougl as et al . devel oped
simul ation of -thenm emerdy antfdradheg appbychatieeord t
t he combination of badubkmregd vamrdk IPhvgsdtl agne s e f tb ke  o®
system per f ogrrneaaghieciee ndist oanl somapaci ty choices durir

stages and | oad requirements.
Fig.dlemonstrates the influencRE®Xpamseirgry psltammigre
where the investment costs increase with-energy

near reduction in operational costs. When conf
pacity asa isti gecnanfilcaand tiomcrease in investment
apacity poses challenges td 1leijansegqugnstlgl edeDiq
e
n

t opti mal configuration of the energy storage
renevweENseEl 6]
== System expansion planning cost
A == System operation cost
Optimal size | == Energy storage investment cost
\
-
@ \\ ’z”
- N 1 ’¢’
2 \ I s
N 1 &
(@) \\ »”
~ »
se 7T
Ry
-~ ol
P i T
’/’ | ==
- 1 L
Energy Storage Size

Fig.DEsxpansion planning co[sltl] 7vWler sus energ

These studies wutilise mathematical model Il i ng art
configuration of hybrid rédryawalpleen sneomr@yges yytsd my
Janghorban Esfahani -ppadwearh.pippaddb pss ed mamn hexit ¢odddt
component size for hybrfildBhewnwewabl ed e apeaweyrh e y gt
composite curve to visvually identify theowemi mum
cascade analysis for numerical determination of
of the hyagegewstsém. Janghrormadi fEiséd drh@amer epit mdd e
analysis method by considering the efficiencies:c

i ncorpor aPC ngoupleed®dCsystem concepeéemtodddPliieve a

12
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study indicated that power | osses, which di minis
design when integrating with hydrogen storage sY
To achieve the dual objectives of uncertainty | e
al . introduced an optimisation programming fram

anal ysi ng -dtihsec hahagrigigngpattern for bothlbBaijTthery a
research confirmed that incorporating a hybrid
sol ar system by 28%, attributed to the energy
i ntroduc-pdr iagrhautht if r a meowdrikni fsab ablre omi €Mogri ds
hybrid energy|[ 32bHdageadgdy®etsamennig the simultaneou:
electricity demands, Mah et al . extended the st
t wo energy management strategies and empgl3dyi ng t
Further mor &6,e mAfktairmius echdhybri d renewabl e energy s
storage to achieve an uninterrupted electricity
in the residential 1R2®€deost udyKagpertedTuhhkeyt he
t he moesftf eccotsitve option and results in the | owest

ratio while meeting residential | oad requirement

Based on the above review, athylsrieddi glteamtageragy d

reliability and reduces operating costs. Howeverl
sol ar irradndnempah sssiinggd get se c bmiomii mi <irnd eadv eomal | s
I't is important to note thafi $hel sonci deaaatl oams o
DESsontri bute not only economically but a@dlsso pl a

[ 12Bgdsi des, as underscored in the study of Jangh
be taken into accoundaf whvi®Sishc dimdgs itdo sttloe adgesi gme
comprehensively assess economic, technical, and

bet ween these criteria for more holistic capacit

23 Met hodwu lfady ecti ve Optimisati on

Opti mi sati on pleanygi nae ecrriuncgi adle srioglne, isner ving to id

within a predefined framework of prioritised cri

the mathematical opti mi satdioon nublpteispcrami $ akieom he
single optimisation scenari o, where the goal i s
al gorithms | i kenleiumpl, e xa,ndb rcauntcthi n g pl ane ar e e

mat hemati cal pr ogr amnpirnogg rnaoAdne hnsga,i( epagm g @ mmian g, n

nolini near prjob2 ajHmoiwreg/)er , situations may arise w

13
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involves multiple conflicting objectives, ma k i n
optimises all objibet e ¥ e soebsjieatutimtiviaen ieogputsilnmji.sati on aj
to determine the best possible sol gtt26h that con

To arrive at a single sobjuectinve nopthiemiestadtgesxrnt [l
process invol ving enpatkiinmigs ali @ ®omndasnbBlg sdseeatiit snigd no n  t
sequence of these stages, appr oz ihp s s.tcakii.gdrei c at
provi des an oubjeceiwvefopmuilmlsptmemhoadpspr nacdesi.
preference i nf ormaakteirosn bferfoomr ed egceinseiroant i ng t he sol
weight or coef f i eoibejnetcst itvoe sa gignrteog aat] es 2rugi kteimp b pec
a prmecrhiods include[ D2&]l epr oggaapthhlgn dietsiaond ht ed
met d8THese met hods have been applied by researc
wher ei-the fwenleld and expl i ci t-mapkreeefserame epr dwviodne dd e ¢
FuenrCoast ®s introduced an-oMljNMICP i miedmwlpdfi ona st mb mo &
and power system integrated into the grid, wher e
t hameprmover and the t hdweeanad-bhtsethdbammreod @am kt a sa fnfgi ¢ |
energy demarmd nwi tchoinBBlées itidaeusou k amdp |l @Ehmewmt-etde@ si n
mu lotbij ecti ve opti mi sawatboar seyadrieoegoyhy efno rs yanbmass s |
by incorporatiwegghteudstra&itmami loint ynvest ment metr.i
sum approach) 1i32fo the model

Multi-objective
optimisation

Yes Availability of

preference information

A priori methods A posteriori methods
* Goal programming *  g-constraint
* Lexicographic method *  Multi-objective
*  Weighted-sum method metaheuristic algorithm
Single solution Pareto-optimal set

Fi®g.:.2 Overvi ewo mjfedthievenudpgtii mi sati on appro

Thae pmedrhiod al so aids researchers in discerning
planning and optimisation problemsedhit he bakanom
met hod and integer pr ogljaemoni inhvge molpanoddatt bas § ohe

ma kteor der manufacturing setting, aiming to mini

14
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production over [tl3dé3dphagnminng Clhami Z®m meimat edea h

goal programming model to deal with the aggregat
and materi al science company by optimising pro
protdiuen [ AI3BGatt her mor e, Bal and Sat @aglldu edeesl avaes
electric and electronic product coll ection, tr a

recovery |[pBBBessa@s hors employed goalbogHdagmea mmi n
objectives. The applicatiwonm| df sctleeadeas|ipipeod s mo
met hods efficiently produce opti mal producti on

computation timeframes.

The wutiliasapimedrhiofd t me-eb) echgveubpti mi sation pr
net work system design is alsoMdjemodinseéetr aaled pmese
objective optimisatiemi medeh poohddmesoly tarhidbdat 0 &
system with the demand response progr am, wher e
optimised via the weighted 1s3ubm daimae sfsu-mlgy eas amtuvl & fi
and imelriiod hydrogen refuellingesmatpil@amnl eogatciomrs
Kuvvetl.i proposed a goal programming model to si
terms of c osutl,atriiosnk ,c oanrvdg NptF @ w @ v @ab jpetcikdrvied whi ch
i s baseddefdmepmr epreferences may introduce biases
when deakerenencounter dipfrfeif eulemiceeds | ifcotrienxgpr e I8 js
accur[dt3@Hys may result i n-odv¥er lacmak icrognpirrotmi isea taenc
potentially |l eading to solutions thatmakoermot f ul

On the othepobtmetthod hgi ecbpdsi mal Sal et oomaskeremmabl
to assess and select solut-bobhs3Mdraetp bh ematl matl auht i
named after Vil fredo -oPhajreecttoi,v earoep tsionmhiusta toinosn iwh ent
enhance one objective without deteriorating at |
Par-epobi mal pmwhweinng mone aspect inevitabPryonianaedist t o
post eneit dioidcslBadestrai mtbhjaercd imel tmet ahewWcbastcaappr
met hod trans-bbyemstithe pmuodbliemobjne ot iave eadpteismiosfa
resgilnia sedobpof mRBarebbuti ons by systematically ¢
i mposing constraints on the influence of other
increasingly —compuekn@ndstihmhet numbergr ovs odue t
flexibilUcopismiflad Oh€dddéquenabjyectmuwlet imet aheuri st
approaches are often preferred for aqgpmexismaniahg

objective spaced fand momtgr imudtte ptfrdadd?ef nf | i cti ng ol

15
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Drawing inspiration from natur al processes or
navigate search oOmpddenalt @ordiopdovnarl rmeodrmuti ons. R
variety of metaheuristic ebgofitmep,radt egor isue
swa-bmsed, -bpbesi csalnas ehdu mama hPoel®sh.o ws the timeline
devel opment of several wi del y ut,olnigsoa dhn gmeetfaf hoer u rs
dedicated to enhancing existing algorithms and
addressing specific probl emshecNouskBheld Vieorsemr &3
that no single metaheuristic can uni vier&lHlel y out
subsequent delves into a detai loehd eexxplver areitoanh e

algorithms in addressing thebasbESsi ty pl anning p

Tab2..e2 Examples of metaheuristic algor |

Al gor it hms Developer Categor Year Ref .
Genetic algoritdJohn Holl anEvoluti 1971[ 144
Simul ated annee¢KirkpatrickPhy-basel98:I[ 145
Ant colony optiMarco DorigSwa#hmsel999z[ 146
Particle swarm Kennedy andSwadbhmsel99Et[ 147
Har mony search Geem et al.Humadbmse2001[ 148
Artificial bee Karaboga anSwathmse200EL[ 149
GravitatiahgbritRashedi Phy-base200¢[ 150
Firefly algoritXi-8he Yang Swadbhmse201C(C[ 151
Bl ackhole algorAbdolreza FPhybase201Z[] 152
Whal e optimisatMirjalili aSwa#dhmse201€¢[ 153
Grasshopper optSar emi et aSwatbmse2017[ 154

16
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24 Mul-dbjective Opt Hmilsagyeeddb nRenewabl e Energy

Multi-Objective Optimisation Problem
Min f; (x) =
Min f5(x)

Min f, (x)
Subject to constraints p; (x) & q;(x)

v

— Stage 1
Ideal Multi-objective Optimiser
Stage 2
A
[ |
Multiple Trade-off Solution Obtained Selection of Best-compromise Solution
A A
Optimal solutions
- Higher Level ~
Xad Information K
iy Pareto front W
fi(x) fi(x)

Fig:3 Proceduahkej dotri vrau | d gat i poi sstaettifjodn iu]s i n g

Asprevi ous | yhememubldijt@rce d ve o ptthaamipoastmedarhows isrugc h as
met aheur i sitnivcotlawpepss baghB 93 ( d e tthiegfirst stage, a r
domi nated solutions based on relpjrachanve faf ddeed twieems
conflictin@neohbgfect hee snmoestta hperad giena cthme b jfeoat i muwel t
opti miaxatoisen hbemehmask prolddbmmeatedt&er nong gene
(NSGAI)t. i s a robust search method inspithedripy n
[ 156BHe fundament al concept involves creating an
towards the opti matobg elcutiiven otpd iNmdmbraddwsnmuplritadlr | e
have adopltledt NSGAlI ve intricate capacit ybaospetd mi s ¢
DESs For Hmamngnet ,reNS GAUtoi Itiascekdjeacat itwe opti mi sati o
designing and s-hydnédpagehetrardalearee gV system, wher
encompassed reliability, [ Em2lSgyni Wwast g, Addy esmyos t
empl oyed -ltlhealINgSGrAi t hm t o abdgdeessvae opmpar shkeonr
a hybrid renewable energy sysfém8integrating PV,

Another renowned metaheobjiesti veabpbagotichm kssat ime o
( MOPSO), which was develldp®t bwpt Egeht eset hal con

to determine the opti mal position within the po

17
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solutions following the wupdate of position and

conflicts amongDmahaugl et ob] ecuseds MOPSO to opt
wind/ PV/battery power plant, aiming to minimise
while ensurijné®ddakhasnmipphyet al. investigated a
parabolic trough solar collector fdocd@RsOawascl e
employed to optimise system performance, reveal

power in optRenad dtcloyngt talo.n-bd p minide MONPS®A al gor i t hn
for economi c, environmental , and grid interactd.i

hybrid wind/ PV energy system integratingdg Rhyndr oge

heating requirements of[] B63ftudent dormitory in &

Some researchers further enhanmediefxyiisntd ngo nrpeu taa
compoeeanhsas genetic operators or integriampmgyvaeau
their performance or tail[or6RRdhe mntsd angeqgi fXiuc edr a
reinforcemeaded ddE@GANNgdet ermine the opalmak cor
wind/ PV/ hydrdgdhesy atcempor ation of reinforcemen
facilitates the | earning of positive values for
providing rewards for highly efficientdiptairoannaelt e
NSGAI , wherein certain control parameters such
manual comMbugetatti onempl oyed a modified har mony
configuration model f ol aa hwywdbdrihgdsypygeemenevglyvif

remote area i[rl6brlkewi baj |l dhaeigsenfeiwldyi npgrso proesveeda la |ltc
outperform the original harmony search algorithn
Addi t iHen aeltl yal . empl oyed an enhanced particle sw,
with the immune clone concept to explore the Par

systems with hydrogen refueltliofg,campmi elgen®i me ni
externality rate,[ lagnad]l heg da wigleonr hhi rad ppsr read et hat t
yields more satisfactory solutions compared to
enabl es escapelLérem hobcalpobjpoctemdy ea mouditfii ed f i r e
achieving optimal design and operation for hydro
for component degradati ¢d6EHMids votlwady |l altsyo idche mores
modi fied algorithm exhibits greater accuracy anc

energy storage sysltlems compared to NSGA

Besides algorithm modificatiobg,ect hee oweesreadh & u rpi
approaches can also be enhanced by combining dif

hybridisation. This approfacihndiewied waglesaltdie@r iuthh mg

18
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their weaknesses, resulting in i mp6BiEechozamyuted
introduced a novel hybriigd apahoipplee Swati mi espti mhn
GOA) to optimise a hybrid microgrid system inte
battery storage systa@&lmsablTeheii msisghutdsy fparovp dleiscy
standal one microgrids and as shiasstesd emmiexregsy beansgei dn eoe

cost of energy[d®® P@HG nenmiosshi eents al . presented a
named hybrid gseyweweclofsi apt iamig®ein t hm for optimis
PV/wind turbine/fuel cel |l renewabl e enenrgyfsyst
the hybrid system while considering the r-eliabil
commerci al clehZ Birrst hier-Blat 2ar Ebt al . utilised th
algorithm, i . e. a modified version of PSO that
an isol-bt edbaassseldarhybri d power systemsf orf me etniang

remote area in the Wek[Tekesne Deseditenfca&igfyipt med t h
out perform conventional met aheuristic algorithm:

demonstrating their superior performance.

Howewaty a single optimal solution can be- select
domi nated solutions generated in the first stage
best aligns with tnhaek eprree. f 2loreotche ssrtddtgest,d-caiagdidoig s i o |

( MCDM) techniques are typically employed to as:
wei ghted preferenc/as i boes teaabtlhi sthlejde cMGD/M . met hods
Techniquerf orf @®reference by SimilVarsietkyritter i aa

Optimizacij a I Ko Mp KOMRI) s her eRhecseenj anki ng organi
enrichment evalwuation (PROMETHEE) ,a &wdal Naut roms d |
utilised to evaluate complex decisions against

MCDM met hodsi $sd sdumBmBabl e

Tab2.e3 Summary of MCDMZ%5lchniques

Met ho TOPSI S VI KOR PROMOTHEENMCE
. Degree of
. I ndi ffere :
| deal -lacheBest and satisfact
l nput . . preferenc . .
option weoption we di ssatisf
threshol d. .
indet er mi
Compl et e
. P Compl ete
with clos . . Compl ete
with closParti al .
Out puscore to with perf
. score to compl ete . .
di stanee . efficienc
. option
i deal
. Can be ec¢Can be ececlt dependlt consic
Sui t a . . . .
applied vapplied vpreferencindeter mi
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mi ni mal icomputaticomputatifactors t
required.process iidentify the optic
number oflt focuseappropriaprevent L
remains tranking alternatiacquire v
regardl essel ectincanal yse hinformat.i
criteriorof alterrcriterionall ows tF
under corimpacts tof alterr
criteria.alternatiperfor mec

and intui

environme

g
¢
r
r

NMCE has garnered recent attention due to its a
relying on criterion priority weights, which <ca
errors. For examphneeutTramsi cap leitc adat autd nviesleadp ment

energy storage technologi es, addresdird8gndmedzr en
Garrido et al. egmplupyadahngut ca@ad omhieds archy proce
i n sfiamgilley home desi gn, consideringldB3Howeav et oir
is found that the neutrosophic approach is ma i
indeterminacy factor s, particularly i n technol
approaches falll short.

TOPSI'S and VI KOR are popul ar MCDM techniques

computational efficienclyl Wihttim TBOP Sll S-otlego endbd ihreels <
mo del for selecting overseas oisitompojoencsed whér
among t hoeptRaradt o nvest ment portfol] 1i98Mahaskd eh |
utilised TOPSI'S and VI KOR for optimising the de:
unit configuration. These techniques dete+mined
opti mal poi nts obltlaialegloruistimm armdke JgrGSWMped met hod
mod¢e¢Nn§gO9OThe authors concluded that the design poi
accurate for the given probl em ncotmpe rafdo rt eome rmtoisce

by Xu et al ., following the determination of ob,
I ntercrieria Correlation method, the authors al
solution fr ofharaetmu l[¢ld8Blgidiecdoson t he reviewed | ite
TOPSI'S i s more commonly wutilised compared to VI

Sy st[elrdsd 4 ]
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25 Green HydrogenDeSsuipgopnn'y Chai n

The wide variety of sources for hydrogen produ
promi sing energy carrier for both developed and
of choices creates signifintcastup@hlulpgmgyes hiam nf or
a network comprising three or more entities (o0rc¢
downstream product fl ows, services, fipaBabes, a
Hydr ogpeml ys chain management employs various stra
supply, hydrogen producti om,)4stTolriasg ee n sanrde sd itshat
generated and delivered i n opti mal guantities,

mi ni mi sing overall system expleh&&]s and ful fillin

Hydrogen Production
& Storage Hydrogen storage Converted to carriers
O ,,
~— ,_E | il
i Agricullu:

Hyd H | Steam methane reforming [ EE Cirtios comvertad
pr(zld\::lii;;: to H, at destination
==
_’&F Power .
8. ¢ generation

:

Dark fermentation

>

g
Grid Hydroelectric Nuclear Renewables I

—

® —@ N 1
Ground water Water treatment @_

) BH=%

L0 = B e, g
! Industry 8 bo=0
, .

Coal Natural gas 0il >

@ L Convert to Fuel ce Hydrogen
6 synthetic fuels vehicles Distribution &
EI_E Applications

Biomass Biomass
pre-lrealmem

A
|
g Hydrogen Liquid H, truck
A M £ w89

Fig:.Bxampfl et he hydrogen supply chain

To establish an efficient a)nd uredadradtlendiyndg omremc
assessing | ocal resour ceofafvsaidmdrd isypplayndc maivn
cruci al . As a resul t, numerous studies have ex
Al mansoori ana Shsthadtyed emhogpeld to determine the o

HSC in Great Britai-tng arignecocpotrmrmal ngedneldy dmogen
transporting-smades , staonmdglearfod 1828hi kelwars eap Klaimaa
al . examined hydrogen demand in Peninsul ar Ma |l &
hydrogen delivery netwolr&8Jlciaddnesckatgamsipor $ t

emi ssions targets and carbon taXoioab phepmodael g
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design approach for regions ofl86fExpraines ngubjhec:t

the international l evel, Kim et al . optimi sed &
Il ndonesi a, Russi a, Qat ar, Chil e, Il ndnaegandl it he
programmi hd90MilcRham et al .resohrveddcEH8Caoppiami &
for transport applications, considering purifica
meeting fuel cel | electric vehiinlge9tlquirements
Given the potenti al for encounvtaerryiinngg shtyodcrhoagsetn c
substanti al research haspkeeénddsestdiocatbsti to Mdéewel
demand uncertainty. For idrestigmc eb,y Kirm adti ngl .a ismp
evaluating net wor k costs under uncertain hydr o
devel opment 19 ]AlIKmas@or i and Shah addreseed unc
fluctuations i n hydr ogheans edle maapnpdr olasihng sagge&hnin
production facilities with a combinati on ooff tru
varying sizes, ar ¢ loBaymomtetvi abl-pesbobddodpdad ma sk
mo d el that considers stochasticity and the i mpa:«

usage for the planning of a sustainabl d 1831G@ i nf 1
Nunes et al. created a generi-sthgaemswodhkaetmmbi mi
programming model and the sample average approxi
into account the inheremé hndrogah b Hdllhedsepmnopd e d
met hodol ogy was successfully implemented in a C
progress in establishing a suitable infrastructu
ul ti mately contnriibutbiondh tga eae nrheodutseetKigpak angdr apds |
a mi x ed fuzzy possibilistic fl exiwmlréd d poogreammi
uncertainties, enhandil®g]the reliability of the

Certain scenarios necessitate the evaluation of
cases, maki ng ndiorenetd aredc iwéloins during the HSC
potenti al interconnectingns hase concepti- makaeheasr Ir a
to @sasscomprehemding ohdehetproblem and -bfef £apab
among al |l Tobgddrteasvsest.he design of HSC with a si mi
efifemcy, saf eeyn sanodonkowHGO et al . introduced al
t hat emp!l oyosb jfeucztziyv emuwlrtoigr ammi ng to achieve a ¢
efficiency of hydrogen supply mstfgalyi assiumamnke,
[ 197]Through a case study of the future HSC in K
serve as a symatkea mgt itooode diogi opnol i cymakers in det

hydrogen infrastructure deveiopmedustepnsadaeonick
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approach for strategic planning of -dHB5jCe dtoirv esrerhulc
scenario Ml1L®P8phebbhepmroach is demonstrated with
control of economic performance variation in the

employing an efficient decomposition method for

Thapost empipomiaches cnaank earisd idne ctihse osnel ecti on of so
preferences and priorities across various <crite:
most praprisheamtpowiacbesnstsr aihet met hod, which is w
in addreodijrgt mubt i HSC opti mhsabbBleee ,np rAd maamsz. eR
i mpl emeldctoends tarnai nt met hod to discover opti mal S 0
encomppascgiifferent sustainability objectives such
safetylad9]¥Fke authors then applied a modified s
determine the beljitectoll we i dIC f dasbifngedc.tt i Ay esi HHEQ aorp tni
problem was also addresseltomyptOmbddaf Giequkeeedeatél

of a sustainabl e HQDdeda worAXl manr age rertanayl .- | at er
objective work teecthled ode HiSCn cofhsbaddriivreg variou
i mpl eme[n2 @M onhe ot her hand, Li et al . proposec
framework to i mprove economic and environment al
by incorporating both | ife E£26PRG§ heo ptradopgescatnidviel i
model is reflobnedrasnngmeéhkeod, and the cgslbkt in

costingcyacnlde laisfseessment enables a thorough depic
the HSC.

Recently, there has been a notable shift in rese
supply chain (GHSC), | evebagiwagstceleare,waand wiensd uer
shift is driven by growing concerns over the
production methods, notably their substantial ca

2.4 providevseaovempietwens$i st udi essh odweidnimeeattderdi atho

type, Ireenreewsacbur ces usaaldey modaretlr ish utuica ug .e,
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Tab2.ddi st ofrelidteeddttusc eGHSC studi es.

Renewabl e

Objective

Type Sol ar, | Mode Softwal Cos Envi iSoci Maj or contrib Ref
study (for Biwas type met hod / pr ¢ saf i
el ectrc
fComprehensi ve s-t
GAMS Wi term plannibhasef
supply v MILP CPLEX 1 V hydrogen energy ,
opti mi sol ver fTAnalysed its sus
energy security
protection.
TSynt hesi shea sae-dP @®N
hydrogen net warak
Supply . ) met hod.
opt i mi v Pgral v flncluded subStharet[20
net work with the
geographical fac
TA mat hemati cal f
Su | the HSC, strateg
pply treodds to maxi mi
opti mi GAMS/ |
. hydrogen predecty
t ec-hn Il LOG wi )
V MI LP \Y; mi x . [ 8]
econor CPLEX 3! E | i
enviro sol ver TEasy application
analy sectors, allowin
souscepk mapping
utilisation with
fTCratdpate | ife cy
CME A bac: g;tﬁaggg distinc
Li€egcl V3. 06 \ _
assess v charact e fConsidered variol[20
met hod factors such as
and dai ngemgddsg
identify environ
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of fshore HSC in
stage.
fIlntroduced a pl a
GHSC thcoogénte a
based | iterature
TPresented a futu

Supply Vv ) ) aid in selecting[20

pl ann pl anning tasks i
considering the
hydrogen roadmap
phases of mar ket
GHSCs.

TGHSC model that
and more afforda

Supply Vv ) HOME R Vv othercbsnl‘nanidti_es[21

opti mi fTServes as a guid
communities seek
i nstall renewabl
flncorporated hyd
within grids, co

i“’f?'m%’ Vv MI LP Gpuyrtohboi” Vv Vv Vv costs, carbon en[21

P TEmpl oyed the wei
to sol ve btjlee t mwle
fDevel oped an int
with regional <co
points for hydro
TAddressed uncert

(S)“’i'?'mi’ Vv MI L P GAMS Vv Vv net wor k [ 21

P T1 mpl emented a su
considering stat
environment al i s
emi ssions.

* Note: The onbgdeeclt itvyepef uanncdk i on col umns are only applicable for
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Asdi spliaydadabl st@adédestbencerning GHSC design are
chain optimesahomh¢ &assbasment s, and environment
attention to supply chain optimisati oinntusg mat iaarw
of wmisase a renewable feedstock for green hydroge
relatively sparse. Meanwhil e, sbsattteedr addhan dhawvee
i nto GHSCv edrelsoaogkn t he potentiwalktef asagirees hgdmegg
For instance, while Cho and Ki mébsassetdu dfyr apnreensoer rkt
bi omaassed hydrogen energy system, rtese@@aéeg.s, vel
sugarcane aphad08ptnséboaVvVdrpe noaerdpbhndaiacrbgalisa llteu
present in |liquid or gaseous for ms, originating
t he -pargocoessi ng industry and organic waste decomg
digep21d®dnTRIlsA]Jover si ght suggests that existing s
t he i nt egiwatsstuenn esf wiemgkoo GHSCs, as different trea

efficiently wutilise these biowastes. Mor eover, \
GHSC feasibility, environment al and safegiygmonsi
phase. Therefor e, more research efforts can be d

agwas@HSC.

2 6 Summary of Research Gaps

The literature review,asummhsi sed eHeanl cTes b lgtehiifsi Btah
aims to bridge these gaps-olbhyedéevelkopipng meogmp i ©m
green hhyadsreodgedES with hybrid energy storage and

objectives in Section 1.65.

Table 2r®selirsth gfaps.

Research Ga Description

Lack of studieﬂ This complicates the tasl

green hbyadsreody e B the opti mal |l ayout, store
hybrid energy component. _
hydrogen and elﬂ The chall enge i s furthe
variation in renewable rce
f Previ oudsi dwaoarokbsu n t for al |
. potenti al green hydrogen
Negl ecti on of . .
en\?ironmental T 1 f avail able biowaste re:
- bi-bavaedeGHé( |l ead to ecological i ssues:s
T Neglecting environment al

compromi se the sustainabi
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Chapter 3: Scopes and Met hodol og

This chapter summari ses the proposedegpamghefso amad

in the study ofarmd sdladg entavbd ek shyy dr ogen

3.1Scope 1

Devel opcaimertia opti mi sateenghrba memdaaiskerdf diry dirfoag e 1
and el ecstuppcliyt yh ucho

The first scope of flhirshutaseagclanrepol mas aoodnd
el ect rsiuwcpiptlyy choub (HECH) | everaging sollhe HERGQH,l oc

introduced in the study, characterises the DES
i ndustrial syRbbseareh Dobjtaelcdi wepdrls t-rivocnbaasisse dof t
HECH integrated with storage devices wil/ be st

various scenarios such asngdglkeighsragého¢utest oba

storage unit), and hybrid storage systems wil/| k
tools. The evaluation of different designs highl
meetingt anemous hydrogen and el ectrical l oad requ
As mentioned earlier, a key chhaydretgeed nDHSEsI g

determining the best equi pment production and st
which coutddt eemianinetiicnep chithgrmdd MiNePt o bH &@md  @#Emo INIPe m
a computational problem that is at | east as har
making it highly chaTd eamdRiamsagsatr @ hs @by & cmé fviebh & 291 &
based aplplr obaec hemywil oyed to find tkdfepgtimal anap a
HECH. Several <criteria such as | oss of hydrogen
be introduced to measure HBRGHést i salppeyvyesgwmbivhbt
(PEWP) to gauge opeTlei DOREI @ nmeglyodvawi lalgebe ap|
and faci |l imaaktiengd ebcyi sii beetoimpyiomy sedhe sblesti on acr
Considering the NohEreesulhehdeoniseidp-Ibmjoent hgv enu
met aheuristic algorithms identified from the | it

one for this optimisation study.
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3.2Scope 2

Synthesise an opti misat i obni ofw-hasnseendo rgkr efeonr htyhder odgees

chain with the consideration of economi c, enviro

The second scope of the research extends to d
comprehensive considerations i nc/l usduibnnge,ttwgpe &leino w:
hydrogen production, st ofTageReesaenadr ah sQbrjisccbaBtHiSaen (t
superstructure i obkbmatdi dg atnssgbor e tawamecakoemmo dat i ng

f or ms of bi owast e product s, wi | | be formul at ed
transportatiminsirogtiesvaemtdomnypytpl acement , a supply
t ool supporting Geographical I nformation System
geographical mapping, which aids i n on safalu ariingu

el ements within the supply chain networ k.

To address thdfentamonagt esutstadaeabil ity factors (
safety) in OBHSCsdesi gnh, manhod will be -empéoyiede a:
optimisation for suppRlLY)ch®irmodedsiogn hd s r crBienp tr ie
analegwsvisronment al assessment , and safety index

sustainability factors. Furthermore, the opti mal
ad the consideration of multiple criteria concur

constraintgrsi todr iaa mMdaHSC desi gn.

3.3Research Methodol ogy

The fl owc®8aitltl uisnt rRaitge.s t he proposed research met
comprehensive literature review, gfreewms ihyalsredy enn d
DES and GHSC desirgintsi.c aju brseesqeuaernctl ygapgs are i dent
research questions and unexpl oredocande gtss wintdh if
identified research gaps, the aim of the researc

formul ating research scopes and met hodol ogy.
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Chapter 2
Conduct literature review

!

Chapter 3
Formulate research scopes

and methodologies

!

Chapter 4 — Scope 1
Design a sustainable hydrogen and electricity

co-supply network with hybrid storage

system

*  Hydrogen and electricity integration

*  Multi-objective optimisation (economic
and environmental criteria)

*  Comparison between network designs
with single storage, hybrid storage, and
without storage system.

!

Chapter 5 — Scope 1
Design an optimal capacity configuration for

hydrogen and electricity co-supply network

under supply-demand variations

*  Multi-objective optimisation (economic,
supply stability, and energy waste
minimisation)

*  Use of multi-objective metaheuristics
and TOPSIS

Revise the developed
mathematical models

Is Scope 1
completed?

v
Chapter 6 — Scope 2

Construct an optimisation framework for

green hydrogen supply chain with the

consideration of the triple bottom line

*  Develop a superstructure for green Revise the developed
hydrogen supply chain mathematical models

* Inclusion of biowaste collection and
transportation subnetwork

*  Multi-objective optimisation (economic,
environmental, and safety criteria)

Is Scope 2
completed?

v

Finalised sustainable
hydrogen and electricity
network design frameworks

End

Fig-.-1Fl owchart of the research method
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SUSTAI NABLE HYDROGEN ANDSEREICYT RI CI
CHAPTER 4 NETWORK WI TH HYBRI D STORAGE SYSTEM

Chapter 4: Sustainabl €oHyppgwonr la nwi tEl
Hybrid Storage System

4. 11l ntroducti on

Leveraging renewabl e resources | i ke solar energy
a critical step tnoewatrrdala cihn dewsitnrgi aal ceacrobnoonmy . Whi
hydrogen production i renveagtye greemma diitd toinon samd colge

yet focused o ndeonpandminseitnwgo rskusp pflor hydr ogen and el

soledrectrolytic technologies. Additi onaltblays,edt he
enegy systems with storage capabilities remains |
introduces a novel optimisation framework using

hydrogeed distributed enaearsgy hsey shtyadm o(g2ES )a,n dr gfoenr
(HPSF). This chapter emphasises the optimisatiorl
process flows to effectively meet hydrogen and
efforvweltoop deen opti mi sation framework forangreen

bi omMaassed hydrogen production systems.

To determine PSFhecoopt gmaht iHOous ccrusit de miabg | ivtay i
mat hemati cal mo d el -oibg efcd ri mupl eaatneddd maodp td nmmuwslattii on p

wei gbhumdobjective functiowekgbtwpadmaeaethemesnutst meé n

( SWROI M) . Thenstydyevabonatese and optimises both
performance of the HPSF. The economic criterion
the environment al criterion considersgdr,e grairdo
electricity needed to meet consumer demand, and

optimisation problem i spsomisdttiwaireg LI N&Oc orhiBe 10
gl obal solver invoked (see Appendix 1 for model
the proposed framewor k, a case study is introd

composed of biomaslsl padiuxersesgem and el ectricity
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Multi-criteria optimisation of fermentative and solar-driven electrolytic
hydrogen and electricity supply-demand network with hybrid
storage system
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ARTICLE INFO ABSTRACT
Keywords: Harnessing renewable resources such as solar energy and biogenic waste for hydrogen production offers a path
Solar-powered electrolysis toward a carbon-neutral industrial economy. This study suggests the development of a renewable-based

Biowaste fermentation
Hybrid storage systems
Hydrogen integration
Multi-criteria optimisation

hydrogen and power supply facility (HPSF) that relies on fermentation and solar-driven electrolysis technolo-
gies to achieve penetration of renewable hydrogen and electricity in the industrial symbiosis. Literature studies
reported that the hybrid battery-hydrogen storage system could effectively improve the sustainability and reli-
ability of renewable energy supplies, yet its application under diurnal and seasonal renewable resource varia-
tions has not been well studied. Hence, this work develops a multi-criteria optimisation framework for the
configuration design of the proposed HPSF that concurrently targets industrial hydrogen and electrical loads with
the consideration of diurnal and seasonal renewable resource variations. Case scenarios with different storage
applications are presented to evaluate the role of storage in improving economic and environmental sustain-
ability. The results show that the application of hybrid storage with molten carbonate fuel cell (MCFC) systems is
preferred from a comprehensive sustainability standpoint, which improves the sustainability-weighted return-on-
investment metric (SWROIM) score by 4%/yr compared to HPSF without storage application. On the other hand,
the application of a single-battery system is the most economical solution with a return on investment (ROI) of
0.7%/yr higher than the hybrid storage approach. The research outcome could provide insights into the inte-
gration of fermentative and solar-driven electrolytic hydrogen production technologies into the industrial
symbiosis to further enhance a sustainable economy.

carrier with the highest gravimetric energy density of all known gaseous

1. Introduction fuels, hydrogen has emerged as a new viable energy vector for diverse
applications, i.e. from transportation to electricity generation [4]. Aside
The surging global energy demand driven by rapid industrialisation from being an energy carrier, hydrogen is also prevalently used as an
and population exploitation gives rise to an escalation in fossil fuel important chemical feedstock in industries for ammonia synthesis, crude
consumption, which is the major constituent of the worldwide primary oil refinery, vegetable oil hydrotreating, etc [5-7].
energy requirement. The overdependence on fossil and carbonaceous Despite being the most copious element in the universe that makes
fuels aggravates the catastrophic impacts of climate change and impedes up almost 75% of matter, hydrogen is not readily available on Earth in
the commitment to the Paris Agreement of limiting global warming to its elemental form [8]. Specific chemical conversion or decomposition
well below 2 °C [1]. This phenomenon accelerates the implementation technologies are needed to acquire hydrogen from compounds like hy-
of the clean energy transition to avert climate change and environmental drocarbons. Generally, the hydrogen generated can be categorised into
degradation. For decades, hydrogen has gained significant interest from different colour codes as shown in Fig. 1 based on the production route
researchers as the potential substitute for conventional fuels for meeting and the form of energy inputs. The most common hydrogen acquisition
the burgeoning future energy demand [2,3]. As a carbon-neutral energy route is the grey hydrogen generated from the steam reforming process

* Corresponding author. Department of Chemical Engineering, School of Engineering, Monash University Malaysia, Jalan Lagoon Selatan, 47500, Bandar Sunway,
Selangor, Malaysia.
E-mail address: Irene.Chew@monash.edu (I.M.L. Chew).

https://doi.org/10.1016/j.rser.2023.113341

Received 29 September 2022; Received in revised form 4 January 2023; Accepted 15 January 2023

Available online 18 May 2023

1364-0321/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

32



Q.H. Goh et al.

Renewable and Sustainable Energy Reviews 181 (2023) 113341

APV

D,

Dy

By

ity
GWPmrgel
HRT
LHVH2

s Hstor,max
m

nPV.mux

Peslonmax

solar
Pl
PSK

mts

PV

TR
(xe]cc
otz
ﬁdi.\
pC 0,
pe
BW
p
GDF.Hz

SDF.AA —Hz
5PF.H2 AA
Gclys.Hg

carbo,BW
(pl)
DF.H,
® 2
PF.H,
0 2

elys,H.
[ ys,Ha

Hstor

o

8exelcc

Nomenclature

Set Description

i Hydrogen sources

j Hydrogen sinks

k Electrical power sources

m Electrical power demands

P Participating plants that contribute biogenic waste/
organic effluent to the HPSF

q Major equipment in HPSF

r Hydrogen storage unit

s Season (categorised based on biogenic waste production
capacity)

t Time.

Parameter Description

Area of individual photovoltaic panel (m?)

Duration of time t (hr)

Duration of season s (d)

Flow rate of biogenic waste generated by participating
plants p during season s (t/hr)

Flow rate required by the hydrogen sink j during time t of
season s (m®/hr)

GWP target for HPSF operation (kg CO,-eq/yr)
Hydraulic retention time of fermentative digesters (hrs)
Lower heating value of hydrogen (kWh/kg)

Maximum allowable mass flow rate of hydrogen stored
(kg/hr)

Maximum number of photovoltaic cells

Maximum capacity of battery system along the period of
time t (KkWh)

Solar irradiance at time t (kW/m?)

Electrical power demanded by sink m during time ¢ of
season s (kW)

Solar panel yield

Tax rate

Unit price/cost of electricity ($/kWh)

Unit price/cost of hydrogen ($/kg)

Hourly self-discharge rate of battery system

Density of carbon dioxide (kg/m®)

Density of pure hydrogen (kg/m®)

Density of fermentable biogenic waste (kg/m®)
Conversion factor of carbohydrate into hydrogen for the
dark fermentation process (m®/1)

Stoichiometric ratio of acetic acid to biohydrogen in the
dark fermentation reaction

Stoichiometric ratio of biohydrogen to acetic acid in the
photo fermentation reaction

Conversion factor of electrical power into hydrogen for the
water electrolysis process (m®/kw)

Carbohydrate content of the biogenic waste from plant p
Purity of hydrogen produced from dark fermentation
Purity of hydrogen produced from photo fermentation
Purity of hydrogen source generated from water
electrolysis unit

Purity of hydrogen stored in the hydrogen storage unit r
Minimum allowable hydrogen purity by sink j

Efficiency of fuel cell

Performance ratio of the solar PV panel system
Weighting ratio factor for representing the relative
importance of the GWP as compared to model profitability
Global warming potential impact score of grid electricity

SFHQ

generation(kg CO»-eq/MWh)
Global warming potential impact score of fresh hydrogen
production (kg CO,-eq/kg H)

Variable Description

AFC
ANP
CAPEX
COST

Annualised fixed cost of HPSF ($/yr)
Annualised net profit of HPSF ($/yr)
Total capital expenditure of HPSF ($)
Total annual outsourcing cost for external sources ($/yr)

COST***  Annual cost for importing electricity from grid ($/yr)

COSTHH:

carbo,total
F

DF.FC
F ts

DF Hy
Fs

DF Hstor
FL.\'

DF SR
Fis

elys
Fes
elys,Hstor
Plys
ts

lys,SR
Fe

FH,
FI S

Hstor,FC
Fris

Flislor.in
rs

Hstor,in
Fr.{.s

FHslor.oul
rs

FHslur.uul

rts

Hstor.SR
Fr.l S

Fr:'.l-’(i
FEF‘Hz
F:’Af‘Hsmr
R

SR
Fi.m

SR-SK
Fij.t.s

vent
Fl S

33

Annual cost for outsourcing fresh hydrogen ($/yr)

Total carbohydrates present in the biogenic waste sources
during season s (t/hr)

Flow rate of hydrogen sent from the dark fermentation
process to fuel cell during time t of season s (m®/hr)
Flow rate of biohydrogen produced from dark
fermentation process during season s (m®/hr)

Flow rate of hydrogen sent from the dark fermentation
process to hydrogen storage during time t of season s (m®/
hr)

Flow rate of hydrogen sent from the dark fermentation
process to complement hydrogen integration sources
during time t of season s (m®/hr)

Flow rate of hydrogen produced from water electrolysis
process during time t of season s (m>/hr)

Flow rate of hydrogen sent from water electrolysis process
to hydrogen storage during time t of season s (m*/hr)
Flow rate of hydrogen sent from water electrolysis process
to complement hydrogen integration sources during time t
of season s (m®/hr)

Flow rate of fresh hydrogen consumed during time t of
season s (m”/hr)

Flow rate of hydrogen sent from hydrogen storage unit r to
fuel cell during time t of season s (m®/hr)

Total daily flow rate of hydrogen stored in the storage unit
r during season s (m®/d)

Total flow rate of hydrogen stored in the storage unit r
during time t of season s (m®/hr)

Total daily flow rate of hydrogen dispensed from hydrogen
storage unit r during season s (m°®/d)

Total flow rate of hydrogen dispensed from hydrogen
storage unit r during time ¢ of season s (m>/hr)

Flow rate of hydrogen dispensed from hydrogen storage
unit r for complementing hydrogen integration during time
t of season s (m®/hr)

Flow rate of hydrogen sent from the photo fermentation
process to fuel cell during time t of season s (m®/hr)
Flow rate of biohydrogen produced from photo
fermentation process during season s (m®/hr)

Flow rate of hydrogen sent from the photo fermentation
process to hydrogen storage during season s (m®/hr)
Flow rate of hydrogen sent from the photo fermentation
process to complement hydrogen integration sources
during time t of season s (n13/hr)

Flow rate of hydrogen from source i during time t of season
s in HPSF (m®/hr)

Flow rate of hydrogen from source i to sink j during time ¢
of season s (m®/hr)

Flow rate of vented waste hydrogen during time t of season

s (m®/hr)
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Fixed capital investment for HPSF ($)

Fixed capital cost for each major equipment q in the HPSF
(®

Indirect carbon emissions from external electricity
consumption (kg CO5-eq/yr)

Indirect carbon emissions from fresh hydrogen
consumption (kg CO,-eq/yr)
Total global warming potential of HPSF (kg CO,-eq/yr)
Global warming potential from venting unused hydrogen
(kg COz-eq/yr)

Number of solar panels

Mass flow rate of hydrogen stored in the hydrogen storage
unit r during time t of season s (kg/hr)
Annual operating cost of HPSF ($/yr)
Annual operating cost of each major equipment in the
HPSF ($/yr)

Electrical power generated from the fuel cell for meeting
power demand during time t of season s (kW)
Electrical power generated from the fuel cell using energy
sources derived from the dark fermentation process during
time t of season s (kW)
Electrical power discharged from the battery system to the
power demand during time t of season s (kW)
Electrical power generated from the water electrolysis unit
during time t of season s (kW)
Electrical power discharged from the battery system to
water electrolysis unit during time t of season s (kW)
Electrical power generated from the fuel cell using energy
sources derived from the water electrolysis process during
time t of season s (kW)
Electrical power discharged from the battery system
during time t of season s (kW)

ble and

pexelee Electrical power imported from the external grid during
time t of season s (kW)

PIEFEe Electrical power generated from the fuel cell using energy
sources derived from the photo fermentation process
during time t of season s (kW)

pEV Electrical power generated from the solar photovoltaic
system at time t (kW)

prY<dm  power delivered from the photovoltaic system to the power
demand during time t of season s (kW)

PPY¥  power delivered from the photovoltaic system to the water
electrolysis unit during time ¢ of season s (kW)

PPV power delivered from the photovoltaic system to the
battery system during time t of season s (kW)

i Electrical power from source k during time t of season s in
HPSF (kW)

SR K Electrical power delivered from source k to sink m during
time t of season s (kW)

PROFIT Total annual profit gained from HPSF operation ($/yr)

PROFIT®*¢ Annual profit gained from selling electricity ($/yr)

PROFIT"  Annual profit gained from selling hydrogen ($/yr)

ROI Return on investment of HPSF (%/yr)

SWROIM Sustainability-weighted return-on-investment of HPSF
(%/yr)

WCI Working capital investment of HPSF ($)
Z& Impurity content of hydrogen source i during time t of
season s
Zr Impurity content of integrated hydrogen sent to sink j
during time t of season s
@iﬁ\i"’ Purity of hydrogen source i during time t of season s
etz purity of vented waste hydrogen during time t of season s

Grey hvdrogen
Hydrogen produced by
fossil fuels, causing CO, in
the process

Blue hydrogen

Hydrogen produced by fossil
fuels in combination with carbon
capture and sequestration (CCS)

Turquoise hydrogen
Hydrogen produced via pyrolysis
of fossil fuels, where by-products
are solid carbon

Yellow hydrogen
Hydrogen produced via
electrolysis using grid
electricity

Pink hvdrogen

Hydrogen produced via
electrolysis using electricity
from nuclear power plants

Green hydrogen

Hydrogen produced via electrolysis
using electricity generated from
renewable energy sources

Fig. 1. Hydrogen colour spectrum [9].
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using fossil fuels such as natural gas or coal. However, the process has
been criticised for environmental pollution by contributing a substantial
amount of industrial carbon footprint, unless proper carbon capture and
sequestration technologies are implemented to trap the carbon dioxide
created during the steam methane reforming (known as “blue
hydrogen™) [9,10]. Alternatively, “turquoise hydrogen™ can be produced
through a process called methane pyrolysis, which can be valued as
low-carbon hydrogen since the by-product created is solid carbon par-
ticles instead of carbon dioxide. Nevertheless, these processes rely on
non-renewable carbonaceous fuels as feedstock. Considering the rapid
depletion of fossil fuels and the devastating global warming impact, the
transition into a clean hydrogen economy via the exploitation of re-
newables has become a crucial global concept for achieving the desired
sustainability goals [11].

To date, the electrolysis process is touted as a forefront technology
for industrial-scale carbon-neutral hydrogen production. The utilisation
of nuclear power for hydrogen generation through the electrolysis pro-
cess (i.e., pink hydrogen) could be a viable option for countries reliant
on nuclear power from a life-cycle standpoint [12,13]. However, the
catastrophic risk of nuclear incidents and problematic radioactive waste
management renders some countries like Malaysia remain opposed to
nuclear power utilisation. Thus, renewable energy resources such as
wind or solar energy emerge to be the primary choice for the synthesis of
high-purity green hydrogen [14]. The life cycle assessment of green
hydrogen production by Gerloff reported that a substantial reduction in
carbon footprint can be achieved by water electrolysis processes using
wind and solar energies in comparison with conventional hydrogen
production methods [15]. The advantages of renewable-powered water
electrolysis processes in terms of environmental sustainability have also
been corroborated by Lee et al. [16]; however, curtailment in capital
costs is required for green hydrogen production technology to be a
cost-competitive solution. Despite several economic challenges that
hinder the industrialisation of solar-driven electrolysis, the progressive
decline of the cost requirement of photovoltaic (PV) systems is expected
to propel the industrialisation of water electrolysis technology and ul-
timately outcompete the conventional steam reforming processes [17].

While electrochemical water splitting driven by renewable energy
emerges as an attractive option to attain sustainable hydrogen produc-
tion as renewable resources are readily available and inexhaustible, the
augmentation of renewable-based electrolytic hydrogen production
could be challenging due to the design constraints from a techno-
economic standpoint. For instance, significant land space consumption
and high installation expenditure could be a problem for the expansion
of the PV-electrolysis process to meet the high industrial hydrogen de-
mand [18]. Therefore, the exploitation of alternative renewable sub-
strates for clean hydrogen production is essential for solving the design
problem. Aside from electrochemical water splitting, organic waste such
as lignocellulosic biomass and carbohydrate-rich effluent is also a
promising substrate candidate for sustainable hydrogen production
[19]. Dark fermentation is considered the most prominent route for the
biological conversion of organic substances to hydrogen. In the DF
process, complex organic compounds such as carbohydrates are
degraded to their simpler forms (e.g., volatile fatty acids) in the absence
of light [20]. Given the DF effluent contains a high quantity of syn-
thesised volatile fatty acids (VFAs), further improvement in overall
hydrogen yield can be achieved by combining both DF and photo
fermentation (PF), where the latter process fermentatively converts the
VFAs into biohydrogen using phototrophic microorganisms [21,22]. The
potential of biogenic wastes for sustainable hydrogen production
through the biological route has caught the great attention of re-
searchers recently as it also helps to address waste management prob-
lems concomitantly [23,24]. However, full-scale biohydrogen
production using biomass feedstock is still under development owing to
its economic viability and process limitations [25]. Nevertheless,
various process optimisation studies have been conducted to overcome
the existing technological barriers of scaling-up sequential DF-PF
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processes for commercial application, where it can potentially be one of
the most cost-effective approach towards zero-waste circular economy
in the coming future [25-27].

While the utilisation of multiple renewables (e.g., solar energy and
biogenic waste) for clean hydrogen production can potentially com-
plement each other drawbacks to attain a feasible hydrogen supply plan
for industrial use, a supply-demand mismatch can still exist when all
renewable resources are at their minimum accessibility levels [28-30].
Hence, energy storage systems such as batteries are necessary to provide
a buffer against the supply shortage due to the stochastic and intermit-
tent character of renewable energy generation. Depending on the type
and storage design, each storage system has a distinct discharge duration
and energy-storing performance. For instance, a battery is preferred for
short-term over long-term energy storage owing to its low energy den-
sity and non-trivial self-discharge rate. On the other hand, hydrogen
storage integrated with fuel cell systems has the advantage of storing
energy for a longer period [31]. Hence, the application of combinatorial
storage methods could be an effective approach for addressing the
supply-demand issues arising from renewable energy sources harnessing
plans, where numerous research has been conducted to optimise the
design and evaluate the merits of hybrid storage applications [32]. For
instance, Esfahani et al. studied the optimal design of integrated
renewable energy systems with battery and hydrogen storage using an
extended-power pinch analysis tool [33]. Douglas developed a mathe-
matical model for dynamic simulation and forecasting the future per-
formance of solar PV hybrid battery and hydrogen storage systems to
satisfy the residential electrical loads at Port Harcourt in Nigeria [34]. In
addition, Li et al. designed a combined cooling, heating, power supply,
and hydrogen consumption microgrid system with the consideration of
hydrogen storage degradation, whereby a generic algorithm was
formulated to identify the optimal equipment sizing and operation
strategy [31]. Hemmati et al. introduced an optimisation programming
framework to determine the optimal storage settings and analyse the
charging-discharging pattern for both battery and hydrogen systems to
achieve the dual objectives of uncertainty levelling and energy arbitrage
simultaneously [32]. A multi-period P-graph has been proposed by Mah
et al. to address the optimisation of PV-based microgrids with hybrid
energy storage systems [35]. In consideration of the concurrent target-
ing hydrogen and electricity demands problem, the authors then
extended the standalone microgrid optimisation study by proposing two
energy management strategies and solved the model using the particle
swarm algorithm [36].

In light of the dual benefits of the sequential DF-PF in waste reme-
diation and clean energy production, the introduction of biomass
fermentation in conjunction with PV-electrolysis technology into the
hydrogen-demanded industrial sector with a plentiful supply of organic
waste could be an auspicious strategy to promote the sustainable in-
dustrial development. Through the implementation of fuel cell tech-
nology, the acquired hydrogen can also be converted into electricity to
meet industrial power loads if necessary. In other words, the synergy
between PV-electrolysis and biogenic waste fermentation technologies
can concurrently satisfy the industrial hydrogen and electricity demands
while addressing the waste management problem. Process optimisation
using mathematical modelling tools is essential to maximise the per-
formance of such complex systems in terms of economic and environ-
mental sustainability aspects. However, to the best of found knowledge,
the optimisation study of hydrogen and electricity supply-demand
network configuration with the application of fermentative and solar-
driven electrolysis technologies has not been reported in any research
work thus far. Besides, while the design optimisation of hybrid storage
systems in addressing renewable-based energy supply problems has
been studied thoroughly in the above-mentioned literature, most studies
only consider the effect of intermittent solar or wind energy variation for
storage optimisation due to the sole application of electrolytic technol-
ogy for hydrogen production. The impacts of multiple renewables var-
iations (e.g., the seasonal variation of biogenic waste feed) on the design
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optimisation and sustainability performance of renewable-based energy
supply systems with storage applications, however, are rarely
investigated.

Hence, this research work aims to develop a systematic multi-criteria
optimisation framework for the optimal configuration design of the
renewable-based energy supply network with the application of
fermentative and solar-driven electrolytic hydrogen production systems
to concurrently meet the industrial hydrogen and electrical load targets.
An industrial symbiosis case study with the consideration of both diurnal
and seasonal renewables variations is devised to demonstrate the
feasibility of the proposed framework. Considering the importance of
storage applications in addressing supply-demand mismatches, four case
scenarios (including the application of hybrid battery-hydrogen storage
systems) are introduced in this paper, where their network configura-
tions are optimised using the proposed framework and the benefits of
different storage applications in terms of overall economic and envi-
ronmental sustainability interests are evaluated thoroughly. The
research outcome could inspire industrial development authorities and
policymakers in promoting renewable penetration in the hydrogen-
reliant industrial sector and provide a better understanding of the
impact of different storage options on the overall sustainability perfor-
mance of the optimum supply-demand network design.

2. Problem statement

The problem addressed in this paper can be described as follows:

Fig. 2 illustrates the proposed hydrogen economy scheme that ex-
ploits the accessible renewable resources in the industrial sector, i.e.,
biogenic waste from manufacturing plants and solar energy for contin-
uous hydrogen and power production to meet the nearby plant de-
mands, thereby forming an industrial symbiosis network.

To facilitate renewable resource valorisation and energy provision
activities, a centralised hydrogen and power supply facility (HPSF) that
includes PV-electrolysis and sequential DF-PF technologies is estab-
lished. The biomass waste and organic effluent from the participating
plants p € P will be collected and first sent to the waste pre-treatment
system for clarification, sludge thickening, hydrothermal pre-
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treatment, etc. The pre-treated biogenic sludge is then fed into the
sequential DF-PF processes as the carbon source for fermentative
hydrogen production. The hydrogen source from HPSF also includes the
hydrogen generated by the solar-driven water electrolysis system, thus
the HPSF will consist of a set of hydrogen sources i € I that are derived
from both fermentation and water electrolysis units. These hydrogen
sources are then used to meet the hydrogen demands (i.e., hydrogen
sinks) j € J of the participating plants. Besides, the HPSF also requires to
provide electricity to meet the electrical loads of the HPSF and partici-
pating plants, where a set of power sources k € K and power demand
m € M are included in this case study.

As the proposed HPSF design relies on solar energy and biomass feed
for hydrogen and power production, the diurnal (t € T) and seasonal
(s € S) renewable resource variation problems need to be considered in
the presented optimisation problem. For instance, the PV electricity
output is subject to changes in solar irradiance; the biohydrogen yield
from the sequential DF-PF process is correlated with the seasonal vari-
ation in biomass feed. Literature studies show that the application of
storage systems is viable for improving sustainability and supply reli-
ability. However, the feasibility of a hybrid battery-hydrogen storage
plan under both diurnal and seasonal renewable resource variations has
not been well studied. Furthermore, the identification of the most
optimal configuration design of HPSF incorporated with the hybrid
storage plan to concurrently target both hydrogen and electricity loads
can be a challenging problem, especially under multi-criteria optimisa-
tion in terms of economic and environmental sustainability. Therefore, a
methodical mathematical optimisation approach that takes the above-
mentioned into account is required to address the multi-criteria HPSF
configuration design problem. A case study is introduced in the next
section to demonstrate the feasibility of the developed optimisation
framework.

3. Case study
A hypothetical case study is conceived in this paper which can be

described as follows:
Assume that multiple industrial plant stakeholders located in

Hydrogen

Biomass waste &
organic effluent

4

Electricity

‘Waste pre-treatment

Fermentative
k hydrogen production

Pre-treated
sludge

Sequential DF-PF

§ Photovoltaic

system

Water electrolysis

Electrolytic
hydrogen production }

Centralised Hydrogen and Power
Supply Facility (HPSF)

Fig. 2. Schematic diagram of industrial symbiosis with centralised HPSF.
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Malaysia agree to participate in the industrial symbiosis scheme by
integrating the plants with the centralised HPSF. In this particular study,
the participating plants involved in biogenic waste contribution include
palm oil mills, food processing, and sago production industries. These
plants are selected owing to their nutrient-rich waste products and ef-
fluents, which are highly suitable for biological hydrogen production
[37-39]. Note that these industrial plants are examples of this case study
that can be modified accordingly to the given situation.

It is assumed that the length of daytime (t 1) and nighttime (t 2) are
equal, i.e., exactly 12 h each within a day throughout the year of
operation. The solar irradiance during daytime is assumed to be 800 W/
m? based on the average solar radiation data in Malaysia [40,41].
Meanwhile, no appreciable solar radiation is received during nighttime,
thus the solar irradiance during t 2 is assumed to be 0 W/m? The
operating year is divided into three even seasons based on the seasonal
variation and availability of biogenic waste supply, which includes the
normal season (s1), off-season (s2), and peak-season (s3). The data for
organic waste contributed by the participating plants during each
operating season s is tabulated in Table 1. Note that only the carbohy-
drate content of organic waste is considered instead of other chemical
compositions (e.g., protein and lipid) since the hydrogen production
from DF is linearly correlated to the carbohydrate content of the sub-
strate. The protein and lipid content in biomass waste, however, does
not produce a statistically significant contribution to biological
hydrogen production based on the research outcome from Alibardi and
Cossu [42]. Table 2 shows a series of hydrogen demands that must be
satisfied for the operation of industrial activities such as oil hydro-
treating, steam generation, etc. Besides matching the flow rate demands,
the selected hydrogen source must also meet the minimum purity
requirement shown in Table 2.

Aside from meeting hydrogen demands, the proposed HPSF is also
required to satisfy the electrical loads of the participating plants. Due to
the lack of information for estimating the total electricity consumption,
it is assumed that each plant needs constant hourly electrical energy
consumption of 250 kWh, which corresponds to a total hourly electrical
load of 1500 kWh [47]. Meanwhile, the HPSF operation is assumed to
consume 100 kWh and 200 kWh of electrical energy during t 1 and t 2,
respectively. The increase in electricity consumption at t 2 is attributed
to the PF process, where artificial light provision is required for the
continuous operation of PF [48]. Fig. 3 presents the generic layout of
HPSF with a hybrid battery-hydrogen system which shows the inter-
connection between different components in the integrated hydrogen
and electricity nexuses. Hydrogen fuel cell plays an important role in the
HPSF by converting hydrogen into required electricity. The molten
carbonate fuel cell (MCFC) system is considered in this case study as it is
resistant to hydrogen impurities, i.e., it is not susceptible to catalyst
poisoning due to the presence of carbon dioxide [49]. An inverter is
introduced to convert the direct current (DC) generated into useable
alternating current (AC) to meet industrial electrical loads [50]. Note
that the imported fresh hydrogen and grid electricity will be used to
close the load deficits if the supply sources from HPSF are insufficient to
meet the above-stated demands.

Four case scenarios are introduced in this research study to analyse
the sustainability performance of HPSF using different storage schemes.
Case 1 is known as a baseline scenario, where no storage system is
applied in the HPSF model. Case 2 consists of a large-scale lithium-ion

Table 1
Flow rate of biomass waste produced by participating plants [43,44].

Participating plants, p Organic waste flow

rate (t/hr)

Carbohydrate content (wt %)

s1 52 53

Palm oil mill 9.94 598 1874 542
Food processing industry ~ 8.75  4.95 19.59  65.2
Sago production industry ~ 7.50  3.67 10.62 25.6
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Table 2
Hydrogen sink data for the proposed case study [45,46].

Hydrogen sinks, j Flow rate (m®/h) Min. Purity (vol. %)

Fat and oil processing 8400 95.0
Palm oil mill 12,180 30.0
Naphtha hydrotreating 5100 71.5
Gas oil hydrotreating 6200 83.6

battery; on the other hand, Case 3 employs a single hydrogen storage
system integrated with the MCFC. Case 4 implements the hybrid battery-
hydrogen storage system with MCFC as depicted in Fig. 3. The HPSF
configuration for all studied scenarios is optimised under a multi-criteria
objective function, i.e., maximising the sustainability-weighted return-
on-investment metric (SWROIM). The details of SWROIM will be further
explained in the later section.

Other assumptions which are made to simplify the problem
addressed are listed below:

1) The HPSF and participating plants operate 7920 h per annum. The
daily and seasonal variations persist cyclically throughout the pro-
cess lifetime.

2) The outsourced hydrogen and electricity are generated using con-
ventional fuels. The purity of imported hydrogen is 99.0 vol %.

3) Carbon dioxide is the only impurity in hydrogen sources [51].

4) The chemical constitution of a specific biomass source is uniform
throughout the operating year, but its flow rate will be altered
seasonally as tabulated in Table 1.

5) Hydrogen is stored in the insulated cryogenic tanks under pressure
after liquefying. The hydrogen storage system consists of provisions
for cooling, heating, and venting [52].

6) The electrolysis unit uses treated industrial effluent for electrolytic
hydrogen production, given the treated industrial water has the same
physical characteristic as deionised water after undergoing a unitary
wastewater treatment with a reverse osmosis process [53].

7) The proposed HPSF only relies on renewable energy resources for
hydrogen production, thus the utilisation of grid electricity for the
water electrolysis process is not considered.

8) Continuous hydrogen production is achieved in both sequential DF-
PF and water electrolysis processes and is maintained throughout the
operating year [54].

9) The storage of hydrogen and electricity for startup operation is
excluded from this study by presuming that all processes in the HPSF
have reached their steady state.

4. Model formulation

Fig. 4 presents the proposed framework that synthesise the multi-
criteria optimised HPSF configuration for all case scenarios, which is
formulated and solved using commercial optimisation software LINGO
v13.0 with the global solver invoked. As shown in Fig. 4, important
parameters and data (e.g., biogenic waste composition, industrial
hydrogen and power loads, etc.) must be first collected before pro-
ceeding to the formulation stage of the mathematical model. The details
of the proposed framework are further described in the following
subsections.

4.1. Material and energy balance

The model formulation starts with the material and energy balance
of the major components in HPSF, where the details of the equations
used are described in the following subsections.

4.1.1. Dark and photo fermentation
After undergoing pre-treatment, the organic substances in the mixed
biowastes are decomposed into their simpler forms and produce bio-
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