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Chaptetnfiroducti on

Concerns for global warmi pogpahdtemear gy ds @c L
growtave | ed to a worl dwi de t-fr alnésd @d)s oladf mgen
power gener atiscm!| eowlercens mal |l zed power gen

renewabl e energy sour ciemscr(eRRBES)ngt d omdetdemha
sustai nab[llel2]oar pad watailndhybri d ener gyenseyrsgye m |
conscmet d be one way to tackle this issue an
city, and decarboni zqdt3i,dlifhbhy apeppwoiacdg i aeseoOwa

energy generation and consumption, reducing
as well as increasing resilience to power ou
Al t hough RESs offer an environmentally fri

i's a significant problem that can create ope

[ 5] Thus, i ncorporating energy storage systen
supply reliability and exploitafi6o@dES&SSsRESVE
di verse variations and configurations, proce
for part[i8ullher eufscerse, t hey can be categori ze:
such as energy/ power density and capacity (s
time, I|ifetime, storage cop®, 10Nhncesticdm,ssarnfd c
help i dentify the most appr[fodrjCareeBE6BEyf oas
systems, batteries are the most used and pre
i nstabklifeB2.0nBhe battery stands out as a wi de
characterized by its high efficiency, fast r
a cruci al role in smoothing renewabld4¢ut pu
However, their | imited capacity and | ifeti me

communities with high energy demandflwhibl b
I n addition, they face environment al probl em
waste disposal, and recycling issues, whi ch
These challenges have raised at tl eormteiro ne ntea ga
environment al i mpado] and | onger | ifeti me

Among al l ESS, compressed air energy stora
promi sienngerbgwl kst orage t hat can be an alterna

batteries due to the decoup|l 2] Ttheewemo srtata tntg



advantages of CAES technology include the ab

l ong I'ifetime, high durability, as well as ¢
of ti me. These char act erdiescteinctsr afl d czieldi tEaStSe, ift
only to integrate renewable resources but al

Decentralized CAES can al so i-maeaek atcourws tthorn
efficient energy mamaigremenoad Capplideabnigi ty,
emi ssion elimination potential s, CAES syster
on their design characteristics, heat manag ¢
form[léiRi.abat -CAEAES «£LdDESBCGAA S) , andCABDt her
(-CAES) are the most popular types of CAES di
[ 1.1] Among adAES-GAA R)baltas been put forward be
conventional CAES knewArESg s adida it ehteiranaCAES e(r
uni CAES i s afimr eeni spstoeem t hat adopts-CiAAErSegene
to recycle heat generated from t-peesempeeast

t he expansi on process. Such configuration
i mprovement , up to 70% of theotéadeitn@elemdecycl e
huge amount [df7]fossil fuels

A-CAES has recently captured a greavieegentt e
applicationssi aed octatomemary Sstoragenprsgsé em
renewablientengerragyi on @ah8]Iltoaal ssohidan nlge used
battery st&€ompareystems he battery, CAES al so

a clean stor aget aeidd uma taenrdi @ lhse wtoinl i zed i n m;
ubi quitous, and components <can be seeavseitlayl rhec
CAES projects under construction or in the e
the world. Although most have resultedrin in:

system, t hey arecmdienlayp pudsedti @ mge tagird wmsd g e
[ 7,.,19Int e€A&ESI wgtA RESs in the form of decent
new c¢hdgl2legnigcehs wi | | be el aborated in the sub:

1. 1Problem statement and research question:

Il n summary, despite the attractive advant a

this technology for decentralized applicatio



Its i nherent complexities and integration in

categorized into two distinct perspectives:
Unli ke conventional energy storagend,i nCAES
mechanical, el ectri caadpecatnsd tthhaetr ntad u seensg i rneelea
due tostmpl einhergy conversion and | osses. Ener
hig9ghessure air and partially converted into
cycle effidouaicency samadrben footprint is recycl

-

egenerative hpat]Junits into CAES
I n CAES system, the energy storage unit (i

(PCS) such as compressor and turbine trains
process occurs in a different pathi.tyAlttdhotulyséd
decentralized HESerc, oiste dlosd hposensd new chal |
absorb intermittent renewabl e energies and
compressor and turbine operat inemwafhd24gnkde t un
endser ener®B, Rema@ddpoecti vely. The operation
often causes it to work unsteadi I[y2 2awbdb colv e r /
causes choke/ surge and fai-dyusttemramd eensentnud
sh-dbwn, which decr dbheeefHES, relti alsi Inietcye.ssar
controlling the operation of the turbomachin
high flows neRg2.0} he choke point

Mor epyeme i ssues arise for decentralized Cj/
and configuration as it sgmbie2nisjse ssee veelralll @ mg «
driven by fact eorfsf sbuecthweaesn tshertaga&de apacity
space, and t hlee wele do (@ toirmiszyasttieam , af f~ecalieg C
and behind thel mMEloereanpampieati nadeiqgutad gr astpad
system (or buil di ngs) [P mi t the installatio
storage efficiency would necessitate | arger
wind tuT)b,i netd. W to compengdtBe 28Bdhi st woeuéederg
increased expenses and dedHreamazzed thestsyisn a&mibdls
operational flexibility are the two main fac
for specifili@o9phpPedpictae i b@easng technologically
configuration for the CAES system, espheciall

meter applications) where the system needs



fluct uausienrrg deenndand. Up t o -scavirFeA BED s 8QADEFSA t h e
facilities have been built and put 1| prpotfo oper
t hneet er ap[pl9,c3al]i ons

Thepti mal sizing and planning of a CAES sy
sever al Il nterconnected Ssubsystems Wihteh vV al
configuration of CAES can significantly aff
delivering energy. I n the CAES system, t he
define the amount of ener gypetstsautr ec an rh e whti dre
PCSs (compressors and turbdnes)putStlg&bwme ne¢ hel
compressorso number and power nominal <capaci
energy in t-peesvumeocdi higan be absorbed from
systems. Similarly, the tiwrebidinegsdharygmmhegr ta mmdk
at which energy can be s{UR®30d to meet the
On the other hand, the feasibility of the
type of seryil.d¢dende prtolve deiszing of the CAES

hi ghest possible contribution within a spe:

I mportant when CAES is interacting wbotfth oth
bet weenpowmirnalnd energy capacities, chargincg
efficiency of[ 3h]eWhGAES ospytsitnenmzi ng the indivi
essential, it does not i mply process opti mi
effectiveness. Eféefteentyerwhysabivhki | andci obmi
i mpact cchainevbeed ay i mplleenveenlt i mgn aag esmesnttemand o

CAES technol ogy. Such an approach is critica
energy demasaerss owhielnel maxi mi zing renewabl e e

ense {temgn efficient operatidmB2§d86d mai ntenanc

Furt heQAMOS e al l s short in terms of energy d
battetitiwths ch <can aff ectthet hiemprlesmelnitemcsi! eafa |
especially when a sudden outaderhamppngrest,s adn d
most Tohferiet .are sever al ways to improve the r
storage presents an appealing option to mitd.i
could enhance the reliability anadversesoinlliye nocne

renewabl e ehedPfgwasesdoeneegymisysdt smuamnck afl ico



ener gy bag&83pOn the other hand, the resilienc
and i mproved by empl otyermnmg &ah e&mommbe hddi egni o |
Addressing these combined technol ogi cal a
unl ocking t heA-JAlHS spyostteenmsi ailn odfecentrali zed
aims to contribute to thE€ABPtsmatemszi aff antk
t hat enGABS e cAntri buti on, overcome Sspace I
perfor mance oifn dtylmee mfiac renewabl e energy and
di sruptions.

Therefore, based ont heh emamenn trieosneecadHd lw agnut easttii
ACAES wutilization fobedemPowotowvaldi zed applicat

Hence, the thesis -tesearthbh queserossvasafobkl

l1)How cwalmpr ove t he optehACIAIEESN ssytsrt eetme gyn afer m:
management to systematically analyze it f ol
2)How co@AHES Abe efficiently customized and pl
in the decentralized applications?

3)Ils it feasi bl e t o-GAESo rcp oorsaat stead dicree@uBadiaHin z e c
under what conditions-CAB8E keondmeguraat i efnfsi
economically viable option to manage the

i mproving theonsoepwaishae e glen@emati on?

4)How do space availability,f fgrriedstdy rcadmiomn spr:
CAES design and-iopegabtted hwburdaenergy sy:
5)How cwelpdi mi ze the operational schedul e wh
and | ow grid dependency, especially during

6 ) How do-CAES Aesponse time (charging/ dischar
with the battery influenaoe bitaimteegrdt adihyhbiryi

system, uensdpeerc igarlildy o2ut age conditions



1. 2Reseabpgbéctives

Accordingéymain objective of this thesis is
for the feasibility assessment of i1integratin
design and schedul e oeceomanmiocn, ceonusiirdeesrmeningée att
aspects. To r eac ko btjheadtf igtodasl § g thwed ynad aan stuéd s ur

1.1l mprovidAEKS'As energy managdmeviOiSiapana@iconr

simulation model considering TES wunit, PC
2.Presenting spowenl datspaerohostvicabsegbebki (D
of CAESystem tapalridcati isssaciph o@adntsimagl, renewe
integonmtjonntf apptieceani gl azedns

3.Devel oping a coprparerhiemg ifvreansd wdiengge h br a c u 3 {
A-CAES b as esdpeocni fuiscerr e q utierenmerngies! daaatdasli adeg i
techknoonomémrmviamanment al aspects.

4 . Structuri ndgy mamneamptmmmd Ime nt moedelm foprer ahbo
scheduling of a hyA€CAHS syes pamnsbarsg icreg i r
di scharging transition ti me

5.Present Hlmg ea ftosesnitlriiecncaeppr oach for i mpr o\
resiliency of théaydmt idC&ERBAteds gbaamnss ee ne rbeyr
storage such as utnderb stctelmeay grodsdippeéait abhy

6. Evaluating the hPCAEDrmaacemoms of ener gy
profitability, and resil i entceyr m na#ldorcsah o retr

analuynsdiesr various scenari os.

1. 30rganiozfattihoen t hesi s

Theubsequent sections of this dissertation
comprehensive |iterature review covering the
desi gn, and operation of CAES styspgreansi-dw st hdan
depth discussion of design and operation me
proposes potenti al research directions in tt
devel oped at wvearckhFisr satgieg2a B mphseswed gy managem
operati olREMGS)atiesgyde(vel oACAES ogy st the mgmian a Inigz «



energy .syiqiteemsevel oped sttrrad ccigtpieaonsatlcompat edt

vali date and assess the accuracy of the prop
CAES pilot plant. Furthermore, the influence
i ndicators is investigated.

Theinn sedt iwenspecifically explor-eetmperampae

TES system on thCGABSr foomaarcien go-CIAEASwistyls t @ mc

featuring a combusti on -pcrheasnsbuerre feoirr phreefhoerag i en;

34. introduces a holistic sizing andAEISannin
systems for decentralized appSleiveeatail o npso weas edd
strategarees frPdOBgsed, al iog CAEES wiytsh esntse ff poorh g o
and renewabl e integration. This part al so ex

CAES systems in urban building appbnhomit coasnd

environment al aeavdlyyatiiton.nvAeddiitgiadres t he eff
as the size of energy generation systems and
and coGAE®fsWst emdhatpp|lverabfiy ity atuvdvggdhdi ff
vausocharact er ibsta epsi.a nmignsge csttiroantnd3py opser aht e
schedul ing approach. -oActeot ddolgdidaiil na g r epiplrio
proposed to determine the opti mal configura
system, FCPACEISuU dtiencgh nfo |l ogy . Econamifco ra #ibdo it mhe ssihlc
and temm SYpPer@trieoncsonsi dered. This section a
hybr-CAE8 and battery systrearsialnide nictys oifn ftl huee na
energy system, particularly during power gen
comprehensive summary, conclusi ons, and disc

t serves to giuidetfansre research d

Theresent di ssertation -masedy sfolt¢t¢owse,a w

(7]
c

bsequent chapters mostly consist of scient
in this di ssertation have =either beaemd publ

conferences:

Chapter 2: Literature review
E . Bazdar, M. Samet i, F. Nasiri, F. Haghi gh
energy systems A review, Renew. Sust a

https://doi.org/10.1016/j) .rser.2022.11270
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ChaptetLi Rerature review

Ovetrhe past decades, ri sing wurbanization a
popul ation growth and technology devel opment
consumption, particul[a35,y3n6il2 02 BGe Ehecinter n
agency (Il EA) projected that the world energy
due to population growth from 7.7 billion in
not for fr edgueenncty eunpegrrgayd eesf,f itche worl d woul d
than it gdnmrd rNeotweasd atyosdaya swagmlid'igaenaegppy ar odr
90%) is supplied by fossil fuels suf®]as co:
The remaining energy demand is fulfilled by

and other renewable sources (2%) [HAuldshi nags Wi

conventional energy sources to generate ener
growth in fuel prices due to their i mitat
greenhoyde]Gaseesrn for climate change and gl
dependency on fossil fuel power pglla.mt3ds itmg f L

RESs has become a promisi @ 9aldtdgrancaktliev ee ntva rfc
hall enges by decarboni zin4g5]tAle hemngthg yR EgGe nod
nvirodfimeendl y performance, these sources'
roblem that can create operational probl ems

ance that cause t hie 5[hepley oared aemayd nmi

—h

ectively solve these issues because it en

=]

environment al advant agleBActcor thageher dye

T 9 ®© T T @ O
ja}]

f
d
blished by the interngt4di6qwal hrenewabbkenegn
n

-~

ewabl e energies in the worldbds energy gen
ee times by 2030. Besi des, adopting ESSs
e[f448] such as adding flexibility and re

o < ® T OO <
-~

n

ailability, grid system balancing, decreas
neration capacity, and consequentlty acdidmi ni
owing decarbonizati on. Enhancing safety,

i stributed generation, and the smart grid,

ources, and providing manymesefsal o6eEBiSses
rovided by ESSs can be cadfelgaeertiezre ca pipnti a atth ro

T OO o 9 Q@ 9 T -~



bl ack start, fast frequency regulation, volt
shaving, ettchnreg t er 2applhcadn snmpt(ieom, ,cecmmdni
power quality,sHawidngihsBitnmedigc3:gQp wddf appl i cati o

nanogroifd, village electrification, island gr
Amo ragd | energy storage systems, the CAES as
unique eligibility in terms of c¢clean storag:e
ti me, -Uowchkaidde, high durabilityuyniatndo fr ed tad:1
energy. I n contrast, |l ow roundtrip efficienc
time are considered its main drawbacks. Thi
technol ogi cal devel opmeni $ssi defAE® oKyist e misa
application potential s. Furthermore, a detai
CAES technology and its challenges is prese

i ntegration potendeasailgndafngCARBRSNd opcthiemaull 1 ng
towardgrmde¢erdi stribution energy networ k, and
l i mitations and future perspectives of CAES
provides aveomepfehemse for integrating and

i ntegrated energy sysThenmsr ufcarurvea roifo utsh ea ppprleisce

Ssubseateoas foll ows:

T The applications and characteristics of (
EES systems are explained in Sections 2.2
T Section 2.3 provides details on the techn

an overview of their advantages and chall
T Section 2.4 el aborates on the benefits an

conversion and renewabl e energy systems.
T I'n addition, various approaches for the s

are investigated. CAERedudptinigmalt adpéeirf atriem

systems such as microgrids, distribution
Sections 2.5, 2.6 and 2. 7.
1 Fi nalelcy,i 8nhighlights the existing |imitat

2. 1CAEBerctuleeiresgygr age systems
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Thearee di fferent types of ESSs that can be
heir unique characteristics. Therefore, ESS
ever al met hods pi{@@a8$ e&dri n ntshhea niciet, eri ant ureer m
ower density, size (energy/ power rat-dq ng ca
i scharge rat e, depth of discharge, respons e
peration,naeadconzati )n,t e@@mvironmeommioentalseestf ore
|l assification of ESSs are based on energy u
torage (EES) and ther mal energy storage (TE
ystem (kinetic or potential; {HAddr; #RIl H.4¢2 ezt
emonstrates a comparison of different EES s
apacity, discha&arcpd et ismeg,viard .t he grid
As it can be seen, among al l EESs, only CA
an be uti-ddaled dwpl il @atgieons due to their adyv
o daly,s5)5PIHES system with a maxi mum pswelerat
ommer cially matur e [E46S].PHASCc diracsi M@ mti o att lreed 196
torage capacities installed worl dwi de. The
nd other mechanical energy storages in sign
GW (1.1%), andr els.pée cGW v(ell.y9 %) ,
Power quality and regulation Transmission and distribution Bulking energy
(Reserve and response services) grid support management
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However, PHES requires a particular geogr a
i ncluding water-hrgdownntces asndragesedherefor
provide adequate and massive rocecmswifreommeasa
concerns, are the crucial obstacles that mak

compl i[dattdch t he contrary, CAEgroamdstcome ae m

hig9ghessure vessel s, under gr ourdal eer CuArEdSe r swtac
compressed air in the reservoirs, typically
mi ae depleted gas fields, rock caverns, and

[ 1,.60Tlherefor e, CAES not[ 6dinilty aH ess0 ed diears ian o
restrictions compared to PHES that s[i5ghn]i fi ca

To dat e, PHESalaend CAEBS gkhave besnaleeanpbbyped
applications, while batterie€2dHbweeebeenl applt
storage technologies |i ke batteries are cons
technol ogi es -suctaillei zaepdp Ifiocratsinoanlsl (e. g., resi de
the cost of tvheilsy EES einss ipvreo hciobmptailr @] Atl s ot, h @ ihr
battery has sever al main drawbacks, such a
epresented as a | i mi[tl6a] Onh arhgee /odihssah aragned || ic
n th

e availability and continuity of renewa

-

cumstances. Leaving a battery in a partia

—

batt erni eesnvriesounlntesnt ial and disposal probl

N

ardous[ 2rBg tTehreireelf or e, alternative EES +tec
ticul arslcyal foraplpinGlctad]i cmal & CERES) S$ s a
mi sing EES technol ogy, presenting a great
affordable cost, with tHheiadidbpt ages hati
erationplL6fMcecrxadvdri,t ysi nce the RTE of CAES

ss from the compression phase and the col d

O 9 T T T O O
-0 o
o =

® O O T S

oling applications can play a crTuhce amorreo| e
tailed 1 nf ocrrmattiicoanl acbhoaurta cttheer i sti cs of som
1.

Generally speaking, the CAES system as a n
higghessure air, and as mentioned before it i
from small to | arge scale capaci nigemewdbrandwir
of a CAES ar e sGewaer ahl ¥j gthe&.operation of t|



processes:

to pressuri zepaak damamd
temperature air is cool
The thermal energy can
applications. Il n the

compression,

ed
be

storage,

and

expansi

itrheclhognMegissgr moded T

before

bei
di ssipated i

ng store

nt o t

do rsecshsaurgd ng@i rpriosesse| ea

electricity is required. Theea,and eéespapnesnenadt

generati njggé&d]ectricity

CAES has a high energy capacity and power
stationatrsyadred elneergeg storage due to its abi
However, CAES's ener gy|[ B ndwhpiocwhe r medaennss i tt hya ta rt
energy and power stored in a specific volum
|l ow. Therefore, a | arger storage container i

underground stocroamgreercseadi zted CWES
Mc | the] 0PN 279563370 e@Ppemt i vel y) .
Table 2.1. Characteristics of various types of EES systems using the data from Refs.
[46,47,50,53,59,6%5].

pl ant s, H

ntosh 1in

EES Mechanical Electro-chemical Electrical Magnetic Chemical
Characteristics ~ PHES e LAES  Fywhed  LeadAcd  Li-ion SCES SMES Hy(dF’g?e”
E”e'(g,\x vcvaﬁ)aci Y 10020000  580-2860 <01 25 0.0052- 5 0-40 010 0-0.0005 o005 OS12devdoping

Power rating (MW)  1-5000 100-1000 0.003-10 1-300 0.1-20 0-40 0-100 003 01-10 050
Spe(c\'/fv'ﬁlng' @ 100-400 30-60 140 at 300 bar 214 5100 3050 80-200 00515 0575 800-10000
Spe‘fwfkg‘)"”e' 400-1500 75-300 300-2000 500-10000  500-2000 5-800
E”ezg\)’ryﬁ';gty 052 26 >6 50-200 20-80 50-90 100-500 10-30 026 500-3000
P"‘"’(ev'v‘/’f')“s‘ y 0515 052 >2 1000-2000 10400 1000-10000 Ml‘(’)[fégg” 500-4000 >500
E”ergy((%i ciency 65-85 40-70 65-90 4570 85-95 63-90 75.97 8495 80-95 2066
Dischargetime 1-24h* 1-24h* 1-24h* 1-12h* ms-15 mins Mins-hrs Secs-hrs ms-1hrs ms-8secs Sec-24h+
Response time Mins Mins Secs-mins Mins ms-sec ms-sec ms-sec Sec
g SCE:;;’ (Ssefr oy Veysmal Small Small Small 100 0103 005036 20-40 1015 Very small
Storage duration Hrs-months Hrs-months Hrs-days Hrs-days Mins-days Mins-days Secs-hrs Mins-hrs Hrs-months

DOD 80-100 40-50 4050 7585 50-60 80-90 100
Lifetime(year) 30-60 20-40 20-40 20-40 1520 515 515 10-20 20-30 520
CycleCapability ~ 20000-50000  >13000 >13000 20000100000  250-4500  1500-4500 >100000 >100000 20000
Pm”ezsfl‘f("v'&)a' €St 20004000  400-1000 5171550  300-1000  590-1446 615750  463-966 286-331 303761 2400-4700
E"”%fm’;" cost 5100 2120 200250 13002200  3000-6000  281-3618  900-1300 926-1141 7;2%% 400-800

Maturity Mature Mature Mature premature Mature Mature Mature Premature Prene1atur Premfit;rl;:/proto




Inlet Air Exhaust Gas

Compression External
@ Heat Heat Source G

e
L |

Overground Air Tank
for small-scale
CAES

Underground Cavern
for large-scale

CAES Electricity
= Therma Energy

=P Air Stream

—— GasStream
Fi g2 2XSchematics of the operating princ

I n addition, CAES has relatively | ow energ
bet we-e@%40Exi sting CAES plants have an energ
( Mcl nt ®.%Jhl)n compari son, mor e &CdAvEaSn cheadv eC AES euwn
efficiency of around 60% (e.g.. Goderich fac
[ 76 ]Enhancing the RTE of CAES to approxi mat el
EESs having a | ower environdesndltadr genpafct CAHS

which increases the storage durantge®nermeardg ynafk
l ong ti me without wasting much energy. Deper
days, and even months to reach an appropr.i

applications (such as peakashawmjngndbkaekgyg!

An attractive attribute of a CAES is its |I|if
CAES's energy (or power) cost is one of the
cost , l' i ke PHE$A47]lbnredativehy iihmgbompari sol
technol ogy has a highestagesposnseadge mehats iin
invol ving sever al mechani cal systems. Thus,
vol tage/dégelatinery services, which require a
time of CAES is |l ess of a con[cke?w]ln for energy

CAES has unique potential as3amowdnetrlyyg masni
and application of CAES in the energy systen
applications for CAES: f r-ootmhngeht ee r ) r awnidd @ rh ep e



per spect it \hme t( dre h aamldlo sd )a.n dOn t he energy suppl
di stribution system operators are utilized (
required erime EIS&ngvi t h a high powes o0apaaitcy,u
concer7n 7Bhe practical application of CAES oI
grid services, Il ncluding peak shaving, |l oad
restoration reserve][] 46n83 Mol waLPAIEES ifrmtcadrn ati

worl d opersahefasnenengys because they can ¢

days economically and optimally due to the
di schafdgé]ti me

On the other hand, "Behind-uslkee smetak"”" samwl
d e masnidd e man agselmefntti nld)o.adConsumers can utili z

consumption according to the enpedbkupsi)cdot
mi ni mize thdi7r3]€EAEBgyanoatso be applied as a
be used as an alternative power source for h

CAES can be integrated into renewable energy
applications address the fluctuation of rene
and storing It effectively, aome rdp ny, 7B hH e
Furthermore, CAES can pewereced$f§vV@hhiw&lleengi nes
The utilizationgenfer@AE®SNnforiploéry indivi dli
cogeneration systems i n the energy hub fra

application][] ©D]f Thihs smegrss etmhat CAES can eithe
heati ng, and power energy that i mproves its
systems to i mprove the whole energy hub perf
of r emsreamelhyer ati on of CRAES]Hisg.f o2au.ndd iilnl uRsetfr.a
of CAES applications in an[&@ndai7geO0Oh@li]based
Several |iterature reviews were published
of previous review articles based on a diff
articles are | isted in order of t hoef ptubbilsi s
technol ogy, such as technology devel opment,
future trends of CAES[,1,9%|ttdh.e Rarnt hex ammplre efil 1y
classification, application, and current gl
reviewing China's most recent CAES devel opme

energy penetr atcioonnd,i ttihoeni,r agnedo Iroegliactaeld gover ni
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Ki ng [eftBdatl .only briefly introduced several
scale CAES projects but al so presented sev
underground thataet er isstuidys. there was a gre
comparing the potenti al of i ntegrating renece
underground storage capacity of-sCAIES ap minitsa
The gelolognsiader ations for devel opamagdaiand e
China were epabpated in Ref.

CAES' s operational stages and hea[B6B] & s
Additionally, various expander types suitab
A similar approach wd$H@hnt reodlhee daud arolriserprion
for choosing appropriate expansion machines

efficiency[.8BHuiaenfgl yetdiaslcussed di fferent cl as:

management , and Il ntegration to other techn
application areas of6pRESenTede antbovoesvi awRe
of scale and fuel utilization with an anal y:
CAES application prospects in smart grid anc

CAES potenti al applications.

Wang et [adddvien aRebfr.i ef overview of the diff
A short discussion also was given on|[tt!8¢ cha
the other researchers also presented a det ai
areas of study, such as performance =evalua
strategies of CAES systems. Thehenecednpfudratd or
design of CAES procesf§éd]was emphasized by B



Table 2.2. Comparison of previous reviews on CAES.

Techno

St ates

Ot her aspects

Aut hor Ye a deveI0|CharaCt regene AppllcCommercia alle Future descriptiol
= = = Comprehensive f
Tong [elt9] 202 a a a on CAES develop]
) ~ ~ The potenti al u
King [ent6] 202 a a capaclindi da nand t
. ~ ~ ~ . Heal t Bafamdy and
Ol abi[ =2a] 202 a a a a mode of system
Huang[82 201 a a a a Application pro:
He e[t6]l 201 a a Operating condi
selection of ai.
. ~ Geol ocgorcsailder at i
Li qtr5d41 201 a in Canada and CI
N Research progre
Wang [T4] 201 7 v v associat edamealrys
N N N Anal yses t he
Wang [e713] 201 n n n n n technol ogical b .
Research progre
Venkatar a 201 I7I " n n potential, econ
[ 68] ‘
control strategi
N N N El aborating cri
Chen [eBt5] 201 n N n n n CAES
Considering t he
di scussinmgpothel
Budt [et4] 201 a a n n accurate fluid
cal cul ati on, an
processes
Luo £83% 201 a n n n n Overvimuwstod!l e C/
CAES types an
- N N concept, desic
Current 2 042 a n n Z Z planning, and
di ffer emndctemres g°




2. 2CAES technol ogy devel opment

To date, daftareett CAES have been proposed
characteristics. Therefore, according to th
categories, ds BhrowexamplFe , g. CRES canalbe Cbhar
CAES >50 MWal €m@s8EEiIin 10 MW slcadSs)A ESHn k 1Mi0c r
kW) 65882 The most common classification of Cjy
enhance i1its technical and economic perfor me
techniques during the compression and expar
di abCGAEISC-QAES) , eCAIEESSb-QALA $) with and without
CAESCAES) ,gePodryat i o CAESES @AE@anced aG@ABD)at i c_
i's a kCAHES owi tAh TES in which there is no ene
fuel combuwsstriecqui red [ b8fB8AEsexpangsieowvn ew of
techniques for CAE®$6¢an be found in Ref.

I n some|[ B3 ud7 e&0ABS]was <classified based ¢
concept s, such as | i quwiud ea irAIEESH €35 ) st amalge
wat er CAEAEJ)UW aiard] ect i(0SRAESES Cal |l &@@drami ed a
out a comprehensive study on LAES technol ogy
a s-04h heer t revinewgmoati on pathways and future
present gd7.0if]Mor Beif nf ormati on abo(t87LI8BPRefa.n |
[ 65]CAES was categorized i-6ABS}¥ uaspulpepmeannteanrtya rf
fire CAEBESNSFwhich refers to the need for b

air befor[efdefx paseivenal studies, CAES was <cha
external heat source used toward the expansi
fuekedased or from TES, which is classified ac:«
hat , | atent -bekam|f68h)dt empemature degree of T
l ow tempeéenddCAER)mMay be categori zed &m]svehd ccn
can be under gr®@AENS; cmavteurnal( sleld t caves, mi ne

cavern, depl et?2@, akddn wdtde ICArEdSY g bhwadil mst ew r
or flexible f{a&aBy¥i amaboorigaionmneds )t a nkkAEdAr)8.9glas p
Anot her classification cad®wdhetbasesetdoonagkeheces:
coul d-ctheri €oaari ci.sd n summary, detailed infor

such as description, advantages, and chall en
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Table 2.3. Comprehensive classification of CAES concept with their advantages and disadvantages.

d Latest
CAES type Description E%E%ﬁgy Advantages Challenges research
progress
D-CAES The heat generated from th 46-54% 1 Thermal loss; wasting a huc
compression proces 1 Easy to install and control. amount of energy in the form ¢
dissipates into the f Capable of operating as a gas turb thermal energy during th
atmosphere, and  higr in case the air reservoir is emp charging period
pressure air is preheated | [90,91] M Fossil fuel dependency
burning fossil fuel in the environmental problems resulte [92]
combustion chamber befor by burning fossil fuel in
expansion. discharging period to preheat tt
air before expansion
1 Geological restriction
A-CAES high pressure ant Max 70% 1 Decreasing the energy density
without TES  temperature air generate 1 Environmentaffriendly; the need for the air and then need for the larg
from the compressor is store fuel has been eliminated. tank to generate the same powe
in the same insulated storay 1 The air does not need to be rehea § Material challenges for AST
tank/reservoir[57]. for the expansion process. storing high  temperatur
1 The thermal energy loss is reduc compressed air needs mo [5,93,94]
[57]. expensive storage vesdéig] e
1 The air cannot be compressed
high pressures because it is r
cooled, reducing its potential fc
storing energy57]
A-CAES with Storing air's thermal energ 40 1 High power consumption due t
TES after each compression sta 509495] § Environmentatfriendly; the need for high-temperature rise  durin
in separated TES and usir Max fuel has been eliminated adiabatic compressidas]
that to preheat the dischargt 70% 1 Asmaller tank is needed for the sar 1 Need for hightemperature TES
air before expansiga7]. 759457, power  generation, increasin in some casef®5] 96199
79] roundtrip efficiency[57] i Technical and safety issue [96799]
associated with higkemperature
TES
1 Cost of the TES element



I-CAES

PG-CAES

LAES

The compression an
expansion process occu
without the inherent
challenges in temperature (
iso-thermal conditions)

Thermal energy from the
compressor is used fc
heating, exhausted cold a
from expansion is used fc
cooling demand, and power
generated in the expansic
phase.

In charging mode, Exces
electricity is used to liquefy
the air. The lowpressure
liquid air is stored in &
suitable insulated tank. I
discharging mode, the low
pressure liquid air is pumpe
to the high pressure an
vaporized and superheated
high-tempeature vapor,
which drives turbines tc
generate powdb7,62]

Theoretic

ally
1009495
]
80%457]

More
than
1009479
]

530462

=

1
Environmentalfriendly; the
need for fuel and carbon
emission has bee 1
eliminated95]

1 Maximizing heat transfer durin
the compression or expansic
phase and reducing heat loss ¢
to heat exchangi@ 00]. i

I Eliminating the need fol
TEY101] and the technica
bottleneck of hightemperature
TES[95]

1 Increase the efficiency of CAES 1
which makes it economical, an
competent energ)
storag¢b9,101]

Environmentaffriendly; the need for
fuel and carbon emission has be
eliminated95]
Increasing
efficiency

the overall energ

1
High energy and power densiti¢
(around 20 times higher than CAE:
[62] 1
Needs for the smaller reservoir
store the same amount of ener
(about 1/700th of the volume ¢
gaseous aifp5]
Eliminating the geological restrictio
compared to BCAES57]
Having offthe-shelf
component$57]

Slow compression and expansit
process to have enough time f
heat exchange

It is challenging to attain nee
isothermal

compression/expansion ar
maintain a constant temperatu
[57,95]

The low heat transfer feature «
conventional compressors is
significant challenge in achievin
nearisothermal
compressiofi01]

Attaining a high heat transfe
ratg101]

Need for specialized machines
handle the heat transfer.

Lower electricityelectricity
efficiency due to the lower inle
air temperature before expansic

Relatively low cycle efficiency
The storage duration is short
than CAES
Safety issues
leakagefs7]

due to tF

[62,95,100
103]

[104i 111]

[86i 88,112
114]



SC-CAES

SI-CAES

UW-CAES

Atmospheric air is
compressed to it
supercritical state and the
stored in a reservoir afte
cooling. The air is pumped t
supercritical pressure an
reheated during discharg
generating gas to drive
turbine.

The operation principle it
similar to DCAES, but stearr
injection into the high
pressure combustor befol
expansion is used to enhan
the performance of ga
turbines.

Economizers, an evaporatc
and a superheater (SPHT) ¢
applied to generate the stee
[118].

The operation principle is th
same as general CAES wit
the difference that high
pressure air is injected ar
stored in underwate
containments to benefit fror
the hydrostaticpressure of
water deptf89]. The water
source can be a deep la
close to the coast, ocean st
and onshor§100].

64.4%

Combines the advantages of LAES a § The complexity of system flow
A-CAES:

f
f

Environmentaffriendly and relative
high efficiency

High power and energy densities (.
times higher than ECAES)

large power rating and storag
duration

Enhancing the output power of tt
turbine train by increasing the airflo
rate and specific heat of combust
gas 1
Decreasing the local flam
temperature in the combusti
chamber due to introducing the ste
with high specific heat

Reducing the thermal NO:
generation [14].

Eliminating the concern for surgin
the compressor due to stee
injection.[118]

= —a

Vessel technology is cheaper th
underground [57,100,119] and
vesselrelated cost is independent §
depth[119].

Minimizing and simplifying the
requirements for containment desif
structure due to the hydrostat
pressure (same pressure with i
surrounding water)89,119]

Because of constant presst
conditions in storage, turbine trair

[112,115117]

Determining the ratio of the
injected steam flow rate to th
airflow rate at a certain level.

fixing a certain stearo-air ratio
needs to test each combust

[118]
[118]
Need for suitable water source
Probability of leakage from
storage unit (1.2 % /dajdl]
Pressure drop losses in tl
pipeline[61]
f [61,89,120
127]



UG-CAES

The underground structure
employed for storing the
high-pressure ajF6]. The
reservoirs are sited il
underground salt, aquifer:
porous rock, and hard roc
[59]. Salt caverns, mine
caves, expired wells, an
abandoned  natural gz
reservoirs can be chosen
air storage for CAERB2].

can work at their rated conditior

without throttling dowr{57].

Having a lower environmental an

safety impact in case of failufg89]

The potential of being at a very lo

1

cost: no more than $1/m3 ar

£0.09/kWh at 80 bar (less than hi
this for aquifers and depleted g

fields) [89,127]

Because of having a large volume,
is suitable for largescale CAES

applicationg65,76]

Need to excavation (if caver
doesn't exist)[119]

The challenges associated wi
the excavation of large cavert
and detailed structure
consideration to ensure the lon
term integrity and avoid the
collapse potentifl19]

The cost of a reservoir i
dependent on defitl9].
Geological restriction; Finding
and selecting the suitable geolo:
and a site with specific geologici
formations, caverns, an
mineg65].

Several inherent issues a
associated with these natur
reservoirs, such as saltwat
problems and animals like ra
[59].

The leftover air in the reservo
impacts CAES's overal
efficiency [32].

[19,75,76,128]
[64]



AG-CAES

Constant
pressure
(Isobaric)

Above-ground air storage --
such as higtpressure tanks o
pipelines is employed instez
of underground caverns fc
SSCAES applications.

It reflects the state of thi --
charge of air in the storagt
The air pressure in th
reservoir remains constar
and only storage volume i
varied as it is filled anc
emptied during the chargin
and discharging perioc
respectivel{59,89] It can be
underground, underwater, ¢
aboveground59,85].

Supplying higher energy densit
[59].

Eliminating the dependency o
geographical conditions
Presenting a flexible layo@5].
It can be installed onsite an
anywherdg59].

Reduce the need for leaving
large amount of air in storag
during the discharge compare
with underground reservoirs.

Allowing to have more efficien
turbomachinery in both chargin
and discharging phases than w
isochoric storagfB9]

Improving  the  expansior
efficiency by 1015% is causec
by eliminating the need
throttle down the air during
discharge.

Higher energy density becau:
there is no need for leftover air i
the reservoir to support th
external pressure posed by t
weight of the surrounding eartl
which causes the collapse of tl
underground reservga9].

Land requirement ant
availability.

Higher capital cost; storing

large amount of air by exploitin
underground and underwat
CAES is more cost
effectiveg59,65,89]

9 Isobaric storages are pret
complex[59].

1 A deep air storage cavern t
high-altitude water pond i¢
needed to provide enoug
hydrostatic pressure by th
water column. That
compromises the econom
attractiveness of such
structure[85].

[19,64]

[129i 131]



Constant
volume
(isochoric)

The storage volume remair --

constant, and only the a
pressure in the storage
varied as the storage is fille
and emptied during thi
charging and dischargin
period, respectively
[59,89,118]

It can be underground c
aboveground [32].

Technically simple, and th
installation cost is low [79]

There will be the leftover ai
below the design pressure
observe the safet
consideration of the reservo
and prevent the expand:
from operatingng at off
design conditions, whict
reduces the syster
efficiency[85].

Need for throttling down the
high-pressure air  befort
expansion causes tr
massive amount of exergy 1
be destroyedB5].

Changing the interna
pressure and temperature
storage during the chargin
and discharging period ca
cause the compressor and t
expander to work off the
design point, affecting
overall efficiency[85,118]

[27,84,132]



HT-CAES

The operation principle ic >70%

similar to AACAES but with
singlestage high
temperature TES. High
pressure air is passed throu
the packed bed TES aboy
400 °C to be cooled an
heated ufpefore storing in ar
air container and expandin
in a turbine.

The significant advantage is higc
cycle efficiency, up to 70964]
Using relatively inexpensive
solid TES materigl 33].

No additional heat exchanc
equipment is required becau:
the TES material is in direc
contact with the higipressure
air[133].

Complex system engineerin
[64]

There is a need for
particular material ta
withstand  thermal  anc
mechanical stres:
simultaneously.

Higher startup time (1015
min) because of the need fi
high temperaturgl33].
Controlling the high
pressure CAES (>70 ba
together with high
temperature TES (>400) i
not straightforward133].
The jacket of the pressurize
TES must be constantl
cooled to ensure saf
operatiofl33].

A high construction anc
maintenance effort is neede
because of the coexistence
high pressure ant
temperature air in TER33].
Interaction between air an
TES medium might caus
small particles to be release
into the air, damaging th
expanders (blades, wheel
etc.) [68].

Designing the new
compressors to be able -
operate with high interstag
and discharge temperatur
[133].

[133,134]



MT -CAES

LT-CAES

The operation principle is simila >70 %
to HT-CAES but with twaestage

TES below 400 °C., TES med

like molten salt or thermal oi
PCMilled packed bed TES it
possible.

Heat transfer after every sing 52-
stageoccursto reach low storage 60%4133]
temperatures. TES includes

two-tank TES configuration witk

liquid medid133].

The lower efficiency than HT
CAES

Applicability of liquid TES
medium, which is abundan
inexpensive, anc
environmentafriendly as well
as being pumped easil$33].
There is no interactior
between compressed air al
TES medium, making high
pressure air completely free «
small particles and protectin
expanders from damage
[133].

Eliminating the need for ¢
particular material for the TE
system

Applicability of and using
standard heat exchangers a
compression and expansic
systems

Fast plant startip of <5 min
(fasterstartup behavior)
Broad control range an
suitable partial load behavic
[133]

Startup time is in the range
of 10i 15 min due to high
thermal stress.

Interaction between air an
TES medium might caus
small particles to be
released into the air [68].

[68]

[133]




2.3l ntegration of CAES

There is much interest in analyzing CAES i
renewabl e energy Ssyst ems f or e cehinfofneorma ct amuw
environment al aspect s. Literature in the <cor
main subsections 1) Il ntegration with auxil|i
renewabl-eemaedabloa systemss)t eiardgwlei ano dred i molf y Ct/
one cycl e S considered ai mi ng at i ts per
conventional grid and RESs (e.g., wind and s
CAES is considered fpdduwsitn g no o ft HCeA Efso twehn tl iea Is

fluctuation and increasing their penetration

2. 3CAESRuxiliary and energy conversion syst

Managing the heat generated and dissipated
them to preohestsurlee ahirgihef ore expamei o darmhe

main concerns of] d3IFKAkreotemer recreaercmeirs bur ni

the pressurized air before expansion and, C «
di scharge process. Therefore, i ntegrating C/
way to | mptremé@&s tdwe rsaylsl efficiency and reco
eliminating the need for burning fossil fuel

t he s[t9%3Hj&Egé i terature is mainly divided into

i mprovement of CAES systems after coupling t
perfor mance enhancement of integrated ener
technol ogy. Such studies mainly focused on t
energy and exergy points of view. Besides, s
of i ntegration concepts were ezmepdrieatieodi si rsttult
in this area of CAES integration with other

2. 3CAE8igh TES (HTES)

Sever al studi es have proposed caodnovpetnitnigo nid’
combustion chambers to el i miChA&EtSe eatnfdec nered!| y C
| oqguual ity excess electricity from fbh24gtB8B@ o
138]



Table 2.4. Summary of studies on coupling CAES with auxiliary and energy conversion systems.

Ref. Integration concept _I_:ue_l Analysis criteria Performance results RTE improvement
utilization
Energy RTE of CAESHTES:53%
[134] CAESHTES NSF Energy analysis Energy RTE of AACAES:47% 6.5 %
For CAESHTES,energy RTE of 24-57.5% and
Energy, exergy, and economic total capital cost of 6200 $/kWh
' ' For AA-CAES, energy RTE of 27-87.5% and total o
[55] CAESHTES NSF analysis capital cost of 316.3%/kWh 22.3%
For D-CAES, energy RTE of 485% and total
capital cost of 24830 $/kWh
Exergy & energy RTE of CAESHTES without
WHR cycle: 43.46% and 49.84%
CAES-ORGHTES . Max Exergy & energy RTE of CAESORC; 44.63 % 2 67%
[136] CAESKCSHTES NSF Exergy and energy analysis and 51.17 % 677
Max Exergy & energy RTE of CAERCS; 44.20 %
& 50.68%
CAES-ORG compression
absorption refrigeration Energy RTE of individual CAESITES; 57.57%
[137] HTES NSF Exergy and energy analysis Exergy & energy RTE of CCHP; 49.17 % and 13.15 %
65.17 %
i . Energy RTE of individual CAESITES; 56.24% o
[139] CAESMED-HTES NSF Energy analysis Energy RTE of CAESVED-HTES; 70% 24%
CAESWT - compression Energy, exergy and economic
. h . , . ) 0
[138] absorption refrigeration analysis Energy RTE of integrated system; 56.71% 11.9 %
HTES
[140] CAESORGCQ; capture SE Energy and environmental Energy RTE of CAESORG-CO2; 43.95%
unit analysis CO2 recovery: 87.6%



[141]

[142]

[143]

[144]

[145]

[146]

[135]

[147]

[148]

[149]

[150]

CAESMED-ORG-solar
collector

CAESMED-TVC-solar
heliostat

CAESBG

CAESGT-BG

CAESSOFGturbocharger

CAESMultiPCM

CAESAD

CAES-ORGRC-TEG

CAES ORGgeothermal
solar collector

CAESORC

CAESPCM-solar
collectorBG

SF

NSF

NSF

NSF

NSF

NSF

NSF

SF

NSF

NSF

SF

Exergy & energy RTE of the integrated system; 41
% and 65.2%
Annual profit 0f21,202 $

Energy, exergy and economic
analysis

Energy, exergy, and economic
analysis

Energy RTE of 48.7 %
Total cost rate 08056 $/h

Exergy & energy RTE of the integrated system; 64

Exergy and energy analysis % and 88.43%%

Energy analysis Energy RTE of 70% and electrical efficiency of 45

Exergy and energy &
environmental analysis

Exergy & Energy RTE of CCHP; 58% % and 78Y%
0.06 kg/kWh CO2 reduction from SOFC

Energy and exergy analysis Energy RTE of CAESMuUltiPCM; 70.83%

Energy analysis Energy RTE: 70%
Exergy & Energy RTE of CAES without TEG:
28.72% and 34.23%
Exergy & Energy RTE of CAES with TEG: 30.53%
and 32.39%

Energy, exergy, and economic
analysis

Exergy & Energy RTE: 31.17% and 35.41%
At optimum point: exergy efficiency: 29%
And total cost rate: 18%/hr

Energy,exergyand economic
analysis

Energy RTEOf:
A-CAES with TES: 40.16%
A-CAES with TES under variable pressure ratio:6:
CAES/TES/ORC: 70.53%

Energy analysis

Exergy & energy of gasifier and solar collector:
Without CAES:20.58% and 24.56%
With CAES: 24.08% and 28.58%

Energy and exergy analysis

0.35%

1.84%

-4%

(lower than CAES with

fossil fuel)

56%-75%

16.3%



[151] A-CAESTESBG, ICE SF Energy and exergy analysis

CAES BG, groundsource Energy and exergy and

[152] heat pucn;ﬁ?et;sorptlon BiogasSF economic analysis
[153] CAEssgthgnfjector SF Energy and exergy analysis

Exergy & energy of the integrated system
(CHP):29% and 38%

Exergy and Energy RTE: 31.52% and 90.06%

Energy RTE of 68% and 71.9% before and aftel

L 5.7%
optimization.




For instance,[ 1Hodussaiduonygedtt h-temparcapar eof hy
CAES ((@ATHS), in which two separ(ahtoetd/ cheelad itnagn ke
HTES wer e i ncorporated. Their t her modynami
configuration was mor eCA&EfSf iwiitehnto nblyy 6L . T5E S% utn
condition.

I n anoth®%]tshtiusdygr oup presented a similar ¢
CAES -CAHS) . They conducted a thermodynamic o
di stribution scenario of iIimporting energy be
energynceyf fancd emi ni mi ze the cost. Their- resul
57.5% and a e2a0p0i t$a/lk Who,s twho fe7h® %v d so weelro utth a3n3 % h
CAES. An exer gRTEe foffi cdi%.n8cdy% aanndd 4 3 .[4163¥&0]jwer e
CAEBTES. Ramzi [€lt37a11.8Bism S5Rlepfcoo.r por at ed -HTES t
free cogeneration system based on CAES and
[ 13wra]ls reported fHTESndiTWi duglr oGAE&I so prese

for a similar [cbah9]iguration in Ref.

2. 3CBAE®Srganic ranking cycle (ORC)

There has been a vast interest in the Iiter
waste heat recovery. Such integration reduce
tot al power géné8batFioaon exrmmadpRTE a combined cc«
(CCHP) concept by combining CAES with HTES,
absorption refrigeration $WU8t7dm waseiirntprr @dpwcs
during the peak demand, when CAES switched t
exhaust gas released from the CAES turbine a
cooling energy. Thergyrebkful¢cisenaoyiacfate?d. 1 heX
around 13.15 % more than the standal one CAE:®
Roushenp&4o8pt ianli.zed t he performance of a CCH
and ejector systems. The results from opti mi
and exergy destruction reducti ph3anfal yzerdo»xin
integration of CAES with HTES and two waste
to provide further power during the peak e
efficiency of CAES. Their enempdyi agd ae xwarsg e
recovery <cycle enhanced end2g§7%naiddexE%gy



respectively. The maxi mum value belonged to
al[.14Mmdve showCAE®abtRrGRNESA /| ORC with wvariabl e
i mproved the RTEAE&ES bogn béRt ammal/ 58, respect.i
To i mprove a CAES system's GHG emission inv
with ORC -aothbastposgt COe unit was prpops468kd b
ORC was employed downstream of the CAES turhb
exhausted gas'
CQrecovery of 87.6 % with a RTE of 17.4% and

respectively.

s heat t ozcraepduwcree iutnsi tt.e nipheeriart u

2. 3CAE8esalination

Sever al researchers combined CAES with de
di ssipation and exergy destructi[oln39whli Bt s uj
i nstance, [Ra32phi eved!|l 70% RTE by i nt-efgfreactti ng
desalination (MED) system to recover the he
turbine exhaust of the CAES system for el ect
a RTE ememtovof around J2a4v% dweedh 0 dilixifaeailteidg at e d
ntegration of CAES with MED, ORC, and sol ar

power, and freshwater. MED was adogopakedtynegap
of ORCOGs turbine for waotne rr epsruoldtusc t weme Sithev
efficiency 4alnd6e7BRTEandf 65. 2 %, respectivel y.
configuration s ho2wed2 0a2n $a.n nlunanl o vpartoifvietu Fonft e g r e
effect thermal vapori tco AHpMERB samd ddelsar | maltii o
power and portable wgtlelr2 Jlwa st hien tprroodpuocseedd icno nF
used the heat of the compression pr o4c8e.s7s% t o
and 3056 $/h were achieved for the proposed
artificial neur al net work and optimization a

2. 3CBEI®SIi omass

I n |ine with the heat management str-ategie
CAES technol ogy was i[nlt3r5o[lduecierd pryo gd saemh ss yedt
generated during compression in anaerobic di

means of chemical ener gyc asmboirmegdce . h Bd toigrg avmad



system for expanding phase to preheat the ¢

r
0
i

7

esults showed that adequate ther mal energy
perate an AD and produce biogas (agsmenatd o
ncreased€AESEet B¢IOnol ogy' s overall nomi nal ¢

O%Wue ¢€tl4a8Bllpr oposebdi oomawsp!l iinngt egr at ed gasi f i

Bl GCC) into CAES system for heat recycling

i
b
a

w o on - 0o ~ ~ -

o 92 @ ®© T 9 »w T O -

—+

ntegrated system. Their results demonstrate
y 0.35% comparedBWwWGECG. tBesisdieandalt b@eeRTE and
ro6B8d43% and 64. 28% were reported for CAES.
I n studies focusing on the integration of
bjective is to know how much the energy sy
ntegration with CAES. HdnmPrexsaanptl @ed &Kacampk

her modynamic assessment for ahbhasaedepgpoweedp!
with a biomass gasifier (BG)) and solar the
hange materials (PCMg¢y fToumpdeeneidgph &LAESe X
mprovements of 16.3 % and 17% for an integl
olar radiation absorbed by the collector w:
ol ar rAa dii atmeesistRl sG/ st em based on a @QABES, g é

urbine (GT) powermRapglmarn té tghviard .wwa otpeo stkeadatb yr ec o
hifting. The highest RTE of 70% and el ectr
roposed hgbcompsghbe@mone miecltama environment
i milar hybrid sysffdm5Wad odarr iaemdl e®utecitm i Reafl
round 67% and 12% was achieved compared to
ighlighted a 25,764 tonnes/ year carbon capt
t [dI5.In]t r oduc eCdA ERSy barnodtha &8s gasi f-CAEBMGS) stor a
enerate electricity and domestic hot water.
nd exergy efficiency of 38 % phB6HAS %G,r oue
onductedcanbec hbnan alpyoswesr-CRifE-BNMIGS . wiThey repor
ot al energy efficiency oA/ k3wh..8nwgqaba<AEEOE

CCHP system fed by geother mal and [bliso2nlalkses e n

Y
t

ressurized air of CAES was combusted with b

ur bi ne. Further more, the ground source heat



heat of exhausted gas of the turbine to prov

and exergy efficiency of 31.52% were reporte

2. 3CBESol ar coll ector

I n multiple studies, solar energy was used
pressure air ||efddr, € 4t8h €l 5eBx ptabnishbilcddr@{ i on of con
system with CAES and sol af15c80T he-otmpued t iwae
optimizati ona rneisnuilntusm sthootwaeld i nvest ment cost
(kW) with an exergy efficiency of 52.71% at
cost 17098 $/ kW with an exergy efficiency C
condiStiimin.ar |y, [ Mdc@$rarviie de teeuatd nao nti hce remoa | uat i on
combined with ORC, which used solabjaatdi e c
optimization was <carried out to maximize ex
cost. Al t houngeht htohde wpérsoepeoasrebdb s RTE was about -
with fossil fuel as a ther mal energy SoOuUT CE
performance was evaluated at design condi ti

col |l ectorwasanmdotCAE®SNnsi der ed.

2. S3CAESuel cel |

SevertaWldi es have investigated performance i
units based on CAES integrated with various
( SOFIC245i118639% molten car bonaftl62f, deldt] care | k x ¢ M
membr ane (PEMp4fFwel Roaslslhecvekbdewjtal aslat ed an i n
CHP system consisting of SOFC, CAES, and t
domestic hot water from the energy, exergy,
their system could run wift h7 8R4 Eanadn d5 8%,ergeg
Mor eover, an emission r/fedWictwasn ot airmad dc dn
i ndi vi dual SOFC. I n an[oltéhlelpostadyanRemsksenas
6.6 % and RTE i mprovement of &F%cbypanedgt a
conventi €&mMdah BOFE€gration of compressed air a
with SOFC and GZIhwag|[adabOpose@dthynal RTE and C
and 126.48 $/ MWh was reportedhfaeapg [HI6aO |sho br i

achieved 17.07 % overal!/ efficiency i mproven



hybrid Khyaantmorh.a mmg d 6cdaertr 1 &ld.i mlue objective opt
hybrid system compri sedthefr MmMCRAES8CcCt PEM, gORET ¢
electricity and hot water producti on. The
efficiency of the proposed system were 1.6

respectively.

2. 3CBAE&6t her

Mus har av[jaltdp/rlesent ed a combination of CAES
hot water systems integrated with TEG, whict
ORC and RC systems and boosts the ther mal e
with TEGerhaangpoewxergy efficiency of about 1.
al one CAES systlehpa|Glposkeania éthealmodynami c as
wind turbi AGAESNTWI tahn-BnCUN twii sthagReTE of 70. 83 %.
that applying TES in the form-orfi &€ ynadlet tih
mentioning tower throdvetriage @f WT farms was
of CAES, and wind power intermittency and dy
All the research mentioned in this section m
state mode over only one cycle, even if the
source with intermittent beéraevda oaf. dSthedy tahha
addressed for further i mprovement, especiall

optimization, and comprehensive economic and

2. 3CA8AESoiwamd

Il ntegrating CAES into intermittent RESs, e:s
penetration and add huge economic and enviro
are sever al i ssues in terms of opurlac ebses addedsrieg
to make this inteddrn atiieoin rHorrdee aaddayrogniThi@l maj o

studies mainly investigated the performance
technol ogi es, under -dtestmgpuWecohdadi ttihend adrnt est ¢
variati on for t hermodynami c par ameters I s
[ 27, 147 ,Thh%e6lJe assumptions have been adopted
studildss, 14Bytl5@] so i n sever al setcwdioers ct haantc
environmentlfalll,sBre&/shkdwe v er, i ntegrating r el



and sol ar requires CAES to absorb intermitt
fluctuati ons. Accordingly, the operation of
respectively by [ &aR24wanlde | p@e rd2e8mbfo@u tmma k es t
CAES system wor ks wresstigand yf daadrndd ®©predchernt i -mfgf und
design conditions can signifi¢dam@BIluntiinp aacotw, C
numbers of related research have been carr
i ntegration. Therefore,dependemtecrecdalr yt d oan
operation and dynamic behavior over time and
Recentl vy, research has been emerging in t
strategi eesc ofnobormitce cahnndo envi r onment al assessmert
CAES integrated into conventional heydtidmrand
explores three aspects: 1) designing of CAE:!
and 3) optimal scheduling of CAES at microgr

energy mar ket scal es.

2.4Conventional sizing vs. optimal sizing of

The CAES system has no uniqgue configurati ol
mu Fitnit er depesgydéemsswhbth different characteri
proposed various design approachietsf édmoentCAESs
and applicati ¢l oRosereddaj desi gh. metemad cealeagy
approach forCAES i gnstmegmainntAegrated into the
design strategy, energy capacity (kWh) and c¢
cal cul aeaquegndyheoff roccurrence or, i n oTfhies wor
met hod was i mproVvea@2]Wwlyo Saropepectanatager agpe.
that wused the outputs of the frequency occu
accurate wWaQAE® sygzttemhe A

A similar approach can be applied in the ce¢
[16d%]t ermined the siz® dfnttelgg aaierd dtndroa gue stodr
on the |l oad demand and di scharge time by mo
including generator, air mdtlgtlHeamndr stankgeo
CAES was <calculated based on maxi mizing the

bet ween the total renewables power and the |



Therefore, accor dfiZhy, 3129 5,1 heWdl,ilt6eOna e ot e o n a

processes are o6prAepemdaadh il Firged 2boxes) i s a
worcsatse scenar imaxiwhiimcle xmearss power i s chosen
capacity. On the other hand, the maxi mum def
the | oad demand and power generatiofpp.l]j s co
Approach #2 (green boxes) i s ba[s2e9dp anh atth e odwe
generation can be from conventional sources
opti mal scheduling works adopted these appr

optimizatifdnl,d@Bddrjoach

Power generation Load demand
We(t) W ()

ﬁ/ Wap() = Wi (D)- We(D) /;

Approach 1 | Approach 1
Compressor capacity Power surplus for the compressor| Electric power of the turbine Turbine capacity
Max (W) W) = —Wqp(t) Wer(8) = W () Max (W,,)

| |
| [

Approach 2 ™
Probability distribution (PD) Probability distribution (PD
of W, of Wy,

| l

Turbine capacity

Compressor capacity
W (Max PD) W(Max PD)

t Energy capacity
crg

& Volume of air storage

Estorage& Vstorage

Fi g6 Descriptions -déescgnvemethodal ogi BB

Some s[tadpEBposed a sizing met hoaséogygenmsani
in which the compressor trainbés power <capaci
maxi mum e Xx clems si teenreatgiyve numer i cal [ & gtpot osaiczhe w
a smalal e standal one solar power plant with C
and cooling demand. The s a[ne7 Isjhaianleyg ye mw@lsa Pie
design and operating parameters of the stand
results showed tdWlesighesprapeggdi ©ii wihmgh t he
based on the day witaamhdt  maxwousmt esergy daddi ati

pl ant oversizing and@o nrveenresweal byl, e tchuer ttaud meme .



determined according to the maxi mum energy s
energy demand and ren&Wdbel d aecrke rogy cgoennse rdeetriad
aspects in sizing methodologies introduced i
l i mitation, as it may r esutletf fiercts wheo ptni male d
Determining the appropriate CAESOs rated poc
i mpacts energy storagel720)@GARS i ®maan ama irodd t a
specific application and available energy so
tecckenonomic and environment al aspect s. Opti
systems and-siCAIEMlg uamddnrgo,vedescr easing [thZz] syst
Sevenaldies have shown that having the overs

the time, that | nc[rle7a3sjl¢cwd her ,i noverssinteenrti rcg sa
system decreases the energy system's reliabi
where reliability is a more critical aspect

CAES itself phespeéétsibaet i veatddeenergy capacity
that, for any application with a specific pc
components at a given pfé&éf%ure range of the
I n several research, for the sake of simpli
have the same power rating. Some parametric
effect of energy and power c &AEScistyfpslt Z2mist hle
The finddéanngesl Bilgmh!l i ghted that a comprehensiv
customized based on the particul ar applicat
optimally designingTICAES asisamihiydprads pgcitfeimc
subopti mal performance and may not[ lazcAdur at el
A few studies have been carried out to fin
the best value for compressor/turbine size a
of CAES or identifying the optiinmaelg  reanteérégryi natn
systienmst he energy envir-eomeonomjccandi ea@avi ngnm
Table 2.5 provides a summary of opti mal si zi
An opti mal sizing methodol ddt2o] wach ipewe osetdi n
power and ener gy ad ep LAIEtSy t efc hlnaorlgpegy under r 8
optimization process was developed according
arbitrage, wi nd powelrogde nsehirfattii roqn, atug mreealt i, e \e

coal power plants. Therefore, a statistical



and wind power <curtail ment and, consequent |\
resul ts showed t hat t he maxi mum economi c b e

i ntroducing a CAES system with a tosabubdypf 3

opti mal sizing of CAES (energy and power <cap
characteristics of available power systems a
thermodynamic characteristics and | i mitation

I n RéB2Rhn opti mumcemnmrze atgead f M@, gir m teeehgrroantii cn g
CAES, and the grid, was carried oufA tonseat.i
mu lothij ecti ve model was devel oped to maxi mize

ene-r qport ed -eaxnpdo retneedr gryat i o ST hfer asm napnl de xt ometthheo dg

to solve the optimization problem while obt a
the AST volume, and the comphesesul $ svohdimet
opti mal design enhanced t he Noouielcdoinnogmi acu taosnsoen
was conduct ¢d.7abAaluptzae dett had .f easi bi |l -CAEST ad
for residenti al000ppbuicladiinognss) .( 1TOh0eOy t r i ed t o
size and the maximum | evel of air in AST to
periodiagcoo simulated | oad demanfdormnand saeand
met hod was employed to find the optimal desi

an opti-QAESPYY DBt ebnb .|5%% cteor baln e mi s s,i oinn rteedrumd
of economics, they reported a -54mpl egeprybfiock
propsgsetievet, their proposed -€EpEBemnusedThes
they suggested further-CAE%esysgamenomalvbecadg

stormaBHe) (can be employed to reduce or remo\

recovering the ther mal energy generated duri
not provide any i nf oorpnoasteido ns yréetgeam' dsa nid o ntgh a n
operation or offer any insights on how thei

sufficieAtbibuel dpmggram was7@W@ropesednbynwgRamnd
i slanded MG comprising distributed g-baeratio
A-CAES. A sizing problem was solved at the ucg
the components of MtGo twahli | @n mu anli mé¢ @stn.g Iltmepa
capacities, a unit commitment problem was fc
schedule of MG while reduaziiCdEAShEéoopepannong
requirementodd!l éMG iwast ms study. Simi2@)y str.



Table 2.5. Summary of studies on optimal sizing of CAES integrated into renewables.

. Applicat Enerc¢ Opt .
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Opti mal sizing and planning stdmadalddoEfse MG,
considering the DRP was carriedbaceileiwg!l adc
programming method. Scenari o generatiae®n and
the uncertainty of wind power and | oad deman
design for EES combined with other generatio
around O0.7% and 1.7% compar ed tonsld\ee rssainzee
approach was pre[seh8ledcbowmp®dEsbBEesymttedn’ s des
ofdfesi gn conditions. Theydeesmpmpma ssiizteuda tti loants a c

achieving a more accurate system performanc

di scharging chpmeceasblbecomes | ess
Yan gfp&Jlooposed hybrid CCHP (internal combu:
PV, WT, and CAES to meet a residential commu

They devel epeld @oltlraborative optimizadfi on ar

CAES parameters, opti mal capacity of hybrid
strategy in the first, secondobjaadtitweradpt iem
problem was formul ated to milni miszevotrathalnodai
the sizing and planning stages, a bl ack box
conventional ESS (such as a battery) with a
performance of the pr orpowsed dorbgiidernsignsg tetimo ew
feature of CAES as an advantage over convent
and environment al benefits of CCHP integrat
coupling with a batutenyg, CAE&Grecfatencatg evtebh a(65t% nl te
2. 5Teckconomic and environment al perf or mance
Regarding-etbpomechandassgscsfmemeandrapor ati ng
energy systems, sever al studies focused on t

especially wind faf mBBRJThengdaff ésernto waks
CAES system to smooth the high fluctuation o
the integrated system with the grid power de
grfi22,.18]r example, An paabeameCAES shuedgr aned
and a national gr{d8wHdecoradudtt ad shoWRHEf annt
and a 40% r ecundtsisbBlmaarsq [€i@ddlV el o0 p eedc otneoami rco



modeling to evaluate the CAES system's feasi
power gri d. -CAEKS nmtnrda ldiCeElSilvet eds Aggested wi't
and 57.6%, respectivel[$¥83kmearmotghenr-ClESBT o miad
compar eCAAEtSo was shown as centralized and dec

I nto wind power and grid.

Largeal e i nRergtriadg i@t vwdsti gated the econom
CAEBind farm | ocated in central Texas under
scenarios. They reported that integr atlisog CA
a competitive met hod f pd 8bvhadiura tceads e hset utdeyc.h nR
of i ncorpsecatCAEg Iwdrtdghe HTES i nto two adj acent
he wind fluctuaTheinr achelsipgma&d s@GAES nlgad a ma

t

July, in which CAES delivered 93 kW to the n
and performance analysis al ossg awledBid afno re cwinno
power -d&tsi @dnd saingdn condi tions [w&r]@dhpr B 3EENSD EdDDb
at design conditi ohesiwgamr é&aon Bidt%, ormndurmaderoflbo:
shaft speed mode of the compressors were r
Furthermore, the higher erear-dogfsfic@gnwst c 6 md i tCIAE
repolrhe®RdB7]Chen et al . Il nvesti gat esdc atthee Af e a
CAES into the wind anthesyol amraleynzeerdgi tetse i enf fCe
variables on system pe[rifgp8manc med8@mbinaichwa,nd
environment al feasibiliteffecudyeseéhtepoiCARGH
i ntegrated to PV/WT in carbon reduction by &

by fossil fuel foratcougqdali eegi ovalt hs itthwea taipgm.op
Smaddal e i ntemgmratciean: year s, sever al resea
feasibility sstcuadlye oGARS iansg as nBaTIM s tt chrea chey bgyi «dt
energy (HHES) emecianneectgerd dpd8sfa8ntdd|.c6adt aBlLamB
et [&IB.f oposeedscal emaPlVl/ CAES hybrid system to
residenti al buil ding Wheh amspdak demphd ehect
on solar power and energy demand, considerin
the performance of CAES. They reported that
technically feppiblkati onsdwalptiumgng around 9
demand coverage ratio I n actyy{didé@al tdawn, tihte <
bank for the Tshaentree faoprpel,i ctante ornesul t s showed



another aspectsedfecstudiheddsisgn tn@irlggr Isy ,or &igrap
al[.18%]Judi ed the feasndctied yHBS ,-CaA B, li wbhdni dn gg rPiW
meet the demand of building (15 kW peak | oad
efficiency of 41% and a -@GABSndv elonv aarnaogtalr erra tsit
Zhang [€eltpyeaels.enitretdegarnat i on cdcQAEPtandccWidi hgce
omtilizing scroll compressors and expanders
efficiency of the poppoadolCcRpESrfed aeahedda$

i ntegrated system efficiency, which refl ects
household | oad demand, was 88. 75%. However,

the invest mentwas marsdiandli Inyg ICiAgBer t han t he
WT capacity. A dynami ci bmold eClA Ef$ofri i \ealr lad teidn ¢
panels and electric grid to satisfy the buil
devel oieddi kbhiy Si[ mB@8O®fTdheetRTE&l of 41% and energy
report €dAEfSor FArther mor e, the higher <coverag
parametric studies by increasing the compr e:c
economi c ewalnweatiinon hwastudi es mentioned abo\

A gcodnected PV/ CAES power sys8tdgmhwaprpepsenp
t ecedhommomi ¢ approach aiming at reducing the
ector i n France and, consequently GHG em
erformance demonstrated thabovidetth85b@&%t ot c
nergy demandowbumptibe &l fhe building was

f 52. 3@ABSdAdwiAt h RTE of 3BA4 7%ccondingutedth
ar ket price, the econdmcti amabfsils 28 hawédvh
i ncreasCAgSdhesthorage pressure from 40 bar t
of integrating a whole hybrid system at the

e
n

Sadeghlil3l]ral edf ®madi @i pcteynotme chmaomd environme
n

of i ntedhpraaticn@gAESscate BMESmal hcluding MCFC,
goal was to satisfy the district's eleedthrei ci
pol l utant emi s shiuormse df rGoTm pfl casnstisl. fPuelamet r i ¢ S

to evaluate the proposed system's emessal bnsy
Their results indicatedot hHEStWet ovEAERBREI| i BneE
was 72. 7%, al most 25% higher than that when
uni t ) . FI| & 8dbrhoip oesteda bprmead f or m t o harness ener



(wave, wind, solar), I nt e@QAERS | frgr oiradt foa pspu p pelae
suchiasages, and tourist resorts, especially
The hybrid system was designed based on rene
was sized to supply electriciow tate2dhbridigs
demand. The yearly average efficiency of CAE
management of CAES OQoapzozsaend gaa neotv eall-sacaid fei dur
CAES surrounded by water integrated into a f
Al t hough a RTE of 80% was esti mated, experir
iddaditionally, a parametric study to eval uc:
design parameters on HES perfor mancae ocared i n
ment isotnueddi e s .

Mul tiple studies focused on t&AE&esiyghemnd
satisfy the electrical, heatineg{tllaiae kc @o If ii mg
step toward dewvemée op{CABSasphpehemdfor supplying
of ssncad lle of fice buildings and domestic hou:
appropriate design, t-G &R E £ oimmpw heehne ntshi ev ec dRATIEi nodf
was not required was higher (around 50%) the
hig@globwer consumption of the compressor and inrn
was still mor e t han tohne acno navhesndri potniad n scyhsit lelne

turbine wor keddesumadercotnide tobh t o meet t he d

operated at the design condition. Il n this pa
LY 10&]Joked atectomeontiecc fnee€@AERI FDtysmbl PGapplic
for shifting the peak | oad based on el ectric
could reach an overall R &viomg 76 e radhl.d9 fb.nu dbiae

reported t he -CA&WBp | wintgh offé aRr@®inj]ged oe[ 1Ht1l ] al

investigated' ICA&ESpwi ¢ Mt iTEIS ¢fthi gh and | ow te
renewabl e energy generation to provide el ect
They tested their proposed pl afnanmiol ys ubpupillyd itnt
A-CAES/ PV/ WT energy system for cooling and el

an efetgynsive building in standaéd.d]ileh emada evsa
showed the proposed HES had high reliability
an esmawnvgyg ratio of 11. 23 %, even in extreme

renewabl e energies. Besitdegy -asogthBOAESR Aybr



Table 2.6. Characteristics of studies on the feasibility study of CAES for the sl application.

System mode

Ref. Analysis Hybrid system Application Output CAES SOC An_a lysis Performance criteria
aspects Grid- energy structure time
connected
. Energy saving percentage
L - Daily (one
. . Historical Building . . ) (ESP) by storage
- 3
[28] Technical PV-CAES (0] (2-3 kW) Electricity CAES Iso-choric SS;y m”;r) Coverage ratio (C.R)
System efficiency (S.E)
System efficiency (S.E)
[189] Technical PV- CAES = Academic building Electricity A-CAES Iso-choric Yearly Load coverage ratio (C.R)
O 3 (15 kw)
. = Household . . . System efficiency (S.E)
- 3 -
[18] Technical WT-CAES (0] (40 KW) Electricity A-CAES Iso-choric Daily Energy utilization factor
. PV-Wave ~  Off-shore application . . -
3 -
[125] Technical WT-CAES (0] (> 100kW) Electricity UW-CAES  Iso-baric Yearly System efficiency (S.E)
Off-shore application
[190] Technical PV-CAES 3 0 (SA) Electricity I-CAES Iso-choric Daily System efficiency (S.E)
(6 kWh/day)
) - Electricity,
[111] Technical - & 3 Oﬁ(':iobs\'/l\(})mg heating, PG CAES Isochoric  Seasonally System efficiency (RTE)
cooling
Loss of power supply
AT Rural mobile bus - probability (LPSP)
[63] Technical P(\:/ AVI\EI; 3 o} station Eg():(t)rlli?]lty, PGCAES Iso-choric Yearly Dumpload ratio (DUMP)
(3 kw) g Relative fluctuation rate (DL)
Energy saving ratio (ESR)
. Electricity- .
. PV-chiller- . . _— . . Daily and -
[191] Technical CAES & 3 Residential building H%ct)c\nl\lll;lt%r PG CAES Iso-choric Seasonally System efficiency (RTE)



84] Techno
economic

[108] Techno
economic
Techne

[131] economic &

environmental

PV-CAES

PV-MCFC-
GT-TES
CAES-Battery

(@]

3

3

Building
(80 kWh/day)

Hotel building; peak
shifting >100 kW)

Residential
District
(500 kw)

Electricity

Electricity,

Heating,
Cooling

Electricity

A-CAES

PG-CAES

A-CAES

System efficiency (S.E)
Load coverage ratio (C.R)

Iso-baric Yearly Electrical load management
(E.L.M)
And LCOE
Iso-choric Monthly System efﬁmenc_:y (RTE)
Money-saving
Daily (One

. day in System efficiency (S.E)

Iso-baric Summer and , LCOE, and C@emission
winter)




durdingcharging enhanced the RTE from 37.9% t

demonstrated that PV/WT configuration, stor a
systems' overall perdtourdrnaensc ean Ttalheé ef a i biilsit
s masiclal e applications.

2.60ptimal operation and scheduling

There are several chall enges in achieving
technol ogies subsystems, considering uncerta
demand, and market energy prices. Fmat hgr mc
controll ed, taking into account[ 1i9t2gl to piesr awo r
noting that CAES includes several component
t her mal gng/ii|Mderied@r e, the optimization and
i ndividually do not mean the whole process o
system | evel and finding the opti mal strate:q
I ntaggerd i nto {MAd]Tlree ewarbil®ss efforts have bee
with tmenabonwed i ssues from different | evels
in the following subsections.

2.6Stheduling and pl annisryg tarmmsCrAedr iidhs | oc al

CAES as a subsydtemnbfcaMGhbed aHBOPL ed hfeor e
meter application ofrnsthedal eae o &spcphl@itdduaitailnogn
research, a | imited number of schol ars have
as decentralized ESS within HES while consic
renewabl e plemad rqt6ilfothi7r@gii 93] scarcity i s part

considering aspects related to the reliabild:i
Studies that conducted opti mal schedul ing
Table 2. 7. For exampl €AESnfopeiimethe modampdectat
was proposedobhil 78fAnalopti mi zati on model was
i ndustri al customer's |l oad demand while min
without CAES. The result€AEBdwasat edonbai cahtl
with the specyi ftiacr idlfe otartie structur e. No t he

in this stufilgypieleedaed ah aperational strate
model-CAHS Ii ntegrated into PV panels and grid



adopting CAES for residenti al buil dings wit
economically feasible.

Sedighne] 88 hbetodadced a control strategy t
i ntegrated into an isolated WT/DIG hybrid sy
results showed that by targeting a maxi mum H
el ectarnidciitrycrease electricity generation usi

decreasing pollutant emissions and bringing
out in this [s@dajpdtyi. miTa each ot ee hybri d system's
and -QWAES, to fulSiygi pbpweregidoe. Dynamic progr
optimize the plant operation while minimizi
nati onal grid. The results indicated that th

manage and osaadt iwsiftyh otunte dependency on the nat
pl ant [ 1Bd0gdngl opeded ipti mi zation problem (BL
|l evel ) and schedulalnogn e IMGye ri nlcelvuedi)n go fP\5t anrd
for joint energy and rese-tevebppglepabhcobhserh
control di spatch strategies. Their resul ts

approaches was about 2.1 to 3.1% more than t
Xu e[tlz¥alde opti mal si zi Ay ian dVGs ¢ hiendcu luidni gn go fW
CAES, aiming at minimizing daily capital <cos
adopt ed -lmaseleeenMaarli opr ogr ammi ng met hod €d addr
with renewables and | opld%8ipmaernyec.d Bagehertzadeh
CAES i n MG, i ncluding PV, WT , MT, CAES, b a
management s-ahatdggppfomabbagchedul ing and uni
considering the uncecemaiabdecalbfi mgnPRRBbI Bhe
7% reduction in total operation cost by i ncc¢
[ 9Bht r oduecteedr na osphtoirmal design and scheduling
Stirling engi ACAEcCSo upol esdu pwiltyh rAeAsi denti al 6s c

demands. The optimization -QfoHSE| ¢ sudrsdes dttftes e
operational cost of the whole system by abou
modes, respectivel y. I n this study, the TES
CAES were not investigated.

I n anot her § tl@dyo pasad d |a -askteoacah aospttiicmadla ydi s p a

for -aognedted MG based on an energy hub to s



Table 2.7. Characteristics of studies on optimal scheduling of CAES at the MG level.

CAES
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demand. The energy hub ceomomweir€ddE DCCHR,e BMJY,01!
conditioner (1 SC), and TES. Proevier-EME DU lansl s |
| SC decreased the operation cost of MG by 2.
| S.

Ref 19%5]oposed the optimalnnman age WG AE®fc| gdi
i ntegrated with the PV -acadnd®hi taamdcensgi denm
A dynamic programing algorithm was applied 1
(mamizing profit) composed of the cost of pur
from the sale of excess energy. Their resul i
74% €0duction and 80% cost reducoi hoadmpate
by the nmai m greild)t.ed study,[ Dadhles bdac-£Gamammo o0
strategy for optimizing the sched«lAESg fofr a
various functions | ike heating, cooling, and
ofdfesi gn conditi omg|aMlleeP¥neWgy dludctric heat
absorption-CAIEISI.l dmenardstheyed bdoat y rdogefegp s af

reinforcement |l Barmminigni appgo adghler aetnieorngayl hcuobs
consumpti oomf fanwigtthwdhidldee sati sfying the oper e
adopt ed depnmornsagaamdreidor @eemp @& r endanictee ront ahtejrv e me
such aostt heet 6t @leep reinforcement H end rergierrg | d md
programming met hods.

2.6S2heduling and p hdeinsntirnigb wtfi oCnA EnSe tiwo r k

Recently, with a high penetration of-distr]
turbines, dispatchable generators, and ESS,
passive distribution system87]BetausetoVvetde

intermittency of renewabl e energies, the opt
of the main challenges of power networks th;:
this regard, devwbopgpi hg aopeawiitbal hEsamessu

opti mal scheduling of distribution power SYySs
out mainly in the¢48]rean ewa bpleea ke nselfirilgf,ytl i%ogc 10918m ¢
201rleser vel[ 1s9%7r,v2ifczele quenc[y20rldyall tad g@lnfsme lutri t vy
generati dqn,adf7, @GOBEBtlhese studies, an opti mi za



scheduling of DSO was formulated subject t C
net wor k.

Haghi famledttelmpt ed t cahpraasenptianatiayenergy
scheduling of the active distribution systen
oper At src.elnlasad stbdbekast ipda ogr ammi ng met hod w
mi ni mize the total operation cost of DSO in
MGO considering distribution networktbanhstr a
i ncorporating CAES in DPS and intelligent peé
by conventional units and decreased the op
augmenting the benefits of -sM@Q eb yo patpi pmiozxait maotr
pl anning and scheduling the MG in thPRMprtesen
avoid any failure in|[DRPS$]l wmast hdke viei-brbspte d< ti angeel
optimization model was solved to find the be.
power | oss and voltage deviation in the dist
comtni mizati oemvebdpedwhe dchieve a stochast
Furthermore, a risk assasseadenbi motdel (CVa@a@Md, t
hedge against wind power wuncertainty. Their
CAES &e&emnwdengrati ve maintenance in decreasing t
wind penetratsiudmf iandenMy swenlifl e reducing the r

I n another studegvelPapmad a&n @pti mi zat4 on mo
t hermmaddbiCAES hybrid power system's perfor man

schedule while minimizing the operational c
operati onaslucchonasst rraeimnetwsabl e i ntermittency an
Their results displayed that an increase in
26 $/ h saving in operating costs. Mor eover,

syssemeduced the effect of fluctuation from
voltage security-eddseacci ateed pwirtahh i tome evesant i n
Hence, the voltage of a hybr-7rd5%pawemd syyst em
without CAH$,5]Bakesesttaattle aditsrpat-CAE Snotdaek i Mmgri
accoundestgnotharacteristics for optimal sch
renewabl eCSAE€bnd TAhly al so showed th-€AESt ah r

oper atti aredauacsg i on through renewabl e accommod:



The variable power generation and CAES sch
stability as one of the <cruci al as plelcas] of
Therefore, several studies presented an opti
secucrointsyt rai ned unit commitment (SCUC) fr ame
[ 12O 0]For exampllfelo8anesdhicedt daterministic |
wind power generation considering fuel and
i ndicated that CAES8adoukduatieot sBhsesteemabper
as wel | as a@GHG dei msipsasticonn of the wunits. St ocha
wind power generation 1WOrteh@htmotduemrildy | o Rse
uncertainty but al so addr ¢sls®®d shnatt wer k od¢ ¢ mty
[ 200]

Furthermore, frequency dynamics management
deviation in power systems due to th201albrup
proposed fr eegwemsdy ad ynreamiusns t commi t ment mod
and wind for optimal joint energy and reser\
dynamic frequency security by s+ erpepoopC@CAERSBI ng
foll owing a generation | oss. The results inc
CAES guaranteed frequency security while de
several studies suggested opmtdiompalCAESOI qqy D&EN d
very few works have developed reser\eocdpaci
presented optimal joint energy and reserve s
reserve capaci-GAESmModsomeofprAaAtical i mitati
character-CAEScwené @Adnsidered in thedpthbhpbse
i ncor po rCaAtEiShg nAA he power system can decreas
system and mitigate wind curtail ment. Howeve
demand of the system.

Sever al scholars have focused on opti mal

generation apphacsadi ensr oy ICAES i ntegrated i

i nstancdg 8ptiopets ea@dd rabaemre rsomal | E aME 1Q)y, linntcelrundeit
DPS and district heat i -OAES eh wlrtko (IDHN)h evatt ha
in an integrated manner. A dispatching model

DB considering the dynamic behavior of TES &



Table 2.8. Optimal scheduling of DES in the presence of CAES

Renewable Other — CAES N . . Uncertainty
Ref. ) Storage Scale Application Output Case study Objective function Formulation
generation generators energy parameters
Bi-level programming: i
[197] pvwt  D-CAES, TU Ls Emergyand - poiiicity  IEEE 15bus PDS  Upper level= Min TOC NLP Wind/solar/load
parking lot reserve capacity _ : [electricity price
Lower level=Max profit
Two-stage:
i . First stage: Power loss an
[196] WT D-CAES DIG LS V\gggtration Electricity :DEgg 33bus radial voltage deviation NLP Wind power
P Second stageMin
operationcost
Hydro/ Renewable Min operationcost
1] WY”PV D-CAES TU LS  penetration Electricity  IEEE-30 bus PDS P NLP Wind/solar
Wind o
- - penetration ectricity in operationcost ind power
45 wT AA-CAES Ss i Electrici E"uosdg'gg'EEEe’?’ Mi i MINLP Wind
Peak shifting
[198] WT D-CAES TU LS \é‘g;‘gﬂaﬁon Electricity E'lg;‘tl;z‘fpagg 'EEE " Min operationcost MIP
Wi
[199] WT D-CAES TU LS pelrr:gtration Electricity  IEEE-30 bus PDS Min operationcost MINLP Wind power
[200] WT D-CAES TU LS \é\gggtration Electricity E/Iuosd;:f)lgcélEEE 30 Min operation cost MILP Wind power
Wind
[201] WT D-CAES TU LS Efggjf:é’; Electricity ~ 6-bus PDS Min operation cost MINLP wind power
regulation
Wind
) penetration - Revised IEEE 30 . . Wind power
[202] WT AA-CAES TU LS Energy and Electricity bus PDS Min operationcost MILP Load demand

reserve capacity



(80]

(17]

(7]

(81]

WT

Solar

collector

PV

WT

NSF
CAES
TES

AA-
CAES,
TES

AA-
CAES,
TES

D-CAES,
TES

Heat
pump-

CHP,boiler

SS

SS

SS

Wind
penetration
CHP

CHP

Wind
penetration
Reserve
capacity
CHP

Wind
penetration
Reserve
capacity

Electricity
Heating

Electricity
Heating

Electricity
Heating

Electricity

33-bus PDS$ 8
node DHN

IEEE 33bus PDS
and a DHN

Modified IEEE 33
Bus PDS

Modified IEEE 33
bus PDS

Min operation cost

Bi-level programming:
Upper level= Min operation
cost
Lower level= Max profit

Max benefit of hub operato

Min operation cost

MILP

MILP

MILP

MILP

Load demand
Solar

Wind




Al t hough the proposed system could reduce
met hod coul d not Sliemill awi-@ hERanscech A eani enrtgi ye sh.u b,
its businesscshamwmgelen®rgy with a DPSofase heat
price mechani simmg Rwealsj Thet redutéed indicated th
and electricity priceshlropoasedtaeroptunchgl £h0b

for regional Il ntegrated energy systems basec
applicat-CABS Dbébr AAogener ati on, reserve servi
showed -CABS AAusd Tt hereaofit of energy hub
enhance the operational flexibility and ener
Li dt8pdlesented a r obusath eaandd oopptpiommat!lu nsicshteidcu |dia
joint natural gas and power system based on
D-CAES, along with demand response, twaosf itnhceo |
system and wind uncertainty impacts. The 71 e:
5.16% and 46% reduction in operation cost a

optimal scheduling of DES in Thkel pr2s&nce of

2.6S8heduling and phemenrignyg noafr kCeAAE Se nivni r o n me

CAES systems can participate independently
electricity. However, the market price uncer
one of the market pl-afiead [otAOhX,eZ oduétrienfgo rteo, tof
bidding/offering strategies are essential to

seddheduling approaches (discharging/ chargin
presented opti mal CAESi ngp ame @frfesreintg fodr e
uncer t[a9.0nfTihhes goal of CAES as a participant

maxi mi zati orenefrgpr afribt tvage or pr daibdien@ . ®t
i ndicates t he characteristics of studi es 0
enviro@mMed'ts opti mal operati on -ahoera de neelregcyt rti
mar ket was investigaieheyypr ddogratvad a&tr abust
to maximize the profit of the CAES system,

Therefore, CAES's opti mal of fering and biddi
operator were achieved.

Meanwhi |l e, ri sk management plays a vital r

generation units in any competitive electric



every market pl ayer Sshould incorporfa2zC4]t he

Mul tiple studies addressed the risk in the
schedul i nf[g2 0brl@AES®R'M offering and bidding cu
posed by market price uncertainty is studiec

[ 2®PGJloposed different strategies to aonatkairn ho
mer chant CAES plant, -alwkeiadheparctircicpatesmair ked
programming ( MILP) model was ptrtresenied by m
optimizati on. Il n another s-tadygt i &3 qgleetdhsleil Mfgr
operation strat-eg¥yet ocpmesred Haenrtt h@GAebHS df aci | it
i n -@afgad energy mar ketesci sTihcen itnHeoarnyat (i lo@DTg)a
model the market pricestonbastacnsyraAelyybmwiad
et [&I0t3o0] achieve opti mal bids and offers whil
as one wafhetalde ech@y gy mar k e tb apsaerdt isctiopcahnatsst.i cA n
used to consider the wuncertainty ofchmawakset

i mpl emented to assess the uncertainty of th
Noj avan2 @k]lvaell oped asthgdbdhadgdtirobmesthod to pres
of fering of @GAESRd mfibne heededrygy mar ket . I n th
mar ket price uncertainty, a saloeddsmaacka tr,ame
robust optimizati on agdpmreoaemnherwas aaddpgtread ef orf
ri sk constbrasiendt sof(f@RG)ng/ bi ddi ng[ 3Q@4njatwdrg y hwa:
ri-s&ksed stochastic problem was develahpeeadd t o

energy mar ket . [NaOr8yandbDasetd theabputshetaippr Dt
to find optimal offers and bids for CAES whi
uncertainty of market price and cavern max ¢
Besipdeosviedhiemgy [@9bB, 9 az@3, 20He2CBE308}y st ems
ot her ancillary services tospgihrenimag kred s e rsvuec
[ 209 ,an1d0]Jreqgul af2bdbh]Feer wixaeanp | §,2 1bdwadli epedett
opti mibzasteidanheldful i ng appr oaecahh efacdr eGAeE S yi M ntdf

mar ket considering ther modynamic characteris

Si mi IKahraltyami[ 2elplrl@edent ed a detail ed model fo
participation of CAES in energy and ancill e
However, I n the aforementioned studies, t he
CAES unitopresentce tohe TES | i mi t pR Dpbrpess.e nTt heedr eaf



energy andsaleedculviengs edpgt | GIAESt iaGANE Dotde@ | eV @lr u
their potenti al value in U.S. mar ket s. The

accurat-ahéad sdafeduling of CAES becawese onl
considered for compressor and expanders, res

Sever al scheduling strategies for wi nd a
[ 205, 21 2CARES ]Jcan be paired with wind turbines:s
to gain hi[ghleZ]Albtemedgh st he combination of W
economically promising, an appropriate offer
uncertainty of wind power production and pri
Att arliplesent ed an asdcalpad wlei,n g osbtursat esgey ff or w
CAES partici-phtadgener qy daagir keh. mAdmhr ketr a:
profitability of join €£A&€Sat inospodhdmeaviked d
was devel qReldt [Tihne Reefs.ul ts i ndicated a profit
19.2% in coor ddAERS i omoompwairtend UW withd¢@ktl5¢o0o0r
adopted aaheoaddicimegldlddy ng opti mi zati on model f
D-CAES aOWAdESA t o evaluatesdthedelffrgthodi 2dr cr
whol e system.

I n addition to wind units paired with CAES
combined with CAES havézbadbirphtbadipod Rilei Rafl :
presented and-teompapédmazsedooperati on sched.l
t her mal power unit, wind farm, and CAES to
mar ket and mimhheni zes ulhtes ciorsdi.cated t hat I ncC
profit by 43% and decreases f € 5 Jmap egtad d loans
progr abnans ey opt i mal bidding for schedul ing
efficient method for-ama&xaidmieniengyt mendp rsefiintni i
compared with a deterministlicvalppe oatt hri sk n(
i mpl ement ecdbonags od | @hnaglkeil nddu2 ke/mjt rad duced a novel
approactscheduseiny the different systems, i N
unit i4@ahehd eéagrgy market to minimize the or
(TU) whil e consi desrei npgr otghrea nd e nTahnids rsetsupdoyn e v a
associated with market price, |l oad demand, t
results showed +sktdtedtuh e ngt @wd h a ©iteirenad eland r en

of CAES mddr elepn@anse decreased the operation



Table 2.9. Characteristics of studies on optimal scheduling of CAES in the wholesale market environment.

Power system c
Ref. Study y CAES Mar ket Mar ke Uncert_c Formul Objective
CAES WT TU PV type uncert model i
[ 90] Opotf'f”;ar o) s s s D-CAES E(”d:rylgeya( Mar ket Robust MILP Max pro
[206]Opotf'f”r:‘r o 3 3 s D-CAES E(”d:ry‘geya( Mar ket Robust MILP MaMin pr
Opti ma ~ ) < Energy Mar ket Robd &SDT
[ 91] Of f er 0] 3 3 3 D-CAE S (dapea: based Ml NL P Max pro
Opti ma = ) < Energy Mar ket Robwust
[ 203] Of f er 0] 3 3 3 D-CAE S (dapeac Stocha MI LP Max expec
_ Energy
[207]0"’otf'f”;""r o) s s 3 DCAES (dag‘hea Mar k et SRtoobcuhsat MI L P Max pro
Red#ali me
Opti ma ~ ) < Energy Mar ket DR ase
[ 204] Of f er @] 3 3 3 D-CAES (dapea: Stocha MILP Max expea
. Synt he
[208]O"’otf'f”:e""r o s 3 3 DCAES E(”de{;y‘geya( Mar ket  giocha MILP Max pro
&Robus
Ener
Se-| f = Energy resgry .
[210]SChedL O 3 3 3 D-CAES Reserve mar ket Det er mi MI L P Max pro
(dayneart
D- Energy
) Energy
[209]5(:Sheé(§L o] 3 3 3 ACAAES‘E Reserve m::\relfgtr Det er mi MI L P Max reve
CAES (dawneart
Energy Mar ket
[211]Scsr‘f'('“§L o 3 3 s D-CAES :g;j{; (C:;;LQ Det er mi MI L P Max pr o
mar ket &r eal
Se-l f = ~ . < Energy Mar ket Adopti Ma-Mi -Ma x
[le]schedL 0 O ’ ’ D-CAES (daweac Wind p Robust MILP prof it
Energy
Se-| f x ~ Mar ket . MI NL P .
[214]Sch dL (0] (0] 3 3 UWCAE (d:ignoeta)d Wi nd s Det er mi MI L P Min cos
[215] scshe'éét o I 3 D-CAES E(”de{;y‘geya( Wind p Deter mi MI L P Max pro



Energy

Energy Feser Stochas
[ 205] Opti ma o) o) o) 3 D-CAES Reserve .~ 0 CvaR & MI LP Max expeac
(d-ayheart Wi nd s Det er mi
Mar et .
Se-l f = ~ ~ . < Energy . Max profi
[216]SChedL 0] (0] (0] 3 D-CAE S (dapea: Load Det er mi Ml NL P operatio
Se-| f = = ~ Mar lpe Lore?ﬁia
[ 218] (0] (0] (0] 3 D-CAES Energy Wi nd s B MI NLP Min opera
schedt Load constr ¢
(CVaR)
- <
[ 202] Sel f 0 0 0 3 DC&AE\‘ Energy I\\/llv(r;”nlfjets Det er mi MILP Min opera
schedt A A Reserve Load P
CAES
Mar ket
Wi nsdp e e
Sed f B 3 B B Load d¢
[ 217] (0] O O O D-CAES Energy Sol ar Stocha MI L P Min oper a
schedt )
Radi at
Temper




without CAES and dearaenaddc oreisshkk aseed Ameobobhkd f
di fferent wunitbBermalc|l udandgCWNESdsystem, t o mi
presence of demand responsgp2WwWdakKVaRopoamdwbyk
considered to control [ Rlde]vsetloocpheads ta cr epsreorcvees s
of -BAES to achieve optimal joint energy and
minimizing the operation cost considefing o

CAES.

2. 7Gaps and | imitations

This chapter provides an updated review of
trends, CAES <characteristics, and potenti al
integration, design, and schedul ifrgomf rntdm War
t hatCAtElBe systems possess high energy capacit?’

for stati osnaalye aanpdp lliacegtei ons with a | ifespan
It suffers from rel a(tbetewerelOopav0 Earsgyuerdtl ¢
significant interest in integrating CAES wit
exeragy destruction. Additionall vy, CAES <can

-~

enewabl e penettaemi oerl anbi Eneygy sys
Moreoveperaheon of CAES technologies as pa
particul a-stgl é oappglmiat¢ &ati ons, requires i mpr ov

affordaanedf Fi tyency compared t ol hoetrheefro reen e rogoyt isr

i's cruci al to determine the optimum capacit
avoiding i ssuseiszisnugc,h oavsertisn e rng, decreased r
i mportant to noteophati amhoéevitmge emttii mal i n:
necessarily attained solely through optimiz
i ntegrated with intermitteddsirgemeovarbdietsi amdgd.
Il n summary, the literature review highligh
i ntegr@AESTgsyAsstems into decentralized energy

1)A-CAES operation strategy:

T Underexplored role of TES; despite the po
as enhanced energy -@GAHES,cipernicoyr csotmpdaireesd h ao
assumed its presence rather than conduct.i
A-CAES with TES has not examined the funct



I mpact ompegydpeoemf amAda nscuec.h, t he effect of
Its i ntegration and dynamCAESehnmadi HESomatv
been sThids egap emphasi-dept ht hienwmesetdi gfadri o
i ntegration and opti mMaAEStsystzams.on of TE

T Lack of comprehensive and accurate simul a

be evident the | ack of accur atCAESi rmuwlrat |
decentrali zednaiphdeicypgiiioai t @hi lo@s ensuring
appropriatienteym@aami on of Ssubsystems. So

[ 12,63 h&4, Dhlly considered the effect of ¢
air storaQARESRANnksi(md & traditional energy
(-EMOS) . Ther eEMOSs drheesmeotT WAENS, sande HEE
performancasevalkueatfifert of characteristi
conversion units and TES were neglected i
2)Opti maitpl ainanii mg :

T Absence of a cusotpotminziazbaltei osni muol daetli;onwhi | e
explored deClPES raystzems'A design and oper
mu Hteiv e | programming approaches. These me
treodél sti ons and result in oversized or
A-CAES basedt eam dhadrat t o reduce di mensi o

computati onal cost s. Therefore, a critiec
i ndependentp!l ameliingblsi mul ati on model ena
customi zable optimization model . This int

i nvesti gtadrif@AE S omgstem operation but al s

system t o meeuti rtehmee nst pse coiff idci vie'kgs e user s a

tec-Bnonomic and environmental aspects.
T Urban -CAESIf &r | oi rtonrseunrepw a bslhei ashedl nflggo a d o t
of our knowl edge, pri or -irretseeqarrath€@ AlE8@so cnad t

systems designed to f-aonbutmpt eoghoefint nige E
partliaac |y under applicabl e el ecismpieciitfy ct
research gap underscores the need for an
compl exities-CAESopysmemenwgi Ahin urban are
T Overl ooking complex factors affecting sys
primarily focused on determining the rate



turbine trains) and the energy caAaEcS ty (

configurations wi t hin HES. However, t hes
overl ooking influenti al factors such as t
stagand the minimum and maxi mum all owabl
Similarly, assessing the opti mal TES <ca

compression can significaanohgmieahparckeot ma
reduce italefvwiotemmaent These factors repr

that our study aims to address comprehens

3)Opti mal -sogppheeadauliiomg:

Il ntegration of pl anning and operation
met hodol ogies, e.g., planning aBwdosomedul
rol eCAESAin |l ocal energy systems.-CABSopti:

pasi tegquired to ensure meaningful eval
onomi c characteri stGAES aawnndd lotnhietrat it e
er gfhoer ot her gap pertains to the need fo
d det aiiloencaloppenrad nsegratedr banal HES wi

o u 9 —~ d® O
> O O 9

ource€ABS8dsAstem under various sdemari os
ata consdefiéechgvemnsds and resiliency as
requirestitdhre afntpelgamni ng and operation si
term atheérsmhbodotri zon evaluations.

Reliability assessment: Reviewing the pr
evaluating the resiliency scheme, recogni
accessibility to specific resources due t
cahi mi ni sh the resiliency of the system. °
and operation scheme should bereksadiigegmed
ensuring a robuspgotsersttiean ifnaitlhwer dsacer odi s

Response time of CAES system: Another sig
attention given to the detailed mechani c;

regarding the transition time and respon

compressors anlHHES uThe smee smevd it éhn inc al I ntrica
in influencing the reliability and resi/l
system with | imited engrrgy smourecse swh ema rstui



outages occur. Addressing this gap is <cru
of CAES system dynamics and optimizing the
T Hybridizing energy storage systems: I n a
hybridizing CAES system with other energ
stofdgel | |y wLibe )6, rMldD |J]supercapacitor. While
to be integrated with another e[nZz2f0y st o
Il ncreasi-sigf ftihei esredyf and r esTihiise nrcess eoar cehn e
evident across various stages, from the i

unit commitment and scheduling stages wit

Addressing the aforementioned research gap:
of CAES in decentralized applications. Ther
bridge these gaps by conducti algi aGABD3psryeshteenns
over its | ifetime. Thi s-stwagke béemalkaieoveredand
procedure aimed at determining the optimal s

thermodynaenc eanomiechnandd aenhor sonment al



ChapteMeBhogol og

This thesis aims at-CABEiIi mgr ehkeedeckbheéradngi

D

nvironment alas paemrcd st ecyh np reehshegnet | srogpnual miha i o

—

ramewor k that includes three main modul es:
ccurate simulation model i nccCAES ngp €MDISi d o
tail ma tdhed nmhantGiAdeebl -sgyusbt e ms. 2) Opt i mal desig

useged-psliaznmigng framework wusing t-QAESpier at

O O O
(¢}

—
>

e first modul e fOAES  osty sotndny bcausseedo noinz iintgs Aa

al design -ant agrbatned HES -eonrsad miea,i ngnwvierchimm

-

siliency aspects during the project-1ifet.i
mmi t ment model for opti mal di spatch sched
enarios of consi-@AEBngyseemonsée shmel df baA

Q 0 O

hi eve a most reliable angl arersiind emaaculea eirg

~—+

opscahatidohi ng modetenomi ¢ i add emestcompmds gur

eration for HES unde-rcodinfefcean emt sGABSAN IO

o
< T O O O o o

bridization with other energy storage syst

3.1Local hybrid energy system

Fig. 3.1 illustrates the overall schematic
components of the energgg spyshbemPVnecslkudéeng &)
sour ceCAEX )syAsstem , 3) primary clluwadd edge maed,
management and, dreppobobi Blte ategymeasuring s
operating conditions of each el ement, and p
converter system employedr ent cOACerasDChéeoP¥
power 1is direct current (DC).

Mor eove€CAEShenAts consists of PCSs (e.g.,
energy storage units (e.g., AST and TES with

Further more, during the model assessment ,
components: 1) The f | exoiidlee )|l aand t(helse cdthreisa sbo
the solar power curtail ment an-doig aesr )c o n s2u)mpat
bank is hybCAES ztd wmphoWwe resiliency and av



should be noted the presence of the el ectri
Battery bank is explored in Section 3.5.

Battery Bank
/.. -;,‘ﬂ|WA,I|:.J’?"'
il 1

PV Panels ‘@j
— e j

=5 g |
N (DCMC] (DC/DC) [Dcmc)i—‘imcmm

Converters

| Converters I

Air Storage Tank (AST)

Flexible Load
(Electric Boiler)

-—

Grid Vai —
4 | Primary Load
1 o~ Demand
HEX HEX]
Compressor Train Turbine Train =p Grid energy
Energy Management 1
_unit Heat loss « - - - - T .n] == Battery Energy
(Operation Strategy) A =p CAES discharge energy
Thermal Energy Storage (TES) ==p Thermal energy (Hot Water)
=P Airflow
A-CAES 4= =» Signal Control
Figl 3rrhe overall schematic diagram of th

3. 2Ani mproved energy management operation
compressed air energy storage wj20G] renewa

3. 2Résearch approach

I n this section, ar¥rkEMOSer rfatri ama nsatgri antge ¢ yh,e ceanl
CAESystemsi dering all,l| c mimpaamde aitrst'iegnacedidiladnisi s |
and compared with the traditionaEM@3)e.r gixs m:
menti oned-EeMOSISCARAS is Treated | ike a convent
capacity of the energy stderadgde unit, the air

3.2.1.1. Model devel opment

Il W hsescti on, the mat hemati cal formul ati on o

CAES based on their analytical model i's pres

3. 2. 1Asls.ulmpti ons

For come ermifemmoea el i ngt haen df calnlad wisngs assumpti o
wor kAiirsl)t reated as an ideal 1g& )wiTthle &ASCTonmn st
as iIsofthFErIm@d)] The operation mode based on t

expander Iis @aDvsmadhtcordgt dmte i nl et pressure



the discharge pressure of the throttle val vi
[ 63,,1759)] the outlet pressure of the compress

AST63,,1769] Heat | oss and air | eakage over th
heat exchangers is reflected in the design
[ 149, 28)1] The hot and cold tanks in the heat
assumed that AST has a 50% charge at the 1in
processes are regarded as isentropcaemprldgsadt
and turbines, 12) There is no | imitation in

gridhhel3i)nput air temperatur € 4t)o Tthree afniard gttt i
for the output powere dfr ac oamprse scsomrs i ared etdu rab |
flow rate, which varies over time in respons
demah4l) The efficiency of the power conversi

turbines, generator is assumed to remain con

3. 2. 1PC&o02d e | (compressor/turbine train)

T Compressor train (charging mode)

The overall chargi-pgwpowef obmRgAESsO(shadt t
a§129; 179]

w 5 0 U 4dapo ( 3.

whed grepresents the air mass floowsrahe powe
consumed by the compressor train per unit of

describedcbel ow

o —B L (2

wherepresents t he mot or ' s & nsehrogws ctohnev en 8 inlb @
compr essitpni ssttalgeesspeci fic heat caprpaandy of
—rrepresent the i nttatke iad @ n ttreanpiedae npice e y

respec¢tsvehyg, speci“fizgcshehe ¢ amp o e'dsodnopnr ersastoiro

that i s written as:
“h Of M0y ( B)
whelbranlidyare the inlet and outlet air pressur



The electricity absorbed by the compressor
calcula@ted by

o 5 . "o 5 o00o ( 3
wheod e ishe time required to fully charged tF

mini mum pré¢sofirehe tankdl t o mawiemumyone

0 i ( 3)

h

whed gis rated air masYsi §FligivsolEoncmpmste $sded. air
temperature at the AST

f Turbine train (discharging mode)

The overall dischargi)ngatpotwieme otf cCaANESb e e x p
w 5 O U a 5 O ( D)
whederefers to the air massoOfilsow heatppowdr tde

by turbine train per unit of mass fl ow rate
b - B —8iYpop “ ( 3)

whet @resents the generator 'Us isenehreg yn ucnobnevre r s
expansi onrsetpa gdesseemtt s o p i ocf! felf rf HYgriaemd g wrient ak e

air temperatur e ‘'afnudr beixnpea n srieosnp ercattiivoe loyf wi t h |

e T (38

h

“h 0 R70 g (D)
whebeganld; present the inlet and outlet air pr

Accordingly, the electricity delivered by tu
calcula@ted by

0 i A I T X o X ( 3.p
whed e, is the time taken to fully discharge
0 ) of the tank Oto, agmvenmbwm: |l evel (
0 (3.x

h

whea ¢i s rated air mass flow of the turbine.



3. 2. 1ASIT. 3mod el

An AST has a dynamic behavior, and thus, [
i n rtehseer voir in form of the air mass, whi ch
trpil@Ms] menti oned above, tHhHe)ASToi $acsel itatlkee
[ 223]Thereforetheacicdedi(ngas@®¥)Yl awd consider.i

i sochorYioc=®)S,T t(the Tai)r ipir etshseu rAeST( at ti me t c a

6 o — %% (3.p

wheltr eois the accumul ated air ma[ss 29 the AST
5 o 0 o p B "aroY B " a ;oo ( 3.3

wheX¥oes the time resolution.

The pressure state [ A5t RBO82A323¢an be written

0 6 0 o p B " 0p0Y0 B " D 0Y0 (ax

Of O ap o ( 3.p

5 8 ; \

Opo a i O ( 3.p
whebUrean@y artehe air pressure increasing and de

di scharging the AST, respectively.

3. 2. 1HEIX 4mo d el

Heat exchanger units are considered counte
capability compfaBdd2®@8n] oatdhdeirt idoens,i gwnast er i s s
due to its high specific heat capacity, whic
at & elnpve [ 2@ RABsfseu miorught er fl ow heateékebtingeneas
NTU met hotdYWN@&r eansld joO ,the efferctoverash (e

exchanger can be— e vcaolnussitdbad ieassg umed [ #54NT O us |

i's the number of heat transfer units, U is t
transfedo @anvdas arhdke heat cRwpratchdary cddt aihles fd modv.
i nformati on [claOn6 | bTeh dhreaedrodr keit,tn t r ansf er power of
duri ncghatrbygda ng and t he discharging process cal
respe¢tiveél y

66 & 08r-:B Yo Yer 31y



L O & FLO00R- 5 Yir Y B Yk Y (3.3

whergshows the effectiveness of the <poling
represents the effectiveness of the HEX in p
I's the temperature of the Ygnuts|l ¢thehate mpiemr aftrua

cold airthfurdMptelmen®j; are the temperature of

coming from TES, respectively.

3. 2. 1T.EIS 5mo d el

I n this stu/dycgolad dtoaurbkd ei shodonsi dered as TE
determined by heat rélamdebealtursmgplcioenppr @ s si
0). Therefore, Theas®OleoéixBEH&S28€Jt asme

6 o 0 o p B "5 o¥ B " 5 oY ( 3.y
VAIHX o6is the thermal energy state (kWh) in |
@ O T8 Y Y (329D
0 0 0 321

whe®eis the energy clapaoait aref t hES TWEISdlIse ma x |
mi ni mum energy cépae:qu@i,cpso-khespectively
3. 2. 1P. V1 .n6o.d e |

Accortdoi ntghe hourly solar irradiance, the ou
as f dl6l13qg:ms7 9 ]

®F 0 O — p U Y o Y 3272
Y oo Y b —m 323

whewerp pr estehnet ssi ngle PV system powerr eddteputs

t ohe si-matled Povut put power undegirs stthaen dsaorlda rc oinr

at tiOmehadawsel ar irradiance at referemMcle condi
refers to the PV t8maé&wattuA€) codeff incoineonctr yE
polycrystalliYnieshlkel celoln famper at ur e( uastuatlHe
adjust AtsRBEWACHhe cell temperature aw ti me



is the ambient IO Ys e mpheer amor malandper ating
(approxi-dmate)ly 44

Consi derrgsdivnNg mber of PV panel s, the total A
systems can be calcul ated by:

Ww i 0 0 w g 0- g (2.2
3.2.1L.o2g.i ¢c of i mproved energy(-BEMOS)gement op

To establish and i mplement the simulation
essential for handling eacdlescttrreiacm,a nidn ctlhuedri nm
fl ow r £IAES isysAem. Fig.3.2 displays the | ogi
A-CAES sy st etnhi s EQMOSS feolrarAgdi ng and dischargi
considered:

I n this EMEBS fchhmrhAing and di scharging, sev

1. Assessment of the current state of the AS
2. Assessment of nominal operating range of

and turbine trains

3.Energy management deci si on: Decide on st
curtail ment or deficit (loss of power sup
A detailed explanation of the devel oped ene

Ssubsyst ems-CAiEtShisiysteen As provided in the sutl
details the I-QAERrmadeoin wift t hae elewr gtyu artoidneg r
|l oad demand within the energy system environ
and simul ati e AEBodedoneé&quAent | vy, a compr eh
i mpl ementation of the simulabrooghr amdwoskan
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the capacity of the energy storage unit, the
Howev€AESAal so includes power-ERO8B8versi npa agyg:e
that according to the sCtA&tSe soyfsittelme i esvhathge | €9
and its corresponding air pressure in the ta
renewables can be stored in the air storage
reaches the maxi mufm tadnlowabl e pheGCAIRS ehamqgi

deliver energy to satisfy the energy demand
the tank's minimum all owable pressure). Ther
vi ol ate &apaciptoweramge of the mechanical sys
power capacity), |l eading to many probl ems |
consider the impacts of inherent fluctuati on

| itmiti on associated with power conversion un
and compressors/turbi-OfRBES,ons otnheet ho mgr awthiiocnh
negl ecE®MOSI prdoposed in6dr &4 ,Purdt] hsetrundoirees, t he
A-CAES in the presence of TES considering 1it:
several ' i mitati €RAESt @ htahe shhpeid alt iben aadfdr A& s s e
Fig. 3. 3&EMOSsploays dering all component s’ c
and TES dynamic behavior.

The st-EMdGSodreé as foll ows:

Il ) Reading the input data, such -aag oawmar ahotuerl
solar irradiance and ambient temperature use
I'1) Comparing the total powwd gvendr d&thed efl recr
demand-usfa)e {@n an hourly basis during a year
I'1'1) UsCAEBS/tThES Asegskeemyabudher to store exce

for energy shortage. This means that:

A)If the total power generated by solar PV pe
the building, CAES units remain idle (off |
B)If the power generVk) edsblyessl ahaR)Vi pamiedlad

means the | oad demand cannot be served onl
T 1 f t he air pressur e i n the tank i S mo r
@ >0 ), it could be releasWd30) Thosir ¢lhye

partially ¢ anRCAbES pdriosvcihdaerdg ibnyg Abower whi |l e



wor king power of the generator and each t
of the YE&)t anke(air mass flow rate can b
TESYOO6>Y0O0. Otherwise, the axillary heat
needed.

T 1t should be noted that the discharging a
to TES's st a¥Wved),f elhiemicrhatrigreg (t he need fo
an auxiliary heat source (the red arrow i

T On the other hand, when either the air p
all owabl & pohessarethe desired | oad viola
turbines, generators, & nPAESTHES cmapa aibtly, tio
remaining demand entirely. Therefore, the
| oad demand.

C)If solar poWspri gegeeateontWpan ther éoiasd drme

Wear 9, then:

9 1f the air pressure in the tank Ois | owe
<0 ), the AST is not fWehk) Thenbehéeedxd
CAES to charge it fully or partially, ¢

and the design air mass fl ow rate of eac

YO6, the heat energy generated during c¢
t ank "Ywheiv66 . Ot her wi se, only a part of |
and the rest is dissipated or sent for

f On the other handpD when) tohre tAnSeT e xsc efsusl |
vi ol ates the operating rangeCAHES tchaen nnoott
store the extra energy. Thus, the remai:H
gri d.
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3.2. 1Kedy. perfor mankcPe si)ndi cat or

Sever al i ndicators are defined to analyze

|l i sted as foll ows:

1)Roundtrip eCAES|I eREETfr &f er sY'YOo bpthandycl
integratedYeOffiofi-eAhEY s a ratio of total

total compressor work during a comp[l8edt]le cyc
B " :
Y'YO . = : (2bp
h
Y"YO > i e
. B A ( ﬁ

2)Load cover aGAE@®&Y i or eoffers to the percentag
electricity | oadCAESverSeod anl yi sbydeA i ned a
turbine/ generator work to thel 28&]tal buil di

06 Y - ' B2y
3)Storage -GAaEY¥Y orfefAl ects the percentage of t
stor e@AES. ASo, it is defined as the ratio o

renewabl e generation over a year and given

Y'Y _ d 323

4)El ectri cal | oad mampdemesntt hreatpiesg ceblt MR) of
(W) satisfied by ener@y) @eQiNBEAMsy (fr pbm Benewtab
defined [ax25]ol | ows

EL MR

z : (32

5)l mport andwkkpbrtefthéecbs the percentage of
the el e®©bjyi andritie(percentage of total ren
el ect rGdY, g rriecs[plexz]i vel y
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3.2Cdse study

I n thigsthseecGQonocnor di a uni-ivretresn g€iyy e ae dhui cgaht i eon

| ocated in Sir George WilliamsC&manpal)s, iins doen
aecase study. To h@AES aomgdroastei dmolknderr Apr opo
section, the Gina Cody School of Engineeri
electricity consumption is considered the o
me arseumd rhte, t ot al annual el ect rtihcei tayv ed eangaen dh oius

daiellyctricity demand over a year are 513.5 Kk
Solar radiation information is obtained fr
energy dat abase | @eB6{choer dciintgy toof tMwoen tlroecaalt i on
N oBtitude and 73A56NW of |l ongitudelaftde t ot
the annual average dai #yasgol ar radiation is
Hourly temperature data was obtaiph28@d7]Them t
annual average temperature is 5.67AC.

Threkoueheor gy demand, solar radiation, and ai
Fig. 3.4. Fig. 3.4 displays the houvolnyt reeclaelct

city's hourly solar radiation (b), and hourl
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Fig4d 3HR) Hourly electricity demand profil e,
hourly air temperature over one ye

3. 2. 2Dels.i gn coofn dciotmpoonnse nt s

I n order to determine the HES configurati
proposed EMOSs, input data and constraints a
pandli sitsed in Table 3.1. Accordinly2adjd shefaca
area of selectéf6BVt {farmanidmdme6émMumber of 141
install ed.

Since-CARBS Aype used in this study -shasl & he
TI CCOOCAES pil ot plant in terms of the type ¢
the overall characftz2Zad]|leticonsofdereds-&gEISbe plk
configuration to validxat0k plhaentdeive |l topeeayeroldet
A-CAES demonstration plant with a 500 kW gene
of 37% [ 6], siwhned armads deilt mai nly for | oa
appli ¢aOdns

Fi g. 3.5 shows the pr oxCEGSAES opw | doita gprlaamm to fu
st UdRy7 ,.221%] i nesltuadgees cao nipiiveehis & h et B34i5n KW-dr i ver
stage turbine-shmaéitnawirtamgamsenhglt ao58s0t ekeW g e |
tanks to store pressurized air witR73d] wohé&sn



a regenerative heat uni t, Il ncludingotchbodli chg
water tank as a TES wunihterwiat h merde sisnur iThed vwa
water tarfwsthstHe @morresponding Qeasndtn4d te
respe¢Rivyv.2Qit)lher required input data and con
of CAES are listed in Table 3. 2. I n %imkis se
considered. Mor eover, the minimum required

been assumed to be 30% of their rated power

I't i s worth mentioning that the deeMOS) nanpdarliam
EMOS are the same.

Table 3.1. The specifications of the PV panel used in this s{aay;

Term (Parameter) Val ue
Panel type Trina Solar -BbDABWM ¢
Modul e materi al Monocrystalline sil
Panel di mensions/ Cel650 mm (L) * 992 n
Maxi mum power 300 W

Open circuit voltac¢39.8 V
Short circuit volte9. 77 A
Maxi mum power point32.5 V
Maxi mum power point9.19 A
Modul e efficiency 18. 3 %
NOCT 44 C
Temperature coeffic-0.0039/C

1-stage
compression | 2-stage 3-stage 4-stage 5-stage
)ra comp i compressi compressi p i
= — — — high-temperature
driven-motor water storage tank

F=3 E=
1-stage 2-stage 3-stage
cooling cooling cooling cooling

ll
‘ air storage tank '
regulating valve 1-stage

heating

water pump
3-stage

expansion

./t decelerator

normal-temperature
water storage tank

generator

Fi g5 Process | ow -5d00CgiEdSEm pa fl otthg@ |l TAINGC used e
this[2Rdady



Table 3.2. The design parameters of each stage are compression and ex[iahg@h)

Stage I nl e OQutl Pres«<lnlet OutletAdi ab Shaf
pres pres raticttempertemperEffic powe
( MPa ( MPa (C) (C) ( %) ( kW)
Compressors (i)
1 0.1 0.353.5 25 153.074. 4 76.°
2 0.340.912.6745 146. 777.5 59..
3 0.8¢2.402.6945 147.680.5 57..
4 2.355.802.4645 142.282. 4 49..
5 5.7211.21.9645 109.183.0 36. .
Turbines ()
1 2.501.130.45100 35 82.6 150
2 1.120.400.35100 25 81.0 185
3 0.3¢0.1 0.25100 0.5 81.6 236

3. 2R8ssalntd di scussi ons

The mat hemati cal mo d e | menti oned i n Secti
demonstrated in Section 3.3.1.3 as well as |
i mpl emented i n MATLARB0|rv esryssitoenm Ri2e0t2a2ial)ed anal
To verify the model, the effects of the AST:¢

capacity on the HES performance aretdrnmest.
operation of-CAESéeéemsal iinegcdgAated with HES i
energy demand, a yearly energwynd oncsluanptawai l
required (Fig. 3.4)

3. 2. 3Mold.e | validati on

Regarding the validation of the developed
model-CAESAin the hybrEMOS yisst ecno nupnarkedS awi hti H et h
validating by the t8&860egpitesulbplt antsrdmhaebhesd
from the proposed model s -2ah@ O&@BSAoedr par aomma
charging/discharging cycle at the design con

Si ntcheeonsi dered design par aGnfelE S ruwun derd bcotnh iE
are theprseasment(aad i n secdfifoinc i3eCBEYS. AIEMOSh & cy
andEMOS i s al most the same and ar500d p8 awt
efficiency. However, the values ofate@etdhean rp ane
flow rate, and generated ther mal power of t



EMOSs, as | istiirmant iTadp | teh 8t 3t heCAEFS |ies emd g tcl

dependent on its design parameters and al mos
Asseen in Table FEMDS tama mesawslutr effr0Odmflacbfi th
we-mht ching with an average of 94. 6% simila

parameters are aboEMOS. aEMOSEITH sEZF.,5 % efsqreclt i \

Table 3.3. Comparing the results from the current EMOSs and measured parameters of the
TICC-500 A-CAES pilot plant

0

Current E T1 GC0O Error 9

TEMOS I-EMOS L[ 27, 2 7EMO< I-EMOS

A-CAES Cy

efficie 37. 4 37. 3 37% (¢ 1 0.8
(Y'YO )
Charging
. 35 5. 45 5.59 75.¢ 2.5
© w )
Di scharggi
) 1 hr 1.07 1.03 2.9 3.7
© 7 )
Rat echasas r
rate of tFr 6280 11547.6 1600 + 74.%t 3.3

t radipn (
Rated air
rate of t 8540 | 8540 k 8600 I 0.7 0.7

traxsi p) (
Rated gel
t her mal e 71kW 178W 13kW 75. 1 24.¢

chargin

Rated su
ther mal e 63KBW 58KW 6 0lOW 5.5 2.1
di schar ¢

It i s worth noting that -EMOSs(wmithritlyobet d
ti me)EM@QSE (with 1.07 hour discharging ti me)



generator/ turbine tr-200 gihlactacpleantsti @assiodn
kWh energy to the p¢w®&r] grid during 1.03 hou
Fig. 3.6 also shows the dynamic behavior o
simulation model and-5®&0p @rl iamd n tf olr @a sceh aafgi Nl
As shown in Fig. 3. 6a, t h50 0e xfpagtriiidradtret dilmart e s
pressure of the aapprsdawirmgteeltyanlki nearrleya sferdo n
4.3 hours during the charging process at des
1554 [khy2hlHowever, the simub@d@i phamtesshadwead ft
5.59 houclsange ftuhd yair storage tank during w
2.5 MPa to 10 MP[a2.AatAcdceosridgm gc anodiFtiigaon 3. 6a, a
can be seEdMOSumwthien L he motor/ complreasd oaorndiatiin
occurring at the time when the excess PV poyv
I n contrbateremnthebehavior for AEMOPredssung ¢
charging process. Therefore, at the time whe
the rated power capacity of the compression
massive amount of compressed air with a mass
storage tank in |l ess than 2 hours.
As shown in Fig. 3.6b, during discharging |
from 8.65 MPa to 3.05 MPa in |less than 1 hoi
(10% |l ess than the ratef@22alCwoenpatro ngen édreate

result with the results from theEMOSpoassea, sa

the highest | oad demand, the air storage i s
generator power clhWpci HpweévEewWM@aunaler {dWPh t h
mass fl owrate of 8540 kg/ hr is achieved for
maxi mum mass fl owrate of aroundgermB@reatiork gu i
reach 500 kkermdf proeverit Tt-dkeshdr & thhe tai rf u
(reaching from 10 MPa to 2.5 MPa) and genera
behavior was reported i n50d0O spclhaanrtg itnagk epsr oaclkesus

gemerr 555 kWh to the power grid.

| summartyhe results show that, in addition
of power conversion units and TES must be
operationaid AESofil h-Enw@Gs8e aAfhadging timepfrated

compresmaxitmuani meat stored by TES per hour o



AST are very <c¢close to the measured data an
Conclusively, t hi sE M®OrSo pcoasne ds emrovdee | a sa-hlde nhc h ma
operation and performance -@ABBysyst émaewgyhf
characteristics and for different applicatio

—a-1-EMOS —+-T-EMOS ——Experimental Result (TICC-500) -8-I-EMOS -4-T-EMOS -e—Experimental Result (TICC-500)

12 12
E (a) Charging Process E (b) Dischaging Process
Ell) IEIO
R s
x »
= <
0 0
0 1 2 3 4 5 6 0 0.2 0.4 0.6 0.8 1
Time (hr) Time (hr)
Fi g6 AiIir pressure in an air storage tank du
processeEMONSd eaEflMIDST ver sus t he exp-80o0oREBS al re
pil ot plant at[ 22l] design condit]
3.2.3A-CAES operati &€&MObBnaEeNMOIot h T
PV i s used as the primary electricity sour
fi,rtshte PV' s excess electricity is assumed to
and store it i n t he AST, considering t he
mot or/ compressor s. On the other hand,A-PV su|

CAES system's turbine trains to satisfy the
to analyze the {{CAZBs u-EMM© Eb BEINMIQS ,oromd week i n
as a peak month of energy consumption is sel
of the main operCaAtE Sn gu-EpiberiSa neeftiMEOIST d for A seven d
January, respectiveilmpl i The rled sirmiowarnt #i bet
profi l-eABSrdbeéhavior, while the black arrow s
their rated values. Depending on the fluctua
the chargnggaidi mabarf§l ow rate and wor ks of
values. At the time when the charging/ discl
mass flow rate of compressors/ turbinies or
nomi nal capacity, the violation happens. Vi o

bet ween the parametersd current values (in



Tabl3®s S«ch a violation for main opEM@$iing pa
Fig. 3.7 for compressors/turbines work, <char
3.9a for charging/discharging th&a malll eanter gty
PV output electricity generation and the el e
seen, t he-hAeEhSa winodre roft wwo EMOSs differs, parti

't 1 s worth memtaitam@A®St Megui hesi coemgressor s
adjusted by resewaflelnergygd demdnds. The oper e
condition often causes it to work unsteadily
nomi nal powegyaodpacity) as shown in Fig. 3.
arrow at some points. I n the real wor |l d, me n

the mech-awstam aotd increase the risk iotfy.CAES
I n Fig. 3.7b, energy used by the compressor
and behavior as PV excess output power. Sinc
consi deEM@S,i ncofmpressors tend ©0d avmaslmadl eh e
electricity, even | ess amount , to charge t he
pressure state in the tank (as shown by the
It can be noticed that the excess solar ene
have the same behavior all the ti me. For i n:
compressors (with positivesworkeichrFicgty3fT7ek

to 160 to compress the air for charging the

300, compressors consume a massive amount of
fully charged and wallchepr ¢ hrumaxo mum0 aMPa (
Nevertheless, as shown by black arrow in F
violates from its nominal capacity present e
exported to the grid. Meanwhi Ifé 2 8 0 hwkigdhlbautrd sy
the rated air mass fl ow rha @0 o#f g/t heep ocrotmepdr eisrs
3. 3. LEMVAOeSr, Tcompr essor s, and turbines even s
energy | ess than the minimum power (i1t 1 s suU

—+

o start running, as 7seddmuramagumd ghdyr wha20 it

generati on, the electrical demand is satisf
negative work iMdgEngraB8oib) al Sor hiaves t he s a
di scharge air mass as much as is availabl e i
enudser.



Such -GMESA operation often causes compresso
design condition and operating ranpée8leadi:
seems th&tMOSyundeare Dig compressor and one (gi
can charge and discharge a specific amount o
demand during a short charging/ dSiGCc.harging t
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compressors, ¢) charging/discharging mass |

While in practice, compressors can use exc

i n each hour .

-EMOBef 6he,

mde s pumMeCAESr gainrd@ r t il |



EMOS i s around four-EMOBes Tmose ihabhaklkat nefar

charge the AST from a minimum pressure of 2.

EMOS. Hence, adopting the wholenvkRasaomemnuing t
EMOS caGAES Ao work different-CXE@npilcdtospl an
protect i1t from any type of failure.
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Fi g8 3XHourly behavior of th€EAMEI nBEWM@EBrAti ng
p

during one week in January. ; a) PV output [
compressors, ¢) charging/discharging mass |
From Fig. 3.8b is evident that five compr e
operating range (equal to or |l ess than thei



power they need to start operating). Il n facit
hours depending on available excess-CRE®Sctri
remains in itdleeemdda wmemgy from PV and defi
the mini mum power required byupg hpowemprFkaers o X
in Fig.3.8 b, ¢, -@GASddoas onaEM@®duEdo @@Bdee Al t
opeiroant u-BBI®@% Ihbwog.i 8.7

Besidas shown in Fig.3.8b, ¢, and d, at aro

s not sufficient for being used by compress
our 276, when the excess electricictoynpi €t eh
harged. On the other hand, at night and whe.]
l ectricity depending on the air availabilit

eed to operate. bTehhiisn df atchte ibse htatve or e adont he

o S5 o O =T

i scharged) at the time around hours 255, an
3.2.3ACGAES cycling metrics

TheCAES system's key cycling metrics, such
/| di schargi ug tainrdde omamapner i od) under bot h EMO!
compar ed ilnt oThasbelrev e3d. 4t.h at-CAEHSE nienmrdd rl gyg e & hxee VAe r
parti al charge/ di scharge cycles to follow th
values differ unde«CABSt bhbn &MOSS$
EMOS wusdafo@ur ti mes +MOs&,t Hdare tolpaetr aun chegr tT me
train-EUMOSeri sl hi gher (approximately 500 hour
time of the t-EMBPBnestflabnt umds rFENMIQySh earv gtehaarn t
The reason -EMOSALES GlodéowE the supply/ deman

it tends to charge/ discharge energy even if

the metrics

t han t he mi ni mum and maxi mum openmdttoagbirmd
respeclthiate Isy . b eEcMaQUSs, e ,t hien cTapacity | imitation
(compressors and turbines) are not considere
EMOS &mvOSI. Therefore, theuplimbawpoifstneededh
T-EMOS i s more t-EMOSthahi antlect i s the same
charge/ di scharge. Accordingly, around 266/
charge/ di schar ge A&ErSe uetsMerSm aaEdIS Jf orre sApect i v el
mu st be considered aCAE§ndéscagnt machby whe



decentralized applications where it must be
Calculating accurate values for each metric
and degr adARES oy otfeAs for a | ong ti me.

Table 3.4. A-CAES cycling metrics for one year.

Metrics EMOSs
T-EMOS I-EMOS
Operating time compressor train 1080 1577
Operating time turbine train 748 470
Number of times Rampp is needed 338 325
Number of times Rampown is needed 338 300
Number of full charges 266 186
Number of full discharges 330 174
Longest duration of charging 1.35 5.45
Longest duration of discharging 1.00 1.07

3.2. 3TEAS operation

ltassumed -GCAERS, ineaAt generated by compresso

charging phase and reused by turbines00durin
speci flizahjdo®ks( 3. 21), the maxi mum capacity of
k Wh , amax itrhem hourly stored/delivered heat L
13KWh / 600 kWh (because the rated ther mal
exchangers are 134 kW 6@@clowW,dirnegs pec ttihwe ITw)p |
stored/ delivered t her mal energy under bot
charging/ dischargi higi $i mast acannbé¢ oOhewsaead.

-~

ated generated/ supplied hEPAES infEMdeDrSrlgred dl s «

EMOS over a year. It can be seen under both
similar to their compressor/ -EMOPFNnhg. tBaba)
considerable amount of heat (maxi mum 716 kWh
stored in the TES during onlb5y0 0o npel ahnotu r(, mawhiinc
k Wh) . The reason is the | adlonofuncdarmrsi carpatciic
undeErMOTS. Howe v-vEMOQS untdlee maxi mum hourly ther:
can be sent to the TES, wHWiOchiniid scl(ageo utna I:



t haBMOS) . Similarly, in discharging phase, t
reqguired overkEMMN: buwtur6 usAEdeWS .lunder T
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(blue) over a year undeEeMOS wonrEdWeEb®e [loped EI
Fig. 3.10 a&@aheo hiolulrd gt rtdteea ana l enerkEgWOST | ow

including generated/ supplied ther mal power ,
required auxiliary heat during the compress
However, dadrpéehdi B5@C of TES, a part of t he
compression phase might be stored (Fig. 3. 1C
applications (Fig. 3.10c) . eMogrye osvteorr,e di ti ni ST ESS
for the expansion phase, and there is no nee
TES behavior pl ays an essenti adCAES| ¢ umat idoer
especially when it ciosolliinngk eddeunsaenrds hoef heenadt i n g
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FiglO3Hourly a) generated/ required ther mal
amount of heat | oss/ required auxiliary heat
EMOS for one week in January.

3.2. 3Energyowead bal ance anal ysi s

Fig. 3.11 displays the hourly power bal anc
energy (solar PV, CAES, TES, power from the

| oad demand during four days i n Janmaayy uni
situations, power derived from solar PV pane
buil ding. Therefore, the other available ene

It can be -GAEScedet dtait oM af ffe ctthse twiheo | pee rsfyosrt
example, according ‘t"dAiFagdagellaohe do@ABPe s e
and excess PV production have the same behayv
I-lEMOS in Fig. 3.11b. B e sCGAdEeSs ,a nddi foftehreern tc obnephoal
proposed HES on eachi glay3 .chh. bRo ' bisresntcaerdct éh,e r
no excess PV producti on -GAKS sd oese dn ceth ewaryk iir
and Fig. 3. 'dlaby.,, QEMWMIH e (TRI0Og -CAFE.S1 1sat)a,r tAs char g
di scharging with a | ow -BEMOS8n{Fiof. eBelttylp), whti



operating since t he amount of power I S | e

compressor-upurbheeesbaet the electrical ener
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= +Grid_Imported Power Grid_Exported Power ———SOC_Air Tank
1750 100%
@
1500 -
- 80%
§ 1250 -
< 1000 L 60% &
5 Q
: 750 L 40% Q
A 500 {
F 20%
250
0 A 0%
192 216 240 264 288
Time (hr)
PV_Output Power =—Load Demand ——=CAES_Charging Power
= CAES Discharging Power —— -Grid_Imported Power Grid_Exported Power
1750 ——SOC_Air Tank — -SOC_TES 100%
1500
80%
1250
60%
%1000 ;\?
g 750 40% ;
S 500 S
~ 20%
250 -
0%

192 216 240 264 288
Time (hr)
J
T Y { Y Y
Day 9th Day 10th Day 11th Day 12th

Figll3Hourly power balance of the proposed
EMOSs -EmMOST a REdM0S). |

The main difference between the thaods'tt2di ed
The behavior of diffef'®nd!tiéalne regxyp |saoiunr ctehse oinm
considering the capacity | i miCAZtSi. ofroof etxlmenp |t
Fig. 3.11a, as can be seen, the compressor
remaining capacityofoft hdes®dISar BYdouohput ess
AST is fully charged.

However -EMOWS eirn Fi g. 3.11b, charging the A
el ectrical grid occur simultaneously. Theref
during discharge ti me, when PV prodwomdeédi om i
EMOS, opposBEM@S tuon dtelre wihi ch the AST is not
remaining air in the AST does not create th
operation. The SOC of TES | s-EMOSm whispH atyle e



l i mitations of TES are applied. The resul t s
amount of energy and meet the heat demand of
Table 3.5 compares the simulation results,
the proposed HES under both EMOSs. -AES year
und&MOIS are 377 MWh/yr and 141 MWh/aynr .t,hoseesp
undeerMOIS . This reduction is due to the | imit
i ncluding motor/ compressors and generator/ t
charging energy which refkéest yioe ftfhiec iienntce gers:
EMOSs, are the same (around 37.€L2A6BS. uAdeor di
EMOS decrease by 9.5 % and 7-EM®BS,raspeetpiov &
Tabl e 3.5.

Table 3.5. Comparison of the simulation results of the proposed HES under both EMOSs over

ayear.

Assessment criteria Unit =MOSs
T-EMOS I-EMOS

Total A-CAES charging energy MWh/yr. 416 377
Total A-CAES discharging energy MWh/yr. 156 141
The integrated efficiency of £AES { 4 f— 4.)« % 37.42 37.43
Storage ratio of ACAES {| 4.— )y % 9.21 8.33
Coverage Ratio of ACAES (Lf =||== Al % 3.46 3.14
Coverage Ratio of PV panels % 42.19 42.19
Electrical load management ratig € 4 4 % 45.66 45.33
Import from the grid (IMR) % 54.34 54.66
Export to the grid (EXR) % 48.83 49.71

Meanwhi |l e, exportamdg iemepomgtyi i@ d&rher @y i fdr om
around 1.8 % and 0.6 %, avoiding renewabl e
General I-gMOSI,ndeaol dr PV panelGAEaSc ccoounnttr i fbaurt eds?2
3.14 %, and thesgrbd. aé¥woofdst hbdet ot al energy

On the conteMQOS,, RWdAEAEST s,anld grid ful fild]l
demand by contributing around 42.19%, 3.46 ¢
i's over 45% under both EMOSs-CAESO03 0SRen,eOfs| ¢ «



these differences would be varied according

conditions.

3.2.35ebn.sitivity analysis

| h hteechni cal -CéAnEaSI yasnids HEfFS,A t he i ndicators de
by changing the critical and independent pat
value for each parameter detoemmichn ea® nttenp mp ta
HES. Therefore, in ASNael sma,dymaRihes sninrfd ,uearcd
capacity on the behavior of HES are investioc
criteria variation undeEMO®MtdE MOSv el oped OSs,

3. 2. 3Ef6f.elc.t of AST vol ume

Fig. 3.12 preskAtYcl ame omfsdyuyehem pE€AESr manc

(@]

harging/ discharging energy, charging/ disch

(e

oth EMOSs, considering fixed desilgmcrrpaaaimed
t he vol LArBémecafn swhtehhagpeci fi c air pressure ranc
ir can be accumul at eASVaol admhe vamikat iObnwi bas
mpact on HES' s -EpMOS ocromapndende Su ntdoo nT Ha xga mp3l. el,2 a
nd Fig. 3.12b +iCAEGstcrhatrggi nhéditodcmar g ng e
ompression/ expabMOD neEElMDSIKk sresgectTvely. Thu
ncreased ACGAESY ostuomees Amore PV power output
n

o 99 T 9

swer the | oad demand. However, due to the
turbine train, the pow&MOStoemai nedmdmhatant
vol ume of m@r east hrempFrizgs(e Bh. el bi.-6€ A% tc areramts , main

and generate energy more t hanASttVhoeliurmen.omi nal
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On the cOAES acgmpressi on/ expansi on
EMOS, as shown in Fig. 3.12a. These
Meanwhi |l eASTbkeumar yend-€AES ahhoggédi Acharge
I-EMOS, as depicted in Fig. 3.12d, cha&arisSdge
volume variatiEMOScommEidedSctba@ AT absor b/ del i ver
of energy in a shorter duration (Fig.
have a positiveA$SVehdmei bht i acsemaséedvariati
such a casC@AEdID®DSET h ShReamMdmb Rt avioiud @l Iryi,sei ndi c
EXR and I MR to/from the grid, respectively
i mproved trendSWiltlhme.he rai sed

However -EMOSl,est deage volume variation
i ndicator s, as shown ian -iLB®ilg. i h.crASavscelAgme rnt ha

i ncr e afrsASE St hset or ag e

und&mMOIS .
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opti mal ASTS2®r Age t o avCAEN, owehriscihzimat Aonl vy
performance but also its economy can be affe

3.2. 3Efef.e2c.t of AST pressur e

Fig. 3.13 represents the influence of the 1
i ncl uddArEgS A harging/ di scharging energy, ch
eval uantdiiocnat ors under both EMOSs considering
numbers B&ai 4100t he maxi mum pressure of the
hi gher whiesh uire,expected to increase the tot
depicted in Fig. 3.13a, thEMOSR, elvad ckidng rtea da
i n tGARAESAOSs SR, LCR, and ELMR (Fig. 3.13¢e)

mo n oitcoanl | vy . However, diffeCAEBES bempwansssiioocmhe:
wor ks -EMOS8Sr ( Fi g. 3.13b). Il n such <case, t her
pressure of air (14 MPa) which | eads to the
and EXR, as shown in Fig. 3.13f.

Moreover, the maxi mum ELMR can be achieved
AST pressure (Fig. 3.13f). This is because
pressure of the AST, and its mass fltownrate

negativel yCAES esyst ¢emepd&r for mance. Further mo
Fig. 3.13b, due to the higher wvariation of c
rai sed st or agQAEr eesfsfuircei,e ntchye iAs aldlegr egs emck amt
under both EMOSs. The results also show that

result in a | ongerEMOS rdguien gt od utrhaet iloi nmiutnedde rr alt
compressor train. | t e sprweosrstuhr en ovtai rniga tti hoant hta
negligible impact on thEAESauvEMOS/ hiecaasmregitn
i's no |imitation on the operational power ca
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2. 3Ef6f.e3c.t of TES capacity

Thssudysumes that TES is the only heat sour
no axillary heat source exists. Therefore,
di scharging air mass flow rate from {Tihe AST
amount of stored ther mal energy in TES highl
Fig. sBowdg the i mpact of TES voedAEss aonnd eHsEsSe.n't
can be seen, with r-@AES8ddTEShao bjaImelmeegagwmsd gic

can capture more thermal energy.
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fec of -TEESvohamgi ng/ adli Achargi
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t
harging time, c¢) charging/disc
i ndi cat eerMlOSunder |

Meanwhitlhee di sch&AgiSngetcirmases. ABut this i mp
energy and reduction in discharging time is
TES volume, they rodnmairn hcaonnds tCaAnEtS. h othng htghteh g A |
consFiagt)8. L4k yearly charging energy also h
Fig.)3.Iha reason is that the operation of
and consequentl vy, it i mpacts the compressor
accor dciimgg ,t3d bé¢d CAES6s LCR, SR, ELMR, and i nt
and then remain unchanged with tihewhboe&sased

the i mport and export ratio decrease.
Mor eover, TES's charging/ discharging ti mes
vol ume because it can capture and rel ease m

10



the effects of TES <capacity on CAES perfor
environmental investictgaphb]8, 3can be found in

3. 3Effectt eomipdroamt ure t her mal -emaenpg) ssteadr agea
storage[@dérati on

3. 3Résearch approach

Si mtloasection 3.3 (paperl), the considered
component s: PV, CAES, grid, control system,
factor is that, in certain scenarirosn tddi CA
to the motor/ compressor train, generator/ tur
doubl e cold/ hot tank as TES.

| nbracsaednse, this section delves into the det
in previous section (3.3). The overarching o
( HES) remains consistent as il I austomatlddsi n n
consideration of wvarious heating sources in
phase, affecting CAES's operation and perfo
required for expanshern TcEBS dre aswxirlcieadr yf rhoam te
fuel s. This consideration has i mplications
system.

I n such a case, two scenarios are defined
CAES concerning thermal energy sources as fo

for the operation condition of the CAES with
Scenari o The€ Sceaquiilth)xecd ulseg avtel v provided by T
TES does not have enough energy (Il ess than
fl owratgr @edshrighair released from the AST i s

iI's | eslse tmiami mum rmacgwi rfdd wrywtttur bi nes, CAES

further power deficit iIis compensated by purc
Scenari o 2hd Siceint i23l: heat requirement i s m
available from TES is insufficient to meet t
to compensate for the additional themamalunene

i's represented by a combustion chamber (TES

10



3. 3. 1IMold.e | devel opment

The model for all HESO6s components empl oye:
previous section 3.3 (chapter 1), except for
(as an auxiliary heat source).

3. 3. 1Colmbluusti on chamber mo d e |

When wusing axillary heat, the compressed ai
combustion chamber. Therefordq 2t0hR2¢) required h
00 afp 065 B Y Y B "%“ 5 ( 38.2)

whedep i s part of the compressed air mas s

chamber. The equivalent fuel consumption can
00 —— ( B.3

whedf ehows the heat vl wamidofgagsscdBdBuUSt IMInh mef
in this study).

3. 3. 1KP2 s

Thiendi watidrnzed in this part are the same a
LCR, SR, and RTE. However, due to the incl us
formul ati on of the RTE is modified as foll ow
B R
Y YO - (3.4

. B - lrax
h LI

3.3Cadse study

Thes a ncases t uad gonsidered in section 3.3 (paper 1) is considered for the current

investigation.

3. 3R8ssalntd di scussi ons

Theasteudy and design parameter considered i

previous section (3.3). As mentionesydbeémre,
of CAES influence the whole systemnsdpadrsfsairer
i's investigated considering two defined sce

10



devel oped operation strategy for every possi
system, especially when it is adopted for de

3. 3. 3T.hier mal energy flow in the system

Thédehavior of the compressor and turbine

charging/discharging is already displayed in
3.3. 3Ef2f,ect of TES capacity

CAES is a complex system with interdependent components. Therefore, each element's
design and operation influence one another's performance and, consequently, the whole hybrid
system's function. This section analyzes the effect of TES capacity on theguaystem's
operation under two defined scenarios (section 3.4.1).

3. 3. 3Pe2r.flor mance analysi s

Fig. 3.15 displays the impact of TES capaci
AST and TES. From Fig. 3. 15a, it is observed
monotonously by raising the TES morl aa meh éoremal
energy. However, the increase in charging ti
heat generated during the compression phase
according to the charactemerstt i ctsudy. cloth ss hdoeu |
this behavior is the same for both scenarios
depends on its capacity and the rated heat o
by adopti ngheathessouwrxadd.ary

l contrasth raised TES capacity, the discha
while remaining conBit@n3. Lihibs ceeme 2omeasn i oiwn ¢
dependence between TES <capacity and mass f|
according to the available thermal energy wh
a case, t he t ursbionne tohpee raavtaiolna bdleep etnedat capac
di scharging time does heot aghadahgeywhenatt seuec
compensated for the capacity shortage of TES
AST under both scenarios iIs constant because

of the comenrsEtystoe scartdisti ons based on the TE

10



—o-TES-Discharging Time (Scen. 1&2) &~ TES-Charging Time (Scen. 1 &2)
7

o [
~ a
E s
=
g 3 A
g
s ! .
=
z A
=
£ 2 A&
Eb
s
s 1& o
@
= 0 r r v v r
2 4 6 8 10 12 14
TES Volume (m?)
—@—Charging Time (Scen. 1 & 2) =" = Scen.1, Discharging Time =X Scen.2, Discharging Time
o 7
1 b
g 6 (b)
& [ ] . ] ] ] .
E 54
Eo
3
a
T 34
)
B0
=
Eﬂ *] \
o
=
g 1 Xo v+ == X = =TT — ¢ e X
<
S | v v v r r
2 4 6 8 10 12 14
TES Volume (m?)

Fi gl53The effect of TES capacity on the char
CAES.

Fig.3.16 shows the i mpact of TES capacity
From Fig.3.16a illustrates that with increas
remain constant in scen. 1l whil ecetnh.ely, irnacirseeads
capacity affects the turbine's rated mass f|
Therefore, the turbine and compressor wor k |
cycl e. However, ELMR haesr thet exacenapipos, t&s
Fig.3.16Db.
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Since the TES affects the turbine operatd.

compressor train operation in the following
constant. However, both LCR and SRca&me 1li mamsao
shown in Fig.3.16¢c. Howeveéer ,t iorv &EiSatviod u mef
I's not considerable. I n contrast, i n scen. 2
i ntegrated and cycle efficiRemnided CRFirg.m&a. h6 a
a can be seen in Fig.3.16c¢c. The reason is t

s
compressed air.

3.3. 3He2at2 . management in the system
As mentioned before, using TES to recover t
mitigates the system energy | oss and emissi

the opti mal size f-menTESBnéed g¢geak Bi.sllve ssshmovisie

system's heat | oss during a year. Obviously,

-~

educes in scen.2 because, along with the re
during the charging prdhesse pdrnbemenaptaned
Fig.3.18, which displays the share of heat |

t hermal energy generated during the compress
On the other hand, in scen.1, changing the
and compressor trains. Hence, with raised TE
phase becomes | arger, resulting Fhga3.hi&.heTt

ncrease of TESov8hmmeakesemaddmdecreases the

3 and 2.3 times in scen.1 and scen. 2, respe
vol ume (mdy edaédsanndt m mpact heat | oss for bo
Fig. 3.19 also illustrates the TES i mpact

-

equired by the turbine train during the di
positively impacts TES share inisuppknpi gthe

(@)

f desired thermal energy is compensated by
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