N

N

A study of a cryogenic energy storage system for the
integration of renewable energy sources
Cyrine Damak

» To cite this version:

Cyrine Damak. A study of a cryogenic energy storage system for the integration of renewable energy
sources. Chemical and Process Engineering. Sorbonne université, 2020. FEnglish. NNT: . tel-
04574987

HAL Id: tel-04574987
https://hal.inrae.fr /tel-04574987

Submitted on 14 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.inrae.fr/tel-04574987
https://hal.archives-ouvertes.fr

DEPUIS 1257

"M SORBONNE A B '
b UNIVERSITE

Sorbonne Université

Ecole doctorale n°391
Sciences mécanique, acoustique, électronique eticple de Paris
(SMAER)

INRAE FRISE
A study of a cryogenic energy storage system for th e

integration of renewable energy sources

Par Cyrine DAMAK BEN ABDALLAH

These de doctorat en Génie des Procédés

Dirigée par Anthony DELAHAYE

Présentée et soutenue le 02 Avril 2020
Devant un jury compose de :

M. Pascal STOUFFS, Professeur a I'Université de Pau et des Pays  Rapporteur

de I'Adour

M. Assad ZOUGHAIB, Professeur a I'Ecole Mines ParisTech Rapporteur
M. Philippe GUIBERT, Professeur a Sorbonne université, Institut Examinateur
d’Alembert

M. Denis LEDUCAQ, Ingénieur de recherche INRAE Examinateur
Mme. Hong Minh HOANG, Chargée de recherche INRAE Examinatrice
M. Anthony DELAHAYE, Directeur de recherche INRAE Examinateur
M. Alain DAMAS, R&D Project Manager , Air Liquide Examinateur

M. Fabrice DEL CORSO, International Expert, Air Liquide Examinateur



Inrae

Institut national de recherche pour
I'agriculture, I'alimentation et
I'environnement

Unité de Recherche FRISE

Génie des procédes frigorifiques pour
la sécurité alimentaire et
I'environnement

1, rue Pierre-Gilles de Gennes
CS 10030

92761 Antony cedex

Sorbonne Universités
Ecole doctorale SMAER
(ED 391)

Sciences mécaniques
acoustiques électroniques
et robotiques de Paris

4, place Jussieu

BC 270

75252 Paris cedex 05



A mon fils, Rayane
Venu au monde en cours de cette thése

Et a qui j'enseignerai tout ce que j'ai appris derbdans la vie






REMERCIEMENTS

Tout d’abord, jadresse mes remerciements a M. &dmftDELAHAYE mon directeur de thése pour
avoir dirigé mes recherches et de m'avoir permiggdéiser mes travaux dans des conditions idéddes.

tiens & lui exprimer toute ma gratitude pour séepat, sa disponibilité et ses conseils.

Je remercie vivement mon encadrant de thése, MsD&DUCQ pour ses conseils scientifiques, son
encadrement, la liberté de travail et la confiamgd m'a accordées tout au long de ces quatreesnné

depuis mon stage de Master 2 jusqu’a cette fitnéget

Un grand merci & Mme. Hong-Minh HOANG, ma deuxiéemeadrante de thése qui m'a suivie et
encadrée, non pas seulement sur le plan sciemifitiyprofessionnel mais aussi sur le plan personnel
durant toutes les étapes de la these. Je tiemsadrioigner toute ma gratitude pour sa dispondikion

aide et son soutien.

Une grande partie de ce travail naurait pas étvenablement faite, sans l'aide précieuse de
Pr.Philippe GUIBERT. Je tiens a le remercier vivahpmour son écoute, sa disponibilité pour répondre

a toutes mes interrogations ainsi que pour la vaeentifigue importante qu'il a apportée a masthé

Je remercie également Mme. Laurence FOURNAISONheftfe de l'unité de recherche Génie des
Procédés (GPAN), de m'avoir accueillie au sein de 8quipe et de m’avoir assistée lors d'une

présentation au congres international de réfriggrat Montréal.

Je tiens a remercier Mme. Graciela ALVAREZ qui maommandée a M. Denis LEDUCQ), et qui m'a

pris ensuite dans mon stage de Master 2, et caitait que toute cette aventure a commence.

Je remercie M. Brice TREMEAC, directeur Laboratoite Froid, des Systémes Energétiques et

Thermiques et professeur au CNAM de m’avoir actigadlans son laboratoire pendant une période.

Je tiens a remercier chaleureusement Pr. PascalBF @t Pr. Assaad ZOUGHAIBour avoir accepté
d'étre les rapporteurs de cette these ainsi qualddn DAMAS et M. Fabrice DEL CORSO pour leur

assistance et conseils dans des parties de laghpear I'examen de ce présent manuscrit.

Ce travail n'aurait pu étre mené a bien sans laodiilité et I'accueil chaleureux que m’ont ténég

toute I'équipe de GPAN (maintenant FRISE) et patigcement mon amie, Véronique Masselot.

Au terme de ce parcours, je suis redevable a nressama soceur et mon frere, pour leur soutien tout
au long de mes années d’études, ainsi que leuiacgefindéfectible dans mes choix. Je remercia enfi
celui qui m’est cher : mon mari et mon meilleur &miine, sans qui je n’aurai jamais pu mener a bien

cette fin de thése, j'ai toujours compté sur sapr@mension, et son attention toute particuliere.






Résumé

Dans le cadre des perspectives européennes H202@tégration des énergies renouvelables,
des solutions de stockage de I'énergie électriquendsse s’imposent. Leur réle principal est
de stocker le surplus de production en électrib#® énergies renouvelables en facilitant ainsi
'équilibrage du réseau électrique. Le stockagesstmarme dair liquide est l'une des
technologies récemment étudiées répondant a cetiematique.

De ce fait, I'objectif global de cette thése estcodenparer deux systémes de stockage a air
liquéfié : systeme récupération a surchauffe, smiua plus étudiée, et un principe innovant de
stockage d’air liquide mettant en ceuvre une connrugtrs de la récupération d’énergie. Pour
conserver un impact faible sur I'environnement @'uelle technologie, les trois types de
combustions dans l'unité de décharge étudiéesoiti :soxy-biogaz, oxy-gaz naturel et air-
biogaz. L’'oxy-combustion permet de réduire consiliment, voire d’éliminer totalement les
émissions des NQO Grace a la concentration importante en.Qans les produits de
combustion, elle facilite également le processusade traitement des gaz d’échappement et la
transformation du Cg&en glace carbonique par la suite.

La comparaison consiste premiérement a établinnal/se thermodynamique incluant analyse
énergétique et exergétique pour calculer les diffesrrendements et efficacités caractérisant le
systeme. Comme il s’agit ici d’'un processus de aastibn, I'analyse thermodynamique inclue
en particulier la modélisation et simulation deckambre de combustion. Cette étape a été
réalisée par la méthode de GRIMECH 3.0 incluante5@éces et 325 réactions. Par cette
méthode, les émissions des gaz polluants de lawustioh sont aussi quantifiées.

La deuxieme partie de la comparaison repose sur amyse de la performance
environnementale. Les impacts environnementauxX3dgstemes proposés sont évalués dans
une approche d’Analyse de Cycle de Vie pour laipaspérationnelle (sans prendre en
considération les étapes de matériaux/construetidestruction/recyclage). Un bilan de masse
pour un point optimal choisi a I'issue de I'étuterimodynamique est établi. Trois méthodes
« ReCiPe endpoint», « ReCiPe midpoint » et « Exst-g sont utilisées pour l'interprétation
des résultats et la proposition des axes d’améioora

La derniére partie de la comparaison aborde l& éalenomique du systeme de stockage a air
liquéfié sous forme d'une étude technico-économigaar un cas concret du systeme de
stockage implanté dans un site industriel ayantb@ssins en réfrigération utilisant I'energie

photovoltaique comme source d’énergie renouvelébie.premiére partie consiste a proposer
une optimisation des scénarios de distribution 'deefgie. Cette optimisation prend en

considération le tarif d’électricité variable suivda région, les données méteorologiques ainsi
gue le rendement électrique du systeme de stockageerformances économiques sont ainsi
évaluées a travers le retour sur investissememsidérmant les différents colts d’investissement.

Mots clefs:

Liquid Air Energy Storage ; Energy Analysis ; oxy-fuel combustion ; Life Cycle Analysis;
Techno-economic study



Abstract

As part of the H2020 European strategy of the rexdsvenergy integration perspectives, grid-
scale or large-scale Electric Energy Storage smisthave gained strategic role. Their major
utility consists on balancing the electric griddtgring the surplus of energy from the renewable
source. Liquid Air Energy Storage (LAES) is ondlod newly studied storage solutions in this
energy transition context.

Consequently, the global objective of the thesishis comparison of two LAES storage
systems: a direct expansion discharge cycle wifieisheating process, and a discharge unit
with the integration of a combustion process aswation in this work. To preserve a reduced
environmental impact of such a technology, thrgeesyof combustion are considered: oxy-
biogas combustion, air-biogas combustion and oxyrah gas combustion. The oxy-fuel
combustion allows the reduction of considerable amh@f NOX, or their total elimination.
Thanks to high concentration in carbon dioxidee fgases can be subject to a post treatment
by means of carbon dioxide transformation intoidey

The comparison consists primarily, on the calcalabf efficiencies as results of the energy
and exergy analysis of four LAES configurationshagt particular focus on the combustion
modelling and simulation. For this reason, comlmmstvas modeled separately for the rest of
the system. This step was achieved by means of GRMreaction scheme including 53

species and 325 reactions; emissions of pollu@astwas also quantified.

The second part of this comparison is related @oethvironmental performance of the LAES.
Environmental impact of three innovative proposgdteams are evaluated by a life cycle
analysis method for the operational phase of tleedycle. A mass balance for an optimal
operating point has been previously selected intieemodynamic part of the study for the
environmental simulation. Three methods are usethiinterpretation: “ReCiPe midpoint”,

“ReCiPe endpoint” and “Eco-cost”.

In the last step of the comparison, a techno-ecansitudy of a real LAES trial implementation
in an industrial site with PV power plant as renkleaenergy source is performed. The
optimization of energy flow scenario based on metlegical parameters of the considered
location, the electricity tariff as well as theie#ncy of the LAES were considered. Economic
performance is therefore evaluated through the @ayperiod considering different investment
Ccosts.

Keywords:

Liquid Air Energy Storage ; Energy Analysis ; oxy-fuel combustion ; Life Cycle Analysis;
Techno-economic study
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1.1 General introduction

Today, within the energy transition global contelke share of renewable power generation is
increasing. This engages pro-active discussionsutabhew policies, regulations, market
structures and industry strategies, particularlgupport the stable integration of the highest
possible shares of power generation from variagtewables (i.e. solar and wind) regarding
their strong intermittency. Strategies are alsadedeto decarbonize high-energy consumers,
from transport and industry to the buildings. Twtion of decarbonization is a widely used
vocabulary in recent studies/reports. It relatesht reduction of greenhouse gases (GHG)
emission of the considered sector. This bringsrdie of electricity storage, and in particular
large-scale storage systems, to highly prominesitipa in the leading strategy of the energy

transition.

Although pumped hydro storage (PHS) dominates tatgle-scale electricity storage today,
accounting for 96% of global installed capacityerth is a large portfolio of storage
technologies, depending on the way energy is stofide current deployment of compressed
air energy storage (CAES) as a large-scale stosafygion is 0.3% of the global capacity,
concentrated in only a few large projects throughba world. Conventional pumped hydro
storage systems use two water reservoirs at diff@levation, and compressed air technology
requires typical underground storage cavities sisotaverns or abandoned mines. So, the main
drawbacks of these technologies are the dependengeographical location and the large land
footprint (Bisht, 2014; International Electrotectai Commission).

Cryogenic Energy Storage (CES) is a relatively ogtion for energy storage. It makes use of
low-temperature liquids (air or nitrogen) as anrggestorage and transfer medium. CES can
provide large scale, long duration storage andataea between 5 to 1000 MWh (IEC, 2011)
Inside this category, LAES (Liquid Air energy Stgeg uses air as storage medium. The current
state of LAES is still under development and dertration stage since no commercial or pre-
commercial plants have been built. Nonethelesmsal pilot plant was deployed and operated
in Slough, UK, directed by Highview in 2015. Moeddly, British battery pioneers planned to
build Europe’s largest energy storage project dfARS type that can store renewable energy

for weeks rather than hours and they called it tbattery”. Highview claimed the cryobattery
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would cost about £110 per MWh of electricity, usmg@00MW system, which would make it
one of the cheapest energy storage technologiebi@sa, 2019).

Apart from the environmental major advantage, CBES the benefit of the “co” or even “tri”
energy recovery in some cases as CES can be cdopteate than one system. Moreover, cold
from evaporation of liquid cryogen can be stored amused in multiple applications. For
example, CES can be associated to refrigerationtpland food processing systems by
restituting some of the cold energy obtained fromdvaporation. Considering that refrigerated
warehouses for chilled and frozen foods are langergy consumers, this solution might

generate economic benefits.

An additional technological development concehesuse of cryogenic process to capture CO
by combustion-post treatment. Captured.G@n be used under different forms: gaseous,
liquid, solid or super critical for different apgditions: chemistry, refrigerated transport (dry
ice), food and beverages industry, etc. Alternffivequid air or its components (liquid
nitrogen, liquid oxygen and liquid argon) can bedisn other applications in form of by-
products, as it is the case of Dearman engine mysfieere liquid air is used for powering the
engine and cooling the refrigerated vehicle. Inddggbridization of LAES is opened to
multiple opportunities as cryogenics have been usedsuperconductivity, rocketry,
cryosurgery, cooled electronics since the 60’s, an@adays even in food, medical and

pharmaceutical industries.

In this context, a recent innovative European mtoj€ryoHub (CryoHub, 2019) has

investigated and extended the potential of largadesCAES by recovering the stored energy in
two forms, electrical energy and cold energy fdrigerated warehouses. The surplus of
electricity produced by Renewable Energy Sourc&sS)Hs used to liquefy and store the air.
Therefore, CryoHub project aims at providing grigldmcing by storing energy from local

intermittent RES, while meeting the cooling demafich refrigerated food warehouse and
recovering the waste heat from its equipment andpaments. Through the integration of
LAES to a refrigerated warehouse, CryoHub intenddecarbonize the local electricity grid as
LAES uses low carbon resources more effectivelye Pphoject is, yet under study and a
demonstrator will be deployed by the end of 2020.
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1.2 Aims of the work

The present PhD thesis is part of this H2020 Ewpgeoject. The current work has focused
on newly developed LAES configurations. Two enemggovery systems are studied. The first
one relies on an evaporation and super-heatingepsoof liquid air while, in the second
approach, a combustion process is integrated ingdreeration unit. For this combustion
process, three cases will be analyzed: oxy-biogasbastion, oxy-natural gas combustion and
air-biogas combustion. The involvement of biogad axy-combustion features is to maintain
the environmental performance that mostly chareterLAES compared to other storage
technologies. A global study of the LAES includergergy analysis, environmental impact and
economic analysis will be carried out to assess fdasibility and perspectives of this

technology in the nergy transition context.

The combination of the scientific papers has ctutstil the chapters of this report. They are

organized as follows:

» Scientific background: to provide from a criticéetature review a clear picture of the
CES/LAES technology as well as a discussion ofctjae efficiencies depending on
the process type.

* Thermodynamic performance analysis : to evaluagrntbdynamic performance
through energy and exergy analysis associatedliiatipg emissions analysis under the
optimum operating conditions settings of the stddienfigurations

* Environmental performance of LAES: to assess ther@mmental impact through a
Life Cycle Analysis method (LCA) of the operatiomdiase.

* Energy optimization scenario and techno-economadyars of the storage system in a
real industrial implementation.

These articles aim at providing new knowledge iheorto respond to the scientific questions
that will be discussed at the outcome of the sifientbackground. A short
introduction/transition section will be added & tieginning of each paper in which a diagram

featuring input/output elements and developed nusthall be presented.
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Introduction to the scientific background paper

LAES thermodynamic performances reported in therdiure are so far scattered due to
different configurations and available externalrth@ energy sources (waste heat/cold);

simulation’s assumptions turbomachinery efficieacperating conditions .

The lack of experimental validation is also an ésamd is due to very few realizations until
now. One reason behind this lack of realizatiathésuncertainty payback periods for investors
due to the important investment cost of machinéeyloAES demonstrator. Controversy related
to the environmental aspect is another issue wheongustion process is included in the

discharge part.

Up to date, no literature review of LAES technoldms been made covering all investigation

aspects on the subject.

This review tends to provide information on thdeliént designs and configurations of Liquid
Air Energy Storage systems. The primary objectiveeviewing this technology is to evaluate
its potential in the near future for the renewableergy integration in order to develop
sustainable processes. Thermodynamic efficieneysis discussed as well as several ways to
enhance the efficiency. One of the main ideas ler ¢fficiency and profit enhancement
proposed by this review is to recover two typesredrgy: cold cryogenic and electrical energy.
The recovery of cold energy might be done by cagpthe storage system to cold stores or
refrigerated warehouses. The review paper alsmeaphnd discusses the possible integration
in other processes to exploit the cryogenic enafyyiquid Air together with the main
functionality of storing renewable energy sourggure 1.2.1 summarizes the above discussion

in a schematic diagram.
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2.1 The review paper: Liquid Air Energy Storage (LAEES)a large-scale
storage technology for renewable energy integratidmeview of

investigation studies and near perspectives of LAES

The literature review article has been publishethé“International Journal of Refrigeration”
(Damak et al., 2020)
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Liquid Air Energy Storage (LAES) as a large-scale torage technology for renewable
energy integration - A review of investigation stutes and near perspectives of LAES

Authors
Cyrine Damak Denis Leductj Hong Minh Hoang Daniele Negrg Anthony Delahaye

lIrstea, UR FRISE, Refrigeration Process EnginedRiagearch Unit, 1 rue Pierre-Gilles de
Gennes, F-92761 Antony , France

2London South Bank University (LSBU); Lower LangfpRiS40 5DU, UK

Abstract

Electrical Energy Storage (EES) technologies hageived considerable attention over the last
decade because of the need to reduce greenhousamgesion through the integration of
renewable energy sources. Renewable sources haveteamittent power output to the
electrical grid, thus EES represents a strateditisa in balancing electrical grids and enables
the decarbonisation of the energy sector.

Cryogenic Energy Storage (CES) is a novel methoEBS falling within the thermo-
mechanical category. It is based on storing liquiggenic fluids after their liquefaction from
an initially gaseous state. A particular form of &H.iquid Air Energy Storage (LAES), has
gained growing attention respect to other cryogé@he current state of LAES is still at the
development and demonstration stage since no cocraher pre-commercial plants have been
built. This technology has been developed in dififémways throughout its history (from 1977),
and, to the best of our knowledge, no review pdyaer been published so far about the CES

topic.

Therefore, the present paper intends to providear picture of the CES/LAES virtues in the

literature as well as the challenges associatélietsystem to be commercially viable. For this
purpose, this review includes: an investigatiothef properties of cryogens and different CES
processes as well as the main ways the system beutdmbined to other facilities to further

enhance the energy efficiency, in particular thenlomation to a refrigerated warehouse with
cold energy recovery from the cryogen evaporation.

Keywords:

Electrical energy storage, cryogenic energy stqriagad air, renewable energy, global

efficiency
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Nomenclature

Ex Exergy (kJ k@)

h Enthalpy (kJ kg)

Lig liquefaction ratio

s Entropy (kJ kg)

P Pressure (bar)

T Temperature (K)
Whnet Net power (J kY
Pc Power of compressor (J g
Pp Power of pump (J K
Pb Power of blower (J kK§

Subscripts

0 reference state
c critical

C cold

H hot

in input

[ liquid state

out output

Acronyms

CAES Compressed Air Energy Storage
CCC Cryogenic Carbon Capture

CEEM Cryogenic Energy Extraction Method
CES Cryogenic Energy Storage

ECERS Enhanced Cryogen Exergy Recovery System
EES Electric Energy Storage

JT Joule Thompson

LA Liquid Air

LAES Liquid Air Energy Storage

LH Linde Hampspon

PHS Pumped Hydro Storage

RTE Round Trip Efficiency

TRL Technology Readiness Level
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2.2 Introduction
Oil, coal and natural gas remain the world’s legdinurces of energy (IEA, 1998). According
to World Energy Council, in 2015, the contributioh oil to the global primary energy
consumption was 32.9%, while that of coal was 3@ ratural gas accounted for 24% of the
total (Kimmel and Cathery, 2010). The power genenasector contributes to 39% of €O
emissions worldwide and is more polluting thanttaesport and industry sectors (Kimmel and
Cathery, 2010).

Renewable Energy Sources (RES) such as wind, gotazean energy (Li et al., 2010b) have
a lower carbon footprint than conventional eleeirenergy and so have the potential to reduce
carbon emissions if used effectively (Eurostat, ZJONowadays, around 7% of the energy
produced comes from renewable sources (REN21, 2U0h&) value is projected to grow in the
next years due to the global awareness of cardatedeenvironmental issues and the growing

share of green technologies and governments’ sforsupport the renewable energy sector.

However, the increased ratio of renewable energyeigdion may cause several issues in the
electrical power grid considering the intermittataracteristic of RES. In fact its power
generation is locally affected by weather patte(isC, 2011) and day/night cycle.
Consequently, the use of Electrical Energy Stol&geS) is viewed as one potential way to
support integration of variable RES (Luo et al.120 EES systems may also provide other
useful services such as peak shaving, load shidmbsupporting the realization of smart grids
(Luo et al., 2015). In a study of electricity stgearoadmap up to 2030, electricity storage
facilities spreading tend to triple if countriesuiite the share of renewables in the energy
system mix (IRENA, 2017).

EES is not a single technology, but rather refera portfolio of technologies. Energy storage
can be classified depending on the energy conveesid storage. Mainly electro-mechanical
and thermal storage are widely used for the laogdesenergy storage (IRENA, 2017). Pumped
hydro storage (PHS) represented 96% in mid-201Wafdwide installed electrical storage
capacity followed by flywheels and Compressed Amefjy Storage technologies (IEC;
IRENA, 2017). Conventional pumped hydro storagetesys use two water reservoirs at
different elevation, and compressed air technolegyires underground storage cavities such

as caverns or abandoned mines. So, the main driw/bafcthese technologies are the
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dependence on geographical location and the largkfbotprint and therefore environmental
concerns (ENEA_Consulting, 2012; IEC, 2011; IRERA17).

Air has been recently regarded as a Cryogenic r¢tgrage (CES) medium, whereby air is
liquefied at around -195 °C and stored in insulataaks (Antonelli et al., 2017). This
technology is called Liquid Air Energy Storage (LBE At off-peak times, energy produced
by renewable sources is fed to an air liquefaatioit, while, when electrical energy is needed,
the liquid air (LA) could be pumped, heated andagged into turbines to generate power (Brett
and Barnett, 2014).

Liquid air does not require important storage vadgnconsidering significant energy density
compared to that of PHS and CAES (Chen et al., RO0%refore, LAES is considered as a
compact-technology. CAES footprint on the grouna principle” is not larger than LAES
because the compressed air is stored undergroenefdhe no more over ground land is used,
but there are constraints on how close multipleagf® caverns can be. Therefore, as stored
energy increases, the overall footprint increasaersubstantially than with LAES. Moreover,
LAES is one of the few storage technologies whiah offer large scale storage without
geographical restrictions (IRENA, 2017). This tealogy gives the possibility for energy “co-
recovery”, since cold from evaporation of liquig/@gen is not wasted. Cold can be reused in
multiple applications, and particularly, in the ead sustainable refrigeration industry and food
processing. Refrigerated warehouses for chilledfesren foods are large energy consumers,
and therefore, the reduction of their electricalssanption by restituting some of the cold from
the evaporation (at temperature reaching -120°@Gldogreatly enhance the profitability of the

whole combination.

Cycle efficiency, also known as the round trip@éncy, is the ratio of the system electricity
discharged to the electricity stored during thergimgy phase. The round trip efficiency for the
case of LAES is dependent on the effective managewfeheat flux, but can reach values
higher than 80% under ideal circumstances (Lud. e2@15)

The maturity of EES technologies is related tol¢hvel of commercialization, the technical risk
and the associated economic benefits (Luo et28@ll5). The CES technology is at pre-
commercial stage evaluated with Technology Readires/el (TRL) at maximum nine

(Hamdy et al., 2019). PHS is considered as a matatenology and CAES has already been
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deployed at commercial scale. On the other handc® Aeeds further development and is

currently at industrial demonstration level.

Li (2011) made a thermodynamic assessment of theofisryogen as a working fluid in an

energy storage system and concluded that cryogemse an efficient energy carrier and
storage media. In the nineties, two hi-tech Japagespanies Hitachi Ltd. (Wakana et al.,
2005) and Mitsubishi Heavy Industries, Ltd. (Kisltm et al., 1998) investigated this

technology and built prototypes to test the fedisjbof a LAES system and assess practical
performance. A few years later, Highview Power &gerLtd (Highviewpower, 2017) built a

small 350kW pilot plant initially located in SloughJK, while the construction of a pre-

commercial plant by the same company began on BepR015 and operation has started from
April 2018.

This paper proposes a critical literature reviewtlnd LAES technology and its virtues

comparing to other large-scale storage medium.eiyfit liquefaction and energy recovery
principles will be discussed in detail with refecerto various studies found in the available
literature. In the last part of the review, invgated methods of hybridization of the LAES will

be also discussed in order to present the prospécesearch and maturity development into
LAES.
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2.3 Cryogenic energy and liquid air as an energy darrie
A cryogen is a liquefied gas that boils at a terapege below -150°C (Li et al., 2010a).
According to Li et al. (2010a), the energy storedhe cryogen is different from other heat
storage : the energy stored in the cryogen is nbthfrom decreasing its internal energy and
increasing its exergy. So, exergy analysis is naal@pted to quantify the potential of stored

cryogen than energy analysis.

In the study of the Enhanced Cryogenic Exergy Rego®ystem, Fyke et al. (1997) defined
the exergy contained in cryogens as a thermomechlagxergy. This assumes that there are
two components: “thermal exergy” - embodied by thege temperature difference with
ambient and “mechanical exergy” - due to a posgbdssure differential compared to ambient
conditions. Cryogens can also embody chemical gxéog example the chemical exergy of
liquid methane is 48 times higher than its therrhgsical exergy, on the other hand liquid
nitrogen does not have any chemical exergy anekallgy is in the thermo-mechanical exergy
potential Li et al. (2010a). For example, calcaatshows that liquid hydrogen has the highest
exergy density using Eq. 1, upt@912kJ/kg. While, the exergy embodied by liquid nitrogen
could be up t&50k] kg=1. The latter figure is higher than the potentiargy of rock, which

is around455 — 499k] kg~ 'when used for storing sensible heat Li et al. (2010ble 2.3.1
presents a comparison between thermodynamic prepeof the most commonly used
cryogens, values of critical properties of cryogevese taken from ASHRAE (1993). The
values of exergy were calculated by the authomsgusie following formula:

Ex=[(h —hy) - To(s- )] @)

where the index “I” refers to liquid state and ‘t@'reference state



Cryogens Recovery process Thermodynamic properties l&mmability Y/N

Exergy available at Critical point
liquid state (kJ kg) properties
Tc (°C) Pc
(bar)
Air ASU 723 -135.65 37.7 No
Helium Natural gas processing 6702 -267.85 2.3 No
Hydrogen Hydrogen production methods 11912 -239.8%3 Yes
Methane Natural gas processing 1066 -82.05 46.4 Yes
microbiological methods
Nitrogen  Air processing 750 -146.95 33.9 No
Oxygen Air processing 621 -118.35 50.8 Yes

Table 2.3.1 : Thermodynamic properties of different cyogens
The very low values of critical temperature anatigely low critical pressure of cryogens play
a major role during liquefaction, since the exelgst during the heat exchange process is

minimized when the fluid is cooled in supercriticahditions (Venkatarathnam, 2008).

In a practical aspect, air is obviously a non-flaahe fluid compared to hydrogen or methane
cryogens. However, there are some precautions wiemes to liquid air, because the oxygen
fraction tends to separate and get locally enrickigioin the storage tank. Liquid air can even
contain 50% of nitrogen and 50% of oxygen (CLCF1L30in some instances. Since oxygen
reacts violently with most materials (EIGA, 2018)e potential fire and explosion hazards
increase when oxygen concentration in liquid oregas air increases. In their report (EIGA,
2016), the European Industrial Gases Associatiammgl that the maximum safe oxygen
concentration in a confined space is 23.5% by velu@onsequently, in reference (CLCF,
2013), there are a list of safety measures to déhl oxygen enrichment: using suitable
insulated tanks, monitoring oxygen content and kegpll types of organic materials away
from the oxygen sources as they may combust inxggem rich environment. Furthermore,
few air treatments operations are necessary b&fioeegy storage processing compared to
hydrogen or nitrogen extraction for example. Finallue to its instant availability and free use,

air has the ultimate potential to the energy stpgaystem as a cryogen.

Liquid air has attracted researchers working ogdascale energy storage based on cryogenic
energy conversion. LAES is, henceforth, the paldicdorm of CES where the energy

conversion remains in Liquid Air transforming.
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2.4 Process Principle

The idea of cryogenic energy storage was firstyppsed by E.M Smith, at university of New
Castle in 1977 (Smith, 1977), and tested by Mitshibin 1998 (Kishimoto et al., 1998;
Sciacovelli et al., 2017) using liquid air as crgag The principle of using this type of energy
storage is based on 3 main steps shownire 2.4.1 (i) liquefaction of gaseous air when energy
is available at off-peak times, (ii) storing liquadr in insulated tanks and (iii) expansion of
pumped liquid air through turbines to generate pat@eak demand period (Abdo et al., 2015;
Ameel et al., 2013; Antonelli et al., 2016; Guiezial., 2015; Kishimoto et al., 1998; Li et al.,
2014; Morgan et al., 2015b; Sciacovelli et al., 208mith, 1977)

liquetaetion Storage Recovery ,gﬂ
» of liquid ’ of liquid * ' i
of air a?r air e:?er ““’iﬁﬁ
gy

Figure 2.4.1: Principle of liquid air energy storag

The state-of-the-art of each of these subsysteithevdescribed in next sections.

2.4.1 Cryogenic liquefaction cycle

In the literature, mainly 3 major cycles were saadfor the liquefaction of cryogens, Linde
Hampson cycle, Solvay cycle and Claude cycle (Abidal., 2015; Ameel et al., 2013; Atrey,
1998; Chang, 2015; D'Arsonval, 1898; Guizzi et a015; Hamdy et al., 2017; Li, 2011;
Sciacovelli et al., 2017; Venkatarathnam, 20081885, Car von Linde built the first industrial
scale air liquefier (Agrawal and Herron, 2000). Tiede-Hampson (LH) liquefier is based on
the Joule Thomson (JT) effect taking place in dmpttling valve (Venkatarathnam, 2008).
Petit (1995) referred to the efficiency of 11% atescribes the efficiency of JT liquefaction
cycle as “poor”. The JT expansion is responsibteftarge loss of exergy due to the important
pressure drop in an isenthalpic process. Whenstirghalpic expansion device is replaced by
an isentropic expansion device, an increase iexkegy efficiency of about 60% is achievable
for a compression pressure of 200 bar (Venkataaathr2008). The liquid yield increases
considerably and this cycle is known as the Solwpefier. This can be done by means of a
turbine instead of the JT valve, using a two-pheagender or a cryogenic expander (Kgnop
2001). This technology was not available until reyebecause it requires accurate prediction

of liquid fraction trajectories while it condenses the expander. This was introduced at
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industrial scale in methane liquefaction plantwiite advent of 3D, multiphase computational
fluid dynamics.

T-s diagram of a Solvay cycle for air liquefactigirepresented ingure 2.4.2 The segments 1-
2, 3-4 and 5-6 correspond to compression procegsids 2-3, 4-5 and 6-7 represent the inter-
cooler between compressors. Then, from 7 to 8 terred cold source and a part of returning
non-liquefied gas is used to cool down the comeetssr. The segment 8-9 is the non-
isentropic expansion within a cryo-turbine wheredurction of liquid droplets takes place. In

point 9, liquid air is stored in a storage tank.
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Figure 2.4.2: T-s diagram of Solvay air liquefactia cycle based on 3 compression stage

In 1902, George Claude proposed a system with kparesion mechanisms combining a JT
valve expansion with a near-isentropic expansioouth a turbine located along a portion of
the stream. The Claude cycle has been reportedyin 2.4.2 Claude cycle presents many
advantages compared to LH cycle. According to xi¢®012), the near-isentropic expansion
makes the system potentially more efficient anditemdhl work can be produced by the

expansion device improving the overall efficiency.
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Compressor] Heat Heat Heat J-T valve
exchanger exchanger exchanger
Wexp\\ Liquid tank
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Figure 2.4.3: principle of Claude cycle
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Improved version of Claude cycle was also develdpedighview Ltd, in order to manufacture

the first LAES demonstrator without combustiontheir patents (Nelmes et al., 2015) they
represent a liquefier with two or more cascadimgihes. With this extended version of Claude
cycle, more cold is provided within the heat exg@®nhenceforth more liquid is produced and
so the liquefier efficiency can be enhanced. Midtgpnfigurations were proposed, as well, in
patent (Alekseev, 2016) of air liquefaction unised on Claude cycle. Regarding this fact,

more complexity is added to the circuit and Capttxaases as well.

Despite the low values of exergy efficiency of LenHdampson, many industrials refer to this
system to produce liquid air, as in many patentE&Aystems were based on the LH liquefier
(Gatti et al., 2011; Sinatov and Afremov, 2015|I&tiet al., 2016; Vandor, 2011). This means
that the Linde Hampson principle has been regafoled long time as potential liquefier for
industrial application and it is always the caseadays mainly due to the cost benefit criterion.
The cycle that may replace Linde Hampson becaussvafomplexity and enhanced efficiency
is Solvay. The replacement of JT valve by a Liqtudbine assures better efficiency with

minimum investment.

A revival of the Solvay cycle was proposed in récgndies (Guizzi et al., 2015; Li, 2011; Li
et al., 2014) of cryogen liquefaction that invohadso some more sophisticated technologies
using a Cryoturbine for providing the cooling capaoeeded for liquefaction of the cryogen.
It has been shown that the use of a Cryoturbinedasof a throttling device in a conventional
setup improves considerably the efficiency of iqedfaction unit. For example, in particular
conditions, Li (2011) obtained an optimal roungb teifficiency of 48% using throttling valve
while, this value increased to about 82% by usit@ryoturbine. Kanglu (2001) investigated
and tested a Cryoturbine used for natural gasfiagtien and the analysis was made using data
provided by the Cryoturbine test facility. The atijee of the paper (Kargu, 2001) was to
compare the efficiency of a throttling valve an@rgoturbine for cryogen production in order
to assess isentropic, hydraulic and exergy eff@emof the Cryoturbine in a Solvay liquefier.
Another variant of Claude cycle is Heylandt cydeturbine is placed along the first heat
exchanger and not the second one as it is thf@akapitza. In a study of the exergy analysis
of a CES (Hamdy et al., 2017), Heylandt cycle wsedufor liquefaction. The authors claimed

that this cycle is commonly applied for CES regagdiechnical and economical reasons.
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2.4.2 Cryogenic Energy Extraction Methods (CEEMS):

Thermo-mechanical exergy of liquid cryogens canek&acted after evaporation through
turbines, while the remaining thermal exergy, imfoof high-grade cold, can be recovered
through heat exchangers and storage medium. Tragigh intends to provide details of some
studies/patents of the CES/CEEM and to discuss thsilts.

In general, four basic methods for Cryogenic EneEggraction Methods (CEEMS) are
mentioned in literature (Hamdy et al., 2017; Laét 2010a) Kigure 2.4.4. The simplest one is
the direct expansion method where the cryogenngged, heated by the ambient heat or waste
heat and expanded into turbines to generate p@ayen(the second method, cryogen is used
as a secondary fluid instead of the main workingdfl It is whether used to condensate the
working fluid in a Rankine cycle (b) or to cool dowhe working gas before compression in a
Brayton cycle (c). For these two methods (b-c),dhy@pump is kept to pump the cryogen in
the secondary circuit (blue line) while the expandeused for the main circuit (green line).

The fourth method is a combination of the threevioes ones (d).
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In general, the cryogen is pumped, evaporated apdneled into turbines. T-s diagram for a

three-stage expansion recovery cycle, with liquiés working cryogen is representediire

2.4.5 In this case, step 1-2 corresponds to the evéporeaf liquid air, 2-3 is a small heat transfer

with secondary fluid which exchanges with cold st device, 3-4, 6-7 and 8-9: super-heating

and 5-6, 7-8 and 9-10: expansion into turbines.
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Figure 2.4.5: T-s diagram of recovery cycle

An alternative for the cryogenic energy extraciothe so-called “Dearman Engine” (Dearman
et al., 2016). Cryogenic engine is extracted irtopisengine system similarly to vehicle’s
engine. The cryogen is injected by small quantitg the engine cylinder where it is combined
with a warm heat transfer fluid. The resulting seildeéxpansion of the cryogen drives the piston
shaft, and therefore cryogenic energy is turnedtoutechanical energy. As said in the
beginning of this paragraph, one of the most ingrdrfeatures of the cryogenic energy storage
is that it can generate both mechanical/electeca&rgy and cold energy at the same time by
the regasification process. Under this same appro@zarman Company proposed a
cogenerated system (Ayres et al., 2015). Therefor@ne of the embodiment proposed,
mechanical energy and electrical energy could lieaeted alternatively or simultaneously
through mechanical coupling (by shaft rotatingjl@rmal coupling (Indirect Rankine cycle).
Dearman vehicle engine cannot be considered aseat dipplication of the electric energy
storage through cryogenic energy conversion, bgbme aspects, it could also be considered
as a CEEM.

A recovery system was also developed by MitsuliKighimoto et al., 1998). The generator
is a combination of super-heating, combustion airdctl expansion method with some
modification, as showed bygure 2.4.6 The cryogen is pressurized by a turbopump driwen

expansion turbine, evaporated, heated and expaiitiedpower is produced by using a gas-

34



turbine. The author calculated the thermal efficienp to 77% (Eq.5) as an efficiency of the

generation cycle.
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Figure 2.4.6: Mitsibushi LAES system

Expansion Energy’s patent Vandor's Power StorageleCfcalled the VPS Cycle) of LAES
includes natural gas fueled power generation aztegin (Vandor, 2011). In Vandor’'s patent
(Vandor, 2011), a LAES that relies on combustiomatural gas with liquid air is presented.
To limit CO2 emission, Vandor’s proposed a CO2 gokson chemical process. The final use
of the CO2 captured was not mentioned in the pateatcommercial document of the company
that manufactures the system (Liebowitz et al. 32®ie round trip efficiency of the VPS cycle
at a commercial scale is claimed to be greater &%4. The VPS cycle is now subject to a
feasibility study and a full scale system instatlatmay be planned at a facility in New York
City (Taylor et al., 2012).

2.4.3 Efficiency of LAES
CEEM and liguefaction system can be completely se¢pd or thermally linked in the case of
CES. Therefore, two major groups of LAES are dgiished in literature: “independent
subsystems” and “thermally linked subsystems”.he liquefaction process, cold energy is
needed and it can be recovered in the LA dischamgeess and recycled back. Additionally, in
order to enhance the LA discharge process effigievaste, heat is needed. This can be stored
and recycled from the rejected heat coming fronctimapressors in the liquefaction plant. The

following studies involve cold and hot energy reasethods via different storage media which
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fill the gap between air liquefaction unit and reery unit needs. High grade hot and cold
storage and recycle is included in almost all restundies related to cryogenic energy storage
system for electrical storage applications (Abda@let2015; Ameel et al., 2013; Chino and
Araki, 2000; Li, 2011; Li et al., 2014; Morgan dt, 2015b; Sciacovelli et al., 2017) where

mainly a super-heating based cycle is used fog#meration process.

RTE, environmental impact and realization of thetegn are particularly factors of interest in
this paper. In the following, two systems are dgtiished the super-heating recovery process
referred to with “S” letter and the combustion lthescovery process referred by “C” as main
Cryogenic Energy Extraction Methods. A comparisetwieen these configurations is made

in (*): thermal efficiency

Table 2.4.1as they were studied in their corresponding meetiareferences.

As for all energy storage technologies, the roummefficiency is the parameter that represents
the ability of the LAES system to recover as muslpassible of the input energy that it had
initially consumed. The round trip efficiency foL AES system is the ratio between the electric
energy consumed for producing liquid air and theeteic energy generated (or saved) during
the discharge of LA and it is given by the follogiaquation wher#/ netout is the output energy

andWretinis the input energy, both include all input antbo energies throughout the system

is given by :

RTE — Wnet out (2)

netin

Negro et al. (2018b) has defined a more detéileg ,,,. formulation and method of calculation
for the heat/cold recovered as follows:

_ Y ElectricalEnergyOutput + ), ThermalEnergy/COP 3

RTE
Y. ElectricalEnergyInput

The Coefficient of Performance (COP) is an indic&bo the refrigeration cycle as well as heat
pump, it is defined on the basis of a level of vialation temperature of the cold recovered.

T¢

COP, = ———
CTTy-T¢

(4)
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Standalone

Calculation

Integrated  Round trip efficiency
Ref/System recovery model
system (%)
Peculiarities/Innovations system
C S cC+s C S
Kishimoto et al. (1998)
Rankine and Brayton X 77 Eq. 5
combined
Chino and Araki (2000)
Tank of liquid air placed X 87 Eq. 6
inside a regenerator
Vandor (2011) Not
X >90 ,
mentioned
Conlon (2016)
combination of open
. , [47-87] Not
Brayton air cycle with X '
_ mentioned
closed Rankine steam
cycle
Ameel et al. (2013)
Linde liquefaction cycle
. X 43
and Rankine recovery
cycle
Li (2011)
Superheaters supplied b
P _ PP Y X [20-60] / 80
heat from inter-coolers at
the compression stage
8 demonstrator value
Morgan et al. (2015b) X [40-60] theoretical
packed bed for storage value
Guizzi et al. (2015)
. X 50
cryoturbine included
Sciacovelli et al. (2017)
Packed bed for cold X 50
storage
Antonelli et al. (2016) X 70
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Natural gas combustion
included
Negro et al. (2018b)

Cryo-Rankine cycle

_ _ X [20-26] Eq. 3
combined to refrigerated
warehouse
Hamdy et al. (2019)
Exergy and economic Not
o X X [40-55] _
analysis is carried out for mentioned

different circuits

(*): thermal efficiency

Table 2.4.1: Main CEEMs in the literature

Two systems are distinguished: the super-heatiogvery process referred to with “S” letter
and the combustion based recovery process refdryetiC” as main Cryogenic Energy
Extraction Methods.

Negro et al. (2018b) investigated multiple possdibg of developing a demonstrator at an
industrial site (food factory and refrigerated wareses). From the parametric analysis, it was
shown that 3 parameters can be controlled to ehitnecRTE: discharge pressure, waste heat
temperature at the expansion stage entrance assljpedn the storage tank. The cold recovered
from the evaporation could either be recycled ie liguefaction cycle or used to supply
refrigerated warehouse or food freezers. Dependmgequirements of the industrial site, the
round trip efficiency can be considered also asrgable parameter to the energy efficiency
assessment in the refrigeration system. As prdctigdbomachinery efficiencies were
considered, this study has presented lower RTE dkizer theoretical values obtained in other

works.

A complete exergy analysis based on fuel and ptogiogroach was conducted by Hamdy et
al. (2019) comparing 4 configurations including tt@mbustion process. Waste heat/cold
recovered was also investigated in order to evalthe exergetic efficiency of the CES. Waste
energy as defined by the authors is related temieegy that can be vented to the environment.
An interesting point of the slight difference beemeexergetic and energy methods analysis was
highlighted through different formula in each oétbtudied system. The exergy known to be
« the true thermodynamic value » of the energyclésmed to be the best approach for
comparison purpose. Contrary to the results fountiterature, exergy and energy analysis

38



results of this study show that the use of wastt b£450°C represents the highest exergetic
efficiency of 55% comparing to 44% with combusti@epending on the industrial site where
the CES is implemented, availability of waste heairce is not certain, and therefore, the of

the RTE changes consequently.

RTEs shown in this table are results of theoresaalulation. The only system that was fully
built as LAES demonstrator has only 8% comparethéotheoretical 49%. According to the
author, this poor value is due to the small sizihefplant. LAES would be more efficient when
scaled-up. Nonetheless, more details and experahdata related to the subject are therefore

required to investigate the main energy loss s@urcéhe energy conversion process.

Almost all recent studies (Ameel et al., 2013; Guiet al., 2015; Hamdy et al., 2017,
Sciacovelli et al.,, 2017) on the subject of LAESanfied approximate results of exergy
efficiency and the round trip efficiency variesaatange of [43-50%]. Architectures studied of
LAES are almost focused on Solvay or Claude ligrettycle with the integration of
Cryoturbine for charging phase and the super-hggtincess of energy extraction process for
the discharging phase. Sciacovelli et al. (201%) ¢eried out a typical configuration of the
LAES system based on super-heating process recolieeyproposed system shownrigure
2.4.7includes a modified Claude cycle which includedtiple expansion stages and a JT valve.
Packed bed filled with quartzite pebbles is integptan order to store high-grade cold energy.
Heat from multiple compressor stages is recovasdt, was the case in the work of Guizzi et
al. (2015). Sensible heat is stored in a diathepitithat acts both as heat transfer and storage
medium. The author focused on the integration efghcked bed storage in a dynamic RTE
analysis and the impact of this component on tlséegy overall performances. According to
the authors, the use of packed beds for cold tHestneage improves the efficiency of liquid

air energy storage by around 50%.
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Figure 2.4.7: Sciacovelli's LAES process

According to(*): thermal efficiency

Table 2.4.3, LAES with combustion methods have the highest R®paring to super-heating

cycle whether in independent or in coupled cyclalués of theoretical RTE are generally
higher than 70%, while those of super-heatingiangdd 40 to 50%. This can be explained by
the high chemical exergy (Fyke et al., 1997) caomdiin the fuel and provided to the system
as an extra source of energy in addition to liquiicenergy. Besides, combustion leads to high
temperature at the turbine inlet before expansiahthis provides more work to be recovered
from the expansion process. But combustion alslodes CQ emissions. Carbon capture is a
frequent proposed solution (Conlon, 2016). This lsamone by use of cryogenic cold energy
so as in Li et al. (2011). Nevertheless, combustidhrejects many others toxic particles like

CO or NO, @, etc which require additional combustion postttresnt processes and could lead

to more complexity and expensiveness of the system.

RTE can be higher when using combustion processeber, efforts of recent theoretical
research on energy storage methods aim at congettwenenvironmental friendly aspect of
LAES especially when applied to green energy mamagein the grid. In the following, details
of combustion based recovery cycles based on cdiohusnd ways proposed to guarantee

environmental aspects are discussed.
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2.5 Pilot plant demonstrators in the history of LAES
The use of liquid air energy storage, as a largéesenergy storage technology, has attracted
more and more attention with the increased sharatefmittent renewable energy sources
connected to the electricity grid. Consequentlynsaommercial companies got involved in
the development of this technology beginning withisMbishi and Hitachi (Kishimoto et al.,
1998; Wakana et al., 2005) at the end of the reseind more recently Highview Power Ltd.
Tests and performance of the deployed systemsdfichatch theoretical expectations because

of technical limitations and real world efficiensief the equipment.

The first prototype was designed and demonstrajetMibsubishi Heavy Industry in 1998
(Kishimoto et al., 1998), with no information pudilied about the design of the liquefaction
unit. Liquid air was directly pumped from a liquair storage tank. The only reported
performance indicator was the efficiency of the dlischarge system which could reach 77%,
without taking into account the energy consumedthsy air liquefaction plant, but only

accounting for the chemical energy of the fuel bimrthe combustor.

In a second trial of this technology, Wakana et(2005) designed a generation circuit that
combined combustion with the integration betweeudfaction and generation units. As
previously described, this design included a fofmecald storage unit which is conceived in
specifically designed regenerator. The R&D actgtiwere conducted by the Japanese
company Hitachi, Ltd. According to the Center faw.Carbon Futures (Taylor et al., 2012),
Hitachi made experimental works on the regeneratuat,claimed that the system could exceed
70% of storage efficiency depending on the regeoegerformance. However there was no

full scale pilot plant demonstrator.

Working with the University of Birmingham (UK), Hiyiew Power Storage has built the
world's first fully integrated 350kWh/2.5MWh liquidir energy storage system Highview
Power Storage designed and assembled this LAE§ Hilghviewpower, 2017). It was initially
operative in 2011 at Scottish and Southern Ene&3MW biomass plant in Slough, UK. A
self-developed cold storage (Morgan and Dearmab3P®@as used for the full integration of
liquefaction and energy generation units. Variesd to assess the system response to load
variations were carried out. Results were repobgdlorgan et al. (2015b). The round trip
efficiency obtained was in the range of 8%. Butaading to the authors, this low value is due
to the small size of the plant and the inefficieold recycle design. A 100MW/600MWh "best
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built" configuration was proposed by the same autlo another paper (Morgan et al., 2014)
and a round trip efficiency of 60% was claimed @sievable with current technology.

In February 2014, the UK government awarded Highvied. of a £8 million grant for the
realization of a 5SMW/15MWh demonstration plant asile Viridor’s landfill gas generation
plant at Pilsworth Landfill facility in Greater Mahester (Highviewpower, 2017; Luo et al.,
2015). The waste-heat provided by the adjacenbtmpisingines generators will be used to
increase the discharge system power output andliemhance the overall efficiency of the
system. The plant is now in operation and it isvhog power for around 200,000 homes
during a day (Highviewpower, 2019).

2.6 Methods of hybridization of cryogenic energy sta@ag
As described in this paper, initial research atési on energy storage and recovery via
cryogens had begun with simplified systems usindependent liquefaction/recovery
subsystems. Then, the overall RTE had been greatignced with the integration of the hot
and cold energy storage and recycle. In the folhgwparagraphs, some studies are presented
where the CES is hybridized with a second systelne iflea is to maximize the cryogenic
energy recovery by using additional systems, amdrs#ly to integrate a CES system with

another process.

In two papers, Li (Li et al., 2014; Li et al., 2Q12uggested to co-locate cryogenic energy
storage near an existing electrical plant and maecof waste heat recovery in the cryogenic
plant, instead of rejecting it to ambient. In fabtie waste heat recovery has a large impact on
the increase of the net power output. In the 8taty from Li (Li et al., 2014), he suggested
the integration with a nuclear power plant. Thencbrip efficiency of this system could be
higher than 70%. Li et al. (2012) studied the hgization of a CES and a solar thermal power
plant in the form of a solar-cryogen hybrid powgstem. Results of simulation in this study
show that the system delivers power 30% greater tihh@ sum of the power outputs of each

system individually.

The power generation sector is the main source@femissions worldwide. Consequently,
several technologies of carbon capture emergeddent years as a way to limit emissions.
Cryogenic Carbon Capture (CCC) is a viable apprdadkchieve the target of G@mission
level (Safdarnejad et al., 2016). A hybrid systeim™C&C and a CES based on combustion

process is studied within three reference papefdigarnejad and Li (Li et al., 2011; Li et al.,
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2013; Safdarnejad et al., 2016). The process gegarates solid GOn the form of dry ice (Li

et al., 2013). To further increase the efficientthe LA discharge, waste heat from the exhaust
gas is recovered to superheat the gaseous nitedgée turbine entrance (Li et al., 2013). In
the latter study by L{Li et al., 2013), the air would be separated iigaid oxygen (for the
oxy-fuel combustion of the gas turbines), and lignitrogen (the working fluid in the circuit
and the medium of C{emoval). The overall efficiency of the proposgdtem was claimed
to reach 70%.

Antonelli et al. (2017) presented several waysAIES integration with existing processes. The
first suggestion was to include an Organic Rankigele (ORC) where cryogenic temperatures
of released liquid air could be used as the loeeperature sink of the ORC. According to the
author, the ORC contributes to negligible improvataen the efficiency of LAES, since the

energy exploitable is lower compared to that predith the combustion. A second proposition
consisted of a combustion based cycle, where ailleddby cryogen entered the compressor.
The advantage of this cycle would be that the cesgion would be less energy intensive since
the working fluid is at a lower absolute inlet tezngture. The authors’ analysis of this

configuration yielded the highest power output #mabest round trip efficiency (68%).

According to Fikiin et al. (2017), refrigerated whouses are an ideal industrial environment
to the integration of renewable energy source bjckimg ‘passive’ and ‘active’ modes of the
LAES and using both cold and electrical energyhef ILAES. A recent innovative European
project - CryoHub (CryoHub, 2019) investigated arntends the potential of large-scale LAES
by recovering the stored energy in two forms cald electrical energy. By employing RES to
liquefy and store cryogens, CryoHub balances th@epagrid, while meeting the cooling
demand of a refrigerated food warehouse and recmytre waste heat from its equipment and
components. The project is, yet under study anenaotdistrator might be deployed in order to

supply a refrigerated warehouse.

2.7 Discussion and perspectives

The cryogen contains high-grade cold as a valuaidegy, and we may call it “cold exergy”.
For this reason, as we could see through paragfghs paper, some authors gave a special

focus on the recovery of this extra source of epeAdmost all hybrid systems discussed
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include the integration and recycle of the coldrgyeeleased by the cryogen, i.e. the capture

of COp, the condensing in an ORC or cooling the fluidiBrayton cycle.

Aside from capturing and storing the cold exergyhef released liquid air for the liquefaction
process, the stored cold energy might also be usedefrigerated warehouses or
food/pharmaceutical plants. This idea was firstodticed by Fikiin et al. (2017). This is
currently under investigation and would be dematstt as part of a European project
(CryoHub 2019). Integrating the LAES system wouldlde demand-side energy management
and supply of cooling to refrigerated warehouseb@tsame time. The main objective of this

project is to enhance the sustainability of botgbwer grid and the cold chain.

Using the same approach, but in a different apjtinaTafone et al. (2017) presented a techno-
economic analysis of a LAES providing for daily @anditioning of an existing office building
in Singapore (hot climate conditions throughoutybar). Results of simulation gave ideally a

round trip efficiency of 45% with some assumptions.

Both previous applications explored the concepa @ustainable cold economy, defined in
Tafone et al. (2017). The objective would be to ensikes requiring refrigeration energetically
self-sufficient and increase the share of “greemérgy sources used. As main results of the
study conducted by Negro et al. (2018b), the iefficy of the cold energy recovery sub-system
can reach the value of 88%: « this will constitatkey technological enabler for any LAES

technology to be commercially viable in the futusre

Many studies and configurations have already be@sidered theoretically, but, the lack of
experimental validation of the simulated LAES sgsteshould be addressed first. LAES
technology needs an important investment regaiti@gize of machinery required (number of
compressors and turbines and engineering/concegitioly price). This explains somehow the

lack of experimental validation and industrialsuince.

In CEEM section (0), recovery methods with combarstare proven to be more efficient in
terms of RTE than with super-heating. However, thuéhe environmental damage that can
occur from the combustion of natural gas with ldyair. Oxy-fuel combustion should be
considered since it presents reducedk e@ission than the usual air-firing. Besides carbon
capture operation has lower complexity in the oxgtidue to the higher CO2 density in the
flue gas (Buhre et al., 2005). Oxy-fuel combustath CO2 capture has been investigated by
companies like Air Liquide (Chatel-Pélage et aQD2) and Alstom (Nsakala et al., 2001) in
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the case of coal-fired power plant. In our visiory-fuel combustion could represent a way to

maintain good electrical efficiency and reasonanleironmental impact.

2.8 Conclusion

This paper provides a review of the current develept of LAES technology from both a
scientific and technical perspective. CAES and RitkStechnologies currently deployed for
large-scale energy storage which are constrainedydmgraphical features. LAES, as a
particular sub-set of LAES, is a novel EES techggléhat could respond to grid-scale

requirements.

One advantage of this technology is the energag®density and, secondly, its independence
from location constraints like the presence of avgational potential (PHS) or underground
caves (CAES). A difficulty of using liquid air usex$ cryogen is that a particular attention
should be given to the problem of stratificatiord axxygen enrichment during storage. Some

measures are necessary to avoid the risk of ignitigpresence of hydrocarbons.

Linde-Hampson, Claude and Collins cycles were moestil in previous works to be the most
appropriate for cryogen liquefaction. Super-heatamgl combustion methods combined to
direct expansion are the most popular energy regavethods in studies related to CES or
LAES. Many authors confirmed that the integrati@ween liquefaction and energy recovery
units through cold and hot storage considerablyaroés the system performance. Potential
round-trip efficiency has been claimed to be mb@nt80% when using combustion for LA
discharge cycle. Combustion process has undeniedggtive impact on the environment and
this goes against the environmentally friendly eletaristic of LAES as a solution for the green
energy global transition. Environmental issue sticag carefully assessed and solution like
oxy-combustion process with biogas as fuel mayasgmt a potential solution, at the expense
of the Operating Expenditure (Opex) of the entyrgteam.

More and more integration possibilities can emérge LAES in the form of byproducts of

liquid air production/use. As discussed previousigrbon capture and storage using liquid
nitrogen is one of many options already investiddtg some authors. In fact, hybridization of
LAES is open to multiple opportunities when consiag that cryogenics have been used in
superconductivity, rocketry, cryosurgery, cooleécéionics since the 60’s. The possibility to
increase the energy recovery and so the energyiegftly of the system, and to respect the
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environmental issues in the context of renewabkergnintegration, makes of the CES a

potential method for the large scale EES.

Based on results of mentioned studies in this vevieAES represents an excellent candidate
for the energy transition in terms of energy sterdgchnology, regarding theoretical
thermodynamic performances. Studies have showrmacttte results of thermodynamic
efficiency as well as possibilities of cogeneratadrcold energy or/and hot energy depending
on the industrial site needs where the plant idempnted. The cryogenic energy can also be
used for CQ carbon capture and for sequestration or more tigcéor turning it into coal
(Cockburn, 2019). Despite the maturity of machingsgd for LAES (compressors, expanders,
heat exchangers), the lack of experimental valbdatf theoretical performances is clearly
undeniable. This is due to huge investment relatede project, even at a demonstration level.
LAES economic viability for investors is not yetrtvious of millions of euros investments.
Economic solutions to shorten payback durationthexefore, required to attract investors. A
part of liquefied oxygen or nitrogen can be soldtmmmarket or provided for local use as sub-

products, without diverting from the main purpo$estoring energy.
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2.9 Conclusion of the scientific background chapter

Studies have shown attractive results of thermoalyn&fficiency as well as possibilities of
cogeneration of cold energy or/and hot energy déipgnon the needs of the industrial site
where the plant is implemented. The cryogenic gnean also be used for G@arbon capture
and for sequestration if needed, for example. Theling to a refrigerated warehouse with
cold energy recovery from the liquid air evaporati® also another way to enhance the energy
efficiency and to involve more investors. Basedasults of mentioned studies in this review,
two main energy recovery methods were identifiedpe3-heating and combustion based

systems.

Therefore, in the following papers, these two systewill be under studies including

thermodynamic, environmental and economic aspects.
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3.1 Introduction to the energy aspect:
Recovery methods with combustion are proven to besnefficient in terms of Round Trip
Efficiency than super-heating according to datantbin the literature. The difference between
both lays on the component before expansion irgauhbine, whether it is a combustor or a
simple heat exchanger with an important amounobtirermal energy.
Therefore, in this part of the work, thermodynamiésa LAES based on three combustion
methods will be studied and compared to a morel gpsaeess of LAES using only evaporation
and super-heating processes. Oxy-biogas combusiignnatural gas combustion and air-
biogas combustion are investigated as innovativE$Aystems in this work. Besides, a small
difference in the charging part will be studiednder to highlight the impact of recycling cold
from the evaporation to the liquefietigure 3.1.1 represents the combination of the compared
systems in terms of cold recovered in the liquébactunit. A focus on the combustion
modelling and simulation results will be underlinedorder to highlight the importance of

thermodynamic and environmental impact of this congmt.

Charge unit ==) Storage == Discharge unit Charge unit wsb Storage == Discharge unit

Basic Liquefaction NP
e

o

Oxy-combustion with

Super-heating based %
biogas based

Cold recovered |
liquefaction -

Figure 3.1.1: Diagram of LAES studied combinations wth the recycled cold represented by the blue arrowand details
of combustion methods

Energy and exergy analysis will be conducted ireotd evaluate real efficiencies and to point
out irreversibilities and most exergy destructieenponents. Due to the harmful consequences
to environment that can occur from combustion,eiminary environmental analysis related
to pollutants emission is here represented by #aduation of GHG, N@ and CO emission
after combustion. The objective of the energy asialgombined to emissions evaluation is the

determination of the optimum operating conditionghwhe lowest harmful emissions for the
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environment for each studied systemure 3.1.2summarizes the above discussion in a schematic

diagram.

| Tools |
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analysis analysis analysis  analysis
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analysis
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Emission  Technical impact
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Figure 3.1.2: Schematic representation of comparigoof thermodynamic performance and emissions analispaper
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3.2 The LAES energy and exergy performance paper: kreand Exergy
performance investigation associated to emissiatyais of innovative
Liquid Air Energy Storage (LAES) systems includioxy-fuel

combustion process

This paper is subject to ongoing publication
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Energy and Exergy performance investigation assodied to
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ABSTRACT

Liquid Air Energy Storage (LAES) is recently considd as a potential large scale Electrical
Energy Storage (EES) for the renewable energy fiatem. This work investigates the energy
and exergy efficiency of different LAES configu@ats the LAES. The particularity of this
work is that it is presented as a comparison oliwal super-heating based discharge cycle of
the LAES to an innovative system proposed withis work. An environmental analysis is also

carried out due to the combustion process integratiithin the developed configurations.

A thermodynamic analysis is carried out with a fooan three combustion methods: oxy-biogas,
oxy-natural gas and air-biogas fueled combustimtgsses. GRIMECH 3.0 mechanism was
adopted as the reaction scheme. A comparison afjgrficiencies of two LAES methods
with different cold energy recovery is presentatirect expansion of Liquid Air in a super-
heating based cycle and the combustion-based dylmdeenvironmental impact of both systems
is evaluated thanks to the emission analysis ottmebustion furnace gases as results of the

combustor modelling method.

Energy recovery in the combustion-based cycle éatgr than super-heating-based cycle, but
it is necessary to consider the environmental impbthese cycles which is a crucial criterion.
The use of biogas in oxy-fuel combustion and cadapture are suggested solutions for energy

efficient, commercially viable and environmenta¢frdly LAES.
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Acronyms

CEEMs Cryogenic Energy Extraction Methods

COP Coefficient of Performance
GHG Greenhouse Gas

GWP Global Warming Potential
JT Joule Thomson

LA Liquid Air

LAES Liquid Air Energy Storage
LHV Low Heat Value

RTE Round Trip Efficiency

Nomenclature

Cp Heat capacity (J:K
Comp mixture composition
EmNOx NOx emission (g.kH
EmGHG Greenhouse Gas emission (g)kg
Ex Exergy (kJ.kg)

h enthalpy (kJ.kd)

H Total enthalpy (kJ)

LHV Low heat value (J.k§)

L Latent Heat (J.kd)

p potential

P pressure (pa)

s entropy (kJ.kg K1)

t time

T Temperature (K)

Y mass fraction (kg/s)

Z chemical equilibrium coefficients
m mass flow rate (kg9

h” formation enthalpy (J.mof¢
h surenthalpy (J.mof®

W Power (kW)

V Volume flow rate (ris?)

Q heat rate (kW)

¥ mass fraction

v mole fraction

n efficiency

Subscripts

a oxidizer

c fuel

CO2 carbon dioxide
COLD/cold cold

comp compressor

cond condenser

cons consumed

conv converted

cop coefficient of performance
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d diluent

discharge related to discharge unit
elec electrical

f fuel

freeze freezer

gene generation

hot hot

I reactant number

in input

J product number

| loss

lig related to liquefier unit
mech mechanical

out output

p product (exergy product)
P product (product of combustion)
produced liquid produced
R Reactants

RTE Round Trip Efficiency
spec specific

t turbine

pump pump

th thermal

w water
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3.3 Introduction
Liquid Air Energy Storage (LAES) has been recerglyonsidered for grid-scale energy storage
whereby air is liquefied at around -195 °C andesian insulated tanks. This energy storage
principle was classified by Morgan (Morgan et @D15a) as thermo-electric energy storage
that utilizes liquid air as an energy storage mediét off-peak times, energy produced by
renewable sources supplies an air liquefactiontorgharge the LAES. When electrical energy
is needed, discharge cycle is activated and Liduird(LA) is released (Gareth Brett and
Matthew Barnett, 2014).

Multiple configurations were proposed for both part the LAES: charge and discharge units.
More precisely, for the charge unit (i.e. air lifpetion unit), improved version of Claude cycle
or a revival of the Solvay cycle were proposedecent studies (Guizzi et al., 2015; Li, 2011,
Li et al., 2014) which involves also some more ssiotated technologies using a Cryoturbine.
Besides, concerning the discharge unit, at least fasic methods for Cryogenic Energy
Extraction Methods (CEEMSs) are mentioned in literat(Hamdy et al., 2017; Li, 2011). The
simplest one is the direct expansion method whieeectyogen is pumped, heated by the
ambient heat or waste heat and expanded into eglingenerate power. In the second method,
cryogen is used as a second fluid instead of thie mvarking fluid. It is whether used to
condensate the working fluid in a Rankine cycletmrcool down the working gas before

compression in a Brayton cycle. The fourth mettsoal combination of the three previous ones.

Recent studies (Ameel et al., 2013; Guizzi et24115; Hamdy et al., 2017; Sciacovelli et al.,
2017) on LAES have shown an exergy efficiency anouad trip efficiency in a range of [43-
50%]. These studies are almost all based on tleetdaxpansion method where liquid air is
directly evaporated and expanded within turbineprimduce electric energy. This type of
generation unit is the so-called super-heating dagmneration method. Nonetheless, some
authors investigated the effect of natural gas amtibn in enhancing the efficiency of this
system. For example, a recovery system was stumidditsubishi (Kenji Kishimoto, 1998),
where the power is produced by a gas-turbine. Titleoa calculated an efficiency up to 77%.
Meanwhile, in a commercial document of the samepzaomg that manufactures a combustion-
based recovery system (Barry Liebowitz et al., 20t round trip efficiency of the cycle at a
commercial scale is claimed to be greater than 9BRgarly, combustion enhances the round

trip efficiency, but the environmental aspect ot fltue gas composition should be carefully
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evaluated so that this branch of LAES developmeuldtbe granted as an eco-friendly solution

for renewable energy integration.

In the present work, a process of LAES storageeiglbped and investigated as innovative
solution to meet all the energy and environmentjuirements. The oxy-combustion
technology is suggested, as a way to guaranteea efficiencies regarding important outlet
combustion temperature and less pollutants consglére absence of nitrogen in the mixture.
Besides, carbon capture could be technically ptessimploying the cryogenic carbon capture
within the system itself. Significant energy ane &gy performance results are expected while

maintaining reasonable environmental impact.

Therefore, an environmental — thermodynamic corspariwill be theoretically investigated
for both recovery cycles: super-heating and conmduisinethod including a post-treatment
combustion system. Three combustion methods amsimgated and compared by choosing
different mixture conditons: oxy-biogas combustiaxy-natural gas combustion and air-
biogas combustion for a deeper discussion on tleEmibdynamic and environmental

performances.

The aim of the work is on the recovery cycle optiation where significant changes are
brought. Charging cycle is chosen as a combinaifo@laude and Solvay Liquefier with a
small difference related to the addition of a tharrold energy recovery device. With the
configuration of the by-pass turbine, Claude ligerefs likely to represent a more energy
efficient process with reduced energy consumeddayd mass fraction.

This cold energy is recovered from the evaporatioiquid Air (LA) in the discharge unit. In
this study, cold recovery is not the only possipito connect the charging and discharging
circuits, since hot thermal energy recovered froendompressors of the liquefaction device is
also captured and stored to boost energy genenanibnirhe present work presents new LAES
configurations integrating combustion processe®®g-fuel combustion and biogas as green
source of energy. A combustion post-treatment blaskbeen added to the system to diminish
the environmental impact in case it exists. It csisson the formation of carbon dioxide and
condensed water from thanks to cryogenic energgt,Fin energy and exergy analysis will be
carried out to evaluate the energy efficiency absth systems. Then, the calculation of
combustion performance is provided adopting GRIMELBmechanism. This part requires a
particular algorithm for both thermodynamic resutsl emissions quantification. It leads to
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the second part of the work, which concerns théuatian of the environmental impact based
on the determination of flue gases compositionte&€ftombustion methods with varying input
parameters in each method are considered.

3.4 Process flow diagrams

3.4.1 General definition: Liquefaction for charge and direct
expansion for discharge

The principle of using this type of energy stor&gbased on 3 main steps : (i) liquefaction of
gaseous air when energy is available at off-peakdj (ii) storing liquid air in insulated tanks
and (iii) expansion of pumped liquid air througleash turbines or gas turbines to generate
power at peak demand period (Abdo et al., 2015; &k al., 2013; Antonelli et al., 2016;
Guizzi et al., 2015; Kishimoto et al., 1998; Liatt, 2014; Morgan et al., 2015b; Sciacovelli et
al., 2017; Smith, 1977).

3.4.1.1 Liquefaction subsystems
The selection of the liquefier is crucial for théale system efficiency regarding the fact that

the global efficiency of the system is tightly udihced by the liquefaction energy consumption.

Claude cycle appears to be the best approach #orath liquefaction unit, since, flow
temperature is reduced at the Joule Thomson (JV¢ walet and therefore liquid yield of the
throttling device (JT) is considerably increasedduse of the additional cooling provided by
the by-pass turbine (Claude turbine). Thereforectic energy consumption is found to be
considerably reduced. Moreover, the use of a Claudeéne allows electric energy recovery.
Nonetheless, fluid at the turbine outlet should Ibetat liquid state to prevent turbine blades

damage.

Recent technology replaces the non-isenthalpic restpa of the JT valve by a cryoturbine
(Kancglu, 2001), since it enhances the liquefier perfaroea A cryoturbine allows the
production of liquid droplets and electric energgovery at the same time. Simulations have
shown that the replacement of the cryoturbine du#snecessarily add a great performance
value considering the system operating temperaturge (-150°C). Therefore, in the current
paper, a JT valve is selected based on these ee#iggncy and economic criteria since that
the cryoturbine represents a heavy investmentfoost small enhancement.

The basic process is showrrinure 3.4.1. A small difference in the liquefaction cycle doehe

addition of the cold recovery device is presemmedyure 3.4.2
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The working principle is as follows: air enters thgstem at ambient conditions; it then
undergoes a double-stage compression with intdirgpdir exits the compression step to go
through different blocks of cooling, first chillingith ambient ventilation.

Secondly it enters the cold box where it is coaledn by the by-pass Claude turbine mixed
with cold non-liquefied air vapor portion at vepw temperature. In the second configuration
(Figure 3.4.9, an additional cooling effect exists after thedass turbine. The stored cold
energyused here has been recovered from the ev@popaocess of the liquid air during the
discharge process.

In those systems, hot storages have two rolesfif@és to cool down the compressed air and
the second role is to superheat the released liguith the super-heating based discharge
system.

Hot storage Hot storage

Claude turbine

Compressor 1 % Compressor 2 T Chiller O . &
From
3 4 5 6 7 > 8
atmosphere
Inter-cooler 1 Inter-cooler 2

@i

) \/
Cold Box A Valve
D&

Liquid air Tank

Figure 3.4.1: Process Flow Diagram of Claude liquadr: basic configuration

Hot storage Hot storage

Claude turbine

Compressor 1 Compressor 2 Chiller @ - ®
/% Cold Box Il
(&) o)) j‘@

Fron}: 3 @—D—@ W @
atmosphere
p Inter-cooler 1 Inter-cooler 2 o
Cold Box 1 %@
T
Valve
iy
Cold storage
Liquid air Tank

Figure 3.4.2: Process flow diagram of Claude liquédr with the addition of cold recovery
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3.4.1.2 Discharge cycle 1: superheating-based cycle
Superheating-based discharge cycle as showiinz.4.3is based on direct expansion of liquid

air after evaporation and superheating in an opetecLiquid air is first pumped from the
liquid air tank. Then, it evaporates and then exisahrough multi-stage turbines with super-
heaters to recover both thermal and electricalgneising steam turbines. It is noticeable that
an important cooling load is produced by the fat&p of evaporation in this cycle. The low
temperature thermal energy can be provided toigfuefier and the medium temperature to a
refrigerated warehouses or freezers as previousBcribed (3.4.1.1). Super-heaters are
supplied by hot thermal energy stored during ligagbn within the inter-coolers in the
compression stage.

High grade cold Medium grade Low grade cold
starage cold storage storage
f | i | [ 1

@ Lt | L N9
Cryopum W
TYOPLTE Evaporator  Heat exchanger Heat exchanger O-‘

Liguid air tank | f Heater

Hot storage Hort storage Hot storage

pe Bt

Super-heater | Super-heater [l L_-“‘J Super-heater Ill L\‘—J

Turbine | Turbine Il Turbine Il

)
kT

Figure 3.4.3: Process Flow Diagram of super-heatinigased recovery open-cycle

3.4.1.3 Discharge cycle 2- combustion-based cycle
The discharge cycle with combustion as showndine 3.4.4 represents air-biogas combustion

(case study )1 Besides, imrigure 3.4.5 energy generation with oxy-combustion is presgride

combustion may be fueled by natural gesse study Yor by biogasdase study )3

The discharge cycle @fase study ,las shown imigure 3.4.3 begins with the same evaporation
and cold energy recovery blocks as for the disaargt with superheating-based cycle. The
difference lies in the expansion block where theesheaters are replaced by a combustor and

a gas turbine instead of steam turbines.

For case studies 2nd 3, in order to allow oxy-fuel combustion, the systeroludes an air

separation unit after liquefaction which is notgaeted in this figure. Initially, liquid oxygen
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and liquid nitrogen are stored in two differentkanThen, both liquids go through evaporation
and heaters to get their cold energy recoveredréefotering to the expansion block. In the
oxygen loop, oxygen goes in the burner and fluegase expanded in gas turbine, after a

biogas-fueled or natural gas-fueled combustiongssc

The heat exchanger after the combustion chambea llmsible role. The first one is to cool
down the flue gases from the combustion chambetrandgecond is for the heat recovery. Heat

recovered from the combustion will be used in tinges-heating process of the nitrogen loop.

Meanwhile, the nitrogen loop stays the same asothitie previous discharge circuit of super-
heated liquid air. Cold from the evaporation ol nitrogen is captured and stored for later
use (for use in liquefaction cold storage and itisrefrigeration). Before entering to the
multi-stage expansion block, nitrogen is used i plost-treatment process of the oxy-fuel
combustion. Cryogenic thermal energy from nitrogerstill available to freeze the carbon

dioxide and condense water, two major componentiseofiue gases.

Furnace gases are treated in hxatbe study andcase study,dn oxy-fuel combustion method.
Density of carbon dioxide in the flue gases is bigthan in air-firing and therefore post-
treatment is less complex than in the basic airfmgstion process. In thease study df air-
biogas combustion, post-treatment process is ohtded. Oxy-fuel combustion method results
in high combustion temperature. One solution feg isue is to control the fuel-to-air ratio and
the diluent rate. Diluent chosen in this study @@hich is captured and recirculated from the
post-treatment process or issued from an exteouats. As it will be further developed (3.5.3),

these two criteria play a major role in determiniihg gaseous pollutant emissions.

Despite the additional complexity in the dischasgstem, oxy-combustion is chosen because
of its advantages related to environmental isss&sgon capture possibility, water producing

and low NQ emission.

In this work, air is used as hot/cold energy steragd heat transfer fluid.
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3.5 Methodology

3.5.1 Assumptions and modelling methods
In this modeling work, NIST REFPROP 9.1 databasenmon, 2018) is used for the physical
properties calculation at each state point of thauit. Efficiency values are assumed and given
in Table 3.5.1corresponding to their equivalent in some refeesrfound in literature (Guizzi et

al., 2015; Li, 2011). The calculation assumptiares presented as follows:

(1) Steady-state condition

(2) Pressure drops are neglected in heat exchangeaporaiors, condenser freezer,
combustor, pipes and tubes.

(3) In all components, no heat losses are considered.

(4) For water condensation and €®eezing calculation the flow gas is supposed as a
mixture of only water and C{proportion.

(5) Maximum allowed temperature turbine inlet is 1400K126.85 °C (after combustion)
(Antonelli et al., 2016).

(6) Thermal behavior variation of fluid during storagenot considered; therefore, outlet

temperatures can be estimated and giventire 3.5.1

Parameters Value | Unit
Isentropic efficiency of compressors, turbines paohps
0.8 noneg
Ncomp Me Mpump

Electrical and mechanical efficiency of turbo-atigior

Nelec—mech 0.67 | none
Fuel potential conversion

Nfuel,conv 0,6 nong
Heat exchanger efficiency 0.9 ngne
Ambient pressure 1 baf
Ambient temperature 25 °C
Hot storage outlet 50 °C
High-grade cold storage outlet -50 °q
Medium-grade cold storage outlet -20 °C
Low-grade hot storage outlet (for chillers) 0 °C

Table 3.5.1 : Design parameters and initial conditin
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3.5.2 Energy calculation

Compressor power demand:

, . Ah
W comp = 1 1)
ncomp
Pump power demand:
: . (Powt — Pi)
Wpump — V out mn (2)
Mpump
The power generated by turbine:
W, = mAhn, 3

Temperatures of fluids through heat exchangersefsheaters, inter-coolers, evaporators,
chiller, heater and cold boxes) are calculatedgusimU (Number of Transfer Units) method.
This method computes the effectiveness of a hedtagger, and applies this efficiency to the
maximum possible heat transfer rate that coulddaehred by a heat exchanger of infinite
length.
Water condensation demand power:

W cona = My X (Rin = hoye) (4)
Wheremn,, is the mass fraction of water contained in the fjas mixture.
CO; freezing demand power:

W freeze = coz X (Rin = hout) + Mcoz X Loz (5)
Wherem,, is the mass fraction of carbon dioxide in the thas mixture.

Conversion of thermal energy to electrical energy:

0, (6)
Qelec - ﬁ

Wherthh is the power exchanged in each thermal storaggh(btiade cold storage, medium

grade cold storage, heat recovery, hot storage).

Calculation of cold COP for refrigerant cycle anot ICOP for heat pump are based on a
valorization temperature of the exchanged therroalgp.

Specific electrical consumption of liquefactionkiwh/kg:

E _ (Econs - Egene) (7)
spec,cons — Y
produced

E jene is the electrical power generated by Claude tarlindY ., 4,ceq iS the mass fraction in kg/s of

liquid air produced.
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Specific electrical generation in KWh/kg:

(Egene,discharge + Qelec - Efuel - Econs) (8)

Espec,gene -

Ydischarged
Where :

Q.1ec is thermal power recovered converted by means@® @ its equivalent in terms of
electrical energy;

Efyer fuel potential as calculated in Eq. 11

Egene,aischarge T€fErS to the electrical power generated by thkirie considering isentropic
efficiency and electro-mechanical efficiency a<atdted in Eq. 10
Y dgischargedS the mass fraction of liquid air being discharged

Egene = Eturb X Newrb X Netec-mech (10)

Fuel potential:

Efyer = Mpyer X LHVyyer X N pyet conv (11)
where LHM el is the Low Heating Value of the considered fuel.

Recovered thermal power and electrical power anetea as output of the system. On the other
hand, the energy consumption in the system is ltkenal energy of the fuel and the energy
consumed by the liquefaction unit. The chemicatgyef the fuel converted to thermal energy
and then to electrical form by means@f.; cony-
The general form of specific generated energyvergin Eg. 8. It could have different forms
depending on the discharge process type. In thershgating caséigene,discharge and Q.
are counted as recovered power. For the combumooess,Efuel is subtracted to the
numerator as a consumed power.

RTE calculation in case of simple Claude liquefawti

E
NRTE = PeLgene (12)

Espec,cons
RTE calculation in case of Claude liquefaction wathd storage addition:

1 _ TIRTECOLD X tCOld + T’RTECOLD X (ttotal_tcold) (13)
RTE —

ttotal
Wheret,,;4 is the time required to fully discharge the liqainl tank (cold recovered from

evaporation being available) ang;,; refers to the total duration if the liquefactioRqg -, ,,

corresponds to the round trip efficiency when d@slbeing added to the liquefaction circuit.
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3.5.3 Combustion and emission calculation
The combustion model aims at calculating the ot#letperature and the pollutants emissions
in the furnace gases while varying the compositiomesponding to each of three combustion
cases, the fuel-air ratio and diluent rate {@de). A GRIMECH 3.0 mechanism, includitg
species with 325 reactions, was adopted as théararheme to determine the temperature
profile regarding all species interacting in thenbmstion reaction including the polluting ones
in adiabatic equilibrium state.
Hypothesis:
(1) Combustion is considered as ideal adiabatic artzhrso
(2) Biogas and natural gas are at gaseous state
(3) In this work, biogas is considered as a compositfor0% of methane and 30% of €0
regarding the complexity and energy and econonticat of biogas total purification
(Ullah Khan et al., 2017).
(4) Natural gas composition : 97,5% of ¢ahd 2,5% of eHe

The first step consists in computing the chemiqallérium of the combustion reaction written
in its generalized form as in Eq. 16 using the CARR open-source software (David G.
Goodwin, 2018):

Z.(9ccuaCHy + 9¢0p2C0,) + Z(9ap,0,+9ay,Ny) + Z;39d0,CO0,
— product of 53 Species [GRIMECH |
(14)
Where %, Zo and % are coefficients related to the fuel, the oxidized diluent mole fraction.
The mass equilibrium of the chemical reaction gives

1)
Z.= 15
whereg is the fuel — air ratio
Zc9¢chs
Z,=—— 16
*0,509a,, (16)
T, = Zq9dcoz+Zqdnz+Zc9¢coz _ _ (Ze+Z)Tq~Z9.C0, 17)
d = =>Zg =
Ze+Zy+Zg 1-T4

Tq is the dilutant rate
Supposing that all the heat released from combussigoroduced by chemical reaction, the

thermodynamic equilibrium is represented by Eqkittetic and potential energy are neglected:
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AH =0 & (anhjj [Znihij =0 whereh;(T) = h? + h(T)

p

(18)
53 53
85 ) v (h) +h(T2)) — 0 > x (WY +A(T1)) =0
J=1 i=1
(19)

If temperature and pressure at the combustorahligie mixture are different from the standard
temperature and pressure, a term nobtéd) appears called « surenthalpy ». It indicates the
sensible enthalpy between the enthalpy of formatbreach reactant and their enthalpy
corresponding to the inlet conditions.
CO, CQ, NO, NO: and NO are the species considered for the emission sisalMQ are
determined by Eq. 22 and greenhouse gas by Eq.23:

EmNOy = Yno + Vno2 (20)

EmGHG = Yco2 + 25Ycha + 298Yn20 (21)
where the coefficient 1, 25 and 298 Global Warn®agential (GWP) values for a lifespan of
100 years.

3.5.4 Exergy calculation

Exergy analysis is one of the best tools for thégomance evaluation of systems operating at
different temperatures and integrating differenergy sources (Hamdy et al., 2019). The
exergy analysis applied in this paper is followee fuel and product” approach.

Exergy at each point (in Figures 1 to 5) is cali®daas in Eq. 22.

Ex = (H — Hy) = To(S — So) (22)

AE = Y Ex{y — Yimy Exgye £ 3,0 (1 — T—j) ;W 23}
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The exergy calculation at each component is sunz@@inTable 3.5.2

Component Exergy destruction calculation
Compresseur / cryopump AE = m(Ex;y, — Exoyr) + Wiy,
Turbine AE = m(Exiy, — Ex o) — Woye

Heat Exchanger/ Evaporator : T
eat Exchanger/ Evaporato AE=m(Exm—Exout)iQ(1——0>

T
Multi-stream exchanger . ; ;
9 AE = z m; (Exfn - Ex})ut)
i

Table 3.5.2: Exergy calculation for each component

Where subscripts: “in”: inlet operating conditiprisut”: outlet operating condition, “ex” :
Designation of exergy terms. “Fuel”, “product” aftst” refer to exergy fuel, exergy product
and exergy destructed or lost respectively. Suptscfhot” and “cold” refer to hot fluid and
cold fluid. “Rev” and “irr” refer to reversible arideversible work.

The exergy destructed related to the combustiocticeacan be written as follow:

Ae.xdest = e.xreactants - e.xproducts (24)
Where :

€Xreactants = ?31 hi(T;) — ToSi(Ty) (25)
And

€Xproaucts = X011 (Tj) — ToS; (T}) (26)
3.5.5 Structure of the results and discussion part:
The results and discussion section will be presemt@ccordance with the following steps:
- Combustion : temperature, emissions and exergysisal
- Integration of optimum combustion temperature ®ehtire circuits
- Results and discussion of parametric analysisripg on pressure : stream data (mass
flow, temperature, pressure) of the presented Igyad RTE variation

- Exergy results

In the combustion section, an optimum operatingijpp@ evaluated for each case study by
taking into account simultaneously thermodynampeasand environmental constraints. Then,
outlet temperature of combustion is integrated e éddlement in the process to the global

thermodynamic analysis of the entire system.
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The effect of variation of the Fuel-Air Rati@)(and Diluent Ratio (Td) is considered for each
mixture composition in this study with a constardss flow rate at steady-state condition.
Diagram depicted in Figure 3.5.1 illustrates thethudology adopted in the combustion
analysis part. The Td arfilare chosen from the profiles of temperature alhgwhe maximum
combustion temperature with the lowest pollutantssians possible.

The studied composition values for each of the aneg are shown ireble 3.5.2 Environmental

performance is evaluated from pollutant emissi@dieenhouse Gas (GHG), nitrogen oxide
(NOy) and carbon monoxide (CO). Thermodynamic perfoceda analysed using the outlet
temperature and exergy loss within the combustdr.cAses were computed with inlet

conditions of 35 bar as pressure and 300K as lingimaperature of the mixture.

Environmental
NOx Performance
6]
Composition
Td
Thermodvnamic
performance
Parameters

Figure 3.5.1: Diagram depicting the parametric analsis conducted for the combustion study

Case study 1 - Reactants of air-biogas combustion

Fuel (CH;, CoHs, COy) Oxidizer (Q, No) Diluent (CQ)
0.70, 0.00, 0.30 0.21, 0.79 1.00

Case study 2 - Reactants of oxy-natural gas combish

Fuel (CH,, CoHe, COy) Oxidizer (Q, No) Diluent (CQ)

0.975, 0.025, 0.00 1.00, 0.00 1.00

Case study 3 - Reactants of oxy-biogas combustion

Fuel (CH,, CoHe, COy) Oxidizer (Q, No) Diluent (CQ)
0.70, 0.00, 0.30 1.00, 0.00 1.00

Table 3.5.3: Reactants composition for the studiecases

In the second part of the study, a parametric asbn the basis of pumping discharge pressure

will be conducted to determine the optimum operapressure corresponding to a maximum
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RTE. As shown in the diagram in Figure 3.5.2 tHefaing combinations will be considered

for this part:

- LAES super-heating based discharge in combinatibm simple Claude liquefier and
cold recovery Claude liquefier.
- LAES oxy-biogas fueled combustion as dischargeecytlcombination with simple
Claude liquefier and cold recovery Claude liquefier
In all cases, the heat from inter-coolers in tlgudifaction subsystem is recovered in the
discharging part. Cold from the evaporation of tingogen is recovered in case of cold

recovered liquefaction and not in the simple Claluglesfier.

Depending on results from the parametric analyses pest configuration will be retained for

the second part (RTE, Exergy).

Charge unit ==} Storage ==} Discharge unit Charge unit ==} Storage == Discharge unit

Basic Liquefaction [
o

Basic Liguefaction 4%

Oxy-combustion with

Super-heating based _
biogas based

Cold recovered |} Cold recovered | :
liquefaction o liquefaction &

Figure 3.5.2: Diagram of LAES studied combinationsvith the recycled cold represented by the blue
arrow and details of combustion methods

3.6 Results and discussion

3.6.1 Combustion exergy and emissions results and analgsi

3.6.1.1 Temperature and pollutant profiles:
As shown inFigure 3.6.1, temperature in every case reaches its maximuoe\a)=1 and has

the highest value when there is no diluent addedoficeable gap in temperatures values
between oxy—combustion and air — combustion casblserved irrigure 3.6.1. The temperature
profiles are affected by the removal of nitrogesction in the oxidizer. However, these high
temperatures lead to higher CO emissions, proaii¢tsee CQ dissociation reaction, as well as
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NOx production, even at very lo@values as it will be discussed later. Pollutanissians are

calculated and represented on the basis of oné fkglounit.

Air-biogas combustion Oxy-natural gas combustion
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Figure 3.6.1: Temperature profile depending on the &el-Air ratio and dilution rate for three mixtures

Figure 3.6.2 presents pollutant emissions results (GHG, COx)N@ the combustion case study
1: Air-biogas combustion.
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Figure 3.6.2: Pollutants emissions profiles (GHG, Qx, CO) for Air-biogas (case study 1) as a functionf @ and Td

There is a significant drop in the GHG/kg fuel esross as th& increases unti®=1 from

where the decrease becomes more slow as all GH@sadjsappeared with high temperature.
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The GHG emission increases as the amount of diluemeases. The CGOas a diluent
contributes to the GHG emissions with more>@Cthe mixture and unburnt GHA @ value
higher than 1 has a significant impact on the C@aapon, clearly the stoichiometric condition
is a favorable for the CO emission due to high terajure and dissociated €0Onto carbon
monoxide and oxygen consequently. Nfofile presents a classical bell shape centeradi
range of 0.8 to 0.9 depending on the Td. Zero iditupresents a peak of N@mission
corresponding to 0.8, a part of @ is unburnt at thi® value and temperature is sufficiently

high for NO production.
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Figure 3.6.3: GHG and CO emission for oxy-biogas ocabustion (case study 3) as a function @ and Td

From a qualitative point of view, same remarks lsardone in botlease studies and3 since
curves of temperature and polluting emissions follbe same tendencyidure 3.6.3andrigure
3.6.4). Nonetheless, values of GHG emissions are hifginéne same combination in oxy-natural
gas than in oxy-biogas combustion for almost thmeestemperature variation. This difference
is due to the important mass fraction of GrMone mole of fuel corresponding to almost 100%
in natural gas compared to 70% in biogas. Theseegafiet even higher for the air-biogas
combustion because of the presence pfri\the air composition. In the GHG equation, the
GWP of NO counts for 298 for a lifespan of 100 years. Thedpction of CO in any
combustion case reflects an inefficient combusbenause part of the heat released by the
combustion is consumed for endothermak@3sociation rather than the combustion reaction
itself. CO production for the oxy-natural gas comsiimn is the highest among other combustion
mixtures and almost the double of oxy-biogas combngase at the same range of temperature

despite the fact that in biogas there is a fractib@O,. CO emission are not proportional to
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the presence of COn the mixture, since the lowest Td leads to tighést CO emission in all
cases, and therefore, it is only a matter of teatpee. CQ dissociation is very sensitive to
temperature, since there is a slight differenceemperature (oxy-natural gas slightly higher

than oxy-biogas temperature), this is the only agmizexplanation of the big difference in CO
profiles.

In general, a@ values lower than 1, the presence of CO is dteetoeaction of dissociation of
CO.. Wheng exceeds the stoichiometric conditions, the CO appa reflects the degradation
of the fuel due to incomplete combustion.
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Figure 3.6.4: GHG and CO emission for oxy-natural gs combustion (case study 2) as a function ¢fand Td

3.6.2 Identification of optimal operating parameters
Figure 3.6.2 sShows that optimal operating parameters for thdiagas combustion case (case
study 1) could be around 1 f@rand with no additional of the diluent rate. Outk¥nperature
is still technologically acceptable (around 2300t)hout additional diluent. NOemissions
are of 18g/kg fuel. At these conditions, gas treattrmethods for the control of N@missions
could be integrated to the Air-biogas combustionthoés especially that this circuit does not
include a post-treatment process asase study Zand3 as described in 3.4.1. Besides, it

represents the lightest system in terms of comiylexid components number of all the circuits
presented herein.
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In Figure 3.6.3 from one side, high diluent rates induce impdrt@HG and low outlet
temperature and from another, it has the positiveact on low CO emission. To assure the
best thermodynamic performance, it is essentiahtmose the highest temperature possible
according to the process configuration investig&iekin as it will be discussed in paragraph
3.6.3.3. The compromise found for tlese study 8eems to b@=0.4 and a diluent rate of 0
with almost 0 GHG emission and 54g/kg fuel of C@ artemperature of 3000K. In this case,

the outlet temperature is controlled by #hand not by the diluent as it was conceived for.

Based orrigure 3.6.1andrigure 3.6.4 the optimal operating point for this case stuplyears to be
3000K and approximately 0 GHG emissionsdase study .3Unfortunately, this compromise

in terms of temperature and GHG emissions resultd 9g/kg fuel of CO emission.

Figure 3.6.5 summarizes all the exergy losses in three comimsstivays. In general, in the
combustion process, three types of irreversibgiggist: chemical and thermal irreversibilities
as well as the mixture irreversibility. The impartdemperature gradient is responsible for the
exergy destruction. The mixture composition preserdrt species that consumes heat released
from the combustion. The dissociation of Oidpresents an exergy destruction due to the
degradation of the chemical potential within thelfuExergy loss follows the same tendency
for three case% increase has a positive impact on the exergyieffoy on the contrary of Td
which increases the exergy loss. Indeed, for theedael quantity, the dilution of GCas inert
specie, would only absorb heat from the combustiod therefore, reduce the exergetic
efficiency of the combustion reaction.
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Figure 3.6.5: Exergy Loss/kg fuel variation as a fuction of @ and Td for three mixtures

Table 3.6.1SUMmMarizes one solution considered as optimumatipgrpoints for three cases, as
it will be integrated in the second part of thelgsia 3.6.3. Selected values@fand Td in this
given solution, prioritizes the low GHG emissionstiae expense of relatively high CO
emission. As previously explained, the CO produrctiteans inefficient combustion chemical
reaction (fuel degradation or endothermal reaadiosissociation). In other words, it is a waste
of energy and money.

Another configuration witip=0,6 and Td=0,5 for the case of oxy-natural gasdcbe possible

to produce almost 0 CO, but a GHG value of almagk@ of fuel is calcuted as well as a
reduced combustion temperature (2200K). These sagpresent almost same tendency for the
oxy-biogas case, too. Due to the temperature deerdlae global efficiency of the LAES will
be also reduced. (Cf. 3.6.3.3).

As a conclusion of this part, the selected vallesve in tablerabie 3.6.11ead to a relatively
“optimal” solution, there is no absolute optimalitythis case, since, it strongly depends on the
analysis approach (Environment, energy, exergy) etc
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Case |rarameters Temperature %’;L(; (glﬁg (';/?(’é Exergy Loss
Study @ |Td (K) fuel) fuel) fuel) (MJ/kg fuel)
Air-biogas| 1 0 2282 ~ ~ 18.24 6.36
Oxy-
natural 0.4 0 3000 ~0 54 ~0 5.19
gas
Y- 1 04| 0 3000 ~0 119 | =0 11.07
iogas

Table 3.6.1: Possible optimal combustion outlet coiitibns for each combustion case

3.6.3 Parametric analysis and process improvements
This section is based on RTE results and datarstieappendix. The optimization parameters
considered in this study are the pumping pressuack the recovered cold energy to the
liquefaction circuit. Other process improvementtatezl to the use of waste heat and
combustion post treatment are also discussede 3.6.6presents how the round trip efficiency
(RTE) changes with the pumping pressure of liquidlguid oxygen and liquid nitrogen in
both cases: simple and cold recovered for the Zgumations, superheating and combustion

based cycle.

3.6.3.1 Cold recovery
Valuable energies calculated in this study arentlaérenergy of cold and hot energy from

successive steps of heat exchanges and storinpevhetcold or hot stores. Clearly, when cold
energy is recycled to the liquefier the systencedficy is enhanced. Electrical consumption by
Claude cycle per liquid fraction is less importaufien cold recovery is added. An RTE of 60%
is calculated in the combustion case when no etdagycled comparing to almost 80% when
thermal cold energy is used to cool down fluid laugle liquefier. With an optimal operating
pressure of 100 bar in the case of super-heatiog cRTE is respectively 22% and 30%. One
advantage of oxy-fuel combustion method is thatiitignitrogen and liquid oxygen are 2
separated circuits, in this way, cold energy frbm évaporation of liquid nitrogen can be used
for the liquefaction and cold energy from the oxygeaporation can be addressed to another

external facility.
The consumption of the liquefaction sub-system eleses from 0.66kWh/kg to 0.26kWh/kg

when integrating the cold load from the evaporatbhquid cryogen, but this concerns only

during the discharge phase. The compression peesstlre liquefier (40 bar) is obtained from
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double compression stage with inter-cooler. A qupm&rametric analysis allowed the

identification of this pressure as optimal presdgarehis specific configuration.

Temperature at the JT valve inlet without cold abide 153°C and with the integration of cold
its value is -185°C. The importance of the decredsemperature has also the benefit of less
exergy losses in the throttling device. In the dergase the exergy loss at the JT valve is 48.7
kJ/kg and when cold is recovered this value deeeagnificantly to 12.14 kJ/kg.

3.6.3.2 Optimal pressure of liquid air

It can be observed that the RTE increases linedtlythe pressure of liquid air in the case of
recovery with superheating process. The pressweldgtbe then chosen regarding technical
feasibility and efficiencies of heat transfer, esplly when cold recovery is needed for
refrigeration purpose or Claude liquefier. Hot aottl thermal energy recoveries are converted
by means of COP to electrical energy form (Eq.T&mnperature for cold recovery is set to -
80°C as in freezers application for high grade eddge, medium grade cold is supposed to be
utilized at chillers temperature (-20°C). Heat seuis valuable energy regarding important
temperature level of combustion and this valor@atevel is set at 150°C, even if temperatures
reach higher values. The industrial site where glstem could be implemented (food
refrigeration) is not demanding in terms of heguiezements. Recovery of the oxy-combustion
heat has a double role. The first one is to redluse gas temperature to meet turbine inlet
temperature limit (max. 1400-1500K), and, the séawte is to allow high-grade heat recovery
to increase power recovered from the expandedgatr@as explained.
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Figure 3.6.6: RTE variation depending on the pressuref pumping of liquid air, liquid oxygen and liquid nitrogen

RTE has an optimal value for the case of combustrahit is set at 80 bars for liquid nitrogen
and at 35 bars for liquid oxygen. The very slightrbase of the RTE profile after 35 bar in
oxygen pressure is due to the less effective in@asfier required in the combustion case. When
the pressure of liquid oxygen increases, heats éfficiently transferred from furnaces gases
to the hot store. The heat released after the cetidouserves for the nitrogen super-heating
process and therefore electrical generation. Al Ipigessures of oxygen, heat recovery from
oxy-combustion valuable for the nitrogen circuitmghishes and consequently electrical
generation from nitrogen expansion is reduced eample, at 35 bar, heat recovered from the
flue gases is 4400 kW instead, this value decraas¢290 kW at the same mass flow.

80 bar seems to be the optimal discharge presswe any further increase in pressure does
not yield any benefit. Apart from the electricakegy recovery, cold energy is recovered in the
evaporation steps before entering to the postrrest process. Cold energy recovered from
the evaporation of liquid nitrogen is more impottran electrical energy recovered from its

expansion into turbines at a certain pressurs.dtpoint where the cold energy recovered gets

over the electrical energy recovered in terms aiafale energy.
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In case study 2 and 3, an Air Separation Unit (AStUpuld be included in between the
liquefaction and the discharge sections. The copsiom of the ASU is 30% of the liquefier
consumption. Schematically it is not represented,itois considered as a percentage in the

calculation of global efficiency.

3.6.3.3 Waste heat
Total of works from expansion block in the supeatitey based cycle is equal to 287kW. Super-

heating reaches 243°C at its highest value in tbisfiguration. On the contrary, works
recovered from turbines in the expansion blockitbgen are 418, 556 and 750kW, with a
temperature of 996°C in super-heaters. The highdairbine | where the pressure drop is the
most important. So the waste heat in super-heaersry important factor in enhancing the
electrical recovery. Recovery of the oxy-combusti@at has a double role. The first one is to
reduce flue gas temperature to meet turbine iel@perature limit (max. 1400-1500K), and,
the second role is to allow high-grade heat regoverincrease power recovered from the

expanded nitrogen as explained.

Heat recovered after the combustion process isjarrparameter in improving the overall
performance of the system. Using the same processesms of properties and geometric
dimension, the rise of the combustion temperattoa f2000K (2727°C) to 3000K (2727°C)
as shown in Figure 3.6.7 increases the RTE from 8880%. Therefore, the waste heat or the

heat recovery in the discharge process is a kenpeter in obtaining the highest performances.
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Figure 3.6.7: Heat recovery as a key factor for th® TE enhancement

3.6.3.4 Post - treatment
After evaporation, cold from nitrogen is used foe CQ freezing and water condensing in the

combustion post treatment. Nitrogen enters thepeatment at a temperature of -128°C which
is more than enough for freezing €& adequate mass fraction (1kg/s). This carbptuca
method is one among multiple possibilities for giyeuse and reuse offered by cryogenic
process (Damak et al., 2020).

Air-combustion with biogas requires less componeataparing to oxy-fuel methods. From an
economic point of view; it represents the most atilvgeous system regarding its significantly
lower investment cost than those with oxy-biogaecess of post-treatment of the combustion
is not integrated in this case study because ofdhgplexity that it might generate, in oxy-fuel
combustion in particular where concentration in.@@d HO of furnace gases is higher than
in air-firing method.
3.6.4 Exergy results:

The exergy analysis is a powerful tool to compastesns where electrical, thermal or fuel
chemical energy sources are interacting, and tatifgethe source of irreversibilities. Exergy

can be seen as the more valuable part of the enswvggvaluating the exergy production and
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exergy loss in each component is a method to etdiitie energy efficiency of industrial
processes. Based on this analysis, ways of enh@mteran be proposed. In this study, exergy
is defined as unit of energy per unit of mass @J/k

In this part of the results and discussion sectio@exergy analysis will be performed only for

the optimum combustion scenario. This part als@eors only the machinery, heat exchangers
and thermal storage of the process. It does ndtdecthe exergy analysis related to the
combustion process. This part of the analysis tailéel and discussed in 3.6.2. The exergy
product is the amount of exergy left after subtrartll the exergy losses. It represents the

exergy efficiency of the system.

Exergy product: 68

Exergy fuel total: 100

Heat storage: 15

Others: 5

Machinery: 4

Super-heaters: 4 I

Cold storage: 2
Cold boxes: 2

Figure 3.6.8: Exergy results of the LAES system: lquefaction with cold recovery and combustion
discharge units ascase study 2
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Cold storage: 5
Hot storage: 13 I
Cold boxes: 6

Figure 3.6.9: Exergy results of the LAES system: Iquefaction with cold recovery and combustion based
discharge units ascase study 1

Cold storage: 5

Hot storage: 4

Coldbores:8

Figure 3.6.10: Exergy results of the LAES system:iguefaction with cold recovery and super-heating
based discharge units
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Figure 3.6.8, Figure 3.6.9 and Figure 3.6.10 prearroverview of the exergy production and

exergy loss in each process. Components of simitzzesses are gathered in one family type
of process, i.e, cold storage for example inclutlesporators” and “heat exchanger I” as

defined in the recovery unit ohse study.2Looking at those figures, hot storagesase study

1 and2 represents the highest exergy losses. This isodhe important temperatures mismatch
in the heat exchanger where the recovery takee plaatlet combustion temperature is higher
than 2000°C in every case and the fluid input [g&sed to be at 50°C.

Concerning the losses due to machinery part,stilisnot important even gathered comparing
to the heat recovery section. For example, the mestructive component in this zone is the
gas turbine in the oxy-biogas combustion, whereutation of the exergy loss gives 157 kJ/kg
compared to the heat recovery loss which is ab&l7 kJ/kg. This is also the reason why the
combustor exergy calculation is not included irs téction, the magnitude being considerably
different. In the case of oxy-biogas combustiome, ¢lxergy fuel is estimated at 2 MJ/kg. Two
types of exergy are contained in the biogas: chalnaied physical exergy.

Despite this very important exergy loss in heabvecy, exergy efficiency remains quite
reasonable thanks to the multiple energy recovécmsind tri recoveries) and also to the tight
components layout in terms of temperature matcimnthermal processes and multi-stage

compression/expansion.

One way to reduce the exergy destruction in thé feeavery section is to create a multi-stage
heat exchanger process where temperature of thkingofluid would gradually decrease
throughout the process. But, this solution reprissarmore important costs investment. It is
worth to mention also that the hot store dynamigtis not included in this work, so, the
supposed 50°C as the fluid temperature outlet ttestore might be changed to a higher value

inducing the reduction of irreversibility.

Regarding the machinery part, it is difficult t&éanto consideration significant improvements,
because design parameters and configuration areosstdering almost ideal assumptions.
Actually, these values are complex, depending an riftation speed, the fluid physical
properties and of turbomachinery design. These npetexrs should be experimentally

characterized.
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3.7 Concluding remarks and perspectives

Exergy CO emissiol
CASE | oTE (%) efficiency  (glkgof C1C (9/kgof NOX (ahkg po o g6
STUDY g mixture)  of mixture)
(%) mixture)
Super-
heating 37 65 0 0 0 No
based cycl¢
Oxy-biogag g4 68 54 ~0 0 No
combustion
Oxy- natura
gas 72 68 119 ~0 0 Yes
combustion
Air-biogas | = g5 65 0 ~0 1824  No
combustion

Table 3.7.1: Summary of major results of comparisoietween 3 combustion cases study and super-heatimgthod

Adding combustion to the recovery part of a LAE®rgly storage system increases by a large
amount the efficiency of the storage process. TRE Ban reach values until 80%, which is a

very significant improvement of the super-heatiagdxd process.

Table 3.7.1 summarizes all the thermodynamic and environmep&formances for every

configuration. RTEs values are obtained at optinoperating conditions. Oxy-biogas and oxy-
natural gas fueled combustion have really close Rales due to similar configurations. RTE
of oxy-natural gas is a bit lower than the oxy-lais@ne, since the electric potential of fuel is
converted in the calculation of RTE equation indeeominator. LHV of natural gas is almost

double times higher than LHV of biogas.

RTE of air-biogas combustion is relatively low besa the system does not include as many
components as in the case of oxy-fuel combusti@tesy. It does not include a multi-stage
expansion block, and therefore, the RTE calculstedasonable regarding economic cost and
technical operability (component number and comfigan complexity).

RTE is only a theoretic calculated value of a gjeraystem simulation. It includes the cold

thermal energy recovered and the electrical onaveder, the system should produce whether
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cold or electrical energy, but depending on théamsindustrial needs, the system can switch

easily by regulating the pumping pressure.

Combustion results showed that the dilution with@®ended for the temperature control has
a negative impact on the pollutant emissions as agethe exergy efficiency of combustion.
This is due to the increase of GHG emission anddi¥3ociation reaction. Fuel-to-Air ratio is
preferable in limiting the outlet temperature vaagewell as the polluting emissions. In the air-
biogas combustion process, a NOx treatment prammds be integrated, and therefore, this
system could represent the lowest emission amangstther cases with the lowest investment

cost.
Three major conclusions can be made from the erarglysis:

- Combustion process is obviously more efficient ttrensuper-heating one. This is due
to the chemical potential of added fuel. This idagked at the price of a higher
environmental impact which has to be taken intmant

- High-grade cold recovered from evaporation is meakiable when added to the
liquefier than when used in freezers and refrigtatarehouses. It greatly reduces the
liquefier consumption and thus increases the RTE;

- Pressure of pumping as well as waste heat in dugegers is a key factor in determining
the optimal RTE. It should be chosen regardingsiystem theoretical performance as
well as the practical operability.

Three stages compression instead of two could p&red to further diminish the energy
consumption induced by the Claude cycle. Comprassitio should not exceed 4,5 to allow
the lowest compression work. The air separatiohamild also represent an energy consuming

process and therefore, in future calculations,ehisrgy cost should be included.

Valorisation of the various energies provided g/skistem (electrical, thermal cold/hot energy)
as well as sub-products (oxygen, nitrogen, carboridk, etc.) of the LAES depends on the
industrial site, i.e; the liquid oxygen/nitrogenutm be also of some use apart from the LAES
system. Heat from the combustion has also a hadey but it is not fully exploited in the

present work. Depending on the industrial site wtibe LAES is implemented, it could be of

a much greater value.

A Life Cycle Analysis should be carried out to havbetter idea of the environmental impact

due to combustion. An economic analysis is alsaired to evaluate the profitability of such
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a technology. All these criteria should be include@ decision making process to develop a

more global analysis.
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3.8 Conclusion of the energy aspect chapter

Calculations have shown that LAES efficiencies @aogiously higher for systems including
energy recovery system by combustion than thoske enty evaporating and super-heating.
This is due to the chemical potential of added Wwigkh is whether biogas or natural gas in the
suggested system. Oxy-biogas fueled combustiongheat potential from the energy and
emissions performance point of view with the higlmeand trip efficiency among other studied
systems and lowest CO emission. However, deep@oamental impact assessment is needed

to evaluate better the environmental performanadiftdrent LAES configurations.
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CHAPTER 4I

ENVIRONMENTAL ASPECT

Introduction to the environmental aspect of LAES
The LAES environmental analysis paper

Conclusion and transition towards next chagter
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4.1 Introduction to the environmental performance asiaty

After the detailed investigation on the thermodymaperformance and a short insight of the

flue gas composition, a deeper consideration oétlodogical aspect is needed in order to better
guantify pollutants of combustion and to find wayprevent possible damage. For this reason,
a Life Cycle Assessment method is carried out withis paper. This approach consists in 4
phases: goal and scope definition, inventory amalysthe life cycle, impact assessment and
interpretation and perspectives of enhancementl49@0, 2006). LCA method is herein used

for evaluation of the operational phase and is exdended to the other phases (material
extraction, construction and destruction/recyclangcesses). Three LAES configurations with

a focus on the discharge unit are evaluated: oagds-fueled combustion, oxy-natural gas-

fueled combustion and air-biogas fueled combusfldre input/output data are obtained from

thermodynamic analysis (previous chapter). Figura gdummarizes the above discussion in a
schematic diagram.

Tools

Inputs Life Cycle Midpoint/Endpoint/ ‘ Outputs
Inventory Monetization
Interpretation

l l ‘ Environmental performances of

proposed LAES configuration

Results of
thermodynamic Enwronn;t—;ntzl |r|np:ct as:_:.essment: - Development of solution to
modelling : Energy e Cycle Analysis limit flue gases pollutants
and mass

t s Comparaison between LAES

configurations
Operational phase /

Data availability

‘ Constraints/limits ‘

Figure 4.1.1: Schematic representation of environnmgal performance paper; a Life cycle approach
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4.2 LAES environmental performance paper: Environmep¢aformance
analysis of Liquid Air Energy Storage (LAES) inntiva systems: A

life cycle approach

The environmental performance article is intendwdah upcoming conference
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Environmental performance analysis of Liquid Air Energy

Storage (LAES) innovative systems: A life cycle appach

Authors

Cyrine Damak , Hong Minh Hoang, Denis Leducq, AnthDelahaye

Université Paris-Saclay, INRAE, FRISE, 92761, ArtoRrance
Abstract

The estimated share of renewable energies in gklbealricity generation was more than 26%
by the end of 2018 (21, 2019) comparing to 7% Ih6&2(REN21, 2016). Nevertheless, power
generation gets locally affected by this stronghgeimittent renewable energy sources
depending on weather patterns and day/night cylaelimit this phenomena, Large-scale
Energy Storage Systems (EES), are widely considaseal solution to the rapid transition of
electricity generation towards green and sustaealactrical grids.

Liquid Air Energy Storage (LAES) which presents tbheest carbon footprint among other
deployed EES could become a sustainable and emvawoial friendly technology. An LAES
process consists in two parts: liquefaction uriia¢ging: cryogenic energy of air was stored)
and discharging unit (energy recovery). In the @nésvork, a newly developed oxy-fuel
combustion method is considered and compared,eadnventional air-fueled combustion

process in terms of environmental impacts using LCA

The results show that the oxy-biogas combustiorhtrbg the cleanest and even beneficial for
the environment comparing to other studied conéigans. Air-biogas and oxy-natural
combustions have high impacts on human health bpus oxide, carbon monoxide and
Greenhouse gas emission besides the use of foskil f

Keywords: Liquid Air Energy Storage; Life Cycle Analysis; @%uel combustion;

environmental performance
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4.3 Introduction

The share of renewable energies in global elettrggneration continues to increase rapidly:
more than 26% by the end of 2018 (21, 2019) compaio 7% in 2016 (REN21, 2016).
Consequently, there is more and more impact ofritegmittent nature of renewable energy
sources on the electricity production. Large-sé&atergy Storage Systems (EES) are widely
considered as a solution to the rapid transitiorelettricity generation towards green and
sustainable electrical grids.

EES is not a single technology, but rather refera portfolio of technologies. EES that could
have significant contribution to the grid balanciage Pumped Hydro Storage (PHS),
Compressed Air Energy System (CAES) and flywe®&NA, 2017). At the present moment,
PHS is the most deployed EES and represented 9i#h2017) of worldwide installed
electrical storage capacity, followed by flywheelad Compressed Air Energy Storage
technologies. Conventional PHS systems use tworwegervoirs at different elevations. CAES
technology requires underground storage cavitieh @18 caverns or abandoned mines; it
represents the most powerful and less expensivagasystem. Environmental impact of these
technologies is non negligible regarding the geplgiGal/geological constraints. Moreover,
combustion process needs to be considered in 8eeafahe CAES. In the global context of
sustainable energy transition, the environmentabichhas become an important factor for the
technology choice, which has led to an increasasgarch effort on storage technologies with

lower environmental impact.

Air has been recently regarded as a Cryogenic rigtgrage (CES) medium, whereby air is
liquefied at around -195 °C and stored in insuldtetks (Antonelli et al., 2017). Liquid Air
Energy Storage (LAES) was described as sustairadzieenvironmental friendly technology.
LAES could be a potential candidate for this endrgmgsition regarding the fact that it has the
lowest carbon footprint among other deployed EE&{BK et al., 2020). The principle of this
storage is divided onto two parts: liquefactiontcharging) and discharging unit, which could
have different configurations. The surplus of reabl® sources generation is fed to an air
liquefaction unit, while the liquid air could beipped, heated and expanded into turbines to

generate power when electrical energy is needegtt(Bnd Barnett, 2014).
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In recent studies (Ameel et al., 2013; Guizzi et2015; Hamdy et al., 2017; Sciacovelli et al.,
2017), architectures studied of LAES are almosti$ed on Solvay or Claude liquefier cycle
with the integration of Cryoturbine for charginggsle and the super-heating process for the
discharging phase. Nevertheless, in some othessc#se discharging part could include a
combustion process followed by a gas turbine ireotd enhance considerably the round trip
efficiency of the storage system. However, the grdBon of the combustion is rarely
considered for the LAES due to suspected enviromshenpact. In fact, combustion could be
the main contributor to the environmental damagestd the rejection of pollutants contained
in the flue gases into the atmosphere and the fuessil energy resources. Consequently, the
objective of the current study is to evaluate ther@nmental performance of the LAES with
three combustion methods.

In order to assess the environmental impacts teassociated with EES processes, Life Cycle
Assessment (LCA) can be applied (1ISO14040, 2006yvéver, few LCA works have been
dedicated to EES technologies. Abdon (Abdon et2@l1,7)compared PHS, CAES, batteries
and Power to gas to Power (gas electrolysis) b gectricity in a techno-economic analysis
including an environmental analysis using LCA. (Ahdet al., 2017) distinguished short,
medium and long-term storage duration and congidemeoptimistic, pessimistic and expected
case scenario depending on running parametersoand itrip efficiency. Conclusion of this
work is that most storage technologies can coneilbo a reduction of overall system GHG
emissions, if intermittent renewable electricitgisred and subsequently replaces conventional
grid supply produced by fossil fuel. From result GA, Abdon (Abdon et al., 2017) discussed
the contribution of the gravel and cement in theecaf PHS contributes to about 60% of the
GHG emissions and that of metals if of 23%. Forddsge of CAES, turbomachinery contributes
more than 99% to the life cycle GHG emission. BonrfBouman et al., 2016) studied the life
cycle environmental impacts associated with twesypf CAES systems, conventional CAES
and adiabatic CAES, which are coupled to an oftsh@ind power plant as well as the
standalone wind farm. The authors concluded thathi® CAES system the main contributors
for most of the impact categories are the actualdwiower generation and the natural gas
combustion (95%). Plant construction contribute4-@P6 for most impact categories, except
for land occupation to which construction contrémiby 22%. Impacts related to machinery
and equipment, and components transport are nielgliq this case, on the contrary of the

conclusion reached by Abdon (Abdon et al., 2011 .e&Xplanation could be the differences in
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the data inventory and system boundaries in thngkes. Methodology employed for impact
assessment is also different from one study tother.

The present work is the first of its kind to stutig environmental performance of the LAES
through its operational life stage. The use of &ggs green fuel is compared to the use of
natural gas. A post-treatment combustion procesisasincluded in the oxy-fueled combustion
cases to assess its effect. The super-heating bBgsean is not considered in this comparison
regarding the fact that the process does not iecluty component that could potentially
generate harmful effect on the environment throutgh operational life stage. The
environmental performance of three discharge wdtdigurations for LAES is evaluated in
this work: oxy-biogas-fueled combustion, oxy-natugas-fueled combustion and air-biogas
fueled combustion. The SimaPro 8.0.5.13 software wged for this analysis. Three different
methods are used for impact assessment. ReCiPagoMidE) V1.12, ReCiPe Endpoint (E)
V1.12 and Ecocosts 2017 V1.5.

4.4 Methodology

4.4.1 Brief description of technology
This section presents the three case studies ohatige cycles; they are coupled with a
liquefaction unit which is not shown in the follavg description.

Thecase study,Jas shown imigure 4.4.1, uses air-biogas combustion. After the evaporadimh
cold recovery, the liquid air passes through mlmastor where it gets mixed with the biogas
as fuel and goes into a gas turbine to get expaadédo generate electricity.

Air combustion is replaced by oxy-combustiorcase studies @nd3 as shown in Figure 4.4.2
the system includes an air separation unit (notesgmted in this figure) after liquefaction.
Initially, liquid oxygen and liquid nitrogen areoséd in two different tanks. Then, both liquids
go through an evaporator and heaters to get tb&dranergy stored in storage devices before
entering to the expansion block. In the oxygenuiiroxygen goes in the burner (combustor)
and flue gases are expanded in gas turbine, héthver a biogas-fueleddse study Yor natural
gas-fueled ¢ase study Bcombustion process. Cold from the evaporatioligoid nitrogen is
captured and stored for later use (additional ligctgon cold storage or industrial refrigeration
requirements). Before entering to the multi-stagga@sion block, nitrogen is used in the post-
treatment process of the oxy-fuel combustion. Gaoh nitrogen is still available to freeze the
carbon dioxide and condense water, two major commsof the flue gases.
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Furnace gases can be treated in lwaike study 2ndcase study .3In oxy-fuel combustion
method, density of carbon dioxide in the flue gasdsigher than in air-firing and therefore
post-treatment is less complex than in the basicanbustion process. In tlvase study bf
air-biogas combustion, post-treatment process isnotuded. Oxy-fuel combustion method
results in high combustion temperature. One salufibo this issue is to control the fuel-to-air
ratio and the diluent rate. Diluent chosen in ghigly is CQ which is captured and recirculated

from the post-treatment process or issued fronxéar@al source.

In in this work, air is used as hot/cold energyage and heat transfer fluid.
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storage cold storage storage
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Figure 4.4.1: Process Flow Diagram of recovery cyelwith conventional biogas fueled combustion
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Figure 4.4.2: Process Flow Diagram of recovery cyelwith oxy-fuel combustion
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4.4.2 Life Cycle assessment methodology
In order to assess the environmental impact otretéy generation from different considered
forms of LAES, an LCA approach was selected. Acicaydo ISO 14040 (1ISO14040, 2006),
LCA approach consists of 4 principal phases: godl scope definition, inventory analysis of
the life cycle, impact assessment and interpretaitd axis of enhancement. The 1ISO 14040
defines LCA as the “compilation and evaluation thfe inputs, outputs and potential
environmental impacts of a product system througfisdife cycle”.

4.4.3 Scope definition, system boundaries and inventory
The current work focuses on the environmental irhpafc the recovery of electricity
(discharging part) in LAES processes. The chargiag (liquefier) is the same for three
considered configurations. LCA concerns only ttamdalone LAES system and not the one
combined with renewable sources. Thus, the enviemah impact related to the use of
renewable energy source is beyond the scope ottidy. The Air Separation Unit (oxy-

combustion cases) is also not considered in thatyais.

In the present study, LCA is applied for the opersl phase in order to identify the impact of
the choice of combustion method on the environnm@etdiormance of the three configurations.
The other phases of a product system life cycledetion of raw materials and fabrication of
the system, maintenance, end-life or recycling)nateconsidered.

For comparison purpose, the functional unit isrtkedias 1 kWh delivered from the storages to

which all the impacts are referred.

The inventory analysis is a quantitative descriptidall materials and energy flows across the
system boundary either into or out of the systesalfit(ISO14040, 2006). Input/output data
inventory is obtained from the thermodynamic maughvork which was done using NIST
REFPROP 9.1 database (Lemmon, 2018), for the pdlysroperty calculation at each state
point of the circuit. Besides, a GRIMECH 3.0 medbanwas adopted as the reaction scheme
to determine the masses of all species interadtinipe combustion reaction including the
polluting ones. The system boundaries and the iapdt output data of for the inventory

analysis is shown ingure 4.4.3and data is given in appendix II.
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Figure 4.4.3: Schematic representation of the LAES dcharge cases for the LCA inventory

In all cases, for the air liquefaction (chargingtymair and electricity are required. Fuel is
whether biogas or natural gas in the oxy-combustiage. To assess the effect of the
combustion cryogenic post-treatment in the oxy-u@hbustion, simulations of the process
with and without post-treatment are consideredr the air-combustion case, 2 options, with
and without NQpost-treatment, were also tested.
The processes from ELCD and ecoinvent v3 datahasss in this study are presented in the
following table:

Process Name of the process in the database Note

Electricity Electricity mix, AC, consumption mixt aFrench electricity consumption

consumer, 1kV - 60kV FR S mix provided by multiple energy
carriers
Biogas Biogas, from grass {RoW}| biogaprocess "grass to digestion"

production from grass | Alloc Def, S  describing a bio-refinery (grass-

refinery)
Fuel Natural gas, high pressure {FR}| markeinergy requirements and the
(Natural gas) for | Alloc Def, S emissions of the high pressure

distribution network in France

Table 4.4.1:Process used in current LCA (ELCD and ecoinvent v3 dabases)

4.4.4 Impact assessment methods
Life cycle impact assessment examines the mas®mrerg)y inventory input and output data
for a product system, to interpret these data andentify their possible environmental impact
(1IS0O14040, 2006). In this study, the impact assessifor the operational phase of the life
cycle of 3 LAES configurations was performed udgiifferent methods: ReCiPe Midpoint (E)
V1.12, ReCiPe Endpoint (E) V1.12 and Ecocosts 201.b. The aim of using three methods

98



is to have different points of view of the causkeetf impact chain: from detailed to global

interpretation.

Midpoint method evaluates the impact in variousaiied ‘midpoint’ categories: ozone
depletion; freshwater eutrophication; agricultuied occupation... From a global point of
view, Endpoint method transforms the long list aflpoint indicators into a limited number of
“endpoint” indicators: each of the “midpoint” categes is weighted and gathered with similar
impacts to form a family of “endpoint” impact. Tlréndicators are considered for ReCiPe
Endpoint (E) V1.12: human health, ecosystems asdurees. A particular attention to the
Human Health unit “DALY” (Disability-Adjusted Life¥ears) which is defined as “the years
lost to premature death and expressing the redycady of life due to illness in years as well”
(Golsteijn, 2016).

Finally, the eco-cost monetization method represantay to convert all the ecological impacts
of a system product (taking into account carbons;egater usage, ecotoxicity and several other
environmental values) into costs (Limited, 20203. tAe environmental performance can now
be represented by a single value (in euros), ibiles more and more a ‘privileged’ method

for industrials.

4.5 Results and discussion
The final stage of LCA is the interpretation phasbégere the inventory analysis and impact
assessment results are summarized and discussed.
Figure 4.5.1 presented the environmental impacts for opergiivase of 3 LAES configurations:
air-biogas combustion, oxy-biogas combustion angreatural gas combustion using ReCiPe
Midpoint (E) V1.12. The post-treatment (dry icendensed water and NOXx) are not considered

in this simulation.
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Various ‘midpoint’ impact categories from the 3 pesses are compared among them, the

highest value is associated with 100 % and theotver values are calculated according to this

100.

80.

60. -

40.

20.

-40.

W Combustion air biogaz
(without post treatment)

B Combustion oxy biogaz
(without post treatment)

B Combustion oxy natural gas
(without post treatment)

Figure 4.5.1: Comparison of environmental impacts fothree LAES processes (operational phase) considag

Midpoint ReCiPe method

value. In general, the oxy natural gas combustawtit¢d bars) shows the highest impact,

followed by air biogas combustion (blue bars). Test performance (lowest impacts) is

obtained by oxy biogas combustion (purple bars)dtleg contributions of the oxy-biogas

combustion can be noted to some impact categavEmeé depletion, ionizing radiation and

water depletion). A negative impact means a posgioisitive and beneficial effect on the

considered impact. For the oxy biogas processnégative impact is due to the fact that the

guantity of generated electricity (1 kWh) is margbortant than the consumed one (0.15 kWh,
see appendix II).

Although the oxy natural gas combustion also hasattvantage of generating more electricity

than its consumption, it has significant impacteany categories due to the use of natural gas

as fossil fuel and related extraction process.
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For the air-biogas combustion, its impacts are leg®ortant than the oxy-natural gas case
thanks to the use of biogas. Its impacts are prediutainly by its electricity consumption (1.36
kwWh) which is more important than the output qugrn(tl kWh).

The ReCiPe Endpoint method has been used to tram#ifie long list of the impact categories
of “midpoint” into a limited number of indicatorfiuman health, ecosystems and resources.

Therigure 4.5.2presents the Endpoint results obtained for theetibase studies.
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Figure 4.5.2: Comparison of environmental impacts fothree LAES processes (with and without combustiopost-
treatment) considering Endpoint ReCiPe method

In accordance with results obtained by “midpoin#&thod, the oxy — biogas combustion case
has the highest environmental performance wittelittnpact, followed by the air biogas
combustion. The oxy natural gas combustion predkatgreatest environmental impacts in the

3 categories.

In addition, the EcoCost method was applied tdlihee studied configurations. It represents a
tool to assess the economic value of the envirotahanpact of these processes by evaluating
the prevention cost to reach the “no level effeejarding the norm of sustainability. 4
categories were considered: climate change, huraalthh ecosystems and resource depletion
as shown imrable 4.5; climate change impact reflects, somehow the cathres as it may be

represented by the GHG including &€nission.
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. Combustion-air- | Combustion- Combustion-oxy-
Damage category, Unit : )
biogas oxy-biogaz natural gas
climate change | euro 0.482 0.000 2.050
human health euro 0.057 0.002 0.628
ecosystems euro 0.397 0.000 1.061
resource euro
depletion 0.043 0.000 0.245

Table 4.5.2: Comparison of Ecocost data for three LAEProcesses for the recovery of 1kWh of electrical engy

Although insignificant values of the damage impzant be observed inbie 4.5. The recovery
of 1kWh of electricity represents the highest emwmental cost in case of oxy-natural
combustion, followed by the air biogas case whitgel cost is associated with oxy biogas

combustion.

Finally, the integration of the post-treatment wassidered: NOXx for air-biogas combustion
process and generation of dry ice and condenseer i@t oxy-biogas and oxy-natural gas
combustion processes. For each configuration, theegs impacts obtained with and without
post treatment are compared. For the oxy combugtionesses, the integration of the post
treatment allows reducing the climate change imgdaetto CQ capture in dry ice. However

the NOx and condensed water treatments have shownpacts on the results.

4.6 Conclusion & perspectives:

In this study, a LCA was conducted on novel LAEStesns. The environmental performance
of three types of combustion based discharge ayake discussed. One of the configurations
considers a “clean” combustion process: oxy-fueb@adizer and biogas as green fuel. The
other processes are: air-biogas and oxy-naturaiugdesd combustion.

Main results of this work are:

* The oxy-biogas combustion is clean and might pre®emeficial impact for the
environment

* The oxy-natural gas combustion has a lower enviental performance (higher
impacts) than the oxy-biogas due to the use oflffugsd.

* The air-biogas combustion presents the second toegronmental performance
despite the use of biogas as renewable energyesdDrcthe contrary of the oxy-fuel

combustion, the conventional air-combustion demandse electricity consumption
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and leads to the formation of nitric oxides ancheigGHG emissions which are harmful
to the environment.
» The post-treatment of the G@s dry ice added a beneficial value on climatnghe.
The present LCA has limited interpretation regagdire limits related to the system boundaries

and data inventory: only the operational phasesgasidered.

As perspectives of this work, next steps could b@ae complete LCA in which more phases
of the process’s Life Cycle are investigated: ravatemnal, construction, maintenance.
destruction or recycling. The turbomachinery useddn-negligible and is issued from heavy
construction processing so it could generate higlugpon and requires important amount of

raw material.

In this study, electricity input is considered frahe electrical grid. In future simulation, the
electricity generated from renewable sources shbaldntegrated to assess the potential of

LAES development as EES facility.
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4.7 Conclusion of the environmental aspect chapter

Oxy-fuel combustion is more likely to be the beahdidate as a form of LAES in terms of
energy efficiency and environmental impact. Howeweterms of configuration complexity.
it contains the double of components number thah dhthe super-heating or the air-biogas
configuration. The Air Seperation Unit, the combustchamber, turbines, thermal stores and
heat exchangers are additional features with heaxgstment. Consequently, the final chapter
of the thesis proposes a preliminary techno - econ analysis of the LAES system.
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CHAPTER 5|

TECHNO-ECONOMIC ASPECT

Introduction to the techno-economic aspect of LAES

The LAES techno-economic paper
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5.1 Introduction to the techno-economic analysis:

The objective of this chapter is to evaluate enengiymization control and economic benefit
from the integration of LAES in an industrial sitéh needs of refrigeration load and electrical
energy. As a preliminary work, a real case studyissidered: CryoHub’s partner “Frigologix”,
which is the demonstration site for CryoHub projeguipped with an important area of PV
power panels (1 MW). For these first simulatiortee LAES is settled under super-heating
configuration and coupled to a refrigerated warakeosupplied by the PV power plant. In this
work, an optimization is performed based on miningzhe electricity tariff consumption, with
a range of equations and constraints to each coempofifterwards, as a key factor determining
the optimum energy scenario, the solar irradiasaso studied by comparing a typical day of
January and another day of July for the considkreation. Then, optimum energy scenarios
are analysed under significantly different solaradiations to further investigate the
profitability of LAES implemented in different cliates.

Thereatfter, results of scenarios’ analysis willdléa investigate economic feasibility of the
storage system. Techno-economic assessment of AES lis carried out by a sensitivity
analysis in which the annual savings achievedakiated. Four parameters are varied: energy
efficiency of the LAES, PV plant parameters, acatf discharge to charge power (D/C) and
the geographical location. Following the same lpgisecond sensitivity analysis is performed
to assess the variation of payback time for theresfce system taking into account the
electricity tariff variation. the capital cost,ethnnual economic savings and the effect of system

maturity.
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Figure 5.1.1: Schematic representation techno-ecomic analysis
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5.2 The LAES techno-economic paper: Optimization ofrge&lischarge
scenarios and economic analysis of a Liquid Airrfgpéstorage system
used in combination with a photovoltaic power seusnd a cold

storage warehouse
This paper has been subject to a presentatiorei@dhedition of ICR: International

Congress of Refrigeration in Montréal.
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Optimization of charge/discharge scenarios and ecomic analysis
of a Liquid Air Energy Storage system used in comipiation with a
photovoltaic power source and a cold storage warehse

Cyrine Damak?, Denis Leducd, Minh Hong Hoang!, Amine Hamzi,
Anthony Delahayé

YRSTEA (Institut de Recherche en Sciences et Tdolgiede I'Environnement et de I'’Agriculture),

ANTONY, 92160, France

cyrine.damak@irstea.fr
ABSTRACT

Intermittency of renewable energy generation aadtgtity tariff variation make necessary the
analysis and optimization of different scenarioslwdrge/discharge cycle timing and duration
of a Liquid Air Energy Storage (LAES) and the ecamncs related to each case.
Solar irradiation and PhotoVoltaic (PV) power plai#e, electricity prices, on-site electricity
demand throughout the day/month/season and yeakegrdactors here for the scenarios
optimization in terms of cost of electrical enerpnsumed from the grid. These factors are
also useful to determine the maximum allowed inwestt of the LAES and the payback time
according to each case scenario.
Self-sufficiency and positive economics of the LA&Snbined to cold warehouse are reached
when PV power plant surface and solar irradiatiom lgh enough. Therefore, there are
optimal PV dimensions depending on the round fifipiency of the LAES, the power capacity
discharge/charge ratio of the system and the gpbgrdocation of the site. Main results
suggest that LAES can only be profitable when alatg from grid is expensive.

Keywords: Cryogenic storage, LAES, Optimizatioreakrgy scenarios, economical analysis

5.3 Introduction

Recently, cryogenic energy storage and more péatigl_iquid Air Energy Storage LAES has
drawn the attention of both academic and industiy t environmentally friendly grid-scale
technology. LAES is adapted to large scale (gridedcapplication, while refrigerant cycle
system or ice storage system are limited to snalage size. Besides, the temperature reached
in case of LAES is very low (-196°C) which make® thystem very different from the
refrigerant cyle system or ice storage system imgeof field of application. The idea of
cryogenic energy storage was firstly proposed By Emith, at university of New Castle in
1977 (Smith, 1977) using the energy of liquid ar tae cryogenic energy. A particular
configuration of LAES systems is to use excess @vldrgy from the electricity recovery
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process for food factory or refrigerated warehoti$gs improves the profitability of the whole
process. On one hand, this helps to reduce therieldcconsumption of the warehouse
refrigeration unit while maintaining adequate tenaperes inside the warehouse. On the other
hand, direct expansion of liquefied cryogen at pgbssures (in this case liquid air) through
multi-stage turbines allows electrical energy reagy

This work investigates the economics related te $lystem based on the study of an Optimal
Control (OC) strategy for charging/discharging/gatien of cold enegy in the warehouse
depending on the electricity tariff and the geobregl location. Once the optimal strategy
defined, a techno-economic study correspondingemperating schedule can be conducted to
evaluate the economic performance of the systera.@ strategy of this research work is
developed for a cost function that aims to mininttze cost of electricity purchased from the
grid and maximize the usage of the LAES. Thereafesults of scenarios’ analysis will lead
to investigate economic feasibility of the storagstem. The annual savings achieved, or losses
generated are calculated to determine the investthegshold allowed for the LAES system
as well as the CapEx and the payback period ofefeezence case.

In the current work, the case study is a refrigatatrarehouse supplied by a PV power plant
located in Belgium. The objective of the studytiwrefore to evaluate energy optimization

control and economic benefit from the integratibihL AES in this site.

5.4 Energy management strategies methodology and dionda

This section describes the dynamic energy modehefwhole system on-site for the OC
strategy. First, the layout model is analyzed &wedtAES storage system is described. Second,
methodology of the OC strategy and economics iailéet Finally, results of simulation are
given in the final parts.

5.4.1 Schematic model layout

The proposed system analyzed in this work is comgbo$4 sub-models: the power utility grid,
PV modules, LAES and the warehouse with the poi®w fshown inFigure 54.1. The
refrigeration load of the warehouse is mainly cedeby the PV power plant. When energy
delivered by the PV plant is in excess, surplugesferated energy is used for air liquefaction
unit. When PV plant no longer produces electridty,is being expanded through the turbine-
generator set to meet the refrigeration load. Tdweap grid is then used only in the case where
neither the PV nor the storage system are ablapplg the warehouse demand. The study is

only focused on the excess renewable generatiomgtapproach and not storing it from off-
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peak electricity grid. No resale to the grid is sidered when the PV power plant produces
energy excessively, only the profitability of thAES integration is considered in the current
study.

The following control variables to be optimized agpresented by the arrowsrifure 5.4.1.

Ppv To wareHousE ds the PV power used to directly supply the wareleoBpy 1o LaEs ¢S the
power for charging the LAES by the excess PV gditaraPLaes To wareHousE @ the power
generated from the turbine-generator set to sughy@ywarehouseRcrip To wareHousk (s the

grid power used to supply the warehouse.
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Figure 5.4.1: Schematic layout of the model (Negret al., 2018a)

5.4.2 Presentation of the storage system

The LAES system comprises three main parts: thegol@ storage and discharging processes.
During charging phase, excess of renewable elé@gtiscused for air liquefaction. Later at night
when PV panels no longer produce electricity, ihesavaporated and expanded in turbines to
generate electricity. Cold energy from the evapomnabf liquid air is stored and used for
liguefaction needs and also for refrigerated wanskosupply. Besides, hot storage captured
from inter-coolers of the liquefaction part is uged'super-heat” air before expansion. More
detail about the LAES process can be found in (blegial., 2018a).

5.5 Methodology of the optimization

The non-linear optimization problem can be solvethg the Generalized Reduced Gradient
Method as implemented in the standard MicrosoftdEx@olver. Simulations are done for a
duration 24 hours with a time lapse called “t” frdnto 24 reflecting 1AM to 12PM.
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Assumptions for each sub-model are given in Talsle &nd they were made as follow:

Parameter Unit Value
Peak Rated power of PV panels* under a solar atai of 1kW/mi MWp 1
Off-peak tariff** €/kWh | 0,0662
Peak tariff** €/kWh | 0,0842
Round Trip Efficiency*** - 0,25
Exergy efficiency * - 0,3

Thermal energy load for refrigerated warehouseniater case*** | kWh/day 1500
Thermal energy load for refrigerated warehousefwmnmer case** kWh/day|, 2000

LAES size*** kW/kW | 180/60
Minimum power of PV panels* kw 20
Maximum power of PV panels* kwW 80

(*) author assumption; (**) onsite data; (***) Ther modynamic simulation results (not included in the arrent work)
Table 5.5.1: Set parameters for the simulation

5.5.1 Sub-models

5.5.1.1 Power PV plant
The sum of the power delivered by the PV plant harge the LAES and to supply the

refrigeration load must be less than the powewndedd by the PV panels at any instant
0 < PpvtoLaEes () + PpvTowarEHOUSE (1) < Ppy, Eq. (1)

5.5.1.2 Power grid
Night off-peak hours are set by the distributioateyn operator and are on average between 10

pm and 7 am. However, for the rest of the timegakphour tariff is applied:

Ppoy=0,0662 €/kWh ift € [22,24] U [0, 7]

Eq. (2)
Py = p1=0,0842 €/kWh ift € [7,22]

5.5.1.3 LAES
The LAES is charged with the excess of renewab&gnfrom the PV paneBpy To LAES @)

The recovered enerd3aes To warenouse coNnsists of the electricity produced by the tueisi
during the system discharge stage and electrieigd by cooling the warehouse with liquid
air from the LAES system. The State Of Ene&fyky) of the LAES at any given tinteand the
flow of power fromt-1 tot is given in Eq. (3):

SOE ¢ = SOE (1) + (RTE % Ppv 10 LAES t) - PLAES TO WAREHOUSE (1)) X TP Eq. (3)

5.5.1.4 Refrigeration warehouse
The conversion of the thermal energy to its eqeivain terms of electrical energy is done by

means of COP and it is expressed by Eqg. (4) and3xq.
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Tc
COP = COPcarnot X Nex =( ) X Nex Eq. (4)

Th-Tc
N

t_lcOP(t) X Py arenouset) X TP = Qf tor (kWh) Eqg. (5)

5.5.1.5 Objective function:
The control strategy needs to identify the mostefieral periods in order to minimize the

purchase of electricity in the grid. As describethie equation below the optimal system control

strategy will be the one that minimizes the griectiicity purchased.

N
G = t—1TP X Dty X PGrip T0 WAREHOUSE(t) Eqg. (6)

5.5.1.6 Variable constraints:
At any instantt, the sum of the supplied power to the warehousstrbe equal to the

instantaneous refrigeration load.

Ppv To waREHOUSE (1) + PLAES To wAREHOUSE (1) + PGRID To wAREHOUSE () = Pwarerouse ) EQ. (7)

The sum of the power delivered by the PV plant harge the LAES and to supply the
refrigeration load must be less than the powendetd by the PV panels at any instant

Ppv To LAES () + PPv To waREHOUSE (1) < PPV (1) Eq. (8)

5.5.1.7 Variable limits
The warehouse and the LAES are modelled as varjaoi@meters which can be controlled

from an upper to a lower set range for each sampgime period of the simulation horizon.

These constraints can be expressed as:

20 < Pyarenouser) < 80 (kW) Eqg. (9)

0 < Ppy 1o Lags@) < 240 (kW) Eg. (10)

0 < Prags o warerousey < 60 (kW) Eqg. (11)
0 < SOE, <1704 (kWh) Eq. (12)

5.5.1.8 Proposed algorithm
The GRG algorithm solver is formulated as follows:

Ax<b
Agq- X = begq
Ib<x<ub
min, fTx Subject to c(x)<d Eq. (13)
Ceq (x) = deq
X €z

- Linear equalities
Agq IS @k X n sparse matrixy,, is ak x 1 vector.
- Linear inequalities
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Agq IS @k X n sparse matrixp,, is ak X 1 vector

- Decision variable bounds
Ib andub aren x 1 vectors indicating the lower and upper bounds respey.

- Nonlinear inequalities
c is au x 1 vector of functions containing constraindsis au X 1 vector.

- Nonlinear equalities
Ceq IS @av X 1 vector of functions containing nonlinear equaliynstraintsd,, is av x 1
vector.

5.6 Simulation results and discussion

Asa key factor determining the optimum energy sden#re solar irradiation is herein studied
by comparing a typical day of January and anotlagraf July. According to solar irradiation
of the location, the optimal schedule in Januagyre 5.6.1.a shows the refrigeration load is
assured by the grid during the night. The refrigeraload during this time remains at its
minimal value so as to decrease the grid energy Abaround 10:00 AM, the solar panels take
over to supply the warehouse. In the meantimegdéugsion making of the OC is to maximize
the refrigeration load (66 kW at 11:00) to take abage of free photovoltaic electricity and
also to turn on the charging of the LAES. The watete is only supplied by the LAES from
18 :00to 22 :00 (almost 4 hours). A little piagoid energy consumption appears between 16:00
and 18:00 it corresponds to the time adjustmentiired for the LAES to meet the load
regarding decreasing PV energy production. Thehdige time is below the LAES real
discharge capacity due to unsufficient duratiooharging (low PV panels production). A more
optimistic scenario of July is represented-bye 5.6.1.b where the site is entirely self-sufficient.
LAES can supply the refrigerated warehouse dutiegiight-time. The OC switches to LAES

for the energy supply when PV panels can no lopgaiiuce electricity.
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Figure 5.6.1: Optimal energy scenario in a typicalvinter day (January) (a) and in a typical summer dg (July) (b)

Daily energy and cost savings of both cases aremguiped inTable 5.6.1andTable 5.6.2for the

winter case and the summer case respectively. Epeodles and values of daily cost savings
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shows the evidence of the solar irradiation majgpact on the energy distribution and cost
savings from the LAES integration. Nonethelesghterr investigations are needed to evaluate

the representativeness of the 16 or 11€/day raggtte project CapEXx.

Baseline  Optimal Baseline Optimal Saved Saved
Month Energy Energy Cost Cost Energy Cost
(kwh) (kwh) (€ (€ (%) (%)
January 323,68 241,51 23,66 16,74 25,39 29,25

Table 5.6.1: Daily cost savings in January

Baseline  Optimal  Baseline Optimal Saved Saved
Month Energy Energy Cost Cost Energy Cost
(kWh) (kWh) (€) (€) (%) (%)
July 184,65 0 11,78 0 100 100

Table 5.6.2: Daily cost savings in July

The combination of the LAES to PV panels as rendsvabergy technology requires optimal
meteorological conditions to be profitable. 4 @tieepresenting different climates, both in
winter and summer are chosen as subject for thaygb investigate LAES profitability under

different solar irradiation.

Total Electricity Supplied PV Supply LAES Supply Grid Supply
(kwh) (%) (%) (%)
Riyadh - KSA 1776,95 54,57 34,11 11,32
Seville - Spain 1493,47 64,26 35,74 0
Helsinki 890,02 64,37 35,63 0
Québec 929,91 48,61 51,39 0
Belgium 966,59 80,90 19,10 0
Table 5.6.3: Total electricity supplied to the warehose for the summer case
Total Eletricity Supplied (kwh) PV Supply (%) LAES Supply (%) Grid Supply (%)
Riyadh 841,00 50,40 49,60 0
Seville 855,57 50,74 41,88 7,38
Helsinki 646,68 37,11 0 62,89
Québec 603,57 37,01 47,06 15,93
Belgium 626,68 48,44 13,11 38,54

Table 5.6.4: Total Electricity Supplied to the warehose for the winter case

The summer simulation for almost every cityn(e 5.6.9 clearly shows that the warehouse load
can be entirely assured without making use of theep grid, except for Saudi Arabia where
the 1 MWp PV plant supported by the LAES plant seemable to meet the high refrigeration

load of the warehouse. In this case, a slight es®en the size of the PV plant or a more
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efficient storage system are needed to outweigh higbient temperatures reflected in high-
energy consumption.

On the other hand, in almost all cases of the wimiedel (able 5.6.9, PV power plant is only
responsible of the reduction of the energy drawmfthe grid with differences from one city
to another. Despite the low temperature in Helsiakd therefore the low refrigeration demand,
the low solar irradiation makes it hard for the pver plant to supply both the warehouse and
the storage system. The weather conditions all@sgistem to be self-sufficient by assuring
both charging the LAES and supplying the refrigedawvarehouse.

As a conclusion, the system represents the higierfbrmance in areas characterized by a
moderately warm climate and sunny throughout thar.yé&leally, the system should be
implemented in a Mediterranean region as southarofe or North Africa.

5.7 Techno-economic analysis of the LAES

This section investigates technical and econonasikdlity of the LAES powered by the PV

power plant.

This study is presented in the form of a sensiytiaitalysis in which the annual savings achieved
are evaluated varying 4 parameters: the RTE oL &S, the PV plant peak power, the ratio
of discharge to charge power (D/C) and the geogecdpbation. When parameters are not under
study, they are fixed as in the previous paragrépb.economic analysis is based on the annual
economic savings calculated as the difference mtwhee yearly energy costs before and after
the integration of the energy storage. To achibigegdurpose, 3 cases are studied:

Case 1:0nly the grid supplies the warehou§ase 2:Warehouse is supplied by both the PV
plant and the gridCase 3:The storage system is integrated.

The cost of energy is calculated on the basisettst of electricity drawn from the grid and

the hourly cost of photovoltaic electricity estimaty Eq. (14).

1,2xXPeak Power (Wp)
Lifespanx365x24

Hourly PV Cost = (€/h) Eq. (14)

5.7.1 Results and discussion
Profiles inFigure 5.7..ashows that the annual savings allow a maximum vafi9é84,04 €The
lower the DP/CP ratio, the lower this value is tetwith low RTE values. The results show
that the RTE must be increased by at least 5% aochréhe maximum value of the savings

achieved.
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According torigure 5.7.1.b, the values of the savings achieved remain aoh$br most cities
from a RTE of 25%. For Brussels, the results shuat the system can only be self-sufficient
from a RTE of 30% (where the savings stabilize atba value 00684,04 € In accordance
with the results of the OC strategy carried ouhmprevious chapter, Seville represents in this
analysis the ideal case for the integration oftioeage system considering the interesting value
of the realized savings of aroufhdl 383 €

As illustrated by-igure 5.7.1.c, the results achieved show that for the varRUE&S, the curves
are increasing until they reach a maximum of savc@responding to a certain PV plant size,
and then decreasing slightly. This is because dlget the PV plant is, the more energy is

stored, and the less electricity is drawn fromghid.

Table 5.7.1 shows for each RTE value the optimapR¥it size and the corresponding annual
savings. Those savings are used to define an meastthreshold not to be exceeded for the
storage system. The investment threshold is caeulilay multiplying the value of the annual
savings achieved by the estimated life of the LAS&mMated at 25 years.

Table 5.7.1: Optimal Size of PV Power Plant and Theshold Investment function of RTE

PV Plant Annual Investment
RTE (%) )

Peak Power (kWp) Savings (€/an) Threshold (€)
25% 154 3429,17 € 85 729,29 €
30% 155 3447,26 € 86 181,61 €
40% 155 3484,41 € 87 110,13 €
50% 162 3536,47 € 88 411,77 €
100% 395 6 968,56 € 17421408 €

119



12000 —— 25% 12000 _._,BR:J?SEIS
(60/240)

10000 S— — a— e kL
SRR (60/180} -
: : ; Ref
8000 e 50%
/_ / (60/120)
6000

—&— Quebec

/—0—0—0—0—0—0—0

10000

Seville

8000

== Riyadh

Annual Savings (€/year)

Annual Savings (€/year)

/( I T e S
4000 o 4000
2000 2000
25?{ 30% 40% 50% 60% 70% 80% S0% 100% 25%- 30% 40% 50% G0% 70% B80% 50% 100%
R RTE (%) () Ref b)
RTE (%)
14000 g RTE=25% - Ref
—m—RTE=30%
e RTE=40%
12000 - ——RTES50%
= — e RTE=60%
@ 10000 7 = 3 RTE=70%
s /)7 !/f’;‘)" = RTE=805%
< 8000 1 RTE=90%
& )(/ )///v RTE=100%
o
s 4000 :
£
&
2000
-
T
100 200 300 400 S00 600 700 @800 9S00 10001200 2000
PV Peak Power (kWp) (c)

Figure 5.7.1: Sensitivity behavior of the annual sangs of the LAES integration regarding 3 parameters (a) D/C
ratio of LAES; (b) geographical location of the systm; (c) Peak rated power of PV panels

5.8 Concluding remarks and perspectives

It has been found that the LAES makes the refrigeravarehouse energy self-sufficient in
summer while in winter, the storage system is @flle to reduce the electricity drawn from
the grid. Results of simulations showed that walimate and sunshine throughout the year
make the system more profitable than in regionsrevites almost cloudy. This is due to the
fact that the LAES is combined in this particulase to a PV power plant, and production of
electrical energy is directly linked to solar irt@tbn. In other cases, if the LAES is connected
to a wind farm for instance, results could be catgdy different from the present case. The
techno-economic sensitivity analysis evaluatedatteual savings achieved based on several
key factors in the sizing of the LAES such as tW&EB’s RTE, the resale to purchase price
ratio of electricity, the charge-to-discharge powaio and the size of the PV plant. For the
reference case, results showed that the systemagan annual savings of 8993,95 €. The
capital investment cost computation shows thatiteesipe significant annual savings achieved,
LAES remains not very attractive given its highirasted payback period (higher than 25
years). In agreement with previously published aed®e this work has shown that, the
economic profitability of the LAES system is veow given high CapEx values. The future of
this technology could be even brighter if futureaa&ch focuses on improving the technical
performance of the system, so that the technol@gpines accessible and mature, therefore

more realizations could be made and the correspgndivestment costs could decrease. In
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addition, under current market conditions, the esystan have a large economic benefit if

installed in a country where electricity prices high.
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CHAPTER 6|

CONCLUSION

General conclusion and work summary

Perspective

\> x4
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6.1 General conclusion and work summary

This work aimed at providing new knowledge to regpto scientific questions related to LAES
in terms of energy efficiency and environmental &ip It also investigated and examined the

mid-term to long-term techno-economic feasibiliffLAES.

By analyzing various configurations of LAES, thiesis has highlighted the main factors to a
very energy efficient storage unit, by an energy-fecovery” and “tri-recovery”. Based on a
guantitative and qualitative analysis, the Life {@yapproach method has shown promising
environmental impact results for the oxy-combustmocess integrated in LAES. It also
showed a clearer picture of the techno-economiecspf the payback period and economic
profit, and gave a better look at the lack of LA#Eployment up to this date.

The review paper, provided deep investigation erctirrent development of LAES technology
from both scientific and technical perspectiveshighlighted the importance of developing
such a novel storage facility by comparing it te tturrently deployed technologies for grid-
scale electrical storage purposes: PHS and CABppkared that from an environmental point
of view, the LAES presents advantages comparingtteer EES technologies. Besides,
depending on the technologies involved in the gneggovery unit, LAES may also represent
higher electrical efficiencies, regarding differémtm of energy generation, as we may call it a
“co-recovery” and “tri-recovery” of cryogenic engrgn case of combustion process
integration. Apart from the energy storing and iteshg main functionalities, different
possibilities can emerge from the LAES in the foomby-products of liquid air. In fact,
hybridization of LAES is open to multiple opporttias when considering that cryogenics have
been used in multiple industry fields. Recentljhas been conditioned for Cryogenic Carbon
Capture (CCC) within the LAES system itself. Thusdtionality was considered and used for
a cleaner combustion in the studied system as @l saggested LAES within this work.

A global comparative study has been made includirntgermodynamic performance analysis,
environmental impact assessment and economic berafuation on a newly proposed LAES
system including several combustion cases to thelusAES configuration. Oxy-biogas

combustion, oxy-natural gas combustion and airdsogombustion are investigated in this

work and compared to the configuration with onlgjeeration and super-heating process.
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The first part of the study concerned the energyyais of four LAES systems and a parametric
analysis, a focus on the combustion simulationltegtemperature, emissions) and an exergy
analysis. According to these results, and in azwd with the literature outcome, the
combustion leads to higher electrical efficienciésr oxy-fuel combustion, a range of [70-
80%] RTE is obtained, while the calculated RTE wbex-heating based cycle is 37%. Main
reasons of this gap are, first, the waste hedtardischarge cycle before the expansion stage
temperature is considerably higher in the combaostiban in super-heating (heat of
combustion). Moreover, in the oxy-fuel combusti@am air separation process allows the
recovery of cryogenic energy in two different citsuLiquid oxygen and liquid nitrogen have
different pathways, and energy recovery is someddowne in double times through liquid
nitrogen and liquid oxygen circuit.

Energy recovered after storage is not only elegitenergy but thermal and electrical energy.
Since these thermal energies are mostly conventesdectricity, the efficiency of the global
process is usually captured through a simple indicéhe RTE. However, a discussion was
made within chapters to highlight the importancaha& thermal energy especially when the
pumping pressure exceeds a threshold value. In auchAES configuration, energy flow
recovery can be selected by regulating the pummiegsure, depending on the time, the instant
industrial requirements: electricity, cold for feees/cold store/refrigeration load or hot stores

and thermal machine.

In the oxy-fuel combustion, a particular paramétas been added to the circuit which is the
carbon dioxide as diluent to control the combustenperature. The addition of carbon dioxide
in the proposed circuit is issued from the carlagture component included as a post-treatment
process or from an external source. The choicé@ficarbon capture was made to avoid the
emission of nitrous oxides, but calculation of carstion showed that this idea leads to other
harmful emissions due to the increase of GHG epmnsand CQdissociation reaction. Fuel-
to-Air ratio is preferable in limiting the outleemperature value as well as the polluting
emissions. The link between emission profiles angjeratures profiles within this chapter was

for determining the maximum temperature regardnmgglowest emissions.

The environmental assessment of LAES through aCyfee Analysis method (LCA) has been
performed to complete the investigation on the siois analysis and to perform the
environmental impact assessment. Environmentakcaspéhis report concerns the LCA of the
operational life phase of the LAES as preliminasireation. The difference between this part
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of the work and the emission analysis is on thehouwlogy employed. The LCA is a more
appropriate and concise method for the environnhastsessment, using SimaPro software as
calculation and simulation tool for various impaategories. It takes into account qualitative
and quantitative input and output data throughstuelied system boundaries. For example,
biogas is considered as a mixture of 70% of metrarsk 30% of carbon dioxide in the
combustion modelling, on the contrary in SimaPrtype of biogas is considered for the case
studies depending on its production process.

Results of comparison between three types of cetithubased discharge cycle of the LCA
study has led to the conclusion that the oxy-biagmsbustion is clean and even beneficial for
the environment compared to air-biogas and oxyrahgas combustion cases. Post-treatment
of combustion added a beneficial value on humattthaad ecosystems impact in case of oxy-
natural gas and air-biogas combustion. Harmful simis caused by the air-biogas and oxy-
natural gas are mostly GHG, CO and NOx emissianaccordance with previous combustion
flue gases analysis. Regarding EcoCost resultscdise of ecological tax is of 21,6 € per
complete discharge cycle for the air-biogas combunst AES is expected to run two times in
a normal operating day, a dramatic increase irogezating expenditure is therefore possible,
especially that, daily savings of the LAES shoultlexceed 20€/day as it was calculated within
economic analysis chapter.

As discussed in the review chapter, one explanatidhe lack of experimental validation is
the investment cost related to the LAES machiné€ng techno-economic study carried out in
this chapter, was presented in the form of a geigitinalysis in which the annual savings
achieved are evaluated throughout the seasonsjaayidg the geographical location, the size
of the PV power plant and the size and performaf¢#ES. Main conclusions of the study is
that in the particular case of Belgium locatiore HAES makes the industrial site self-sufficient
in summer season, but it only reduces the gridtratég consumption in winter making a
relatively low daily cost savings. The sensitivagalysis showed that in region where it is
almost sunny and warm this system is likely to e most profitable. Calculation of the
payback period based on annual savings has shtiwesdold of 174 214.08 € not to be exceed
even at a maximum RTE of 100% to get a paybackboyeéars (estimated PV power plant
lifespan). Approximate theoretical calculation lhsen cost functions and assumptions
provided by (Hamdy et al., 2019) has shown thatGapEx of the LAES is 10 times higher
than this threshold value, so payback period isn@séd to be very high.
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6.2 Perspectives:

6.2.1 Perspectives on the energy aspect chapter:

Modelling strategy of the cryogenic energy storagthin this thesis has its own limits.

Therefore, we could recommend some perspectivepnapletely perform thermodynamic

simulation of the LAES for future work:

A more precise calculation for the turbomachinergider to get as real efficiencies as
possible, including physical properties of thedlvelocity, density, heat capcity) as
well as turbomachinery calculation.

A dynamic simulation including the behavior of thiel storages regarding their major
role in determining exergetic and energetic efficies of the system. (cold box, inter-
cooler, super-heaters).

The integration of liquid air leakage from the taslkalso an important parameter not to
be neglected in the dynamic simulation. It is eatdd to 0.5% (Chen et al., 2009)).

A three-stage compression should replace doubtg stampressor in the liquefaction,
compression ratio should not exceed 4.5 to alleevrifinimum work consumption in
the charging unit.

An experimental validation would hopefully enriclmet simulation work. The
construction of a LAES demonstrator as ultimatesotyye of CryoHub project, would

certainly help get validation for this theoretigadrk.

6.2.2 Perspectives on the environmental aspect chapter:

The LCA performed in this work was limited to thgepational stage in the lifetime of a product

system. As perspectives for this part of the wark,suggest to develop the following points:

A “cradle-to-crave” analysis is more precise arkkgainto account different stages of
life from the raw material to the recycling or destion and all the impact related to
the system.

Preliminary results of the operational phase shothatlthe use of carbon dioxide as
diluent in the oxy-fuel combustion have negativie&fon the environment, but a gas
completely inert like helium is more likely to bgeeferable solution

In the current simulation for LCA, the electricaleegy consumed is the grid electricity,
which is not always the real case, as the LAESugpesed to store electricity from
renewables. Consequently, in future simulation,aemealistic input data should be

selected in a complete LCA study to evaluate clossults to reality.
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- A comparison to LCA study of existing storage teabgy is also required as an

approach to data validation after performing a L@Am cradle to grave”.

6.2.3 Perspectives on the economic aspect chapter:
The capital investment cost computation shows tlesipite the significant annual savings
achieved, LAES remains not very attractive givenhigh estimated payback period under
current market conditions. Nonetheless, some ofdhewing ideas could be perspectives of

the LAES economics.

- The system could have larger economic benefistlted in a country where electricity
prices are high.

- Investigation of the combination of the LAES witlwand farm could represent more
advantageous payback period regarding more renewealgrgy production.

- Finally like any new technology, the first realipais tend to have very high costs;
however as the technology becomes more maturgedsnical performances are

improved and its investment cost could be reduced.
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Appendix |

Cold recovered liquefaction

Points Mass fraction | Temperature Pressure

(k[7s) (°O) (bar)
1 0.60 25.00 1.00
2 1.00 24.27 1.00
3 1.00 278.52 6.32
4 1.00 74.96 6.32
5 1.00 280.77 40.00
6 1.00 76.73 40.00
7 1.00 25.02 40.00
7 0.40 25.02 40.00
8 0.60 -86.72 40.00
8 0.40 -152.66 1.00
9 0.60 -185.20 40.00
10 0.60 -194.20 1.00
11 0.10 -191.51 1.00
N 1.00 -173.20 1.00
12 0.40 23.17 1.00
12' 1.1 -129.20 1.00

Points Mass fraction | Temperature Pressure

(kg/s) (°C) (bar)
1H 1.00 323.15 0.10
2H 1.00 533.78 0.10
3H 1.00 323.15 0.10
AT 100 T4 QK RET:)
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Superheating based cycle

Points Mass fraction| Temperature | Pressure
(kg/s) (°O) (bar)
1 1 -194.33 1.00
2 1 -189.05 100.00
3 1 -124.70 100.00
4 1 -91.04 100.00
5 1 -51.53 100.00
6 1 -9.62 100.00
7 1 134.47 100.00
8 1 98.03 21.54
9 1 231.01 21.54
10 1 88.70 4.64
12 1 243.05 4.64
13 1 98.03 1.00
. Ma:ss Pressure
Points fraction |Temperature (°C) (bar)
(kg/s)
1C 1 -50.00 1
2C 1 -170.41 1
3C 1 -20.00 1
4C 1 -114.26 1
5C 1 0.00 1
6C 1 -79.55 1
1H 1 181.43 1
2H 1 7.56 1
3H 1 263.71 1
4H 1 46.85 1
SH 1 263.71 1
6H 1 112.85 1
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Oxy combustion with biogas based cycle

Mass fraction

Points Fluid (kg/s) Temperature (°C)| Pressure (bar)

1 Oxygen 0.27 -183.09 1.00

2 Oxygen 0.27 -183.09 1.00

3 Oxygen 0.27 -50.00 1.00

4 Oxygen 0.27 -20.63 1.00

5 Oxygen 0.27 9.99 1.00
Points Fluid Mass fraction Temperature (°C)| Pressure (bar)

(kg/s)

6 Furnace gas 0.33 2726.85 1.00

7 Furnace gas 0.33 1126.85 1.00

8 Furnace gas 0.33 493.17 1.00

9 CcO2 0.18 99.61 1.00

10 CcO2 0.18 -56.00 1.00
Points Fluid Mas(skgrlzc):tlon Tem(;::sé;lture Pressure (bar)

11 Nitrogen 1.00 -195.91 1.00

12 Nitrogen 1.00 -191.38 80.00

13 Nitrogen 1.00 -128.74 80.00

14 Nitrogen 1.00 -111.45 80.00

15 Nitrogen 1.00 9.71 80.00

16 Nitrogen 1.00 45.06 80.00

17 Nitrogen 1.00 987.06 80.00

18 Nitrogen 1.00 -46.26 18.57

19 Nitrogen 1.00 991.11 18.57

20 Nitrogen 1.00 433.76 431

21 Nitrogen 1.00 998.98 4.31

22 Nitrogen 1.00 246.42 1.00
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Points Mass fraction Temperature Pressure
(kg/s) (°O) (bar)
1C 1 -50.00 1
2C 1 -84.13 |
3C 3 253.15 |
4C 3 250.78 1
5C 1 223.15 1
6C 1 99.95 |
1H 4.2 323.15 1
2H 4.2 1281.44 1
3H 4.2 1281.44 |
4H 1.4 1281.44 1
SH 1.4 1281.44 1
6H 1.4 1281.44 1
7TH 1.4 630.20 1
8H 1.4 593.77 1
9H 1.4 907.01 1
10H 4.2 1281.44 1
Air biogas combustion cycle
. Mass fraction o
Points (ke/s) Temperature (°C) | Pressure (bar)
1 0,27 -194,33 1,00
2 0,27 -192,53 35,00
3 0,27 -50,00 35,00
4 0,27 -21,36 35,00
5 0,27 9,95 35,00
6 0,07 2008,85 35,00
7 0,07 1126,85 35,00
8 0,28 668,18 1,00
9 0,04 99.61 1,00
. Mass fraction
Points Temperature (°C Pressure (bar
1C 1,00 -50,00 1,00
2C 1,00 -122,40 1,00
3C 3,00 253,15 1,00
4C 3,00 250,29 1,00
5C 1,00 223,15 1,00
6C 1,00 100,67 1,00
1H 4,20 323,15 1,00
2H 4,20 433,81 1,00
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Appendix ||

Air-biogas data inventory

OUTPUT

DATA TYPE UNIT INPUT VALUE | VALUE

Air g 2671.109107 0
Electricity kWh 1.362559691 1
Methane g 2683.847702 0
CO2 g 3155.370115 1228.783439
OXYGEN g 3211.904625 2677.413116
NITROGEN g 10578.00598 14710.06884
C2H6 g 0 0
HYDROGEN g 0 0
HYDROGEN g 0 0
0] g 0 0
OH g 0 0
WATER g 0 1006.974288
HO2 g 0 0
co g 0 0
NCO' g 0 0
Air ventilation kg 24.57529251

Oxy-biogas data inventory

DATA TYPE UNIT | INPUT VALUE | OUTPUT VALUE
Air g 297.0814958 0
Electricity kWh | 0.151544267 1
Methane g 25.07385602 0
Cco2 g 29.47905572 94.66864388
OXYGEN g 357.2289233 219.685609
NITROGEN g 0 0
C2H6 g 0 0
HYDROGEN g 0 0.082356367
HYDROGEN g 0 0.041178184
(0] g 0 3.294254681
OH g 0 11.69460412
WATER g 0 76.92084679
HO2 g 0 0.164712734
co g 0 5.270807489
NCO' g 0 0
Air

ventilation kg 16.721131

138



Oxy-natural gas data inventory

DATA TYPE UNIT | INPUT VALUE | OUTPUT VALUE

Air g 291.8233658 0
Electricity kWh | 0.148862042 1
Methane g 27.10186982 0
Cco2 g 0 70.62815512
OXYGEN g 277.2159192 163.0162611
NITROGEN g 0 0
C2H6 g 1.299498353 0
HYDROGEN g 0 0.061123457
HYDROGEN g 0 0.030561729
(0] g 0 2.444938299
OH g 0 8.679530963
WATER g 0 56.69200682
HO2 g 0 0.122246915
co g 0 3.973024737
NCO' g 0 0.091685186
Air ventilation kg 16.721131
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